
ELSEVIER Antiviral Research 26 (1995) 369401 

Q Antiviral 
Research 

Molecular mechanisms of antiviral resistance 

David W. Kimberlin a'*, Donald M. Coen b, Karen K. Biron c, 
Jeffrey I. Cohen d, Robert A. Lamb e, Mark McKinlay f, 

Emilio A. Emini g, Richard J. Whitley a'* 

aDepartment of Pediatrics, The University of Alabama at Birmingham, 1600 Seventh Avenue South, 
Suite 616, Birmingham, AL 35233, USA 

b Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, 
Boston, MA, USA 

~Burroughs Wellcome, USA, Research Triangle Park, NC, USA 
dNational blstitutes of Health, Bethesda, MD, USA 

eHoward Hughes Medical Institute and Northwestern Universit); Evanston, IL, USA 
f F~roPharma, Collegeville, PA, USA 

gMerck Research Labs, West Point, PA, USA 

1. The herpesviruses 

1.1. Herpes simplex virus (HSV) 

Upon initiation of  infection by HSV, expression of viral genes occurs in a highly 
regulated fashion. Three classes of HSV genes have been identified and are 
classified by both the timing of and the requirements for their expression. These 
classes are alpha, beta, and gamma. Alpha, or immediate-early, genes are 
responsible for the regulated expression of the viral genome. They are transcribed in 
infected host cells in the absence of viral protein synthesis. The beta, or early, gene 
class requires functional alpha gene products for efficient expression. Beta gene 
products include proteins which are directly involved in viral DNA synthesis, as 
well as enzymes involved in nucleotide metabolism. As such, they provide excellent 
targets for antiviral agents. Examples of such early gene products include viral DNA 
polymerase and thymidine kinase (TK). While viral DNA polymerase is essential for 
replication of  the HSV genome, viral TK is not essential for viral replication in cell 
culture. However, in vivo analyses demonstrate that HSV TK plays a pivotal role in 
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virulence, pathogenicity, and the ability of HSV to reactivate from a latent state 
(Field and Wildy, 1978; Tenser and Dunstan, 1979; Coen et al., 1989a; Efstathiou 
et al., 1989; Jacobson et al., 1993). 

The antiviral drug of choice in the treatment of HSV infections is acyclovir 
(ACV). Additional antiviral agents with activity against HSV include vidarabine 
(Ara-A), foscarnet (PFA), 1-B-D-arabinofuranosyl-E-5-(2-bromovinyl)uracil (BV- 
ara-U), penciclovir (PCV), and famciclovir (FCV). Acyclovir is converted by the 
viral TK to its monophosphate derivative, an event that occurs to a much lower 
extent in uninfected cells (Elion, 1983). Subsequent diphosphorylation and 
triphosphorylation are catalyzed by cellular enzymes, resulting in ACV 
triphosphate (ACV-TP) concentrations that are 200 to 1000 times higher in HSV- 
infected cells than in uninfected cells (Elion, 1982). Acyclovir triphosphate 
prevents viral DNA synthesis by inhibiting the viral DNA polymerase. In vitro, 
ACV-TP competes with deoxyguanosine triphosphate as a substrate for viral DNA 
polymerase. Because ACV-TP lacks the 3'-hydroxyl group required to elongate the 
DNA chain, the growing chain of DNA is terminated. In the presence of the 
deoxynucleoside triphosphate complementary to the next template position, the 
viral DNA polymerase is functionally inactivated (Reardon and Spector, 1989). In 
addition, ACV-TP is a much better substrate for the viral polymerase than for 
cellular DNA polymerase alpha, resulting in little incorporation of ACV into 
cellular DNA. 

Viral resistance to ACV can result from mutations in either the viral TK gene or 
the viral DNA polymerase gene. The phenotypic characterizations of the TK 
mutants are shown in Table 1. In addition to wild type (TK +) virus, three categories 
of TK mutants have been described, based upon the extent of viral TK expression 
and TK substrate specificity. Thymidine kinase-negative (TK mutants are 
completely devoid of TK activity. Thymidine kinase-partial (TKp) variants are 
very low producers of TK, having only 1-15% of normal TK activity. This degree 
of decrease in TK impairs their ability to phosphorylate ACV effectively. The third 
category of TK mutants are the TK-altered (TKa) viruses; they are unable to 
phosphorylate ACV but can still phosphorylate thymidine. 

