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Naegleria fowleri is a pathogenic free-living amoeba (FLA) that causes an acute fatal disease known as primary amoebic menin-
goencephalitis (PAM). The major problem for infections with any pathogenic FLA is a lack of effective therapeutics, since PAM
has a case mortality rate approaching 99%. Clearly, new drugs that are potent and have rapid onset of action are needed to en-
hance the treatment regimens for PAM. Diamidines have demonstrated potency against multiple pathogens, including FLA, and
are known to cross the blood-brain barrier to cure other protozoan diseases of the central nervous system. Therefore, amidino
derivatives serve as an important chemotype for discovery of new drugs. In this study, we validated two new in vitro assays suit-
able for medium- or high-throughput drug discovery and used these for N. fowleri. We next screened over 150 amidino deriva-
tives of multiple structural classes and identified two hit series with nM potency that are suitable for further lead optimization as
new drugs for this neglected disease. These include both mono- and diamidino derivatives, with the most potent compound
(DB173) having a 50% inhibitory concentration (IC,) of 177 nM. Similarly, we identified 10 additional analogues with IC,,s of
<1 pM, with many of these having reasonable selectivity indices. The most potent hits were >500 times more potent than pent-
amidine. In summary, the mono- and diamidino derivatives offer potential for lead optimization to develop new drugs to treat
central nervous system infections with N. fowleri.

he first report of animal pathogenicity by free-living amoebae  sion of the spatial distribution of pathogenic FLA with an in-

(FLA) was by Culbertson et al., who identified Acanthamoeba creased incidence of disease.
in necrotic lesions of monkeys and mice (1). He later suggested The major problem for infections with any of the pathogenic
that FLA causes similar disease in humans. Fowler and Carter ~FLA is the lack of effective therapeutics (5, 12, 13). PAM has a case
reported the first cases of an acute fatal disease caused by Naegleria ~ fatality rate approaching 99%, even if the infection is diagnosed
fowleri in four victims in Australia in 1965 (2). Since the identifi- promptly and treated with the bestavailable drug regimens. For N.
cation of primary amoebic meningoencephalitis (PAM), hun- fowleri infections in the United States, only three (3) cases have
dreds of cases have been reported worldwide, including 142 cases been successfully treated; all other documented cases were fatal

in the United States (3-5). Most infections with N. fowleri occur (5). Treatment of PAM is empirical and based upon the first few
cases of successful treatment. Amphotericin B is the drug of choice

for PAM and is administered intravenously and intrathecally, usu-
ally in combination with rifampin, miltefosine, other antibiotics,
or antifungals. A broader array of drugs has been used to treat
systemic infections with Acanthamoeba spp. (12). For central ner-
vous system (CNS), nasopharyngeal, and disseminated infections,
avariety of azole antifungals (e.g., ketoconazole and itraconazole),
pentamidine, and cotrimoxazole are used. Despite the slower,
more insidious onset of disease in systemic Acanthamoeba infec-

during the summer months, victims usually are symptomatic
within 5 days, and the disease is almost always fatal. Infection
usually occurs after the victim swam in warm, fresh, or brackish
water or from exposure to contaminated tap water associated with
the use of Neti pots for nasal irrigation (4-7). Amoebic invasion
occurs via disruption of the olfactory mucosa, penetration of or-
ganisms into the submucosal nervous plexus, and ultimately pas-
sage through the cribriform plate to the frontal lobes of the brain
(8,9). Although most cases of PAM occur in warm climates, such
as the southern tier states of the United States, pathogenic amoeba
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tions, the outcome of systemic Acanthamoeba infections is death
in these (usually) immunocompromised patients. Substantially
more data are available on treatment of amoebic keratitis than any
other FLA infection. Most of the regimens include the topical use
of microbicides (chlorhexidine, polyhexamethylene biguanide
[PHMB], and hexamidine) with or without neomycin, azoles, or
antibiotics. Despite moderate success with chlorhexidine and
PHMB for amoebic keratitis, both granulomatous amoebic en-
cephalitis (GAE) and keratitis are difficult to treat due to the pres-
ence and persistence of both trophozoites and cysts of Acanth-
amoeba spp. Cysts are refractory to most drugs used to treat CNS
infections; therefore, prolonged therapy is required due to this
poor efficacy, prompting concerns for the emergence of drug re-
sistance. Clearly, new drugs that can be administered parenterally
for neurological disease or topically for keratitis are urgently
needed.

