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MRSsM.

SOLUTION PROVIDERS
Test identification Reference: 1001561
BS EN 14476:2013+A2:2019

Scope

The standard method BS EN 14476 describes a test method and the minimum requirements for virucidal activity of a chemical
disinfectant and antiseptic products that form a homogenous physically stable preparation when diluted with hard water —or in
the case of ready to use products that are not diluted when applied, - with water. Products can only be tested at a concentration
of 80% (97% with a modified method for special cases) as some dilution is always produced by adding the test organisms and
interfering substances. This European Standard applies to products that are used in the medical area in the fields of hygienic
handrub, hygienic handwash, instrument disinfection by immersion, surface disinfection by wiping, spraying, flooding or other
means and textile disinfection.

This European standard applies to areas and situations where disinfection is medically indicated. Such indication occurs in patient
care, for example: In hospitals, in community medical facilities and in dental institutions or in clinics of schools, of kindergartens
and of nursing homes, and may occur in the workplace and in the home. It may also include services such as laundries and kitchens
supplying products directly for patients.

Outline of Test Method (Obligatory Test Conditions)

A sample of the test product is diluted in synthetic hard water in products diluted at point of use or water in the case of ready to
use products is added to a test suspension of viruses in a solution of interfering substance. The mixture is maintained at one of
the temperatures and contact times specified in the standard. At the end of this contact time, an aliquot is taken; the virucidal
action in this portion is immediately suppressed by a validated method (dilutions of the sample in ice-cold cell maintenance
medium). The dilutions are transferred into cell culture units either using monolayer or cell suspension. Infectivity tests are done
either by plaque test or quantal tests. After incubation, the titres of infectivity are calculated according to Spearman and Kaber or
by plague counting. Reduction of virus infectivity is calculated from differences of Ig virus titres before (virus control) and after
treatment with the product.

Acceptance Criteria

The product when tested as above shall demonstrate at least a 4 logio reduction against the test virus. The test is deemed valid
where all control requirements are met.

Microbiological Solutions Ltd Tel: 0244 824 6003
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MRSsM.

SOLUTION PROVIDERS

Test identification Reference: 1001561

BS EN 14476:2013+A2:2019

Test information Deviation
Name of Product N/S
Batch Number & Expiry Date N/S
Date of Delivery 06/04/2020
Period of Analysis 07/05/2020-14/05/2020
Manufacturer / Supplier Antaria Pty Ltd
Storage Conditions Ambient
Appearance of the Product Turbid liquid
Neutralisation Method Dilution
Product Diluent Distilled water
Test Concentrations Neat (80%), Mid-range (50%), Non active (0.1%)
Experimental Conditions Clean
Interfering Substance Clean 0.3g/1 Bovine Albumin
Test Temperature 20°C+1°C
Temperature of Incubation 37°C £1°C for 72hrs
Identification of the Bacterial Strains: | Feline Coronavirus, Strain Munich 1
Contact Times 5 & 60 Minutes + 10 s
Stability and Appearance During Test | No Change Observed (Homogenous)

Deviations from Standard Method

1 —The product was tested against nonstandard organism Feline coronavirus; therefore reference inactivation controls

were not performed due to no acceptance criteria available.

Test Result Summary

The test product received has achieved a 4-log reduction against Feline coronavirus when tested under the condition

stipulated in this report, with a 1-hour contact time.

See page 2 for acceptance criteria and raw data tables below for complete test results.
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SOLUTION PROVIDERS

Test identification Reference: 1001561

BS EN 14476:2013+A2:2019

Summary
Conditions SOLUTION PROVIDERS | Copcentration Contact time log TCID50 log reduction  [Control validation
Virus control (water) N/A|[5 minutes 7.00 N/A Validated
Cytotoxicity (product) Neat |N/A 2.50 N/A Validated
Product supression control Neat [Neat 7.04 -0.04 Validated
Controls
Conditions SOLUTION PROVIDERS | Concentration Contact time log TCID50 log reduction  [Control validation
Virus control (water) N/A|1 Hour 6.75 N/A Validated
Interference controls SALRIIOH FROVIDERS
Condition Concentration|Contact time log TCID50 Log difference |Control validation
Interference control (untreated) N/A|N/A 7.71 N/A N/A
Interference control (treated) Neat |N/A 7.58 0.13 Validated
Test Results SOLUTION PROVIDERS
Condition Concentration|Contact time log TCID50 log reduction
Test product Neat |5 minutes 3.75 3.25
Test product 50%|5 minutes 5.08 1.92
Test product 0.10%[5 minutes 7.08 -0.08
Test Results SOLUTION PROVIDERS
Condition Concentration|Contact time log TCID50 log reduction
Test product Neat (1 Hour 2.75 4.00
Test product 50%|1 Hour 5.08 1.67
Test product 0.10%|1 Hour 6.92 -0.17
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MRSsM.

