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Abstract

Green tea catechins have been reported to inhibit proteases involved in cancer metastasis and infection by influenza virus and HIV.
To date there are no effective anti-adenoviral therapies. Consequently, we studied the effect of green tea catechins, and particularly the
predominant component, epigallocatechin-3-gallate (EGCG), on adenovirus infection and the viral protease adenain, in cell culture. Adding
EGCG (10QuM) to the medium of infected cells reduced virus yield by two orders of magnitude, giving andfiZ5 uWM and a therapeutic
index of 22 in Hep?2 cells. The agent was the most effective when added to the cells during the transition from the early to the late phase
of viral infection suggesting that EGCG inhibits one or more late steps in virus infection. One of these steps appears to be virus assembly
because the titer of infectious virus and the production of physical particles was much more affected than the synthesis of virus proteins.
Another step might be the maturation cleavages carried out by adenain. Of the four catechins tested on adenain, EGCG was the most
inhibitory with an IGo of 109M, compared with an 16 of 714uM for PCMB, a standard cysteine protease inhibitor. EGCG and
different green teas inactivated purified adenovirions witkp I6f 250 and 245-3095, respectively. We conclude that the anti-adenoviral
activity of EGCG manifests itself through several mechanisms, both outside and inside the cell, but at effective drug concentrations well
above that reported in the serum of green tea drinkers.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction The human adenovirus 2 endopeptidase (adenain) is a

204 amino acid monomeric cysteine protease (reviewed

Adenoviruses are implicated in a variety of human in Weber, 1999 For optimal activity, adenain requires its

and animal pathologies and are currently under inten- eleven residue activating peptide, pH 8 and@5n the pres-
sive investigation as gene transfer vectdf®rfvitz, 1996; ence of 1 mM thiol compounds and negatively charged poly-
Qualikene et al., 2000; Whickam, 2000; Doronin et al., mers. The spatial disposition of the active site residues (H54,
2001)). Although absolved in the past of oncogenic poten- E/D71, C122) is identical to that of papain (H159, N175,
tial in humans, because of a failure to find viral nucleic C25) and so is the location of Q115 of adenain and Q19 of
acids in tumors, evidence was recently reported supportingpapain Ding et al., 199%. In consequence some papain in-
a possible “hit and run” mechanisnNévels et al., 2001 hibitors also inhibit adenairSjrcar et al., 1998 The enzyme
Because of the large number of serotypes infecting man, is specific for two consensus sites (M, I, L)XGG-X or (M, |,
little effort has been directed towards the development of L)XGX-G, where X is any amino acid. A group of proteases
antiviral strategiese Clercq, 1993; Cornish et al., 1995; with similar substrate specificity and related structures in-
Sircar et al., 1996, 1998; Mentel et al., 1997, 2000; Mentel cludes the cysteine proteases of African swine fever virus,
and Wegner, 2000; Ruzindana-Umunyana et al., 2000; vaccinia virus, fowlpox virus, and the Ubl-specific pro-
Ruzindana-Umunyana and Weber, 2001; Pang et al.,)2001 teases of yeast and Chlamydla &énd Hochstrasser, 1999;
Based on our studies of the adenovirus protease, adenainl.opez-Otin et al., 1980 Adenovirus maturation, infectivity
we have suggested this enzyme as a target for chemotherapgnd uncoating are dependent on proper adenain activity,
of adenovirus infections in general. suggesting that the viral protease is an appropriate target

