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Purpose: Presently, there is no approved antiviral therapy for adenovirus (HAdV) ocular 
infections. During the COVID-19 pandemic, increased attention has been focused on anti-
viral treatments. Remdesivir, hydroxychloroquine, ivermectin, and umifenovir (Arbidol) 
have been touted as potential antiviral treatments for COVID-19. The goal of the current 
study was to determine whether these potential COVID-19 antivirals produce in vitro anti-
viral activity against a panel of ocular adenovirus types.
Methods: The 50% effective concentrations (EC50) of remdesivir (REM), hydroxychlor-
oquine (HCQ), ivermectin (IVM), umifenovir (UMF) and cidofovir (CDV) (positive anti-
viral control) were determined for the human HAdV types HAdV3, HAdV4, HAdV5, 
HAdV7a, HAdV8, HAdV19/64 and HAdV37 using standard plaque-reduction assays in 
A549 cells.
Results: The range of mean in vitro EC50 concentrations for each antiviral across the range 
of HAdV types is as follows: The positive antiviral control, CDV, ranged from 0.47 to 9.62 
µM; REM ranged from 0.21 to 11.27 µM; UMF ranged from 3.72 to 64.8 µM; IVR ranged 
from 2.60 to 201.3 µM; and HCQ was >10 µM for all Ad types because of toxicity to the 
A549 cells. REM produced lower EC50 concentrations than CDV for 6 of 7 HAdV types. 
Potency increases with lower EC50 concentrations.
Conclusion: REM demonstrated anti-adenovirus activity in a range similar to that demon-
strated by cidofovir. UMF and IVR demonstrated larger ranges of antiviral activity than CDV 
and REM across the panel of HAdV types. The anti-adenovirus activity of HCQ could not be 
determined due to cytotoxicity. Further investigation of REM, UMF, and IVR as antivirals 
for adenovirus is indicated.
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Introduction
Human adenovirus (HAdV) eye infections are manifested in three major forms, 
epidemic keratoconjunctivitis [EKC], follicular conjunctivitis, and pharyngeal con-
junctival fever. These eye infections are the most seen viral eye infections around 
the world.1,2 Currently, no antiviral agents have received regulatory approval to 
treat these infections.3

During the COVID-19 pandemic, there has been a great deal of attention paid by the 
lay media and in the scientific literature to several possible antiviral agents for the 
treatment of SARS-CoV-2 infections. Remdesivir, hydroxychloroquine, ivermectin, 
and umifenovir (Arbidol) have been publicized as potential COVID-19 therapies.

Remdesivir (REM) (Figure 1A) is an antiviral agent that has demonstrated 
in vitro antiviral activity against several RNA viruses including SARS-CoV-2.4 It 
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is a monophosphoramidate nucleoside prodrug that under-
goes intracellular metabolic conversion to its active meta-
bolite nucleoside triphosphate form.4 Remdesivir 
triphosphate subsequently interacts with the viral RNA 
polymerase resulting in chain termination during RNA 
synthesis.4 Its antiviral effect on DNA viruses is unknown.

Hydroxychloroquine (HCQ) (Figure 1B) is 
a synthetic antimalarial drug that was approved for use 
in 1955. It has been shown to have in vitro antiviral 
activity against SARS-CoV by an unknown mechanism 
of action.5

Ivermectin (IVM) (Figure 1C) was approved as 
a treatment for parasitic infections in animals in 1981, 
and subsequently to treat onchocerciasis (river blindness) 
in humans in 1987.6 Antiviral activity of IVR has been 
shown for the RNA viruses HIV-1, influenza, flaviviruses, 
and SARS-CoV-2, as well the DNA viruses pseudorabies, 
polyomavirus, and adenovirus.6 King et al demonstrated 
that IVR inhibits HAdV-5 early gene transcription, early 
and late protein expression and genome replication by 
disrupting the binding of the viral E1A protein to Imp-α 
without affecting the interaction between Imp-α and Imp- 

β1.7 This study also concluded that IVR also possesses 
antiviral activity against HAdV-3.7

Umifenovir (UMF; Arbidol) (Figure 1D) is an antiviral 
agent that has activity against both enveloped and non- 
enveloped viruses.8 UMF is used in Russia and China for 
the treatment of influenza but not in North America.8 UMF 
has been shown to prevent contact and penetration of 
viruses to host cells by inhibiting fusion of the virus to 
the cell membrane8 and it inhibits the release of SARS- 
CoV-2 from intracellular vesicles.8 UMF has demonstrated 
in vitro antiviral activity against HAdV7 when added after 
infection.9

With all the attention paid to these potential antivirals 
for SARS-CoV-2 and the fact that there were limited or no 
antiviral data for HAdV, we speculated whether these 
antivirals possessed antiviral activity against HAdV. This 
led us to the current study for which the goal was to 
determine whether remdesivir, hydroxychloroquine, iver-
mectin, and/or umifenovir possessed in vitro antiviral 
activity against a panel of common HAdV types that infect 
the eye and thus could be potential antivirals to treat 
HAdV eye infections. These agents are available as 

Figure 1 The chemical structures of the COVID-19 antivirals: (A) remdesivir; (B) hydroxychloroquine; (C) ivermectin; (D) umifenovir. Structures are courtesy of 
Wikipedia.
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systemic medications and are not available as topical ocu-
lar formulations.

