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ABSTRACT

Ebola virus (EBOV) causes a deadly hemorrhagicrfavéhumans and non-human primates.
There is currently no FDA-approved vaccine or matiim to counter this disease. Here, we
report on the design, synthesis and anti-viravdas of two classes of compounds which show
high potency against EBOV in both in vitro cell tuk assays and in vivo mouse models Ebola
viral disease. These compounds incorporate thetatal features of cationic amphiphilic drugs
(CAD), i.e they possess both a hydrophobic domath @ hydrophilic domain consisting of an
ionizable amine functional group. These structéeatures enable easily diffusion into cells but
once inside an acidic compartment their amine ggdugrame protonated, ionized and remain
trapped inside the acidic compartments such as déameosomes and lysosomes. These
compounds, by virtue of their lysomotrophic funogo blocked EBOV entry. However, unlike
other drugs containing a CAD moiety including cblguine and amodiaquine, compounds
reported in this study display faster kinetics ofwamulation in the lysosomes, robust expansion
of late endosome/lysosomes, relatively more paseppression of lysosome fusion with other
vesicular compartments and inhibition of cathepsiasvities, all of which play a vital role in
anti-EBOV activity. Furthermore, the diazachryseéh€ZSML08) that showed most potent
activity against EBOV in in vitro cell culture agsaalso showed significant survival benefit with
100 percent protection in mouse models of Ebolasvitisease, at a low dose of 10 mg/kg/day.
Lastly, toxicity studies in vivo using zebrafish deds suggest no developmental defects or
toxicity associated with these compounds. Overdiese studies describe two new
pharmacophores that by virtue of being potent lgsaxtrophs, display potent anti-EBOV

activities both in vitro and in vivo animal modelSEBOV disease.



INTRODUCTION

The latest Ebola virus disease (EVD) epidemic hist\Africa from late 2013 to mid-2016,
resulting in more than 11,000 deaths.[1] The awefatality rate (about 40%) was lower than in
many of the previous outbreaks (up to 90%). Howether number of cases exceeded all
previous outbreaks combined by more than tenfotbthe number of deaths by more than
sevenfold.[2] A more recent outbreak has been tedon West Africa with a total of 78 cases of

hemorrhagic fever, including 44 deaths so far.[3]

EBOQV is a single-stranded, negative sense RNA \dngsis a member of the geritigolavirus
in the familyFiloviridae. It is closely related to Marburg virus, whictkdiEbola Virus (EBOV),
causes a hemorrhagic fever in humans and non-hpnraates.[4] The natural reservoir of
filoviruses are possibly bats, albeit transmiss@mhumans can also occur via non-human

primates and possibly other animals as well.[5]

Currently there is no FDA licensed drug, vaccin@my other therapeutic to treat EVD.[6] At
least three vaccine candidates have shown promiesuits and have entered clinical trials to
various degrees.[7-107°'°The unpredictable nature of occurrence of newreatks, followed

by a prolonged period usually taken to attributeghtients’ symptoms to EVD, often results in
rapid spread of the contagion. This underlinesied for a readily available therapeutic, with a
long shelf life and one that could be easily stoResearch conducted by different teams,[11-
14]*+12131%55 well as our own,[15-1%7]*®*"has provided a number of active small molecule
EBOQV inhibitors, that could meet the aforementioosateria (Figure 1). Favipiravir, BCX4430
and GS-5734, act as prodrugs that are metabolitedelective EBOV RNA-polymerase

inhibitors.[11,12,15,16]



More recently, repurposing drug screens identifiedll molecules belonging to cationic
amphiphilic drugs (CADs) family, as potent inhilsgaf EBOV entry.[18-20F'*?°CADs are a
wide group of chemicals that typically have botiydrophobic domain containing an aromatic
ring system and a hydrophilic domain containingaamzable amine functional group.[21] These
structural features, enables easily diffusion o#lis but once inside an acidic compartment their
amine groups become protonated, ionized and retragped. As a result, CADs are
lysosomotropic, i.e., accumulate to high conceitnatin the acidic compartments such as Late
Endosomes and Lysosomes (LE/Ly) thereby alterieg thorphology and functions. Regardless
of their intended target, many FDA approved drugh & CAD moiety in their backbone,

blocked EBOV entry inn vitro assays by altering LE/Ly functions.[13,20]

EBOV entry is exclusively dependent on EBOV Glyapm (GP) trimers that project as long
spikes on the lipid bilayer envelope. The viralreitegins with the viral attachment to the host
cell surface followed by virus internalization thgh macropinocytosis. The virus is then
trafficked sequentially from the early endosomethoLE and Ly. In the LE/Ly, the cysteine
proteases; Cathepsin B and/or Cathepsin L unddicgu and reducing conditions, cleave GP
to generate a 17-19 kDa fusogenic version of G2 ?***The cleaved GP also unmasks its
binding site to the LE/Ly resident receptor, themann-Pick C1 (NPC1). GP-NPCL1 interaction
promotes the filovirus/cell membrane fusion, thagrgually leads to the release of viral lipid
membrane enclosed ribonucleoprotein complex (RNi®)the cytoplasm for
transcription.[25,26] For successful entry, treking of EBOV virions to specific NPC1
expressing LE/Ly compartments is crucial to pronteB©V fusion with the limiting membrane
to release the enclosed nucleocapsid into cytopl@gxs appear to block these interactions by

modulating the LE/Ly, however the exact mechanismat known.



In spite of many CADs being effective in vitro ialicculture assays, only few of them were
effective in vivo in mouse models of Ebola virusetise. Among the successful ones,
chloroquine CQ) and amiodarone at 90 mg/kg, protected mice instney but failed in
another.[18,27-292"2®2°Amodiaquine AQ) did not protect mice,[29] but its usage in humans
during 2014 EBOV outbreak, in place of an antimalarontaining lumefantrine at Médecins
Sans Frontieres-led treatment units, was assoondtbcan observed decrease in human fatality
rates.[30] Toremifene (Figure 1) at 60 mg/kg prtegdanice but the doses used were higher than
what was normally tested for clinical usage andckds potentially associated with serious side
effects.[13] Sertraline offered 70% and Bepridfieoéd 100% protection of mice at a lower
dosage of 20 mg/kg/day and 24 mg/kg/day, respdgtj28] Potency differences may correlate
with interactions with lipid and protein moietiesttvn the LE/Ly compartments that ultimately
impact EBOV entry. However, the primary intendedyéh of the approved drugs was not to
function as CADs and their anti-EBOV activity regpd several 10-100 higher fold usage of the
drug in in vitro studies when compared to theinatgt against their original intended target.
Their application in animal models would requirgesting tolerability at higher doses and are
compounded by the complications of their effectdhemr primary intended targets. Therefore, a
more efficient CAD that disrupts EBOV entry withaigusing any serious side effects would be

highly desirable.
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Figure 1. Selected examples of small molecule EBOV inhilsitor

Here, we report on the development of a novel BBV pharmacophore with a 1,4-
naphthyridine core (Chart 1). Furthermore, forfitst time the synthesis of diazachrysene
derivatives substituted by two different aminoalkide chains has been achieved, diverging
from 1 (ZS48)and alike.[17,31] The synthesis, pharmacokiren@lysis, in vitro and in vivo
antiviral screening efforts, and detailed mechara$mmction (MOA) studies suggest that the
studied compounds are CADs with unique featuresa@piesent the most potent inhibitors of

EBOV within the CAD structural class.



Chart 1. General structures of investigated derivatives
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RESULTS AND DISCUSSION

Synthesis

Being aware that increased number of aromatic nngg disfavor our drug development efforts
based on 4,10-diazachrysene core,[32] beside exéetoxicity evaluation thereof, we entered
the core ring re-grouping to two central aromatgs aiming at naphthyridine core instead
(Figure 2). Furthermore, the envisioned naphthggdierivatives have a structural similarity to
the FDA approved antimalarial dr@fQ, which was found to have moderate anti-EBOV
activity.[18,27] The planned naphthyridine composimebuld preserve the 4-alkylaminopyridine
constitutional motif, akin to alkylamino substitdté,10-diazachrysenes, which appears to

decrease the susceptibility to metabolic activasind the toxicity proceeding thereof.[31,33]
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Figure 2. Planned transformations: a) Desymmetrization2; b) Core reductioil- 3; c) CQ

surrogates.

Firstly, two naphthyridine core compoun@g34,35] and7[36-38]°*"*8were synthesized using
slightly modified approaches than those alreadym(see Supporting Information 1). These

two compounds were then subjected to microwavestgssnucleophilic substitution reactions

with appropriate amines. This gave rise to 12 akyho substituted compound%and8-16

as shown in Scheme 1, thus affording for the firsé the 4,8-alkylamino substituted 1,5-

naphthyridines.



Scheme 1The synthesis of alkylamino substituted naphthyas.
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a) RNH,, MW, NMR, 180 °C, 2h;
3: R" = -(CH,),N(CH,CH,),0, 71%
. N 4: R" = -CH(CH,)(CH,),N(CH,CH.,),, 51%
S 12: R" = -(CH,),N(CH,CH,),0, 33%
\©/\g 13: R" = -(CH,),;N(CH,CH,),, 41%
o 14: R" = -CH,CH(OH)CH,N(CH,CH,),, 67%
R" 15: R" = -(CH,),N(CH,CH,),, 46%
16: R" = -(CH,),N(CH,CH,),0, 46%

Our initial diazachrysene structures were subsiitutith two identical aminoalkyl
sidechains.[17] Therefore, for the synthesis afyummetrically substituted diazachrysenes, the
experience in tuning up the conditions for microerssisted nucleophilic aromatic substitution
on the diazachrysene core[31] helped us optimiggtbcedure that resulted in monosubstitution
reaction keeping one chloro substituent intact €8af2). The remaining chlorine 18 was then
substituted with different aminoalkyl side-chailtsaddition, we synthesized three uniformly

substituted derivative21, 22 and23.



