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ARTICLE INFO ABSTRACT

We have previously reported a new class of dendrimers with tryptophan (Trp) residues on the surface that show
dual antiviral activities against HIV and enterovirus EV71. The prototype compound of this family is a derivative
AIDS of pentaerythritol with 12 peripheral Trp groups and trivalent spacer arms. Here a novel series of dendrimers

Keywords:
Antiviral agents

HIV with divalent and tetravalent branched arms, instead of the trivalent ones present on the prototype, has been
Eg,lz synthesized and its activity against HIV, EV71 and a panel of 16 different viruses and other pathogens has been
Tryptophan determined. Convergent or divergent approaches have been used for the synthesis of these compounds. Our

findings demonstrate that only compounds with tetravalent branched arms showed the same anti-HIV and anti-
EV71 activity of the prototype (low micromolar) and even gain significant antiviral activity against new pa-
thogens such as HSV-2, adenovirus-2, human corona virus and respiratory syncytial virus, being the first
members of the Trp dendrimer family that showed activity against those viruses. As the prototype, these
compounds also showed low-nanomolar activity against a representative EV71 clinical isolate. Experimental
work carried on to determine the mode of action of the most potent IIa, containing tetravalent branched arms,
demonstrated that it interacts with the viral envelopes of HIV, EV71 and HSV-2 and thus may prevent virus
attachment to the host cell. These results support the interest of this new series of Trp dendrimers and qualify
them as useful prototypes for the development of novel inhibitors of viral entry with broad antiviral spectrum.

Human immunodeficiency virus (HIV) is the etiologic agent of the
Acquired Immunodeficiency Syndrome (AIDS), a devastating infectious
disease that continues to be a major global public health problem
(UNAIDS DATA, 2018; WHO, 2018). The use of antiretroviral therapy
(ART) has improved life expectancy and transformed HIV-1 infection
into a manageable chronic disease (Arts, 2012; Broder, 2010; De Clercq,
2016; Mehellou, 2010; Volberding, 2010; Zhan, 2016). Despite this,
long-term side effects, latent viral infection within reservoirs and the
development of drug resistance, weaken the efficacy of all clinically
available drugs (Drug Resistance Data Base, 2018; Margolis, 2014;
Rojas, 2014) highlighting the fact that new inhibitors and antiviral
treatment strategies are constantly needed (Badia, 2017; Barreé-
Sinoussi, 2013; Gulick, 2019a; Kumari, 2013; Tintori, 2014). In this
sense, the initial steps in the HIV replicative cycle (entry and/or fusion
with the host cells) are very attractive targets (Esté, 2011; Kang, 2013;

Klase, 2012; Lu, 2016; Micewicz, 2013; Wensing, 2012).

Currently there are only two FDA-approved entry inhibitors, Fuzeon
(Ding, 2018; Fletcher, 2003), which targets the envelope glycoprotein
gp41 and Maraviroc (Woollard, 2015), which targets the host cell re-
ceptor CCR5. However, despite the fact that the envelope glycoprotein
gp120 is critical for HIV entry, there are still no approved drugs di-
rected towards this target, being Fostemsavir, now in phase III clinical
trials (Cahn, 2018; Gulick, 2018; 2019b; Meanwell, 2018; Vitoria,
2019) the most advanced drug in this class.

We have previously reported that dendrimer derivatives, with per-
ipheral tryptophan (Trp) residues and trivalent aliphatic branched
arms, exemplified by dendrimer 1 (Fig. 1), inhibit an early step in the
replicative cycle of HIV by interacting with the gp120 and gp41 gly-
coproteins of the HIV envelope (Rivero-Buceta, 2015). Due to the cur-
rent interest in HIV entry inhibitors associated with gp120 binding, our
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Fig. 1. Structure of the dendrimer prototype 1.

Trp dendrimers are attractive candidates for further development.

