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Summary. - H u m a n  T- lymphoid  MOLT-4 cells w e r e  g r o w n  conti­
nuously for more than 1 year in medium containing either 3'-
azido-2', 3'-dideoxythymidine (AZT), 2', 3'-dideoxyinosine (ddl) or 
2', 3'-dideoxycytidine (ddC) at concentrations similar to  peak plasma 
levels found in clinical trials in patients with AIDS.  T o  test antiviral 
activities o f  the nucleoside analogs against HIV-1 in the cell sublines 
designated MOLT-4r-AZT, MOLT-4r-ddI and MOLT-4r-ddC, the 
number o f  infected cells, p24 HIV-1 antigen in culture medium and 
syncytium formation o f  infected cultures were determined. T h e  
results showed that anti-HIV-1 activities o f  AZT, ddl  and ddC were 
significantly decreased in the resistant MOLT-4 cell sublines grown 
continuously with the respective nucleoside analog, probably due to  
the development o f  cell populations resistant to the drugs. 
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Introduction 

Failure o f  anti-human immunodeficiency virus (HIV) chemotherapy using 
A Z T  was observed in patients with acquired immunodeficiency syndrome 
(AIDS) w h o  underwent prolonged therapy with A Z T  (Fischl et al., 1989; 
Richman et al., 1990). A decreased sensitivity to  A Z T  together with multiple 
point mutations in the  pol gene  were demonstrated in HIV isolates obtained 
from such patients (Larder et al., 1989a, b; Land et al., 1990; Japour et al., 1991; 
Boucher  et al., 1992). Similarly, clinical HIV-isolates with decreased sensitivity 
to  ddl or ddC were obtained from patients with A I D S  treated for prolonged 
periods with ddl or ddC, respectively (St Clair et al., 1991; Howell  et al., 1991). 
For these reasons, it s eems  probable that the development o f  a resistant virus 
population is a relevant factor in clinical resistance. O n  the other hand, lack o f  
clinical response does  not always mean that the isolate is resistant (Larder et al., 
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1989a; L a n d  et al., 1990) a n d  m e c h a n i s m s  other than  v irus  resistance m u s t  b e  
a s s u m e d  to  account  f o r  t h e  fai lure o f  antiviral chemotherapy (Swierkosz, 1992). 

W e  suppose  that cell resistance t o  antiviral agents can e v o l v e  dur ing  t h e  
pro longed  chemotherapy especially i n  patients w i t h  AIDS. Consequent ly,  t h e  
resistant cells w o u l d  contain subtherapeutic levels  o f  antiviral agents o r  o f  their 
active f o r m s  resulting i n  therapeutic failure. Cell  resistance to  d i f ferent  chemical  
agents inc lud ing  nucleos ide  analogs w a s  s h o w n  to  b e  t h e  m a i n  obstacle i n  cancer 
chemotherapy (Henderson, 1984; Y o u n g ,  1989). A variety o f  cell l ines w h i c h  
d e v e l o p e d  in vitro resistance to  chemical  agents w e r e  u s e f u l  f o r  t h e  s tudy  o f  
resistance m e c h a n i s m s  o f  cancer cells (Beck a n d  Danks, 1991). Previously, w e  
h a v e  s h o w n  that i n  a m o n k e y  k idney  cell l ine  t h e  d e v e l o p m e n t  o f  a cell 
populat ion  resistant to  acyclovir results i n  decreased antiviral effects o f  acyclovir 
i n  these  cells against herpes  s implex  v i rus  type 1 (Cinatl Jr. et al., 1992a). I n  
a prel iminary communicat ion  w e  reported that i n  MOLT-4 cells g r o w n  f o r  10 
m o n t h s  i n  m e d i u m  containing d d C  its anti-HIV-1 effects w e r e  significantly 
decreased (Cinatl et al., 1992). In this study, w e  present results deal ing w i t h  anti-
HIV-1 activities o f  A Z T ,  d d l  a n d  d d C  i n  MOLT-4 cell subl ines  g r o w n  f o r  m o r e  
than  1 year i n  m e d i u m  containing t h e  respective nuc leos ide  analog. 

