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a b s t r a c t

The huge resources that had gone into Human Immunodeficiency virus (HIV) research led to the
development of potent antivirals able to suppress viral load in the majority of treated patients, thus
dramatically increasing the life expectancy of people living with HIV. However, life-long treatments
could result in the emergence of drug-resistant viruses that can progressively reduce the number of
therapeutic options, facilitating the progression of the disease. In this scenario, we previously demon-
strated that inhibitors of the human DDX3X helicase can represent an innovative approach for the
simultaneous treatment of HIV and other viral infections such as Hepatitis c virus (HCV). We reported
herein 6b, a novel DDX3X inhibitor that thanks to its distinct target of action is effective against HIV-1
strains resistant to currently approved drugs. Its improved in vitro ADME properties allowed us to
perform preliminary in vivo studies in mice, which highlighted optimal biocompatibility and an
improved bioavailability. These results represent a significant advancement in the development of
DDX3X inhibitors as a novel class of broad spectrum and safe anti-HIV-1 drugs.
© 2020 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The human immunodeficiency virus type 1 (HIV-1) is one of the
most devastating viral infections affecting humans and still repre-
sents a serious global health issue. Despite antiretroviral therapy
(ART) has been introduced in 1996, it has been estimated that 36.7
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million persons are living with HIV-1 worldwide, with more than 1
million annual deaths per year [1]. Due to the persistence of latently
infected cells and to the high genetic variability, all the efforts to
completely eradicate this pathogen or to develop effective pro-
phylactic or therapeutic vaccines have failed so far. Nowadays,
thanks to the improved potency of currently available antivirals,
HIV-1 replication can be successfully halted in most of treated
patients [2]. Unfortunately, ART is life-long and its efficacy can be
compromised by the emergence of toxicities, comorbidities and the
selection of resistance mutations, which ultimately lead to the
progression of the disease [3]. Moreover, immunocompromised
patients are susceptible to bacterial, fungal, and viral infections
[4,5] complicating their therapeutic regimen with increased pill
burden, complex drug interactions and high costs. On these bases,
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discovery and development of drugs endowed with a new mech-
anisms of action, non-inferior tolerability, improved pharmacoki-
netic profile and possibly contributing to reduce the burden of
latent cellular reservoir and the chronic immune activation, is of
great necessity to improve the quality of existing treatments.

The indirect-acting antiviral agents (IAAs) represent an inter-
esting class of drugs, characterized by a great genetic barrier that
make them less susceptible to resistance [6]. In facts viruses exploit
the components of the host cells in order to complete their repli-
cation, making human cofactors useful targets to develop new
antiviral agents [7,8]. The DEAD-box family comprises a large
number of human proteins known to be recruited by different vi-
ruses [9e11]. In 2004 the ATPase/RNA helicase X-linked DEAD-box
polypeptide 3 (DDX3X) has been identified as an indispensable
human cofactor for the Rev/CRM1 dependent nuclear export of the
unspliced HIV-1 RNAs [12]. Starting from such evidence, in the last
ten years we thoroughly analyzed DDX3X structure, identifying li-
gands able to selectively bind the ATPase or the helicase binding
site, increasing their activities and reaching optimal specificity
against our target protein. Accordingly, our small molecule DDX3X
inhibitors were able to inhibit HIV-1 replication [13e17] (Chart 1).
In a previous work we identified compound EI01D [15] the first
DDX3X inhibitor designed to selectively block the helicase binding
pocket by competing with RNA. Through optimization studies we
discovered the derivative 16d [17] (compound 1 of the present
paper) that represents the first DDX3X inhibitor with broad spec-
trum antiviral activity against multiple RNA viruses (Hepatitis C
virus, West Nile virus, Dengue virus) including several HIV-1
mutant strains resistant to the current direct acting antivirals
(DAAs). According to these features and to the novel mechanism of
action, we investigated the biocompatibility and biodistribution
(BD) in vivo of a selected DDX3X inhibitor.

Since DDX3X is well conserved from yeasts to humans, we
performed preliminary in vivo studies in rats that share 99% DDX3X
sequence identity with humans [18,19]. Despite the promising
antiviral activities, as anticipated by our preliminary in vitro ADME
analysis, the poor aqueous solubility of compound 1 limited its BD
in plasma and organs, preventing us from carrying out in vivo ex-
periments that require multiple administrations such as sub-
chronic toxicity and pharmacodynamics.

