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Abstract-The feasibilib of using adenovirus 5 as an in vitro probe for chetnosensitivity in 
short-ten cultures of human tumors was evaluated using human melanoma cel1 lines and primary 
cultures of melanoma biopsies. A convenient immunoperoxidase method was developed for 
quantitating viral replication 2 days after infection. Two different approaches were explored: the 
host cel1 reactivation assay (HCR) using drug-treated virus; and the viral capacity assay using 
dmg-treated cells. The HCR assay detected sensitivity to 5-(3-methyl-I-triazenojimidazole- 
+carboxamide (MTIC) in Mer- (methyl excision repair deJicient) cel1 lines as decreased ability 
of the cells to replicate MTInreated virus. This test should be applicable to DNA-damaging 
agents and repair-dejicient tumors. Adenovirus replicated readily in nonprokferating pn’mary 
cultures of melanoma biopsies; application of the HCR assays to this material identifid one Mer- 
sample of 1 1 tested. Herpes viruses were not suitable for use in HCR because herpes simplex virus 
@e 1 failed to distinguish Mer- from Mer+ melanoma cells; and nonproductive infection of 
MTIC-sensitive lymphoid cells with Epstein-Barr virus yielded an MTIC-resistant cel1 line. The 
second assay (viral capan’ty) involved detenination of the inhibition of replication of untreated 
virus in treated cells. This approach corre@ predicted sensitivity to hydroxyurea and deoxyadeno- 
sine in melanoma cel1 lines when compared with clonogenic survival essay. Viral capacity was also 
inhibited by cytosine arabinoside, jluorouracil, vincristine, adriamycin, Gmercaptopurine and 
ionising radiation, and may therefore be usefulfor detecting sensitivity to a wide range of antitumor 
agents. 

INTRODUCTION 
IN RECENT years there has been an incrcasing 
interest in the use of in uitro assays utilising human 
tumor cells for the screcning of anticancer drugs 
and for prediction of clinical response on an indi- 
vidual basis. Such tests include clonogenic survival 
assays of tumor cells treatcd and subsequently 
cultured in vitro [l-81 or in vivo [8-101 and assays 
bascd upon inhibition of DNA synthcsis in short 
term cultures [7, 11, 121. These approachcs suffer 
from thc disadvantages of thc low plating efficiency 
of human tumor cells, thc inability of primary 
cultures to continue DNA rcplication cvcn for a 
brief pcriod, and the varicty of biochemically- 
undefincd rcsistancc mcchanisms availablc to a 
particular agent. In addition, it has been difficult 
to identify thc response of tumor as distinct from 
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normal cells present in the culture, and to corrcctly 
prcdict chemosensitivity as distinct from thc lcss 
useful parameter of resistance. 

WC propose a ncw approach using adcnovirus 5 
as a probe for chemosensitivity. Adenovirus has a 
double-stranded DNA gcnomc of 2.3 X 107 daltons 
which is closely associated with host cc11 chromo- 
somes during lytic infection [ 131 and rclirs hcavily 
on cellular enzymcs for replication [ 14-161. Thc 
virus replicates in cells from most human tissues 

and can be quantitated on an individual cc11 basis 2 
days aftcr infection by immunofluorcscent detcc- 
tion of viral antigcn [ 171. Of critical importancc for 
thc prcscnt purposc, the virus rcplicatcs rcadily in 
prolifcrating and nonprolifcrating cclls [ 14- IS]. 1 t 
thcreforr scemed rcasonablc to apply to chc- 
mothcrapeutic agents and primary cultures of’ 
tumor biopsics two diffcrcnt types of virus assay 
uscd prcviously to comparc thc toxicity of carci- 
nogcns in continuous cel1 lincs: thc host cc11 rcac- 
tivation (HCR) and viral capacity assays. 

HCR compares thr ability of host cclls, not 
treated with thc agent, to repair and hcncc rcpli- 
catc drug-damagcd viral DNA. Thc dosc-survival 
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response for viral rcplication closely parallcls thc 
differcnces in cc11 survival found for cc11 lincs 
sensitivc to U.V. [ 181, ionizing radiation [ 171, carci- 
nogcnic mcthylating agcnts [lg, 201 and MTIC, 
the active mctabolite of thc antitumor mcthylating 
agent DTIC [21]. H uman tumour cc11 lincs of thc 
Mer- phenotype (methyl excision rcpair dcficient) 
are highly sensitive to mcthylating agcnts with 
respect to cc11 survival and HCR [ 19-211. For 
DNA-damaging agents, the HCR approach could 
thereforc be expected to corrcctly prcdict tumor 
sensitivity resulting from a deficiency in DNA 
repair. 