Materials and Methods 

Cells and viruses. A l l  cu l ture  m e d i a  a n d  foeta l  b o v i n e  s e r u m  (FBS) w e r e  purchased  from S e r o m e d  
(Berlin, G e r m a n y ) .  MOLT-4 cell  l i n e  w a s  a g e n e r o u s  g i f t  f r o m  Dr. L o w e r  (Paul-Ehrlich-Institute, 
Langen,  G e r m a n y ) .  A l l  cells w e r e  propagated i n  Iscove's m o d i f i e d  D u l b e c c o ' s  m e d i u m  (IMDM) 
s u p p l e m e n t e d  w i t h  10 % FBS, 100 IU/ml  penic i l l in  a n d  100 ^ g / m l  streptomycin.  T h e  cells w e r e  
rout inely  tested f o r  m y c o p l a s m a  b y  t h e  Hoechst  33258 D N A  staining m e t h o d  ( C h e n  et at., 1977) a n d  
f o u n d  t o  b e  f r e e  o f  contaminat ion.  T h e  source  o f  HIV-1 w e r e  chronically in fected  H9/HTLV-III B  

cells propagated c o n t i n u o u s l y  i n  protein-free m e d i u m  (Cinatl Jr. et al., 1992b). Supernatants o f  t h e s e  
cells w e r e  stored at -70  ° C  and titrated for infectious virus (TCID 5 0 )  i n  MOLT-4 cells. 

Drugs. A Z T ,  d d l  and d d C  were  obtained from Sigma. All  nucleoside analogs were dissolved i n  
dimethylsulphoxide. Stock solutions were stored at - 2 0  °C. 

Cytotoxicity assay. T h e  cells were cultured with and without drugs for 5 days at which t ime aliquots 
were counted for  cell viability using haemocytometer.  Viability o f  t h e  cells was  determined by  the  
dye exclusion m e t h o d  after staining with 0.5 % trypan b lue  solution. Cytotoxicity o f  a drug was  
expressed in CC 5 0 ,  a concentration reducing the  number  o f  viable cells by  50 %. 

Antiviral activity assay. Ce l l s  were  infected w i t h  HIV-1 /HTLV-III B  at multiplicity o f  0.1 
TCID 5 0 / ce l l  and incubated without or  with different concentrations o f  the  drugs. T h e  antiviral 
affects were assessed 6 days p. i. T h e  amounts  o f  HIV-1 p24 antigen in culture supernatants were  
measured using commercial p24 antigen ELISA kits (Abbott). T h e  m e t h o d  was performed according 
t o  the  manufacturer's instructions. T h e  infected cells were  examined for the  presence o f  HIV-1 by 
the immunoenzymatical  alkaline phosphatase-anti alkaline phosphatase (APAAP)  method  using 
monoclonal  antibodies against HIV-1 p24 core protein (Dianova, Hamburg, Germany). T h e  tests 
were  performed using assay kits (Dianova) i n  accordance with the  manufacturer's instructions. T h e  
antiviral act ivity  o f  a drug w a s  e x p r e s s e d  i n  E C 5 0  a n d  EC 9 0 ,  respect ive ly ,  represent ing  
concentrations reducing the  amount  o f  p24 antigen or  t h e  number  o f  infected cells by  50 °/o and 9 0  %, 
respectively. 
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Results 

T o  e x p o s e  MOLT-4 cells t o  nuc leos ide  analogs  at concentrat ions s imilar  t o  
peak p lasma  levels  f o u n d  i n  patients w i t h  A I D S  (Yarchoan  et al., 1989), t h e  cells 
w e r e  g r o w n  i n  m e d i u m  wi th  A Z T ,  d d l  a n d  d d C  at a concentration o f  5, 10 or  0.5 
/^mol/1, respectively. MOLT-4 cells w e r e  directly s e e d e d  i n  m e d i u m  contain ing  
either A Z T  o r  d d l  at t h e  respective concentration w i t h o u t  a n y  signif icant 
decrease i n  g r o w t h  rate in  successive  passages. In contrast, MOLT-4 cells d i e d  
after 3 subcul tures  in  m e d i u m  conta in ing  0.5 //mol/1 d d C .  T o  a v o i d  de layed  
toxic e f fects  o f  d d C  in  successive passages, MOLT-4 cells w e r e  g r o w n  f o r  
5 subcul tures  i n  m e d i u m  contain ing  0.1 //mol/1 d d C  a n d  f o r  6 subcul tures  i n  
m e d i u m  contain ing  0.2 //mol/1 d d C ,  b e f o r e  b e i n g  propagated i n  m e d i u m  

