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Efficacy 0% AZT-3PC Combination Therapy A creates a n  Ile C C ~ O I I  at position 184 
(ATG -> A T A ) ,  whereas ~ n u t a t i o ~ l  (lf '4 + 

Brendan A. Larder," Sharon D. Kernp, P. Richard Harrigan G is necessary for a Val cod011 (ATG + 
G T G ) .  Growth co~npetit ion experime~lts - 

Combinations of antiretroviral drugs that prevent or delay the appearance of drug-re- ~ i t h  mixtures of Val"' and wild-type vlrus 
sistant human immunodeficiency virus-type 1 (HIV-1) mutants are urgently required. ( in  the  ahsence of inhihitor) showed that 
Mutants resistant to 3'-azidothymidine (AZT, zidovudine) became phenotypically sensi- the Val'"" mutation conferred only a slight 
tive in vitro by mutation of residue 184 or' viral reverse transcriptase to valine, which also growth ilisa~l\iantage o n  the  virus in  vitro 
induced resistance to (-)2'-deoxy-3'-thiacytidine (3TC). Fur-therniore, AZT-3TC coresis- comllared to  wild type (at  passage 11, 
tance was not observed during extensive in vitro selection with both drugs. In vivo -30% of virus was Val1'") (Fig. 1B). 
AZT-3TC combination therapy resulted in a markedly greater decrease in serum HIV-1 In additloll to conferring 3TC resis- 
RNA concentrations than treatment with AZT alone; even though valine-184 mutants tance, the c o ~ l o n  184 mm~tation suppresses 
rapidly emerged. Most samples assessed from the combination group remained AZT 4 Z T  resistance in  specific ~ ln~ ta t iona l  back- 
sensitive at 24 weeks of therapy, consistent with in vitro mutation studies. p-ounds (8).  Analysis of additlo~lal lnutanr 

-,.- . .-- vin~ses cons tn~cre~ l  hy site-directed mu- 
ragenesis extellded these observat i~~ns (Fig. 
2 ). Specifically, HIV-1 containing illfferenr 

