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Abstract

:

Equid herpesvirus 4 (EHV-4) is a common respiratory pathogen in horses. It sporadically induces abortion or neonatal death. Although its contribution in neurological disorders is not clearly demonstrated, there is a strong suspicion of its involvement. Despite preventive treatments using vaccines against EHV-1/EHV-4, the resurgence of alpha-EHV infection still constitutes an important threat to the horse industry. Yet very few studies have been conducted on the search for antiviral molecules against EHV-4. A screening of 42 antiviral compounds was performed in vitro on equine fibroblast cells infected with the EHV-4 405/76 reference strain (VR2230). The formation of cytopathic effects was monitored by real-time cell analysis (RTCA), and the viral load was quantified by quantitative PCR. Aciclovir, the most widely used antiviral against alpha-herpesviruses in vivo, does not appear to be effective against EHV-4 in vitro. Potential antiviral activities were confirmed for eight molecules (idoxuridine, vidarabine, pritelivir, cidofovir, valganciclovir, ganciclovir, aphidicolin, and decitabine). Decitabine demonstrates the highest efficacy against EHV-4 in vitro. Transcriptomic analysis revealed the up-regulation of various genes implicated in interferon (IFN) response, suggesting that decitabine triggers the immune antiviral pathway.
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1. Introduction


Equid herpesvirus 4 (EHV-4, newly designed as Varicellovirus equidalpha4) and equid herpesvirus 1 (EHV-1, newly designed as Varicellovirus equidalpha1) belong to the Varicellovirus genus classified in the Alphaherpesvirinae subfamily (family Herpesviridae) [1]. For a long time, they were considered the same virus due to their genetic and antigenic similarities [2,3]. These two viruses, responsible for equine rhinopneumonitis, are enveloped with a linear, double-stranded DNA genome of approximately 145 kbp (EHV-4) and 151 kbp (EHV-1) [4]. The infection caused by EHV-4 mainly affects the upper respiratory tract and is characterized by fever, nasal and/or ocular discharge, and cough in young Equidae [5]. In adult and/or vaccinated horses, the infection can be unnoticed or subclinical. EHV-4 also causes sporadic abortions or neonatal death [6]. Unlike EHV-1, the association between the presence of EHV-4 and the nervous form of equine herpesvirus-associated myeloencephalopathy (EHM) has not been clearly demonstrated yet. However, its involvement is highly suspected [7]. EHV-4, like other herpesviruses, can establish lifelong latency in trigeminal ganglia and can be reactivated following stressful conditions (transport, handling, the postpartum period) or after specific treatment (corticosteroid) [8,9]. Studies assessing the prevalence of EHV-4 through serological techniques like ELISAs or Virus Neutralization Tests (VNTs) have reported a rate exceeding 80% [10,11,12,13,14,15]. This corroborates the detection of EHV-4 in trigeminal ganglia by PCR during post-mortem examinations, with rates ranging from 33% to 83% [8,16,17,18,19]. These high values attest to the risk of an EHV-4 epizootic and, thus, the economic risk for the equine industry. Indeed, EHV-4 has a worldwide distribution and causes economic losses due to the cessation of competitions and the need for the establishment of safety precautions during each crisis.



Nowadays, double-valence vaccines against EHV-1 and EHV-4 are available. These vaccines reduce clinical signs and viral excretion [20]. A decrease in the number of abortions has also been described [21]. Despite the vaccination of herds, equine rhinopneumonitis outbreaks due to either EHV-1 or EHV-4 are recorded worldwide [22,23].



To step up the fight against herpesviruses, especially the nervous form associated with EHV-1, research is being carried out into antiviral treatments. As the development of specific antiviral drugs is time-consuming and expensive, «drug repositioning» is being explored as a strategy to fight equine herpesviruses. Aciclovir and ganciclovir, along with their prodrugs (valacyclovir and valganciclovir, respectively), are well characterized for their antiviral activity against human herpesviruses [24]. Consequently, these compounds have been evaluated against EHV-1 both in the field [25,26,27] and during experimental infection [28,29,30], revealing significant benefits in infected horses. As far as EHV-4 is concerned, the therapeutic arsenal is limited and, to our knowledge, only four compounds (aciclovir, ganciclovir, genistein, and dynasore) have been reported to inhibit this virus in vitro [31,32].



We recently screened 2891 molecules against EHV-1 by using real-time cell analysis (RTCA) technology, real-time microscopy, and quantitative PCR (qPCR). This work identified eight molecules capable of inhibiting EHV-1 infection in different cell lines [33,34]. The aim of the present study was (i) to screen the antiviral activity of 42 compounds in an in vitro model of E. Derm cells infected with EHV-4, (ii) to evaluate the effect of the most effective compounds (aphidicolin, cidofovir, decitabine, ganciclovir, idoxuridine, pritelivir, valganciclovir, and vidarabine), and (iii) to study the mode of action of decitabine, identified as the most potent compound against EHV-4.




2. Materials and Methods


2.1. Cell Line and Virus


Equine dermal fibroblasts (E. Derm, NBL-6 CCL-57™; ATCC®, Manassas, VA, USA) were maintained in Eagle’s Minimum Essential Medium (EMEM; ATCC®, Manassas, VA, USA) supplemented with 10% fetal bovine serum (FBS) (Eurobio, Courtaboeuf, France), 100 UI/mL penicillin, 0.1 mg/mL streptomycin, and 0.25 µg/mL amphotericin B (Eurobio) and cultivated at 37 °C and 5% CO2. Cells were seeded at 1.2 × 104 cells/well in 96-well plates.



The EHV-4 405/76 strain (VR-2230™; ATCC®) was used as the reference strain for the screening of the antiviral effect of compounds at an MOI of 0.23 on E. Derm cells.




2.2. Compounds


This study included 40 compounds (herein called an in-house antiviral library) previously evaluated in Thieulent et al.’s 2020 study; they were selected for their effects against different human viruses [33]. Two other molecules (genistein and dynasore) were selected due to their antiviral effect against EHV-4 in vitro, as shown by Spiesschart et al. [31]. All compounds were dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, Saint Quentin Fallavier, France) to prepare 10 or 20 mM stock solutions (Supplementary Table S1). These solutions were aliquoted and stored at −20 °C until use.