Table  1. Cytotoxic effects of AZT,  d d l  and ddC o n  MOLT-4 a n d  MOLT-4 r  cells 

cc50 (jimoUX) 
D r u g  D r u g  

MOLT-4 MOLT-4 r -AZT MOLT-4 r-ddI MOLT-4 r -ddC 

A Z T  52 ± 4.9 480  ± 5 1  N D  N D  
d d l  850 ± 4 1  N D  > 1 0 0 0  N D  
d d C  16 ± 2.2 N D  N D  250  ± 1 4  

T h e  results w e r e  o b t a i n e d  f r o m  three i n d e p e n d e n t  experiments.  I n  each  e x p e r i m e n t  cells w e r e  
c o u n t e d  i n  triplicate f o r  each d r u g  concentration a n d  va lues  are m e a n  ± standard error. N D  = n o t  
done .  

Table 2 .  HTV-1 titers in resistant MOLT-4 r  sublines 

T C I D 5 0 / m l  

Cells N umbe r  o f  subcultures o f  resistant cells 
in me d ium without the  nucleoside analogs 

0 3 5 

MOLT-4 r-AZT 2.1 X 10* 4.1 x 10* 6.5 x 10s  

MOLT-4'-ddI 1.5 X 10' 3.9 x 1(P 4.9 x 105 

MOLT-4r-ddC 2.9 x 102 3.2 x 103 5.1 x 105 

T h e  cells were maintained after infection in me d ium without the  nucleoside analogs. Viral titers in 
normal MOLT-4 cells ranged from 4.1 X 105 t o  9.3 X 105 TC I D 5 0 / m l .  
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Fig. 1 
F o r  l e g e n d  s e e  p a g e  364 
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T a b l e  3. Antiviral activity of A Z T  i n  M O L T - 4  a n d  M O L T - 4 r - A Z T  cells 

C e l l s  
ELISA A P A A P  

EC5„ EC90 EC50 EC,,) 

MOLT-4 
MOLT-^AZT 

0.02  ± 0 . 0 0 1  
0.39 ± 0 . 0 2  

0.26 ± 0 . 0 1  
33 ± 2 . 9  

0.03 ± 0 . 0 0 6  
0.51 ± 0 . 0 8  

0.19 ± 0 . 0 0 8  
2 9  ± 3 . 2  

ELISA.  T h e  results  w e r e  o b t a i n e d  f r o m  t h r e e  i n d e p e n d e n t  e x p e r i m e n t s .  I n  e a c h  e x p e r i m e n t  v a l u e s  
( m e a n  ± standard error) were  obtained f r o m  at least t w o  d o s e  response  curves. 
A P A A P .  T h e  results were  obtained f r o m  t w o  independent  experiments.  In  each  experiment  t h e  
n u m b e r  o f  cel ls  which  expressed p24 antigen were  determined i n  triplicate for  e a c h  drug concentra­
tion. Va lues  are m e a n  ± standard error. 
MOLT-4' -AZT cell subl ines  were  u s e d  after 5 subcultures (30 days) in  m e d i u m  wi thout  nuc leos ide  
analogs.  

containing 0.5 / /mol/1 ddC. MOLT-4 sublines (designated b y  an  ' ť  superscript 
a n d  t h e  nuc leos ide  analog  u s e d  f o r  selection)  w e r e  subcu l tured  at six day  
intervals at a ratio 1:5 a n d  t h e  nuc leos ide  analogs  w e r e  a d d e d  t o  a culture 
m e d i u m  at t w o  day  intervals. MOLT-4 r -AZT a n d  MOLT-4 r-ddI after 15 m o n t h s  
(77 subcultures)  a n d  MOLT-4 r -ddC after 13 m o n t h s  (67 subcultures)  i n  m e d i u m  
wi th  t h e  respective n u c l e o s i d e  analog  w e r e  u s e d  i n  these  exper iments.  