Viral capacity is a term used by Coohill et al. 
[22] to describe the ability of u.v.-treated cel1 lines 
to replicatc untreated herpes simplex virus. Thc 
differences in viral capacity found comparing u.v.- 
sensitive and normal cells were similar to thc 
differences in clonogenic cel1 survival. Since inhibi- 
tion of DNA synthesis is a major effect of most 
chemotherapeutic agents, and drugs such as hyd- 
roxyurca, cytosine arabinoside and fluorouracil 
inhibit adenovirus replication [ 14-161, this assay is 
potcntially much broader in scope than HCR 
because with adenovirus it forces a test, irrespec- 
tivc of the proliferative state of the cells and the 
cytotoxic mechanism, of the ability of treated cclls 
to replicate DNA. A third and quite limited 
approach not addressed by this study involves 
combination of both assays to detect enhancemcnt 
of HCR (induction of DNA repair) in cells prctrc- 
ated with the agent. Studied extensively in bacter- 
ia, the relevante of this effect to repair of gcnotoxic 
damage in mammalian cells is not yet clcar [23]. 

Using a rapid immunoperoxidase technique for 
quantitating adenovirus replication, we have ex- 
plored thc use of the HCR and viral capacity 
assays in human tumor ~11s using 10 agcnts 
chosen from the major classes of antitumor drugs. 
Herpes simplex virus typc 1 (HSV-1) has been 
used to study HCR after u.v. irradiation [24] but 
requires cells to be proliferating. Thc virus was 
included in the present study becausc of the possi- 
bility of replicating in a smal1 proportion of cclls in 
a tumor biopsy. Thc aim of this work was to 
dctermine whether a viral probc could distinguish 
sensitivc from resistant cc11 lincs as clcarly as 
clonogcnic survival assays, and to detcrminc 
whcther adenovirus could rcplicate in primary 
cultures of human mclanoma cells; correlation of 
thc in vitro tests with clinical response has not yet 
been dctermined. 

MATERIALS AND METHODS 
Cel1 culture 

The origins of the human mclanoma MM96, 
MM253cla and MM253-3D cc11 lines have been 

describcd [21, 25, 261; thc MM96L lint is a late 
passage sublinc of MM96. Thc Burkitt lymphoma 
BJAB and Epstcin-Barr virus (EBV)-infccted 
B95-8/BJAB cel1 lincs [27] were providcd by Dr. 
D. J. Moss of this institutc. Biopsics of histological- 
ly-confirmed malignant mclanoma (lymph node 
metastases) were rcceived from the Princess Alex- 
andra Hospital. The samples wcrc minccd and 
culturcd in Roswcll Park Memorial Institute Tis- 
sue Culture Medium 1640 (Commonwealth Serum 
Laboratories, Melbourne, Australia) containing 
10% inactivated fetal calf serum, 100 units/ml 
penicillin, 100 kg/ml streptomycin and 3 mM 
4-(2-hydroxyethyl)-1-piperazinccthancsulfonic 
acid. After 1 or 2 days adherent cells were detached 
(0.2 mg/ml trypsin in PBS) and resccded for 
infcction with adcnovirus (sec below). Somc cul- 
tures were maintained separatcly for thc purposc of 
establishing a continuous cel1 lim; overgrowth by 
fibroblasts was prevented by the addition of 
cholera toxin (2 nM) or by culture in calcium- 
depleted medium [25]. Al1 cel1 lines were pcriodi- 
cally assayed for mycoplasma [21]. 

Drug treatments for cel1 survival assays were 
carried out using duplicate cultures, seeded in 
Linbro plates (5 X 103 cclls per 16-mm diameter 
wcll) 24 hr previously. After 6-8 days cells were 
labelled with [“H/mcthyl]-thymidine (2 kCi/ml, 
40 Ci/mmol; Radiochemical Ccntre, Amersham, 
Bucks, U.K.) for 3 hr and harvested (trypsin) onto 
glass fibre discs prior to liquid scintillation count- 
ing. Survival curves for each drug were obtained 
using five dose levcls, the highest dose usually 
giving approx. 1% survival. For lymphoid cel1 
lincs, the plates were incubated at an angle of 30” 
to enhance cel1 growth, and detachment with tryp- 
sin was not required for harvcsting. 

