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ABSTRACT: A series of bis(L-amino acid) ester prodrugs of tenofovir (TFV) were designed and synthesized as new anti-HBV
agents in this work. Four compounds 11, 12a, 12d and 13b displayed better anti-HBV activity (ICsy: 0.71—4.22 uM) than the parent
drug TFV. The most active compound 11 (ICsy: 0.71 uM), a bis(L-valine) ester prodrug of TFV, was found to have obviously
greater AUC,., Cnax and F% than tenofovir disoproxil fumarate (TDF), and potent in vivo efficacy which is not inferior to TDF in a
duck HBV (DHBV) model and a HBV DNA hydrodynamic mouse model, and it may serve as a promising lead compound for

further anti-HBV drug discovery.

Hepatitis B virus (HBV) infection is a major public health
problem. According to the World Health Organization
(WHO), an estimated over 250 million people are chronically
infected with HBV currently. About one quarter of these
individuals will be likely to develop serious liver diseases such
as cirrhosis and hepatocellular carcinoma (HCC). The end
stage of liver diseases caused by HBV infection claims the
lives of approximately 700,000 patients annually [, Current
therapies include nucleos(t)ide analogues [lamivudine (3TC),
adefovir, tenofovir (TFV), and entecavir (ETV) etc.] and
interferons (IFNs). Unfortunately, neither of them can result in
a high rate of clinical cure, which is defined as the loss of
HBYV surface antigen (HBsAg) [>31. As such, there are huge
unmet medical needs to discover and develop novel agents
with differentiated mechanisms of action [431. Several of such
candidates are currently in clinical trials, but none of them has
been approved by FDA [l Therefore, a more practical
approach seems to modify the structures of existing drugs to
increase safety and potency.

Tenofovir (TFV, Fig. 1), an acyclic nucleoside, displays
potent antiviral activity against HBV 7], HIV [8 and HSV-2 []
but nephrotoxicity and poor bioavailability [1%. Several lipid
prodrug strategies of TFV have been developed for this
purpose and were extensively reviewed [, As the first
prodrug of TFV, tenofovir disoproxil fumarate (TDF, Fig. 1)
manufactured by Gilead Sciences, has been widely used
in treating HBV infection, but it was reported to induce lactic
acidosis, Fanconi syndrome, acute renal failure, and bone loss

[12, 131 Although newly approved tenofovir-alafenamide (TAF,
Fig. 1) shows little to no nephrotoxicity and more potent
antiviral activity than TDF at 1/10 the dose [, the
high cost limits its widespread use.
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Figure 1. Structures of tenofovir (TFV) and its prodrugs
TDF and TAF

We are impressed by L-amino-acid based prodrug esters
such as the antiviral agents valacyclovir and valganciclovir,
both of which significantly improve antiviral activity and oral
bioavailability of the corresponding parent drugs acyclovir and
ganciclovir, respectively [15 191, This property was ascribed to
their advantages of being able to be efficiently delivered via
the hPEPT1 ['7- 18], To the best of our knowledge, none of such
L-amino acid ester prodrug strategies have been reported in
the case of TFV phosphonates. Initially, therefore, we
intended to design and synthesize a series of novel bis(L-
amino acid) ester prodrugs of TFV as anti-HBV agents in this
work. Our primary objective was to find promising prodrugs
with improved bioavailability and anti-HBV activity than
TDF, to facilitate the further development of these
compounds.
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Detailed synthetic pathways to target compounds 11-13 are
shown below in Scheme 1. According to known procedures -
211 condensation of N-Boc-protected L-amino acids 1-4 with
chloromethyl chlorosulfate using n-Bu,NHSO, as a phase
transfer catalyst (PTC) gave chloromethyl ester (5), or with 2-
bromoethanol and 3-bromoporpan-1-ol yielded 2-bromoethyl
and 3-bromopropyl esters (6a-d, 7a-c), respectively, in the
presence of dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP). The resulting esters (5-7)
were then coupled with TFV using N,N'-dicyclohexyl-4-
morpholine carboxamidine (DCMC) as an acid scavenger in
dimethyl formamide (DMF) to give intermediates 8-10. The
target compounds 11-13 were obtained by removal of the Boc-
protecting group of the corresponding 8-10 in hydrochloride-
1,4-dioxane solution.

Scheme 1. Synthesis of target compounds 11-13.
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Reagents and conditions: i) n = 1, chloromethyl chlorosulfate,
n-Bu,NHSO,, NaHCO;, CH,Cl,-H,0, 1t, 5h, 71%; n =2 or 3,
2-bromoethanol / 3-bromoporpan-1-ol, DCC, DMAP, CH,Cl,,
rt, 12 h, 79.3%; ii) TFV, DCMC, DMF, 80 C , 2.5h,
microwave, 25%-51%; iii) HCI (g), dioxane solution, rt, 0.5h,
81-90%.

