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Abstract

The repurposing of drugs approved by the regulatory agencies for other indications is 

emerging as a valuable alternative for the development of new antimicrobial therapies, 

involving lower risks and costs than the de novo development of novel antimicrobial 

drugs. Adenovirus infections have showed a steady increment in recent years, with a 

high clinical impact in both immunosuppressed and immunocompetent patients. In this 

context, the lack of a specific drug to treat these infections supports the search for new 

therapeutic alternatives. In this study, we examined the anti-HAdV properties of 

mifepristone, a commercially available synthetic steroid drug. Mifepristone showed 

significant in vitro anti-HAdV activity at low micromolar concentrations with little 

cytotoxicity. Our mechanistic assays suggest that this drug could affect the microtubule 

transport, interfering with the entry of the virus into the nucleus and therefore inhibiting 

HAdV infection. 
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1. Introduction

To date the Human Adenovirus Working Group (HAdV) reports the existence of 

90 human adenovirus (HAdV) types grouped into seven species (A–G) 

(HAdV_Working_Group, 2018). In immunosuppressed patients, especially in children, 

the high clinical impact of HAdV infections and diseases is well documented, showing 

high morbidity and mortality (Echavarria, 2008; Lion, 2014; Wiegering et al., 2011; 

Wong et al., 2008). Moreover, although the incidence of HAdV community-acquired 

pneumonia (CAP) in immunocompetent individuals appear to be low, with the advances 

in molecular techniques of diagnosis during last years, HAdV infections  have been 

increasingly found to be involve in occasional cases and outbreaks in healthy adults 

(Jonnalagadda et al., 2017; Kajon and Ison, 2016; Tan et al., 2016a; Tan et al., 2016b; 

Yoon et al., 2017; Yu et al., 2015).  Despite this significant clinical impact there are no 

currently approved antiviral therapies to treat HAdV infections and the broadly acting 

antivirals available in the clinic show no satisfactory efficacy or safety against HAdV 

infections (Martinez-Aguado et al., 2015). Safe and efficient anti-HAdV drugs could 

also become a valuable antidote for the new class of anticancer agents based on 

replication-competent HAdV (Baker et al., 2018).

The repositioning of drugs that have been previously approved by the regulatory 

agencies for other indications is a valuable alternative for the development of new 

antimicrobial therapies, involving lower risks and costs than the de novo development 

of novel antimicrobial drugs (Cheng et al., 2016; Pietschmann, 2016; Soo et al., 2016). 

In this way, mifepristone (MIF, RU486), a synthetic steroid that is structurally close-

related to progesterone and glucocorticoids (Figure 2A) and an US Food and Drug 

Administration (FDA)-approved drug, has been used for many years for the medical 

termination of intrauterine pregnancy (Vayssiere et al., 2018). In addition, there is an 
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increasing interest on the use of this drug against Cushing’s disease and several types of 

cancer (Cuevas-Ramos et al., 2016; Grunberg et al., 2006). Therefore, there is wide 

clinical experience demonstrating the safety of this drug following acute and chronic 

regimes at high doses. This molecule has also been specifically evaluated as an activator 

in drug-dependent inducible systems to control expression of potentially toxic 

transgenes such as interleukin-12 (IL12) for the treatment of cancer (Parra-Guillen et 

al., 2013; Poutou et al., 2017). These pre-clinical studies using HAdV-derived gene 

therapy vectors gave us the opportunity to explore potential interferences between MIF 

and HAdV infection. In this work we describe for the first time that MIF inhibits HAdV 

infection in mice, and provide a potential mechanism of action taking place in human 

cells. Our results susggest that MIF should be formally tested as repurposed drug for the 

treatment of HAdV infections.

2. Material and methods

2.1 .Cells and viruses

Human A549 and HEK-293 and MRC-5 cell lines were from the American Type 

Culture Collection (ATCC, Manassas, VA). The 293β5 stable cell line overexpressing 

the human β5 integrin subunit was a kindly provided by Dr. Glen Nemerow 

(Nepomuceno et al., 2007; Nguyen et al., 2010). These cell lines were propagated in 

Dulbecco’s modified Eagle medium (DMEM, Life Technologies/Thermo Fisher) 

supplemented with 10% fetal bovine serum (FBS) (Omega Scientific, Tarzana, CA), 10 

mM HEPES, 4 mM L-glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin, and 

0.1 mM non-essential amino acids (complete DMEM). 