Interestingly, dendrimer 1 also proved to be a potent, specific and
selective inhibitor of the replication of the unrelated enterovirus A71
(EV-A71) (Rivero-Buceta, 2016), one of the major etiologic agents of
hand, foot, and mouth disease (HFMD), which is occasionally asso-
ciated with severe neurological complication in young children
(Baggen, 2018; McMinn, 2002; Nadel, 2013; Solomon, 2010). So far,
there are no antivirals approved to treat/prevent the HFMD infection.

Dendrimer 1 inhibits not only the laboratory strains of EV71 (BrCr
strain) but also a large panel of clinical isolates (belonging to each of
the genogroups) in the low-nanomolar/high-picomolar range (Rivero-
Buceta, 2016). Recently, it was demonstrated that 1 targets residues of
the structural protein VP1, particularly the region that forms the 5-fold
vertex of the viral capsid, in turn blocking the binding of the virus to the
host cell (Sun, 2019).

With respect to the SAR studies, modifications have been made in
the central core and at the periphery of the prototype 1 (Rivero-Buceta,
2015, 2016; Martinez-Gualda, 2017). All of these modifications led to
the conclusion that a multivalent presentation of Trps, with their re-
spective indol side chain and free COOHs, is required for the antiviral
activity against both HIV and EV71.

In all these compounds, trivalent spacer arms have been used to link
the peripheral amino acids to the central core. To obtain more SAR
information, new Trp dendrimers with lower and higher branching
degree have now been prepared (Fig. 2). The lower branching degree,
achieved through divalent branched arms (Fig. 2, compounds Ia-d), has
been used to decrease peripheral congestion, and the highest branching
degree, achieved through tetravalent branched arms (Fig. 2, com-
pounds Ila-d), to maximize multivalent effects. Central scaffolds of
different architecture and flexibility with four (Fig. 2, compounds Ia
and IlIa) or three (Fig. 2, compounds Ib-d and IIb-d) carboxylic acids as
attachment points have been used.

The dendrimers Ia-d and Ila-d were first evaluated for their in-
hibitory effects against the replication of HIV-1 and HIV-2 in CD4* T
cell cultures. Table 1 summarizes the results of this evaluation. The
antiviral data of prototype 1 are included as reference, as well as dex-
tran sulfate-5000 (DS-5000), a negatively charged HIV adsorption in-
hibitor (Baba, 1988) and pradimycin A (PRM-A), a gp120 carbohy-
drate-binding entry inhibitor (Balzarini, 2007).

All the synthesized compounds showed micromolar activity against
the replication of HIV-1, being the dendrimers Ila-d (ECs: 0.2-1.1 pM)
and Ia (ECso: 1.9 uM), with 12, 16 or 8 peripheral Trp residues re-
spectively, considerably more active than Ib-d (ECs¢: 3.6-10 uM), with
only 6 peripheral Trp groups. In addition, Ila-d, as well as Ia, but not
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Ib-d, showed micromolar activity against HIV-2. Such differences in
activity suggest that a minimum number of Trp residues is required for
optimal HIV-1 and HIV-2 activity. No toxicity was observed for the host
cells with any of these compounds at a concentration up to 100 uM.

Interestingly, dendrimer Ia (ECso: 1.9 uM), which contains 8 per-
ipheral Trp residues and divalent spacer arms, is equally active against
HIV-1 as prototype 1 (ECso: 2.3 uM), with 12 peripheral Trp residues
and trivalent spacer arms. This result suggests that although the activity
seems to be mainly related to the number of peripheral Trp residues,
some other features of the molecules, such as the specific orientation of
the Trp residues and/or the lower congestion of the peripheral amino
acids, can be important for activity.

To determine at which stage of the HIV replication cycle the com-
pounds act, a time-of-drug-addition study was performed with the most
potent Ila. Different well-characterized anti HIV drugs were used as
reference drugs. As inhibitor of the entry/fusion process the adsorption
inhibitor DS5000 was used. AZT was used as reverse transcriptase in-
hibitor.