In the present study, we designed and synthesized novel de-
rivatives with improved kinetic aqueous solubility with the pur-
pose to ameliorate the BD and the pharmacokinetic (PK) properties
of our hit compound.

Due to the unavailability of the DDX3X crystal structure in the
active closed conformation, we previously generated a homology
model that led us to identify several RNA-competitive inhibitors
[16,17,20]. Herein, through our computational model we rationally
designed a series of novel derivatives, by inserting polar groups
respectively on the side chain at triazole (C4) position or by inserting
different hydrogen bond donors on tolyl ring (compounds 15a-e).
The molecules able to retain compound 1 main interactions within
the helicase binding site and characterized by increased in silico
predicted aqueous solubility were then synthesized and validated as
inhibitors of the DDX3X helicase activity. 21 novel DDX3X inhibitors
were found, and their ADME properties were experimentally
confirmed in vitro. 11 compounds were then evaluated against HIV-1
infected cells, revealing promising antiviral activities and selectivity
indexes (SI). Taking into account ADME parameters, antiviral activity
and SI, compound 6b was selected for further studies. According to
its host-protein targeting direct mechanism, the antiviral activity of
compound 6b was confirmed against a panel of HIV-1 resistant
strains carrying mutations to currently approved DAAs. Finally, BD,
PK and sub-chronic toxicity experiments were performed in mice,
revealing optimal tolerability and improved biodistribution.
2. Results and discussion

2.1. Molecular modelling

Twenty-five novel derivatives of compound 1 were rationally
designed using the homology model of the closed conformation of
DDX3X previously built by us [16]. Compounds were selected on
the basis of their docking score and taking into account their pre-
dicted absorption, distribution, metabolism, and excretion (ADME)
properties calculated with the QikProp software [21]. DDX3X can
assume three different conformations, called open, pre-RNA bind-
ing and closed conformation [22] and only the closed conformation
presents the structural properties competent for the RNA binding.
Docking analysis within the RNA binding site was executed using
Gold version 5.2. [23], investigating the region with a distance of
10 Å from Arg276. We decided to use a consensus scoring method,
with chemscore that has been used as docking fitness function and
goldscore as rescore fitness function. For each molecule 100 poses
were generated. Visual analysis was performed using Pymol,
version 1.8.4.0 [24].

As represented in Fig. 1, the triazole moiety of 15a forms
hydrogen bonds with Arg326, Gly302 and Thr323. The two urea
NH-groups form hydrogen bonds with the backbone of Pro274,
while the ether-oxygen binds Thr498. The aromatic group is
accommodated in a hydrophobic pocket, constituted by Gly473,
Val500 and Ala499. Analogously, triazole moiety of 6a binds the
guanidine group of Arg276, while the two urea NH-groups bind the
carbonyl group of the backbone of Pro274. The isoquinoline moiety
interacts hydrophobically with Gly473, Val500 and Ala499. Com-
pound 6b takes hydrogen bonds with the backbone of Pro274,
while the triazole ring takes contacts with Arg276. As for the pre-
vious compound, the isoquinoline moiety is accommodated in a
hydrophobic pocket constituted by Gly473, Val500 and Ala499.

Molecular dynamic simulations were executed on the mole-
cules. Amber 16 was used to perform 40 ns of molecular dynamic
simulation at the temperature of 300 K. In particular, as showed in
Fig. 2, by the root-mean-square deviation (rmsd) value (Fig. 2), of
6a, 15a and 15b, they are stable in the active site. 6a, shows rmsd
values stabilized around 2.8 Å. The trajectory analysis confirms that
the molecule interacts with the side chain of Arg276 and with the
backbone of Pro274. During the simulation, the triazole ring takes
contact with the backbone of Gly303 while the isoquinoline moiety
is accommodated in the hydrophobic region constituted by Gly473,
Val500 and Ala499, and the nitrogen atom makes a hydrogen bond
with Arg351.

15a is stable in the RNA binding site, despite the increment of
rmsd values due to a rotation of phenyl and butyl groups of the
molecule in the binding site. 15a takes contacts with Arg326,
Gly302 and Thr323 and other hydrogen bonds are also formed
between the urea moiety and the backbone of Pro274 and the side
chain of Thr498.

Finally, the trajectory analysis of 6b shows a compound able to
establish long lasting contacts with the amino acids previously
described, especially between the urea NH-groups and the back-
bone of Pro274 and between the isoquinoline group and the side
chain of Arg326.