Wild-type HAdV5, HAdV16, HAdV19 and cytomegalovirus (HCMV) were obtained 

from the ATCC. The HAdV5-GFP used in this work is replication-defective virus 
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containing a CMV promoter-driven enhanced green fluorescent protein (eGFP) reporter 

gene cassette in place of the E1/E3 regions (Nepomuceno et al., 2007). HAdV were 

propagated in 293β5 cells and isolated from cellular lysate by cesium chloride density 

centrifugation. Virus concentration (mg/ml) was calculated with the Bio-Rad Protein 

Assay (Bio-Rad Laboratories) and converted to virus particles/ml (vp/ml) using 4×1012 

vp/mg. 

Ad-CMV-Luc is a first-generation HAdV-5 vector purchased from Vector Biolabs 

(Malvern, PA, USA) and amplified in HEK-293 cells. Purification was carried out by 

cesium chloride density centrifugation and subsequent desalting in Sepharose columns. 

Virus quantification was performed using the Adeno-X rapid titer kit (Clontech, Mountain 

View, CA, USA). 

2.2. Cytotoxicity assay 

The cytotoxicity of the MIF was measured using the Alamar Blue Cell Viability Assay 

(Invitrogen) according to the manufacturer’s instructions. Actively dividing A549 cells 

were incubated with the drug for 48 h. After the incubation the Alamar Blue reagent 

was added to the cells (1/10th Alamar Blue reagent in culture medium) for an extra 4 h. 

The 50% cytotoxic concentration (CC50) of the MIF was calculated according to Cheng 

et al. (Cheng et al., 2002). The selectivity index (SI) was evaluated as the ratio of CC50 

to IC50, where the IC50 is defined as the concentration of compound that inhibits HAdV 

infection by 50%.

2.3. HAdV plaque assay 

For low MOI infections, MIF was tested in a dose-response assay using 0.06 vp/cell and 

concentrations ranging from 10 to 0.62 μM in a plaque assay. Briefly, 293β5 cells were 

seeded in 6-well plates at a density of 4 × 105 cells per well in duplicate for each 

condition. When cells reached 80−90% confluency, they were infected with HAdV5-
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GFP (0.06 vp/cell) and rocked for 2 h at 37°C. After the incubation the inoculum was 

removed, and the cells were washed once with PBS. The cells were then carefully 

overlaid with 4 mL/well of equal parts of 1.6% (water/vol) Difco Agar Noble (Becton, 

Dickinson & Co., Sparks, MD) and 2× EMEM (Minimum Essential Medium Eagle, 

BioWhittaker) supplemented with 2×penicillin/streptomycin, 2× L-glutamine, and 10% 

FBS. The mixture also contained the drug in concentrations ranging from 10 to 0.62 μM 

Following incubation for 7 days at 37°C, plates were scanned with a Typhoon 9410 

imager (GE Healthcare Life Sciences) and plaques were quantified with ImageJ 

(Schneider et al., 2012). 

2.4. Virus yield reduction 

The effect of the MIF on virus production was evaluated in a burst assay. A549 cells 

were infected with wild-type HAdV5, HAdV16 and HAdV19 in the presence or 

absence of 50 μM of the drug. After 48 h, cells were harvested and subjected to three 

rounds of freeze/thaw. Serial dilutions of clarified lysates were titrated on A549 cells, 

and TCID50 values were calculated using an end-point dilution method (Reed and 

Muench, 1938).

2.5. HAdV entry assay

The anti-HAdV activity was initially measured in an entry assay using human A549 

epithelial cells (3 × 105 cells/well in  corning black wall, clear bottom 96-well plates) 

infected with HAdV-GFP (2000 vp/cell) in the presence of the MIF using serial 

dilutions ranging from 120 to 1.87μM. Virus was preincubated with the drug for 45 min 

at 4°C, and then added to cells. A standard infection curve was generated in parallel by 

infecting cells in the absence of the drug using serial 2-fold dilutions of virus. All 

reactions were done in triplicate. Cells, virus, and MIF were incubated for 48 h at 37°C 

and 5% CO2. Infection, as measured by HAdV-mediated GFP expression, was analyzed 
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using a Typhoon 9410 imager (GE Healthcare Life Sciences) and quantified with 

ImageQuantTL (GE Healthcare Life Sciences).

