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ARTICLE INFO ABSTRACT

Keywords: Despite the increasingly widespread clinical impact of adenovirus (HAdV) infections in healthy
Adenovirus individuals and the associated high morbidity in immunosuppressed patients, particularly among
Cycloaurated complexes the paediatric population, a specific treatment for this virus has yet to be developed. In this study,
Antivirals we report the anti-HAdV activity of sub-micromolar concentrations of four heteroleptic (C"S)-
Metallodrugs

cycloaurated complexes bearing a single thiophosphinamide [Au(dpta)Cl,, Au(dpta)(mrdtc),
and Au(dpta)(dedtc)] or thiophosphonamide [Au(bpta)(dedtc)] chelating ligand and a dithio-
carbamate moiety. In addition to their low cytotoxicity, the findings of mechanistic assays
revealed that these molecules have antiviral activity by targeting stages of the viral replication
cycle subsequent to DNA replication. Additionally, all four compounds showed a significant in-
hibition of human cytomegalovirus (HCMV) DNA replication, thereby providing evidence for
potential broad-spectrum antiviral activity.

1. Introduction

Human adenovirus (HAdV) can cause life-threatening disseminated diseases in haematopoietic stem cell transplant recipients,
particularly among paediatric patients; it is a well-established cause of community-acquired pneumonia in the general population [1].
Given that currently, no generally acceptable therapeutic options are available for treating HAdV infections, identifying effective new
antiviral agents is imperative [2,3]. Although at present, cidofovir (CDV) is the most frequently used medication administered for the
treatment of HAAV infections [4], its use tends to be limited on account of the substantial variability in its efficacy, poor bioavailability,
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and adverse side effects [5]. Similarly, whereas brincidofovir (BCV), a lipidic conjugate of CDV, has shown promising results in phase II
and III clinical trials (NCT01231344 and NCT02087306), its use is also associated with long-term adverse effects [6,7].

Due to their diverse structural features, roles in redox processes, and multiplicity of mechanisms of action associated with metal
ions, metal-based compounds have become a focus of considerable attention as viable antiviral candidates in recent years [8,9]. In
particular, on account of their antimicrobial activities against viruses, bacteria, and fungi, gold (Au) complexes have attracted
widespread interest across various medical fields, particularly in the infectious diseases field [10-12].

Previous studies on these complexes have predominantly centred around Au(l) complexes [13]. Auranofin [(2,3,4,6-tet-
ra-O-acetyl-1-thio--D-glucopyranosato-xS)(triethylphosphoranylidene)-gold(I)], a gold-based metallodrug used for the treatment of
rheumatoid arthritis, is considered the paradigm within this family of gold(I) compounds [14]. Notably, it inhibits SARS-CoV-2
replication at low micromolar concentrations [15]. Additionally, other gold(I)-derived complexes have demonstrated to have anti-
leishmanial activity in vitro and in vivo at low doses [16]. Furthermore, they have demonstrated efficacy in inhibiting Chikungunya
virus at different stages of the replicative cycle [17].

Compared with Au(I) complexes, the antiviral applications of their higher-oxidation-state gold(III) counterparts have been rela-
tively little assessed. However, among those studies that have been conducted, a notable observation was made with the treatment of
Chagas disease using an organometallic gold(III) complex. This complex comprises an Au(III) cation stabilized by an S,N,S tridentate
thiosemicarbazone ligand, demonstrating the ability to eliminate the parasite without inducing cytotoxic effects on mammalian cells.
Additionally, the complex contributed to a reduction in parasitaemia and tissue parasitism and exhibited protecting effects on the liver
and heart in vivo [18]. Bis(thiosemicarbazonate)gold(III) complexes are comprised of ligands that are S,N,N,S tetracoordinated to the
metal cation through two iminic nitrogen atoms and two sulphur atoms. These complexes have demonstrated anti-HIV activity by
inhibiting viral infection of TZM-bl cells by 98% at a non-toxic concentration of 12.5 pM [19]. Other stable Au(III) complexes with
anti-HIV activity include gold(III) dichlorides [20], tetrachlorides [21,22], and cationic porphyrin-Au(Ill) complexes [23]. Further-
more, in a more comprehensive study, Hewer and co-workers investigated the anti-HIV activity of a number of gold(III) complexes,
including gold(III) tetrachloride, mononuclear hydroxyl, and dinuclear oxo-bridged bipyridyl chelated N"N systems, C(4)-metalated
derivatives of N-phenylpyrazole gold(IIl) dichloride, and C"N-cyclometalated compounds. The authors found these complexes to be
effective inhibitors of HIV-1 reverse transcriptase and HIV-1 integrase at low micromolar concentrations. They proposed that the
strong oxidative capacities of these complexes are the most probable factor contributing to the inhibition of target proteins [22].
Recently, Ott et al. reported an extensive study on the application of metallodrugs as therapeutic agents against SARS-CoV-2 [24], in
which they examined the efficacies of trihalido N-heterocyclic carbene (NHC) Au(IIl) complexes and glycoconjugates of dibromo Au
(I11) dithiocarbamates. Both types of complexes demonstrated good activity against the SARSCoV-2 papain-like protease PLpro, with
the dithiocarbamate derivatives being among the most potent of the 105 complexes screened.