Scheme 2The synthesis of alkylamino-substituted diazachrgse

NHR

2: R = -(CH,),N(CH,CH,),0, 56%
19: R = -(CH,);N(CH,CHy),, 40%
20: R = -CH,CH(OH)CH,N(CH,CH,),0, 73%

21: R = -(CH,),0(CH,),N(CH,),, 89%

x4HCI
NHR except 22: x2HCI 22: R = ~(CH,),NH,, 72%

23: R = -(CH,);NH,, 99%

a) NH,(CH,),N(CH,CH,),0, NMP, MW, 150 °C, 20 min;
b) 1. RNH,, NMP, MW, 180 °C, 5 h, 2. HCI, EtOH

Inhibitory Activity Against EBOV

The compounds were screened for their antiviravidgin cell based High throughput, high
Content Imaging (HCI) assay, and theirgg@nd/or EGy and C(Gp were assessed by running a
dose response curve analysis (Table 1).[39,40fIBrideLa or human foreskin fibroblast (HFF)
cells were pretreated with different doses of theajgounds for 2 h prior to incubating with
EBOV. Forty-eight hours post infection (followinguttiple cycles of viral infections), cells were
subjected to immunofluorescence analysis (IFApie#d by HCI assay to evaluate the
percentage of EBOV-GP expressing cells. Diazacheyskerivatives were tested as water
soluble hydrochloride salts, while naphthyridinerevtested as free base forms (1.0 %

DMSO/water).
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Table 1. Inhibitory activity of naphthyridine derivativeganst EBOV and their cytotoxicity in

Hela cells.
Compound EBOV EBOV CCso (M) Sl
ECso (M)  ECgo (LM)
0.70 <5 >20 >28.5
1(ZS48)31]
0.55' 1.36' >20° >36.5'
0.26 0.85 8 30
2 (ZSMLO8)
0.2F¢ 0.78 2.4 11.72
3 not active - >25 -
4 0.78 4.73 >10 >13
5 ~10 - - -
8 not active - - -
9 ~10 - - -
10 not active - - -
11 2.87 13 >25 >8.7
12 ~10 - - -
13 4.82 37.43 >10 >2
14 not active - - -
15 14.11 62.6 >25 >1.8
16 2.24 9.9 >25 >11.2
19 0.79 4.85 >10 >12.6
20 0.60 3.50 >10 >16.7
21 3.53 6.74 7 2.0
22 ~10 235 >10 >1
23 ~10 20.5 >10 >1
cQ*? 16 - - -
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Table 1: EGpor EGyp, which is the effective concentration to achie@bor 90% infection
inhibition respectively, and Gg (50% cytotoxicity) was accomplished by running tihese
response curve analysis in four replicates (n =Sé)ectivity index (SI) =C&/ECso. Hela cells
were used for assays, unless noted otherf#iger: cells."Vero cells.

Several bis-aminoalkyl naphthyridine derivativds13 and16) were found active in this assay
(Table 1) with compound6 with morpholino substituents connected with fouboas to
aromatic moiety among the most active anti-infeegiwith EGo= 2.24 uM. Other bis-
aminoalkyl derivatives, such dsand13, were also considerably active, with &€ 0.78 uM

and 4.82 uM, respectively. Moreover, the lowgE€4.73 UM emphasized the possible high
potency of4 as anti-EBOV inhibitor. InterestinglyL,1, which possesses 7-chloroquinoline
moiety as its side-chain (a featureGQip) also has acceptably good in vitro activity witGsg =
2.87 uM, contrary to the mono-aminoalkyl substidut@phthyridinesy, 8, 9 and10) which

appeared either completely inactive or possessetelime activity in our screen.

Diazachrysene derivatives with dissimilar aminobbgbstituents?, 19and20 showed

improved anti-EBOV activity (Table 1) as comparedheir symmetrically substituted analogue
1 and relatecompounds[31] with E§ = 0.26-0.79 uM, and they also retained the lovelle¥y
cytotoxicity. The inhibitor2, EGsp = 0.26 uM, EGy= 0.85 uM, appeared as one of the most
potent EBOV inhibitors known.[16,41,42] The mostiae new compoun@, as well as our
preceding derivativé, were further tested in a primary cell-based gssaiFF cells. The

activity proved to be consistent with HeLa baseshgsesults.

Symmetrically substituted diazachrysene derivatRe®2 and23 showed no improved activity

and were rather in-line with our previous resuds] |

12



Pharmacokinetic analysis and physicochemical propées

The in vitro ADME profile for compoundg, 4, and13 (Table 2) was encouraging. Both
naphthyridinegt and13, as well as the diazachryse?eshowed good plasma stability (60 or
>85% remaining after 1 h), adequate solubilitytdtf4 (>50g/mL), low to moderate CYP
inhibition, and high mouse and human microsomdlikty. Compound2, the most potent

inhibitor, was further shown to be highly permeable in an MDOg&Kmeability assay.

Table 2. ADMET parameters fo2, 4, and13.[43]

Parameter tested 2 4 13
Plasma stability, 1h, 37 °C (%0) 60 >85 >85
Solubility, pH 7.4 (ug/mL9 >50 >50 >50
CYP3A4 / BQ inhibition (uM) >10 >10 >10
CYP3A4 / DBF inhibition (M) >10 >10 >10
CYP3A4 / BFC inhibition (uM) >10 >10 >10
CYP2D6 / AMMC inhibition (1M >10 8.0 >10
CYP2C19 / CEC inhibition (M) >10 3.6 >10
Clearance mouse/human (uL/min/fhg)  22.3/32.9 32.9/<23 <23/<23

13



Microsomal t, mouse / human (mifh) 62.1/42.1 42/>60 >60/>60
Permeability A-B (10° cm/sf 39.3 - -

Permeability B~A (10° cm/s§ 43.2 - /

®Plasma stability (percent remaining after 1 hodetermined following incubation for 1 hour
at 37 °C°Compound solubility, determined using laser nephmelny to measure light scattering,
performed in triplicate’The IG values for CYP inhibition, determined from the flabrescent
signal from incubation at 37°C for a set time wah active cytochrome P450 enzyme and a
fluorescent probe substratéClearance in mouse and human models, substrateetidepl
experiments were performed by incubating test camgavith liver microsomes for 1 hour at 37
°C; in this test #2>30 min is considered goo8Apparent permeability (®r) of compounds
determined with Madin Darby Canine Kidney (MDCK) ICéne; A—B apical to basolateral
membrane movement; -BA basolateral to apical membrane movement; three biological
replicates.

In order to assess the efficacy of diazachrysearesport, the interactiorss 2 and1 with HSA

and AGP proteins, respectively, have been evalugtbzing changes in fluorescence spectra of
proteins upon addition of increasing amounts oheammpound (see Supporting Information 1).
The binding constants @¢) were (6.12+0.20) x fav™ for AGP and (8.85+0.30) x 2™ for
HSA (for 2); and (8.12+0.07) x TaM™* for AGP and (1.13+0.04) x 2™ for HSA (for

1).[44,45]

Furthermore, during in vivo tolerability evaluatioh2 in healthy mice (vide infra) mouse serum
was collected and analyzed for total compound &\aid possible metabolites thereof.[46]
Total concentration of compourdvas detected in serum (0.35-1.20 uM) 24 h after2@s
mg/kg dose was administered, as presented in FRjurbe detected concentration is
conveniently in the range of the compound’'ss&@lue (0.85 pM), exceeding the &@alue

(0.26 uM Hela; 0.21 uM HFF) and is significantlyer than the Cg; value in HelLa, and HFF

14



cell assays and the kgvalue of 18.9 uM (zebrafish assay, see Suppoktifggmation 1).

Moreover, this serum concentration relative to,€similar to that for our diazachrysene

compoundl (0.46-1.03 uM; Supporting Information 1) which wedicacious in a mouse model

of EBOV infection.
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Figure 3. Chromatograms of quantification of fre§ZSMLO08) levels in mouse serum. Samples

from two mice treated with 20 mg/kg/day {ZSMLO08) were taken 24 hours after the last dose

and prepared as described in Supporting Informatio@hromatograms were obtained using

UHPLC/MS. No products of reduction (M+2), oxygepoati(M+16), dehydrogenation (M-2),

bis-oxygenation (M+32) or of any combination théreere detected.

The ability of a compound to be protonated insifithe endosome is critical for the CAD

mechanism. Therefore, acidity constants for thmrapopunds selected for in vivo screenig (

15



4, 13) were experimentally determined by potentiomaitiation in four replicates as presented
in Table 3 and Figure 4 (conjugated acids, Suppgitiformation 1), as well as f@Q andl,

for comparison. This allowed the calculation of tiet charge for the compounds at
physiological and lysosomal pH (Table 3). Furthemmadhe distribution coefficients at

pH=7.3£0.1 were calculated using ACD/Labs software.

Table 3. Experimental acidity constants of selected compeuand calculated distribution

coefficients.
Compound pKaside pKa side pKa pKa Net Net cIogDpH:md
chain 1# chain 2 core core? chargeat charge at
pH 7.35 pH 5.¢°
1Y 5.96 5.24 7.35 4.37 0.54 2.72 2.71
2 6.65 5.60 7.70 4.56 0.87 3.04 2.53
4 10.81 8.41 5.72 / 1.94 2.84 1.36
13 10.97 8.50 5.51 / 1.95 2.76 -0.18
CQ 9.18 / 7.45 / 1.54 1.99 1.53

%Ka values of alkylamino side-chairfpKa values of one or two aromatic nitrogens at the
core. “Total degree of protonation (net charge) at (pHggical) pH = 7.35 and pH = 5.0
(lysosome), respectively, calculated from pKa valapproximating the ionic strength of
solution to zero).%Calculated distribution coefficient at pH 7.3 usidgCD/Labs Release
12.0.[47]

16
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Figure 4. Sites of protonation from pKa determination expemt.