Pentamidine and propamidine are diamidines with demon-
strated potency against several pathogens, including pathogenic
FLA (11, 12). Both of these are reported to be active against tro-
phozoites of Naegleria fowleri and Acanthamoeba spp. in vitro (11,
14), and pentamidine has been used clinically in combination
with other drugs for FLA infections. Brolene, a topical formula-
tion of propamidine isothionate plus neomycin, is the first-line
treatment for amoebic keratitis in Europe (47). These diamidino
derivatives suffer from poor bioavailability, narrow therapeutic
indices, and poor selectivity, yet they serve to validate the potential
utility of the amidino chemotypes as anti-FLA drugs. In the past
decade, an extensive series of amidino derivatives have been syn-
thesized and assessed for activity as antiparasitic and antimicro-
bial agents. These include more than 2,000 derivatives that include
dozens of structural classes with various linkers, prodrug moieties,
and physiochemical properties. (15-31). Many of these com-
pounds have potency in vitro and in vivo against a variety of par-
asitic protozoa, including Leishmania spp., Plasmodium falcipa-
rum, Trypanosoma cruzi, and T. brucei. Recent data demonstrate
diamidines cross the blood-brain barrier (BBB) and have efficacy
in late-stage animal models of human African trypanosomiasis
(HAT) (32). Several of these pyridyl diamidine derivatives achieve
steady-state levels of 10 to 40 wM in brain of rodents dosed orally,
and in recent studies DB820 cured Vervet monkeys of late-stage
HAT disease (15, 33). DB844, a prodrug that is rapidly converted
to DB820, dosed at 5 mg/kg of body weight once a day for 5 days,
cured monkeys infected with T. brucei rodiesense in the late-stage
disease model (34). In yet another model of CNS disease, two
arylimidamides were active in BALB/c mice infected with the api-
complexan parasite Neospora caninum and significantly reduced
the cerebral parasite burden (35). Given the demonstrated suscep-
tibility of FLA to diamidines and efficacy for CNS protozoal dis-
eases, the amidino analogs are a very promising series for discov-
ery of a new drug for the most severe forms of FLA-induced
disease.

The focus of our work is to discover and develop a new drug to
treat the usually fatal CNS infections caused by N. fowleri and
Acanthamoeba spp. Here, we report the development and valida-
tion of new in vitro drug susceptibility assays for N. fowleri; we
then used these models to screen over 150 amidino derivatives of
multiple structural classes and have identified two hit series with
nM potency that are suitable for further lead optimization as new
drugs for these neglected diseases.
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MATERIALS AND METHODS

Amoeba culture. We used an isolate of Naegleria fowleri (ATCC 30215)
originally collected from a child that died of PAM in South Australia in
1969. Trophozoites were grown axenically at 34°C in Nelsons complete
medium (NCM). NCM is composed of 0.17% liver infusion broth (BD,
Sparks, MD), 0.17% p-(+)-glucose, 0.0012% sodium chloride, 0.00136%
potassium phosphate monobasic, 0.00142% sodium phosphate dibasic,
0.0004% calcium chloride, 0.0002% magnesium sulfate, supplemented
with 10% fetal bovine serum (FBS) and 125 wg of penicillin-streptomycin.
All reagents were obtained from Sigma-Aldrich (St. Louis, MO), and all
experiments were performed using logarithmic-phase trophozoites.