Some overlap exists between TKa and TKp mutants, and the different kinds of 
TK mutants can be very difficult to distinguish from one another. In particular, 
different versions of TK enzyme assays and plaque autoradiography assays 
frequently fail to detect TK activity that is present in HSV-infected cells. As a 
result, TKp mutants can be misidentified as TK mutants. Despite the potential 
variability in assay results, it remains useful to consider the TK phenotypes with 
respect to extent of viral TK expression, as presented in Table 1. Such classification 
must always be tempered, however, by the realization that the assay systems 
currently utilized to detect TK activity demonstrate variability. Even mutants that 
contain nonsense or frameshift mutations resulting in truncated polypeptides can 
express low levels of TK activity. This observation can have a profound impact 
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Table 1 
Phenotypic characterization of HSV acyclovir-resistant TK mutants 
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Category Abbreviation Definition 

TK-negative TK- 

TK-partial (low TK producers) TKp 
TK-altered TKa 

Wild type TK" 

No TK activity 

1-15% of normal TK activity 
> 15% of normal TK activity, but 

impaired for ACV-phosphory- 
lation 

40-100% of normal TK activity 

upon the biology of  HSV; for example, such mutations may permit virus 
reactivation from a latent state in animal models (Coen et al., 1989b; Hwang et al., 
1994). The correlation o f  these different TK phenotypes with clinical disease 
remains incomplete. 

Mutations within the viral DNA polymerase gene also result in ACV resistance 
(Larder et al., 1987; Gibbs et al., 1988). These polymerase mutants are less 
common than TK mutants. All laboratory-derived polymerase mutants analyzed to 
date, as well as the few clinical isolates identified, result from DNA point 
mutations. The mechanism(s) by which such mutations confer resistance to ACV is 
unknown. Possibilities include: l) alterations in the competitive inhibition between 
ACV-TP and deoxyguanosine triphosphate; 2) decreased incorporation of  ACV-TP 
into the growing DNA chain; a n d  3) altered polymerase stability, resulting in 
decreased likelihood o f  enzyme inactivation following integration of  the ACV-TP 
molecule into the growing nucleic acid chain. The infrequency with which 
polymerase mutants are identified in clinical specimens suggests that constraints 
exist on the number o f  possible mutations in the DNA polymerase gene that confer 
ACV resistance yet still produce an enzyme retaining its essential polymerase 
function. Herpes simplex virus can more readily evade ACV suppression via 
mutations which reduce or alter TK function. Only two ACV-resistant polymerase 
mutants have been recovered from patients in the clinical setting (Collins et al., 
1989; Sacks et al., 1989). 

For both TK- and TKp variants, the mutations can occur virtually anywhere 
within the 1.3 kilobase (kb) TK gene. While this may preclude genotypic detection 
of  HSV TK mutants, preliminary data suggest that the mutations are more likely to 
occur within such "hot spots" as homopolymeric runs of  deoxyguanosines or 
deoxycytosines (Hwang and Chen, 1995). Of  those mutants with the TKa 
phenotype, only a few distinct mutations have been identified to date (Darby et al., 
1986; Kost et al., 1993). Based mainly on laboratory-derived isolates, more than 20 
different polymerase mutations have been identified in at least six discrete regions 
o f  the polymerase gene, spanning more than I kb. 

Drug-resistant clinical isolates can comprise mixtures of  one or more of  these 
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TK and polymerase mutants, as well as drug-susceptible virus. In animal models, 
such clinical isolates are associated with severe disease that is recalcitrant to ACV 
therapy (Field, 1982; Field and Lay, 1984; Ellis et al., 1989). 

Of  the other antiviral agents available for the treatment of  HSV, penciclovir 
(PCV) is the most similar to ACV with respect to mechanism of  activation. Like 
ACV, PCV is converted to its monophosphate form by viral TK. However, PCV is 
phosphorylated more efficiently than is ACV. Penciclovir monophosphate (PCV- 
MP) is then converted to the triphosphate form by cellular enzymes. Like ACV-TP, 
penciclovir triphosphate (PCV-TP) serves as a competitive inhibitor of  viral DNA 
polymerase and is incorporated into the nascent DNA chain. Unlike ACV-TP, PCV- 
TP is neither an obligate chain terminator nor an inactivator of  the DNA 
polymerase. However, laboratory studies suggest that, once incorporated, PCV-MP 
does retard the rate of  subsequent nucleotide incorporation (Vere Hodge, 1993). 
The relevance of  these observations for clinical efficacy and safety are unknown. 
PCV-TP is much less potent in inhibiting viral DNA polymerase than is ACV-TP 
(Earnshaw et al., 1992). However, PCV-TP is present in much higher 
concentrations and for more prolonged periods in infected cells. Penciclovir- 
resistant variants with mutations in either TK or DNA polymerase can be selected 
by passage in vitro. Penciclovir- and ACV-resistant mutants are roughly similar 
with respect to both phenotypic and genotypic alterations. 