c u r r e n t  treatnlenr of HIV-1 infection n-ieh Ile for Met (7 ,  8 ) .  T h e  s~n~ile mutatio~ls co~nbinations of the  five established AZT- 
si~lgle antiretrov~ral drugs is associateii with appear in vivo during 3 T C  therapy, al- resistance mutations showed i~lcreased scn- 
only a limited duration of benefit. .%mong though Val"'" mutant viruses are more sitivity to AZT in the presence of the Va118' 
the  likely cal~ses of this lirnireil benefit is c o m n ~ o n  than Ile'" tn~irants (6) .  mutation. Introduction of another R T  aml- 
the  emergence of dr~~g-resistant strains dur- T o  clarify the slgnifica~lce of these mu- n o  acld substitution (TrpXc) often associat- 
ing monotherapy ( 1 ) .  Drug co~nhlnatiolls t a t~ons ,  m.e pcrforrried in vitro growth corn- e ~ l  nit11 AZT-resistant genotypes 111 cli~lical 
that reduce HIV-1 replication more effec- pc.tirion exper i~ne~l ts  1~1th pure virus popw isolates (12) had llrrle effect on 4 Z T  resis- 
tively and Jelay the  onset of drug resistance lations containing either Val1" or Ile'" in rmce  or suppression of resistance by Val1" 
are therefore urgenr17- requirecl. T h e  criteria I iT  (9). S e r ~ a l  passage of cilual nlistures of (Fig. 2). Thus, in all generic hackgrounds 
used to  select su~tahle  drug combinat~ons hot11 viruses, in  the  presence i,r absence of assessed, Val'" induced a phenotypic sup- 
include lack of cross-resistance, nonover- inhibitors, resulted ln the  outgro\\.rh of pressive effect on A Z T  resistance. 
lapping toxicity profiles, and in vitro syner- Val"" virus (Fig. 1 ) .  In  the  absence of T o  determine the  relative ease hy \\711ich 
gy. Aciditionally, ~r might be possible to  inhibitor, -95%) of virus contained Val" HIV-1 could become coresisrant to  A Z T  
exp lo~ t  resistance "suppressor" lnutatlons to by passage 8 (Fig. 1A) .  In the presence of 10 and 3TC,  we performed a series of in vltro 
prevent or delay the developlnenr of core- y b l  3TC or 10 y M  of the  related inhihltor passage experiments (13). Limited passage 
slstance among ~nhibitors (2 ) .  This phe- 5-fluoro-?'-rl1iacytidi11e (FTC),  95'G of the of w~ld-type virus (HXB2-I_)) in  the  pres- 
nomenon has no\\. been explored hi studies viral populat~on contained VaIlb4 l>y pas- ence of hot11 inhihitors resulted in the  rapid 
of the  coml:~nat~on of A Z T  and 3TC.  Both sages 5 and 3, respect~vely (Fig. 1A) .  Thus, appearance of Val1" and Ilel" mutants, 
these drugs are nucleosiiie analogs whose Val'" mutant virus shoa.ei1 a greater with n o  chaqges in genotypic 4 Z T  resis- 
triphosphare deri\-ati1.e~ inhibit HIV-1 re- g r o n ~ h  competence than the Ile'" mutant,  tance (14).  W e  next passaged an  AZT- 
verse transcriptase (RT) ;  resistance is me- in acld~tion to  conferring higher 3TC and resistant cloned  sola ate containing Leut' 
diated hy mutation of this viral enrylnc ( 1 ,  FTC resista~lce (10) .  It is thus surprising ancl TyrX'j (5) ( in  the  HXB2-D hack- 
2) .  AZT-resistant HIV-1 strains de\relop that selectio~l anil outgro\vth of Ile';'" mu- ground) in  the  presence of either 3 T C  
within 6 to 12 months of therapy In indl- tanr virus occurs at all. However, this might alone or both inhibitors. By the second 
viduals \\,it11 advanced d i se~se ,  although he a t t r~bural~le  to the  inherentli; 111gher fre- passage in 3TC alone, codon 184 mutatio~ls 
they emerge Inore sloaly during treatment 
of earlier d~sease (3,  4 ) .  HIV-1 gradually 
becomes resistant to AZT hy the step\vise Fig. 1. Growth competition experi- A B 
accumulation of four our of five specific ments with mutant and w~ld-type 
mutatiors in R T  (a t  codons 41, 67, 70, 215, Hi'-I strains. Virus strains Pre- 3 loo - 100 s 

..# 

or 2 19)  (j),  ,,,ith cerraill lllllratiollal co111. pared site-dire'ted mutageness 2 1 
binations Inore common than others in  Of lhe RT gene (HXB2-D 'lone) 18) 'S 80 - 801 

were mixed 50:50 and used to n -  clinical isolates (for example, Leu4'-Tyr'", iect MT-L 19,, Aner each round 601 
Lell" .,4s11';'.Arg7".Tyr' ' ', alld As116i.Arg~o- of infection, progeny vlrus recov- , phe21j-~lnl19 ) .  In collrrast to  AZT,  mono- ered 117 the culture supernatants 
therapy with 3 T C  resl~lts in the  rapld ap- was used to Infect fresh MT-4 cells 
pearance of highly resistant virus (5). In at an ~101 of ~ 0 . 1  PF" per cell. 
\.irro selection experiments and sire-direct- DNA extracted from infected cells 
ed mutagenesis ha r~e  demonstrated that a afier each passage was used as  the 
> jOO-fold increase In 3 T C  resistancc is target for PCR to ampiQ a regon of ' 1 2 3 4 5 6 7 8  1 2 3 4 5 6 7 8 9 1 0 1 1  
conferred by a single mutation at codon 184 the RT gene that i n c l u d e d  Passage passage 

In RT,  resulting in the suhstitutlon of Val or codon 184 The resuiting fragments 
were subiected to automated DNA sequence analysis and the proporbon of ATG (Met), GTG (Vai), and 
ATA (Ie) at RT codon 184 determined 179, 26). (A) Growth competit~on between mixtures of HXB2 184V 