As it was shown in Fig. 3 full protective activity was achieved only
when ITa was added early to the cells, almost within 1 h just before HIV
was added. However, IIa lost its activity when it was added after HIV.
This experiment clearly shows that ITa needs to be present in cell cul-
ture at the start of the virus infection (binding/adsorption period).
Thus, we can conclude that compound IIa, like the prototype 1, inter-
feres with early event(s) of the replicative cycle of HIV, very likely by
inhibiting the entry of HIV into its susceptible human CD4* T cells.

Next the potential binding of IIa to the virus-encoded gp120 en-
velope glycoprotein using surface plasmon resonance (SPR) technology
was investigated. PRM-A was used as a positive control. As PRM-A,
compound IIa clearly showed a high binding signal confirming the HIV
interaction with gp120. Next, detailed SPR-directed affinity was de-
termined using concentrations of IIa ranging between 3.1 and 0.1 pM.
The apparent Ky, for the binding of ITa to gp120 (Fig. 4 and Table 2) was
in the sub micromolar range (Kp: 0.3 uM), being 23 times more pro-
nounced than those found for the positive control, PRM-A (Kp: 6.9 uM)
and other members of the dendrimer family with trivalent branched
arms (Kp: 6.7 uM) (Rivero-Buceta, 2015).

The new compounds Ia-d and Ila-d have also been evaluated to
determine the selective antiviral activity (ECso) against the BrCr la-
boratory-adapted strain of EV71 in a virus-cell-based assay in rhabdo-
myosarcoma (RD) cells (Yamayoshi, 2009). Toxicity (CCso) was also
assessed in a similar way with compound-treated, uninfected cells.
Table 1 summarizes the results of this evaluation. The antiviral data of
prototype 1 and the capsid binder pirodavir were included as references
(Andries, 1992).

Dendrimers with divalent branched arms Ia-d were inactive (Ib and
Ic) or much less active (Ia, Id) than the prototype 1, while dendrimers
with tetravalent branched arms (IIa-d) showed a similar anti-EV71
activity (ECso: 1.5-0.2 uM) than prototype 1 (ECso: 0.3 uM). Among
these, Ila (ECso: 0.2puM) and IId (ECso: 0.5puM) showed the highest
anti-EV71 activity.

In this case, and in contrast to HIV, a wide difference in activity was
observed between Ia (ECso: 27.1 uM), with branched divalent arms and
8 peripheral Trp residues, and prototype 1 (ECso: 0.3 pM), with triva-
lent branched arms and 12 peripheral Trp residues. This suggests that a
greater degree of multivalency might be more important for EV71 than
for HIV-1 activity.

In addition, the most active compounds, Ila and IId, were evaluated
in a virus-cell-based assay against B2 11316, as a representative EV71
clinical isolate. Interestingly, and as previously reported for the Trp
prototype 1 (ECso: 0.4 = 0.0nM) (Rivero-Buceta, 2016), the selected
dendrimers IIa and IId are extremely potent inhibitors of this EV71
clinical isolate (activity in the nanomolar range) (ECs, for Ila:
1.7 = 0.2nM; ECs for Ild: 1.3 *= 0.06 nM) (Supporting Information,
Table S2). These differences between the BrCr laboratory and the
clinical strains were not observed when the cells were treated with a
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Fig. 2. Structure of dendrimers with divalent (Ia-d) and tetravalent (Ila-d) branched arms.

“classic” capsid binder like pirodavir (data not shown). This finding
suggests that Trp dendrimers can act through a novel mechanism of
action that is very different from that of “classic” capsid binders
(Tijsma, 2014).