2.6. HAdV-mediated endosome disruption

To assess endosomal escape, HAdV-mediated ribotoxin (α-sarcin) delivery assays were 

performed as previously described (Moyer et al., 2011) with some modifications. 

Briefly, 30,000 A549 cells were seeded in black 96-well plates and incubated in 

complete DMEM for 24 h. Cells were washed and then incubated at 37°C for 1 h in 

DMEM without cysteine or methionine and supplemented with 10% FBS (DMEM-). In 

parallel, 3-fold serial dilutions (333–0.15 ng) of Ad5ts1 or HAdV5 wt was preincubated 

with cells in the presence of 50 μM of MIF or the same volume of DMSO (control) for 

1 h on ice. Following the incubations, the medium was removed and replaced with 50 

ml DMEM-containing 0.1 mg/ml of α-sarcin (Calbiochem/EMD Biosciences, La Jolla, 

CA) and the virus/drug mixtures, and incubated for 2 h at 37°C. Nascent protein 

synthesis analysis was performed using the Click-iT HPG Alexa Fluor 488 Protein 

Synthesis Assay Kits (Invitrogen) according to the manufacturer’s instructions. After 

incubation with Click-iT reaction buffer containing Alexa Fluor 488 azide, L-

homopropargylglycine (HPG) (amino acid analog of methionine) incorporation was 

measured using a Typhoon 9410 imager (GE Healthcare Life Sciences) and calculated 

by subtracting the background level of a control well containing L-

homopropargylglycine (HPG) and α-sarcin but not virus.

2.7. HAdV DNA quantification by real-time PCR 

For DNA quantification, A549 cells (150,000 cells/well in a 24-well plate) were 

infected with wild-type HAdV5 (100 vp/cell) and incubated for 2 h at 37°C in complete 

DMEM. After the incubation, excess virus was removed and the medium was replaced 

with 500 μL of complete DMEM containing 50 μM of MIF or the same volume of 
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DMSO (positive control). All samples were done in triplicate. After 24 h of incubation 

at 37°C and 5% CO2, DNA was purified from the cell lysate with the QIAamp DNA 

Mini Kit (QIAGEN, Valencia, CA) following the manufacturer’s instructions. TaqMan 

primers and probes for a region of the HAdV5 hexon were designed with the GenScript 

Real-Time PCR (TaqMan) Primer Design software (GenScript). Oligonucleotides 

sequences were AdF, 5′-GACATGACTTTTGAGGTGGA-3′; AdR, 5′-

GTGGCGTTGCCGGCCGAGAA-3′; and AdProbe, 5′-

TCCATGGGATCCACCTCAAA-3′. Real-time PCR mixtures consisted of 2 μL of the 

purified DNA, AdF, and AdR at a concentration of 200 nM each and AdProbe at a 

concentration of 50 nM in a total volume of 12.5 μL and mixed with 12.5 μL of KAPA 

PROBE FAST qPCR Master Mix (KAPABiosystems, MA). The PCR cycling protocol 

was 95°C for 3 min followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. 

Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as 

internal control. Oligonucleotides sequences for GAPDH and conditions were those 

previously reported by Rivera et al. (Rivera et al., 2004). For quantification, gene 

fragments from hexon, and GAPDH were cloned into the pGEM-T Easy vector 

(Promega) and known concentrations of template were used to generate a standard 

curve in parallel for each experiment. All assays were performed in a C1000 thermal 

cycler apparatus (BioRad).

2.8. Nuclear-associated HAdV genomes

 Nuclear delivery of the HAdV genome was assessed with real-time PCR following 

nuclear isolation from infected cells using a previously described protocol with a few 

modifications (Schreiner et al., 2012). Briefly, 1×106 A549 cells in 6-well plates were 

infected with HAdV5 wild-type at MOI 2,000 vp/cell in the presence of 50 μM of MIF 

or the same volume of DMSO. Forty-five min after the infection, cytoplasmic and 
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nuclear fractions were separated using a hypotonic buffer solution and NP-40 detergent. 

