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Hepatitis C virus (HCV) is a small, single-stranded, positive-sense RNA virus that infects more than an estimated 70 million peo-
ple worldwide. Untreated, persistent HCV infection often results in chronic hepatitis, cirrhosis, or liver failure, with progression to
hepatocellular carcinoma. Current anti-HCV regimens comprising direct acting antivirals (DAAs) can provide curative treatment;
however, due to high costs there remains a need for effective, shorter-duration, and affordable treatments. Recently, we disclosed
anti-HCV activity of the cheap antihistamine chlorcyclizine, targeting viral entry. Following our hit-to-lead optimization campaign,
we report evaluation of preclinical in vitro absorption, distribution, metabolism, and excretion properties, and in vivo pharmacoki-
netic profiles of lead compounds. This led to selection of a new lead compound and evaluation of efficacy in chimeric mice engrafted
with primary human hepatocytes infected with HCV. Further development and incorporation of this compound into DAA regimens

has the potential to improve treatment efficacy, affordability, and accessibility.
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Hepatitis C virus (HCV) is a small, single-stranded, positive-sense
RNA virus that infects more than an estimated 70 million people
worldwide [1]. HCV is transmitted by direct blood-to-blood or other
percutaneous contact, with a significant proportion of the infected
population unaware of their infection status due to the often-as-
ymptomatic onset. Persistent infection with HCV results in chronic
hepatitis and liver diseases such as hepatocellular carcinoma, cirrho-
sis, or liver failure; liver transplantation following acute liver failure
is accompanied by universal allograft reinfection. Greater than 50%
of hepatocellular carcinoma diagnoses and approximately 54000
deaths per year are associated with chronic HCV infection [1].
With the aim of improving on the cornerstone of treat-
ment that comprised interferon-a and ribavirin, 2011 saw
the introduction of the first-generation direct-acting antivi-
rals (DAAs) targeted specifically towards nonstructural viral
proteins NS3/4A, NS5B, and NS5A [2-5]. Contemporary
interferon-sparing all-oral regimens, consisting of DAA com-
binations such as Harvoni, Viekira Pak, Technivie, and others,
produce sustained virologic response (SVR) rates above 90% in
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clinical studies; however, effectiveness in real-world scenarios
has proven to be less consistent [6-11].

While the SVR rate per treatment course has improved dra-
matically, the cost per SVR has in fact unfortunately increased
in parallel [4, 12, 13]. The increase in cost, coupled with pressure
on health care providers to make these new therapies available,
results in an increasing burden on health care systems in devel-
oped countries, and under-utilization in developing countries.
Therefore, the development of new therapeutic agents towards
HCV to use in combination therapies will not only serve to
increase pangenotypic efficacy and further decrease the chances
for resistance development, but it will also ensure affordability,
allowing populations that are most affected by HCV to benefit
from the treatments. Following our discovery that the approved
antihistamine chlorcyclizine is a potent inhibitor of HCV in
animal models, a chemical optimization campaign towards
improved chlorcyclizine derivatives was undertaken [14, 15].
We present here an analysis of the in vitro efficacy, absorption,
distribution, metabolism, and excretion (ADME) properties,
and in vivo pharmacokinetic properties of several lead mole-
cules, evaluation of anti-HCV efficacy of alead compound in an
animal model of HCV infection, and a discussion of preclinical
selection with future direction.

METHODS

HCV-Luc Infection Assay and ATPlite Assay
Huh7.5.1 cells were seeded in 96-well plates (10* cells/well) and
cultured overnight. HCV-Luc was used to infect Huh7.5.1 cells
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in the presence of increasing concentration of tested compound.
Viral infection and replication were measured by luciferase sig-
nal 48 hours after treatment using the Renilla luciferase assay
system (Promega). Cytotoxicity in Huh7.5.1, HepG2, primary
human hepatocytes, and MT-4 cells was evaluated by the ATP-
based cell viability assay with ATPlite assay kit (PerkinElmer).
The concentration values that lead to 50% and 90% viral inhi-
bition (EC,, and EC,;) and 50% cytotoxicity (CC,;) were cal-
culated with GraphPad Prism 5.0 software (GraphPad Software
Inc.) using nonlinear regression analysis. Production of chi-
meric HCV genotype viruses (C-E1-E2-p7-NS2 sequences of
genotypes la, 1b, 2a, 2b, 3a, 4a, 5a, 6a, and 7a in the backbone of
JFH1 strain) containing a Renilla luciferase reporter have been
described previously [16].