The synthesized compounds 11-13 were initially screened
for in vitro inhibitory effect on the replication of HBV in
HepG 2.2.15 cell lines according to the reference [221. The ICs,
CCsg and SI values of them along with TFV, TDF and 3TC for
comparison are presented in Table 1. Four target compounds
11, 12a, 12d, and 13b displayed more potent anti-HBV
activity (ICsy: 0.71-4.22 pM) than the parent drug TFV (ICs,:
15.98 uM). Among them, compound 11 (ICsy: 0.71 uM) was
roughly comparable to TDF (ICso: 0.85 uM), and three and
twenty two times more potent than lamivudine (ICsy: 2.22 uM)
and TFV, respectively. The SI value of compound 11 was
about three times higher than those of TFV and TDF. On the
other hand, all of the bis(L-amino acid) ester prodrugs 11-13
possessed significantly reduced cell toxicity compared with
that of TDF. In general, anti-HBV activity and cell toxicity of
these prodrugs are related to kinds of the L-amino acids and
length of the carbon chain linker (n), although the structure-
activity relationship (SAR) is difficult to summarize.

Table 1. In vitro anti-HBV activity of bis(L-amino acid)
ester prodrugs 11-13 of TFV

NH,
N N\ (0]
(> ) NH,
NTN j)
n R
K/0\/1‘%—0 )
: o]
Yo NH,
o R
[0}
11-13
Compd.? n R ICs® (uM)  CCso® (uM) Srd
11 | Isopropyl 0.71+0.23 57.28%0.00 80
12a 2 Isopropyl 2.60+0.21 217.93+0.00 84
12b 2 2-Methypropyl > 12,98 217.93+0.00 —
12¢ 2 1-Methypropyl 12.23+7.40  293.83+0.00 24
12d 2 Benzyl 2.9310.27 315.12+68.72 97
13a 3 Isopropyl >3.24 51.94469.97 —_
13b 3 2-Methypropyl =~ 4.22+1.22 217.93+0.00 47
13c¢ 3 1-Methypropyl > 49.62 315.12+120.89 —
TFV 15.9547.36  43522+127.48 27
TDF 0.85+0.34 20.71+6.64 24
Lamivudine 2.2240.34 >218.10 >98

@ Obtained as hydrochloride salts. ® ICsy: 50% inhibitory
concentration of cytoplasmic HBV-DNA synthesis. ¢ CCsy:
50% cytotoxic concentration on HepG 2.2.15 cells. ¢ SI:
selective index (CCsy/ICsq). The cytotoxicity of compounds on
HepG 2.2.15 cells was assayed by CPE (cytopathic effect)
method. Both CCs, and ICsy were determined by Reed &
Muench method. Each experiment was performed at least
twice separately. TFV: Tenofovir; TDF: tenofovir disoproxil
fumarate; 3TC: lamivudine.

The most active compound 11 was further evaluated for its
in vivo pharmacokinetic (PK) profiles in SD rats, following a
single oral dose administration, in comparison with the parent
TFV and prodrug TDF. For TFV the oral dose was calculated
to be 20 mg/kg (0.07 mol/kg) while the intravenous injection
was 5 mg/kg. Considering that both 11 and TDF quickly
undergoes hydrolysis to TFV, we compared the PK parameters
of TFV obtained after oral administrations of equimolar (0.07
mol/kg) 11, TFV and TDF. As shown in Table 2, compound
11 displayed the shortest T, of 1.30 h, but significantly
greater AUC,_,, of 6524 h.ng/mL and C,,,x of 2882 ng/mL than
both TFV and TDF. More importantly, the oral bioavailability
(F, 10.30%) of 11 was found to be about 7 and 3 times than
TFV and TDF, respectively. These results indicated that
compound 11 had promising PK properties to support in vivo
efficacy studies in animal models.

Table 2. Pharmacokinetics properties of 11 in SD rats

Compd Route  Dose Cl T2 Tmax  Coax AUCo-» F

(mgkg') (mLkg'mn') (h) (h) (ngmL") (hngmL"') (%)

TFV w 5 535 102 - - 15779
PO 20 - 356 0.833 207 888 1.41
TDF PO 44.3 - 6.14  0.25 699 2148 3.40
11 PO 45.5 - 130 0.582 2882 6524 10.3

Mean value (n = 3 per group)