2.3. Screening of Antiviral Effect by Real-Time Cellular Analysis


Screening of the 42 compounds was carried out at four concentrations (0.4, 2, 10, and 50 μM) with EHV-4-infected cells by impedancemetry using the RTCA MP system (xCELLigence®; ACEA Biosciences Inc., San Diego, CA, USA) as described previously [33]. Firstly, 50 µL of medium was added to the wells to perform background impedance readings. Next, 100 µL of cells was seeded in an E-plate 96 at the density cited in Section 2.1, and the cells were incubated at room temperature for 30 min before being incubated in the device station at 37 °C and 5% CO2. After 24 h of incubation, the medium was removed, and the cells were infected and treated with 5-fold serial dilutions of each compound. The plates were put back onto the station at 37 °C and 5% CO2 for 120 h post-infection (hpi). The control cells were treated with 0.5% of DMSO in the presence or absence of the virus. The same pipeline used by Thieulent et al. was applied to analyze data [32,33]. First, the normalized area under the curve (AUCn) from 0 to 120 hpi was calculated for the control wells. The results from a screening plate were considered valid when the Z’-factor calculated from the AUC values of the control wells was above 0.5 [35]. Next, the AUCn was calculated for each compound, as well as the time required for the Cell Index (CI) to decrease by 50% (CIT50) after viral infection. A compound was considered to have an antiviral effect when (i) the AUCn increased by >25% and (ii) the CIT50 was delayed by >8 h compared to the DMSO-treated infected cells.



Among the 14 compounds satisfying the above criteria, 8 drugs were chosen according to additional criteria corresponding to (i) the absence of toxicity on E. Derm cells at all concentrations tested (half-maximal cytotoxic concentration [CC50] > 50 µM) in Thieulent et al.’s 2020 [33] and (ii) an antiviral effect against EHV-1 in our previous report [33] (Figure 1). The antiviral effects of cidofovir (CDV), ganciclovir (GCV), idoxuridine (IDU), pritelivir (BAY 57-1293), valganciclovir (VGCV), and vidarabine (VDR) were tested from 50 to 0.39 µM by 2-fold serial dilution. The concentrations used for decitabine (DTB) ranged from 50 to 0.10 µM. Finally, the antiviral activity of aphidicolin (APD) was evaluated for concentrations from 10 to 0.08 µM. Then, the calculation of the percentage of virus inhibition was performed, and dose–response curves were obtained. The percentage of viral inhibition was estimated through the adapted formula described by Pan et al. (2013) [36]:


  viral   inhibition   ( % ) = 100 × ( 1 −     a − b       c − b     )  








where a corresponds to the AUCn of infected cells treated with different concentrations of compounds, b indicates the AUCn of control cells treated with 0.5% of DMSO, and c is the AUCn of EHV-4-infected cells treated with 0.5% of DMSO.




2.4. Viral Quantitation by qPCR Assay


Cells were seeded in 96-well plates, infected with the EHV-4 405/76 strain, and treated or not as described in part 2.3. At 48 hpi, the plates were frozen at −80 °C. After one freeze/thaw cycle, nucleic acids were extracted using the NucleoMag Pathogen Kit (Macherey-Nagel, Hoerdt, France) and placed onto the KingFisher Flex Purification System (Thermofisher, Courtaboeuf, France). The nucleic acids were stored at −20 °C until use. Each thermal cycling was performed on a QuantStudio™ 12 K Flex Real-Time PCR System (Life Technologies, Courtaboeuf, France). The quantitative PCR (qPCR) protocols for EHV-4 were performed as previously described [32,37]. The quantification of viral genome copies was used to determine the percentage of viral inhibition as described in Section 2.3.




2.5. Transcriptomic Analysis


2.5.1. Experiments


E. Derm cells were seeded at 2.5 × 104 cells/well in 6-well plates (Falcon, Falmouth, UK) and incubated at 37 °C and 5% CO2. Twenty-four hours post-seeding, the cells were infected with the EHV-4 405/76 strain at an MOI = 2 and treated or not with 25 µM of DTB. At 18 hpi, the medium was removed, and the cells were rinsed two times with antibiotics- and FBS-depleted medium. Then, the cells were lysed with 350 µL of RLT buffer complemented with β-mercaptoethanol and frozen at −80 °C. After one freeze/thaw cycle, nucleic acids were extracted using the RNeasy Plus mini kit (Qiagen, Courtaboeuf, France) according to the manufacturer’s instructions and stored at −80 °C.




2.5.2. Libraries


Library preparation and Illumina sequencing were performed at the Ecole Normale Supérieure Genomique, ENS core facility (Paris, France). Messenger (polyA+) RNAs were purified from 200 ng of total RNA using oligo(dT). Libraries were performed using the strand-specific RNA-Seq library preparation Stranded mRNA Prep Ligation kit (Illumina, San Diego, CA, USA) and were multiplexed by 26 to 28 on 5 P3 flowcells and on additional a P2 flowcell with 6 samples (Illumina). A 68 bp single-end read sequencing was performed on a NextSeq 2000 device (Illumina). A mean of 41 ± 12 million passing Illumina quality filter reads was obtained for each of the 12 samples.




2.5.3. RNASeq Bioinformatics Analysis


The analyses were performed using the Eoulsan pipeline [38], including read filtering, mapping, alignment filtering, read quantification, normalization, and differential analysis: Before mapping, poly N read tails were trimmed, reads ≤ 40 bases were removed, and reads with a mean quality ≤ 30 were discarded. The reads were then aligned against the Equus caballus genome from Ensembl version 108 and viral genomes from NCBI (KT324740 for EHV-4) using STAR (version 2.78a) [39]. Alignments from reads matching more than once on the reference genome were removed using the Java version of samtools [40]. To compute gene expression, Equus caballus GTF genome annotation version 108 from Ensembl database enhanced with EHV-4 virus annotations from NCBI was used. All overlapping regions between alignments and referenced exons were counted and aggregated by genes using HTSeq-count 0.5.3 [41]. The sample counts were normalized using DESeq2 1.8.1 [42]. Statistical treatments and differential analyses were also performed using DESeq2 1.8.1. The RNASeq gene expression data and raw fastq files are available in the GEO repository (www.ncbi.nlm.nih.gov/geo/, e.g., accessed on 19 March 2024) under accession number: GSE261894.



The enrichment analysis of the differentially expressed genes (DEGs) was performed with the DAVID (Database for Annotation, Visualization and Integrated Discovery) database for Gene Ontology (GO) with Knowledgebase v2023q4 [43,44]. DEGS were chosen with |Log2(FC)| > 1 and adjusted p-value < 0.05 with Benjamini–Hochberg correction. The GO was divided into biological processes (BPs), molecular functions (MFs), and cellular components (CCs) analyses. DEGs considered as significantly enriched passed a cut-off value of an adjusted p-value < 0.05. A radar chart of the 11 up-regulated genes involved in the “response to virus” GO term was made with the fmsb package available in the CRAN repository using RStudio version 4.3.2.