{-Arrestin H1-Histamine Receptor Assay

H1-histamine receptor assay was carried out with the
PathHunter p-Arrestin GPCR Assay kit following the antago-
nist procedure (DiscoveRx). The PathHunter cells were plated
in 384-well plates and cultured overnight before adding the
compound of interest. After incubation for 30 minutes, ago-
nist histamine (0.25 pM) was added and plates were incubated
for additional 120 minutes before adding detection solution.
Chemiluminescence was read after 60 minutes incubation at
room temperature. Percent antihistamine activity was calcu-
lated based on the result from histamine-treated wells.

High-Throughput Microsomal Stability Assay

Multiple time-point metabolic stability assay was run in tripli-
cates using the substrate depletion method or the in vitro half-
life (t,,
were performed using previously described method [17].

) method. Sample analysis and half-life determinations

High-Throughput Kinetic Solubility Assay

Pion’s patented uSOL assay for kinetic solubility determination
was used. In this assay, the classical saturation shake-flask solu-
bility method was adapted to a 96-well microtiter plate format
and a cosolvent method with n-propanol as the reference com-
pound was utilized. Test compounds were prepared in 10 mM
dimethyl sulfoxide (DMSO) solutions (45 uL), and diluted with
the cosolvent to a final drug concentration of 150 uM in the
aqueous solution (pH 7.4). Samples were incubated at room
temperature for 6 hours to achieve equilibrium. The samples
were then filtered to remove any precipitate formed. The con-
centration of the compound in the filtrate was measured by UV
absorbance. The reference drug concentration of 17 uM was
used for quantitation of unknown.

High-Throughput PAMPA Permeability Assay

The effective permeability of compounds was determined via
passive diffusion using the stirring double-sink parallel arti-
ficial membrane permeability assay (PAMPA) method from
pION Inc. (www.pion-inc.com), with a fully automated system

of sample preparation, sample analysis, and data processing, as
described previously [18].

In Vivo Pharmacokinetics

Male CD-1 mice (approximately 35 g) were obtained from
Charles River Laboratories (Wilmington, MA). Mice were
housed at the centralized animal facilities at the National
Institutes of Health (NTH, Bethesda, MD) with a 12-hours light-
dark cycle. The housing temperature and relative humidity were
monitored based on the Standard Operating Procedure issued
by NIH Division of Veterinary Resources (DVR). The animals
had free access to water and food. All experimental procedures
were approved by the Animal Care and Use Committee of the
NIH DVR. The dosing solution of a test compound was freshly
prepared prior to the drug administration in 50% propylene
glycol and 50% water. The pharmacokinetics was evaluated after
single administration at the stated dosage and route (ie, oral
gavage [PO], intravenous [IV], or intraperitoneal [IP] injec-
tion). The blood and liver samples were collected at predose,
0.083, 0.25, 0.5, 1, 2, 4, 7, and 24 hours. Three animals (n = 3)
were sacrificed at each time point and blood and liver samples
were collected. Plasma samples were harvested after centrifu-
gation of blood samples at room temperature. Plasma and liver
samples were frozen immediately after collection, and stored
at —80°C prior to sample analysis. The concentrations of a test
compound in the plasma and liver were determined by ultrap-
erformance liquid chromatography-mass spectrometry analysis
(UPLC-MS/MS). The mean concentrations from 3 animals at
each time point were used in the PK calculation. The pharmaco-
kinetic parameters were calculated using the noncompartmen-
tal method (Model 200 for oral or IP administration and Model
201 for IV administration) of the pharmacokinetic software
package Phoenix WinNonlin, version 6.2 (Certara, St. Louis,
MO). The area under the plasma and liver concentration versus
time curve (AUC) was calculated using the linear trapezoidal
method. Where warranted, the slope of the apparent terminal
phase was estimated by log linear regression using at least 3 data
points, and the terminal rate constant (\) was derived from the
slope. AUC, _was estimated as the sum of the AUC  (where t
o The
12) was calculated as 0.693/\. The
oral bioavailability was estimated from the dose normalized

is the time of the last measurable concentration) and C
apparent terminal half-life (t

AUC ratio between IV and oral administration. The maximum

concentration (C__ ) and time to reach C__ (T ) were also

max

reported.