for the development of antivirals\eber, 1999; Balakirev

et al., 2002; Mangel et al., 2001; Pang et al., 2001

* Corresponding author. Tek:1-819-5645326; fax:1-819-5645392. ~There is an extensive literature documenting the an-
E-mail address: joseph.weber@usherbrooke.ca (J.M. Weber). ticancer activity of green tea catechins, particularly the
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predominant component, epigallocatechin-3-gallate (EGCG; Recombinant human SCCA1 was purified from a yeast
Jankun et al., 1997; Morre et al., 2000; Mukhtar and Ahmad, expression system (generously supplied by P. Pemberton).
1999; Cao and Cao, 1999; Yang et al., 1998the mech-
anism of inhibition has been attributed in part to the inhi- 2.3. MTT assay
bition of certain proteases involved in metastasisitbisa
et al.,, 1999, 2001; Demeule et al., 2000n addition, The stock solution of MTT, 3-(4,5-dimethylthiozol-2-yl)-
EGCG has also been shown to have inhibitory effects on 3,5-dipheryl tetrazolium bromide (Sigma cat. no. M2128)
HIV and influenza virus e Clercq, 2000; Haneda et al., was prepared in sterilized phosphate-buffered saline at
2000; Nakayama et al., 1993; Yamaguchi et al.,, 3002 2mg/ml. Cells were plated in 96-well Linbro plates and
Pharmacokinetic studies in humans showed that 77% of 24 h later the medium was removed and replaced with fresh
EGCG was present in plasma in the free form and that medium containing EGCG. The control wells contained an
there was virtually no hepatic alteration or elimination as equivalent amount of solvent. Three days later the culture
manifested by a half life of 5hl(ee et al., 2002; Cai et al., medium was carefully removed from the wells without dis-
2002. The safety of the compound is attested to by a long turbing the attached cells. MTT (30 in 200wl of medium)
history of green tea consumption by some asian popula-was added to each well and incubated at@7%or 4 h. We
tions. Here we report the effect of green tea catechins, andfound that 4 h was sufficient for the cells to reduce MTT to
particularly that of EGCG, on adenovirus infection and formazan crystals. The excess MTT was carefully removed
adenain. and the formazan crystals were solubilized by addingi200
DMSO to each well and the absorbance measured at 550 nm.

2. Materials and methods 2.4. Inhibitors

2.1. Virus and cells The green tea catechins epicatechin (EC), epicatechin-3-
gallate (ECG), epigallocatechin (EGC) and epigallocatechin-
Hep2, is a human epidermoid carcinoma of the larynx, 3-gallate (EGCG) and the general cysteine protease
cell line. HMEC, is a normal human epithelioid cell line inhibitor p-chloromercuribenzoate (PCMB) were purchased
kindly provided by Dr. A. Jamali (originally from Clonetics ~ from Sigma—Aldrich. EGCG was also purchased from LKT
Corp., Walkersville, MD;Guo et al., 200p Both cell lines Laboratories (2233 University Avenue, W., St. Paul, MN
were cultured in DMEM medium and 10% fetal bovine 55114-1629). The identity and purity of the molecules were
serum. Human adenovirus type 2 (Ad2; originally obtained verified by their absorbance spectrum and by mass spec-
from R. Huebner, NIH) was grown in Hep2 cells and titered trometry. Stock solutions were made as follows: catechins,
by either plaque formation or end-point dilution in Hep2 10mM in phosphate buffered saline (PBS); PCMB, 20 mM
cells. All experiments were done at an m.o.i. of 10 PFU in 10 mM NaOH diluted with bicarbonate buffer at pH 9.5.
per cell and virus yield was titered by two-fold dilutions Green tea infusion was prepared by adding either 20 ml
in 96 well microtiter plates as describe@®récious and (designated as GT-20) or 100 ml (designated as GT-100) of
Russell, 1985 Labeling with 3°S-methionine, gel elec-  boiling nanopure water to 1 gm of dry tea leaves for 10 min
trophoresis (SDS—-PAGE) and virus purification methods centrifuged and filtered through a 0.2k filter. EGCG

were described befor&ircar et al., 1998 concentrations were determined by spectroscopy using pu-
rified EGCG to construct the standard curve at a maximum
2.2. Protease assays absorbance of 278 nm. The efficacy of this preparation did

not appear to change upon freezing and short-term storage

Recombinant adenovirus type 2 protease (Adenain; (1 week at £C). The different brands of tea were purchased
EC3.4.22.39) was purified by chromatography from an from local supermarkets.
E. coli expression system (pLPV) as described before
(Keyvani-Amineh et al., 1995 Protease assays were done
as described before with substrates of tsl infected cell 3. Results and discussion
lysates labeled wit°S-methionine at the non permissive
temperature (39C) at 24 h p.i. as a source of viral precursor 3.1. Inhibition of virus replication
proteins, particularly pVII Keyvani-Amineh et al., 1995
Ts1 is defective for protease activity at 39, consequently The anti-adenoviral activity of EGCG was evaluated in
providing a ready source of viral precursor proteins. This vitro in a time-course experiment. One hundred micromolar
substrate was boiled to inactivate any residual adenain.EGCG was added to infected cells at different times after
Adenain was preincubated with inhibitors for 30 min. be- infection and the virus yield was determined at 48 h as a per-
fore substrate addition. Enzyme activities were assessedcentage of the yield obtained in the absence of EGCG. The
from the conversion of viral precursor protein pVII to VII  results are shown iRig. L EGCG depressed virus yield by
as visualized on autoradiograms of SDS—PAGE separationsiwo orders of magnitude when it was added between 8 and
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60 Table 1
The antiviral effect of EGCG and green tea