The pKa measurement results showed that naphthgridirivativegl and13 are more basic
than diazachrysen@sand1, having two times higher net charge at physiolaigidd. This fully
corresponds to their computed clogD values whiell@wer than the values of diazachrysene
derivatives. The charge at physiological pH desea/éew comments: diazachryserizsndl,
are less than monoprotonated at pH 7.35 and clissgéution sits ca. 79-93 % at core nitrogen
and the rest stays on morpholine nitrogens (Sujgpitformation 1).[48,49T herefore, the
positive charge delocalization across the arontiéizachrysene core should ease the plasma
transport and passage across membrangaid?2 over4 and13 (both possessing +2 localized
charge at side-chain nitrogens) as in vivo resuisld suggest. On the other hatite charge at
pH 5.0 (lysosomal compartments) is very similardthmew compounds, being ~3.0; therefore,
the higher degree of protonation is expected tegmethe compound from leaving the

endosomal compartment once inside (vide infra).[50]
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Toxicity profiling

The most promising EBOV inhibit®, and1 andCQ for comparison, were thoroughly
investigated for toxicity in vivo (mortality, ter@genicity, cardiotoxicity, hepatotoxicity and

myelosuppression) using zebrafish embryos (Figlure 5

A) O Normal embryos [ Embryos died up to 72 hpf B Embryos died at 72-120 hpf

110% - 110% < 110% -

100% A 100% I—r—r—r—1r— 100% —r—/rar—r—r—r—
90% 90% 4 90%
= 80% A ey 80% A 3 80% A
< 70% - < 70% A < 70% A
8 60% - 8 60% - § 60% -
£ 50% 1 £ 50% - 2 50% -
£ 40% £ 40% - £ 40%
W 30% - w 30% - W 30% -
20% - 20% 4 20% 4
10% A 10% 4 10% A
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ZSMLO8 Z548 cQ
untreated ZSML08, 30 uM 2S48, 40 pM CQ, 40 uM

Figure 5. A. The results of toxicity assay on zebrafish eyobrat 120 h hours post fertilization
(hpf) exposed to antiviral drugs(ZSML08), 1 (ZS48)andCQ, expressed as the E&ZuM). B.
Morphology of wild type (wt) zebrafish embryos aftthe treatments with 30 pM a2
(ZSMLO08), 40 uM of1 (ZS48)and 40 puM ofCQ. The embryonic liver is indicated with a red
curved area. C. In vivo imaging of the liver morfggy of Tg(l-fabp:EGFP) zebrafish larvae
treated with2 (ZSMLO08) and1 (ZS48)confirming the lack of their hepatotoxicity uponpéipd

dosescontrary toCQ. For details see Supporting Information 1.
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The antiviralsl and2 exhibited a dose-dependent mortality and did nitde any appearance

of teratogenic (developmental) malformations ingheviving embryos (Figure 5; Supporting
Information 1). As the cardiotoxicity and the livexicity are the most common drawbacks of
the drugs approved for human use, diazachryskaad?2 were checked for the above toxic
effects every day within 72-120 hours post ferdéitian (hpf). The obtained results showed no
cardiotoxic effects in any of the surviving embryssch as the appearance of pericardial edema

(Figure 5B) and the disturbed heartbeat rate (datshown).

To address the possible hepatotoxicity of seledtazachrysenes, we explored their effect on the
liver development (applying compounds at 6 hpf witienliver has not yet been formed) and
function (applying compounds at 72 hpf when thedis fully functional) using the transgenic
To(l-fabp.EGFP) zebrafish embryos with fluorescently labéieer. The hepatotoxicity was
evaluated at 120 hpf old embryos, using the liveaandex (the ratio of liver area and lateral
body area) that proved to accurately representbvidredamages.[51] As shown in Figure 5C,
the antiviral2 and1 did notchange the liver area index nor its fluorescen@ngttested dose

up to 30 uM and 40 pM, respectively, irrespectivéhe time of addition (Figure 5B, 5C,
Supporting Information 1), thus clearly demonstrgtno liver toxicity even at concentrations 73
times higher than cell based activity ggGor 2) and 103 times higher (fd). On the contrary,
CQ significantly reduced both the liver area index(P.05) and fluorescence=aB0 uM if
administered at 6 hpf (Figure 5B, C), and&0 uM when applied at 72 hpf (Supporting

Information 1).

Since myelosuppression is also one of the advétseeffects of many clinically used drugs, the
antivirals1 and2 were examined for toxicity in vivo towards neutrdphTo address this

potential issue, we used the transgdrgnpx GFP) zebrafish embryos with fluorescently
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labeled neutrophils, thus enabling direct visuaiaraof applied compounds on the neutrophil
genesis and occurrence. Obtained results reveazdetl and2 exerted no myelotoxic effect at
any tested concentration up to 20 uM and 40 uMewsgely, as determined by the whole
embryos fluorescence (Figure €Q appeared to be myelotoxic and markedly reduced the

neutrophil occurrence at the doge80 uM (Figure 6).
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Figure 6. The effect of2 (ZSML08) and 1 (ZS48)on the neutrophil population assessed in
Tg(mpx:GFP) zebrafish embryos with GFP-labeled neutrophils 7& hpf. Neutrophil

fluorescence (A) and occurrence (B) upon the treatrwith2 (ZSML08), 1 (ZS48) andCQ.

To address the therapeutic potential of the exgl@@mpound, the toxicity was evaluated by
determination of the lethal concentration g CSupporting Information 1), defined as the
treatment concentration resulting in 50% mortatiftyembryos over a period of 120 hpf. The
obtained results reveal a very good therapeutientiatl of both diazachrysenes that showed a
low overall toxicity with the LGop zsmiosy = 18.9 pM and LGon (zsagy = 72.1 puM. The
observed toxicity is ~70-100 times lower than threspective inhibitory activity against EBOV

observed in HeLa (HFF) cells, Table 1.

Tolerability studies in mice

Six healthy mice were subjected to seven daily slo$2 (20 mg/kg, a dose twice as high as the
one used in the EBOV challenge test; i.p. admiaiitn, c.f. Supporting Information 1). The
mice were then observed twice daily for behaviat appearance for a total of 28 days after the

last administered dose. No overt manifestatiorecate toxicity were observed.

Compound 2 Protected Mice from EBOV

Based on the above potency, cellular toxicity, ADNtiterability and PK properties, results, the

two most potent inhibitors with minimal cytotoxigitthe compound® and4, were further
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evaluated for in vivo efficacy in a mouse modeE&OV infection[52] using three different
doses of 10, 5 or 1 mg/kg (Figure 7). This mousdehbas been often used for evaluating
different antivirals.[20,27,41,53-55]>*°°A third compound]3, a less active homologue 4f
was also chosen for comparis@ompound showed a dose dependent protection with 100%
protection at a dose of 10 mg/kg and 50% proteaidower doses of 5 mg/kg and 1 mg/kg
(Figure 7A). Although uniform mice lethality wastrmbserved in the vehicle treated control
group infected with mouse adapted Ebola virusasssically significant (p = 0.0013) increase in
survival was observed in tl2e(ZSMLO08) (10 mg/kg) treated group compared to control group
Furthermore, minimal weight loss of the survivingenwas observed (Figure 7B). There was
also 40% survival witd at its highest dose of 10 mg/kg (Figure 7C-D). Eniesvivo protection
data corroborated with the compound’s anti-virdivéty derived from cell based assay (Table 1)

with compounds potency followirg)(ZSML08) > 4 (ZS103)> 13 (ZS102)

22



A 100 B 1204
= S 100
g 80 g GEJ’ ot W @ Control
u% 60 5 et ¥ ZSLMO8 (10 mglkg)
£ 40 55 &~ ZSLMO8 (5 mg/kg)
8 L 2 2 40 4 ZSLMO08 (1 mg/kg)
o 20 201
a =
0 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Days Post Infection Days Post Infection
100 1204
[}]
E 80 % o 100 -@- Control
£ &0 5 80 ¥ 75103 (10 mg/kg)
@ £ 8 604 -A- 75103 (5 mglkg)
« 40 20
£ o9 40] & 75103 (1 mglkg)
[0} g o
S 20 201
o R
“ 0 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Days Post Infection Days Post Infection
100 I 120
[}]
g 80 — % o 1004 -@- Control
g 60 - 55 80 ¥ 75102 (10 mglkg)
2 40 HT £ g 0 - 75102 (5 mg/kg)
& - o o 40 & 75102 (1 mg/kg)
2 20 . Sa 201
(] °
“ 0 =0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Days Post Infection Days Post Infection

Figure 7. The compoun@ (ZSMLO08) conferred most protection in mice from EBOV chadle.

Mice (n = 10 mice/group) were treated with indicht®ncentrations of the compounds at 2 h
prior to challenge with 1000 plaque forming uni®&-U) of mouse-adapted EBOV. Treatment
was continued daily for six days. The percent savcurves and the corresponding percent
mean body weight change relative to day 0 (jusbrpto treatment or challenge) with

(ZSMLO08) (A-B), 13 (ZS102)(C-D) and4 (ZS103)(E-F) during the 14 days period of study.
The P values were evaluated using log-rank tesbmapare survival rate with the control group.