In Vivo Efficacy Studies in Chimeric Mouse Model

Alb-uPA/SCID mice were engrafted with primary human
hepatocytes and then infected with HCV serum samples of
genotype 1b (10° HCV copies) as described previously [14].
The mice were monitored for serum HCV RNA and human
albumin for 6 weeks before treatment. Genotype 1b HCV titers
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were monitored in HCV-infected chimeric mice over a 4-week
period of treatment with various compounds; human serum
albumin was measured in parallel for control.

RESULTS

In Vitro Anti-HCV Activities and ADME Properties

Table 1 describes the structure, in vitro anti-HCV activity, and
ADME properties of current lead compounds in the chlorcy-
clizine (CCZ) series [15]. In order to determine which analogues
to advance to in vivo pharmacokinetic analysis, candidates were
distinguished based on their in vitro ADME properties in com-
bination with anti-HCV activity. The anti-HCV activity of the
compounds was assessed using the cell-based HCV-Luc infection
assay, utilizing HCV-JFHI harboring a luciferase reporter in the
p7 region, and is expressed as the EC, (the concentration of com-
pound required to reduce HCV viral load by 50% compared to
a negative control). Cytotoxicity was evaluated using an ATPlite
assay and is designated as CC, (the concentration of compound
exhibiting 50% cytotoxicity compared to a negative control). Both
assays were carried out in the Huh7.5.1 cell line and utilized DMSO
as a negative control. The relationship between EC,, and CC, is
described by a selectivity index (SI) representing the fold-differ-
ence between the 2 values. Cytotoxicity was further evaluated in
other cell culture systems including primary human hepatocytes,
HepG2, and MT-4 (human T-cell leukemia) cell lines. These com-
pounds showed comparable CC, in these cells (Table 1).

The lead compounds described in Table 1 are potent inhib-
itors of HCV with concomitant low toxicity; most notably
compound 3 displays the highest potency, resulting in a large
selectivity index (EC,, = 2.3 nM, CC,, = 19.8 uM, SI = 8609). In
contrast to the original hit compound CCZ (entry 1), the lead
compounds are achiral (R! = R? = Cl), which simplifies syn-
thesis and interpretation of biological results. Alkyl analogues
at the piperazine nitrogen, entries 2-6, possess similarly long

metabolic half-lives (t,,) in human microsomes, comparable

1/2
kinetic solubility, and permeability compared to CCZ, but with
increased potency and improved selectivity (SI). Pegylated ana-
logues 7-12 maintain potency and selectivity, and display an
overall increase in solubility while preserving cell permeability.

CCZ is primarily indicated for use as an antihistamine, the effect
of which is mediated through H1 histamine receptor (HIHR)
antagonism, and so our lead compounds should ideally display
weaker histamine receptor antagonism to reduce the likelihood
of off-target effects for anti-HCV development. The H, histamine
receptor antagonistic activities of the lead compounds in Table 1
were evaluated by measuring their capacity to block the B-arrestin
internalization signal induced by histamine. Values are reported as
a residual percentage of maximal activation induced by the agonist
histamine at 250 nM in the presence of 10 nM of the selected CCZ
derivatives (normalized to DMSO as a negative control, 100% acti-
vation). Accordingly, all compounds in Table 1 displayed reduced

histamine receptor antagonism (higher % of HIHR activities)
compared to (R)-CCZ or racemic-CCZ (16% of HIHR activity).

In our previous study, CCZ exhibited varying activities against
different HCV genotypes, with most-potent activity against gen-
otypes 2 [14]. We thus tested compound 3, the most active com-
pound here, against various chimeric HCV genotype viruses. As
shown in Table 2 and Supplementary Figure 1, compound 3 is
most active against genotype 2 (EC,, in nM range) but much less
active against other genotypes (EC,, in uM range). Thus there
was no improvement in a broader genotypic coverage.

Pharmacokinetic Profiles

Based on our interpretation of the in vitro ADME profiles, 6 can-
didates were chosen for further investigation. Pharmacokinetic
studies were performed on these derivatives (Figure 1 and
Table 2), elucidating the in vivo properties of these compounds
in order to select derivatives to be used in mouse efficacy stud-
ies, and to develop a dosing regimen. For single IP injection,
the compounds were derivatized as di-trifluoroacetate (TFA)
salts, which could be solubilized in a solution of 1:1 propylene
glycol and water for administrations at 1 mg/mL. Following sin-
gle IP administration, plasma and liver levels of the compounds
were determined at set time-points over the course of 24 hours.
Summaries of the salient properties of the selected leads in
these experiments are described in Table 3.