50 - Agent 1Gso (wM)
-~
E Inactivation of Effect on infectious
%’ 40 - adenovirus virus production
o Epigallocatechin gallate 250 25
e\i 30 - (EGCG)
~ $ s Green tea infusiods(GT-20)
2 20 Gunpowder 245 34
S Uncle Lee’s 2840 N.D.
8 e $ Celestial seasonings 3095 45
= 01 % Tetley 490 45

° $3 , , —
0 : i aExpressed in terms of estimated EGCG concentration in the tea.

0 4 8 12 16 20 24
100uM EGCG treatment post-infection (hr)

(Chen et al., 1998; Morre et al., 2000'he 1G5 for total
Fig. 1. Effect of EGCG on virus infection: time-course of treatment. One virus yield was 2uM (Table J).
hun(_jred mic_romolar EGCG _was added to the medlum of infectgd cells The virus partic|es were purified from a similar experi_
at different times after infection and at 48 h the virus yield was titered. ment and the proteins separated by SDS—PAEE. @). At

EGCG concentrations of 2Q(M or greater, virus assembly
16 h after infection. The shape of the curve clearly sug- Was significantly reduced. This was in agreement with the
gests an inhibitory effect on the late phase of virus infection. titration experiments. It is of interest to note here that the
Some aspect of the early phase however also appears to b@Ssembled virions contained a normal set of polypeptides
drug-sensitive because treatment of the cells for 1 h prior to tyPical of mature virionsKig. 3, lanes b-d). _ _
infection also showed a 50% decrease in subsequent virus CGreen tea infusions were also tested by adding 1 ml di-
yield (results not shown). Green tea infusion had a similar 1utions in DMEM to infected cells at 18h post-infection
effect. This sensitivity could be mediated by the inhibition of fOr 15min then 3ml DMEM and incubated until 44h
some cellular process that virus infection relies upon. This POst-infection and the virus yield titrated. The results from
time of addition study also suggests that the antiviral activ- S€veral types of teas, expressed in terms of EGCG con-
ity of the compound may be unstable after several hours. Céntration, were similar to those obtained using purified

The results of a dose—response experiment are shown ifFGCG, as aboveTable J.

Fig. 2 Different concentrations of EGCG were added 18h  The observed antiviral effect of EGCG could be due to
post-infection and the total virus (cells plus medium) or Cellulartoxicity. Green tea catechins, and particularly EGCG
cell-associated virus yield was titered at 48 h. The divergenceNas been reported to be more toxic to cancer cells than
of the two curves suggests that EGCG not only inhibits virus "0rmal cells gachinidis et al., 2000; Morre et al., 2900
synthesis but also promotes the release of the virus fromAS all of our experiments were conducted in Hep2 cells,
the cells. This suggests an effect on the cell membrane byWhich was originally derived from a human laryngeal ep-

EGCG. Two reports have indeed suggested such an effectthelial carcinoma, we compared the toxicity of EGCG to
Hep2 cells versus a normal epithelial cell line, HMEC. The

MTT assay for toxicity over a 2-day period of treatment only
showed a marginal difference between the two cell lines,
neither showing any significant degree of impairement of

= 9 cell survival Fig. 4, panel A). The 50% cytotoxic concen-
= tration (CGyp) of EGCG to Hep2 cells was 54M. The
ol antiviral effect of EGCG in the above experiments gave an
s ICsp of around 25.M, which yields a therapeutic index (TI)
= of 22.