2.2. Chemistry

The general strategy to synthesize the triazole derivatives is
shown in Scheme 1. Azide 3was synthesized from 4-nitroaniline by
diazotization reaction. Huisgen 1,3-dipolar cycloaddiction [25,26]
with selected terminal alkynes 4a-g furnished 1, 2, 3-triazoles 5a-g,
subsequent Pd/C mediated hydrogenation led to desired anilines
with excellent yields. Finally, target ureas 6a, 6b, 7c, 7g, 8d, 9e, 9f,



Fig. 1. Binding mode of selected compounds. Molecules were docked in RNA binding
site of our in-house built homology model of the closed conformation of DDX3X. (a) In
magenta is showed the binding pose of 15a; (b) in yellow is reported the binding pose
of 6a, (c) in aquamarine is reported the binding pose of 6b.
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10a were produced by treatment with different commercially
available isocyanates or with isocyanates synthesized by reacting
the opportune aromatic amine with triphosgene with 60e86%
yields. Alkyne 4c was synthesized through Jones oxidation [27] of
4-pentyn-1-ol, 4f was synthesized by reaction with b-D-ribofur-
anose 1-acetate 2,3e5 and BF3 Et2O as a Lewis acid and 4g by
esterification p-toluensolfonic acid (PTSA) catalysed of 4c.

As depicted in Scheme 2 aniline 11, was converted into phenol
12 by Sandmeyer reaction, using the synthetic procedure already
reported by Taniguchi et al. [28] and obtaining a comparable yield.
Subsequent Mitsunobu reactionwith 3-hydroxytetrahydrofuran, or
alkylation with cyclopentyl chloride, or phosphorylation in pres-
ence of diethylchlorophosphate, o methoxymethylchloride (MOM-
Cl) or with b-D-ribofuranose 1-acetate 2,3e5 tribenzoate provided
ethers 13a-e that were reduced and converted into desired ureas
15a-e as described above. Acidic deprotection of ether 15e provided
phenol 15f.

With the aim of increasing aqueous solubility several polar
groups were introduced on the butyl sidechain, such as amino
groups, alcohols, ethers and esters. The synthesis of the series
bearing an amino moiety in the aliphatic side chain was performed
as depicted in Scheme 3. Alcohols 5h-l were synthesized by click
reaction, activated by tosylation (16a-c), and converted into desired
amines by nucleophilic displacement. Subsequent reduction Pd
catalysed and reaction with the opportune isocyanates provide
ureas 20a-c, 21c and 22c. Alcohols intermediates 5h-l were con-
verted into ureas 23a and 23b and subsequently into derivatives
25-27 through Steglich esterification. In order to check the impor-
tance of a phosphate in the sidechain, alcohol 23a was phosphor-
ylated with diethyl chlorophosphate and titanium (IV)
isopropoxyde (TTIP) as a Lewis acid (24a).

2.3. Biological evaluation

Compounds were tested for their ability to inhibit the helicase
activity of DDX3X. Data are presented as half-maximal inhibitory
concentration (IC50) and were calculated using a fluorescence
resonance energy transfer (FRET)-based assay previously published
[17].

As reported in Table 1, the introduction of a planar isoquinolyl
ring is well tolerated, being able to hydrophobically interact with
Gly473, Val500 and Ala499. Accordingly, compounds 6a and 6b
reach inhibitory activities of 0.15 and 0.12 mM.

Reverse ester 7gmaintains a good inhibitory activity of 2.02 mM,
in contrast its corresponding carboxylic acid 7c precipitated during
the assays.

Ether derivatives 8d and 9e retain satisfactory activities of 1.51
and 1.00 mM, in contrast the introduction of ribose in the sidechain
abolishes the activity (compound 9f), probably due to the spatial
constrains of the pocket as highlighted in our docking experiment.