Studying the elimination profiles of the 6 compounds
investigated allows their separation into 2 distinct categories
(Figure 1). Compounds 1, 2, 3, and 7 exhibited classical 2-phase
distribution and elimination kinetics; the maximum concentra-
tions of these compounds in plasma and in the liver occurred
within 15 minutes of administration, which was followed by a
slower elimination phase.

Compounds 9 and 12 did not display any significant elimina-
tion phase in liver and appeared to become increasingly local-
ized and subsequently trapped in the liver over the course of
the experiment. The liver-specific accumulation of compounds
9 and 12 was not observed to reverse over a study period of
7 days or by reducing the dose to 0.1 mg/kg, thus making them
unsuitable for further investigation. The extended retention of
these 2 compounds in the liver becomes problematic when con-
sidering appropriate dosing selection and potential long-term
toxicity. Compound 12 also exhibited higher cytotoxicity in cell
cultures (Table 1). Similar to CCZ, compounds 2, 3, and 7 main-
tained comparable levels of exposure (AUC) and favorable liver
localization, but with improved in vivo half-lives in all cases.
Ethyl substituted derivative compound 3 exhibited marked
improvement in comparison between liver C_ /EC, . This fea-
ture, coupled with an in vivo half-life that would be suitable for
daily dosing and a liver to plasma ratio of approximately 20:1,
led us to select compound 3 as our lead for investigation in effi-
cacy studies in vivo.

Chlorcyclizine Derivatives for HCV o JID 2018:217 (1 June) « 1763



‘paulwLIBlap 10U ‘gN ‘se1Aooleday uewny Asewnd ‘HHd ‘punodwod ‘pduw) ‘Uonaloxe pue ‘wsijogelsw ‘uolinguisip ‘uondiosge ‘JNQY :SUONBIARIGAY

010D OSING %91 JO ‘AU OL 18 7DD DIWSdeI JO AYAILOR YH'H "UOIBIIUSIUOD |\U 0L 1E [0J1U0D BAIleBBU (OSINQ) OPIXOHINS JAYIBWIP JO % Se passaldxe (HH'H) AlAiloe J01deoss sulwelsly "H [enpisey o
%93/ (L'52-unH) ®02 = xepur Aunnosjes o

‘Aesse A1j01x0103A0 81|41V eyr woly (**97) ALOIX0101A0 %06 »

“Aesse uoROBJUI ONTADH BUI WOl (€ = U) (INIS) UBsW 8y} 40 Jous piepuess F (*9)3) UomaIyul [eIIA %08 q

‘|Adoadosi ud, ‘|Adoidy Idy JAY1e 13 {|Aylew ‘Ol o

008 anN 00e< 0e< 0e< €L gese g6'e GLe €Tee €L'g 6vF e szx/\o*\,ﬁ 10 10 zL
799 aYaz €q an an £'88 an gle PAeRers eelLe an 91z ¥ 8yl /o»/\o*\,h 10 L
L'65 00061 8 §C AL 6'G a8z LL 607L €TeT vz 297068 _._owm/\ow,\,k, 10 10 oL
L'ey 09922 00e< an an 6Ly 856 aLe elew anN 162 €GF0le N_._z\/\o/\,h 10 10 6
8'GlL €919 1’8 7'G [ zee an zel €0'Ge 89°GS anN TLLFGLS /0\/\0/\% 10 10 8
Sy 0998 L€EL 0oL 0e< 9¢S 0661 an Gl €96l L6l 9GF66 IO\/\o/\,h 10 10 L
(0% an 8l 0L oe< 800l 98L anN anN anN A1 oL F e AVIW. o) 10 9
6 9§lze Ll L6l 0e< 7'Z0L 9ev9 an an an <14 §7*98 I+ o) 10 S
€L an 6l 99 0e< 6'96 [Reiels anN anN anN €62 61708 Idu-§- 10 10 14
LLL €768 zC 9zl 0e< 8L 6098 74 8¢ €0'95 86l 60F€C 13-¢- 10 10 €
0'6Y €veol 09z 0e< 0e< z'es €gelL Vi anN anN €le L9F /L oN-§- 10 10 z
€6¢ 0'7Es8L L'z L1'9z 0e< 7'6L z6el 6'Ce GG'6L veze '€ 44 oN-$- H 12 L
(w/Br) - (s/wo 4-01) ey 9SNOo uewny oNUOL 18 pXepu| HHd vIN zodeH  L'GZ-UnH (W) %03q cHe 2 4 ‘pdw)
Aljignjos Alljigeswiad OSNQa%  Aunnosjes
(uiw) @Yy lewosoiN HHH (M) %9905
soiuedoud JNQY AlAIBOBOS pue AlIAIOR ADH-IIUY mI,Z\J zd
LN
oo
21N1oNJ1S [BaIWBY)D
salag (z99) auizijaAaiojyg ayy ur spunodwos peatjuaiing jo saadosd JNAY pue ‘ANanay (A9H) SMIIA 9 snieday-nuy oiA uj ‘ainjanng ayl ‘| ajqel