Because some of the dose-response curves exhi- 
bited a shoulder, cc11 and virus survivals wcrc 
compared on the basis of L)o (dose rcquircd to 
rcduce survival by 0.37 on the lincar part of thc 
survival curve) and L):s7 (dose required to reduce 
survival to l/e, or 37%). The Z& value was 
thcrcforc influenced by the shoulder as wel1 as by 
thc slopc of the survival curve and was cqual to the 
Do in thc abscnce of a shoulder. Values could not 
bc cstablished for thc HCR assay in thc most 
rcsistant cells becausc of the solubility limit of 
MTIC in aqueous solution. 

Replication of adenovirus 
A stock of partially-purificd virus was prepared 

by infccting 10” HeLa cclls with 5 X 10” infcctious 
doses (ID) of virus in 50 ml medium. Thc cclls 
were harvcsted aftrr 3 days, frozcn and thawcd five 
timcs in 20 ml medium and extractcd with Arklonc 
(2 X 10 ml) at 4°C. Thc aqucous supernatant (7 X 
10” ID/ml) was stored at -70°C. Virus rcplication 



was detcrmincd using a modifìcation of thc im- 

munofluorcscrnt mcthod of Rainbow and Howcs 
(171. Infixctcd cultures (5 X 10’ cclls per wcll in 
microtitrc platcsj wcrc washcd with phosphatc- 
buffcrrd salinç. fixcd \vith methanol for 1 min and 
incubatcd for 30 min at 37°C \vith a 1/30 dilution of 
adcno\,irus 5 ncutralisirl,~ rabbit antiserum (Micro- 
biological Associatcs, 11’alkcrsvillc, hlD) or a 1/15 
dilution of human plasma in phosphatc-buffcrcd 
salinc (20 ~1). Aftrr Liashing M’ith buffer (3 X 0.2 
ml), thc culture vvcrv incubatrd fbr 30 min at 37°C 
with a l/lOO dilution of peroxidasc-conjugatcd 
protcin A (Kirkrgaard and Pcrry Laboratorics, 
Gaithcrsburg, RIL>) in phosphatc-bu&rcd salinc 
(20 ~1). and washcd \vith 0.02 hl Tris buKer, pH 
7.4 (3 X 0.2 ml). Crlls containing replicating virus 
wcrc idcntifìcd microscopicallv by brown nuclcar 
staining dcvc1opc.d af‘tcr 0 min trcatmcnt at 
ambicnt tcmpcraturc \zilh a mixturc of O- 
dianisidinç (1 mhl) and hydrogen pcroxidc (2.4 
mM) in Tris hufrcr. .\ftcr lvashing with water to 

trrminatc thc rcaction. thc platcs could bc storcd at 
ambicnt tcmpcraturc for months without loss of 
staining. Thc background w’as typically <3 staincd 
~11s per ~~11. LYclls containing >400 staincd cells 
wcrc not sc0rc.d. ‘I‘hc two succcssive dilutions at 
thc end point wcrc scorcd giving a total of four 
rcplicatcs. Onc 11) \cas dcfìncd as the minimum 
amount (maximum dilution) of virus rcquircd to 
product OIIC inti.ctcd cc11 undcr thc abovc condi- 
tions. 

HCR assgv 
Xdcnovirus (5X 10” ID/ml) was treatcd with 

MTIC in medium for 90 min and stored at -70°C 
in 150-p,l aliquots. Cctls sccded 24 hr previously 
(5-10 X 10,’ per wcll in microtitre plates) were 
infi,ctcd with duplicatr t 0-fold dilutions of virus in 
medium (0.1 ml) for 2 hr. Thr medium was thcn 
rcplaced and lira1 rrplication dctcrmincd aftcr 48 
hr as dcscribcd abo1.c. In onc cxpcrimcnt. HCR 

was dctcrmincd bv plaque formation in cc11 mono- 

laycrs culturcd undrr agar as prcviously described 

[211. 

Vircrl capaci(r 
Cklls sccdcd as tor thr HCR assay lvcrc infccted 

with dilutions ofuntrcatcd adcno\irus for 1 hr. Thc 
medium was thcn rcplaccd and. unlcss othcrwisc 
statïd, appropriatr doses of drugs wcrc addcd. 
.4ftcr 48 hr, \.iral rcbplication c\as quantitatcd as 

dcsc-ribcd abo\-c. 