Development of in vitro drug susceptibility assays. Most previous
drug susceptibility assays for N. fowleri are not amenable for medium or
high throughput due to requirements for large culture volumes, long in-
cubation periods with drug, and assay endpoints not easily optimized for
automated, quantitative assessment. Therefore, we first assessed the po-
tential for new in vitro assays with the goal of validating assays that could
run in 96- and 384-well formats, which require no longer than 72 h of drug
exposure and provided robust, quantitative endpoints for the assessment
of drug response. The alamarBlue colorimetric microtiter plate assay was
described first by McBride et al. for Acanthamoeba species (36) but has not
been used previously for N. fowleri. The assay is based upon the reduction
of resazurin, a nonfluorescent dye, to resorufin by metabolically active
cells. The second assay we used was the CellTiter-Glo (CTG) 2.0 lumines-
cent cell viability plate assay that was first used with amoeba by Debnath et
al. to screen for compounds active against nonpathogenic Naegleria gru-
beri (37). The CTG assay is a quantitative assay that assesses the presence
of ATP in lysed cells.

Since neither of these assays had been used with N. fowleri previously,
we first established the optimal seeding density and length of assay (hours)
for each assay in both 96- and 384-well microtiter plate formats. In brief,
trophozoites of N. fowleri grown in NCM were seeded in triplicate at
concentrations ranging from 1 X 10° cells/ml to 2 X 10° cells/ml for 96-
and 384-well plates to determine the concentration of cells that best re-
duce alamarBlue at 24, 48, 72, and 96 h (see Fig. S1 in the supplemental
material). From these studies, the alamarBlue assay period was established
at 72 h with the reagent added at 48 h. The optimal seeding density for the
72-h assays was determined to be 100,000 cells/well and 3,000 cells/well
for 96- and 384-well formats, respectively. We similarly optimized the
seeding density for 72 h in the CTG assay, determining 4,000 and 3,000
cells/well for 96- and 384-well plate formats, respectively (see Fig. S1).

In vitro drug susceptibility methods. All compounds were prepared
as 5 mg/ml stock solutions in dimethylsulfoxide (DMSO). A Biomek 3000
automated liquid-handling workstation (Beckman Coulter) was used to
serially dilute the compounds in 2-fold dilutions 6 or 11 times, yielding a
concentration range of 24 ng/ml to 50 pg/ml in NCM with a final con-
centration of 1% DMSO. The Biomek workstation was used to transfer 10
pl or 6 pl of diluted compounds, followed by the addition of 100,000 or
3,000 N. fowleri trophozoites/well in 96- or 384-well screening plates,
respectively, for alamarBlue colorimetric assays. For the CTG assays,
4,000 or 3,000 cells/well were used in white 96- or 384-well plates. The
total volume for 96-well plates was 100 pl, and 60 pl was used for both
384-well screening plates. Positive-growth control wells in the screening
plates contained N. fowleri trophozoites in NCM, and negative-growth
control wells contained N. fowleri trophozoites in the presence of 135 uM
amphotericin B (Sigma, St. Louis, MO). All assay plates were incubated
for 72 h at 34°C. For the alamarBlue assays, 10% of the total well volume
of reagent was added 24 h before the end of incubation, and the plates were
incubated a final 24 h in complete darkness. At the end of incubation, all
CellTiter-Glo 2.0 luminescent cell viability assay white plates were equil-
ibrated to room temperature for 10 min, and 25 pl or 15 pl of CellTiter-
Glo 2.0 reagent (Promega, Madison, WI) was added to all wells of the
96-well and 384-well plates, respectively, using a Biomek 3000 worksta-
tion. The plates were placed on an orbital shaker at room temperature for
2 min to induce cell lysis. After shaking, the plates were equilibrated at
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FIG 1 Quantitative dose-response data for Naegleria fowleri demonstrating
similar activities of amidino compounds in the alamarBlue (AB) and Cell-
Titer-Glo (CTG) assay formats.

room temperature for 10 min to stabilize the luminescent signal. The
resulting absorbance from the alamarBlue assay was determined at 570
nm and 600 nm using a Spectra Max M2é (Molecular Devices, Sunnyvale,
CA). The ATP bioluminescence signal was measured at 490 nm using a
Spectra Max L (Molecular Devices, Sunnyvale, CA). Curve fitting using
nonlinear regression was carried out using DataAspects Plate Manager
analysis software to determine 50 and 90% inhibitory concentrations
(ICsq and ICy,).