SOLUTION PROVIDERS
Test identification Reference: 1001561
BS EN 14476:2013+A2:2019

Raw data
Virus control (water) Contact time 1 Hour Organism Feline Coronavirus
Dilution [Counts % CPE p(1-p) Strain Munich

-2 4 4 4 4 4 4 1 0 d 1

-3 4 4 4 4 4 4 0 sum px 1.25

-4 4 4 4 4 4 4 1 0 n 8

-5 4 4 4 4 4 4 1 0 SD50 -6.75

-6 4 4 4 4 4 4 1 0 SE 0.16

-7 2 2 1 1 0 0 0.25 0.1875 Xp -6

-8 0 0 0 0 0 0 0 0

-9 0 0 0 0 0 0 0 0
Test product Product concentration Neat Contact time 1 Hour Organism Feline Coronavirus
Dilution [Counts % CPE p(1-p) Strain Munich

-2 4 4 4 4 4 4 1 0 d 1

-3 2 2 2 0 0 0 0.25 0.1875 sum px 1.25

-4 0 0 0 0 0 0 0 0 n 8

-5 0 0 0 0 0 0 0 0 SD50 -2.75

-6 0 0 0 0 0 0 0 0 SE 0.16

-7 0 0 0 0 0 0 0 0 Xp -2

-8 0 0 0 0 0 0 0 0

-9 0 0 0 0 0 0 0 0
Test product Product concentration 50% [Contact time 1 Hour Organism Feline Coronavirus
Dilution [Counts % CPE p(1-p) Strain Munich

-2 4 4 4 4 4 4 1 0 d 1

-3 4 4 4 4 4 4 1 0 sum px 1.58

-4 4 4 4 4 4 4 1 0 n 8

-5 3 3 3 2 1 2| 0.58333333| 0.243056 SD50 -5.08

-6 0 0 0 0 0 0 0 0 SE 0.19

-7 0 0 0 0 0 0 0 0

-8 0 0 0 0 0 0 0 0 Xp -4

-9 0 0 0 0 0 0 0 0
Test product Product concentration 0.10% [Contact time 1 Hour Organism Feline Coronavirus
Dilution [Counts % CPE p(1-p) Strain Munich

-2 4 4 4 4 4 4 1 0 d 1

-3 4 4 4 4 4 4 1 0 sum px 2.42

-4 4 4 4 4 4 4 1 0 n 8

-5 4 4 4 4 4 4 1 0 SD50 -6.92

-6 3 3 3 4 4 4 0.875| 0.109375 SE 0.25

-7 3 2 1 1 2 2| 0.45833333| 0.248264 Xp -5

-8 1 1 0 0 0 0[ 0.08333333| 0.076389

-9 0 0 0 0 0 0 0 0

Microbiological Solutions Ltd Tel:
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SOLUTION PROVIDERS
Test identification Reference: 1001561
BS EN 14476:2013+A2:2019

Raw data
Virus control (water) Contact time 5 minutes Organism Feline Coronavirus
Dilution [Counts % CPE p(1-p) Strain Munich

-2 4 4 4 4 4 4 1 0 d 1

-3 4 4 4 4 4 4 0 sum px 1.50

-4 4 4 4 4 4 4 1 0 n 8

-5 4 4 4 4 4 4 1 0 SD50 -7.00

-6 4 4 4 4 4 4 1 0 SE 0.21

-7 2 2 2 2 1 1| 0.41666667| 0.243056 Xp -6

-8 1 1 0 0 0 0| 0.08333333| 0.076389

-9 0 0 0 0 0 0 0 0
Cytotoxicity (product) Product concentration Neat Organism Feline Coronavirus
Dilution [Counts % CPE p(1-p) Strain Munich

-2 4 4 4 4 4 4 1 0 d 1

-3 0 0 0 0 0 0 0 0 sum px 1.00

-4 0 0 0 0 0 0 0 0 n 8

-5 0 0 0 0 0 0 0 0 SD50 -2.50

-6 0 0 0 0 0 0 0 0 SE 0.00

-7 0 0 0 0 0 0 0 0 Xp -2

-8 0 0 0 0 0 0 0 0

-9 0 0 0 0 0 0 0 0
Product supression control Product concentration Neat Organism Feline Coronavirus
Dilution [Counts % CPE p(1-p) Strain Munich

-2 4 4 4 4 4 4 1 0 d 1

-3 4 4 4 4 4 4 1 0 sum px 1.54

-4 4 4 4 4 4 4 1 0 n 8

-5 4 4 4 4 4 4 1 0 SD50 -7.04

-6 4 4 4 4 4 4 1 0 SE 0.22

-7 2 2 2 2 2 0| 0.41666667| 0.243056 Xp -6

-8 1 1 0 0 0 1 0.125| 0.109375

-9 0 0 0 0 0 0 0 0
Interference control (untreated) Product concentration Neat Organism Feline Coronavirus
Dilution [Counts % CPE p(1-p) Strain Munich

-1 4 4 4 4 4 4 1 0 d 1

-2 4 4 4 4 4 4 1 0 sum px 2.2083

-3 4 4 4 4 4 4 1 0 n 10

-4 4 4 4 4 4 4 1 0 SD50 -7.708

-5 4 4 4 4 4 4 1 0 SE 0.1773

-6 4 4 4 4 4 4 1 0 Xp -6

-7 3 3 4 4 4 4| 0.91666667| 0.076389

-8 2 2 2 1 0 0[ 0.29166667| 0.206597

-9 0 0 0 0 0 0 0 0

-10 0 0 0 0 0 0 0 0
Microbiological Solutions Ltd Tel:
Gdllinrod Email:
Web: vovsw r
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Test identification Reference: 1001561