In contrast to the strong interest shown in cyclometalated and dithiocarbamate Au(III) complexes for developing anticancer agents
and alternatives to cisplatin and platinum analogues [25], few studies have investigated these compounds with a goal of discovering
antiviral metallodrugs [22]. In this context, cyclometallation is a particularly useful strategy for stabilizing gold ions in the +3
oxidation state [26]. Previously, we demonstrated that organometallic (C"S)-cycloaurated complexes are hydrolytically stable under
strongly acidic conditions and are unaffected by biological reductants such as ascorbate and glutathione. Moreover, when used in
combination with colistin, these complexes have displayed potent antimicrobial and antibiofilm activities against a broad spectrum of
antibiotic-resistant bacteria [27,28], including gram-negative strains. To the best of our knowledge, however, the antiviral activities of
organometallic Au(Ill) complexes stabilized by C,S-chelating ligands have yet to be systematically assessed. Consequently, our
objective in this study, was to evaluate the anti-HAdV properties of four (C"S)-cycloaurated complexes bearing ortho-deprotonated
thiophosphinamide [Au(dpta)Cl,, Au(dpta)(mrdtc), Au(dpta)(dedtc)] or thiophosphonamide [Au(bpta)(dedtc)] as the main li-
gands, together with a dithiocarbamate moiety (Fig. 1).

2. Methods
2.1. Cells and viruses

Human A549 (ATCC CCL-185) and HFF (ATCC SCRC-1041) cell lines and wild-type HAdV5 and HCMV (AD169) were purchased
from the American Type Culture Collection (ATCC, Manassas, VA, USA). A 2935 stable cell line overexpressing the human p5 integrin
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Fig. 1. Chemical structure of the (C"S)-cycloaurated complexes studied in this work.
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subunit was kindly provided by Dr. G. Nemerow [29]. The cell lines were propagated in Dulbecco’s modified Eagle’s medium (DMEM,;
Life Technologies/Thermo Fisher Scientific) supplemented as previously reported [30]. The HAdV5-GFP used in this study was a
replication-defective HAdV containing a green fluorescent protein (eGFP) reporter gene cassette, under the regulation of a CMV
promoter in place of the E1/E3 regions [31]. An HAAV-RFP virus expressing the red fluorescent protein (RFP) gene under the regu-
lation of the HAdV major late promoter was kindly provided by Dr. R. Parks (Ottawa Hospital Research Institute, Canada) [32].

2.2. Synthesis of (C"S)-cycloaurated complexes

(C"S)-cycloaurate complexes were prepared as previously described. Briefly, the Au(dpta)Cl, complex (dpta: o-N,N-diisopropyl-P,
P-diphenylphosphinothioic amide) was synthesized via tin(IV)-gold(III) transmetalation from the corresponding chlorodimethyl-
stannyl derivative, as previously reported [27]. Au(dpta)(mrdtc) and Au(dpta)(dedtc) complexes (mrdtc:
morpholine-4-dithiocarbamate; dedtc: diethyl dithiocarbamate) were synthesized via an overnight reaction of the Au(dpta)Cly
complex with the corresponding dithiocarbamate salt in methanol, followed by the addition of aqueous potassium hexa-
fluorophosphate [28]. Similarly, the, Au(bpta)(dedtc) complex (bpta = ortho-bis(N,N-diethyl)-P-phenylphosphonothioic amide;
dmdtc = dimethyl dithiocarbamate) was synthesized from the corresponding Au(bpta)Cls complex [33]. See the Supporting Infor-
mation for the structural characterization.