To determine if the novel Trp dendrimers IIa-d, whose structure is
closely related to that of 1, would retain the same mechanism of action,
cross resistance studies were performed with the most potent com-
pound, ITa. This compound was evaluated for its inhibitory activity
against the EV-71 variant (RES) that confers resistance to the prototype
1 (Sun, 2019) (Table 3 and Supporting Information, Fig. S6). Interest-
ingly, Ila retained some antiviral activity (ECso: 2.4 uM) against this
mutant virus strain, although this activity was at least 19-fold lower
than against the wild-type virus. In contrast, rupintrivir, a 3C protease
inhibitor, retained full antiviral activity against the mutant virus strain.
Overall, these data suggest that ITa has a similar mechanism of antiviral
activity (and resistance) as the parent prototype 1 and thus should in-
teract with the five-fold axis of the capsid. However, it cannot be ex-
cluded that it may show additional interactions with amino acids at the

five-fold axis, thus accounting for the residual activity against mutant
EV71 viruses.

All synthesized compounds Ia-d and Ila-d were also assayed against
a variety of RNA and DNA viruses. Interestingly, dendrimers with tet-
ravalent branched arms (Ila-d) showed significant activity against
herpes simplex virus type 2 (HSV-2), adenovirus-2, human corona virus
(HCoV-229 E) and respiratory syncytial virus. (Supporting Information,
Table S1 and Figs. S1 to S4). In contrast, prototype 1 did not reveal any
inhibitory activity against those viruses (data not shown) (Rivero-
Buceta, 2016).

Compound IIb (ECso: 20 uM), which contains a very flexible central
scaffold, showed less antiviral activity against HSV-2 than compounds
IIa, Ilc and IId (ECso: 5.6-8.9 uM), with more rigid central scaffolds. In
contrast, IIb (ECso: 8.9 uM) was more active against HCoV-229 E than
IIa, IIc and IId (ECso: 40-45 uM), showing that the structural require-
ments for activity are different between those viruses.

Particularly important is the activity showed by some of these
compounds (II a, ¢, d) against herpes simplex virus type-2 (HSV-2)

Table 1

Anti-HIV and anti-EV71 activity of the synthesized compounds.
Compound HIV-1 EC50™° (uM) HIV-2 ECs0™° (UM) CCs0™ (UM) EV71 ECso *“ (uM) EV71 ECoo ““ (UM) CCs0™" (UM)
Ia 1.9 = 0.2 6.8 + 5.8 > 100 27.1 ND > 60
b 10 £ 6 > 100 > 100 >822 ND > 82
Ic 52 + 2 > 100 > 100 > 85.1 ND > 85
1d 3.6 = 0.0 > 100 > 100 20.5 ND > 57
Ila 0.2 + 0.01 3.2 + 0.10 > 100 0.20 + 0.02 0.57 + 0.03 >19
b 1.1 + 0.10 3.9 + 0.30 > 100 1.44 + 0.14 2.67 + 0.05 > 26
Iic 1.0 + 0.02 1.4 + 0.02 > 100 1.51 = 0.14 2.60 + 0.19 > 27
nd 1.1 + 0.30 1.3 + 0.02 > 100 0.52 + 0.03 0.95 + 0.04 > 27
1 2.3 + 0.30 6.6 + 7.7 > 100 0.3 + 0.10 0.5 + 0.10 > 25
DS-5000 0.07 + 0.02 0.03 + 0.01 > 20 ND ND ND
PRM-A 3.3+ 12 59 + 3.7 > 100 ND ND ND
Pirodavir ND ND ND 0.3 = 0.10 0.6 + 0.2 > 100

Cell-based activity and toxicity assays were performed to determine ECs, and CCsq of selected compounds in the context of HIV and EV71 infection (see supple-
mentary information for detailed protocols). Briefly, for EV71 RD cells were seeded in 96-well plate and infected at an MOI of 0.1. Decreasing concentration of
compound were applied concomitantly with virus (1:3 dilution, concentration range 100 uM-0.1 uM). Cells were harvested at 3 days post infection and the virus-

induced CPE inhibition was measured by MTS assay.

Data are the mean * S.D. of 3 independient experiments in the two different susceptible cell types MT-4 and RD cells.

ND: Not Determined.

a

b

¢ In MT-4 cultures.
In RD cultures.

ECso: 50% Effective concentration, or the concentration required to inhibit virus-induced cytopathicity by 50%.
CCso: 50% Cytostatic concentration, or the concentration required to inhibit host cell viability by 50%.