In addition, we checked the effect of hydrogen bond acceptor on
tolyl ring. Even if the carbonyl group of 10a establishes an addi-
tional interactionwith the backbone of Gly473,10a presents a small
reduction of the activity, probably due to the pocket constrains.
Best results were obtained with tetrahydrofuran derivative 15a that
reaches an IC50 of 0.10 mM. As already discussed in molecular
modelling section, 15a confirms all the key interactions already
seen for compound 1, in addition the ether-oxygen establishes a
hydrogen bond with Thr498. Cyclopentyl derivative 15b, phos-
phoric ester 15c and para methoxymethyl-hydroxy derivative 15e
show high inhibitory activities of 0.14, 0.94 and 0.82 mM. All com-
pounds form the key interactions with Gly302, Arg326 and Thr323,
in addition the phenyl ring of 15c establishes a cation-p interaction
with Arg351, while the ether-oxygen of 15e forms a hydrogen bond
with Thr498. Phenol 15f maintains good inhibitory activity of
0.49 mM, in contrast the introduction of ribose is detrimental for the
activity, probably due to the high steric hindrance (compound 15d).

Alkyl chain at triazole (C4) positionwas explored by introducing
amines. Three different morpholine derivatives were synthesized,
increasing the chain length from one to three methylenes (de-
rivatives 20a-c), in addition we replaced morpholine with meth-
ylpiperazine 21c and N,N-dimethylamine 22c. As reported in
Table 1, the inhibitory activities are directly proportional to the
length of the methylene spacer and dimethylamino group is
preferred respect to the more hindered morpholino or methyl-
piperazino moiety. These data confirm our previous published re-
sults, which highlighted that linear and long sidechains are
preferred with respect to bulky and hindered groups [17,20].



Fig. 2. (a) Plot of the rmsd for 6a. The plot shows an increasing value for the rmsd, which is stabilized around 2.8 Å. (b) Plot of the rmsd for 15a. In a first stage, the rmsd oscillates
around 2 Å, then, in the red portion, it increases its value. This variation is only caused by the rotation of the phenyl moiety of 15a and not by the shift of the whole molecule into the
binding site. Concerning the blue region, the increase in the rmsd value is due to the movement of the butyl terminal of 15a into the solvent. (c) Plot of the rmsd for 6b. Also in this
case, the rmsd variation in the first part of the production is due to the rotation of the isopentyl moiety of 6b, then it stably interacts with the amino acids that constitute the binding
site. This behaviour is related to the rmsd value that oscillates around 2 Å during the rest of the simulation.
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Accordingly, alcohols 23a and 23b are moderately active, probably
due to their lower occupancy within the pocket, and maintain the
interactions with Gly302 and Pro274. Phosphate ester 24 retains a
good inhibitory value, confirming that polar atoms are well toler-
ated in presence of linear and flexible substituents. In particular, the
phosphate ester of 24 establishes a hydrogen bond with Arg276,
and the phenyl ring makes a cation-p interaction with Arg480.
Among derivatives characterized by the introduction of polar
groups on the triazole sidechain the best results were obtained
with ester derivatives 25 and 27, which make an additional
hydrogen bond between the carbonyl ester and Arg276. In fact, 25
has an activity of 1.29 mM, and the corresponding trifluoromethyl
derivative 26 shows an IC50 of 0.40 mM. Ester 27, due to the presence
of the bulkier cinnamic acid moiety, is less active with an IC50 of
5.09 mM, that confirmed again our previous findings.
The 9 compounds endowed with the most promising DDX3X

inhibitory activities, alcohol 23b with inhibitory activity below
average and compound 15d completely inactive against DDX3X,
were then evaluated through the BiCycle assay as previously
described [29]. Briefly, human T cell lymphoma derived clone H9
was infected with HIV-1 wild type NL4-3 strain in presence of serial
dilution of compounds. After 72 h, supernatants from each well
were used to infect the TZM-bl cell line, which allows the quanti-
tative analysis of HIV infection by measuring the expression of the
luciferase gene integrated in the genome of the cells under the
control of HIV-1 LTR promoter. Recently, Van Voss et al. [30] re-
ported that the small molecule RK-33 caused lower oxygen con-
sumption rates and decreased intracellular ATP concentrations.



Scheme 1. Synthesis of ureas 6a-10a modified on triazole sidechaina

aReagents and conditions: i. a) tert-butyl nitrite (t-BuONO), CH3CN, 20 min. 0 �C; b) Trimethylsilyl azide (TMSN3), CH3CN, 2 h, room temperature (r.t.) (99%); ii. PTSA, DCM/EtOH
(4:1), 36 h, reflux (80%); iii. Alkyne 4a-g, CuSO4$5H2O, sodium ascorbate, H2O t-BuOH (1:1), MW 120 �C, 300 W, 10 min (70e86%); iv. a) H2, Pd/C, MeOH, 1 h (80e99%), b) opportune
isocyanate, CH2Cl2, 12 h, r.t. (60e86%).
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Taking into account this potential biological effect, we calculated
half maximal cytotoxic concentrations (CC50) of our compounds
using CellTiter-Glo 2.0 assay (Promega), which evaluates the cell
viability by measuring cellular ATP as a marker of the cellular
metabolic activity. According to the reported mechanism of
toxicity, the CC50 of compound 1, that was previously tested byMTT
assay in different cell lines was equal to 90 mM.