217 (1June) « Roltetal

1764 « JID 2018



Table 2. The EC_; and CC,, of Compound 3 Against each Hepatitis C Virus (HCV) Chimeric Genotype, Determined as Described in the Methods and Shown

in Detail in Supplementary Figure 1

HCV Chimeric Genotype

1a b 2a 2b 3a 4a 5a 6a 7a
ECy, (UM) 12.55 6.24 0.00059 0.0080 8.11 8.99 9.465 6.47 10.99
CC50 (LM) 25.1 14.02 26.42 26.54 26.06 26.64 25.85 22.18 26.9

Abbreviations: EC,, 50% viral inhibition; CC,,, 560% cytotoxicity.

Pharmacokinetics of Compound 3

In order to establish an appropriate dosage for daily administra-
tion of compound 3, further investigation into the relationship
between dose and pharmacokinetic profile were conducted. For
IP, IV, and PO administration, compound 3 was formulated as
a 1:1 oxalate salt, which can be solubilized in a 1:1 solution of
propylene glycol and water at a concentration at 1 mg/mL for
administration.

Concerning exposure and kinetic profiles, an overall approx-
imate linear relationship is observed between different dosages
and extravascular routes of administration (ie, IP or PO) after
accounting for oral bioavailability. Comparing PO administra-
tions of compound 3, a 10-fold decrease in dose translated lin-
early to a 10-fold decrease in exposure in the liver with similar
half-lives and elimination profiles (AUC_ /D for 10 mg/kg and
1 mg/kg administration = 5920 h-uM and 6320 h-uM, respec-
tively; t, , = 3.7 and 3.2 hours, respectively). Compound 3 signifi-
cantly localized to the liver as opposed to the heart or brain when
C_.., values for these tissues were compared. The overall exposure
in the liver was much higher than that in plasma, with a liver to
plasma ratio of 23:1 following PO administration. Analysis of
the PK data following IV and PO administration revealed an
oral bioavailability of 55% at 10 mg/kg and a steady state vol-

ume of distribution (V, ) of 11 L/kg. These data indicate that the

SS

compound had a good oral bioavailability and a preferential com-
partmentalization into body tissues, recapitulating the observed
liver distribution. Serum alkaline phosphatase (ALK), alanine
transaminase (ALT), and aspartate transaminase (AST) levels
throughout the 24 hours following IP administration at 10 mg/
kg were determined as markers of hepatotoxicity. Figure 2C
shows a transient elevation (1 time point) of ALT (similarly for
AST, not shown) before decreasing to pretreatment levels over 24
hours in 1 mouse; ALK levels remained within the normal limit
of the assay throughout the course of the experiment (<5 U/L).
Vehicle control-treated mice also showed occasional increases in
ALT values (Figure 2D) [15]. We thus considered this observed
increase as probably unrelated to the compound.

In Vivo Anti-HCV Efficacy of Compound 3

The anti-HCV eflicacy of compound 3 was analyzed in vivo in
an albumin-urokinase plasminogen activator/severe combined
immune-deficient (Alb-uPA/SCID/bg) chimeric mouse model
infected with HCV genotype 1b [14]. HCV viral load was mon-
itored over the course of treatment, along with measurement of
human serum albumin as a control. Based on the pharmacokinetic
data, a dose of 5 mg/kg administered IP daily was chosen for the
“proof of concept” efficacy study. Administration of compound 3
in this manner was associated with a time-dependent reduction

a]

e a s
< 10 W
= -6~ Compound 1
= Compound 2
-2 : &= Compound 3
R Compound 7
§ 8- Compound 9
5 2~ Compound 12
)
0.1
0.01- T T
0 10 20

Time (hours)

Figure 1.