Materials and Methods
Experimental Drugs
Remdesivir was purchased from APExBIO, Houston, TX 
(Cat. No. B8398). Hydroxychloroquine sulfate was pur-
chased from Sigma-Aldrich, St. Louis, MO (Cat. 
No. 90527). Ivermectin was also purchased from Sigma- 
Aldrich (Cat. No. PHR1380). Umifenovir hydrochloride 
was purchased from Biogems International, Inc., Westlake 
Village, CA (Cat. No. 131647). Powdered REM, IVR, and 
UMF were dissolved in DMSO to 20 mM and stored at 
−20°C prior to use. HCQ was dissolved in sterile water to 
20 mM and was stored at −20°C until use. Cidofovir (CDV) 
was used as a positive control for antiviral in vitro activity 
against HAdV. A 20 mM stock solution CDV was prepared 
in saline from the 7.5% injectable form of cidofovir 
(Cidofovir Injection, Heritage Pharmaceuticals Inc., East 
Brunswick, NJ) and was stored at room temperature. All 
test drug concentrations were prepared in tissue culture 
media from their 20 mM stocks.

HAdV Isolates and Host Cells
HAdV isolates from a clinical repository of human HAdV 
types and species that were de-identified were used in this 
study. HAdV types HAdV3 (Species B), HAdV4 (Species E), 
HAdV5 (Species C), HAdV7a (Species B), HAdV8 (Species 
D), and HAdV19/64 (Species D) were isolated at the Charles 
T. Campbell Ophthalmic Microbiology Laboratory from 
patients presenting with HAdV eye disease. The isolate 
types were determined using serum neutralization. 
HAdV19/64 was found to be HAdV19 by serum neutraliza-
tion. Recently, sequencing studies have determined that 
HAdV19 is actually HAdV64.10 For the purpose of this 
study, this isolate was designated HAdV19/64. No strains of 
HAdV37 (Species D) were isolated, therefore the ATCC 
(American Type Culture Collection, Manassas, VA) refer-
ence isolate of HAdV37 was used. A549 human lung carci-
noma cells were purchased from ATCC and were used to 
prepare the virus stocks and for the in vitro Plaque Reduction 
Assays. It was determined that Institutional Review Board 
(IRB) approval was not necessary for this study.

In vitro Plaque Reduction Assay
These assays were done in 24-well multiplates containing 
A549 cell monolayers. One multiplate per virus isolate per 

antiviral was used. All wells of the 24-well multiplates 
were infected with approximately 100 PFU/well of the 
HAdV isolates. After 3 hours of adsorption, the virus 
inocula were removed from the wells. One mL of overlay 
media containing 0.001 µM, 0.01 µM, 0.1 µM, 1.0 µM, 10 
µM, and 100 µM of antiviral was added to 3 wells each. 
To the remaining 6 wells, 1 mL of overlay media without 
antiviral was added. The plates were incubated at 37°C in 
5% CO2 until plaque formation was visible in the negative 
control wells. At that time, the cells were fixed and stained 
with 0.5% gentian violet in formalin. The cells were dried 
and the number of plaques per well counted under 
a dissecting microscope. Two or three trials were per-
formed for each antiviral. The Effective Concentration 50 
(EC50; the concentration that inhibits plaque formation by 
50%) for each virus isolate, antiviral, and trial was deter-
mined using the Fitted Line Plot regression analysis 
(Minitab, State College, PA). The mean ± standard devia-
tion (SD) EC50 concentrations for each test drug and 
HAdV type were determined.

Results
The results from the Plaque Reduction Assays are displayed 
in Table 1 as the mean and standard deviations of the EC50 

(µM) from duplicate or triplicate assays. The mean EC50 

concentrations for the positive antiviral control, CDV ran-
ged from 0.47 to 9.62 µM among the 7 HAdV types tested 
in our panel. Cidofovir was used as an experimental posi-
tive control as it has previously demonstrated antiviral 
activity against adenovirus in vitro11–13 and in vivo.12–19 

In vitro antiviral activity that is similar to CDV provides an 
indication that the comparator antiviral could demonstrate 
anti-adenoviral activity in vivo.