Because it does not require activation by the viral TK, vidarabine is less 
selective in its inhibition of  viral DNA synthesis than ACV or PCV. Cellular 
enzymes convert the drug to its triphosphate form. As a result, activated vidarabine 
is more likely to interfere with cellular DNA synthesis in uninfected cells than is 
ACV or PCV. Similarly, foscarnet (PFA) is less selective than either ACV or PCV 
since it directly inhibits viral DNA polymerase by blocking the pyrophosphate 
binding site and preventing cleavage of  pyrophosphate from deoxynucleotide 
triphosphates. Mutations in the viral DNA polymerase gene confer resistance to 
vidarabine and/or PFA. The degree of  maximum resistance to vidarabine and PFA 

Table 2 
Likely cross-resistance profiles for ACV-resistant HSV isolates 

Type of m u t a n t  Penciclovir Foscarnet Vidarabine 

TK-negative Resistant Sensitive Sensitive 
TK-partial Resistant* Sensitive Sensitive 
TK-altered Resistant* Sensitive Sensitive 
Polymerase Sensitive ** Resistant* Resistant* 

TK + polymerase Resistant* Resistant* Resistant* 
(double mutants) 

* Isolate is usually resistant to the indicated drug, but may be sensitive, 
** Isolate is usually sensitive to the indicated drug, but may be resistant. 
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is 4-fold and 20-fold, respectively. By comparison, the TK and DNA polymerase 
mutations producing ACV resistance can confer in excess of 100-fold resistance to 
drug. 

Each of the ACV-resistant mutants can demonstrate cross-resistance to other 
antiviral agents. As shown in Table 2, such cross-resistance profiles can often be 
predicted based upon the type of phenotypic mutant present. It is important to note 
that cross-resistance pattems are not uniform for all viral isolates in a given 
category, and that testing of such isolates is necessary to confirm the susceptibility 
profile of a particular virus. 

The frequency of resistant mutants in both laboratory and clinical isolates from 
drug-naive patients ranges from below 0.01 to above 0.1%. In conditions that select 
for high ACV-resistance, TK-deficient mutations predominate. The precise 
frequency of TK-altered mutations is not known. Polymerase mutants with _>10- 
fold resistance to ACV occur at a frequency of about 0.01%. Patient prophylaxis 
with sufficiently high doses of ACV possibly could limit the viral replicating pool 
and thereby prevent emergence of resistant isolates; conversely, therapy with 
insufficient or escalating doses could enhance selection of viruses resistant to drug. 

1.2. Cytomegalovirus (CMV) 

The two drugs that have been used effectively in the treatment of CMV disease 
are ganciclovir (GCV) and PFA. Unlike both HSV and VZV, CMV does not encode 
a thymidine kinase. Rather, the CMV enzyme that catalyzes the initial 
phosphorylation of GCV in CMV-infected cells is the phosphotransferase encoded 
by the UL97 gene (Sullivan et al., 1992; Littler et al., 1992). Mutations in either the 
UL97 gene or the CMV DNA polymerase gene can lead to GCV resistance (Lurain 
et al., 1992; Sullivan et al., 1993; Lurain et al., 1994a). Additionally, mutations in 
the DNA polymerase gene can also confer resistance to PFA (D'Aquila et al., 1989; 
Tatarowicz et al., 1992). 

The UL97 phosphotransferase is the protein product of the UL97 open reading 
frame. This gene encodes a protein comprised of 707 amino acids with a molecular 
weight of 78,233 daltons. The UL97 phosphotransferase shares homology with the 
catalytic regions of protein kinases and bacterial aminoglycoside 
phosphotransferases (Sullivan et al., 1992; Hanks et al., 1988; Chee et al., 1990). It 
catalyzes the conversion of GCV to its monophosphate form, and cellular enzymes 
subsequently convert GCV-MP to the active triphosphate form. While the UL97 
gene product appears to be an essential enzyme, the exact role that UL97 
phosphotransferase plays in CMV replication or pathogenesis is unknown at this 
time. 