2 (ZSMLO8) p = 0.0013 (10 mg/kgt9 (ZS103) p = 0.017 (10 mg/kg)t3 (ZS102)p = 0.03 (1

mg/kg).
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Investigation on the mechanism of action of diazackisenes

Compounds 1 and 2 Blocked Viral Entry
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Figure 8.1 (ZS48)and2 (ZSMLO8) target viral entry. (A) Time of Compound Additiassay
(TCA) in which cells were untreated (mock) or teshtvith2 (ZSMLO8) (at 2 uM) at 2 h prior
to infection (-2 h), or concurrent with virus infem (0 h), or at various time points post-
incubation with EBOV (MOI=10 for 24 h), followed bgnmunofluorescence analysis (IFA) and
HCI assay to determine the percentage of GP expresslls. The infections at each time point
were normalized with mock treated cells to deteamthe infection inhibition. (B) GFP
expression by Hela cells, which were pre-treate?l fatwith the indicated compounds followed
by infection with rVSV-EBOV-GP-GFP or VSV-GFP vimes for 8 h and 6 h respectively. Cells
were visualized by staining with Cell MaskDeep R@LD) Same as in B but cells were either

untreated (mock) or treated with indicated con@diutns of the various compounds and infected
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with rVSV-EBOV-GP-GFP (C) or VSV-GFP (D). Relativmfection inhibition for each
compound treatment was determined by normalizinggmeage of GFP expressing cells with
mock treated cells and subtracting the result ditlbata is represented as mean =SD of three
replicates and is representative of three indepeneeperiments. P values were evaluated by

multiple t tests. N.S is not significant and ***<.0001

CADs are known to target EBOV entry by modifying tinternal milieu of LE/Ly, such that
viral membrane is unable to fuse with host lysoddmmting membrane.[19,56] Thus, we first
examined ifl (ZS48)and2 (ZSMLO08) targeted viral entry by Time of Compound Addition
(TCA) assay. As shown in Figure 8A, compound treathprior to infection (-2 h) or at the time
of infection (0 h) was necessary for its antivaativity. Treating cells with the compound at 2 h
after incubating with virus, by when the virus aldg entered cells, had no effect on virus

infection.[57]

We next checked if defects in viral entry were iedigpecifically related to changes in the

LE/Ly without influencing early endosomes or otkarly entry events. To address this question,
we used recombinant vesicular stomatitis virus {fy®at expressed green florescent protein
(GFP) and either expressed its own GP (VSV-GP)yeugotyped to express EBOV-GP (VSV-
EBOV-GP) in the place of VSV-GP.[58] EBOV-GP traKing to functional LE/Ly

compartments is critical for its fusion competenehiereas VSV-GP trafficking to the early
endosomal compartments is sufficient to make bfugsompetent.[59] Thus, if the compounds
were modulating LE/Ly then their antiviral effeet®uld be more pronounced in VSV infection

regulated by EBOV-GP rather than VSV-GP. As shawhigure 8 (B-D) even at 0.1 uM
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concentrationl and2 inhibited rVSV-EBOV-GP but had no effect on rVSV-Blnhfection. At
higher concentrations compounds inhibited VSV ititetirrespective of the entry mediated by
VSV-GP or EBOV-GP but were much more sensitivertioyeby latter. Two controlAQ and

CQ, were also shown to inhibit EBOV entry albeit tesser extent.[18,28,60] At higher
concentrations (50 uM) at which compounds wereybtpathic (Figure 8C-D), all compounds
inhibited VSV infection. Collectively, these datandirmed thatl and?2 targeted viral entry

mostly by modulating LE/Ly functions and were sfg@intly more potent when compared to the

other structurally related CADs such@® andAQ.

Antivirals 1 and 2 are Lysosomotropic and Modify Acidic Compartments
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Figure 9. CompoundslL (ZS487 2 (ZSML08) are lysosomotropic. HeLa cells were untreated
(mock) or treated with Bafilomycin Al (BafAl) at0L uM,1 (ZS48)at 2 uM,2 (ZSMLO08) at

2 uM, AQ at 10 pM andCQ at 10 uM for an hour followed by treatment withsbgensor DND
189 for 10 min. (A) Cells were washed and then ietbagt an excitation/emission of 443/505 nm
and 405/450 nm for detecting Lysosensor dye andetedcompounds, respectively. (B) The
intensity/area of the fluorescence emitted by tiigosensor dye from the collected images as in
A was further evaluated using image analysis sof#twW@olumbus). Each data point is mean £

SD of a replicate of 8 wells of a 96 well plate wapproximately 3000 cells per well and is
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representative of three independent experimentgaliee was evaluated by One Way Anova

analysis. **** P < 0.0001.

CADs freely diffuse into cells but once inside andé& compartment they become protonated
and remain trapped. The ensuing physiological aoghological changes in the LE/Ly can
make the virus fusion incompetent. The acidic pHLBALy is also necessary for converting
EBOV-GP to the cleaved fusogenic form that is esakior viral entry.[61] Thus, we examined
1 (ZS48)and2 (ZSMLO08) effects on the morphology and pH changes of LE\.Yive cell
microscopy, using commercially available fluoregaeporter, LysoSensor DND 189, which
localizes to acidic compartments, and exhibits pHeahdent increase in fluorescence intensity
upon acidification. HeLa cells were pre-treatechwite compounds for 1 h prior to imaging cells
with LysoSensor. Compoundsand2 were also fluorescent that allowed their visualagt an
excitation (Ex. 405) and emission (Em. 450). Theas no fluorescence detected by the
compound alone under the EX/Em conditions usedigoializing LysoSensor (data not shown).
As shown in Figure 9A, antiviralsand2 strongly co-localized with LysoSensor suggestirgg th
these compounds freely diffused into cells, buteonside the acid compartments, they became
heavily protonated (~ZS§f', Table 3, Figure 4) and trapped. Furthermérand?2 induced the
clustering of LE/Ly at a high density, unlike in okotreated cells, in which they were fewer and
showed dispersed distribution throughout the cwepl (Figure 9, A-B). Surprisingly, there was
also sharp increase in florescence intensity oathe compartments, thus ruling out the
possibility of neutralizing or alkalizing of LE/Lgue to compound protonation. LysoSensor 189
sharply drops its florescence intensity by botltreasing pH from 4 to 0.5 or by increasing pH
from 4 to 9.[62] The plausible explanation for therease in intensity appears to be due to an

increase in uptake of LysoSensor by the expandiy (vide infra). The additional CAD
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controls,CQ andAQ showed a minor increase in fluorescence intemgityn compared to mock
treated cells (Figure 10B) but no other change®weted. As expected, control Bafilomycin Al
(BafA1) treatment, an inhibitor of vacuolai ATPase that regulates low acidic pH in the

lysosomal lumen, reduced the fluorescence intefB&ly

We next examined if (ZS48)and2 (ZSML08) expanded the acidic compartments using
lysosomotropic weak base Acridine Orange (AO). Adulb to DNA and RNA as a monomer
and emits fluorescence in green channel. Howeyg¢ake of AO and its retention in protonated
(AOH") form in the acid compartments, increases itsllosacentration several fold causing
AOH" oligomerization and shifting its florescence spgtom green to red. Furthermore,
increase in the intensity of red fluorescence apprtional to the increase in concentration of
AOH" in LE/Ly.[64] No fluorescence was detected by ¢benpound alone under the Ex/Em

conditions used for visualizing AO (data not shown)
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Figure 10. Compoundsl (ZS48)and?2 (ZSMLO08) induce expansion of acidic compartments.
HelLa cells were pre-treated for 2 h with the intBdacompounds followed by incubation with
Acridine Orange (AO) for 30 min. Cells were washpgdor to imaging at the indicated
wavelengths. (A) The localization of AO and thgZS48) 2 (ZSML08) compounds. In (B)
images were enlarged to demonstrate co-localizdtesween AO and compounds(ZS48) 2
(ZSMLO08). In C and D, the total intensity and the averagm @f florescence emitted by AO
were evaluated by HCI assay. Each data point isyme®D of a replicate of eight wells of a 96
well plate with approximately 3000 cells per wetldais representative of three independent

experiments. P value was evaluated by One Way Aapadysis. **** P < 0.0001. *, P < 0.05.

As shown in Figure 10, treatment witi(ZS48)and2 (ZSMLO08) had a profound effect on both
the intensity and distribution of AO when compatednock treated cells. First, there was a
robust increase in the red florescence of AO suggean expansion of the acidic compartments
(Figure 10A). Second, compounds strongly co-loedliwith AO in the acidic compartments
(Figure 10B) which validated our previous obsewadi of the lysosomotropism tfand?2.

Third, a majority of AO localized to the vesicumpartments that showed dense clustering at
the perinuclear region while there was very ligteen signal (480 nm emission) in the
cytoplasm from monomeric AO binding to DNA/RNA dppears that the expanding LE/Ly
compartments retained their acidity which culmidatethe uptake and retention of a majority of
AOH". A small increase in the concentration of lysosewiethe juxtanuclear regions was also
evident inCQ andAQ treated cells. As expected, the control BafAl dased AO red signal in

the LE/Ly. Taken togethet,and2 are lysomotropic, induced expansion and denseetlagtof
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LE/Ly without increasing vacuolar pH. We next exaad how the inhibitors influence lysosome

functions that directly impact EBOV entry.

Antivirals 1 and 2 Inhibited Cathepsin B Activity
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Figure 11. Compoundsl (ZS48)2 (ZSMLO08) inhibited Cathepsin B activity. HeLa cells were
treated with the indicated compounds for 12 h feéld by treatment with Magic Red reagent or
with AO for 10 min and 30 min, respectively. (A) IBewere washed and then imaged at an
ExX/Em of 590/630 or 520/560 to detect florescencatted by the Magic Red or AO,
respectively. Increase in florescence by Magic Raddicative of cathepsin B activity. (B) The
total intensity and the average area of florescesmogted by Magic Red from the images
collected were evaluated by HCA. Each data pointesn + SD of a replicate of eight wells of a
96 well plate with approximately 3000 cells per Mald is representative of three independent

experiments. P value was evaluated by One Way Aaoadysis. ***, P < 0.001. **, P < 0.01.