2.6. Statistical Analysis


EC50 and CC50 values were determined using a non-linear regression dose response inhibition curve (GraphPad Prism® software 10.1.2; La Jolla, CA, USA). The Selectivity Index (SI) was calculated for each compound using the following formula:


  SI =     C C   50       E C   50      













3. Results


3.1. Screening and Selection of the Most Effective Compounds against EHV-4


To identify novel antiviral compounds against EHV-4, our in-house antiviral library (40 molecules) and 2 molecules reported by Spiesschaert et al. were screened in 96-well plates at four concentrations (0.4, 2, 10, and 50 μM) by an impedance-based (RTCA) system using E. Derm cells infected with the EHV-4 405/76 reference strain [31]. To ensure the robustness of our assay, the Z′ factors of the six screening plates were calculated based on AUCn values calculated from the RTCA curves of the control wells. Values between 0.59 and 0.92 were obtained, with a median of 0.77, thus validating the assay. The potential antiviral activity of the tested compounds was determined based on AUCn and CIT50 values calculated from the RTCA curves of the treated wells, as described in Section 2.3. Based on applied criteria, 14 of the 42 compounds displayed potent antiviral activity against EHV-4: adefovir dipivoxil, aphidicolin (APD), BAY 57-1293, cidofovir (CDV), cytarabine, decitabine (DTB), favipiravir, ganciclovir (GCV), idoxuridine (IDX), maribavir, proguanil hydrochloride, tenofovir disoproxil, valganciclovir hydrochloride (VGCV), and vidarabine (VDR) (Table 1). Aciclovir, genistein, and dynasore did not show antiviral activity in this experimental setting.




3.2. Evaluation of the Antiviral Effect of Eight Antiviral Drugs of Interest against EHV-4


We selected a subset of eight molecules meeting additional criteria: (i) the absence of toxicity on E. Derm cells at all tested concentrations ([CC50] > 50 µM) and (ii) an antiviral effect against EHV-1 in our previous study [33], therefore allowing for the identification of compounds inhibiting both EHV-1 and EHV-4 to prevent equine rhinopneumonitis. This short list included two acyclic guanosine analogs (GCV and VGCV), one acyclic guanosine analog (CDV), one acyclic adenosine analog (VDR), and one deoxyuridine analog (IDX). All these five compounds are known inhibitors of herpesviruses’ DNA polymerase [24]. Decitabine (DTB), a deoxycytidine analog altering cellular DNA methylation used for Acute Myeloid Leukemia treatment, was also selected [45]. Finally, aphidicolin (APD), a tetracyclic diterpene antibiotic, and pritelivir (BAY 57-1293), an inhibitor of the Herpes simplex virus-1 (HSV-1) helicase–primase complex [46], were included. All eight molecules were chosen for further evaluation against EHV-4 in dose–response experiments.



The in vitro efficacy of the eight compounds was evaluated by both RTCA and qPCR methods. The EC50 value of each compound was calculated from the percentage of viral inhibition determined with AUCn values or the quantification of viral genome copies, respectively. The results are presented in Table 2.



IDX presented weak antiviral activity against EHV-4, with an EC50 value of 33.75 ± 15.85 µM by RTCA and 7.49 ± 1.00 µM by qPCR. CDV, BAY 57-1293, and VDR showed intermediate antiviral activity against EHV-4 (from 12.55 ± 4.32 to 17.77 ± 1.20 µM by RTCA). Similarly, the EC50 values of VGCV were 9.55 ± 2.81 µM by RTCA and 3.60 ± 1.28 µM by qPCR. GCV had stronger antiviral activity against EHV-4, with EC50 values measured by the RTCA system and qPCR of 4.05 ± 0.22 µM and 1.32 ± 1.06 µM, respectively.



APD and DTB were the most potent compounds identified against EHV-4 in this study. The CIT50 increased by 22.43 ± 4.89 h and 7.48 ± 2.69 h at 2.5 and 1.25 µM of APD, respectively (Figure 2A). APD had EC50 values of 2.16 ± 0.18 µM, as determined in the RTCA system (Figure 2A). An EC50 value of 0.31 ± 0.09 µM was estimated by qPCR (Figure 2B). In the presence of 1.56 µM and 0.78 µM of DTB, the CIT50 values increased by 30.13 ± 15.34 and 25.66 ± 10.74 h, respectively (Figure 2C). Next, the EC50 values of DTB were determined by RTCA and qPCR. DTB presented an EC50 value of 1.16 ± 0.31 µM by RTCA assay (Figure 2C) and an EC50 value of 0.28 ± 0.05 µM by qPCR assay (Figure 2D). All these results agree with the cellular morphology observed by microscopy (Figure 2E–H). Altogether, these results show that DTB is the most interesting compound among the eight molecules tested. This led us to further investigate its mode of action to explain the antiviral effect.




3.3. Transcriptomic Analysis of DTB-Treated Cells


To better understand the antiviral effect of DTB, we compared the transcriptome of the EHV-4-infected cells in the absence or presence of DTB. Our comparison of the EHV-4+DTB and EHV-4 conditions identified 119 DEGs, including 94 up-regulated and 25 down-regulated DEGs (Figure 3A). We then looked for enriched functional annotations in the list of up-regulated genes using the Gene Ontology (GO) database. The results of the GO enrichment analysis revealed that the DEGs are significantly (FDR < 0.05) involved in four biological processes (BP): the “defense response to virus”, “negative regulation of viral genome replication”, “regulation of ribonuclease activity”, and “positive regulation of interferon-beta production”. Interestingly, three genes are shared by these four biological processes: ENSECAG00000013435 (OAS1), ENSECAG00000014422 (OAS2), and ENSECAG00000008809 (OAS3). Accordingly, the list of DEGs was also enriched for two molecular functions (MFs): “2′-5′-oligoadenylate synthetase activity” and “double-strand RNA binding” (Figure 3B). We thus analyzed the expression of the 11 DEGs associated with the GO term “defense response to virus” using transcriptomic data from E. Derm cells that were either untreated (CTLs), treated with DTB alone (DTB), infected with EHV-4 (EHV-4), or infected with EHV-4 and treated with DTB (EHV-4+DTB). As shown in Figure 3C, DTB alone only induced F2RL1 but showed no effect on the expression of the other genes. Infection with EHV-4 alone induced about half of the genes (6 out of 11). However, when EHV-4-infected cells were treated with DTB, all eleven genes were induced, and the expression of those induced by EHV-4 alone was further increased. Overall, this shows that DTB stimulates the expression of antiviral genes in EHV-4-infected cells.