Among GCV-resistant clinical and laboratory isolates, little sequence or amino 
acid diversity exists in the UL97 gene or its protein product (Chou et al., 1995). 
Such isolates have diminished capacity to phosphorylate GCV to its 
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monophospha te  form, thereby leading to decreased or absent concentrat ions o f  the 

act ive GCV-TP. Cytomegalov i rus  isolates with mutations in the U L 9 7  open reading 
f rame make up the predominant  phenotype  o f  GCV-resistant  isolates (Stanat et al., 

1991; Lurain  et al., 1994b; Chou et al., 1993; Wol f  et al., 1993; Baldanti  et al., 
1995; Hanson  et al., 1994). No  null mutants  o f  UL97  have been descr ibed to date, 

suggest ing an essential function o f  this enzyme  for C M V  growth.  Mutat ions in 
U L 9 7  which  confer  GCV resistance are clustered in two highly conserved  regions:  
subdomain  VI  and subdomain  IX. Subdomain  VI encompasses  an ATP binding site 

and m a y  play  a role in substrate recognit ion.  The methionine at posi t ion 460 in 
subdomain  VI  appears to be the crucial determinant  for G C V  
monophosphory la t ion .  The exact function o f  subdomain IX is unknown,  but it may  

be involved in substrate-inhibitor binding. Delet ions or point  mutat ions be tween 

the alanine at posi t ion 590 and the leucine at posit ion 595 have been found to 
confer  G C V  resistance (Sullivan et al., 1992; Baldanti  et al., 1995; Chou  et al., 

1995; Wol f  et al., 1995). Table 3 summarizes  the UL97  mutat ions which are 

recognized  to confer  GCV resistance. Overall,  85% o f  GCV-resistant  mutants  have 

point  mutat ions or, rarely, deletions affecting met460, leu595, or alas94. Because  o f  
this high degree o f  UL97  sequence conservat ion among  clinical strains and the 
restricted number  o f  mutations,  deve lopment  o f  a polymerase  chain reaction 
(PCR)-based  assay o f  C M V  resistance genotypes  is promising (Chou et al., 1995). 

As in HSV, the C M V  D N A  polymerase  is an essential enzyme.  However ,  only a 
minor i ty  o f  GCV-resistant  isolates appear  to have mutat ions in the D N A  

po lymerase  gene (Sull ivan et al., 1993; Lurain et al., 1992). Each o f  the GCV- 

resistant po lymerase  mutants  evaluated to date has single amino acid substitutions 

Table 3 
UL97 mutations conferring ganciclovir resistance 

UL97 Amino acid Codon change Number of References 
subdomain change isolates 

M460I ATG - ATT 3 laboratory isolates Lurain et al., 1994b 
VI 

M460V ATG - GTG 4 clinical isolates Chou ct al., 1993 

AACRs93 deletion (GCG GCC TGC 1 laboratory isolate Sullivan et al., 1992 
CGC) del 

A594V GCG - GTG 2 clinical isolates Chou et al., 1993 

IX L595S TTG - TCG 4 clinical isolates Chou et al., 1993; 
Wolf et al., 1993 

L595F TTG - TTT 2 clinical isolates Chou et al., 1993; 
Wolf et al., 1993 

L595 deletion (TTG) del 1 clinical isolate Baldanti et al., 1995 

VIII H520Q CAC - CAG 1 clinical isolate Hanson et al., 1994 
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Table 4 
DNA polymerase mutations conferring ganciclovir resistance 
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Selective Amino Strain Polypeptide Drug susceptibility Reference 
agent acid conserved phenotype 

substitution region 

GCV Ggs7A GDG ~ P53 - V 
Lab 
(759 r D100 
parent) 