Among the COVID-19 antivirals, REM demonstrated 
the lowest mean EC50 and tightest range of EC50 values 
from 0.21 to 11.27 µM across the panel of 7 HAdV types. 
This range of mean EC50 concentrations is similar to that 
produced by CDV. In fact, REM produced lower mean 
EC50 concentrations than CDV for 6 of 7 HAdV types. 
The mean EC50 concentrations for UMF ranged from 
a low concentration of 3.72 µM to a much higher EC50 

than that of REM at 64.8 µM. IVR produced a lower 
concentration to the mean EC50 range than UMF at 2.60 
µM, but its high mean concentration among the HAdV 
types was more than 3X greater than UMF and 17.8X 
greater than REM at 201.3 µM. We could not determine 
any EC50 concentrations for HCQ because of toxicity to 
the A549 cells demonstrated at the 100 µM concentration 
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and plaque numbers at 10 µM were not less than 50% of 
the negative control for all HAdV types. Therefore, the 
EC50 for HCQ was considered as >10 µM for all 7 HAdV 
types tested.

Discussion
An antiviral treatment for adenoviral ocular infections 
would fulfill an unmet medical need in ophthalmology. 
Many antivirals have been evaluated for activity against 
adenovirus both in vitro and in vivo, but to date, none have 
received regulatory approval for use. Therefore, the search 
continues for a safe and effective topical treatment for 
these infections.

Recently, there has been a suggestion of using 
a repurposing approach for components of and/or the 
ophthalmic medications themselves as potential antiviral 
agents for treatments of viral infections with no available 
treatments.20 Among those agents suggested in that article, 
povidone-iodine,21–28 benzalkonium chloride (BAK),29–31 

and polyhexamethylene biguanide (PHMB)32 have been for-
mally evaluated against adenovirus in vitro or in patients. In 
fact, povidone-iodine has been evaluated in several formal 
clinical trials for the treatment of adenoviral conjunctivitis 
(ClinicalTrials.gov Identifier: NCT03055065, NCT0148 
1519, NCT01179412, NCT03749317, NCT02998541, 
NCT02472223, NCT02998554, NCT04169919). The repur-
posing of agents used systemically to treat bacterial and viral 
infections is a strategy that has been long used in ophthal-
mology for the topical treatment of both bacterial and viral 
eye infections.

A great deal of media and political attention has been paid 
to possible antiviral therapies for COVID-19 infections. 
Older drugs such as hydroxychloroquine and ivermectin 
have been touted as possible treatments.5,6 A new drug, 
remdesivir, which was being developed for the treatment of 
emerging viral infections caused by Ebola, Marburg, SARS, 

and MERS has shown promise.4 A lesser-known drug out-
side of China and Russia, umifenovir (Arbidol) has also 
demonstrated efficacy in COVID-19 patients.8 Little, if any 
data exists regarding the antiviral activity of the above- 
mentioned antivirals against adenovirus. Therefore, we 
sought to determine whether these antivirals possessed anti-
viral activity against adenovirus using a traditional antiviral 
assay.

In this study, we used a panel of common ocular HAdV 
isolates to evaluate the antivirals. This panel represents 
HAdV species and types that are commonly associated 
with eye infections. Adenovirus types HAdV3, HAdV4, 
and HAdV7a are associated with pharyngeal conjunctival 
fever and follicular conjunctivitis, HAdV8, HAdV19/64, 
and HAdV37 cause EKC, and HAdV5 is associated with 
follicular conjunctivitis and is used in the Ad5/NZW rabbit 
ocular replication model to evaluate in vivo antiviral activ-
ity of topical antiviral treatments. It is important to show 
similar antiviral activity against the range of HAdV types 
and species since it has been shown previously that anti-
virals can have variable activity across HAdV types and 
species.33 Should all HAdV types show similar activity as 
HAdV5, it can be used as a surrogate for all HAdV types 
in the Ad5/NZW rabbit ocular replication model used to 
evaluate antivirals.

The results of the current study demonstrated that REM 
produced the lowest mean EC50 among the COVID-19 
antivirals (0.21 µM for HAdV7a) and the narrowest 
range of mean EC50 concentrations (0.21–11.27 µM) 
across the panel of HAdV types. This range compares 
favorably to that produced by CDV, the positive antiviral 
control (0.47–9.62 µM). Among the HAdV types tested, 
REM produced mean EC50 concentrations lower than 
CDV for 6 of the 7 types tested. The only HAdV type 
for which REM produced a higher mean EC50 concentra-
tion than CDV was for HAdV8. REM produced its highest 

Table 1 Mean ± SD EC50 Concentrations [µM]