4. Discussion


Respiratory infections induced by equine herpesvirus are endemic worldwide and lead to economic and animal welfare losses for the equine industry. EHV-1 and EHV-4 are the main agents responsible for respiratory infections in horses, with varying degrees of intensity. These viruses also cause abortion in the third trimester of gestation or neonatal death. In order to maximize the disease’s treatment and welfare grounds, antiviral molecules were used in the field on horses [25,26,27]. In experimental infections, valacyclovir (the pro-drug of aciclovir) has shown mixed results on clinical and virological parameters [28,29]. Also, experimental infections with EHV-1 for testing different treatments remain limited due to ethical considerations regarding the secondary forms of the disease, costs, and animal welfare. Unlike EHV-1, EHV-4 infection is usually limited to the respiratory form of the disease, and its involvement in the nervous form has not been demonstrated. Therefore, EHV-4 could serve as a promising alternative for the initial in vivo evaluation of experimental treatments against equine herpesviruses. In addition, it would be very convenient to have antiviral molecules that are active on these two herpesviruses, irrespective of viral species or strain. These reasons motivated the current work and our specific focus on molecules inhibiting both EHV-1 and EHV-4. We started with a subset of 40 compounds, selected for their effects against different human viruses, plus 2 molecules reported for their antiviral activity against EHV-4 [31,33]. The screening against EHV-4 was conducted by impedancemetry and qPCR as previously described [32,33,34]. Among the 14 molecules identified, only 8 (aphidicolin, cidofovir, decitabine, ganciclovir, idoxuridine, pritelivir (BAY 57-1293), valganciclovir, and vidarabine) were selected for inclusion in this study. A limitation of this repositioning strategy is that it limits the discovery of new molecules with efficacy against EHV-4 only, but our goal was to identify compounds with a potent efficacy against EHV-1 and EHV-4. The discovery of new compounds, even by repositioning, is a long and costly process, and with this strategy, we hope to identify compounds with a broad spectrum of applications in the equid alpha-herpesvirus family.



Aciclovir is the only antiviral compound used in the field by veterinarian practitioners to fight EHV-1. In vitro and in vivo studies have demonstrated that aciclovir lacks antiviral activity against EHV-1 [28,32]. Our study confirms the inefficiency of aciclovir against EHV-4, which was already highlighted by two previous works [32,47]. This could explain the lack of efficacy often observed in the field and increase the interest in finding new compounds with a better efficacy. Alongside aciclovir, our screening also identified 28 other compounds with no antiviral effect against EHV-4. Among them, we found statin-based molecules and the 25-hydroxycholesterol. These results are quite surprising due to their antiviral effect detected in repositioning against human and veterinarian viruses [48,49,50]. Dynasore and genistein did not present any antiviral effect, which is in discordance with the study of Spiesschaert et al. [31]. This difference may be due to differences in treatment protocol. In the study reported by Spiesschaert et al., these compounds were used at 310 and 370 µM, respectively, and the cells were pre-treated for 1 h prior to infection. In our study, the concentration of the molecules was 50 µM, and the treatment took place at the same time as the addition of the compound.



The antiviral effect detected during the screening was then further evaluated by a dose–response assay for a subset of eight compounds. Antiviral activity was confirmed for all of them.



Idoxuridine was the first anti-herpesvirus drug approved by the FDA in 1962 for topical treatment for keratitis caused by the HSV. Idoxuridine is still used against HSV-1 and HSV-2, but it is used less frequently due to its toxicity [24]. Vidarabine was the first molecule to be used as a systemic treatment for human herpesviruses. Once again, its use is limited because of the disadvantages (toxicity) of the treatment and the discovery of more potent antiviral drugs [24].



Pritelivir is an inhibitor of the HSV-1 helicase–primase complex first described by Kleymann et al. in 2002 [51]. Due to its different mode of action, BAY 57-1293 was developed to counter aciclovir-resistant strains of the HSV. To our knowledge, since this study, only new data obtained by our team have been recorded on EHV-1 with the repositioning approach [33]. Similar data were observed in this study on EHV-4. However, these data differed from the results obtained for the HSV [52].



The antiviral effect of cidofovir, a nucleotide analog, has been tested on a wide range of viruses, and EC50 values vary between different virus families and strains. Regarding equid herpesviruses, the EC50 of cidofovir determined on EHV-4 in this study is consistent with previous studies on EHV-1 and EHV-3 [33,53].



Ganciclovir and its prodrug, valganciclovir, are two compounds approved for use in human medicine to treat herpesviruses such as the HSV and human cytomegalovirus (HCMV). Following the first study reporting the antiviral effect of ganciclovir against equid herpesviruses 1 and 3 [54], which was reported in 1983, in 2007, Garré et al. published a work presenting EC50 values between 0.1 and 0.4 µg/mL against EHV-1 [55]. The pharmacokinetics of ganciclovir (administered intravenously) and valganciclovir (administered orally) were evaluated in horses [56]. The intravenous administration of a dose of 2.5 mg/kg every 8 h for 24 h followed by doses of 2.5 mg/kg every 12 h kept the concentration of ganciclovir in horse sera higher than the EC50 value determined in vitro. This study also demonstrates that the oral administration of valganciclovir improves the bioavailability of ganciclovir by 41 ± 20%. Other studies performed in vitro to prevent EHV-1- and EHV-3-mediated infection demonstrate the interest in this molecule [32,33,53]. In the present study, performed in vitro with EHV-4, the EC50 values of ganciclovir and valganciclovir were found to be 4.05 µM and 9.55 µM by RTCA and 1.32 µM and 3.60 µM by qPCR, respectively. These results are in agreement with those published previously by Azab et al. and Thieulent et al. [32,47].



In 2016, RTCA technology was used by Piret et al. to study the efficacy of ganciclovir and foscarnet drugs against HCMV [57]. The efficacy of ganciclovir against EHV-4 in vitro is in line with that against HCMV by RTCA. More recently, treatment with valganciclovir was tested against EHV-1-infected ponies, and the results showed that the drug reduced the shedding and the viraemia in the infected group compared with the control group [30]. Ganciclovir was used to prevent infection in other species like feline herpesvirus 1 (FHV-1) and canine herpesvirus 1 (CHV-1). Although data against FHV-1 are consistent with our study, those obtained against CHV-1 are different, but again, this result could be explained by the differences in the methodologies of the experiments [58].