GCV Lso~I D6/3/1 - Lab between IV 
D 1/3/4 and A 

GCV F412V D10/3/2 - IV 
Lab 

None D3o~N D 16 - upstream of 
clinical IV 

None I503 T D 1 6 - between IV 
clinical and A 

PFA ND PFA r B300 - ND 
Lab 

GCV" ACV * PFA ~ Sullivan et al., 
HPMPC r HPMPA r 1993 

GCV ~ ACW PFA s Lurain et al., 
HPMPC f HPMPA r 1992 

GCV ~ ACV S PFA s Lurain et al., 
HPMPC ~ HPMPA r 1992 

GCV ~ ACV '~ PFA ' Lurain et al., 
HPMPC r HPMPA r 1994b 

GCV" ACV' PFA ~ Lurain et al., 
HPMPC r HPMPA r 1994b 

GCV s ACV" PFA ~ Sullivan and 
HPMPC , HPMPA , Coen, 1991 

in the D N A  polymerase  protein product  (Table 4). Reports in the l i terature 

regard ing  C M V  D N A  polymerase  mutants  include only  four laboratory isolates and 

one c l inical  isolate. Each of  the four laboratory isolates conta ined  muta t ions  in both 

the UL97  and D N A  polymerase  genes (Sul l ivan et al., 1993; Lura in  et al., 1992; 

Lura in  et al., 1994b). The single cl inical  isolate was present  as less than 1% of  the 

virus popu la t ion  recovered from the bronchia l  b rush ing  of  a heart  t ransplant  

rec ip ient  pr ior  to G C V  therapy; it is not  clear i f  this pat ient  had prev ious ly  been  

treated with A C V  (Tatarowicz et al., 1992). This virus mixture  consis ted of  two 

variants ,  each with a s ingle muta t ion  in the polymerase  gene (Lurain  et al., 1994a). 

G iven  the very small  n u m b e r  of  CMV  polymerase  mutants  so far identif ied,  

insuff ic ient  in format ion  exists regarding the need or feasibi l i ty for deve lopmen t  of  

rapid detect ion assays. In addi t ion to GCV, mutat ions  in the C M V  D N A  

po lymerase  can confer  resistance to PFA. As the use of  PFA increases,  more  

in fo rmat ion  will  become avai lable  regarding both the f requency of  po lymerase  

muta t ions  in PFA-treated pat ients  and the specific locat ions of  these muta t ions  

wi th in  the po lymerase  gene. 

1.3. Varicella-zoster virus (VZV) 

Though  the use of  famcic lovi r  (FCV) for the t reatment  of  V ZV  disease has 
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increased to roughly 15% of the U.S. market, ACV remains the antiviral agent of 
choice for the treatment of VZV infections at this time. The VZV TK 
phosphorylates ACV to its monophosphate form. Cellular protein kinases then 
further phosphorylate the drug to its active triphosphate form, which competes with 
dGTP as a substrate for the viral DNA polymerase. Acyclovir-triphosphate 
inactivates the DNA polymerase, resulting in premature termination of the growing 
viral DNA chain. Of the other antiviral agents available for the treatment of VZV 
infections, PCV, BV-ara-U, and the PCV prodrug, FCV, also require initial 
phosphorylation by viral TK; vidarabine and PFA have no such requirement. 

The VZV TK enzyme is also referred to as a deoxypyrimidine kinase because it 
phosphorylates deoxycytidine more efficiently than thymidylate or thymidine. The 
VZV TK shares 31% amino acid identity with its HSV TK counterpart. A greater 
degree of amino acid homology exists at the two active sites of the VZV TK 
enzyme. The VZV TK ATP-binding site, comprised of amino acids 12 to 29, shares 
a 56% amino acid identity with its HSV counterpart. Similarly, the nucleoside- 
binding site, consisting of amino acids 129 to 145, shares 65% amino acid 
homology with its HSV counterpart. The VZV TK is less sensitive to ACV than is 
the HSV TK. However, it is more sensitive to the 5'-pyrimidine analogs, including 
BV-ara-U. 