2.3. Cytotoxicity assay

The cytotoxicity of the assessed compounds was evaluated using an AlamarBlue cell viability assay (Invitrogen, Waltham, USA).
Briefly, A549 cells (1 x 10* cells/well) were seeded in 96-well plates. Compounds were serially diluted from 200 to 0 M in 100 pL of
complete DMEM in triplicate. The cells were then incubated for 48 h at 37 °C in a 5% CO, atmosphere. Following incubation, the
AlamarBlue viability reagent (Invitrogen, Waltham, USA) was added to the cells (1/10th), with subsequent incubation for a further 3 h.
The half-maximal cytotoxic concentration (CCsg) was determined using the statistical package GraphPad Prism, and the selectivity
index (SI) values were calculated as the ratio of CCsg to ICsg, with ICso defined as the concentration of a compound that inhibited HAdV
infection by 50%.

2.4. Plaque assay

The anti-HAdV activity of the (S"C)-cycloaurated complexes was assessed at a low multiplicity of infection (MOI: 0.06 vp/cell)
using concentrations ranging from 10 to 0.3125 pM. For each of the assessed treatments, 29335 cells were seeded in duplicate in six-
well plates at a density of 1 x 10° cells/well. After 24 h, the cells were infected with HAdV5-GFP and rocked for 2 h at 37 °C.
Thereafter, the inoculum was replaced with 2 mL/well of equal parts 1.6% (water/vol) agar (VWR International Eurolab S.L.) and 2 x
Minimum essential Eagle’s medium (EMEM; BioWhittaker), as previously described [30]. At 3-day intervals, the cells were overlaid
again with 1 mL/well of agar, EMEM, and the compound mixtures. After 7 days at 37 °C in a 5% CO, atmosphere, virus plaques, as
measured by HAdV-mediated GFP expression, were scanned using a Typhoon Fla 9000 scanner (GE Healthcare Life Sciences) and
quantified using ImageJ software [34]. ICs( values were determined using GraphPad Prism software.

2.5. Virus yield reduction assay

The capacity of (C"S)-cycloaurated complexes to reduce the production of viral progeny was evaluated using a yield reduction
assay. Briefly, A549 cells were seeded in 24-well plates at 1.5 x 10° cells/well, and on reaching 90% confluence, were infected with
wild-type HAAV5 (100 vp/cell) in the presence of Au(dpta)(mrdtc) at 2-fold the ICsy concentration and Au(dpta)Cl,, Au(bpta)
(dmdtc), and Au(dpta)(dedtc) at 10-fold the ICso concentration, or the same volume of dimethylsulphoxide (DMSO) used as a
positive control. After 48 h at 37 °C in a 5% CO; atmosphere, the cells were harvested and subjected to three freeze-thaw cycles. The
ICsp value for each treatment was calculated using an end-point dilution method [40].

2.6. Time of addition assay

The time of addition activity of the (C"S)-cycloaurated complexes was evaluated at —60 min and 0, 2, 6, 12, and 24 h, based on a
time-curve assay using Corning black wall, clear bottom 96-well plates containing A549 cells (3 x 10* cells/well) infected with HAdV-
RFP (2000 vp/cell) in the presence of Au(dpta)(mrdtc) at 2-fold the ICsy concentration and AuC1, Au(bpta)(dedte, and Au(dpta)
(dedtc) at 10-fold the ICsq concentration, or the same volume of DMSO (positive control). For the —60-min treatment, HAdV-RFP was
incubated with the selected compounds on ice for 1 h and then incubated with cells for a further 1 h. Thereafter, the inoculum was
removed and replaced with complete DMEM. For the remainder of the treatments, cells were infected for 1 h at 37 °C and the respective
compounds were added at the indicated times. A standard infection curve was generated in parallel by infecting cells in the absence of
compounds using 2-fold serial dilutions of the virus from an MOI of 2000 vp/cell, thereby enabling an extrapolation of the RFP
fluorescence obtained for each compound and the corresponding MOI. Plates were scanned using a Typhoon Fla 9000 scanner (GE
Healthcare Life Sciences) and quantified using ImageQuant TL software (GE Healthcare Life Sciences).
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2.7. Real-time PCR quantification of HAdV DNA

A549 cells were seeded in 24-well plates (150,000 cells/well) and having reached 90% confluency, were infected with wild-type
HAAV5 (100 vp/cell). The infected cells were thereafter incubated in triplicate in complete DMEM for 16 h at 37 °C and 5% CO> in the
presence of Au(dpta)(mrdtc) at 1- and 2-fold the ICs( concentration, Au(dpta)Cls, Au(bpta)(dedtc), and Au(dpta)(dedtc) at 2- and
10-fold the ICsp concentrations, or the same volume of DMSO (positive control). Following incubation, DNA was purified from cell
lysates using an E.Z.N.A Tissue DNA Kit (Omega Biotek, Norcross, GA, USA) in accordance with the manufacturer’s instructions. The
TagMan primers, probes, and PCR conditions used in this study have been described previously [30].