Toxicity was also assessed by a metabolic labeling exper-
iment. Different concentrations of EGCG were added to the
T T T T medium at 18 h after virus infection or mock-infection of

0 50 100 150 200 250 Hep2 cells and then labeled withS-methionine at 20-21 h.
EGCG (uM) The cell lysates were separated by SDS-PAGE and autora-
. N . . diographed. Neither cellular nor viral protein synthesis was
Fig. 2. Effect of EGCG on infectious virus production. EGCG was added

to the medium of infected cells at 18h post-infection and at 48h the affected S|gn|f|cantly at 100M EGCG, but at _SOQ’“M VI-
virus yield was titered from the cell pellet (cell-associated vifug,and ral synthesis was depressed more than celltiay. ¢, panel
also from the combined medium plus cells (total virds). B). These results also confirm the absence of toxicity of
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(A) 100 O taken up by cellsYang and Wang, 1993; Williams et al.,
2000.

80 - 3.2. Inactivation of virions

We next tested the antiviral effect of EGCG in an ex-
M\ tracellular environment. Highly concentrated purified virus
was exposed to different concentrations of EGCG for 15 min
at room temperature then dilutions made and the effect on
infectivity titrated in Hep2 cells. We chose these conditions
o 100 200 300 400 500 600 based on pilot experiments which suggested that varia-
EGCG (M) tions in tempera_ture and time of exposure had little effect.
The direct antiviral effect of the first lot of EGCG from
20 4 Sigma—Aldrich gave an I§ of around JuM. The antiviral
effect was not due to a delay in the infectious cycle because
the virus titer did not increase by prolonging incubation.

-
o
w

O

~
o
1

60 -

w
w
-

0

Relative cell viability (%6)
Relative cell viability (%6)

0 r , ' T Three subsequent lots of EGCG from Sigma-Aldrich and
0 20 40 60 80 100 one lot from LKT Laboratories, however, gave values of
ICs0 of only around 25@M. The reason for this discrep-
EGCG (uM) ancy in antiviral efficacy remains unknown.

) ; EGCG is the predominant flavonoid in tea and constitutes
& Ad2-infected mock-infected 10-15% of green tea leaves by dry weight. We, therefore,
uM EGCG 0 100 500 0 100 500 tested the effect of a freshly prepared green tea infusion on
Ty the infectivity of adenovirus. This gave andgat 1/8 dilu-
- - L S tion of the infusion, which corresponds to 2261 EGCG
in the infusion. Storing the infusion at’€ or room temper-
ature for 7 days had little effect on its efficacy.

How does EGCG and green tea inactivate adenovirions?
Particle integrity was tested by density gradient centrifu-
gation in CsCI after exposure (15 min, followed by dial-
ysis) to different concentrations of EGCG and green tea
infusion. Up to a concentration of 2@V EGCG, neither
agent affected the normal banding at 1.34 g/ml of the viri-
ons. Beyond that, the band diminished in a dose—response,
H and disappeared completely at 304. Viral DNA became
o ; sensitive to digestion by micrococcal nuclease in the same
BB

f

| dose-range. Adenain activity in the treated virions was also
verified as described before (Tremblay et al., 1983). Com-

Fig. 3. EGCG toxicity. Panel A: effect on cell viability. Hep2 cells (cancer) pared to mock-treated virions, adenain activity Wa_s red_uced

and HMEC (normal) cells were grown in the presence of EGCG for 10 40% by 25QuM EGCG and to 15% by green tea infusion

40h and the relative cell viability was determined by the MTT test. The containing the same concentration of EGCG.

inset shows the effect of EGCG on Hep2 cells at higher concentrations.  The plasma concentration of EGCG after 2-3 cups of

Panel B: gffect on protein synthesis. Hep2 cells were Ad2-infected (a—c) tea has been reported to be 0.1+40\8 in man (Cao and

or mock-infected (d—f) and EGCG was added to the medium at 18h . .

and 35S-methionine at 20-21h. The cells were lysed and subjected to Cao, 1999; Lee et gl., 20p2Another report determmEd_the

SDS-PAGE and autoradiography. plasma concentration two hours after the consumption of

1.5gm of tea in 500 ml of water at 0.2/ (Yang et al.,
19983. The half-life was a surprising 5.0-5.5 h. These val-
EGCG at concentrations of up to, and somewhat beyond, ues are too remote compared to thed©f 225uM antivi-
100pM. ral effect obtained in vitro, to afford protection against the
Taken together, the above experiments suggest that EGCGrirus to green tea drinkers.

inhibits one or more late steps in virus infection. One of

these steps appears to be virus assembly because the titer &3. Inhibition of adenovirus endopeptidase

infectious virus and the production of physical particles was

much more affected than the synthesis of virus proteins. In  The effect of green tea catechins on the activity of ade-

agreement with published reports it is implicit from these nain was tested in an in vitro assay. The fluorescent peptide

results that catechins and EGCG in particular, are efficiently substrate assay which we have used successfully in the past

b c d e
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Fig. 4. The effect of tea catechins on adenain activity. Panel A: the reaction mixtures contained labeled ts1 proteins (ingglipige-20I protein),

0.5pg of recombinant adenain (all lanes except first)u0 pVic activating peptide, and different concentrations of inhibitors (i above lanes).