Replicabon q/ HS I L 1 
~2 pool of HS\--1 (2 X 10’ ID/ml) was obtaincd 

as supcrnatant medium from 5 X 10’ hIh1253cla 
cclls in&-ctrd 2 days prcviously with plaquc- 
purificd HS\+-1. Fol- quantitation of viral rcplica- 

tion, six rcplicatcs of cclls sccdcd 24 hr prrviously 

(5 X 10” cclls per wcll in microtitrc platcs) wcr( 

infcctcd with IO-fold dilutions of virus in medium 
(0.1 ml) for 2 hr and thc medium was thcn 
rcplaccd. Aftcr 5 days thc wclls wcrc scorcd undcr 
thc microscope for viral rcplication (Ipis of thc cc11 
monolayer) and thc ID calculated as thc virus 
dilution rcquircd to lysc 50% ofwclls [ 28). For th( 
HCR assay, HS\!-1 was trcated with hITIC and 
viral rrplication dctcrmincd as dcscribcd atjo\,ck. 

RESULTS 
Immunoperoxidase assg for replicalion q/‘ adenovirus 

Thc immunoperoxidasr mcthod drvcloped tor 
this work was more convcnicnt than Auorcsccnc( 
dctcction of viral antigens becausc a largc numbcr 
of tests could be carried out rapidly in microtitrc 

plates giving permancntly-staincd cultures which 
could bc rcadily scorcd using a low powcr light 
microscope. In addition, thc platcs could bc storcd 
at 4°C for srveral weeks at thc intcrmediatc stages 
beforc staining. 

;\lthough an infcction period of 48 hr was uscd 
routincly. usc of periods ranging from 36 to 72 hr 
gave qualitatively similar rcsults. Plasma fTom 
humans with a high adenovirus antibody ritrc gav( 
the samc rcsults as strain-spccific ncutralising rab- 
bit serum. Uninfccted mclanoma cclls and fibrob- 
lasts wcrc always ncgativc, irrcspcctivc- of thc 
sourcc of antibody. \:arying thc initial cc11 d(*nsit)- 
(3000-20000 cells/well) did not afI?c.t thc dosc 

rrsponsc curves obtaincd. 
Virus-infcctcd tumor cells (HcLa. mc*lanoma) 

wcrc staincd over thc wholc of ttr(. crll, which in 
some cases becamc roundcd with condcnsation of 

thc cytoplasm. Fibroblasts, on thc othcr hand, 
retainrd thcir spindlc shapc and stainirlg was 
clcarly limited to thc nucleus. This cnablcd mcta- 
noma ~11s to bc distinguishcd from fibrohlasts, thc 
lattcr bcing a minor contaminant i< 10% of cclls) 
in 2-3-day-old primary cultures ofmrlanoma biop- 
sits and othcr tumors. A scparatc cxxpcrimcnt 
showcd that macrophagcs did nat intcrfixrc with 
thc test. hlacrophagcs infcctcd with virus did not 
remain attachcd in thc microtitrc wclls during thc 
fixing and washing proccdurcs. 

Thc.possibility that cxprcssion ofviral anti,qcn in 
cclls 2 days aftrr infcction rcprcscntcd complc- 
mentation or abortivr infcction and not rcplication 
of infrctious virus was cxcludcd tjy a numbcr of 
indcpcndcnt obscrvations. First. thc multiplicity of 
infcction (numbcr of' ID pcbr ccll) in virus dilutions 
uscd for assay calculations was Icss than 1. thus 
cxcludin,? thc possibility of complcmc*ntation b>. 
dcfcctivr virions. Sccondly. no viral antigcn could 
br dçtcctrd immcdiatcly aftcr infcction. suqcsting 
that a considcrablc dcgrcc of’ \,irus rcplication is 
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required before antigen bccomcs dctectablc. Third- 
ly, similar results were obtained when the plaque 
assay was uscd to compare thc rcplication of 
MTIC-treated virus in sensitivc and resistant cel1 
lincs (sec Fig. 1B below). Finally, an independent 
though somewhat morc qualitative cstimate of 
viral rcplication was availablc in thc present assay 
from the degree of cel1 lysis and dctachment 
observed at virus concentrations 10-100 timcs 
highcr than the immunologically-detcrmined en- 
dpoint. In both thc HCR and viral capacity assays 
this visual endpoint always changed to the samc 
cxtent as that determincd quantitativcly by 
staining. 

Deteckon of MTIC sensitivity in cel1 lines by adenovirus 
HCR 

An autologous pair of Mer- and Merf cel1 lines 
was used to evaluate the present approach. As 
found previously [21, 261 with the Mer- line 
MM253cla was highly scnsitive to MTIC com- 
pared with the Mer+ derivative MM253-3D in a 
cel1 survival assay (Fig. 1A) and in an HCR assay 
where viral replication was determined by plaque 
formation after culture of a cel1 monolayer undcr 
agar for 14 days (Fig. 1 B). A similar differente in 
HCR between the two cel1 lines was found when 
immunoperoxidase staining was used to quantitate 
viral replication 2 days aftcr infection (Fig. 1 B). 
The same differential HCR response was found 
comparing three other Mer- human tumor cel1 
lines (MM384, MM138 and HeLa-Ss) with six 
allogeneic Merf melanoma lines and thrce Merf 
fibroblast strains (results not shown). 