As an internal control for PCR amplification, we used the human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene. The
oligonucleotide sequences for GAPDH amplification and the PCR conditions used have been reported previously reported [35]. For
quantification, HAdV hexon gene fragments and GAPDH were used to generate a parallel standard curve for each experiment. All
assays were performed using a LightCycler 96 System thermal cycler (Roche).

2.8. Nuclear-associated HAdV genomes

Nuclear delivery of the HAdV genomes was assessed by real-time PCR following nuclear isolation from infected cells. Briefly, A549
cells seeded in six-well plates at 1 x 10° cells/well were infected with wild-type HAdV5 at an MOI of 2000 vp/cell in complete DMEM
containing the assessed compounds at 10-fold the ICs( concentrations or the same volume of DMSO (positive control). The infected
cells were incubated for 45 min at 37 °C in a 5% CO; atmosphere, following which they were harvested, resuspended in 500 pL of 1 x
hypotonic buffer (20 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl,), and incubated on ice for 20 min. Thereafter, following the
addition of 25 pL of NP-40 detergent, the cell suspensions were centrifuged for 10 min at 835xg and 4 °C to separate the nuclear
(pellet) and cytoplasmic (supernatant) fractions. Finally, DNA was isolated from the nuclear fraction using an E.Z.N.A Tissue DNA Kit
(Omega Biotek, Norcross, GA, USA) [30].

2.9. Synergistic activity

Compounds along with CDV at concentrations ranging from 2- to 0.125-fold the corresponding ICs( values were assessed using a
single plaque assay. Briefly, 293p5 cells were seeded in plates at 1 x 10° cells/well and infected with HAdV-GFP at a low MOI (0.06 vp/
cell) for 2 h at 37 °C. Thereafter, the inoculum was removed and the cells were carefully overlaid with equal parts of agar and EMEM
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Fig. 2. Inhibitory activity of A) Au(dpta)Cl,, B) Au(dpta)(mrdtc), C) Au(bpta)(dmdtc) and D) Au(dpta)(dedtc). Dose-dependent activity against
HAAVS5 in a plaque assay at low MOI (0.06 vp/cell). Results represent means + SD of triplicate samples from independent experiments.
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containing the assessed drugs. At 3-day intervals, the cells were overlaid again with 1 mL/well of a mixture of agar, EMEM, and
compounds. Following a 7-day incubation at 37 °C in a 5% CO4 atmosphere, viral plaques were analysed using CalcuSyn software to
determine the associated combination index [36].

2.10. Real-time PCR quantification of HCMV DNA

To assess the anti-HCMV (MOI of 0.05 vp/cell) activity of the synthesized (C"S)-cycloaurate complexes, we used HFF cells seeded at
a density of 8.3 x 10* cells/well in 24-well plates. The assay was performed in triplicate in the presence of compounds at 1-, 2-, and 5-
fold the established HAdV ICsq values or the same volume of DMSO, and the cells were incubated for 72 h at 37 °C in a 5% CO, at-
mosphere. Thereafter, HCMV DNA was purified from the cell lysates using an E.Z.N.A Tissue DNA Kit (Omega Biotek, Norcross, GA,
USA). The primers, reaction mixtures, and protocols we used for real-time PCR have been reported previously [37].

2.11. Statistical analyses

One-way ANOVA (Dunnett’s method) was used to evaluate the differences in infection among the assayed compounds using the
GraphPad Prism 6 software. A p value < 0.05 was considered to be indicative of a statistical significance (**P < 0.01, ***P < 0.001,
#**+P < 0.0001).