To determine whether compound 11 shows an antiviral
effect in vivo, DHBV-infected ducks were first treated with
0.1, 0.2 or 0.4 mol/kg/day of compound 11 orally. Blood
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samples were collected at day 0 (before treatment, T0), 7 (T7),
and 14 (T14) treatment and at day 3 after the termination of
treatment (P3) to quantify DHBV DNA. No statistically
significant weight change during treatment was observed (data
not shown). As negative controls, the serum DHBV DNA
level in the normal ducks was less than 100 IU/ml (data not
shown). There were also no statistically significant differences
of serum DHBV DNA level between the two vehicle controls
[0.5% CMC-Na (sodium carboxyl methyl cellulose) and
water] at each time point (Fig. 2). The serum DHBV DNA in
ducks treated with 0.4mol’kg of 3TC was significantly
reduced. Except at T7, both compound 11 and TDF treatment
induced a dose-dependent reduction of serum DHBV DNA up
to 3.2 log10 compared to vehicle controls (Fig. 2). Noticeably,
the reduction level of the serum DHBV DNA in ducks treated
with compound 11 was similar to that treated with TDF at the
same dose and treatment time. These data demonstrate that
oral administration of compound 11 results in a potent anti-
HBYV activity in a duck HBV model.

Figure 2. In vivo antiviral activity of compound 11 in a
duck HBV model.
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DHBV-infected ducks were treated with three doses of TDF
or compound 11 at 0.1 mol/kg, 0.2 mol/kg, and 0.4 mol/kg or
the vehicle via oral gavage twice-daily. 3TC was administered
orally once-daily. Six duck were included in each group. (A)
Blood was collected on day 0 (TO, before treatment), 7 (T7)
and 14 (T14) days posttreatment and 3 days after treatment
cessation (P3) and serum DHBV DNA was extracted and
analyzed by a real-time PCR assay. Mean values = SD are
plotted for each group. (B C D) DHBV DNA in serum on day
T7 (B), T14 (C) and P3 (D) of DHBV-infected ducks with
various doses of TDF or compound 11. 3TC treatment serves
as positive controls. *** P<C0.001; ** P<<0.01; *, P<<0.05
(compared with the vehicle control).

To further determine whether compound 11 effectively
exerts an antiviral effect in mice, C57BL/6 mice were
hydrodynamically injected with an HBV 1.3mer plasmid to
establish HBV replication in mice hepatocytes. As shown in
Fig. 3B, no significant weight change was observed during
treatment. Five mice injected with PBS through tail vein
without compound treatment were included as negative
controls and the serum HBV DNA level was less than 100
IU/ml (data not shown). A significant reduction in serum HBV

DNA was observed in animals treated with ETV. There was
no statistically significant difference of serum HBV DNA
between the 20% Kolliphor HS 15 treatment group and water
group. The twice daily oral administration of compound 11
resulted in reduction in serum HBV DNA in a dose-dependent
manner (Fig. 3). The 4-day treatment of compound 11 and
TDF either at the dose of 0.10 mol’kg or 0.50 mol/kg
produced a similar reduction of approximate 1.1 and 1.7 log10
respectively in serum HBV DNA (Fig. 3D). However, the
groups treated with these two dosing groups of compound 11
at 2 day posttreatment performed better than the TDF-treated
groups (Fig. 3C) although this was only statistically significant
(P<<0.05) for the group treated with 0.50 mol/kg of compound
11. In summary, compound 11 also exerts a potent antiviral
activity in a HBV DNA hydrodynamic mouse model.

Figure 3. In vivo antiviral activity of compound 11 in a
HBYV hydrodynamic mouse model.
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One day after hydrodynamic injection of HBV 1.3mer
plasmid (day 0), mice were treated with three doses of TDF or
compound 11 at 0.10 mol/kg, and 0.50 mol/kg or the vehicle
via oral gavage twice-daily. ETV was administered orally
once-daily (n =5-6 per group). (A) Blood was collected at 0, 2,
4 and 6 days posttreatment and serum HBV DNA was
extracted and analyzed by a real-time PCR assay. Mean values
& SD are plotted for each group. (B) The mice body weight
during 6 days of treatment. (C D) HBV DNA in serum on day
2 (C) and 4 (D) of HBV hydrodynamic injection mice with
various doses of TDF or compound 11. ETV treatment serves
as positive controls. *** P<C0.001; ** P<<0.01; *, P<<0.05
(compared with the vehicle control).

In summary, a series of bis(L-amino acid) ester prodrugs of
TFV were designed and synthesized as new anti-HBV agents.
Four compounds 11, 12a, 12d and 13b displayed more potent
anti-HBV activity (ICso: 0.71-4.22 pM) than the parent drug
TFV. Especially, the most active compound 11 (ICsy: 0.71
uM) with improving SI, a bis(L-valine) ester prodrug of TFV,
was found to show excellent PK properties and potent in vivo
efficacy in the DHBV model and HBV DNA hydrodynamic
mouse model, and it may serve as a promising lead compound
for further anti-HBV drug discovery. Studies to determine the
in vivo efficacy of 11 in an adeno-associated virus-mediated
mouse HBV replication models are ongoing in our lab.
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