EBOV-GP cleavage by Cat-B and L, which reside anltE/Ly, are critical for generating fusion
competent virusAQ andCQ inhibition of EBOV entry was previously attributéaltheir ability
to block cathepsin’s activity.[65] We examinedhitsame applies tbh(ZS48)and2

(ZSMLO08). To achieve this, we used a peptide reporter whegly diffuses into all

30



compartments of the cells and emits red fluoreseeipon cleavage by specific cathepsin. HelLa
cells were treated with and2 for 12 h and then incubated with the peptide regyddr 1 h

following which cells were washed and imaged.

As shown in Figure 11 (A-B), in cells treated witlind?2 there was a marked decrease in
cathepsin B activity when compared to mock treatatrols. We also observed a significant
enhancemenh the reporter activity iMQ andCQ treated cells contradicting a previous
report.[65] BafAl treatment, as expected, showsj@ificant decrease in cathepsin B reporter
activity. Similar observations were made at lowaration of treatment (6 h) and with Cat-L
reporter (data not shown), thus leading to our kmnen thatl and2 disrupted cathepsins

activity.

Antivirals 1 and 2 Blocked Lysosome Fusion with Autphagosome

Some CADs including€Q andAQ block proper maturation of the lysosomes by disngp
lysosome’s ability to fuse with the cargo contagwresicles including NPC1 expressing LE or
autophagosomes.[66,67] These defects could potgmiravent the EBOV trafficking to the
NPC1 expressing LE for viral entry. Thus, we exadithe autophagosome fusion with
lysosome using LC3 marker. LC3-I which is cytosplécconverted into the membrane-bound
form LC3-Il as autophagy progresses, and spedyitatalizes on the autophagosome
membrane. The autophagosome subsequently fusetheithsosome to form the autolysosome.

Defects in lysosome-autophagosome fusion will irdaccumulation of LC3-11 clusters.
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Figure 12. Compoundsl (ZS48)and?2 (ZSMLO08) blocked autophagy. (A) HelLa cells stably
expressing GFP-LC3 were treated with the indicatethpounds for 4 hours followed by live
cell imaging to detect GFP clustering. (B) Confoicahges at higher magnification as in (A) to
visualize the spatial distribution d&f (ZS48)2 (ZSMLO08) loaded vesicles and the GFP-LC3-lI
clusters. Note that GFP clusters anqdZS48)2 (ZSMLO08) loaded vesicles either did not co-
localize or in some instances were adjacent to edudr with partial overlap at the peripheral
edges. The white box in the images is enlargebanrtset. (C) HelLa cells as in (A) were treated
with indicated concentrations of the compoundsiftr; followed by image captures. The images
were analyzed to determine the total number of GEBters/per cell. Each data point is mean +
SD derived from 8 well replicate of a 96 well platgh approximately 500 cells per well and is
representative of three independent experimen{s\We@stern blots of HelLa cellular lysates that
were subjected to the indicated concentrationsoafpounds for 6 h. * indicates non-specific

band.
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We thus examined microscopically, LC3-II clustercompound treated cells using a HeLa cell
line that stably expressed GFP-LC3. As shown imfed .2 (A-B), all four CADs]1 (ZS48) 2
(ZSMLO08), CQ andAQ showed an increase in GFP-LC3-II clustering corap@ao mock

treated cells although the number of GFP clustersell were significantly higher ihand?2
treated cells (Figure 12A). Furthermore, most ef 8-P-LC3-II clusters did not co-localize
with 1 / 2loaded vesicles (Figure 12B), although in someamss they overlapped partially at
the periphery, implying arrested fusion betweenlygesome and autophagosome. These
observations were further confirmed by Western ahalysis that showed an increase in the
membrane bound LC3-1l expression levels in a degeddent manner (Figure 12D), with the
increase in LC3-1l clusters being more sensitivé t&when compared t€Q andAQ

treatments. Lastly, a clear difference was notatiénmechanism of autophagy inhibition
betweenl / 2andCQ/AQ when the levels of cleaved GFP were compared (€ij2D, look at
cleaved GFP levels). The luminal facing GFP-LCBzlthe autolysosome undergoes degradation
in two steps. First GFP is cleaved followed bydiggradation. In agreement with previous
studies at non-saturating concentration€Qf (< 50 uM), lysosome functions were not
completely inhibited thereby allowing accumulatmfircleaved GFP levels (Figure 12D).
However,1 and2 were much more sensitive and efficiently blockdeP@.C3-11 degradation
mostly by blocking autolysosome formation. Colleety, these data imply fusion defects of the
LE/Ly compartments with the autophagosomes andathi@tiralsl and2 were many times more

sensitive thalCQ/AQ.
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Antivirals 1 and 2 Induced Expansion of Vesicular @mpartments

ZSMLO08 ZSMLO08 ZSMLO08+ virus

ZSMLOS+ virus  ZS

Figure 13. Electron microscopy images @f (ZSMLO08) treated HelLa cells. Cells were mock
treated (A) or pre-treated for 2 h wigh(ZSMLO08) prior to mock incubation (B-C) or incubation
with rVSV-EBOV-GFP for 2 h (F) or 6 h (D, E, G-Hlfowed by processing samples to acquire
images by transmission electron microscopy. Ins& and D were enlarged to images in C and
E respectively. Black arrows in C point to lamelderd large granules containing vesicles, in F
point to the rod shaped VSV-EBOV like particles, @& point to multivesicles containing

compartments, and in H mark the double membrantgphagosomes.

Lastly, we used electron microscopy to visualizer 2a(ZSML08) modified EBOV trafficking
and vesicle morphology in HelLa cells. Until thisrgave did not observe any differential
activity between compounti(ZS48) or 2 (ZSMLO08) in modifying Lysosome functions and
therefore we chose compougdvhich was most potent against EBOV and the maijesti of
this study for electron microscopy studies. To #d, HelLa cells were either mock treated or
treated with compoun®for 2 h and then were either left uninfected oeatéd with VSV-

EBOV-GP-GFP virus for 2 h or 6 h. Cells treatedmabmpouna irrespective of virus
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infection showed a marked expansion in the numheénalume of vesicular compartments
when compared to mock treated cells (Figure 13 ATDgse vesicles accumulated lamellar
structures, lipids, smaller vesicles and aggregatgsying defects in lysosome hydrolytic
activities. Furthermore, at early stages of infatfjat 2 h), accumulation of bullet shaped VSV-
EBOV-GFP viral like particles in vesicular compaeints were visible i2 infected cells
suggesting virus internalization (Figure 13F). didiéion, several double membraned vesicles
presumably autophagosomes were also observed €Fl@lt). Lastly, vesicle expansion was
concentrated to one side of the nucleus furthefirroimg our previous observations.
Collectively, these data confirmed that diazachmgseenhanced vesicle expansion, and

modified lysosome functions.

Discussion

Here we present the preparation and antiviral egt@éxamination of the new class of
heterocyclics, 1,8-dialkylamino naphthyridines. ifls#ructure was based on core reduction
approach to remodel the diazachrysene core ofumeessful leads, e.d.,(Z2S48).[31] In
addition, in fine-tuning ol we succeeded to develop the unsymmetrically subetdi class of
diazachrysenes. All 18 synthesized compounds veeeeised in a HeLa/HFF cell-based assay
for their anti-EBOV activity. New naphthyridine itiditors 4, 13 and16 were found active in
low-micromolar range, however, our new, unsymmatiycsubstituted, diazachrysen&sl9and
20, proved to be the most active compounds in vitith yood CGyECsg selectivity index
(Table 1). The ADMET studies of three most prongsiterivatives 2, 4and13) exposed their

very low to moderate CYP inhibition, which with gbplasma stability, sufficient solubility and
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low clearance give support to our approach to nedvstiable CADs. Further, the most active
diazachrysene derivati& and its congenel, were examined in zebrafish toxicity model
appearing not to induce any teratogenic malformatio survived embryos, along with no signs

of cardio- and hepatotoxicity, and expressed nolotyeic effect at any tested concentration.

Naphthyridineg}, 13, anddiazachryseng were submitted to the EBOV challenge test in groups
of ten mice per each compound using standard dosggeen (once daily for 7 days).
Derivative2 manifested a dose-dependent increase in mice sliwith the highest dose (10
mg/kg) resulting in 100% survival. Perhaps mostongntly, during the entire duration of the in
vivo studies, the respective mice groups retaihed tveight, which otherwise decreases in mice
with EVD. Very few known small molecule EBOV inhibrs achieved full protection in mice,
which points to successful fine-tuning of the hitisture1.[17] We speculate that the inferior
activity of naphthyridine derivatives (survival: %0and 20%) fod and13 as compared to
diazachryseng could be correlated to their basic physicochenpecaperties, such as a higher
positive net charge and lower distribution coeéfittiat physiological pH (vide supra). In
addition, low concentration of diazachrysenes mirgg and determinedds, appear to ensure

the compound’s efficacy while maintaining safe (oxic) drug concentration (total 0.35-1.20
UM; vs. LGop) = 18.9 uM and total: 0.46-1.03 pM vs. L€ = 72.1 pM). The main

transporter plasma proteins are HSA and AGP, wiétli often scavenge the intended drug
from reaching the target, and our HSA and AGP nressents of diazachryse@eevealed the

optimal drug binding and drug releases(Kvithin 10" - 1 M™%).[68-70F8597°

As noted before, several of the FDA approved dwigjs anti-EBOV activity belonged to the
CAD group with EGp values mostly in the range of i01.[13,18-20,71-73f1819207L.72. 7§ he

compounds described in this study also possess i@dibty and are lysosomotropic but are
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much more potent with Egvalues in the range of 0.2 — QuFI. This could be due to their fast
kinetics of uptake and retention into the lysosoaras their ability to alter specific interactions
within the lysosomal compartment that is essefdiaEBOV entry. As noted above, the pKa
profile of diazachrysenes allows for a smaller datbcalized charge than many CADs at
physiological pH, enabling them to pass across nnan@s more easily. This assumption is

supported by MDCK-based assays that showed gooadeaduility of2 at physiological pH.