BS EN 14476:2013+A2:2019

Organism Feline Coronavirus
Strain Munich

d 1
sum px 2.0833
n 10
SD50 -7.583
SE 0.2274
Xp -6

Organism Feline Coronavirus
Strain Munich

d 1
sum px 1.25
n 8
SD50 -3.75
SE 0.16
Xxp -3

Organism Feline Coronavirus
Strain Munich

d 1
sum px 1.58
n 8
SD50 -5.08
SE 0.19
xp -4

Organism Feline Coronavirus
Strain Munich

d 1
sum px 1.58
n 8
SD50 -7.08
SE 0.22
Xp -6

Raw data

Interference control (treated) Product concentration Neat

Dilution |Counts % CPE p(1-p)
-1 4 4 4 4 4 4 1 0
-2 4 4 4 4 4 4 1 0
-3 4 4 4 4 4 4 1 0
-4 4 4 4 4 4 4 1 0
-5 4 4 4 4 4 4 1 0
-6 4 4 4 4 4 4 1 0
-7 4 4 2 2 2 2| 0.66666667| 0.222222
-8 1 1 2 2 3 1| 0.41666667| 0.243056
-9 0 0 0 0 0 0 0 0

-10 0 0 0 0 0 0 0 0

Test product Product concentration Neat Contact time 5 minutes

Dilution [Counts % CPE p(1-p)
-2 4 4 4 4 4 4 1 0
-3 4 4 4 4 4 4 1 0
-4 3 3 0 0 0 0 0.25 0.1875
-5 0 0 0 0 0 0 0 0
-6 0 0 0 0 0 0 0 0
-7 0 0 0 0 0 0 0 0
-8 0 0 0 0 0 0 0 0
-9 0 0 0 0 0 0 0 0

Test product Product concentration 50%|Contact time 5 minutes

Dilution [Counts % CPE p(1-p)
-2 4 4 4 4 4 4 1 0
-3 4 4 4 4 4 4 1 0
-4 4 4 4 4 4 4 1 0
-5 3 3 3 2 1 2| 0.58333333| 0.243056
-6 0 0 0 0 0 0 0 0
-7 0 0 0 0 0 0 0 0
-8 0 0 0 0 0 0 0 0
-9 0 0 0 0 0 0 0 0

Test product Product concentration 0.10% |Contact time 5 minutes

Dilution [Counts % CPE p(1-p)
-2 4 4 4 4 4 4 1 0
-3 4 4 4 4 4 4 1 0
-4 4 4 4 4 4 4 1 0
-5 4 4 4 4 4 4 1 0
-6 4 4 4 4 4 4 1 0
-7 3 2 1 2 2 2 0.5 0.25
-8 1 1 0 0 0 0| 0.08333333| 0.076389
-9 0 0 0 0 0 0 0 0
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MRSsM.

SOLUTION PROVIDERS

Test identification Reference: 1001561
BS EN 14476:2013+A2:2019

KEY

CPE Cytopathic effect
Counts  0-4 indicating degree of cytopathic effect
0 = No effect, 1 = 25% CPE, 2 = 50% CPE, 3 = 75% CPE, 4 = 100% CPE

d Dilution factor (log)

Sum px  Sum of % CPE from the highest dilution showing 100% CPE to the lowest dilution assessed.
n Number of dilutions

SD50 Dilution showing 50% of the end point according to Spearman-Kérber method
SE Standard error

Xp Lowest dilution showing 100% CPE

TCID50 Titre causing 50% of the end point according to Spearman-Kérber

PASS = Ig R greater than or equal to 4

FAIL = Ig R less than 4

> greater than > equal to or greater than

< less than < equal to or less than

Calculation notes
In cases where the highest dilution assessed has not shown 100% CPE, the value has been calculated assuming the dilution above this would
give 100% CPE and the corresponding value has been assigned as <x.

The standard requires the product suppression control to show a <0.5 log reduction in viral titre. In cases where the product has failed to
achieve the required 4 log reduction, but the product suppression control shows a >0.5 log reduction the result has been deemed as valid for
fail as the consequence of inadequate suppression would be a partially extended contact time which would generate false positives, but not
false negatives.

A similar approach has been taken in regards to the cytotoxicity controls. The standard requires a 4-log difference between the cytotoxicity
level and the viral titre. In cases where this is not obtained, but the log reduction observed by the product is within the difference between the
cytotoxicity levels and the viral titre the result is deemed acceptable for a fail as there will be no impact on the determination of efficacy.

Microbiological Solutions Ltd

Web: vwaw. mslic
Company number: 4218514
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Antiviral Activity of the Zinc Ionophores Pyrithione and Hinokitiol
against Picornavirus Infections’

B. M. Krenn,' E. Gaudernak,' B. Holzer," K. Lanke,” F. J. M. Van Kuppeveld,” and J. Seipelt'*

Max F. Perutz Laboratories, Medical University of Vienna, Dr. Bohr-Gasse 9/3, 1030 Vienna, Austria," and Department of
Medical Microbiology, Radboud University Nijmegen Medical Centre, Nijmegen Centre for Molecular Life Sciences,
6500 HB Nijmegen, The Netherlands®

Received 22 July 2008/Accepted 6 October 2008

We have discovered two metal ion binding compounds, pyrithione (PT) and hinokitiol (HK), that
efficiently inhibit human rhinovirus, coxsackievirus, and mengovirus multiplication. Early stages of virus
infection are unaffected by these compounds. However, the cleavage of the cellular eukaryotic translation
initiation factor eIF4GI by the rhinoviral 2A protease was abolished in the presence of PT and HK. We
further show that these compounds inhibit picornavirus replication by interfering with proper processing
of the viral polyprotein. In addition, we provide evidence that these structurally unrelated compounds lead
to a rapid import of extracellular zinc ions into cells. Imported Zn>* was found to be localized in punctate
structures, as well as in mitochondria. The observed elevated level of zinc ions was reversible when the
compounds were removed. As the antiviral activity of these compounds requires the continuous presence
of the zinc ionophore PT, HK, or pyrrolidine-dithiocarbamate, the requirement for zinc ions for the
antiviral activity is further substantiated. Therefore, an increase in intracellular zinc levels provides the

basis for a new antipicornavirus mechanism.