Cytotoxicity. The cytotoxicity of compounds for ]774 murine macro-
phages was determined by using the CellTiter 96 AQueous one-solution
cell proliferation assay (Promega, Madison, WI). In brief, J774 cells were
seeded at 5 X 10 cells/well in a 96-well tissue culture plate (Corning, NY)
in the presence of the serial dilutions of active drugs against N. fowleri.
Positive-control wells contained cells and media; negative-control wells
contained media alone. Cells were grown in RPMI 1640 at a pH of 7.2
supplemented with 10% fetal bovine serum and 1% penicillin-streptomy-
cin (all supplied by Invitrogen Corp., Carlsbad, CA). The inhibitor con-
centration started at 50 wg/ml and was diluted in doubling dilutions to
assess cytotoxicity compared to that of Naegleria fowleri. The total volume

Bis-Benzimidazole Analogs for N. fowleri

of each well was 100 wl, and plates were incubated at 37°C, 5% CO, for 72
h. Four h before the assessment time point, 20 pl of 3-(4,5-dimethylthia-
z0l-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS; Promega, Madison, WI) was added to each well. Inhi-
bition of J774 growth was assessed at the 72-h time point, measuring the
optical density (OD) values determined at 490 nm using a SpectraMax
M2°¢ (Molecular Devices, Sunnyvale, CA). Curve fitting using nonlinear
regression was carried out using DataAspects Plate Manager analysis soft-
ware to obtain ICy, and IC,,, values.

Compounds. Miltefosine was purchased from Cayman, whereas
other standard drugs were obtained from Sigma-Aldrich. The amidino
derivatives studied have been reported previously, and their purity was
verified by elemental analysis and nuclear magnetic resonance spec-
troscopy. Representative references to their synthesis are the follow-
ing: type I (29, 38), type II (23 to 25), type III (20), type IV (21), type
V (26), and type VI (17). Hexamidine and octamidine were synthe-
sized by using established methods.

RESULTS

Validation of drug susceptibility assays. Two drug assays, al-
amarBlue and CTG, were assessed in both 96- and 384-well plate
formats to enable medium- and high-throughput applications for
N. fowleri drug discovery. Since the overall goal of our efforts was
to discover new drugs that are potent and have a rapid onset of
action, we validated the assays with 72 h of drug exposure. Quan-
titative dose-response data in the alamarBlue and CTG assays for
standard drugs as well as new amidino inhibitors were similar
regardless of the method used (Fig. 1; also see Fig. S1 in the sup-
plemental material). Compared with previous methods, the effi-
cacies of amphotericin B, pentamidine, and miltefosine in the ala-
marBlue and CTG assays were reduced (Table 1) yet consistent
between the two new methods and in 96- or 384-well format.
Screening results for amidino series. Previous studies demon-
strated activity of diamidino derivatives (e.g., pentamidine and
propamidine) against pathogenic FLA (11, 14), with octamidine

TABLE 1 Susceptibility of Naegleria fowleri to amphotericin B, miltefosine, and diamidines in vitro

MIC ICs, Assay Assay No. of Reference or

Drug and isolate (M) (M) duration Medium volume (ml)  amoebas/ml  Assay endpoint source
Amphotericin B

Lee (M67) 0.11 7 days Mix 30 10* Cell counts 45

ATCC 30808 0.84 60 h Bacto Casitone 40 25 X 10° Cell counts 11

ATCC 30215 1.6 2,4,6days NCM 0.1 10* Lactate dehydrogenase release 44

ATCC 30215 47 72h NCM 9 10° Absorbance/luminescence Current study
Miltefosine

CDC V511 40 14 days NCM 10 9.6 X 10* Viability on recovery 42

ATCC 30215 62 2,4,6days NCM 0.1 10* Lactate dehydrogenase release 44

ATCC 30215 >122.7 72h NCM 9 10° Absorbance/luminescence Current study
Pentamidine