3. Results
3.1. Anti-HAAV activity

The four (C"S)-cycloaurated complexes synthesized in this study were evaluated using a plaque assay to determine their inhibitory
activity against HAdV. All four compounds exhibited a dose-dependent anti-HAdV activity (Fig. 2), with 100% inhibition being
observed for Au(dpta)(mrdtc), Au(bpta)(dedtc), and Au(dpta)(dedtc), and over 95% inhibition for Au(dpta)Cl, when applied at a
concentration of 5 pM. In a yield reduction assay, the compounds’ capacity to reduce viral replication was evaluated, and revealing
reductions ranging from 250-fold for Au(dpta)(mrdtc) at 2-fold the ICs( concentration to a 30 x 103-fold reduction at 10-fold the 1Cso
concentration for Au(dpta)Cly (Table 1). For all four of the assessed complexes, the respective cytotoxic concentrations were found to
be higher than the corresponding ICs values, with SI values ranging from 6.65 for Au(dpta)(mrdtc) to 22.76 for Au(dpta)(dedtc).
The ICsp, CCsp, SI, and yield reduction values obtained for the four complexes are summarized in Table 1.

3.2. Time of addition assay

Having initially established the anti-HAdV activity of the assessed complexes, we subsequently sought to determine the stage at
which these complexes disrupt the replicative cycle of HAdV. We also measured the effect of addition time on the efficacy of the
compounds (Fig. 3). All derivatives exhibited a time-dependent reduction in inhibitory activity. When added at the beginning of a 60-
min incubation at 4 °C (—60 min), Au(dpta)Cly and Au(bpta)(dedtc) inhibited 100% of HAdV infection, whereas the Au(bpta)
(dedtc) complex induced 100% inhibition at 0 and 6 h. For virus exposed to Au(dpta)(mrdtc) and Au(dpta)(dedtc), the 50%-70%
levels of inhibition detected at 60 min remained unchanged until the 12-h time-point, at which it declined to 15%-50%. However,
among the four assessed complexes, only Au(bpta)(dedtc) was found to cause >50% inhibition after 24 h.

3.3. DNA-quantification and nuclear association

We initially evaluated the capacity of the synthesized cycloaurated complexes to block the HAdV DNA replication process using a
real-time PCR assay in a single round of infection in the presence or absence of the four complexes at different concentrations. Any of
the four complexes showed the ability to inhibit the DNA replication process (Fig. 4). Additionally, to confirm whether any of these
complexes interfered with a step between HAAV entry and HAdV DNA import into the nucleus, we examined the capacity of the HAdV
genome to gain access to the cell nucleus. As shown in Fig. 5, compared with DMSO control, treatment with any of these four complexes
had no significant effect on the number of HAdV genomes that reached the nucleus. This result indicate that none of these complexes
interfered with the early stages of HAdV infection.

Table 1
ICs, CCsp, SI and yield reduction values for Au(dpta)Cl,, Au(dpta)(mrdtc), Au(bpta)(drdtc) and Au(dpta)(dedtc) against HAAV5. The results
represent means + SD of triplicate samples.

Compound ICso (HM) CCsp (HM) SI Virus Yield Fold-Reduction*
Au(dpta)(mrdtc) 0.60 + 0.18 3.99 + 0.7 6.65 250 + 218.16

Au(dpta)Cl, 0.93 + 0.30 17.97 + 2.54 19.32 26800 + 5083
Au(bpta)(dedtc) 0.87 £ 0.48 13.68 + 1.55 15.72 31899 + 0
Au(dpta)(dedtc) 0.43 + 0.04 9.79 + 1.96 22.76 13200 + 8525

Compound tested at 2-fold of Au(dpta)(mrdtc) and 10-fold of Au(dpta)Cl,, Au(bpta)(dedtc) and Au(dpta)(dedtc).
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Fig. 3. Time of addition assay. Effect of Au(dpta)Cl,, Au(dpta)(mrdtc), Au(bpta)(dedtc) and Au(dpta)(dedtc) on HAAV infection at different
points at 2 and 10-fold the ICso concentration obtained in the plaque assay for each of them. The DMSO control is a negative control with cells
infected at the same MOI and treated with DMSO at the same time points but in the absence of compounds. Results represent means + SD of
triplicate samples.

3.4. Combined activity of cycloaurated complexes and CDV

Correlation coefficients of the median-effect plot between 0.91 and 0.99 were reported, indicating good conformity to the mass-
action law (Table 2). The combination treatment with CDV and Au(dpta)(mrdtc) exhibited antagonistic activity at effective doses,
including EDs, EDy5, and EDgy. In contrast, the effect of the combination of CDV with Au(dpta)Cl, or Au(bpta)(dedtc) was almost
additive at EDsg, ED75, and EDgg. Comparatively, the combination of CDV and Au(dpta)(dedtc) was the most effective, showing a
slight synergistic effect at the three assessed effective doses.