Following infection, A549 cells were trypsinized and collected and then washed twice 

with PBS. The cell pellet was resuspended in 500 μL of 1×hypotonic buffer (20 mM 

Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2) and incubated for 15min at 4°C. Then, 

25 μL of NP-40 was added and the samples were vortexed. The homogenates were 

centrifuged for 10 min at 835g at 4°C. Following removal of the cytoplasmic fraction 

(supernatant), DNA was isolated from the nuclear fraction (pellet) using the QIAamp 

DNA Mini Kit (QIAGEN, Valencia, CA).

2.9. HCMV infectivity assay by quantitative PCR

To test the sensitivity of HCMV to MIF, MRC-5 cells (1.75 × 105 cells/well in a 6-well 

plate) were infected with HCMV at a MOI of 0.05 vp/cell and incubated in complete 

DMEM supplemented with 50 μM of MIF or the same volume of DMSO in triplicate. 

After 72h of incubation at 37 °C and 5% CO2, HCMV DNA was purified from the cell 

lysate with the QIAamp DNA Mini Kit (Qiagen, Valencia, CA) following the 

manufacturer’s instructions. Real-time PCR primers, mixtures and protocols were the 

same as previously reported (Sanchez-Cespedes et al., 2016).

2.10. In vivo experiments

Female C57BL6/J mice (Harlan Iberica, Barcelona, Spain) were treated with daily 

intraperitoneal administration of 4 mg/Kg MIF (Sigma, St. Louis, MO, USA) dissolved in 

70 μl of sesame oil (Sigma) for 10 consecutive days. On the last day, mice received a 

single intravenous administration of Ad-CMV-Luc (2x108 iu). For in vivo analysis of 

luciferase activity, mice were anesthetized with intraperitoneal injection of a 

ketamine/xylacine mixture. The substrate D-luciferin (REGIS Technologies, Chicago, 

IL, USA) was administered intraperitoneally (100 μl of a 30 μg/μl solution in PBS) and 

5 minutes later light emission was detected using a PhotonImager Optima apparatus 
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(BioSpace, Paris, France). Data were analyzed using the M3Vision software 

(BioSpace). At the end of the observation period, mice were sacrificed and liver 

samples were frozen in liquid nitrogen and DNA was isolated using QIAmp DNA Mini 

Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. qRT-PCR 

of viral genomes was performed as described before. All animal work was performed 

following protocols approved by the local ethical committee. 

2.11. Statistical Analyses 

Statistical analyses were performed with the GraphPad Prism 5 suite using one-way 

analysis of variance (ANOVA). For the animal tests, differences between control and 

MIF-treated groups were analyzed using the Mann Whitney U test. Unless otherwise 

indicated, data are presented as the mean of triplicate samples ± standard deviation 

(SD). P-values are indicated when statistically significant.

3. Results

3.1. Inhibition of HAdV infection by MIF in mice.

In the course of our pre-clinical evaluation of HAdV-based vectors carrying reporter 

genes, we detected interference between MIF and vector transduction in the liver of 

mice. Mice pre-treated with intraperitoneal MIF using different schedules showed a 

significant inhibition of transgene expression. In particular, pre-treatment of mice with 4 

mg/Kg MIF led to a significant inhibition of transgene expression when the animals 

received intravenous administration of the first-generation HAdV vector Ad-CMV-Luc, 

in comparison with untreated mice (Figure 1A). Analysis of the viral load in liver 

samples from these animals confirmed a reduction in viral copies in the liver, consistent 

with reduced HAdV entry (Figure 1B). In contrast, sustained expression of luciferase 

mediated by a High-Capacity HAdV vector (Poutou et al., 2017) was not affected when 
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MIF was administered after virus administration (data not shown), ruling out the 

possibility of inhibition at the level of reporter protein synthesis or stability. These 

observations suggested an inhibition of HdAV infection and prompted us to perform a 

specific evaluation of the anti-HAdV properties of MIF and to characterize its 

mechanism of action with the final aim to explore its potential as repurposed drug for 

the treatment of HAdV infections.