ATCC 30808 >54 60 h Bacto Casitone 40 25 X 10° Cell counts 11

ATCC 30215 >84.4 72h NCM 9 10° Absorbance/luminescence Current study
Propamidine

ATCC 30215 >160.1 72h NCM 9 10° Absorbance/luminescence Current study
Hexamidine

ATCC 30215 >1173  72h NCM 9 10° Absorbance/luminescence Current study
Octamidine

ATCC 30215 89.1 72h NCM 9 10° Absorbance/luminescence Current study
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FIG 2 Structural classes of amidino compounds screened against Naegleria fowleri.

and hexamidine found to be the most active derivatives against
Acanthamoeba spp. in vitro (14). Against N. fowleri in vitro, pent-
amidine, hexamidine, and propamadine were inactive, and oct-
amidine was only moderately active (ICs, of 89.1 wM) (Table 1),
suggesting an inherent difference in susceptibility to diamidines
between different pathogenic free-living amoebae.

Multiple furamidine derivatives were shown to cross the
blood-brain barrier and possess efficacy against several parasitic
protozoa (15). Therefore, amidino derivatives possess potential
for the discovery of novel, more potent derivatives as leads for the
development of new drugs to treat CNS infections with N. fowleri.
We evaluated over 150 amidino derivatives and related com-
pounds that represent six major focused structural classes (sum-
marized in Fig. 2) and two miscellaneous groups of cationic com-
pounds (diamidines and diguanidines; structures not shown).
Our objective was to identify compounds with IC5ys of =1 uM
and selectivity indices (SI) of >10 as hits for further development.
Two of the six groups of compounds (types I and II) presented in
Fig. 2 yielded compounds that met this standard. Three of the
other four groups (IV to VI) yielded at least one compound that
produced an IC;, near 10 wM. Consequently, we selected types I
and 1II for further lead optimization, since several compounds
were identified in each group with ICsys of <1 wM against N.
fowleri and involved structures which could be readily modified in
an effort to improve activity, selectivity, and physical properties.

SAR studies of type  monoamidino compounds. In the initial
screens of amidino compounds, we identified the bis-benzimid-
azole monoamidines as hits with remarkable potency compared
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to pentamidine. Five of the type I series (DB173, DB183, DB210,
HG17, and HG24 in Table 2 ) exhibited ICs,s of <1 wM and
provided reasonable SI. The most active compound was DB173,
with an ICs, of 0.177 wM (Table 2). Six additional type I analogs
produced ICy,s between 1 and 10 wM. The structure-activity re-
lationship (SAR) of the type I compounds was not obvious given
the divergent results obtained with fairly minor changes in struc-
tures; however, the set represents a significant hit that merits fur-
ther optimization.

Optimization of type II diamidino compounds. Five com-
pounds of the type II series produced ICs,s below 1 wM; however,
only one of those (DB1766) exhibited an acceptable SI value
(=10). Three other active compounds (DB1684, DB1734, and
DB1736) exhibit reasonable SI values (8.4 to 9.8) for early lead
compounds. For the type II class, we have data for approximately
15 analogues (Table 3) that allow limited SAR conclusions to be
drawn. Clearly, with type II compounds, we must diligently seek
compounds with improved SI values. Often, cytotoxicity SARs are
not obvious, and diamidines are no exception; however, we have
found excellent SIs for numerous classes of diamidines (20, 22,
39), and we expect that we can successfully achieve similar results
with type II compounds. Future studies will explore several ap-
proaches to determine the minimum size of the bis-benzimid-
azole diamidines (type II) that retain activity in an effort to
identify a lead with physical properties that allow penetration
of the BBB.