The Mer- pheno@e and herpesviruses 
HSV-1 replicated wel1 in MM253cla and 

MM253-3D cells. Treatmcnt of virus with MTIC 
concentrations 5-lO-fold less than those used for 
adenovirus inhibited replication but no diffcrencc 
in virus survival was found between thc two cc11 
lines (Fig. 2A). 

Thc effect of EBV on MITC sensitivity in stably- 
infected cclls was dctermincd using an autologous 
pair of Burkitt lymphoma cel1 lincs. Thc uninfccted 
lint BJAB was shown to bc highly scnsitivc to 
MTIC (& 21 kM) compared with a largc number 
of othcr lymphoid cel1 lincs testcd in this laboratory 
(Do 100-200 PM) and was thcrcforc dcsignatcd 
Mcr-. Thc EBV-infcctcd dcrivativc B95-8/BJAB 
was found to bc highly rcsistant to MTIC (& 190 
PM; Fig. 2B). 

HCR of MTIC-trealed adenovirus in primary cullures of 
melanoma bicpsies 

Of 22 biopsics rcccivcd, fivc yicldcd insufficient 
adherent cclls for analysis (< IO”), onc containcd 
heavily melaniscd cclls which gave a high back- 

33 06 30 60 
MTIC hM 

Fig. 1. Comparison of cel1 suruiual and adenovirus HCR in .rensitize 
(Mer-) MM253cla and resistant (Mer+) MM253-30 cel1 lines. A, 
survival of MTIC-treated cells. A, .MM253cla; ??, MM253-3lJ, B, 
Replication of MTIC-treated adenovirus in cel1 lines. Plaque n.rs<r: ??, 
MM253cla; A, MM253-3D. Immunoperowidase a.rsa~: ??, 

MM253cla; ??, MM253-311. Points are means of duplicates. 
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Fig. 2. Interaction of herpesviruses with the Mer- phenoll?e. A. HSLLI 
replication in ,Wer- and Mer+ cello treated with .MTIC. 0 .M.M253rlo; 
0, MM253-311. Infectiui[y in control cells uws 1-2 X 10’ Il>/ml. B, 

Cel1 survivai in autologous [wphoid cel1 lines utith and without the EBC’ 
genome. 0 BJAB(U?C%~egative); 0 B95-8iBJAU (EBl’-positke). 

Points we means of duplicates. 

ground in thc pcroxidasc staining assay and two 
gave insufficient viral replication to be quantitated. 
Cultures were > 95% melanoma cells bascd on 
morphology and whole-cel1 peroxidasc staining 
charactcristic of tumor ~11s. The replication of 
control and MTIC-trcatcd virus in thc remaining 
14 biopsics is dcscribed in Tablc 1 and comparcd 
with Mcr- and Mcr+ cc11 lincs. Biopsics wcrc 

designated Met-+ if thc Do for HCR was 2 10 mM 
and Mer- if the Do was s 8 mM MTIC. 

The rcsults showcd that untrcated cclls were 
able to rcplicatc adcnovirus as cffcctivcly and 
usually bctter than pcrmancnt cc11 lincs such as 
MM253cla. Only onc biopsy (MM446) had a Do 
in thc HCR assay as low as the Mer- cc11 lincs. In 
some cases pcrmancnt cc11 lincs wcrc established 
from thcsc biopsics and it was thcreforc possiblc to 
comparc the biopsy HCR with thc HCR and 
clonogcnic cc11 survival of thc dcrivcd cc11 lincs. 
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Table 1. Replication of adenovirus in melanoma cells and HCR of 
MTIC-treated virus 

Replication of 
.MTIC-treated 

virus 

Sample Control virus titre I),,(mM) D.,,(mLl) 
(WmI) 

Primay cultures 

ofmelanomcc 
biopsics 

M.M423 

.WM426 

MM432 

MM434 

8.6 x 10” 

3.5 x 10” 

3 x 10” 

I x 10’ 

M bl4357 

MM440 

*M M444 

MM446 

MM447 

.MM448 

51M451 

.MM452 

1.3 x 10” 

2.2 x 10i 

5 x loi 

2.3 x 10” 

2.8 x 10’ 

3.7 x 10’ 

4.3 x 10’ 

l .8 X 10” 

MM454 2.6 x lo-’ 

M.M253c 1 a 6.6 x 10’ 