In 2007, Goodman et al. studied the efficacy of aphidicolin against EHV-1. Their study indicates that two strains of EHV-1 are susceptible to aphidicolin [59]. In previous studies, aphidicolin also showed potent antiviral activity against EHV-1 [33,60]. In high concentrations, aphidicolin has been shown to have a cytostatic effect on cells. The antiviral effect observed for aphidicolin against EHV-4 could therefore be due to an effect via the cell cycle rather than on virus replication. This hypothesis could be explained by the compound’s mode of action, being an inhibitor of DNA polymerase alpha, as suggested by Sheaff et al. [61].



Decitabine (DTB) has been identified as the most effective compound against EHV-4 in vitro. This compound is a deoxycytidine analog and hypomethylating agent used in the treatment of myelodysplastic syndromes [45,62]. In mice, the toxic concentration of decitabine was estimated to be 25 µM [63]. DTB was shown to modify the methylation of the Epstein–Barr virus genome [64], and our team documented its antiviral activity by showing an inhibitory effect on EHV-1 replication [33]. The current study shows that DTB has antiviral activity against EHV-4, reinforcing its potential for treating rhinopneumonitis. Thieulent et al. proposed that DTB, as a nucleoside analog, is incorporated into the DNA genome of EHV-1 during viral replication and/or impedes the viral polymerase activity, which leads to the inhibition of viral growth [33]. Our transcriptomic analysis identified 119 DEGs that were either up- or down-regulated upon DTB treatment in EHV-4-infected cells. An analysis of the GO terms performed on the subset of 94 up-regulated genes revealed a significant enrichment of the GO terms related to viral replication, in particular 11 genes associated with the “defense response to virus” (GO:0051607). These genes correspond to OAS1, OAS2, OAS3, 2′-5′-oligoadenylate synthase-like protein 2, IFI44L, IRF7, IFIT3, interferon-induced transmembrane protein 3 (IFITM3), interferon-induced protein with tetratricopeptide repeats 1B (IFIT1B), F2RL1, and MX1, which are all implicated in the interferon response. Although DTB was unable to induce these genes on its own, with the exception of F2RL1, it amplified their expression upon infection with EHV-4. It seems that DTB helps to restore the innate immune response of cells infected with this virus. This result is in accordance with what has been previously shown. Indeed, DTB is already known as a stimulator of the IFN pathway and the expression of interferon-stimulated genes (ISGs). In particular, it has been shown that DNA methyltransferase inhibitors such as DTB reactivate the expression of endogenous retroviruses (ERVs), leading to the production of double-stranded RNA molecules that are capable of inducing interferons and ISGs through the TLR3 or the MAVS pathways [65,66]. Additionally, four of the eleven genes whose expression is enhanced by DTB are oligoadenylate synthetases or OASs. These enzymes are activated by dsRNA molecules to produce 2′-5′ oligoadenylates (2-5A) that act as a second messenger to activate the latent ribonuclease or RNAseL. This OAS/RNAseL system is a potent IFN effector pathway, and it has been suggested that herpes simplex virus escapes this antiviral mechanism by stimulating the production of inactive forms of 2-5A [67]. The potent antiviral effect of DTB could be explained by two mechanisms. First, DTB treatment could demethylate cellular DNA, thus inducing the expression of genes involved in the innate antiviral response, as previously described. Secondly, DTB could act as a cytidine analog inhibiting viral DNA replication and exerting a direct antiviral effect.



Although antiviral effects were observed in our study, it is necessary to confirm the antiviral activities of these compounds by ex vivo experiments using organoid models or before in vivo experiments. For example, aciclovir presents an antiviral effect in vitro on cell lines infected with EHV-1 [33,47,55] but does not prevent the infection of equine nasal respiratory explants in an ex vivo model [68]. In addition, the experimental infection of ponies with EHV-1 and treated with valaciclovir did not show any effect of the molecule with respect to reducing clinical signs, nasal shedding, or viremia [28]. Today, organoids are already used in human medicine to study the pathogenesis of a virus and to evaluate the impact of using an antiviral molecule. In 2022, Rybak-Wolf et al. published an article about viral encephalitis induced by HSV-1 in cerebral organoids and concluded that aciclovir treatment stopped viral replication but did not prevent HSV-1-driven defects [69]. Furthermore, the development of organoids in veterinary medicine seems to be already in progress and could be a major advance in research on the antiviral properties of compounds [70,71,72].