Typically, lysosomotropic compounds includi@§) andAQ, were thought to disrupt the
lysosome functions by raising its intra-luminal pH] Lysosomes digest a variety of substrates
derived from both cellular and extracellular orgiwia phagocytosis, endocytosis and autophagy
degradation pathways. This is accomplished by ticébeed hydrolases, including proteases,
nucleases, lipases, sulfatases or phosphatasese whiooptima are usually low (pH 4.5-5). An
increase in lysosomal pH, can block the hydrolgtitivities leading to an accumulation of
undigested substrates including lipids, proteinreggtes and organelles etc. in the lysosomes.
However, our data shows that compoufhdsd?2 includingCQ andAQ, retained lysosome
acidity, based on LysoSensor and Acridine Orangiaisg. Our data aligns with a more recent
study which demonstrated that lysosomotropic comgsuncludingCQ, although initially

(within 30 min) increased lysosomal pH, those clegngere transient and were quickly reversed
(within 2-4 hours).[75] Few other studies too desteated that longer incubations of the
lysosomotropic compounds in many different celletyplid retain the acidic pH of the
lysosome.[76] Thus, our data provides credenckdméw observations that disruption in

lysosomal functions by lysosomotropic compounds matybe driven by increasing pH.

The most striking observation was the rapid exmansi lysosomes by compountignd?2

within an hour of treatment and at a low dose pM. Similar phenotype can be achieved by
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CQ or few other lysosomotropic compounds, but onlgrufpnger duration of treatment (>24 h)
and that too at much higher doses (50-100 uM). Rbga.u et al[75] demonstrated that
lysosomal expansion by lysosomotropic compoundsgslated by the activation of coordinated
lysosomal enhancement and regulation (CLEAR) nétwhmat controlled expression of multiple
genes involved in lysosomal biogenesis and lysosetaged functions.[75] Compound
accumulation inside lysosomes was shown to trifjgesosomal stress program” that lead to the
translocation of transcription factor including TBBnd TFE3 into the nucleus, to activate genes
regulating lysosomal functions via binding to theBAR elements in their promoters.
Lysosomal stress also induced a reduction in mTO&iLity and calcium signaling which
activated the CLEAR network. These changes wereritbesl as lysosomal adaptations to
counter the lysosomal stress. Future studies grerezl to address if the same holds true with
compoundd and2 and if these compounds can indeed disrupt calsigmaling and mTORC

activities to induce the CLEAR pathway.

Despite rapid expansion of lysosomesltand?2, these changes did not necessarily activate
lysosome functions. Instead and similar to otheolgotropic compounds, severe defects in
hydrolytic activities of lysosomes were observed][@ur EM images, showed an accumulation
of undigested material inside lysosomes includarge aggregates of macromolecules,
membranes, vesicles and lipids. However, unlikeolysomotropic compounds, cathepsins
were also inactivated from early on by compoubdsid2 treatment, which could be due to
leakage of cathepsins by alterations in lysosommlonane permeability. While early studies
suggested th&Q andAQ inhibited cathepsins by increasing lysosomal pi,data, and
studies by Lu et al[75], show that compensatorgdgsnal adaptions in response to lysosomal

stress can actually enhance cathepsin’s activiiysTthe rapid expansion of lysosomal
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compartments accompanied by inhibition of hydralctivities including inactivation of
cathepsins might make these compounds more eféeatitivirals compared to other

lysomotropic compounds.

Antivirals 1 and2 blocked EBOV entry based on time of compound adidiéind pseudotyped
viral entry assays. Furthermore, our electron nsicopy studies support previous reports which
show that CADs did not block viral endocytosis blacked late stages of entry by preventing
viral-host membrane fusion. In the case of compedrahd?2, the late entry defects could due to
defective proteolytic events (loss of cathepsimvity) that result in fusion defective GP and or
also due to impaired trafficking of the virionsN@C1 expressing LE/Ly compartments. The
fusion between NPC1+ late endosomes and lysosolags gn essential role in producing fusion
competent EBOV-GP. Several cellular host factochsas Rabs, SNARE, homotypic fusion and
protein sorting (HOPS)-tethering complex and’Gan that regulate the fusion between LE and
lysosomes were shown to be essential requlatdEBOIV entry.[25,77] The same factors also
regulated fusion between lysosomes and autophagssft@] Our studies show that compounds
disrupted the ability of LE/Ly to undergo normabkiae fusion by monitoring fusion between
lysosomes and autophagosomes. Further studiesduriged to determine the direct fusion
defects between the LE and Ly. Overall, our datmsest thafl and2 efficiently prevented
trafficking of EBOV-GP to appropriate NPC1+ LE coanpments or that these compartments

were defective in the generation of a fusion compeEBOV-GP.

CADs are known to induce phospholipidosis, upomglo treatment and at therapeutically
relevant concentrations.[73,79] This phenotypenslar to the Niemann Pick type-C (NPC)
disease, a lipid storage disease caused by ligghaglation inside the vesicles. However, these

potential side effects outweigh the benefits whigating Ebola viral disease. This is because
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CADs in clinical use are well tolerated; phosphiolgsis induced by CADs is not associated
with the clinical outcome, the lipid accumulati@reversible upon the removal of CADs and the
duration of treatment with CADs in Ebola viral dise is also short spanning few weeks to
months. Overall the presented studies clearly esipdahe effectiveness of our antivirals of
diazachrysene classand?2, as prominent candidates for further structuresakevelopment in

quest for anti-Ebola drug.
CONCLUSION

Here, we report on the synthesis of the novel BB®V pharmacophore with potential for
further development — aminoalkyl substituted 1,ghthyridine. In addition, we optimized our
diazachrysene-based compounds, as to obtain an EE@\tor of high potency, compourl
(EGso/ECqp (HeLa) = 0.26 pM/0.85 uM). This compound also ecté mice infected with EBOV
with minimal weight fluctuation during the 14-dayperiment. Zebrafish extensive tests
revealed no teratogenicity, cardiotoxicity, hepatatity and no myelotoxic effects of our
diazachrysenes and2 which were well tolerated in healthy mice. We segjghat the observed
tolerability and efficacy in mice could be corredtto low positive net charge bfand2 at pH
7.35 that should ease the plasma transport (mehaggrenithin 10° - 1 M™), good observed
apparent permeability, and low total drug conceiamnan serum (ca. 1 pM). It was also found
that our compounds specifically inhibit viral entry interfering with cellular LE/Ly pathways
thereby obstructing the prerequisite conditionsEHBOV glycoprotein mediated viral ingress.
Finally, we report on other beneficiary effectsoaf compounds, such as cathepsin inhibitory
activity and certain traits that differ from otH@ADs, such as rapid expansion of endosomal

volume.
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Experimental Methods

Chemistry

Melting points were determined on a Boetius PMHIaatus and were not corrected. IR
spectra were taken on a Thermo-Scientific Nicok&®BFT-IR diamond crystatH and**C

NMR spectra were recorded on a Varian Gemini-2@e2spmeter (at 200 and 50 MHz,
respectively), and a Bruker Ultrashield Advancespectrometer (at 500 and 125 MHz,
respectively) in the indicated solvenide infrg using TMS as the internal standard. Chemical
shifts are expressed in pp#) yalues and coupling constan® i Hz. ESI-MS (HRMS)
spectra of the synthesized compounds were acqairedAgilent Technologies 1200 Series
instrument equipped with Zorbax Eclipse Plus CI®(% 2.1 mm i.d. 1.8m) column and DAD
detector (190-450 nm) in combination with a 621th&iof-Flight LC/MS instrument in positive
ion mode. The samples were dissolved in pw® BHPLC grade). The selected values were as
follows: capillary voltage 4 kV; gas temperaturd3¥; drying gas 12 L min-1; nebulizer
pressure 45 psig; fragmentator voltage: 70 V. LabemroPrep Si 60 (40-68m) or LichroPrep
RP-18 columns coupled to a Waters RI 401 detectoe wsed for preparative column
chromatography. Mass spectral analyses were dong ekectrospray ionization in positive ion
mode on a Surveyor separations module coupledteamoFinnigan TSQ AM triple

guadrupole mass spectrometer.
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HPLC purity determination

Compound2-5, 8-15and19-23were analyzed for purity (HPLC) using a Waters3.5(PLC
dual pump system equipped with an Alltech Selegadser system and dua2487 UV-VIS
detector and using an Agilent 1200 HPLC systempgapd with a Quat pump (G1311B), an
injector (G1329B) 1260 ALS, TCC 1260 (G1316A) andkegector 1260 DAD VL+ (G1315C).

HPLC analysis was performed using two of seveifféiint methods:

Method A Octadecylsilica was used as the stationary p{i&s®ax Eclipse Plus C18 4.6 x
150 mm, 1.8 p, S.N. USWKY01594). Compounds wersalNed in water. The final
concentrations were ~ 1 mg/mL, and the injectiolum® was 3.0 pL for compoun@sand20
and 4.0 pL for compound® and21-23 The eluent was made from the following solvents:

0.2% formic acid in water (A) and methanol (B). V@ength = 254 nm.