Curing virus infections harbors an enormous economic po-
tential, and the search for new antiviral substances is of great
interest for worldwide health. We have previously described
the commonly used NF-«kB inhibitor and metal ion chelator
pyrrolidine-dithiocarbamate (PDTC) to significantly inhibit
the replication of several picornaviruses such as human rhino-
virus (HRV), poliovirus, coxsackievirus, and mengovirus (9,
22). These examples suggest that a common step in the life
cycle of these picornaviruses is the target for the antiviral drug.
In particular, we have demonstrated that PDTC has negative
effects on picornavirus replication by influencing the process-
ing of the viral polyprotein (21, 22).

The antiviral activity of PDTC is not restricted to the family
Picornaviridae, since PDTC was shown to prevent the multi-
plication of human influenza virus, a member of the Ortho-
myxoviridae (33, 34). However, due to strong differences in the
life cycle and host-cell interaction between human influenza
virus and picornaviruses, it is likely that entirely different
mechanisms might be relevant for the antiviral action of PDTC
against these viruses.

Currently, the precise mode of the antiviral action of PDTC
is unknown, although several theories have been substantiated
with experimental evidence. Antioxidative properties of PDTC
are postulated to be the reason for antiviral effects against
influenza virus infections (33), which is not the case for human
rhinovirus multiplication (9).

We have demonstrated that the antiviral effects of PDTC are
metal ion dependent, and, in particular, Zn®" ions play a
pivotal role. To underline the hypothesis that influx of zinc into

* Corresponding author. Mailing address: Max F. Perutz Laborato-
ries, Medical University of Vienna, Dr. Bohr-Gasse 9/3, 1030 Vienna,
Austria. Phone: 43 1 427761610. Fax: 43 1 42779616. E-mail: joachim
seipelt@meduniwien.ac.at.

¥ Published ahead of print on 15 October 2008.
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the cells has antiviral capacity, pyrithione (PT) and hinokitiol
(HK) were examined. PT is known to be a zinc ionophore that
leads to a rapid increase in intracellular zinc levels (27), and
HK is a chelator of divalent metal ions (2).

We provide evidence that both PT and HK inhibit replica-
tion of picornaviruses by impairing viral polyprotein process-
ing. The basis of the antiviral activity is dependent upon the
availability of zinc ions. We show that the import of extracel-
lular zinc ions is a key feature of the common antiviral property
of these compounds.

MATERIALS AND METHODS

Cell, media, and reagents. HeLa cells (strain Ohio; European Collection of
Cell Cultures, Salisbury, United Kingdom) were cultured in RPMI 1640 supple-
mented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 100 U/ml
penicillin, and 100 pg/ml streptomycin (all obtained from Gibco, Invitrogen,
Austria). PDTC (pyrrolidine-dithiocarbamate ammonium salt), pyrithione (2-
mercaptopyridine N-oxide sodium salt), Zn-EDTA, Ca-EDTA, Mg-EDTA, and
N,N,N',N'-tetrakis (2-pyridylmethyl) ethylenediamine (TPEN) were purchased
from Sigma-Aldrich, Austria. HK (B-thujaplicin) from Calbiochem was dissolved
in dimethyl sulfoxide and stored at —20°C.

Virus preparation and titration. Strain HRV2 was obtained from the Amer-
ican Type Culture Collection and routinely grown in suspension cultures of HeLa
cells (strain Ohio; Flow Laboratories, McLean, VA) as described previously (31).
CVB3 (Nancy strain) was derived from transcription of the p53CVB3/T7 plasmid
(36). The mengovirus strain EMCV was obtained upon transfection of in vitro-
transcribed RNA from cDNA clone pM16.1 (5).

Virus titers in 50% tissue culture infectious doses (TCIDs,) were determined
according to Reed and Muench (26). From our experience, typical interassay
variation is less than +0.5 log TCIDs,/ml.

Infection of cells. HeLa cells were grown in six-well plates and infected at 70%
confluence with HRV2 with indicated multiplicity of infection (MOI) in RPMI
medium supplemented with 2% fetal calf serum, 2 mM L-glutamine, 100 U/ml
penicillin, and 100 pg/ml streptomycin. After 2 h of infection, input virus was
removed, and cells were washed three times with acidic HEPES buffer and once
with phosphate-buffered saline (PBS). For further incubation, infection medium
was applied for the indicated amounts of times. If indicated, chemicals were
present during parts or the whole period of infection. Whenever HK was used,
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FIG. 1. PT and HK dramatically reduce picornavirus multiplication and increase cell viability. Viral titers of HRV2-infected HeLa cells (MOI =
20) in the presence or absence of indicated concentrations of PT (A) or HK plus 30 mM MgCl, (B) were determined 24 h p.i. Results for one
representative experiment of three experiments are shown. HeLa cells were infected with HRV2 (MOI = 50) or mock infected, and different
concentrations of PT (C) or HK-MgCl, (D) were added. At 24 h p.i., a CellTiter 96 AQ,,..,s nonradioactive cell proliferation assay was performed
according to the manufacturer’s protocol. Extinction at 492 nm reflects cell viability. The means * standard deviations of quintuples obtained in
one representative experiment of three performed are shown. (E) HeLa cells were infected with CVB3 or mengovirus (MOI = 10) and incubated
with 10 uM PT or 75 pM HK-30 mM MgCl,, respectively. Virus production of infected cells was determined by TCIDs, assay at 24 h p.i. The results

for one of two representative experiments are shown. —, control.

application of 30 mM MgCl, was essential to avoid cytotoxicity. Virus production
was determined in the supernatants of infected cells by TCIDs, determination.