Mouse liver concentration-time profiles of 6 lead CCZ derivatives. Following preparation of the selected compound at a dosing concentration of 1 mg/mL in 50%

propylene glycol and 50% water, the pharmacokinetics were evaluated after single intraperitoneal administration at 10 mg/kg. The blood and liver samples were collected
at predose, 0.083, 0.25, 0.5, 1, 2, 4, 7, and 24 hours (n = 3). The concentrations of the compound in the plasma and liver were determined by ultraperformance liquid chroma-

tography-mass spectrometry analysis, as described in the Materials and Methods.
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Table 3. Properties of the Selected Lead Compounds

Plasma Liver
Crax T AUC,,. PAUC T AUC,,, PAUC_

Cmpd. Tax (N) (LM) (h) (h-uM) (h-uM) Tax (N) Chiax (M) (h) (h-uM) (h-uM) Liver/Plasma Ratio® Cia/ECo°
1a 0.25 3.2 2.0 9.8 9.8 0.083 87 2.0 262.3 262.5 26.8 3.6
2 0.083 5.3 6.7 276 29.9 0.083 54.7 8.6 4311 4970 15.6 3.2

0.083 35 4.7 7.3 75 0.083 80.43 4.8 145.1 149.0 19.9 35.0
7 0.25 6.9 2.6 272 272 0.25 52.6 4.6 289.1 296.5 10.6 5.3
9 0.083 1.8 12.0 2.9 3.6 24 161.12 ND 3536.8 ND 1231.0 5.4
12 0.083 6.9 15.3 8.0 9.8 4 95.98 ND 1908.4 ND 239.9 3.4

250 mg/kg dosage. AUC,,, AUC_" and C
b Extrapolated total exposure from a single dose.
¢ Ratio of AUC,,.

94 50% viral inhibition (ECSO), see Table 1.

viax N@ve been reduced to one-fifth of their measured value for comparison.

Abbreviations: AUC_, area under the curve extrapolated from time 0 to infinity (total compound exposure); AUC,,,, area under the curve (compound exposure) from time 0 to 24h; CMax,

maximum concentration; Cmpd, compound; ND, not de‘rerm'\ned;TMax time to reach Cmax;T

half-life.

of HCV virus load of approximately 1 log, , from the initial HCV
virus titer after 4 weeks in 3 of 4 mice (Figure 3A, mice 1-3) with
no observable toxicity. Mouse 4 (Figure 3A) had an initial 0.6-
log decrease in viral level and then rebounded to pretreatment
level. In comparison, untreated control mice showed steady viral
levels during the same time frame of observation (Figure 3C).
A parallel evaluation of the NS3 inhibitor asunaprevir revealed an
initial potent antiviral effect followed by a rebound (Figure 3B),

likely representing emergence of drug-resistant mutants [19, 20].
Throughout the experiment, all mice showed steady levels of
human serum albumin in the blood (Figure 3, lower panels).

The average terminal concentrations of the parent drug in
the liver after the 4-week administration period were approxi-
mately 1000-fold the IC,, (2.32 uM and 2.3 nM, respectively).
Additionally, an even greater concentration of the des-ethyl
metabolite was observed, itself a potent anti-HCV compound in
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Pharmacokinetic profile of compound 3. A, Tissue-specific distribution of compound 3 following 10 mg/kg oral (PO) administration over 24 hours. B, Establishing

linearity of exposure between 10 mg/kg and 1 mg/kg doses in plasma. Intravenous (IV) administration was used to calculate bioavailability (F) and volume of distribution
(V,)- Plasma levels of alanine transaminase (ALT; C) were determined at several time points over the treatment window following 10 mg/kg intraperitoneal (IP) administra-
tion as an indicator of drug-related hepatotoxicity; T; = pretreatment. [, Vehicle-only control showing spotty increases in alanine transaminase unrelated to administration

of the compound.
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Figure 3.