Method B Octadecylsilica was used as the stationary p{as®ax Eclipse Plus C18 4.6 x
150 mm, 1.8 i, S.N. USWKY01594). Compounds wersal®d in water. The final
concentrations were ~ 1 mg/mL, and the injectioluw® was 1.0 pL for compoun@sand20
and 4.0 pL for compound® and21-23 The eluent was made from the following solvents:

0.2% formic acid in water (A) and acetonitrile (BYavelength = 254 nm.

Method C Octadecylsilica was used as the stationary pfs®ax Eclipse Plus C18 4.6 x
150 mm, 1.8 p, S.N. USWKY01594). Compounds wersalNed in methanol. The final
concentrations were ~ 1 mg/mL, and the injectiolum@ was 0.5 pL for compoun8s10 and
14, 1 pL for compoundd and5, 2 pL for compound8, 12 and13and 3 pL for compound3

11, 15and16. The eluent was made from the following solventater (A) and methanol (B).
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Wavelength = 239 nn4( 12 14), 253 nm §, 8-10, 328 nm 13), 338 nm 11), 341 nm B, 15

andl6).

Method D Octadecylsilica was used as the stationary ptasdax Eclipse Plus C18 4.6 x
150 mm, 1.8 p, S.N. USWKY01594). Compounds wersalN&d in methanol. The final
concentrations were ~ 1 mg/mL, and the injectioluw® was 0.5 pL for compounds5, 9, 10,
13and14, and 1 pL for compounds 8, 11, 12, 1%and16. The eluent was made from the
following solvents: water (A) and acetonitrile (BYavelength = 239 nmi( 5, 8-10and12-14),

338 nm (1), 341 nm 8, 15and16).

All compounds were > 95% pure.

Synthesis

Refer to Supporting Information for individual pestures, yields and characterization. Only

General procedures follow:

General procedure for the preparation of 1,7-bis(addylamino)-4,10-diazachrysenes

Compoundl731] and an excess of the appropriate amine were degatvNMP in a MW
cuvette under argon. The reaction mixture was stégeto MW irradiation usinBiotage
Initiator 2.5 apparatus for 6 h at 180 °C. The cooled reactiotiurg was poured onto ice-water.

The obtained precipitate was filtered, washed wistter, and dried under reduced pressure.

General procedure for the preparation of 1,7-bis(addylamino)-4,10-diazachrysene

hydrochlorides
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The appropriate base was suspended in 40% HCYiMdOH, and the reaction mixture was
vigorously stirred for 1 h at r.t. The solvent wiaen removed under reduced pressure, and the
remaining solid was suspended in dry EtOH. The Et@id removed under reduced pressure,
and the same procedure with EtOH was repeated twve times. Upon drying at 40 °C under

reduced pressure, the desired product was obtained.

General procedure for the preparation of alkylaminamaphthyridines.

An appropriate chloronaphthyridirmed the excess of appropriate amine were dissatved
NMP in a MW cuvette under argon. The reaction mixtwas subjected to MW irradiation using
Biotage Initiator 2.5apparatus for 2 hours at 180 °C. The excess ofeaanid NMP were
removed under reduced pressure using KugelrohceeVhe crude product was purified by
column chromatography (dry flash, Si@luent DCM 100%, DCM/MeOH, gradient 9+11.:9,

MeOH 100%, MeOH/NHOH gradient 99:1- 8:2), unlesspecified otherwise.

In Vitro Plasma Protein Binding.

Human serum albumin (HSA), alpha-1-acid glycoprot€dAGP), potassium dihydrogen

phosphate, disodium hydrogen phosphate, sodiunmidé)gotassium chloride, and DMSO were
purchased from Sigma-Aldrich. Fluorescence spewsteae recorded on Horiba Jobin Yvon
Fluoromax-4 spectrometer, equipped with Peltiemelet and magnetic stirrer for cuvette, using
quartz cell with 1 cm path length and 4 mL voluro&/vis spectra were recorded on a Thermo
Scientific Evolution 60S spectrophotometer usingrtgi cell with 1 cm path length and 4 mL
volume. All UV/vis spectra were recorded againg torresponding blank in the 26800 nm

wavelength range, with 500 nm/min scan speed. pHesawere potentiometrically measured
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using Crison pH-buret 24 2S equipped with a micnolsmed pH electrode (Crison pH electrode
50 29). The pH electrode was calibrated by stan@aisbnbuffer solutions (pH 4.01, 7.00, and
9.21). Stock solutions of AGP (c = 6.05%1M) and HSA (c = 1.91xI8 M) were prepared in
PBS (1%, pH 7.34) and kept in the refrigerator.c8tsolutions of compounds were prepared in
DMSO. For protein-compound interaction studies tgirosolutions were freshly prepared from
the stock by dilution with a buffer (AGP and HSAncentration was kept constant, c=5% )
and titrated with compound stock solution (fromp120 compound/protein molar ratio). During
the titration, the solutions were stirred and thestated (t=25.0+0.1°C, regulated by Peltier
element). The equilibration time between incremadditions was 10 min. An excitation
wavelength was 280 nm, with 5 nm slits; emissiorcsja were recorded in 300-450 nm
wavelength range, with 5 nm slits and 0.1 s intégmatime. Background PBS signal was
subtracted from each spectrum. Fluorescence itienisvere corrected for inner filter effect by

measuring absorbances at excitation and emissivaleragth.

Cells and Cell culture

HelLa cells (ATCC) and Human Foreskin fibroblast&f) cells (ATCC) were maintained at 37
°C in a 5% CQin Minimum Essential Medium (MEM) (Corning Cellgrsupplemented with

10% fetal bovine serum (FBS, Hyclone).

Viruses

EBOV/ H. sapiens-wt/1995/Kikwit-9510621 (refererggnome GenBank # KT582109;

EBOV) from the stocks at United States Army Mediakearch Institute of Infectious Diseases
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(USAMRIID) were used for infection and were conduttinder biosafety level 4 (BSL-4)

conditions at USAMRIID.

High Content Image Based Quantification of EBOV inéction and Other Phenotypes

Cells infected with EBOV were fixed in 10% formalivial Tech Diagnostics) for 24 h at room
temperature. Cells were then immunofluorescendinetl to visualize EBOV-GP expression
using murine monoclonal antibody against EBOV (6D&)owed by Dylight488-conjugated
goat anti-mouse IgG (ThermoFisher Scientific) iadking buffer containing 3% bovine serum
albumin (Sigma) in phosphate buffered salt solu(PBS). DRAQS5 (Biostatus) was used to
stain nuclei (for dose response curve analysis [DRA some cases, infected cells were also
stained with Hoechst 33342 and HCS CellMask Re@({floFisher Scientific) for nuclei and
cytoplasm detection, respectively. Images were isedwn the Opera imaging instrument
(model 3842 and 5025; PerkinElmer) using x10 ar IRA), x20 water, or x40 water objective
lenses as required. 4-20 images per well were semtjas described for each experiment. The
total number of cells (based on nuclear stainimgl) the number of infected cells (based on GP
positive cells) were determined using the Acap@erkin Elmer) image analysis software. In
some cases, for higher resolution, images wereii@han Leica TCS-SP5

confocal/multiphoton microscope.

Dose response curve analysis (DRA)
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The compound’s activity against EBOV includingdsGr EGy, which is the effective
concentration to achieve 50% or 90% infection iftlub respectively, and G (50%
cytotoxicity) was accomplished by running the deesponse curve analysis. Briefly, the
compounds were tested in a 10-point dose-resparge assay at 2-fold serial dilution starting
from 10 uM in 4 replicates (n-4) on the same pl@ahle 1 represents data from one of the two
experimental repeats performed on two consecutys.Briefly, HeLa cells were seeded at
2000cells per well in 35 pL of culture media into imagi384-well assay plates (1Q-EB,
Aurora) using the automated MultidfdpCombi dispenser (cat # 5840300, ThermoFisher
Sceintific). After an overnight incubation at 37,%&lls were pre-treated at 2 h with the
compounds using automated HP-D300 with each depedsed directly from the concentrated
stocks (10 mM). Cells were then infected with EB@XOI=0.5) for 48 h followed by IFA to
detect EBOV-GP expressing cells. Images were aed# images/well) and subjected to image
analysis as described in the above sections to eraienthe number of cells and infected cells.
Data was further evaluated by GeneData Exploréwso¢ as follows. The percentage (%) of
virus positive cells associated with each well wasverted into percentage inhibition using

median data from control wells as follows.

NC = Neutral control (16 wells/ plate); InfectiorDMSO (mock vehicle treatment)

BC = Blank control (16 wells/plate); No infectiofalse positives due to background noise

from antibody staining)

Median % Virus Positive (NC) — % Virus Positive (S)
*
Median % Virus Positive (NC) — % Virus Positive (BC)

% Inhibition = 100
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Similarly, % Cell Viability was calculated usingetlfiollowing equation, that calculates the
number of cells in a well relative to the numbecelis in infected wells that were mock treated

with DMSO (vehicle control)

Nuclei Number

100
Median Nuclei Number (NC) i

% Cell Viability =

The % Inhibition and the % Cell Viability was thased to determine the E£ECy,andCCsg
values by applying the GeneData Condoseo softwdhelvwvenbergMarquardt algorithm
(LMA) for curve fitting strategy. The Curve-fittingpplied validity criteria, such aschi2, SE
logEGso, minimal number of valid data points, to indicdteurve fitting converging was
successful as indicated in Table 1. R2 value gfiesitgoodness of fit. Fitting strategy was
considered acceptable if R2 >0.8. The relativeatifeness of the compound is defined in terms
of its selectivity index (Sl), a value that indieatthe relationship between the compound's
effective and toxic concentrations, and is cal@dads: SFCCsy/ECs. It is therefore desirable
for a compound to have a high Sl value, indicatiraximum antiviral activity and minimal cell

toxicity

In Vivo Efficacy Studies against EBOV Infection

To test the in vivo efficacy of the compounds agaEBOV, mice (BALB/cn =10/group)
about 6-7 weeks old, were mock treated (vehiclérobror with the indicated concentrations of
the compoundg, 4 or 13 via the intraperitoneal (IP) route and after 2 heniefected via the IP
route with 1000 plaque forming units (PFU) of theuse adapted strain of EBOV (Mayinga

variant). The treatment was continued daily fola§sd Mice survival was monitored for 14 days.
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All the tested compounds have a solubility@6 mg/mL in deionized water. The Kaplan—
Meier survival curves are generated by GraphPahPsopftware. P values were evaluated by

comparing survival curves of individual doses wiie control group using the log-rank test.