5. Conclusions


In conclusion, the results presented here confirm the ability of ganciclovir to inhibit the replication of EHV-4 in E. Derm cells. No antiviral activity of aciclovir was detected, and the two previously tested compounds, dynasore and genistein, failed to inhibit EHV-4 replication in vitro. Aphidicolin, cidofovir, pritelivir, valganciclovir, and vidarabine present antiviral activity and warrant further investigations. DTB is the most potent compound identified to inhibit EHV-4 replication in vitro. The transcriptomic analysis of DTB-treated infected cells revealed an activation of the innate antiviral response by stimulating the IFN pathway. The combination of DTB with other previously identified compounds requires further investigation in vitro.
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Figure 1. Decision tree for the analysis of data from the screening of 42 compounds ([31,33]) in a 96-well format using (1) RTCA screening and (2) dose response assay by RTCA and qPCR. AUCn corresponds to the area under normalized curves. AUCnt is the area under normalized curves of the treated cells. AUCnc is the area under normalized curves of the DMSO-treated control cells. CIT50t is the time required for the CIn of the treated cells to decrease by 50% after virus infection, and CIT50c is the time required for the CIn of the DMSO-treated control cells to decrease by 50% after virus infection. £ CIT50t not calculable: treatments prevent the CIn decrease. CC50 refers to the half-maximal cytotoxic concentration. The criteria established for the screening step and the determination of EC50 values step are indicated in bold. 
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Figure 2. Aphidicolin and decitabine inhibit EHV–4 405/76–induced cytopathic effect and viral replication, as determined by RTCA and qPCR. Real-time monitoring by impedancemetry of cytopathic effect induced by EHV-4 in the presence of aphidicolin (APD) (A) or decitabine (DTB) (C). The black vertical line corresponds to the normalization time, which is the last time point before infection. The green curve represents the normalized Cell Index (CIn) of the mock-infected cells. The red curve represents the CIn of the untreated EHV–4–infected cells. The purple- and blue-shaded curves indicate the CIn of the EHV–4–infected cells treated with a two–fold serial dilution of APD or DTB, respectively. Also shown is the viral genome copy number of EHV–4 measured by qPCR at 48 hpi after treatment with eight concentrations of APD (B) or DTB (D). Bars correspond to viral load, whereas dots represent the percentage of inhibition. The EC50 values were determined from the percentage of the viral load. Each point represents the mean ± SD of three independent experiments. Microscopic observation of mock-infected cells (E) or cells infected with EHV–4 405/76 reference strain (F) after a treatment with 10 µM of APD (G) or 25 µM of DTB (H) realized at 48 hpi. 
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Figure 3. Effect of DTB on the transcriptome of E. Derm cells infected with EHV–4 405/76. (A) Volcano plot showing DEGs in EHV–4–infected cells treated with DTB (EHV–4+DTB) when compared to non–treated EHV–4–infected cells (EHV–4). The x–axis represents the Log2 fold changes with a cutoff of |Log2(FC)| > 1. The y–axis indicates the –Log10 of the adjusted p-values (with Benjamini–Hochberg correction) with a cutoff p-value adjusted < 0.05. Gray dots are the non-significant DEGs, red dots represent the significant down-regulated DEGs, and green dots correspond to the significant up-regulated DEGs. The DEGs with the highest adjusted p-value are annotated. (B) Gene Ontology (GO) enrichment analysis of DEGs. Results of the six significant GO terms showing four biological processes (circle) and two molecular functions (triangle). The size of the dots represents the number of genes. (C) Radar chart showing the differential expression of the 11 DEGs implicated in the «defense response to virus» GO term. The axis represents the Log2 fold change for DTB vs. CTLs, EHV–4 vs. CTLs, or EHV–4+DTB vs. CTLs. a represents the significantly different expression levels for EHV–4+DTB vs. DTB. b indicates a significant level of expression of the DEGs for EHV–4+DTB vs. EHV–4. * shows the significant differences from the CTLs with an adjusted p-value < 0.05 with Benjamini–Hochberg correction. 
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Table 1. Results of the screening of the antiviral activities of the 42 compounds against EHV-4 405/76 in vitro by RTCA. The most important resultats are bolding. AUCn: area under normalized Cell Index curves, %AUCn: AUCn of treated EHV-4-infected cells compared to AUCn of untreated EHV-4-infected control cells, CIT50: time required for the Cell Index to decrease by 50% after virus infection, ∆CIT50: difference between the CIT50 of the treated EHV-4-infected well and the CIT50 of the untreated EHV-4-infected control well, N.T.: not tested, N.D.: not determinable.
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EHV-4




	
Compound Name

	
Z’factor

	
AUCn

	
%AUCn

	
CIT50

	
ΔCIT50




	
50 µM

	
10 µM

	
2 µM

	
0.4 µM

	
50 µM

	
10 µM

	
2 µM

	
0.4 µM

	
50 µM

	
10 µM

	
2 µM

	
0.4 µM

	
50 µM

	
10 µM

	
2 µM

	
0.4 µM






	
2′-C-methylcytidine

	
0.59

	
30.32

	
26.93

	
35.13

	
37.52

	
−24.38

	
−32.85

	
−12.40

	
−6.43

	
33:13:54

	
33:29:59

	
40:03:25

	
41:23:10

	
00:00:00

	
00:00:00

	
00:00:00

	
00:00:00




	
25-hydroxycholesterol

	
0.59

	
31.86

	
29.79

	
34.81

	
39.29

	
−20.54

	
−25.72

	
−13.19

	
−2.03

	
50:17:48

	
33:54:28

	
41:47:24

	
41:04:43

	
6:28:32

	
00:00:00

	
00:00:00

	
00:00:00




	
Abacavir sulfate

	
0.77

	
32.99

	
31.76

	
32.21

	
38.16

	
−7.59

	
−11.03

	
−9.79

	
6.89

	
30:53:42

	
33:52:45

	
32:41:22

	
39:39:32

	
00:00:00

	
00:00:00

	
00:00:00

	
3:20:47




	
Aciclovir

	
0.84

	
55.9

	
29.1

	
33.7

	
36.7

	
40.30

	
−26.91

	
−15.45

	
−7.83

	
25:08:54

	
23:14:22

	
19:57:36

	
20:34:14

	
00:00:00

	
00:00:00

	
00:00:00

	
00:00:00




	
Adefovir dipivoxil

	
0.77

	
39.70

	
73.47

	
93.75

	
99.92

	
11.19

	
105.80

	
162.61

	
179.88

	
N.D.

	
83:42:08

	
N.D.

	
N.D.

	
N.D.

	
47:23:23

	
N.D.

	
N.D.




	
Aphidicolin

	
0.84

	
N.T.

	
106.29

	
81.72

	
27.44

	
N.T.

	
166.79

	
105.13

	
−31.13

	
N.T.

	
N.D.

	
31:52:38

	
18:12:03

	
N.T.

	
N.D.

	
01:56:34

	
00:00:00




	
Arbidol

	
0.59

	
35.06

	
37.59

	
39.33

	
31.88

	
−12.56

	
−6.26

	
−1.93

	
−20.51

	
44:30:54

	
42:10:11

	
42:41:50

	
33:59:50

	
0:41:38

	
00:00:00

	
00:00:00

	
00:00:00




	
Atorvastatin

	
0.59

	
13.93

	
17.36

	
27.80

	
40.71

	
−65.25

	
−56.70

	
−30.67

	
1.53

	
14:49:40

	
16:02:38

	
31:27:28

	
49:00:07

	
00:00:00

	
00:00:00

	
00:00:00

	
5:10:51




	
BAY 57-1293

	
0.92

	
145.59

	
44.70

	
27.62

	
27.43

	
318.36

	
28.45

	
−20.63

	
−21.19

	
N.D.

	
46:14:40

	
30:05:06

	
30:36:01

	
N.D.