Screening results for type III to VI amidino analogs. The
furamidine analogs (type III; see Table S1 in the supplemental
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TABLE 2 Bis-benzimidazole amidines evaluated for activity against N. fowleri in vitro

N
N\*Q\N
R
H ”)\Ar

Im= %NNj
H

N
THP =—(/ :>
HN

1C50 (M)

Code R Ar N. fowleri® J774 SI
DB183 Am 4-Hydroxyphenyl 0.458 6.47 14.2
DBI158 Im 4-Hydroxyphenyl 8.45 >96 >11
DB173 THP 4-Hydroxyphenyl 0.177 7.89 44.6
DB210 Am 4-Methoxyphenyl 0.795 64.9 81.6
DB164 Im 4-Methoxyphenyl 2.26 5.06 2.39
DB221 Am 4-Ethoxyphenyl 1.32 4.17 3.1
DB165 Im 4-Ethoxyphenyl 4.13 13.6 3.3
HG11 Am 3,4-Difluorophenyl 17.2 31.8 1.84
HGI12 Am 4-t-butylphenyl 41.3 23.9 0.58
HGI13 Am 2-Hydroxy-3-t-butylphenyl 61.4 >17.0 ~0.3
HG16 Am 3,5-Dimethoxyphenyl >88.2 >88.2 ~1
HG17 Am 3,4-Dimethoxyphenyl 0.318 291 9.2
HG19 Am 3-Methoxy-4-benzyloxyphenyl 5.27 49.3 9.4
HG20 Am 3,4-Dibenzyloxyphenyl >79.3 >79.3 ~1
HG22 Am 2-(4-Chlorophenoxy)-5-fluorophenyl >79.4 >79.4 ~1
HG23 Am 4-(4-Chlorophenoxy) phenyl >80.0 28.4 ~0.35
HG24 Am 4-(3,4-Dimethoxyphenoxy) phenyl 0.462 2.54 9.15
HG25 Am Naphthalen-1-yl 9.59 >86.9 >9.1

“ Means from at least two independent alamarBlue assays.

material) produced ICs,s ranging from 31 to 84 uM. The reduced
potency of the furamidine analogs was disappointing, given this
series contained four compounds known to penetrate the blood-
brain barrier in both mice and monkey models for late-stage HAT
disease. The linear benzimidazoles (type IV; see Table S2) and the
indoles (type V; see Table S3) each yielded at least one compound
with ICqs near 10 wM, although most compounds in these series
were not potent against N. fowleri amoeba. Similarly, the arylimi-
damides (type VI; see Table S4) had only one compound with an
ICs, near 10 WM. Finally, a series of miscellaneous amidino deriv-
atives, mostly diamidines and diguanidines, were uniformly inac-
tive against N. fowleri in vitro. Other miscellaneous amidino de-
rivatives (>50) were found to be inactive and were not considered
for lead optimization (data not shown).

DISCUSSION

The drugs that are currently used for treating pathogenic FLA
infections have not been discovered and developed prospectively.
Amphotericin B, antifungals, antibiotics, and microbicides avail-
able for other indications have been applied to the treatment of
FLA in an empirical approach to find curative drugs (12). Ampho-
tericin B, pentamidine, propamidine, miltefosine, and azoles are
drugs that were developed originally against other pathogens but
also were found to possess limited to moderate in vitro or vivo
efficacy against pathogenic FLA infections. Since no large-scale
drug-screening programs have been initiated for pathogenic FLA
and there have not been any hit expansion or lead optimization of
new chemotypes, a strategy for drug discovery for FLA had to be
established. In this study, we aimed to develop a discovery para-
digm to identify, evaluate, optimize, and advance new molecules
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toward the clinic for use as new therapies for pathogenic FLA. The
primary enabling technology is new, quantitative in vitro methods
for whole-cell phenotypic screens. This is the primary tool that
enhances early drug discovery by supporting screens of large li-
braries of compounds and quantitative assessment of antiparasitic
efficacy sufficient for structure-activity relationship studies. Sec-
ondarily, animal models of disease are required that mimic hu-
man disease, are amenable to infection with the human pathogen,
and are validated by efficacy of known curative or partially effica-
cious drugs. These tools then are used to provide quantitative
efficacy data required to fuel medicinal chemists’ efforts to opti-
mize structure-activity properties. Similar strategies and drug dis-
covery pathways are used for novel antimalarial and antileishma-
nial drugs (40, 41).