HeLa-S., 

.Wu+ cel1 lines 

6.4 x 10” 

MM961. 9 x10’ 

MM253-31) 4.8 X 10’ 

M.c1418 3.7 x 10” 

19 22 

12 19 

NA* >38 

16 22 

NA 

13 

12 

7 

21 

NA 

22 

15 

13 

>38 

13 

12 

7 

21 

>38 

33 

15 

32 

6.6 12.5: 8.7 + 4.6 

6.4 6.4 

15 f 5 32 f 3.4 

24 39 

40 59 

*Nat applicable; virus replication not decreased suffkiently to 
determme D,,. 
tSamr paticnt as .M.M426, biopsied 6 months later. 
:Wean and S.D. Tor thrre rxperimrnts. 

The four biopsics studied in this way (Tablc 2) 
showcd Mcr+ values in cach assay. 

Detection of sensitivi& to antimetabolites by viral capaci(v 
The MM96L and MM253cla cel1 lines were 

highly sensitive to killing by dcoxyadcnosine and 
hydroxyurea rcspcctively (Figs. 3A and 3B). Viral 

capacity was detcrmined from thc dosc rcsponsc of 
viral replication (virus survival) in drug-trcatcd 
cultures. The results (Figs. 3C and 3D) parallelcd 
those of cel1 survival in that viral replication was 
strongly inhibited in the drug-sensitivc cc11 lincs. 

Quantitative comparisons made using L),, and 
03, values for cel1 and virus survival (Tablc 3) 
showed that both assays gave a similar diffcrcntial 
between sensitive and resistant cclls for dcoxyadc- 
nosine and hydroxyurca. Approximately twicc as 
much deoxyadenosine was requircd to inhibit viral 
capacity compared with cel1 survival, and lO-fold 
more hydroxyurea. 

Effect of various agents on viral capacio 
The ability of 10 agents to affect viral capacity 

was compared in the MM96L cc11 lim (Tablc 4). 
Two agents which are considcred to excrt toxicity 
primarily by damaging DNA and which have littlc 
immediate effect on DNA synthesis (MTIC and 
melphalan) had no effect on viral capacity cvcn at 
doses supratoxic to cells and when viral infcction 
was delayed for 24 hr to allow thc agents to have 
maximum effect. MTIC inhibitcd thc viral capac- 
ity of MM253cla cells at the highest doses but this 
was probably a secondary effect dut to loss of cclls 
from the cultures. Antimetabolitcs (deoxyadcno- 
sim, 5-fluorouracil, cytosine arabinosidc) on thc 

1 2 05 1 

1 - 

l I 

2 4 5 1c 
Deoxyadenoslne (mM) HU (mM) 

-1 

Fig. 3. CompariJon ofthe reil .rurrGnl nnd ndenowus rapari& ns sqss,/m 
detecting senritici[v to deoxvadenosine and lydroxvuren. .-l. Ml wwirnl q/ 
M.U961, (+) and .MM253cla (A) cel1.c treoted u,ith deo.x_wdrnoww. 
B. Suruirral of .bfM96I, (+) and M.W153rla ( A) re1l.r treated ulr/h 
lydroqwea. C. Viral capaci& of .MM961. (+) and .11.K253rla i A) 
cclk treated u’ith deoxvadenosine. 0, l’iral capacitv ~~/.ZI.\f961. (+) and 
MA4253cla cells (A) treated ulith tydroyrea. Point5 nre mennt 01 

duplicaten. 
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Table 2. HCR of MTIC-treated adenovirus in melanoma biopsies compared with HCR and cel1 survival in the derived cel1 
lines 

HCR in hiopsy Derivrd crll lim 

Biopsy Ko. Virus titre L),,(mM) &(mM) Passage 
(ID/ml) 30. 

HCR Cc-11 survival 

MM418 
MM426 
MM435 
MM444 

Mcr- cel1 line 
MM253cla 

1.7 x 10’ NA* >38 40 1.34 x 10’ NA >38 192 280 
3.5 x 10” 12 19 12 1.43x lO!’ 9 + 2.67 20 + 4.4 60 140 
1.3 x 10H NA >38 10 1.77 x 10” X.4 >38 320 320 
5 XlO5 12 Cl2 5 4.9 x 10i NA 29 80 86 

100 6.6 x 10i 6.6 + 2.5: 8.7 + 4.6 26 k 4 48 + 6 

*Nat applicable; survival not decreased sulliciently to determine 0,. 
tMean and S.D. for two experiments. 
:Mean and S.D. for three experiments. 