T h e  proliferation o f  MOLT-4 r  s u b l i n e s  d i d  n o t  d i f f e r  marked ly  f r o m  that o f  
MOLT-4 cells g r o w n  i n  m e d i u m  w i t h o u t  n u c l e o s i d e  analogs  (results n o t  
s h o w n ) .  However,  C C 5 0  va lues  w e r e  signif icantly h igher  in  all resistant MOLT-4 r  

s u b l i n e s  than  in normal ly  propagated MOLT-4 cells (Table  1). 
T h e  replication o f  HIV-1 i n  all resistant MOLT-4 cells s u b l i n e s  g r o w n  

cont inuous ly  i n  t h e  presence  o f  t h e  nuc leos ide  analogs  w a s  signif icantly impai ­
red (Table 2). In contrast, after 5 subcultures (30 days) o f  MOLT-4 r  cells in  
medium without the nucleoside analogs similar viral titers and number o f  
infected cells were found both in MOLT-4 r  and MOLT-4 cells. Therefore, t o  
assess the  activity o f  the nucleoside analogs against HIV-1, MOLT-4 r  cells grown 
for at least 5 subcultures without the drug were used.  T h e  E C 5 0  and ECgo values 
were significantly higher in all MOLT-4 r  cell sublines than in MOLT-4 cell l ine 
(Tables 3, 4 and 5). In addition, higher concentrations o f  the  nucleoside analogs 
were required t o  inhibit cytopathic effects in MOLT-4 r  cell sublines than in 
normally propagated cells (Fig. 1). T h e  decreased antiviral affects o f  AZT,  dd l  

Fig. 1 
Inhibitory ef fect  o f  nuc leos ide  analogs o n  syncytium formation in  subl ines  o f  M O L T - 4  cel ls  

0.2  ̂ m o l / l  o ľ  A Z T  in MOLT-4 (a) a n d  M O L T - 4 r - A Z T  (b)  cel ls;  
0.5 o f  d d l  in  MOLT-4 (c) a n d  MOLT-4 r -ddI (d)  cel ls;  
10 //mol/l o f  d d C  in  MOLT-4 (e) a n d  MOLT-4 r -ddC ( 0  cells. Bar = 200 //m. 
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Table  4.  Antiviral activity of  d d l  i n  MOLT-4 a n d  MOLT-4 r -ddI cells 

Cel ls  
E L I S A  A P A A P  

Cel ls  
EC 5 0  EC90 EC 5 0  EC90 

MOLT-4 
MOLT-4 r-ddI 

3.8 ± 0 . 4  
35.39 ± 1 . 1 8  

21 ± 1.6 
195 ± 12 

4.6  ± 0 . 6  
39.51 ± 1.9 

27  ± 1 . 9  
230 ± 1 9  

ELISA, A P A A P :  s e e  l e g e n d  t o  T a b l e  3. 
MOLT-4 r-ddI cell  s u b l i n e s  w e r e  u s e d  after  5 subcul tures  (30 days)  i n  m e d i u m  w i t h o u t  n u c l e o s i d e  
analogs. 

Table  5.  Antiviral activity o f  d d C  i n  MOLT-4 a n d  MOLT-4 r -ddC cells 

Cel ls  
E L I S A  A P A A P  

EC 5 0  E C J O  EC 5 0  E C ^  

MOLT-4 
MOLT-4 r -ddC 

3.8 ± 0 . 4  
35.39 ± 1 . 1 8  

21 ± 1 . 6  
195 ± 12 

4.6  ± 0 . 6  
39.51 ± 1.9 

27 ± 1.9 
230  ± 1 9  

ELISA, A P A A P :  s e e  l e g e n d  t o  T a b l e  3. 
MOLT-4 r -ddC cell  s u b l i n e s  w e r e  u s e d  after 5 subcul tures  (30 days)  i n  m e d i u m  w i t h o u t  n u c l e o s i d e  
analogs. 

a n d  d d C  w e r e  a lso  o b s e r v e d  i n  MOLT-4 r  cell  s u b l i n e s  g r o w n  f o r  3 m o n t h s  (15 
subcultures)  i n  m e d i u m  w i t h o u t  t h e  n u c l e o s i d e  analogs  (results n o t  s h o w n ) .  