As reported in Table 2 compounds 6a and 6b and 15b are
characterized by the best antiviral activities, and good selectivity
indexes, respectively 36, 41 and 200. Noteworthy, compound 15b
Scheme 2. Synthesis of O-alkylated ureas modified on tolyl ring 15a-eaaReagents and condit
ii. (for 13a) PPh3, Diisopropyl azodicarboxylate (DIAD), 3-hydroxytetrahydrofuran, THF, r.t. 9
DCM, O/N. r.t.(67%); iv. (for 13d) (a) b-D-ribofuranose 1-acetate 2,3e5 tribenzoate, BF3 Et2O 0
(b) cyclopentyl chloride or MOM-Cl, tetrabutylammonium iodide (TBAI), DMF, r.t., 1 h (70
(69e79%) viii. HCl (3N), MeOH, r.t. 12 h (92%).
shows an IC50 of 0.2 mM, 5-times higher than hit compound 1
already published. Compound 8d retains appreciable activity and
low cytotoxicity, in contrast 15a and 15c were found toxic at the
concentration of 16 mM. Compound 15d, which was inserted in the
antiviral panel as a negative control, was found inactive at the
maximum concentration tested (50 mM). Analogously 23, probably
due to its low inhibiting concentration, does not show any signifi-
cant activity up to 50 mM. 24 and 26 were surprisingly found
inactive, further ADME analysis (see ADME paragraph) demon-
strated their high susceptibility to hydrolysis.
ions: i. (a) H2SO4-H2O (3:1), 100 �C, 30 min; (b)NaNO2(aq) 0 �C to rt c) 150 �C, 2 h (70%);
h (84%); iii. (for 13c) titanium (IV) isopropoxyde (TTIP); diethyl chlorophosphate, TEA,
�C, CH2Cl2,15 min; (b) K2CO3 15 min (62%); v. (for 13b and 13e) (a) NaH, DMF 0 �C to rt

e99%); vi. H2, Pd/C, MeOH, r.t., 1 h (99%); vii. opportune isocyanate, CH2Cl2, 12 h, r.t.



Scheme 3. Synthesis of ureas modified on triazole sidechaina

aReagents and conditions: i. alkyne, CuSO4$5H2O, sodium ascorbate, H2O tBuOH (1:1), MW 300 W, 10 min, 120 �C (84e90%); ii. KOH, TsCl, THF (dry) 24 h, r.t. (72e83%); iii.
opportune amine, DCM, 9 h, 80 �C (69e95%); iv (a) H2, Pd/C, MeOH, 1 h (99%), (b) opportune isocyanate DCM, 5 h r.t. (67e75%); v. TTIP; diethyl chlorophosphate, TEA, DCM o.n. r.t,
(75%)vi.opportune acid, DCC, DMAP, DCM, DMF 9 h, r.t. (68e74%).
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2.4. Activity on HIV-1 resistant strains

Taking into account the lowaqueous solubility of 15b (for details
see ADME section), lower than hit compound 1 and outside the
recommended range reported for a drug candidate [31], we decided
to perform subsequent studies on compound 6b. Its antiviral ac-
tivity was evaluated against a panel of HIV-1 strains carrying mu-
tations that confer resistance to the major classes of currently
approved antivirals such as protease inhibitors (PIs), nucleos(t)ide
reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse
transcriptase inhibitors (NNRTIs), integrase inhibitors (INIs)
(Table 3). As expected, IC50 values are comprised between 1.5 and
2.3 mM, resulting in fold change values ranging from 0.7 to 1.1,
clearly confirming that resistant strains are fully susceptible to
DDX3X inhibitor 6b. Results are in agreement with our previously
published results [17] and confirm once more the efficacy of IAAs in
overcoming viral resistance.

2.5. In vitro ADME analysis

Selected compounds were profiled in vitro for aqueous solubility
at pH 7.4, liver microsomal stability and membrane passive
permeability.