Antviral Therace~tic iesearch Clnit. \Necome Research and HXB2 1841 The proporbon of Valia' (solid Ilnes; or iie'?" (dashed Ihnes) at each passage is shown for 
Laboratories, iangley Court Beckelham, Kent BE3 cultures conta~n~ng no inhibtor (a), 13 KM 3TC (O),  or 13 FM FTC (@). (B) Growth competition between 
385  CIX. mxtures of HXB2 184V and wild-type HXB2-D. The proport~ons of Valia4 (sold Ihne) and w~ld-type Metla" 
'To  i4!nom corresponc;e.ice s h o ~ l c  be addressed. (dashed iine) are shown at each passage in the absence of nhib~tor 
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appeared and the AZT-resistance mutations 
persisted (15). Virus recovered from the 
third passage was 3TC resistant and pheno-
typically sensitive to AZT (15). Passage of 
the same virus in the presence of a constant 
concentration of AZT and increasing con
centrations of 3TC resulted in marked sup
pression of viral growth. After extensive 
passage, the AZT resistance mutations per
sisted and codon 184 remained wild type 
(Table 1). Virus recovered from the sixth 
passage remained phenotypically AZT resis
tant and 3TC sensitive. By passage 10, 

Fig. 2. Suppression of AZT resistance by RT 
Val184 . Mutant strains were constructed by site-
directed mutagenesis to convert wild-type RT 
codon 184 (Met) to the 3TC-resistance mutation 
Val1 8 4 (5, 8), and were assessed for AZT suscep
tibility by plaque assay in Hel_a-CD4+ cells (3,21). 
AZT susceptibility is expressed as the I C ^ value 
(JJLM) of each virus, and each value represents the 
average of two or three separate determinations. 
The drug-resistance mutations in each strain are 
as follows: HXB2-D, wild type; RTMC, Asn6 7 , 
Arg70 , Phe215, and Gin219 ; RTMQ, Leu41, Asn6 7 , 
Arg70 , and Tyr215; RTMN, Leu41, and Tyr215; and 
RTMN/210, Leu41 , Trp210 , and Tyr215. The addi
tion to each virus of Val1 8 4 is indicated by +184V. 
Inhibitor susceptibility data for HIVRTMC and 
HIVRTMN have been described previously (8). 

codon 184 had mutated to Val, resulting in 
3TC resistance and AZT sensitivity, indicat
ing that suppression of AZT resistance can 
occur under these conditions. Although the 
rapid development of AZT and 3TC coresis-
tance in this genetic background did not 
occur, the eventual emergence of coresistant 
virus in vitro or in vivo is not precluded. 

Combination therapy with AZT-3TC 
appears attractive in view of the suppression 
of AZT resistance by RT Val184 and diffi
culty in selecting AZT-3TC coresistant vi
rus. To assess the virological impact of this 
combination, we studied blinded clinical 
samples from 50 of 129 patients from mul
tiple study sites randomized in the phase 
II-III European NUCB3001 trial (16). The 
combination of AZT and 3TC was com
pared to AZT alone in antiretroviral-naive 
HIV-1-infected individuals. Significant 

and sustained increases in CD4+ cell num
ber were observed with AZT-3TC relative 
to AZT alone during 48 weeks (16). The 
amount of HIV-1 RNA in serum samples 
collected longitudinally from ~25 individ
uals in each treatment group was deter
mined with a quantitative polymerase chain 
reaction (PCR) assay (17, 18). A marked 
difference in the extents of the decreases in 
viral RNA copies per milliliter of serum was 
apparent between the groups during a 24-
week assessment period (Fig. 3A). The 
maximum mean log decrease in RNA cop
ies was 1.8 in the combination group versus 
0.7 in individuals treated with AZT alone. 
An increase in viral load was apparent in 
both groups after 24 weeks of therapy; how
ever, a mean log decrease of 1.2 was main
tained in the combination group, whereas 
only a 0.2 log decrease was apparent with 

Table 1 . Passage of AZT-resistant HIV-1 in the presence of AZT and 3TC. The AZT-resistant strain 
HIVRTMN (Leu41 and Tyr215) (5) was passaged in MT-4 cells (25) as described (13). During each passage, 
the culture medium was supplemented with AZT (5 \xM) and 3TC (0.1 to 100 |xM) as indicated. Culture 
time indicates the time at which cell-free virus was harvested from the medium. Virus from certain 
passages was titrated and assessed for susceptibility to AZT and 3TC in the Hel_a-CD4+ cell plaque 
assay (3, 21). The I C ^ values for AZT and 3TC for the parental virus (HIVRTMN) were 0.7 and 0.42 JJLM, 
respectively. DNA sequence analysis was performed on PCR-amplified RT fragments from infected-cell 
DNA (19, 26). 