As is the case with HSV, ACV resistance in VZV is predominantly conferred by 
mutations in the TK gene. As is shown in Table 5, three phenotypes of the VZV TK 
have been described. Wild-type virus (TK +) is capable of expressing fully active 
TK that can phosphorylate thymidine, deoxycytidine, and ACV. Viral mutants that 
express inactive TK (TK-) are unable to phosphorylate these three substrates. Such 
isolates usually produce truncated TK proteins due to a stop codon in the gene. 
Viral mutants that express altered TK (TKa) can phosphorylate thymidine but not 
deoxycytidine or ACV (Talarico et al., 1993; Boivin et al., 1994). Such altered 
substrate specificity is usually due to a point mutation in the TK gene, though 

Table 5 
Phenotypic characterization of  VZV acyclovir-resistant TK mutants 

Category Abbreviation Definition 

TK-negative TK- 

TK-altered TKa 

Wild type TK + 

Inactive TK that is unable to phosphorylate 
either thymidine or deoxycytidine 

Enzyme with altered substrate specificity: it 
can phosphorylate thymidine with up to full 
efficiency, but cannot phosphorylate deoxycy- 
tidine with the same efficiency as the wild- 
type enzyme 

Fully active TK which phosphorylates both thy- 
midine " an d deoxycytidine . . . . . . . . . .  
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truncated mutations at the carboxy terminal end have also been reported with this 
phenotype. 

Both laboratory and clinical isolates resistant to ACV due to mutations in the 
viral TK have been described (Sawyer et al., 1988; Lacey et al., 1991; Roberts et 
al., 1991; Boivin et al., 1994). Of the laboratory isolates, eight point mutations 
have been reported (Sawyer et al., 1988; Mori et al., 1988; Lacey et al., 1991; 
Suzutani et al., 1992). Three are located in the ATP-binding site, one is located in 
the nucleoside-binding site, and four are located at other sites. Frameshift 
mutations in the TK gene have been generated in vitro; these mutations result in 
truncated TK gene products. Because of  lack of  an animal model for VZV, it is 
unknown whether these viruses have reduced virulence and altered transmissibility 
in vivo. 

All cases of  clinical ACV-resistant VZV TK mutants have occurred in 
immunosuppressed patients with AIDS receiving prolonged oral ACV therapy 
(Boivin et al., 1994; Talarico et al., 1993; Sawyer et al., 1988; Pahwa et al., 1989; 
Safrin et al., 1991; Jacobson et al., 1990; Linnemann et al., 1990). The ACV- 
resistant clinical isolates evaluated to date have a mean EDso (50% effective dose) 
that is 4-100-fold higher than that of  wild-type virus. The mutant enzymes 
phosphorylate deoxycytidine very poorly, if  at all. In addition, the TK- isolates are 
cross-resistant to other antivirals that require activation by TK, such as PCV and 
BV-ara-U. The TKa isolates, however, may or may not be resistant to other TK- 
dependent antivirals. Clinical isolates can contain mixtures of  wild-type and 
mutant viruses (Pahwa et al., 1989; Safrin et al., 1991). In addition, mutants with 
different genotypes and with different antiviral susceptibilities can be obtained 
from a single culture specimen (Pahwa et al., 1989). 

Different point mutations at a single codon can confer varying antiviral 
resistance profiles. For example, changing Argj43 to Lys143 confers resistance to 
ACV but not BV-ara-U or PCV (Talarico et al., 1993). Alternatively, changing 
Arg143 to Gly143 results in resistance to ACV and PCV, as well as decreased 
susceptibility to BV-ara-U. As opposed to the laboratory isolates discussed above, 
ten point mutations within the VZV TK gene have been described among ACV- 
resistant clinical isolates. Two are located in the ATP-hinding site and can confer 
either a TK or a TKa phenotype. Six point mutations are located in the nucleoside- 
binding site; in one of  these six, a point mutation at amino acid 130 produced a 
mutant enzyme that phosphorylated thymidine, deoxycytidine, and ACV much less 
efficiently (<1%) than did wild-type virus (Roberts et al., 1991). Two additional 
point mutations are located at other sites. One VZV isolate contained two point 
mutations (amino acids 138 and 242). 

Twelve clinical specimens with frameshift mutations in the TK gene have also 
been described. Such mutations result in truncated TK gene products due to single, 
double, or quadruple nucleotide insertions or deletions scattered throughout the TK 
gene. Four of  the 12 mutants contained a stop codon at amino acid 231, making this 
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the most common site of  mutation in the ACV-resistant VZV isolates identified to 
date (Talarico et al., 1993; Boivin et al., 1994). 

In comparing clinical VZV TK mutants and HSV TK mutants, ACV-resistant 
VZV mutants appear to be more likely to express full length TK than are HSV 
mutants. In addition, there is greater heterogeneity of  mutations within the TK gene 
among ACV-resistant VZV than in ACV-resistant HSV isolates. Since there are no 
"hot-spot" sites of  mutations within the VZV TK, identification of  resistant isolates 
entails growth and phenotypic characterization in vitro, followed by functional 
assessment of  the viral TK for the natural substrates. Confirmation of  TK 
mutations can only be achieved by sequencing of  the entire VZV TK gene. 