Kinetic solubility was calculated adding 1 mg of compound into
1 mL of water. After 24 h of stirring at 27 �C, the mixture was
filtered and the quantity of solubilized compound determined by
LC-MS-MS.

As shown in Table 4, except for ether 15b, accordingly to our in
silico prediction all the selected compounds showed improved
aqueous solubility respect to the parent compound 1. In fact, ether
15b, despite its very promising antiviral activity has an aqueous
solubility outside the range recommended for a drug candidate.
This drawback, already prevented us to perform the repeated
toxicological studies with hit 1, due to the compound’s
accumulation and to the problems related to its formulation at
higher doses. Since repeated administrations are necessary to
perform efficacy tests, 15b was discarded. Except for esters 7g and
26, which had only modest improvement of solubility (respectively
3 and 6-times higher), the other compounds were from 10 (iso-
quinolyl derivatives 6a and 6b) to 100-times (9e and 15c) more
soluble than 1.

We then analyzed passivemembrane permeability (AppP) using
Parallel Artificial Membrane Permeability Assay (PAMPA). Briefly,
compound was dissolved in DMSO, diluted with phosphate buffer
and placed into the donor compartment of a multi-well microtitre
plate. After 5 h of incubation, the quantity of compound able to
diffuse from the donor compartment to an acceptor compartment,
passing through a semipermeable artificial membrane, was calcu-
lated by LC-MS-MS. As reported in Table 4 compounds are char-
acterized by low but non limiting AppP, esters derivatives 7g and 26
have values comparable or higher than 1.

Finally, microsomal metabolic stability tests were performed.
Each compound was solubilized in DMSO solution and incubated at
37 �C for 60 min in phosphate buffer in presence of human liver
microsomes. The reaction mixtures were then centrifuged, and the
parent drug and metabolites were subsequently determined by LC-
UV-MS. As reported in Table 4 compounds showed good to excel-
lent metabolic stability, with exception of esters derivatives 7g and
26 which were respectively converted into the corresponding
alcohol and carboxylic acid.

2.6. In vivo BD, PK and toxicity studies

Despite the promising antiviral activity of 6b, its aqueous solu-
bility outside the recommended range coupled with the previous
issues related to hit 1 formulation and accumulation in the organs,
6b was chosen as preclinical candidate. Its low passive perme-
ability, as reported in ADME section, in absence of any information



Table 1
Anti-enzymatic activity of the compounds against the DDX3X helicasea.

Cmpd.ID IC50± SDb(mM) Cmpd.ID IC50± SDb(mM)

1*

0.30 ± 0.16

15e

0.82 ± 0.12

6a

0.15 ± 0.09

15f

0.49 ± 0.10

6b

0.12 ± 0.10

20a

na

7c

nd

20b

59.68 ± 3.0

7g

2.02 ± 0.7

20c

53.80 ± 1.1

8d

1.51 ± 0.8

21c

40.06 ± 1.7

9e

1.00 ± 0.5

22c

2.90 ± 0.2

9f

na

23a

13.00 ± 3.1

10a

2.49 ± 0.7

23b

11.20 ± 1.2

15a

0.10 ± 0.07

24

0.89 ± 0.6

15b

0.14 ± 0.05 25

25

1.29 ± 2.1

15c

0.94 ± 0.12

26

0.40 ± 0.5

(continued on next page)
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Table 1 (continued )

Cmpd.ID IC50± SDb(mM) Cmpd.ID IC50± SDb(mM)

15d

na

27

5.09 ± 0.8

a Data represent means values of at least two experiments each performed in duplicate ± S.D.
b IC50 half maximal inhibitory concentration. na: not active. nd: not determined, compound precipitated from medium.

Table 2
Antiviral activity of selected compounds against HIV-1 infected cells.

Cpd IDa IC50
b ± SD (mM) CC50

c (mM) SId

1* 1.11 ± 0.5* 90 81
6a 2.2 ± 1.5 80 36
6b 2.1 ± 1.0 86 41
7g >50 125 e

8d 3.8 ± 1.1 90 24
15a 2.6 ± 1.0 16 6
15b 0.2 ± 0.02 40 200
15c 5.5 ± 1.6 16 2.9
15d >50 100 e

23b >50 80 e

24 >50 50 e

26 >50 95 e

a Data represent mean ± standard deviation at least two experiments.
b IC50: half maximal inhibitory concentration.
c CC50: Half maximal cytotoxic concentration.
d Selectivity Index (SI): CC50 to IC50 ratio; *Previously published data.