Invivo efficacy of compound 3 (5 mg/kg, intraperitoneal [IP], daily) in comparison to asunaprevir (75 mg/kg, oral, twice a day [BID]) and a no treatment control over

a 4-week administration period, and quantification of biomarkers associated with hepatotoxicity. Alb-uPA/SCID mice were engrafted with primary human hepatocytes and
infected with hepatitis C virus (HCV) of genotype 1b (10° HCV copies). The mice were monitored for serum HCV RNA and human albumin for 4 weeks pre- and post-treatment.
A, B, C, The upper panels represent changes over time in the genotype 1b HCV titers (Log copies) from pretreatment levels with compound 3, asunaprevir, or no treatment,
respectively. The lower panels are respective human serum albumin levels over the course of the experiment.

vitro (18.9 uM terminal concentration, EC,, 33 nM, 573-fold dif-
ference). Terminal liver concentrations were 35-fold greater than
the average peak plasma concentration throughout the course of
the experiment; this observation is in line with the previously out-
lined distribution data from single-dose pharmacokinetic exper-
iments. Specifically, mouse 4 (Figure 3A) was exposed to above
average concentrations of compound 3 in terminal liver samples
(2.72 uM), and so the reason for viral rebound is not clear. It is pos-
sible that this rebound may represent emergence of CCZ-resistant
mutations. Throughout the course of the experiment, there was no
observed weight loss, hair loss, decreased food intake, or reduced
activity, indicating no general toxicity.

CONCLUSIONS

The development of contemporary anti-HCV therapies is a success
story of modern medicinal chemistry but due to high cost they are
underutilized. Therapeutic regimens are not chosen solely based
on patient needs but are determined by what resources are available
from the point of view of the health care provider. Advancements
in HCV cell culture systems allowed us to approach this problem
from a phenotypic perspective, to develop treatments that have
a different mode of action from the existing DAAs, and are thus

likely synergistic with currently available drugs due to their mech-
anism of action [21-23]. We have previously shown that CCZ
inhibits the entry step of HCV infection and exhibits synergistic
activity with currently approved anti-HCV agents in vitro [14,
24]. The mechanism of action of CCZ and related compounds has
been proposed to target the fusion process of viral entry, possibly
involving the fusion loop sequence of the HCV E1 protein [25].

Alterations to the piperazine ring of the CCZ scaffold were
found to decrease activity; however, substitutions on the ter-
minal nitrogen (Table 1, R,) were tolerated while maintaining
potency. This was utilized functionally as a handle to develop
the in vitro ADME profile of the CCZ analogues before mov-
ing selected analogues forwards for in vivo studies, without
adversely affecting the EC, .

Pegylated derivatives 9 and 12 were observed to heavily
localize to the liver; drawing comparison, particularly between
compounds 7-12 suggests that the localization in the liver of
compounds 9 and 12 is in fact due to the presence of the primary
amine on the PEG chain. Lipophilic cationic amphiphiles such
as CCZ possessing basic amine moieties can become trapped in
acidic (pH < 5) subcellular compartments such as lysosomes.
This can lead to specific accumulation in lysosome-rich organs
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such as the liver, which is represented in the large volume of
distribution [26, 27]. Generally, liver localization and accumu-
lation may be thought of as undesirable; however, because HCV
infects only hepatocytes, we regard the liver as the target organ
and hence modest accumulation as favorable.

In mice that positively responded to treatment with com-
pound 3 at a dose of 5 mg/kg daily, approximately a 1-log drop
in viral load could be affected, which is similar to what we
observed previously with CCZ at 10-50 mg/kg daily dosing. It is
possible that a lower dose of compound 3 may be equally effica-
cious because of its longer half-life and more potent EC, | There
was no evidence of toxicity at this dose for 4 weeks.

In summary, the work presented here reinforces the potential
utility of CCZ and analogues for treatment of HCV. A thorough
evaluation of in vitro ADME of derivatives of CCZ followed by
in vivo pharmacokinetic investigations led to the selection of
compound 3 as an anti-HCV lead, which resulted in approx-
imately a 1 log,, or 90% drop in HCV virus load at a dose of
5 mg/kg daily over 4 weeks in a time-dependent manner.
Coupled with the observation that CCZ has been demonstrated
to be synergistic with currently used antiviral agents in vitro,
this work compels further investigations into the potential ben-
efits of incorporation of CCZ derivatives into contemporary
antiviral regimens in humans, moving towards improving the
efficacy, affordability, and accessibility of treatment.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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