3.2. Anti-adenovirus activity of MIF

First, we performed a classical plaque forming assay using the HAdV5-GFP virus on 

293β5 cells. MIF showed a dose-dependent anti-HAdV activity at low MOI of virus 

(0.06 vp/cell), with 100% inhibition of plaque formation at concentrations higher than 5 

μM. We next evaluated the anti-HAdV effect of the drug using a virus burst assay 

which measures the production of virus particles. Treatment with MIF was associated 

with more than 100-fold reduction in virus yield of different HAdV types (239.2±39.4, 

160.5±30.2 and 243.6±33.6–fold for HAdV5, HAdV16 and HAdV19 respectively). We 

also analyzed the cellular cytotoxicity of MIF. At concentrations <50 μM, MIF did not 

significantly alter cell viability as determined by the Alamar Blue Cell Viability Assay. 

The CC50 for MIF was 270.2 μM, significantly higher than 50 μM concentration used in 

our antiviral and mechanistic assays. Results of the IC50, CC50, selective index and yield 

reduction for MIF against HAdV5 are shown in Table 1. 

3.3. Impact on HAdV entry 

MIF showed a significant inhibition of HAdV5-GFP entry in human A549 cells (Figure 

2B), with an IC50 value of 16.22±0.81 μM. As we reported in a previous work, the 

results obtained with this entry assay do not give conclusive indications of their 

potential mechanism of action (Sanchez-Cespedes et al., 2014).
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After binding and internalization of the HAdV, inside the endosome, the exposure of 

protein VI induces endosome lysis, and the partially uncoated HAdV capsid escape. 

Once in the cytosol it is transported to the nuclear membrane by the microtubule 

network. We evaluated MIF in a physiological assay involving HAdV-mediated co-

delivery of α-sarcin in live cells as an indication of the ability of MIF to influence virus-

mediated endosomolysis (Sanchez-Cespedes et al., 2014; Wiethoff et al., 2005). We did 

not detect a significant change in the ID50 (50% inhibitory dose) for HAdV-mediated 

endosome penetration in the presence of MIF compared to the DMSO control (Figure 

2C). In contrast, the endosome penetration-defective mutant virus Ad5ts1 exhibited a 

23-fold increase in the ID50 with respect to the DMSO control (Figure 2C).

To clarify if this drug was able to block some of the steps of the entry pathway, we 

carried out an assay to quantitatively measure the HAdV genome accessibility to the 

nucleus. Inside the endosome, after binding and internalization of the HAdV particle, 

the exposure of protein VI triggers endosome lysis, after which the partially uncoated 

HAdV capsid is transported to the nuclear envelope where the HAdV genome is 

imported into the nucleus through the nuclear pore complex (Strunze et al., 2011). We 

evaluated the nuclear delivery of the HAdV genome carrying out an assay to 

quantitatively measure the HAdV genome accessibility to the nucleus (Schreiner et al., 

2012). As reflected in Figure 3A, MIF showed a significant reduction in the amount of 

HAdV genomes isolated from the nucleus of cells treated with the drug versus those 

treated with DMSO at 45 min post-infection. We also measured the DNA copy number 

of the cellular housekeeping gene GAPDH in both the nucleus and the cytoplasm as a 

control for the purity of nuclear isolation (Figure 3B). Our results indicated that we 

were specifically measuring the HAdV DNA that reached the nucleus and that MIF 
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blocked partially HAdV genome accessibility to the nucleus because only 43,7% ± 4,3 

of the viral genomes acceded to the nucleus of the cell, compared with untreated cells.

3.4. Impact on HAdV replication 

We performed quantitative real-time PCR (qPCR) to measure HAdV DNA replication 

in the presence of the MIF. To avoid the interference of newly generated viral particles 

derived from subsequent rounds of infection occurring 32−36 h post infection, DNA 

was extracted 24 h post-infection (Horwitz, 1991). As we did in previous works, 

quantitative PCR was used to quantify the generation of newly HAdV DNA copies 

synthetized in a single round of infection as a measure of DNA replication efficiency. 

The presence of the drug (50 μM) significantly inhibited HAdV5 DNA replication by 

more than 50% (p < 0.05, Dunnett’s Multiple Comparison test), with no significant 

effect on the cellular control gene GAPDH (Figure 4A). The decrease in HAdV DNA 

copy number at the nucleus 24 hpi in the presence of MIF suggested several 

possibilities for its precise mechanism of inhibition. 