Confluent monolayers of HeLa cells were infected with CVB3 or mengovirus
for 30 min. Cells were then washed twice with PBS and cultured in medium at
37°C in the presence or absence of indicated chemicals. At indicated time points,
the cells were disrupted by three cycles of freezing and thawing, and virus titers
were determined by end point titration.

Cell viability assay. HeLa cells were infected with HRV2 (MOI = 50) or mock
infected in the presence or absence of different concentrations of PT or HK-
MgCl,. At 24 h postinfection (p.i.), a CellTiter 96 AQ,,.,, nonradioactive cell
proliferation assay (Promega, WI) was performed according to the manufactur-
er’s protocol. Extinction at 492 nm reflecting cell viability was measured in a
Labsystems Multiscan RC plate reader.

Western blot analysis. HeLa cells were infected with HRV2 as described for
virus infection. At 0, 2, 4, 6, 8, and 24 h p.i., the medium was removed, and the
cells were lysed by the addition of protein sample buffer. Protein extracts were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), electroblotted onto polyvinylidene difluoride membranes, and
analyzed using a rabbit polyclonal antibody against eIF4GI (37), as described
previously (9).

Pulse-labeling and im precipitation. HeLa cells were preincubated with
10 uM PT or 125 pM HK-30 mM MgCl, for 30 min and infected with HRV2
(MOI = 50) in the presence of the substances. At 6 h p.i., newly synthesized
proteins were labeled with [*2S]Met/Cys (Hartmann Analytic, Germany) for 1
hour. At 7, 8, and 9 h p.i,, VP2 or VP2-comprising precursor proteins were
isolated by immunoprecipitation using the monoclonal VP2-specific 8F5 anti-
bodies (30) and analyzed by SDS-PAGE and autoradiography as described
previously (21).

HelLa cells infected with CVB3 (MOI = 50) were incubated with 125 pM
PDTC, 75 M HK-30 mM MgCl,, or 10 uM PT in the presence or absence of
10 uM TPEN. Five hours p.i., cells were starved half an hour prior to 1 h of
labeling with [**S]Met/Cys. After labeling, cells were lysed, and cellular extracts

were subjected to immunoprecipitation using either antibodies specific for 3D or
3C (kindly provided by C. Cameron, Pennsylvania State University) as described
previously (22). Then, the protein pattern was analyzed by SDS-PAGE and
autoradiography.

Radioactive zinc uptake studies. HeLa cells in serum-free culture medium
(zinc concentration of 0.6 puM as measured by atomic absorption analysis) were
incubated with 5 uM **Zn** (0.82 mCi/mg Zn>*; Hartmann Analytic, Germany)
in the presence of indicated concentrations of PDTC, PT, or HK-MgCl,. At the
indicated time points, the cells were harvested by filtration on GF/C glass fiber
filters (Whatman, Maidstone, United Kingdom). To remove extracellular
%57Zn?*, filters were washed with a buffer containing EDTA (15 mM HEPES, 100
mM glucose, 150 mM KCI, 1 mM EDTA [pH 7]), and the amount of intracellular
%57n?* was determined in a Packard Cobra II y-counter.

Fluorescence microscopy. HeLa cells grown in p-slide VI slides (Ibidi, Ger-
many) were loaded with 5 M FluoZin-3 acetoxymethyl ester (Invitrogen) or 1
pM RhodZin-3 acetoxymethyl ester (Invitrogen) in PBS for 15 min at 37°C.
Subsequently, cells were incubated for 1 h in growth medium to allow de-
esterification. Then, PDTC, PT, or HK was added to the medium for the indi-
cated incubation times. In some experiments, chemicals were removed after 30
min, and fresh medium was applied for 1 h. Fluorescence was monitored in a
live-cell microscope system (Olympus cellR) using fluorescein isothiocyanate
settings for FluoZin-3 and Cy3 settings for RhodZin-3. A Hamamatsu Photonics
Orca-ER camera was used.

RESULTS AND DISCUSSION

PT and HK inhibit picornavirus multiplication and increase
cell viability of infected cells. We have previously discovered
that the drug PDTC substantially interferes with the multi-
plication of several picornaviruses (9, 22). These antiviral
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effects of PDTC are dependent on metal ions, in particular
zinc ions. To further substantiate the hypothesis that zinc
ions play a major role in virus inhibition, two structurally
different metal ion binding compounds, PT (4, 12, 17, 35)
and HK (2, 23, 32), were analyzed regarding their effects on
HRYV production (Fig. 1). HeLa cells were infected with
HRV serotype 2 with an MOI of 20 in the presence or
absence of PT or HK. At 24 h p.i., supernatants were col-
lected, and virus titers were determined. The presence of 5
uM and 10 pM PT decreased viral titers by around 3 orders
of magnitude (Fig. 1A). Likewise, HK significantly dimin-
ished viral multiplication in a dose-dependent manner (Fig.
1B). Similar results were obtained using a different HRV
serotype (HRV14) or an alveolar carcinoma cell line (A549)
(data not shown).