HAdV/Antiviral CDV REM HCQ IVM UMF

HAdV3 4.81 ± 4.07 1.40 ± 0.82 >10* 39.8 ± 28.6 38.4 ± 30.7
HAdV4 9.62 ± 11.9 0.34 ± 0.20 >10* 3.52 ± 2.67 18.8 ± 32.2

HAdV5 6.59 ± 2.33 1.16 ± 0.93 >10* 3.57 ± 1.88 34.9 ± 49.1

HAdV7a 3.54 ± 0.90 0.21 ± 0.11 >10* 201 ± 132 44.9 ± 48.1
HAdV8 0.48 ± 0.06 11.3 ± 1.83 >10* 0.46 ± 0.13 3.72 ± 1.57

HAdV19/64 0.87 ± 1.22 0.76 ± 1.03 >10* 2.60 ± 3.38 64.8 ± 84.8

HAdV37 8.14 ± 10.8 1.77 ± 1.70 >10* 70.1 ± 46.9 11.5 ± 12.9

Notes: *Indicates that the EC50 values could not be determined due to toxicity at the higher test drug concentration and no antiviral activity at the indicated 
concentration.
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mean EC50 against HAdV8, whereas CDV produced its 
lowest against HAdV8. This could be an important finding 
since HAdV8 is the most commonly occurring HAdV type 
in the USA.34 The potential clinical relevance of this 
finding must be determined. Nevertheless, REM demon-
strated broad-spectrum activity across the HAdV species 
and types tested, which is paramount when treating HAdV 
eye infections that can be caused by numerous HAdV 
types. Further, in vitro studies should be conducted with 
REM to determine whether the EC50 concentration pro-
duced for HAdV8 was isolate dependent. This is the first 
report of remdesivir demonstrating antiviral activity 
against a DNA virus and adenovirus in particular.

UMF demonstrated a range of mean EC50 concentra-
tions of 3.72–64.8 µM. The range is larger than those 
produced by CDV and REM with the highest mean EC50 

concentration being 6.74X greater than CDV and 5.73X 
greater than REM. UMF did not produce any mean EC50 

concentrations that were lower than CDV and only 1 vs 
REM (HAdV8). Overall, there was antiviral activity 
demonstrated across the HAdV panel, but UMF does not 
appear to be as active as CDV and REM.

IVR produced the highest mean EC50 concentration 
demonstrated in our study against HAdv7a, which was 
56.8X greater than that produced by CDV and 957X 
greater than that produced by REM. However, IVR 
demonstrated mean EC50 concentrations lower than CDV 
for 3/7 isolates, whereas only 1/7 EC50 concentrations 
were lower than REM (HAdV8). In contrast to the other 
test antivirals, EC50 concentrations could not be deter-
mined for HCQ due to cytotoxicity to the A549 cells and 
therefore does not appear to be a candidate for further 
investigation.

Overall, the COVID-19 touted antivirals remdesivir, 
umifenovir (Arbidol), and ivermectin demonstrated antiviral 
activity against a panel of ocular HAdV species and types. 
Remdesivir appears to be the most active of the three, 
followed by umifenovir and ivermectin. Remdesivir com-
pared favorably to the positive antiviral control, cidofovir. 
While some of the antivirals demonstrated higher mean 
EC50 concentrations than others, and among the HAdV 
types, this does not preclude them from further investigation. 
Higher effective antiviral concentrations can be achieved in 
ocular tissue with topical dosing by high drug concentrations 
in the bottle, more frequent dosing, and/or vehicle manip-
ulations. Our group has demonstrated the proof of concept 
that achieving high antibiotic corneal concentrations can 
overcome bacterial resistance to antibiotics with topical 

antibiotic dosing.35–38 Pharmacokinetic and pharmacody-
namic studies are necessary to determine what safe and 
effective ocular tissue concentrations of the antivirals can 
be achieved after topical dosing.

In conclusion, remdesivir demonstrated in vitro anti- 
adenovirus activity in a range similar to that demonstrated 
by cidofovir, the positive antiviral control. Umifenovir and 
ivermectin also demonstrated anti-adenovirus activity 
across the range of HAdV types and species, but the 
antiviral activity for some HAdV types was less than 
what was demonstrated by cidofovir and remdesivir. The 
anti-adenovirus activity of hydroxychloroquine could not 
be accurately determined due to drug cytotoxicity.

To our knowledge, this is the first study to demonstrate 
that remdesivir possesses antiviral activity against adeno-
virus, a DNA virus, as well as a panel of adenovirus types 
that commonly infect the eyes. We have also demonstrated 
that both ivermectin and umifenovir possess antiviral 
activity against that same panel of ocular adenovirus 
types. Further investigation of remdesivir, umifenovir, 
and ivermectin as antivirals for adenovirus ocular infec-
tions is indicated.
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