3.5. MIF restricts HCMV infection

Given that other antiviral compounds such as piperazine derivatives or nucleotide and 

nucleoside analogues have been shown to have broad activity against multiple dsDNA 

virus including HCMV and HAdV by different mechanisms (Lindemans et al., 2010; 

Sanchez-Cespedes et al., 2016), we explored the possible inhibitory activity of MIF on 

HCMV DNA replication. Quantification of total HCMV DNA 72 h after infection of 

MRC-5 cells revealed significant differences between samples treated with our drug and 

those treated with the same volume of DMSO (Figure 4B). Quantitative PCR for the 

GAPDH gene was included as control, again showing no differences between samples 

(data not shown). 

4. Discussion and conclusions 
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The goal of this work was to confirm the potential anti-HAdV activity of MIF, 

discovered upon a serendipitous observation in the pre-clinical evaluation of inducible 

systems delivered by HAdV vectors in mice. 

Our results show that MIF exerts a significant anti-HAdV activity at low micromolar 

concentrations with low cytotoxicity at low and high MOIs. It has a broad antiviral 

activity with significant overall reduction in HAdV yield for HAdV5 (HAdV family C), 

HAdV16 (HAdV family B) and HAdV19 (HAdV family D) and significant inhibition 

of CMV infection. 

As for MIF mechanism of action, we have confirmed that it interferes with HAdV 

genome accessibility into the nucleus. Furthermore, using a physiological assay 

involving HAdV-mediated co-delivery of α-sarcin in live cells as an indication of the 

ability of MIF to influence virus-mediated endosomolysis we did not detect a significant 

change in the ID50 (50% inhibitory dose) for HAdV-mediated endosome penetration in 

the presence of MIF compared to the control. We have confirmed that the presence of 

MIF has an impact on HAdV replication. There are two possible scenarios to explain 

this decrease in HAdV DNA copy number at the nucleus 24 hpi. First, MIF could alter 

the entry of the HAdV genome into the nucleus or, alternatively, in could inhibit HAdV 

DNA replication directly by interfering with a protein involved in this process, such as 

the HAdV DNA polymerase or, it may impact the transcription of the HAdV immediate 

early genes, which is a prerequisite for subsequent DNA replication. Our mechanistic 

assays suggest that MIF may be acting in the first of these scenarios, targeting early 

steps in HAdV life cycle, after viral escape from the endosome and before HAdV DNA 

translocation into the nucleus, which might be explained by an interference with the 

partially decapsidated viral particle transport by the microtubular network to the nuclear 

pores. 
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During entry, the HAdV capsid undergoes a series of interactions with the host cell 

before delivery of the viral genome into the nucleus. After receptor binding by the 

HAdV fiber, the viral particles are internalized by receptor-mediated endocytosis 

mediated by the interaction between the HAdV penton base and cellular αvβ3 or αvβ5 

integrins (Smith et al., 2003; Tomko et al., 1997). Inside the endosome, the viral capsid 

undergoes partial disassembly and exposes several viral proteins, including the lytic 

protein VI which will trigger the endosomolysis and the subsequent virus release to the 

cytoplasm (Wiethoff et al., 2005). The partially uncoated HAdV capsid is then released 

into the cytoplasm and transported to the nuclear pore complex by the microtubular 

network (Smith et al., 2008; Wiethoff et al., 2005). Moreover, HAdV associates with 

microtubules following endosome penetration by the presence of microtubule-

associated proteins (MAPs) and the block of this association can prevent HAdV 

infection (Bailey et al., 2003; Kelkar et al., 2004; Leopold et al., 2000; Luftig and 

Weihing, 1975; Smith et al., 2008; Suomalainen et al., 2001; Suomalainen et al., 1999). 