3.5. Anti-HCMYV activity

To assess the potential broad-spectrum activity of the four complexes, we examined their activity against HCMV. Exposure of
HCMV to Au(dpta)(mrdtc), Au(dpta)Cly, Au(bpta)(dedtc), and Au(dpta)(dedtc) at the HAAV ICsg concentration resulted in its
inhibitions of 58%, 67% and 46%, respectively, whereas Au(dpta)(dedtc) exhibited a 90% inhibition. When administered at 2-fold the
HAAV ICs concentration, the four complexes exhibited inhibition levels surpassing 80%. Similarly, at 5-fold the HAdV ICs( con-
centration (Fig. 6), inhibition levels of 96%, 99%, and 97% were obtained for viruses treated with Au(dpta)Cly, Au(bpta)(dedtc), and
Au(dpta)(dedtc), respectively.

4. Discussion

In this study, we aimed to evaluate the antiviral activity of four (C"S)-cycloaurate complexes against HAdV and HCMV, and
characterize their potential mechanisms of action. Our results revealed that all four complexes inhibited these two viruses at sub-
micromolar concentrations, with ICsy values against HAdV ranging from 0.43 to 0.93 pM. Similarly, Gil-Moles et al., assessed the
efficacy of auranofin and five gold organometallics in inhibiting two SARS-CoV-2 targets, spike-ACE2 interaction and papain-like
protease (PLpro). They obtained ICso values ranging from 16.2 to 25 pM and 0.75 to >100 pM, respectively [15]. Concerning the
cytotoxicity of the four (C"S)-cycloaurate complexes, we obtained values ranging from 3.99 pM for Au(dpta)(mrdtc) to 17.97 pM for
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Fig. 4. Impact of Au(dpta)Cl,, Au(dpta)(mrdtc), Au(bpta)(dedtc) and Au(dpta)(dedtc) on HAdV DNA replication. A) Impact of 1-fold of Au
(dpta)(mrdtc) and 2-fold of Au(dpta)Cl,, Au(bpta)(dedtc) and Au(dpta)(dedtc) HAAV ICso concentration. B) Impact of 2-fold of Au(dpta)(mrdtc) and
10-fold of Au(dpta)Cl,, Au(bpta)(dedtc) and Au(dpta)(dedtc) HAAV ICso concentration. The negative control (—) is non-infected cells, while the
positive control (+) is cells infected at the same MOI but in absence of compound. Data are presented as the mean + SD from triplicate assays. No
statistical significance differences were observed.
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Table 2
CalcuSyn results for the different combinations of Au(dpta)Cl,, Au(dpta)(mrdtc), Au(bpta)(dedtc) and Au(dpta)(dedtc) with CDV.
Ratio combination Compound Simple ICso (pM) In combination ICso (PM) Combinatién index value
ED50 ED75 ED90 r
CDV + Au(dpta)(mrdtc) (40:1) CDV 24+59 14.33 £+ 0.46 1.58816 1.54486 1.50429 0.94857
Au(dpta)(mrdtc) 0.6 +0.18 0.36 + 0.01
CDV + Au(dpta)Cl, (26:1) CDhV 24 +59 17.43 + 3.37 1.00232 0.99297 0.98495 0.91220
Au(dpta)Cl, 0.93 £+ 0.30 0.68 + 0.13
CDV + Au(bpta)(dedtc) (28:1) CDV 24+59 14.37 £ 1.39 0.99440 1.04387 1.09587 0.97667
Au(bpta)(dmdtc) 0.87 £ 0.48 0.52 £ 0.05
CDV + Au(dpta)(dedtc) (56:1) CDV 24 +59 12.08 + 1.23 0.89841 0.89232 0.88675 0.98942
Au(dpta)(dedtc) 0.43 £ 0.04 0.22 £ 0.02
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Fig. 6. Effect of Au(dpta)Cl,, Au(dpta)(mrdtc), Au(bpta)(dedtc) and Au(dpta)(dedtc) on HCMV DNA replication at A) 1-fold, B) 2-fold and C) 5-
fold HAdV ICs( concentration. The negative control (—) is non-infected cells, while the positive control (+) is cells infected at the same MOI but in
absence of compound. Data are presented as the mean + SD from triplicate assays. (**P < 0.01, ***P < 0.001, ****P < 0.0001).