¢ ECgp: concentration of compound at which the EV71-induced cytopathic effect is reduced by 90%.
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Fig. 3. Time of drug-addition experiment in HIV-1 infected TZM-bl cells.

(genital herpes), a virus considered an important risk factor in HIV
infection (Barnavas, 2012; Desai, 2015; Munawwar, 2016). Interest-
ingly, an immunofluorescence experiment revealed that the most po-
tent, Ila (Supporting Information, Table S1) inhibited the binding of a
monoclonal antibody (mAb) directed to the HSV-2 envelope (Sup-
porting Information, Table S3) supporting the interaction of Ila with
the HSV-2 viral surface.

Finally, a broad anti-microbial screening was carried out for com-
pounds Ia and ITa. The pathogens against which they were tested in-
clude Gram positive and negative bacteria and the yeast Candida albi-
cans. None of the tested compounds showed inhibitory activity against
these pathogens at sub-toxic concentrations.

In summary, a new series of Trp dendrimers containing divalent and
tetravalent branched arms, instead of the trivalent ones present in the
prototype 1, have been synthesized using convergent and divergent
approaches. Our findings demonstrate that only compounds with tet-
ravalent branched arms (Ila-d) showed a similar inhibitory activity
against HIV and EV71 (laboratory strain) to that of the prototype 1 and
interestingly, as previously reported for 1, are extremely potent in-
hibitors of the clinical EV71 isolate B211316 (low-nanomolar/high-
picomolar potency). Notably, these compounds are also endowed with a
significant inhibitory activity against HSV-2, HCoV-229E and re-
spiratory syncytial virus, being the first members of the Trp dendrimer
family that showed activity against those viruses.

Experimental work carried on to determine the mode of action of
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Table 2
Apparent KD value for ITa-gp120 interaction.

Compound K, (10%) (1/M.s) K, (1073 (1/5) Kp (107°) (M)
Ila 7.14 + 2.41 2.26 + 0.34 0.34 + 0.86
PRM-A 2.76 + 1.00 17.16 + 4.21 6.92 *+ 25.99

Average and standard deviation of kinetic parameters obtained from three re-
plicate SPR experiments measuring the binding response between gp120 and
IIa/PRM-A.

Table 3
Susceptibility of reverse-engineered EV71 variant to prototype 1 and compound
IIa.

Compound EV-A71 BrCr (WT) VP1_S184T_P246S (RES)  Fold
ECso” (UM) ECso” (UM) resistance
1 0.56 = 0.06 > 14 > 25
Ila 0.12 = 0.002 2.4 + 0.6 19
Rupintrivir  0.014 + 0.004 0.016 + 0.006 1.1

@ Averages and standard deviation (SD) were calculated from data obtained
from two independent antiviral assays.

the most potent Ila, demonstrated that it interacts with the viral en-
velopes of HIV, EV71 and HSV-2 probably preventing virus attachment
to host cells. Maybe, the binding sites on the respective viral surfaces

RU
400 —

350 —+
300 —+
250 —
200 —
150 —

Response

-100 -50 O 50 100 150 200 250 300 350 400

Time s

Fig. 4. Multiple cycle kinetics of ITa (left) and PRM-A (right). This figure shows one of the three replicate experiments. The latter was used as a positive control for the
gp120 surface. The colored curves represent the real-time binding responses, the black curves indicate the calculated 1:1 Langmuir model fitting. The concentration
of ITa ranged between 3.125 and 0.1 pM and that of PRM-A between 50 and 3.125 M, both analytes were diluted using two-fold dilution steps. For both analytes, the

ability of binding to gp120 was confirmed.
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have adequate residues to establish electrostatic, hydrogen bond and
van der Waals interactions with the negative charges and indole side-
chains of the Trp residues.

All of these findings support the interest of this new family of Trp
dendrimers and qualify them as attractive lead compounds to develop
new viral entry inhibitors with broad antiviral spectrum.
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