Passage 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Inhibitor 
concentration 

(MM) 

AZT 3TC 

5 0.1 
5 0.5 
5 0.5 
5 2 
5 5 
5 10 
5 20 
5 20 
5 50 
5 100 

Culture 
time 

(days) 

7 
5 
6 
6 

13 
11 
8 
8 

10 
12 

41 

Leu 

Leu 
Leu 
Leu 
Leu 

Leu 
Leu 

RT codon 

215 

Tyr 

Tyr 
Tyr 
Tyr 
Tyr 

Tyr 
Tyr 

184 

Met 

Met 
Met 
Met 
Met 

Met 
Val 

Virus IC 

AZT 

0.96 

1.36 
0.01 

sn(^M) 

3TC 

0.88 

0.76 
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Fig. 3. Changes in HIV-1 viral 
load and RT codon 184 during 
AZT-3TC combination thera
py. (A) RNA was extracted 
from serum obtained from in
dividuals treated with AZT 
alone (•) or AZT and 3TC (•), 
and the number of HIV-1 RNA 
copies was determined by 
quantitative RT-PCR (18). Val
ues are the mean (±SE) log 
(RNA copies per milliliter of se
rum). (B) The change in HIV-1 
RNA copies per milliliter of se
rum for the AZT-3TC combi
nation therapy group (•), and 

the emergence of codon 184 mutations in RT (•). RNA copies per milliliter are 
the median values for each time point. The status of RT codon 184 was 
determined by DNA sequence analysis of RT fragments after RT-PCR of 
serum RNA samples (19,26). All mutants were Val184 , with lie184 not detected. 
The genotype of some samples could not be determined because of the low 
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RNA copy number in samples between weeks 2 and 12, resulting in insuffi
cient PCR products for sequencing. Numbers in parentheses indicate the 
numbers of individuals from whom samples were evaluated (either for viral 
load or sequence analysis). 
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AZT alone at this time (Fig. 3A). 
To investigate the mutational changes 

that occurred in vivo during this treatment 
period, we sequenced PCR-amplified DNA 
fragments obtained from reverse-tran
scribed HIV-1 RNA in serum (J9). The 
Val184 mutation developed rapidly in the 
combination group. Evidence of this muta
tion was first detected in week-4 samples, 
and by week 8 virtually all (95%) isolates 
contained Val184, indicating 3TC resistance 
(Fig. 3B). The small increase in viral load in 
the combination group coincided with the 
detection of Val184 mutants (Fig. 3B), sug
gesting that this increase was attributable to 
outgrowth of 3TC-resistant virus. 

During the 24-week period of blinded 
treatment, relatively few AZT-resistance 
mutations were detected in either treatment 
group. Most resistance mutations in the 
monotherapy group were at codon 70, which 
suggests that this mutation alone was suffi
cient to cause the viral load rebound appar
ent during AZT therapy. However, at week 
24, significantly more of the combination 
group samples remained wild type at the 
AZT-resistance codons (75%, compared 
with 31% for AZT alone; P = 0.006 by 
chi-square test). All samples but one from 
the AZT-3TC group contained Val184 at 
week 24, whereas no samples from the AZT 
monotherapy arm had this mutation. It was 
possible to determine phenotypic sensitivity 
by constructing recombinant virus strains 
from PCR-derived DNA fragments and an 
RT-deleted proviral HIV-1 clone (20, 21). 
None of the recombinant viruses obtained 
from the combination group showed signifi
cant AZT resistance but all were highly 
3TC-resistant (Table 2). These results were 
attributable either to a lack of AZT-resis
tance mutations or the presence of Val184, 
which suppressed AZT resistance [for exam