Au(dpta)Cl,. These values are consistent with those reported by Aires et al. for four Au(l) derivatives, In their study, the highest
non-cytotoxic concentration assessed was 10 pM, and only two of the derivatives maintained a CHIKV inhibition >90% [17]. Although
the Au(dpta)(dedtc) complex assessed in the present study did not show the lowest CCsq value, we found that its high antiviral activity
resulted in a better IS.
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The replication cycle of HAdV consists of early and late phases. The early phase spans from virus binding to cellular receptors to the
release of its genetic material into the host cell nucleus, whereas the late phase involves the expression of HAdV early proteins,
replication of HAAV DNA, translation of late viral mRNAs, and the assembly and release of new viral particles [38,39]. Therefore, we
conducted mechanistic studies to identify which of these two stages is targeted by the four assessed compounds. Previous reports
indicated that HAAV particles reach the nuclear membrane within 1 h of cellular infection, and viral DNA and proteins can be detected
within the nucleus 1 and 2 h later [38]. The early phase of HAdV replication extends to 6-8 h, whereas the late phase is completed more
rapidly, yielding virus after an additional 4-6 h. To determine whether the assessed compounds act during the early or late stages, we
initially examined the activity of the four complexes against HAdV at different time points. Subsequently, we found that when added
between 1 h before and 6 h after infection, Au(bpta)(dedtc) exhibited 100% inhibition of HAdV-mediated GFP expression. This result
indicate that Au(bpta)(dedtc) targets the HAAV during early phase of replication. Similarly, pre-incubation with the Au(bpta)Cls
complex contributed to a 100% inhibition of HAdV infection. The observed reduction in this inhibitory activity to 30% at 0 h and 6 h
after infection suggests that the target of this compound is disrupted during the early phase of infection and involves a direct inter-
action with the viral particles. Among the assessed complexes, Au(dpta)(dedtc) demonstrated the most pronounced inhibition of the
HAdV transgene expression when pre-incubated with the virus and at 0 and 6 h post-infection. Its activity sharply declined when added
after 12 h, consistent with a target late in the HAAV replicative cycle. Compared with the activity of the other three complexes, that of
Au(dpta)(mrdtc) was somewhat weaker, causing a 50% inhibition of HAdV transgene expression from pre-incubation with the virus
to its addition at the 6-h time point, and thereafter losing its inhibitory activity.

To confirm these results, we evaluated the effects of these complexes on the capacity of HAdV viral particles to enter the nucleus,
and accordingly established that none of the complexes block nuclear access. This result implies that they do not interfere with the
early stages of HAdV infection. Additionally, we assessed the efficacies of these complexes in inhibiting the HAdV DNA replication
process. This analysis indicated a reduction in the efficiency of replication and yield of the HAdV genomes in a 6-h assay. None of the
assayed complexes appeared to reduce the DNA replication efficiency of the virus over the course of the 6-h assay. Moreover, consistent
with the data obtained from our time-of-addition assay, all four of the assessed complexes were characterized by a reduced inhibitory
activity after 6 h.

Given that CDV is a non-specific option for treating HadV, albeit with variable performance regarding efficacy and safety, we
evaluated the effects of combined treatments with CDV and each of the four synthesized (C"S)-cycloaurate complexes to assess their
potential synergistic activity. The combination of CDV and Au(dpta)(dedtc), the complex with highest SI value, was found to be most
effective in this respect. Finally, to determine whether these complexes have broad-spectrum antiviral activity, their inhibitory activity
against HCMV, another DNA virus, was assessed. Notably, all four complexes were found to almost completely block HCMV DNA
replication in a 72-h assay, with Au(dpta)(dedtc) characterized by the highest inhibitory activity.

5. Conclusions

Collectively, the findings of our study revealed that each of the four assessed (C"S)-cycloaurated complexes exhibited potent
antiviral activity against HAdV and HCMV at sub-micromolar concentrations, and they appeared to target the late stages of the HAdV
replicative cycle after DNA replication. Among the assessed compounds, Au(dpta)(dedtc) was identified as having the best SI and
highest anti-HCMV activity. Thus, this (C"S)-cycloaurated complex could be considered a promising candidate for the development and
evaluation of a novel series of derivatives with the aim of optimizing antiviral activities and cytotoxicity profiles until achieve to a lead
compound that could enter in preclinical stages.
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