To quantify cell viability a colorimetric viability assay was
performed. HeLa cells infected with HRV2 showed a signifi-
cant loss of viability 24 h p.i. (Fig. 1C and D). In contrast, PT
(Fig. 1C) and HK (Fig. 1D) retained viability to normal levels
at concentrations between 5 pM and 20 pM PT and 62 pM
and 125 pM HK, respectively. Based on additional experi-
ments, 50% inhibitory concentrations of 3 uM for PT and 42
pM for HK were determined. Importantly, no cytotoxicity of
PT and HK was found in mock-infected HeLa cells (Fig. 1C
and D, gray bars) and A549 cells (data not shown) under these
conditions. The absence of cytotoxicity is in contrast to reports
about proapoptotic activities of PT and HK in other cell lines
such as HL-60 cells (15, 19, 20).

It is of great interest to investigate whether PT and HK act
specifically for HRV or whether these drugs target a common
step in the picornavirus life cycle. Thus, the role of PT and HK
during infection with coxsackievirus strain B3 (CVB3) and the
mengovirus strain EMCV (which will hereafter be referred to
as mengovirus) was examined (Fig. 1E). In a single-round
infection experiment with CVB3 or mengovirus, viral titers of
around 10® TCIDs,/ml were obtained. In the presence of PT or
HK, the titers were significantly reduced by around 3 and 2
orders of magnitude, respectively. These data are in agreement
with the antiviral activities of PDTC against these viruses that
were reported previously (22).

PT and HK abolish eIF4GI cleavage and affect viral polypro-
tein processing. Different steps of the HRV infection in the
presence of PT or HK were studied to analyze whether PT and
HK act mechanistically similar to PDTC. Early events in the
viral life cycle, such as virus entry and uncoating, were not
affected by PT and HK (data not shown). A hallmark of rhi-
novirus infection is the cleavage of the eukaryotic translation
initiation factors eIF4GI and eIF4GII by the viral 2AP™ (7,
11), leading to the shutoff of host-cell protein synthesis (8). To
test whether PT and HK affect eIF4GI cleavage, protein ex-
tracts of HRV2-infected cells were analyzed by Western blot-
ting (Fig. 2A). In the absence of PT or HK, around 50%
cleavage of eIF4GI was obtained at 4 h p.i. At 6 h and 8 h p.i.,
elF4GI was nearly completely processed into its typical cleav-
age products. In the presence of PT or HK, no significant
amounts of eIF4GI cleavage products were found within 24 h
of infection. This is in agreement with data obtained with
PDTC (9).

As PDTC shows a clear inhibition of viral polyprotein
processing (21), P1 processing was also examined in the
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FIG. 2. PT and HK abolish HRV2-triggered eIF4GI cleavage and
affect viral polyprotein processing. (A) HRV2-infected HeLa cells
(MOI = 20) were either mock treated or treated with 10 uM PT or 125
wM HK-30 mM MgCl,. After the indicated time points, protein ex-
tracts were collected and analyzed by Western blotting using an anti-
body specific for eIF4GI and its cleavage products. (B) HeLa cells
were preincubated with 10 pM PT or 125 pM HK-30 mM MgCl, for
30 min and infected with HRV2 (MOI = 50) in the presence of the
substances. At 6 h p.i., newly synthesized proteins were labeled with
[**S]Met/Cys for 1 hour. At the indicated time points, VP2 or VP2-
containing precursor proteins were isolated by immunoprecipitation
and analyzed by SDS-PAGE and autoradiography. Immunoprecipita-
tion of mock-infected labeled cells did not show any signal. MW,
molecular weight in thousands.

presence of PT or HK (Fig. 2B) by a pulse-chase labeling
experiment, followed by immunoprecipitation with a VP2-
specific antibody, 8F5, which pulls down VP2, VP2-contain-
ing precursors, and viral proteins bound to VP2 (30). La-
beling of viral proteins started at 6 h p.i. for 60 min, and
subsequently, cell lysates were prepared every hour. In un-
treated cells, the processing of the P1 precursor protein was
clearly visible between 7 h and 9 h p.i. as a reduction of the
amount of the corresponding polyprotein band. At the same
time, smaller bands comprising VP2 and VP3 appeared. In
the presence of either PT or HK, the processing of the P1
protein was blocked, and no mature VP2 or VP3 products
could be detected. Moreover, various intermediate process-
ing products were obtained in the presence of PT or HK,
giving an identical picture to the processing defects ob-
served using PDTC (21).