Table 3. Comparison of the cel1 survival and viral capacity assays for detection of drug 
sensitivity 

Cel1 line Deoxyadenosine Hydroxyurea 

Do (mM) 0.17 (mW Q, (mW &r (mM) 

Cel1 survival 
MM96L 0.08 + O.Ol* 0.09 + 0.02 0.31 1: 0.07 0.73 k 0.08 
MM253cla 0.65 + 0.03 0.98 + 0.03 0.07 f 0.02 0.16 + 0.06 
Ratio1 0.12 0.09 4.42 12 
Viral capacip 
MM96L 0.22 + 0.02 0.22 + 0.02 2.5 3.81 f 1.94 
MM253cla 1.51 + 0.31 1.94 f 0.54 0.65 + 0.15 0.8 f 0.2 
Ratio 0.15 0.12 3.85 5 

*Mean and S.D. (two to lìour cxperiments) 
tRatio = MM96L&lM253cla 

other hand, inhibited viral capacity gcncrally at a 
conccntration similar to that required to inhibit 
cel1 prolifcration. This was also thc case for gamma 
radiation, adriamycin and vincristinc. As with 
hydroxyurea, a lO-fold higher levcl of 6- 
thioguanine was requircd to inhibit viral capacity 
compared with cel1 survival. 

DISCUSSION 
This ncw approach to prcdicting chcmoscnsitivity 
in human tumors rclicd upon a combination of four 
factors: the ability of adenovirus to rcplicatc in 
nonproliferating cclls, dctcction of sensitivity to 
DNA-damaging agents by HCR, thc possibility of 

detccting sensitivity to othcr agcnts by inhibition of 
viral capacity, and dcvclopment of a convcnicnt 
assay for viral rcplication. Thc fact that adenovirus 
rcplicatcs rcadily in nonprolifcrating cclls, already 
known from previous studies [ 14-161, was amply 
confirmed in this work using melanoma biopsics, 
fcw of which produccd continuous cc11 lincs. Thc 
problem occasionally expcrienccd of mclanin 
obscuring thc brown staining of thc peroxidase 
reaction could bc ovcrcomc if required by using 
fluorcsccnt labelling [ 171 or alternativc pcroxidase 
substratcs. Such procedures may also bc uscful if 
identification of tumor cclls by staining with 
monoclonal antibody is carried out. Thc tcchnical 
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Table 4. Comparison qf the effect of antitumor agents on survival 
and viral capacib in MM96L cells 

Ccll survival Viral capacity 

Deoxyadenosine 
Hydroxyurea 
5-Fluorouracil 
Cytosine arabinoside 
Adriamycin 
GThioguanine 
Vincristine 
.MTIC* 
Melphalan* 
Gamma radiation 

(rads)* 

60 180 220 220 
310 730 2500 3800 
38 38 23 23 
0.42 0.42 0.51 0.51 
2.6 3.3 0.5 1.47 
2.2 11 22 55 
0.006 0.012 0.005 0.015 
160 490 > 1000 > 1000 
1.9 1.9 > 33 > 33 

140 480 500 550 

*Cells treated 24 hr before virus inrection. Other agents added 
immcdiately after infection. 

advantages of the assay are that no specialised 
equipment, culture media or techniques are re- 
quired, few cells are needed ( 105 per drug), results 
are obtained within 3 days, and a virus of 
negligible pathogenicity is used. 

Consistent with previous studies of MTIC [21] 
and carcinogenic methylating agents [lg], the 
modified HCR assay clearly distinguished Mer- 
from Mer+ cel1 lines. The present study also 
showed agreement in HCR assays between four 
Mer+ biopsies and their derived cel1 lines. It was of 
interest that one biopsy (MM446) gave a Mer- 
HCR response, suggesting that the Mer- phenoty- 
pe occurs in vivo. This is consistent with reports 
that 20% of human tumor biopsies had decreased 
levels of methyltransferase [29], and that only 20% 
of human tumor cel1 lines are Mer- [ 19, 201. In 
this laboratory, three of 20 human melanoma cel1 
lines have the Mer- phenotype (unpublished re- 
sults). It should be noted in this context that HCR 
is a more genera1 test for deficiency in methylation 
repair than lack of methyl transferasc activity; 
however, the HCR assay would not detect the rare 
Mer+Rem- phenotype which shows intermediate 
sensitivity to methylating agents [20]. A much 
larger number of patients wil1 be requircd in order 
to dctcrmine the frequcncy of Mer- tumours in viuo 
and to adcquately compare thc tumour rcsponsc to 
DTIC thcrapy. Thc applicability of thc HCR assay 
to other DNA damaging drugs wil1 depcnd on 
whcthcr sensitivity ariscs from dcfcctivc repair. 
The first step in crosslinking DNA by bis(chlor- 
octhyl)nitrosourea involves O”-guanine alkylation 
which is rcpaired poorly in Mcr- cclls [30] and 
thereforc should dccreasc the HCR rcsponsc. It is 
also likely that sensitivity of human cells to othcr 

DNA crosslinking agents such as melphalan [31] 
and cis-platinum [32] may under certain conditions 
be associated with deficient repair. 