Most previous in vitro assays for the assessment of anti-FLA
drug screening are not amenable to high- or even medium-
throughput screening. Endpoints for growth usually include mor-
phology and visual counting of amoebae, assessment of viability
that requires days to weeks, or release of lactate dehydrogenase
(11, 42-45). In addition, these methods use large volumes of cul-
ture media (e.g., >10 ml) in flasks and require extended incuba-
tion periods of up to 6 days (11,42—45). These methods are simply
too cumbersome to support modern drug discovery require-
ments. Given the lack of in vitro assays for medium- to high-
throughput drug susceptibility testing, we developed and vali-
dated two methods for HTS in 96- and 384-well plates and used
the methods for the first time with pathogenic N. fowleri (rather
than nonpathogenic N. gruberi) (37).

The potencies of amphotericin B and pentamidine were signif-
icantly lower in the two new assays used in this study than in

aac.asm.org 2041
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TABLE 3 Bis-benzimidazole diamidines evaluated for activity against N. fowleri in vitro

C
A X D
N+ _N
NH HN
HN NH
R R
IC5 (M)
Code X A B C D R N. fowleri® J774 SI
DB325 (CH,), H H H H NH-i-propyl 20.7 15.2 0.7
DB1736 0 H H H H NH-i-propyl 1.035 10.2 9.8
DB1774 S H H H H NH-i-propyl >50 55.8 ~1
DB1765 NH H H H H NH-i-propyl 1.28 7.0 55
DB1766 NMe H H H H NH-i-propyl 0.43 6.92 16.1
DB1684 NPh H H H H NH-i-propyl 1.04 9.58 9.2
DB1687 o) H H H H NH-c-pentyl 111 6.65 6.0
DB1735 (@) H H H H NH-pent-3-yl 1.01 31.4 5.2
DB1768 (0] H H H H 4-Me-piperidyl 9.44 24.2 2.6
DB1754 (0] H H H H Azepanyl 10.2 15.5 1.5
DB1753 (€] H H H H Morpholine 4.14 ND ND
DB1767 (0] H H H H Thiomorpholine 7.06 37.1 5.3
DB1734 o) H cl H H NH-i-propyl 0.385 322 8.4
DB1682 o] cl H H H NH-i-propyl 1.85 1.87 1.0
DB1690 (@] OMe H H H NH-i-propyl 0.47 0.348 0.74
DB1683 o) al H H MeO NH-i-propyl 0.655 2.95 45
DB1685 o] CF, H H H NH-i-propyl 0.94 2.34 25

@ Mean of at least two independent alamarBlue assays.

previous experience (Table 1). These differences likely are due to a
much longer exposure to drug, since some assays were up to 6 days
compared to the 72-h assays used in this report. Second, the num-
ber of amoebae used per ml was higher in the alamarBlue assay
than in some previously published methods (Table 1). Despite any
differences, the reduced efficacy observed in the 72-h assay for-
mats was similar regardless of the endpoint used (alamarBlue or
CTG); therefore, it is likely that the new assays reflect the inherent
lack of potency and slow onset of action of most of the drugs
currently used to treat FLA infections. Another factor that may
reduce potency in all assay formats is the requirement for highly
complex media (e.g., NCM) with multiple components that can
serve as a sink for drugs and reduce the free concentration needed
to affect the parasite. Regardless, the 72-h assay format we used
successfully enabled the discovery of compounds with potency
more than 500 times that of previously described diamidines. The
72-h assays we used have multiple advantages, including repro-
ducible, quantitative endpoints that are important for medicinal
chemistry optimization, as well as enabling the detection of com-
pounds with a more rapid onset of action. Given the rapidly pro-
gressive, fatal disease caused by N. fowleri, it is important to focus
drug discovery efforts on compound series with rapid onset of
action and to prioritize these over other scaffolds for lead optimi-
zation.