To specifically monitor the activity of 3CDP™, which is
responsible for the processing of the P1 region and which
autocleaves itself into 3CP™ and 3DP°!, the polyprotein-
processing pattern of coxsackievirus infection in the pres-
ence of PDTC, PT, and HK was investigated (Fig. 3). CVB3-
infected Hela cells incubated with PDTC, HK, or PT were
starved half an hour prior to 1 h of labeling at 5.5 h p.i.
Subsequently, immunoprecipitation experiments using poly-
clonal antibodies raised against CVB3 3CP™ and 3DP°' were
performed and analyzed as described above. PDTC, PT, and
HK abolished coxsackievirus polyprotein processing into the
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FIG. 3. PT and HK abrogate 3D and 3C processing of CVB3.
HeLa cells infected with coxsackievirus B3 (MOI = 50) were incu-
bated with 125 uM PDTC, 75 uM HK-30 mM MgCl,, or 10 uM PT
in the presence or absence of 10 pM TPEN. At 5 h p.i., cells were
starved half an hour prior to 1 h of labeling with [**S]Met/Cys.
Harvested cell lysates were subjected to immunoprecipitation using
either antibodies specific for 3D (left panel) or 3C (right panel) and
then analyzed by SDS-PAGE and autoradiography. Results for a
representative experiment are shown. —, TPEN absent; +, TPEN
present.

mature viral proteins 3D and 3C in a similar manner indi-
cating a common antiviral mechanism of all three com-
pounds. The presence of 10 uM of the strong metal ion chelator
TPEN restored viral polyprotein processing, suggesting that the
observed inhibition is based on the availability of metal ions.
These data indicate that polyprotein processing of picor-
naviruses is a sensitive step for treatment with zinc iono-
phores. We have evidence that viruses such as respiratory
syncytial virus (belonging to the family of Paramyxoviridae)
which do not depend on polyprotein processing during their
life cycle are not inhibited by PDTC treatment (data not
shown). An unspecific adverse effect of PDTC on general
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cellular functions that lead to virus inhibition is therefore
unlikely.

EDTA abolishes the antipicornavirus effects of PT and HK.
We and others have shown that treatment with PDTC or PT
leads to a rapid elevation of the concentration of free cyto-
plasmic Zn?" ions (6, 22, 16-18). The importance of metal
ions was further substantiated by experiments using EDTA
as a general extracellular metal ion chelator (Fig. 4). In the
presence of 10 uM EDTA, the antiviral properties of PT
and HK against HRV2 (Fig. 4A), CVB3 (Fig. 4B), and
mengovirus (Fig. 4C) are lost, indicating the involvement of
metal ions. By using Zn?'-, Ca®'-, or Mg?"*-saturated
EDTA (25), we demonstrate that only Zn-EDTA retains the
antiviral property of PT or HK. This indicates that the
availability of Zn?" ions is a prerequisite for the antiviral
activity of these compounds. None of the EDTA-metal ion
complexes alone had any antiviral effect at the concentra-
tions tested.

PDTC, PT, and HK treatments cause a rapid and efficient
influx of *Zn>* into cells. It is unclear whether PDTC, PT,
and HK mobilize zinc ions localized in intracellular storage
vesicles or allow extracellular ions to enter the cytoplasm. To
directly monitor import of extracellular zinc ions into HeLa
cells, we employed radioactive ®*Zn?" to determine the effects
of PT, HK, and PDTC on zinc import (Fig. 5A). HeLa cells
were incubated for different time periods with 5 uM %Zn**
and PDTC, PT, or HK and then harvested by filtration on
GF/C glass fiber filters. The amount of intracellular ®°Zn?"
was measured by y-counting of the filter membranes. In the
presence of ®*Zn** alone, no significant increase in radioac-
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FIG. 4. Zinc ions are responsible for the antiviral property of PT and HK. HeLa cells were infected with HRV2 (MOI = 20) (A), CVB3
(MOI = 10) (B), or mengovirus (MOI = 10) (C) and incubated with 10 uM EDTA or 10 pM of Zn-EDTA, Ca-EDTA, and Mg-EDTA,
respectively. If indicated, 10 uM PT (A, B, and C), 125 uM HK-30 mM MgCl, (A), or 75 uM HK-MgCl, (B and C) was added at the time of
infection. The virus titers in the supernatants of the infected cells were determined by a TCIDs, assay at 24 h p.i. and shown as log TCIDs,/ml.
Viral infection without addition of compounds is labeled as “cont.” The results for one representative experiment of three are shown.
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FIG. 5. PDTC, PT, and HK cause import of extracellular ®*Zn?" levels in a dose-dependent manner. (A) HeLa cells in serum-free culture
medium were incubated with 5 pM %Zn>* and 125 uM PDTC, 10 pM PT, or 125 pM HK-30 mM MgCl,. At the indicated time points, the cells
were harvested and washed with a buffer containing EDTA, and the amount of intracellular ®*Zn*" was determined in a Packard Cobra II
y-counter. Statistical variations between different samples are determined to be a maximal £10% (data not shown). The results for one of three
experiments are shown. (B) HeLa cells in serum-free culture medium were incubated with 5 uM ®°Zn** and various concentrations of PDTC (top
panel), PT (middle panel), or HK-MgCl, (lower panel) for 15 min. Then, the cells were collected and washed, and the amount of intracellular
957Zn** was determined as described above. The results for one of five experiments are shown.

tivity of the collected cells was measured, whereas the presence
of either PT or HK facilitated a threefold increase of intracel-
lular *Zn?" within a few minutes. PDTC elevated the intra-
cellular ©Zn>" level sixfold. These results demonstrate that all

three substances facilitate import of extracellular zinc ions via
a rapid uptake mechanism.