Table 4
In vitro ADME studies of selected compounds.

Cmpd.ID AppPa LogSb HLM Stabilityc

1 2.86$10�6 �7.0 99
6a <0.1$10�6 �5.8 95.2
6b 0.18$10�6 �5.7 89.7
7g 1.56$10�6 �6.4 16.9
9e 0.69$10�6 �4.3 94.2
15b 1.96$10�6 �7.4 92.5
15c 0.68$10�6 �4.7 85.2
24 0.72$10�6 �5.4 53.7
26 4.24$10�6 �6.7 49.3

a Apparent permeability reported in cm$s�1.
b Aqueous solubility expressed as Log of molar concentration.
c Human Liver Microsomal Metabolic Stability expressed as percentage of un-

modified parent drug.
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about its active permeability, led us to investigate its administra-
tion using intravenous (i.v.) route. In order to choose the best dose
of compound 6b to be administered, and to identify its concen-
tration in plasma and organs, four groups of 18 Balb/c mice each,
were treated with compound 6b, at the dose of 8 mg/kg, 16 mg/kg
or 32 mg/kg and the other received vehicle. Mice were all injected
by i.v. administration via tail vein and blood samples were collected
at 15 and 30 min and 1, 2, 4, 6, and 24 h. Samples were processed
and analyzed by HPLC-MS (For details see methods). The main
pharmacokinetic parameters from single-compartment model
analysis are summarized in Fig. 3. The half-life elimination and the
plasmatic clearance values denoted that 6b was slowly eliminated
after i.v. administration.

Tissues (kidneys, liver, spleen and brain) were collected at 15
and 30 min and 1, 2, 4, 6, and 24 h after i.v. administration of 16mg/
kg and 32 mg/kg of 6b. Tissue samples were accurately processed
and analyzed, results are reported in Fig. 4 (For details see
methods). Compound 6b reached the maximum concentration
Table 3
Antiviral activity of compound 6b against HIV-1 resistant strains.

Virusa Drug class resistanceb Resistance mutations

NL4-3 none none
11808 PIs Major: V32I, I54V, I84V, L9

Accessory: L10F, V11I, K20
7400 NRTIs M41L, E44D, D67N, T69D, M
11847 INIs G140S, Q148H
12231 NNRTIs K103N, V179F, Y181C

a NIH AIDS Reagent Program catalogue number (www.aidsreagent.org).
b PIs: protease inhibitors; NRTIs: nucleos(t)ide reverse transcriptase inhibitors; NNRTI
c Antiviral activity calculated with a two round of infection assay.
d Fold change values indicate the ratio between IC50 values from resistant and wild ty
after 1 h, and was completely eliminated after 24 h. No trace of 6b
was found into the brain, demonstrating its inability to cross blood-
brain barrier. As reported by Nolan et al. [32] the spleenmay act as a
reservoir for HIV thus contributing to the viral persistence. Inter-
estingly, we found important concentrations of 6b in the spleen,
that suggest a potential use of our compound in the reservoir
reduction. According to the ADME data, 6b reached good concen-
trations, that are in every case major than its IC50. In fact, after
240 min its plasmatic concentration was around 10 mM, 5-times
higher than its IC50. After 24 h the plasmatic concentration
decreased to 2 mM, suggesting that a daily administration will be
necessary in a future efficacy test.

In order to identify potential target organs and toxicities two
groups of 10 Balb/c mice each, were treated with 6b at the highest
dose of 32 mg/kg. Mice were all injected by intravenous adminis-
tration via tail vein, three times aweek for three consecutiveweeks.
Observations were made twice a day for clinical signs of pharma-
cologic and toxicological effects of the treatment. The body weights
of all mice were recorded before the experiment and once every
IC50 ± SD (mM)c FCd

2.1 ± 0.8 e

0M
T, L33F, E35G, A71I, G73S, L89V

2.3 ± 0.1 1.1

184V, L210W, T215Y 1.8 ± 0.8 0.8
1.5 ± 0.1 0.7
1.8 ± 0.1 0.8

s: non-nucleoside reverse transcriptase inhibitors; INIs: integrase inhibitors.

pe strains.

http://www.aidsreagent.org


Fig. 3. Pharmacokinetic analysis. Four groups of 18 Balb/c mice each, were treated with compound 6b, at the dose of 8 mg/kg, 16 mg/kg or 32 mg/kg. Mice were all injected by
intravenous administration via tail vein and blood samples were collected at 15 and 30 min and 1, 2, 4, 6, and 24 h. Samples were processed and analyzed by HPLC-MS.