GT-100, green tea (“gun powder” infusion in 100 ml water). Reactions were incubated@tf87 18 h, stopped by boiling in lysing solution, subjected

to SDS-PAGE, and autoradiographed. Only the pre-VII and cleaved VII region of the gel is shown. Panel B: the effect of EGCG and PCMB on adenain
activity. The reaction mixtures containeduty of SCCA1, 0.5.g of recombinant adenain (all lanes except first) u80 pVic activating peptide, and

different concentrations of EGCG (imM above lanes). Reactions were incubated at@7or 18 h, stopped by boiling in lysing solution, subjected to
SDS-PAGE and stained with silver nitrate.

to study adenain could not be used due to the quenching(Table 9. With the exception of EC, the catechins appear to
of fluorescence by the catechi®uzindana-Umunyana and be more efficient inhibitors of adenain activity than the stan-
Weber, 2001; Diouri et al., 1995We have therefore used dard cysteine protease inhibitor PCMB, which gave agyIC
our second assay based on the cleavage of the viral precuref 714, but less efficient than against matrix metalloproteases
sor protein PVII Keyvani-Amineh et al., 1995 The effect (Table 3. The seven-fold greater efficacy of EGCG over
of the catechins varied widelyF{g. 5 panel A). Quanti- PCMB was surprising. To confirm this difference and to rule
tation was by densitometric scanning of the lanes, taking out a bias by adenain due to the adenoviral protein substrate,
the second lane as control. 50% inhibition of adenain ac- we performed another assay using a foreign protein sub-

tivity required 109.M EGCG, followed by 143.M ECG,
152puM EGC and 100QuM EC. A green tea infusion, which

strate. With the squamous cell carcinoma antigen (SCCA1)
as substrate the g for EGCG and PCMB were 75 and

contains all four catechins but principally EGCG, yielded 500uM, respectively Fig. 5 panel B). These values and the

an 1Gp of 200pM, in terms of its EGCG concentration

ratio were similar to those above, thus confirming the greater
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100 200 500

108
85
— 66

— 48

—23

= 18.5

virus effects Garbisa et al., 1999, 2001; Demeule et al.,
2000; De Clercq, 2000; Yamaguchi et al., 2002; Nakayama
et al., 1993. EGCG was effective in inhibiting virus growth

in cell culture with a therapeutic index of 22. EGCG and
green tea itself have antiviral properties manifested at
several levels including direct inactivation of virus parti-
cles, inhibition of intracellular virus growth, and inhibi-
tion of the viral protease, adenain, in vitro. However, the
anti-adenoviral effects measured in vitro and ex vivo were
at drug concentrations well above the plasma concentra-
tions of EGCG in green tea drinkers to presume to afford
protection against adenovirus infection. All of the present
experiments were conducted with human adenovirus type 2,
the most commonly used serotype. Whether EGCG is also
effective against other adenovirus serotypes remains to be
determined. Because the present experiments suggest that
the viral protease, or adenain, is the target of EGCG and be-
cause the amino acid sequence is highly conserved among
adenoviruses, we expect all adenoviruses to be sensitive to
EGCG.

Fig. 5. Effect of EGCG on the production and polypeptide composition of
virus particles. EGCG was added to the medium of infected cells at 18 h
post-infection and at 48 h virus was purified from the combined medium Acknowledgements
plus cells by two cycles of density gradient centrifugation in CsCl. The

material at 1.34gm/ml density was collected, dialyzed and subjected  This research was Supported by grant MT4164 to J.M.W.

_to SI_D_S—PAGE and stained with coomassie blue. The \(lral protelns_are from the Canadian Institutes of Health Research.
identified at the left, and the corresponding molecular weights at the right

of the figure.
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