All mouse research were conducted under an IACU&Zes@d protocol in compliance with
the Animal Welfare Act, PHS Policy, and other Fadlstatutes and regulations relating to
animals and experiments involving animals. Thelitsgavhere this research was conducted is
accredited by the Association for Assessment araeilitation of Laboratory Animal Care,
International and adheres to principles statetiénGuide for the Care and Use of Laboratory

Animals, National Research Council, 2011.
Time of Compound Addition Assay (TCA)

HelLa cells were seeded at 2% 1@lls per well in a 96-well plate. Next day ceilsre either
mock-infected or treated with compound 2 h prioinfection (pre), concurrent with virus
infection (0 h), or at various time points posteiction as indicated in the experiment. Cells were
infected with EBOV MOI=10. After 24 h, cells werelgected to IFA followed by HCA to
determine the percentage of EBOV-GP expressing.dedperiments were performed in

triplicate and the average (+ standard deviatidjyvo independent experiments is shown.

Viral Entry Assay with Pseudotyped Virus

Infectious recombinant vesicular stomatitis virdgV) expressing the green fluorescent
protein (GFP, [rVSV-GFP]) was a kind gift from iohn Connor [Boston University]) and

rVSV-GFP in which the VSV GP was replaced with EBGY (GP cDNA derived from
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Mayinga isolate) was a kind gift from Dr. Kartik @tdran.[58] The virus was propagated in
Vero EG6 cells and the infections were performedeui8SL-2 conditions. Briefly, cells were
infected with viruses at MOI=0.1 and the supernatarere collected at day 3-4 when >50% of
cells became cytopathic. The virus containing sutants were clarified and stored at 260

To titer the virus, different volumes of virus sapatants were used to infect HeLa cells in a 96
well plate, starting from 100 pL and serially dddt20 times at 2/3-fold dilutions to determine
the optimal volume of virus required to achieve®®4 infection rates. We also determined the
time take taken to observe the initial GFP expagssiven before the virus completes one life
cycle using live cell imaging (images recorded g\vEs minutes) on Opera. A time period of 8 h
and 6 h with rVSV-EBOV-GP and rVSV-GFP respectivelys determined to be optimal for
capturing all cells expressing GFP within the fagtle of infection. The infections were scored
by determining the percentage of GFP expressing esing HCA. Cells and nuclei were stained
with Cell MaskDeep Red. To determine the compoweitit on EBOV entry, HelLa cells in 96
well plates were pre-treated at 2 h with DMSO (ekhcontrol) or the indicated concentrations
of various compounds prior to incubation with rV&®FP (10 pL) or r'VSV-EBOV-GP-GFP (50
pl) viruses in triplicates and the infections wstepped by formalin treatment at 6 h and 8 h post
infection respectively. This duration of infectiaras just enough to ensure early stages of viral
infection including viral entry and replication (eslicated by GFP expression) but not virus

egress.[80] Infections were scored by the enunmerati GFP expressing cells by HCA.
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Visualizing Acidic Compartments and Compounds

Acidic compartments were monitored by live cell giveg using LysoSensor DND 189
(ThermoFisher Scientific) or Acridine Orange ([AQ@hmunoChemistry). Cells were mock
treated or pre-treated with the compounds at thediindicated in the experiment. Cells were
then incubated with the LysoSensor probe or AQ&uM and incubated at 3T for 30 min.
Cells were washed, replaced with fresh media arsdj@d by confocal microscopy. LysoSensor
was detected at an excitation of (Ex.443 nm) anggon of (Em.505 nm). Monomeric AO
(bound to nucleic acids) in green channels wasalised by Ex. 460-490 nm and Em. 520-560
nm while the dimerized and oligomerized AO in réadmrnel (acidic compartments) were
visualized with Ex. 520-560 nm and Em. 590-640 filee compound& and2 were florescent
and after scanning for optimal absorbance and a&i@it, they were imaged at Ex/Em of 405/450

nm. At this emission, there was minimal or no bldedugh by other reporters used in the study.

Cathepsin B Activity

Magic Red Cathepsin-B Assay (ImmunoChemistry) wsedifor detecting cathepsin activity
by live cell imaging. The Magic Red substrate ffyabffuses into cells and emits red
fluorescence upon cleavage by active cathepsirhB.ekperiment was done as following the
manufacturer’s protocol. Briefly, cells were predted with vehicle control (mock) or the
compounds for a specific duration of time as inidan the experiment. Cathepsin B substrate
was then added to cells at a final dilution of D126ld. Cells were incubated for 1 h at %7

followed by washes and imaging at Ex/Em of 590/620
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Statistical Analysis

As indicated for each experiment, P values werduated by One Way Anova analysis, ir

multiple t tests. ***, P < 0.001. **, P < 0.01.

Autophagy Detection

HelLa-GFP-LC3 stable cell line was generated byvatal transduction using pBABE-GFP-
LC3 (gift from Jayanta Debnath [Addgene plasmid2#@5]).[81] Cells were selected on
Puromycin ([2 pg/mL], Sigma) for seven days. Celése then sorted to select only medium to
low LC3-GFP expressing cells and then analyzeddporter activity. These cells were used for
all experiments described. For imaging GFP-LC3tehss cells were seeded in 96 well plates,
and the following day, cells were treated with cannpds in 8 replicates at the concentrations
described in the experiments for 6 h. Cells weea thhashed and imaged on Operetta at 20 X
water objective at several Z planes to capture @&sters. Images from 20 fields per well and
about 300 cells per well were acquired. The mengedjes were then analyzed for GFP clusters
using Columbus software. Details of the script Wwél provided upon request and are similar to

our previously described analysis.[82]

For western blot analysis, HeLa-GFP-LC3 cells wenented and seeded at same numbers in
12 well dishes. The following day, cells were teghtvith the indicated compounds for 6 h
followed by cell lysis in 100 ml of 1.25X Laemmbmiple loading buffer (ThermoScientific) and
boiled for 5 min at 95 °C. Proteins were separate&DS-PAGE, followed by transfer to a

polyvinylidene (PVDF) membrane. The blots were lvatied for 1h at RT or overnight at 4°C
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with the indicated primary antibodies. After thrgashes, the blots were incubated with the
appropriate alkaline phosphatase (AP)-conjugatedmnsiary antibodies (GE Healthcare)
according to the manufacturer's recommendations.bldts were washed and developed by a
Western blotting detection system (GE Healthcarkg following antibodies were used for
Western blot analysis: LC3 (Abcam), GFP (BD Trartsidun), GAPDH (Cell Signaling), and

alkaline phosphatase (AP) conjugated secondarlgati@s (ThermoScientific).

Electron Microscopy

HelLa cells grown on a 6 well dish were treated viign compounds for 2 h followed by
infection with rVSV-EBOV-GP-GFP (MOI = 100) at tiedicated duration of time. Cells were
fixed for 1 h in primary fixative (2.5% formaldehgd2.5% glutaraldehyde, 0.1 M sodium
cacodylate, pH 7.4) and scraped off the plateslieat cell pellets. Cells were then washed
three times in ice-cold 0.1 M sodium cacodylatedrfand incubated with 1% osmium tetroxide
in 0.1 M of sodium cacodylate for 1 h, washed thiees with distilled water, stained and
stabilized on ice with 2% uranyl acetate for 1 d anccessively dehydrated on ice through a
series of 22%, 50%, 75%, and 95% ethanol. The aate then dehydrated three times at room
temperature in 100% ethanol and infiltrated in wiked 50% ethanol and 50% Durcupan
ACM resin (Fluka, Sigma-Aldrich) for 1 h with agdiiian. Cells were infiltrated twice by 100%
Durcupan ACM for 3 h with agitation, after whicheteamples were placed in an oven and
polymerized at 60 °C for at least 48 h. Thin sediapproximately 80 nm) were collected and

pre-stained with 1% uranyl acetate and Sato le&mtdexamination on a JEOL 1011
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transmission electron microscope at 80 kV. Digitedges were acquired using an AMT camera

system.
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Kidney cells, a kidney tubule cell line from a CeclSpaniel dog; MOA — mechanism of action;
MOI — multiplicity of infection; HNP — non-humaniprates; NPC1 — Niemann-Pick disease
type C1 (protein); PFU — plaque forming units; Pgp-glycoprotein; RNP — ribonucleoprotein
complex; ()VSV — (recombinant) vesicular stomatitirus; SNARE — soluble NSI{

ethylmaleimide-sensitive factor) attachment proteiteptor; TCA — time of compound addition
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1. Second generation diazachrysene protects mice from Ebolavirus

2. Naphthyridines are anew class of compounds active against Ebola virus

3. Favorable pharmacokinetics, tolerability and efficacy in in vivo mouse models

4. Mechanism of action tied to acidic compartment; host based; shows unique features

5. Diazachrysene enhances vesicle expansion and enables virus internalization