	
9:43:03

	
00:00:00

	
00:00:00




	
Brivudine

	
0.92

	
36.82

	
31.74

	
30.37

	
28.13

	
5.81

	
−8.78

	
−12.72

	
−19.17

	
36:00:28

	
33:58:03

	
30:48:06

	
33:15:21

	
00:00:00

	
00:00:00

	
00:00:00

	
00:00:00




	
Capecitabine

	
0.77

	
33.97

	
36.13

	
36.42

	
35.92

	
−4.85

	
1.21

	
2.01

	
0.61

	
34:05:31

	
34:59:06

	
36:11:11

	
37:49:04

	
00:00:00

	
00:00:00

	
00:00:00

	
1:30:19




	
Cidofovir

	
0.59

	
59.40

	
40.56

	
42.07

	
38.54

	
48.13

	
1.14

	
4.91

	
−3.89

	
65:56:11

	
52:15:11

	
44:56:43

	
43:26:35

	
22:06:55

	
8:25:55

	
1:07:27

	
00:00:00




	
Cytarabine

	
0.77

	
91.89

	
91.79

	
32.46

	
28.59

	
157.38

	
157.12

	
−9.07

	
−19.93

	
N.D.

	
N.D.

	
34:30:53

	
30:34:51

	
N.D.

	
N.D.

	
00:00:00

	
00:00:00




	
Decitabine

	
0.77

	
128.21

	
120.54

	
93.80

	
73.51

	
259.12

	
237.65

	
162.75

	
105.91

	
N.D.

	
N.D.

	
65:52:36

	
61:28:17

	
N.D.

	
N.D.

	
29:33:51

	
25:09:32




	
Didanosine

	
0.77

	
38.91

	
29.27

	
36.23

	
37.77

	
8.99

	
−18.02

	
1.50

	
5.81

	
37:24:28

	
34:16:07

	
37:23:48

	
42:13:43

	
1:05:43

	
00:00:00

	
1:05:03

	
5:54:58




	
DMXAA

	
0.59

	
60.10

	
41.23

	
37.99

	
36.50

	
49.87

	
2.81

	
−5.27

	
−8.97

	
50:24:42

	
38:56:11

	
41:35:59

	
39:08:28

	
6:35:26

	
00:00:00

	
00:00:00

	
00:00:00




	
Dynasore

	
0.76

	
23.18

	
18.85

	
13.81

	
13.10

	
63.56

	
33.01

	
−2.53

	
−7.53

	
20:21:09

	
19:38:53

	
15:26:11

	
15:01:12

	
4:31:40

	
03:49:24

	
00:00:00

	
00:00:00




	
Eflornithin (dfmo)

	
0.59

	
32.46

	
30.27

	
32.10

	
44.63

	
−19.06

	
−24.51

	
−19.95

	
11.31

	
35:16:47

	
34:06:42

	
36:27:35

	
49:20:45

	
00:00:00

	
00:00:00

	
00:00:00

	
5:31:29




	
Emtricitabine

	
0.77

	
37.28

	
34.12

	
35.47

	
36.81

	
4.43

	
−4.43

	
−0.64

	
3.10

	
34:46:56

	
35:10:59

	
34:12:33

	
38:55:58

	
00:00:00

	
00:00:00

	
00:00:00

	
2:37:13




	
Famciclovir

	
0.77

	
37.57

	
36.03

	
34.29

	
39.12

	
5.24

	
0.93

	
−3.95

	
9.57

	
39:14:00

	
36:41:25

	
33:42:43

	
37:03:11

	
2:55:15

	
0:22:40

	
00:00:00

	
0:44:26




	
Favipiravir

	
0.59

	
74.44

	
37.23

	
41.18

	
30.35

	
85.63

	
−7.16

	
2.69

	
−24.32

	
56:41:52

	
41:21:34

	
42:08:47

	
32:01:19

	
12:52:36

	
00:00:00

	
00:00:00

	
00:00:00




	
5-fluorouracil

	
0.59

	
36.75

	
31.13

	
31.41

	
39.89

	
−8.36

	
−22.38

	
−21.67

	
−0.53

	
32:01:21

	
32:46:38

	
35:53:16

	
49:10:00

	
00:00:00

	
00:00:00

	
00:00:00

	
5:20:44




	
Fluvastatin

	
0.59

	
13.86

	
11.66

	
16.45

	
33.08

	
−65.44

	
−70.91

	
−58.97

	
−17.51

	
15:02:49

	
13:46:46

	
15:06:58

	
41:48:06

	
00:00:00

	
00:00:00

	
00:00:00

	
00:00:00




	
Ganciclovir

	
0.84

	
138.7

	
116.3

	
74.3

	
57.9

	
248.20

	
191.80

	
86.60

	
45.30

	
N.D.

	
N.D.

	
19:01:38

	
18:32:55

	
N.D.

	
N.D.

	
00:00:00

	
00:00:00




	
Genistein

	
0.76

	
11.8

	
13.3

	
12.8

	
11.7

	
−16.72

	
−6.34

	
−9.65

	
−17.49

	
14:56:56

	
14:54:14

	
14:49:31

	
14:42:04

	
0:00:00

	
00:00:00

	
00:00:00

	
00:00:00




	
Idoxuridine

	
0.84

	
143.7

	
63.0

	
30.6

	
36.8

	
260.81

	
58.10

	
−23.27

	
−7.53

	
N.D.

	
24:54:36

	
17:41:52

	
21:34:08

	
N.D.