By using the new quantitative assays for assessing efficacy
against N. fowleri in vitro, we have identified compounds that ap-
pear to be much more potent than currently used drugs for PAM.
Our predetermined criteria for a hit was potency (ICs,) of =1 pM
and a selectivity index of >10. By using these criteria, we identified
three monoamidino analogs (DB173, DB183, and DB210) and
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one diamidino derivative (DB1766) that are validated hits. In ad-
dition, we identified 5 derivatives deemed marginal hits, as de-
fined by a potency of approximately 1 uM (DB1684 and DB1736)
or selectivity indices of >8 (HG17, HG24, and DB1734). It is
important to note that the hits we identified do not appear to be
promiscuous inhibitors. Many of the hits and marginal hits have
been screened previously for antiparasitic, antifungal, or antibac-
terial activities, and none appear to have indiscriminate activity
across the spectrum of biological activities examined thus far (see
Table S6 in the supplemental material). Furthermore, many of the
compounds we tested that were not potent against N. fowleri in
vitro, in particular type II derivatives, have broad activities in other
biological systems (see Table S6). These results lead us to propose
inhibitors for N. fowleri that have an encouraging degree of spec-
ificity that can be exploited in lead optimization. Therefore, from
this study we identified nine compounds (hits and marginal hits in
Table S6) that warrant further evaluation and optimization to
identify lead compounds. For each of the hit compounds identi-
fied, the lead optimization process will require enhanced physio-
chemical properties to permit blood-brain barrier penetration
and improved selectivity. A partial list of some of the properties to
be optimized include lower molecular weight, log of distribution
coefficient (logD) of approximately 2, and efficacy in vivo (N.
fowler-infected mouse model).

While all the screened compounds initially were designed to be
DNA minor groove binders, we have no evidence to suggest that
the activity of the compounds against N. fowleri involves binding
to DNA. Consequently, we consider the hit compounds as ones
with an unknown target(s). Furthermore, the two classes with best
potency, bis-benzimidazole amidines (type I) and bis-benzimid-
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azole diamidines (type II) (Fig. 2), may not have a common mode
of action, since the two structural types have significant differ-
ences. Type I is a monocation and type Il is a dication; while the
overall geometry of both is curved, the type II compounds are
more acutely curved, and the two types may be unable to fit the
same binding site. In addition, it is possible that each of the hits has
more than one target and inhibits their targets with different po-
tencies depending upon the structural modifications in the series.
Once a lead compound is identified, specific mechanism-of-ac-
tion studies will be warranted. Both type I and II cations are likely
to be very hydrophilic (ACD estimated logD for DB183 of —0.65);
therefore, to have a reasonable chance of passing the blood-brain
barrier, it will be essential to focus on modifications that lead to
compounds with a logD of 2 = 1. Future studies should system-
atically vary the structures of types I and II to reduce their size and
polarity in an attempt to optimize activity for N. fowleri, to de-
velop reasonable selectivity, and to achieve the desired physio-
chemical properties. In addition, the type I and II derivatives
should be assessed against multiple isolates of Acanthamoeba spp.
Diamidino derivatives appear to be more potent against Acan-
thamoeba spp. than N. fowleri; therefore, the new hits identified in
this study may be even more potent against Acanthamoeba and
could be useful for developing new drugs to treat keratitis, GAE, or
systemic infections with these important pathogens.

Advances in drug discovery for emerging infectious and trop-
ical diseases have begun to deliver a pipeline of new chemotypes
that are optimized for clinical development by academic and in-
dustrial scientists (40, 41). In comparison, pathogenic FLA have
been ignored and early discovery studies have focused on a small
number of drugs already approved for other indications or screens
with nonpathogenic species of FLA. In this study, we have applied
the tenets of modern drug discovery by using high-throughput
phenotypic screens with pathogenic N. fowleri. To accomplish this
goal, we validated two robust methods for quantitative dose-re-
sponse and high-throughput screening of compounds for anti-
FLA activity and applied these to conduct the first large-scale ap-
plication of SAR to optimize new anti-FLA drugs. The mono- and
diamidino compounds we discovered are synthetically tractable
and highly attractive for hit-to-lead optimization.
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