As shown in Fig. 5B, this zinc uptake is dose dependent. The
presence of more than 15 pM PDTC, 2.5 uM PT, or 62 puM HK
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FIG. 6. Zinc ionophores influence the labile Zn>" pool. HeLa cells were loaded with 5 WM FluoZin-3 (A) or 1 uM RhodZin-3 (B) in PBS for
15 min at 37°C. After extensive washing and 1 h of de-esterification in medium, zinc uptake was induced by treatment with 125 uM PDTC, 10 pM
PT, and 125 pM HK-30 mM MgCl, in growth medium. If indicated, after 30 min of chemical treatment, ionophores were removed for 1 hour
(PDTC + 1 hremoval, PT + 1 h removal, HK + 1 h removal). Pictures were taken at the indicated time points by live fluorescence microscopy
with 60X optics. Examples of images of three independent experiments were chosen.

caused significant ®*Zn>" uptake after 15 min. It is noteworthy
that this concentration range was found to be antiviral (Fig. 1) (9),
suggesting that the influx of zinc ions is essential for mediating the
common antiviral property of these compounds.

Intracellular localization of zinc ions imported via PT, HK,
and PDTC. To directly visualize the ability of PDTC, PT, and
HK to increase the intracellular pool of labile Zn**, specific
zinc indicators were used (Fig. 6). FluoZin-3 is a Zn*"-sensi-
tive and -specific fluorescent probe that has no specific cellular
localization (14). In cells loaded with FluoZin-3, intracellular
fluorescence was minimal (Fig. 6A, top panel) due to a very
low level of free zinc ions (24). After induction with 10 uM PT,
125 uM PDTC, or 125 pM HK, a rapid and significant increase
in fluorescence was found reflecting an elevation of the intra-
cellular labile “chelatable” zinc level. Noteworthy, these exper-
iments were carried out in normal growth medium and appar-
ently the Zn®>* concentration present in the medium is
sufficient to lead to ionophore-mediated zinc ion transport.

The observed punctate pattern of FluoZin-3 fluorescence is in
agreement with recent data from rainbow trout cells incubated
with high levels of extracellular zinc (24). In a large variety of
mammalian cell types, vesicular storage sites for zinc which have
been designated “zincosomes” can be detected (1). Zincosomes
play a role in detoxifying excess zinc and are suggested to colo-
calize with endosomal compartments and lysosomes (13).

The uptake of zinc ions is reversible. When the zinc ionophores
PDTC, PT, and HK were removed, the fluorescence declined
close to background within 1 h (Fig. 6A, bottom panel).

To specifically monitor the free mitochondrial zinc pool,
RhodZin-3 was used (28). HeLa cells loaded with RhodZin-3
exhibited a very weak fluorescence, indicating low levels of

labile Zn*" inside the mitochondrial compartment (Fig. 6B).
In contrast, upon 20 min of treatment with PDTC, PT, or HK,
the signal of RhodZin-3 fluorescence was strongly enhanced.
This mitochondrial localized signal was found to be constant
over at least 80 min of PT incubation (data not shown). The
role of a labile Zn** fraction in mitochondria during viral
infection is currently unclear and has to be the subject of
further studies.

Concluding remarks. Conclusively, all three antiviral sub-
stances are potent zinc ionophores increasing the intracellular
pool of labile zinc. This strong elevation is constant as long as
the zinc ionophores are present but is reversible after removal
of PDTC, PT, or HK.

The reversibility of the elevation of free-zinc concentrations
is in agreement with data that we had obtained when virus
multiplication was monitored in a setup when PT, HK, and
PDTC were present for short intervals only. In contrast to the
significant viral titer reduction evoked by permanently present
PDTC, PT, or HK, a short (1 h) pulse of zinc ionophore
treatment between 2 h and 5 h p.i. was not sufficient to signif-
icantly reduce viral titers (data not shown). These data indicate
that a prolonged presence of ionophores during viral replica-
tion is needed to exert antiviral effects. In previous data, we
have shown that a clear reduction of virus titer was obtained
when PDTC treatment started up to 4 h after infection, con-
tinuing to 24 h (9).

In conclusion, we have identified a set of three antiviral
compounds against HRV, coxsackievirus, and mengovirus in-
fections, which differ in their chemical structures but appear to
use import of zinc ions as a common trigger for exerting their
antiviral effect. It was reported that PDTC reduces coxsackie-
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virus B3 replication through inhibition of the ubiquitin-protea-
some pathway (29). We tested the proteasome inhibitor MG-
132 at nontoxic concentrations for antiviral properties against
HRV2 and HRV14. However, functional MG-132 concentra-
tions that cause a massive accumulation of ubiquitinylated
proteins within 8 h of incubation were not antiviral (data not
shown). Thus, proteasomal inhibition is not likely to be the
major cause of the antiviral activity of PDTC, PT, or HK.

Importantly, PDTC, PT, and HK lead to efficient import of zinc
ions that are naturally present in the cell culture medium. Uptake
of Zn** into cells interferes with the viral life cycle. Already in
1974, Butterworth and colleagues have shown that adding high
concentrations of zinc ions to cells impairs picornavirus polypro-
tein processing (3); however, the mechanistic basis still remains
incompletely understood. On the one hand, viral proteases might
be affected in their functions directly; on the other hand, zinc ions
could contribute to folding problems of the viral polyprotein that
lead to inseparable precursors. Folding inhibition was recently
suggested as a target for antiviral strategies (10).

Several attempts have been employed to create mutants
resistant against PDTC during human rhinovirus or influenza
virus infections. However, no resistant viruses were obtained,
hinting at a cellular mechanism of action which is expected to
be similar for HK and PT. On account of these findings,
PDTC, PT, and HK may provide an interesting basis for the
development of new classes of antipicornaviral therapeutics.
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