ple, A474197 contained Tyr215 and Val184 

and showed an AZT IC50 of 0.05 |JLM, lower 
than that expected for Tyr215 alone (5)]. 
Thus, the sustained in vivo antiviral effects 
of AZT-3TC combination therapy may be 
attributable to interactions in HIV-1 RT 
between Val184 and AZT-resistance muta
tions. In the NUCB3001 trial, no AZT-
resistant strains were initially present and 
resistance reversal therefore could not occur. 
However, after the Val184 mutation appeared 
during combination therapy, there appeared 
to be constraints on the subsequent develop
ment of AZT resistance. The fact that high-
level 3TC resistance rapidly occurred sug
gests that continued viral suppression was 
attributable to AZT in the combination. 
Cessation of AZT at this time might result in 
a rapid increase in viral load, because this 
virus was highly 3TC-resistant (Table 2). 

The combination of AZT and 3TC is the 
most efficacious pair of drugs tried to date 
with respect to the magnitude and duration 
of changes in CD4+ cell number and viral 
load. A recent study of antiretroviral-nai've 
individuals that compared the combinations 
of AZT with ddl (2',3'-dideoxyinosine) or 
ddC (2',3'-dideoxycytidine) showed that 
neither combination reduced the rate at 
which AZT resistance developed, although 
ddl or ddC resistance was apparent infre
quently (22). However, changes in CD4+ 

cell number and viral load were less marked 
and sustained with these combinations than 
with AZT and 3TC. 

Significant effects of AZT-3TC combina
tion therapy on CD4+ cell number were also 
observed in AZT-pretreated individuals 
(NUCB3002 trial) (23). It is expected that 
virological analysis of samples from this trial 
will confirm the mechanism of sustained 
viral suppression seen in NUCB3001. Re
versal of AZT resistance may be evident, 

Table 2. Susceptibility of recombinant viruses to AZT and 3TC. RNA from serum samples from individ
uals treated with AZT and 3TC for 24 weeks was subjected to RT-PCR and used to construct recombi
nant HIV-1 strains (20, 21). The AZT and 3TC susceptibility of these viruses was determined by the 
Hel_a-CD4+ cell plaque assay (3, 21). RT amino acid residues that influence AZT or 3TC sensitivity are 
also shown [dashes indicate the wild-type (HXB2-D) residue]. These residues were deduced by DNA 
sequence analysis of the recombinant virus strains and concurred with data derived from direct sequenc
ing of RT-PCR products from patient serum (19, 26). 

RT codon 
Sample 

Virus IC50 (|xM) 

41 67 70 215 219 

HXB2-D 
A473371 
A659598 
A474197 
A679860 
A339943 
A474181 
A670695 
A314599 
A660074 
A506001 
A384865 

Met 
-
Leu 
-
-
-
-
-
-
-
Leu 
-

Asp Lys Thr 

Tyr 

Lys 

Lys/Arg Thr/Tyr 

184 

Met 
Val 
Val 
Val 
Val 
Val 
Val 
Val 
Val 
Val 
Val 
Val 

AZT 

0.01 
0.02 
0.01 
0.05 
0.02 
0.02 
0.01 
0.02 
0.01 
0.03 
0.03 
0.02 

3TC 

0.25 
153 

>200 
175 

>200 
119 

>200 
119 

>200 
>200 
186 

>200 

because there will be preexisting AZT-re-
sistant strains. An alternative possibility is 
that changes in viral populations will occur 
with the simultaneous appearance of 3TC-
resistant virus and disappearance of AZT-
resistant strains. The frequency of AZT-
3TC coresistance can also be investigated 
in this cohort. In summary, our results dem
onstrate that in vitro mutational data, par
ticularly resistance suppression, can be used 
as a basis for selecting potentially effica
cious drug combinations. In view of recent 
insights into the dynamics of HIV-1 repli
cation in vivo (24), the marked effect of 
AZT-3TC combination therapy on viral 
load may translate into greater clinical ben
efit than previously achieved. 
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Excision of Deoxyribose Phosphate Residues 
by DNA Polymerase P During DNA Repair 

Yoshihiro Matsumoto* and Kyung Kim 

Eukaryotic DNA polymerase p (pol p) can catalyze DNA synthesis during base excision 
DNA repair. It is shown here that pol p also catalyzes release of 5'-terminal deoxyribose 
phosphate (dRP) residues from incised apurinic-apyrimidinic sites, which are common 
intermediate products in base excision repair. The catalytic domain for this activity resides 
within an amino-terminal 8-kilodalton fragment of pol p, which comprises a distinct 
structural domain of the enzyme. Magnesium is required for the release of dRP from 
double-stranded DNA but not from a single-stranded oligonucleotide. Analysis of the 
released products indicates that the excision reaction occurs by p-elimination rather than 
hydrolysis. 