	
00:00:00

	
00:00:00

	
00:00:00




	
Lamivudine

	
0.77

	
31.69

	
32.69

	
34.67

	
37.03

	
−11.23

	
−8.43

	
−2.88

	
3.73

	
32:49:09

	
33:52:25

	
35:28:41

	
39:19:13

	
00:00:00

	
00:00:00

	
00:00:00

	
3:00:28




	
Maribavir

	
0.77

	
45.42

	
32.99

	
34.21

	
33.80

	
27.23

	
−7.58

	
−4.16

	
−5.32

	
46:44:06

	
35:09:24

	
33:29:27

	
35:01:33

	
10:25:21

	
00:00:00

	
00:00:00

	
00:00:00




	
6-mercaptopurine

	
0.77

	
27.72

	
28.97

	
37.02

	
39.53

	
−22.34

	
−18.85

	
3.70

	
10.72

	
34:55:04

	
32:30:01

	
37:22:22

	
38:19:02

	
00:00:00

	
00:00:00

	
1:03:37

	
2:00:17




	
Nelarabine

	
0.59

	
40.34

	
30.63

	
32.33

	
33.26

	
0.61

	
−23.61

	
−19.37

	
−17.05

	
48:25:49

	
34:32:22

	
35:15:53

	
34:33:34

	
4:36:33

	
00:00:00

	
00:00:00

	
00:00:00




	
Penciclovir

	
0.77

	
42.37

	
30.15

	
33.23

	
36.54

	
18.68

	
−15.56

	
−6.93

	
2.36

	
42:42:25

	
31:18:42

	
33:58:27

	
35:15:23

	
6:23:40

	
00:00:00

	
00:00:00

	
00:00:00




	
Pravastatin

	
0.59

	
30.29

	
37.85

	
36.52

	
45.23

	
−24.47

	
−5.61

	
−8.93

	
12.80

	
32:36:40

	
41:38:45

	
42:04:23

	
50:06:31

	
00:00:00

	
00:00:00

	
00:00:00

	
6:17:15




	
Proguanil hydrochloride

	
0.59

	
59.56

	
38.33

	
36.10

	
34.82

	
48.54

	
−4.42

	
−9.97

	
−13.18

	
65:51:23

	
46:29:08

	
40:48:49

	
36:43:29

	
22:02:07

	
2:39:52

	
00:00:00

	
00:00:00




	
Simvastatin

	
0.59

	
20.58

	
24.99

	
32.56

	
34.65

	
−48.67

	
−37.68

	
−18.80

	
−13.59

	
17:42:39

	
27:13:56

	
37:30:31

	
38:24:17

	
00:00:00

	
00:00:00

	
00:00:00

	
00:00:00




	
Sofosbuvir

	
0.59

	
35.76

	
34.01

	
33.28

	
35.31

	
−10.83

	
−15.19

	
−17.01

	
−11.95

	
41:47:34

	
39:39:17

	
33:18:38

	
37:03:26

	
00:00:00

	
00:00:00

	
00:00:00

	
00:00:00




	
Stavudine

	
0.77

	
30.20

	
32.23

	
32.94

	
37.85

	
−15.40

	
−9.71

	
−7.74

	
6.03

	
30:37:40

	
34:01:51

	
34:08:40

	
39:18:24

	
00:00:00

	
00:00:00

	
00:00:00

	
2:59:39




	
Telbivudine

	
0.59

	
39.04

	
31.31

	
35.43

	
30.51

	
−2.66

	
−21.92

	
−11.66

	
−23.91

	
47:38:45

	
37:15:51

	
38:54:50

	
35:46:09

	
3:49:29

	
00:00:00

	
00:00:00

	
00:00:00




	
Tenofovir disoproxil

	
0.77

	
52.88

	
93.87

	
43.49

	
34.89

	
48.14

	
162.94

	
21.81

	
−2.26

	
53:28:43

	
55:11:55

	
42:54:28

	
38:11:54

	
17:09:58

	
18:53:10

	
6:35:43

	
1:53:09




	
6-thioguanine

	
0.77

	
29.32

	
34.04

	
38.05

	
37.89

	
−17.86

	
−4.64

	
6.57

	
6.13

	
31:07:08

	
35:54:30

	
37:29:47

	
36:02:10

	
00:00:00

	
00:00:00

	
1:11:02

	
00:00:00




	
Valaciclovir

	
0.77

	
42.38

	
27.99

	
28.12

	
33.27

	
18.70

	
−21.59

	
−21.24

	
−6.81

	
43:09:03

	
28:31:33

	
30:35:19

	
33:07:52

	
6:50:18

	
00:00:00

	
00:00:00

	
00:00:00




	
Valganciclovir hydrochloride

	
0.77

	
145.98

	
75.80

	
42.41

	
33.79

	
308.91

	
112.33

	
18.80

	
−5.35

	
N.D.

	
47:51:36

	
37:06:07

	
33:30:46

	
N.D.

	
11:32:51

	
0:47:22

	
00:00:00




	
Vidarabine

	
0.84

	
71.5

	
48.7

	
35.7

	
41.3

	
79.44

	
22.35

	
−10.34

	
3.77

	
70:50:12

	
48:46:26

	
19:17:51

	
26:50:37

	
40:54:08

	
18:50:22

	
00:00:00

	
00:00:00











 





Table 2. List of the eight compounds presenting antiviral activity against the EHV-4 405/76 reference strain in vitro on E. Derm cells. Presented data are the mean ± standard deviation (S.D.) of three independent experiments. EC50: half-maximal effective concentration measured by impedance using RTCA and qPCR assay. CC50: half-maximal cytotoxic concentration measured by impedance using RTCA and CellTiter-Glo; >50 means that the compound did not show cytotoxicity at the highest concentration tested (50 µM). SI (Selectivity Index): ratio of CC50 obtained by RTCA and CellTiter-Glo to EC50 obtained by RTCA or by qPCR.
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RTCA

	
qPCR

	
CellTiter Glo

	




	

	
EC50

(µM ± S.D)

	
EC50

(µg/mL ± S.D)

	
CC50

(µM)

	
Si

	
EC50

(µM ± S.D)

	
EC50

(µg/mL ± S.D)

	
CC50

(µM)

	
SI






	
Aphidicolin (APD)

	
2.16 ± 0.18

	
0.73 ± 0 06

	
>50

	
>23.15

	
0.31 ± 0.09

	
0.11 ± 0.03

	
>50

	
>161.29




	
Cidofovir (CID)

	
12.55 ± 4.32

	
3.50 ± 1.21

	
>50

	
>3.98

	
7.99 ± 3.38

	
2.23 ± 0.94

	
>50

	
>6.26




	
Decitabine (DTB)

	
1.16 ± 0.31

	
0.26 ± 0.07

	
>50

	
>43.10

	
0.28 ± 0.05

	
0.06 ± 0.01

	
>50

	
>178.57




	
Ganciclovir (GCV)

	
4.05 ± 0.22

	
1.03 ± 0.06

	
>50

	
>12.35

	
1.32 ± 1.06

	
0.34 ± 0.27

	
>50

	
>37.88




	
Idoxuridine (IDX)

	
33.75 ± 15.85

	
11.95 ± 5.61

	
>50

	
>1.48

	
7.49 ± 1.00

	
2.65 ± 0.35

	
>50

	
>6.68




	
Pritelivir (BAY)

	
17.77 ± 1.20

	
7.15 ± 0.48

	
>50

	
>2.81

	
3.31 ± 0.89

	
1.33 ± 0.36

	
>50

	
>15.11




	
Valganciclovir (VGCV)

	
9.55 ± 2.81

	
3.38 ± 1.00

	
>50

	
>5.24

	
3.60 ± 1.02

	
1.28 ± 0.36

	
>50

	
>13.89




	
Vidarabine (VIR)

	
16.99 ± 4.50

	
4.85 ± 1.28

	
>50

	
>2.94

	
13.72 ± 1.92

	
3.91 ± 0.55

	
>50

	
>6.68
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