Fig. 4. Biodistribution of 6b in Balb/c mice. Concentration levels of compound in mice tissues at 5, 30, 60, 120, 240 and 1440 min of 6b at the dose of 16 mg/kg, and 32 mg/kg iv.
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day after the treatment and showed no significant changes. No
animal died before the end point. Two days after the last injections,
liver, kidneys and brain were excised from all animals, extensively
washed with distilled water and stored at 4 �C in 4% formaldehyde
for subsequent analysis. Depth histopathological examination was
carried out following necropsy. Organ Samples sections were
stained with hematoxylin and eosin (H&E). As highlighted in Fig. 5,
no histological alterations were found at the tested dose, demon-
strating that 6b is well tolerated.
3. Conclusions

In the present paper, starting from hit compound 1, 25 novel
potential inhibitors of the helicase activity of the human protein
DDX3X were rationally designed using a homology model previ-
ously generated by us. The molecules able to retain compound 1
main interactions within the helicase binding site and character-
ized by increased in silico predicted aqueous solubility were then
synthesized and validated against DDX3X enzyme. As a result, 21
novel DDX3X inhibitors were found, with inhibitory activities
ranging from 0.1 to 60 mM. Eleven compounds were then evaluated
against HIV-1 infected cells, by using an in vitro phenotypic cell-
based assay, revealing activities ranging from the low micromolar
to submicromolar range. A preliminary ADME analysis was per-
formed, in order to select themost promising compound for further
in vivo assays. Compounds metabolically instable or poorly soluble
were abandoned. Unfortunately, despite the promising antiviral
activity of 0.2 mM, compound 15bwas discarded due to its very low
aqueous solubility, which already prevented us to perform sub-
chronic in vivo studies. Taking into account ADME parameters,
antiviral activity and SI, compound 6b, 10-times more soluble than
hit compound 1, was selected to perform additional studies. Ac-
cording to its mechanism, directed against a host target, the anti-
viral activity was retained against a panel of HIV-1 resistant strains
carrying resistance mutations in the viral proteins targeted by the
currently approved DAAs, with fold changes comprised between
0.8 and 1.1 that demonstrated the full susceptibility to the drug.

Finally PK, BD and subchronic toxicity in mice were carried-out,
revealing optimal tolerability and improved biodistribution respect
to hit compound 1 previously published [17]. In conclusion, we



Fig. 5. Representative images of the histological examination of HE-stained sections of Brains (A, B, C, D), A-B: Treated mice, C: Vehicle group, D: Wilde Type group; Liver (E, F, G, H),
E-F: Treated mice, G: Vehicle group, H: Wilde Type group; Kidneys (I, L, M, N), I-L: Treated mice, M: Vehicle group, N: Wilde Type group. Treated mice do not exhibit abnormal
histopathological changes compared with control groups. The microphotographs were taken using digital camera (Nikon SLR-D3000) at original magnification of 200X.

Chart 1. Structures of known DDX3X inhibitors with anti-HIV-1 activity.
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report herein a novel promising DDX3X inhibitor, characterized by
antiviral activity against HIV-1 wt and resistant strains. In vivo re-
sults highlighted optimal tolerability and suggest that a daily dose
of 32 mg/kg could be used to perform efficacy studies in HIV-1
infected mice, reaching concentrations 4-times higher than IC50.
The absence of histological alterations, coupled with the good PK
profile and the promising antiviral activity, make 6b a good
candidate for in vivo experiments alone or in combination with
other drugs with different mechanism of action as a novel strategy
to overcome the drug resistance associated with other DAAs. In
addition, the high concentration found into the spleen suggested a
possible therapeutic use in the reservoirs’ treatment. Finally, the
SAR reported herein will be taken into account to synthesize novel
back-up derivatives with improved ADME properties.

Even if further studies are necessary to prove the efficacy on an
animal model of HIV-1 infection, our results pave the way for the
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use of host targeting antivirals such as DDX3X inhibitors against
viral diseases, in particular in the treatment of resistant strains that
are no more susceptible to the DAAs currently available on the
market.
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