P o 1  P, one of the four kno\vn nuclear D N A  
polyinerases, consi~ts  ot a single polypeptide 
(39 to  45 kL3 in vertebrates) that is highly 
conserved alllong higher eukaryote5. Pol P 
has been implicated in D N A  repair on the  
basis of three oh5ervatlon5: It i5 expresseii a t  
relati\.cly constant concentrations through- 
out the cell cycle ( I ) ,  its concentrations 

increase after treatlncnt of cells \\-1th certain 
DNA-ilamaging agents ( 2 ) ,  anil it can fill 
small gaps ani1 nicks in D K A  ( 3 ) .  Stuclie, 
with in vitro repair systems indicate that 
pol p catalp~cs D N A  synthesis cluritlg base 
exclsloll repalr (4-6) .  

Base excision repair is a i l~aior pathway 
for correction of moilif~eii bases. Accoriiing 
to one proposeii lllodel (i), moclifleil bases 
arc repaired by f ix-?  sequential reactions: ( I )  
removal of a lnoiiified base by a specific 
D N A  N-glyco5yla5c to leave an  apurinic- 
apyrlmldinic ( A P )  slte, a common interinc- 
ciiate product; (i i)  incision o t  the  X P  slte at 
~ t s  5 '  side by a c l a s  I1 X P  endonuclease; 
(iii) excislon of the  5'-terminal dRP to  
leave a smgle-nuclcotiiie gap; ( ~ v )  D K A  
synthesis by D K A  polymerase to f l l l  the 
gap; and (I-) sealing 1-y D N A  llgase. I11 the 
case of higher euh-aryotes, clharacter1:atiol-i 
of 111 cltro repair reactions includil-ig pol P 
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supports this nloJel (5), although there is 
a11 alternative path\\-ay for A P  site repair 
that uses proiiterating cell nuclear antigen 
anil 6 for the excision ancl D N A  5yn- 
thesis reactions (6) .  I11 the pol P-ilepcll- 
(lent base exci5ion repair, pol p hail 1-ecn 
thi>ueht to act onlv to f i l l  a sinele-nucleo- 
tide gap. Although some distlnct activities 
such as deoxyrihonuclease V and ailenosinc 
trlL1ho5phat,lse are kno\vn to interact wit11 
1101 p (S) ,  n o  intrinsic activities other than 
D N A  p o l y ~ ~ ~ e r i : a t i ~  have been attributed 
to pol p .  

In a reconstituted system with proteins 
ilerlvcd fro111 X e n o i ~ ~ u  laevis ovaries. A P  sites 
arc etficiently repalreil by A P  endonuclease, 
pol p, anii a partially purified fraction, BE- 
113 ( 6 ,  9 ) .  For further analysl of pol D-dc- 
pendent A P  site repalr, me u5eJ rat pol p 
that hail heen nurifled after overexnression 
111 bacterla anil hacterlophage T4-encoded 
D N A  ligase as u b ~ t i t u t e ~  tor X. lnev~s pol P 
and the BE-16 fraction, re5pcctively. A P  
5lte5 M ~ C ~ C  s ~ ~ c c e s s f ~ ~ l l y  repalred 111 reaction5 
contalninp these two proteilis ancl X.  laet:i.s 
A P  eniionuclease (Fig. 1,  X and B) ,  \vIhich 
inciicates that a t  lea5t one of the three 
protein5 is responsible tor exci5ion of the 
5 '-terminal ilRP. 

I11 prc~kal-yotes, two proteins-Fpg ancl 
RecJ-11al.e been reporteel to possess dRP 
cxcislon dctivity. T h e  Fpg p ~ ~ t c i n  has a 
D N A  N-glyco5yla5e actlvity 5pccific tor 