Discussion 

T h e  fa i lure  o f  A Z T ,  d d C  o r  d d l  t o  i n h i b i t  e f f ic ient ly  HIV-1 replication i n  
MOLT-4 r  cell  s u b l i n e s  i s  b e l i e v e d  t o  result  f r o m  t h e  d e v e l o p m e n t  o f  resistant 
cell  populat ions.  T h e  l o w  cytotoxic e f fects  o f  t h e  drugs  i n  M O L T 4 r  cells strongly 
support  th is  assumpt ion.  T h e  2', 3 '-d ideoxynucleos ide  analogs  are phosphoryla-
t e d  i n t r a c e l l u l a r  b y  cellular n u c l e o s i d e  k inases  t o  their  tr iphosphates  b e f o r e  
acting as cytotoxic o r  antiviral agents  ( C o o n e y  et al., 1986; F u r m a n  et al., 1986; 
Starneš a n d  C h e n g ,  1987; Balzarini  et al., 1989; J o h n s o n  a n d  Fridland,  1989). 
T h e  resistance o f  MOLT-4 r  cells t o  t h e  cytotoxic e f fects  o f  t h e  drugs  a n d  their  
h igher  d o s e s  requ i red  t o  i n h i b i t  HIV-1, c o u l d  w e l l  b e  d u e  t o  sublethal  o r  
subtherapeut ic  leve ls  o f  t h e  tr iphosphates  o f  t h e  n u c l e o s i d e  analogs  w i t h i n  t h e  
resistant cells. It h a s  b e e n  demonstrated  that de f ic iency  i n  deoxycyt id ine  k inase  
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m a y  account  f o r  decreased anti-HIV activity o f  s o m e  d i d e o x y n u c l e o s i d e  analogs  
i n  cultured T l y m p h o b l a s t  cells (Haertle et al., 1988). In addi t ion  t o  decreased 
activity o f  cellular nuc leos ide  k inases  other  m e c h a n i s m s  k n o w n  t o  b e  responsi­
ble for the resistance o f  tumour cells t o  nucleoside analogs such as defective 
transport, elevated levels o f  degradative enzymes  and altered intracellular 
nucleotide pools  (Henderson,  1984; Young,  1989), could also evolve in MOLT-4 r  

cells sublines. In our laboratory, studies are in progress t o  compare uptake and 
metabolism o f  the  dideoxynucleoside analogs in MOLT-4 and M O L T ^  su­
blines. 

A n  interesting possibility is raised by the presence o f  multidrug resistance, i. e .  
resistance o f  cells to  multiple, structurally unrelated chemotherapeutic agents 
(Biedler and Riem, 1970). The  cells with multidrug resistance express a 170 K 
membrane glycoprotein (pl70),  which acts as an energy dependent  efflux pump 
responsible for decreased drug accumulation in the  cells (Ling and Thompson,  
1974; Chen  et al., 1986; Fojo  et al., 1987). In cultures o f  H 9  and U937 cells, p l 7 0  
was shown to  account for a decreased accumulation o f  A Z T  in the cells infected 
with HIV-1 (Gollapudi and Gupta, 1990). Importantly, p 170 expression was  
induced directly by HIV-1 infection without previous treatment o f  the  cells with 
AZT.  Multidrug-resistant CEM V B L  100 eels, which express high levels o f  
P-glycoprotein, were shown to  b e  less sensitive t o  both the antiproliferative 
activity and the antiviral action o f  A Z T  (Antonelli  et al., 1992). However,  in our 
tests, w e  were not  able to  find p 170 in any MOLT-4 r  cell sublines using 
immunocytochemical  methods  (results n o t  shown).  

It is not  clear whether cell resistance t o  antiviral agents is a relevant factor i n  
clinical resistance. However,  the  lack o f  clinical response t o  nucleoside analogs 
does  not  always mean that patients harbour a resistant virus population; and the 
development o f  a resistant cell population provides possible explanation. Nota­
bly, cell resistance t o  different chemical agents d o e s  no t  develop only in cancer 
cells but m a y  also occur in normal cell populations (Schimke, 1986; Fojo  et al., 
1987). Moreover, g e n e  mutation and the selection o f  a resistant cell population 
are not  necessarily required, since factors which account for a resistant pheno-
type may b e  regulated at the  level o f  gene  transcription (Chin  et al., 1992). T h e s e  
observations strongly encourage studies t o  s h o w  whether cell resistance t o  
antiviral agents is o f  importance in patients with viral diseases. Positive findings 
would  significantly influence strategies in antiviral chemotherapy. 
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