One example of the functional relevance of this process is the anti-hexon neutralizing 

antibody 9C12, a monoclonal antibody that blocks HAdV infection at the microtubule-

dependent transport stage (Smith et al., 2008). Smith et al. suggested that the binding of 

9C12 to HAdV could altered the association of the HAdV capsid with microtubules, 

describing a new mode of action for a neutralizing antibody to block infection by a non-

enveloped virus (Smith et al., 2008). Based on the results obtained in this work we 

hypothesized that MIF could act in a similar way as 9C12, preventing the nuclear 

accumulation of HAdV genomes by hampering their transport from the endosome to the 

nuclear pore complex. 

Repurposing of drugs for diseases other than those the drug was approved for is 

becoming a valuable alternative for drug development that reduces significantly the 
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high cost and the time-consuming of developing a new drug (Chong and Sullivan, 2007; 

De Rycker et al., 2016; Martinez-Romero and Garcia-Sastre, 2015; Perwitasari et al., 

2015). In the case of MIF, many reports support their repositioning as potential anti-

cancer drug since it has been showed to inhibit growth of many cancer cells as well as 

for the treatment of Cushing’s syndrom (Chen et al., 2014; Morgan and Laufgraben, 

2013; Parra-Guillen et al., 2013). As for its pharmacokinetics characteristics, both 

human and animal studies indicate that the initial steps of MIF metabolism, after 

absorption from the intestine into the liver portal vein, is primarily to metapristone, and 

the main metabolic enzymes responsible to the oxidation of MIF are cytochromes P450 

3A4, and to a lesser extent, P450 3A5 (Chen et al., 2014; Jang et al., 1996; Khan et al., 

2002). Different publications have reported plasma concentrations of MIF (Cmax) in 

human after single oral administration of MIF at different doses (25-600 mg), of up to 

2.3 μM, a concentration value that is above the IC50 we found against HAdV 

(Lahteenmaki et al., 1987; Tang et al., 2009; Teng et al., 2011). 

MIF has demonstrated to present a significant anti-HAdV and anti-CMV activity at low 

micromolar concentration and low cytotoxicity. Altogether, our findings support the 

further evaluation of this drug in an animal model of infection to confirm its efficacy 

and safety preventing HAdV diseases.
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 Table 1. CC50, IC50, SI and yield reduction values for MIF.

CC50 (μM) IC50 (μM) Selectivity 
Index (SI)

Yield reduction
(fold-reduction)

MIF 270.2±17.5 1.9±0.8 142.2 239.2±39.4
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Figure 1. MIF inhibits infection of HAdV-based vectors carrying a luciferase reporter 

gene in mice. C57BL/6 mice were treated with daily intraperitoneal administrations of 

MIF (4 mg/Kg) during 10 days. The last day of treatment, Ad-CMV-Luc (2x108 iu) was 

injected intravenously. A control group of mice received the same dose of virus but no 

MIF treatment (MIF). Lucifease expression was determined by bioluminescence 

imaging at the indicated times, and is represented as light emission (photons/sec) in the 

abdominal area (A). Animal were then sacrificed to determine viral copies in the liver, 

relative to the GAPDH endogenous gene (B). 
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Figure 2. MIF inhibits entry of HAdV in human cells. A. Chemical structure of MIF. B. 

Dose-dependent activity of MIF on HAdV5-GFP at high MOI (2,000 vp/cell) in an 

entry assay. DMSO control corresponds to cells infected at the same MOI but in the 

absence of drug. The results represent means ± SD of triplicate samples from three 

independent experiments. C. Lack of activity of MIF on HAdV-mediated 

endosomolysis in a α-sarcin assay, as describe in Methods. Data shows the percentages 

of HPG incorporation. The results represent means ± SD of triplicate assays. 
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Figure 3. Nuclear association of HAdV5 genome. A) The presence of MIF altered the 

access of HAdV genomes to the nucleus (*** = p < 0.001). B) Control for the 

specificity of nuclear DNA purification. Bars represent means ± SD of triplicate 

samples from two independent experiments 
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Figure 4. MIF inhibits DNA replication. A) Reduction of de novo production of HAdV 

DNA copies 24 hours post-infection in A549 cells determined by a quantitative PCR 

assay. B) De novo production of HCMV DNA copies was determined 72 hours post-

infection by quantitative PCR assay. Results are expressed as the relative copy number 

of HADV/HCMV DNA normalized to GAPDH copy number and are presented as the 

mean ± SD from triplicate assays (*** = p < 0.001).
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