HSV-1 was tested as a possible altcrnativc to 
adenovirus for HCR assays. The similar virus 
inactivation response to MTIC obtained in Mcr- 
and Mer+ cel1 lines, howevcr, indicated that this 
virus, having a genome size five timcs that of 
adenovirus, was able to effect repair in Mer- cells 
either by induction of a cellular repair mechanism 
or by providing a virally-coded rcpair system such 
as a methyl transferase. This was also consistent 
with the conversion on the basis of cc11 survival of 
Mer- to Mer+ phenotypc found aftcr infection of 
lymphoid cclls with the herpes virus EBV. Ex- 
pression of the EBV genome, however, does not 
invariably ensure resistance to methylation bc- 
causc some EBV-transformed lymphoblastoid lincs 
have the Mer- phenotype [33]. 

The viral capacity assay using adenovirus cor-’ 
rectly predicted sensitivity to two drugs (hydroxy- 
urea and deoxyadenosinc) for which pairs of sensi- 
tive and resistant cel1 lines were available. Viral 
capacity was inhibited by six other agcnts includ- 
ing three antimetabolites (5-fluorouracil, cytosine 
arabinoside and 6-thioguanine) Since viral capac- 
ity depends largely on the ability of thc treated cel1 
to replicate DNA, this approach should thereforc 
detect sensitivity resulting from alterations in such 
diversc properties as transport, enzymc affinity and 
gene amplification. It also overcomcs the problem 
of DNA synthesis measurement in nonclonogcnic 
assays being affcctcd by changina pool sizcs whcn 
using “H-thymidinc. 

The finding that moderately cytotoxic doses of 
vincristine and adriamycin inhibit viral capacity 
may help clarify thc mcchanism of toxicity of these 
agents to human ~11s. Vincristinc, for cxamplc, 
would appear to cxert its Icthal effects on cclls 
before mitosis [34] but its sitc of action apart from 
the mitotic spindlc is not known. The viral capacity 
of adriamycin-treated cclls was inhibitcd cven 
more than cel1 survival at the samc dosc. Further 
comparisons of virus and ccll survival aftcr 
adriamycin treatmcnt may help to dctcrminc 
whethcr thc primary sitc of drug toxicity is 
cpigcnetic, for example at thc cc11 mcmbranc as 
proposcd by Tritton and Yec (351 or at thc Ic\,cl of 
DNA damage. 

Known DNA-damaging agcnts (MTIC and 
melphalan) had littlc cffcct on viral capacity, prc- 
sumably becausc DNA synthcsis is inhibitcd evcn- 
tually as a rcsult of templatc damagc rathcr than 
cnzymc damagc. Thc large HSV-I gcnomc may 
prove to bc morc scnsitivc to thcsc agents than that 
of adcnovirus in thc viral capacity assay. Using 
antimetabolitcs such as hydroxyurca, howcver, 
HSV-1 rcplication was not rcduccd in scnsitivc 
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cells [36]. Thc ability of ionising radiation to affect 
viral capacity was uncxpected in view of the cx- 
tended period of DNA synthesis which occurs in 
the MM96 line following 3H-thymidinc suicidc 
[37]. It should be notcd that since viral DNA 
synthesis is maxima1 8-16 hr after infection [ 151, 
the optimal period between virus infection and 
drug treatment may need to be dctermincd for cach 
agent. This may account for high doses of 6- 
thioguanine, a slowly-acting agent [38, 391, bcing 
required to inhibit viral capacity compared with 
cel1 survival. 

The present study demonstrated the feasibility of 
using adenovirus as a probe for in vitro sensitivity of 
melanomas to a wide variety of agents. The broad 
host range of adenovirus and ability to replicate in 
non-proliferating cells, not only melanomas but 
other tumors (unpublished results), many enable 
these methods to be applied generally to human 
neoplasms. Viral probes may also help elucidate the 
mechanism of action of certain antitumor agents. In 
this respect, HCR of adenovirus has already proven 
useful in studies of the allogeneic [lg, 201 and 
autologous Mer- phenotype [21] in cel1 lines. 
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