As with HSV, mutations in VZV DNA polymerase can confer ACV resistance. 
The VZV DNA polymerase protein shares a 57% amino acid identity with its HSV 
homologue. Both VZV and HSV DNA polymerase enzymes have seven highly 
conserved regions (I-VII) (Larder et al., 1987). Mutations in or near six o f  these 
seven regions in HSV have been shown to affect ACV susceptibility. The DNA 
polymerase gene is more highly conserved among VZV strains than among HSV 
strains. Comparison of  three VZV strains showed only one nucleotide change and 
no amino acid changes in the resulting gene product, while comparison of  four 
HSV strains showed 43 nucleotide differences and 16 amino acid changes. 
Varicella-zoster virus strains selected in the laboratory for drug resistance to ACV, 
phosphonoacetic acid (PAA), or vidarabine have been shown to contain mutations 
in the DNA polymerase gene. In each case, these drug-resistant polymerases 
contained point mutations located in regions I, II, and III. The laboratory strain 
selected for resistance to ACV has a point mutation in region III and is 
hypersensitive to PFA and vidarabine. A laboratory strain with resistance to 
vidarabine has a mutation in region II; this isolate is sensitive to ACV and 
hypersensitive to PFA. A laboratory strain with resistance to PAA has a mutation in 
region I and is resistant to both ACV and vidarabine. The lack of  a good animal 
model for VZV has precluded characterization of  the in vivo virulence or 
transmissibility of  these laboratory mutants. Among VZV clinical specimens that 
are resistant to ACV, only two isolates with mutations in the DNA polymerase gene 
have been reported, Such mutants are believed to occur only very rarely in the 
clinical setting. Table 6 summarizes the estimated distribution frequencies of  
mutations which confer antiviral resistance among the herpesviruses. 

2. Inf luenza 

The antiviral agents of  choice in the treatment of  influenza virus infections are 
amantadine and rimantadine. The target of  the inhibitory action for both of  these 
drugs is the influenza A virus M2 protein. The M2 protein is an integral membrane 
protein consisting of  23 extracellular residues, a 19 residue transmembrane 
domain, and a 54 residue cytoplasmic tail. The protein functions as an ion channel 
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Table 6 
Estimated distribution frequencies of mutations from clinical isolates which confer antiviral resistance 
among the herpesviruses 

Herpesvirus Type of mutation 

TK- TKa DNA polymerase UL97 

HSV ~ -90% b -10% < 1%¢ NA d 

VZV ~ 74% 22% 4% NA d 

CMV ~ NA a NA a 4% 96% 

" Resistance emerging with the selective pressure of ACV therapy. 
b AS assays are developed that are able to detect low levels of TK, some of these isolates may be found 

to be TKp. 
c Only two DNA polymerase mutants have been reported in the literature. 
d NA: not applicable. 
e Resistance emerging with the selective pressure of GCV therapy. 

and is activated by pH (Pinto et al., 1992; Lamb et al., 1994; Tosteson et al., 1994; 
Wang et al., 1994; Chizhmakov et al., 1995). The pH sensor may be the histidine 
residue at position 37 of  the t ransmembrane domain. The M2 channel permits ions 
to enter the virion during the process of  uncoating. This results in destabilization of  
protein-protein bonds, allowing the viral DNA to be transported into the nucleus 
(reviewed in Lamb et al., 1994). In addition, the M2 channel acts to modulate the 
pH of  intracellular compartments,  particularly the Golgi apparatus (reviewed in 
Hay, 1992; Lamb et al., 1994). In some species, this stabilizes the influenza A virus 
hemagglutinin (HA) during intracellular transport (Takeuchi and Lamb, 1994; 
Takeuchi et al., 1994; Grambas  et al., 1992). These activities o f  the M2 ion channel 
are blocked by both rimantadine and amantadine (Pinto et al., 1992; Wang et al., 
1993). 

Mutations in the M2 protein which confer resistance to amantadine and 
rimantadine occur in the t ransmembrane domain. This region of  the M2 protein has 
a highly conserved amino acid sequence among all human, swine, equine, and 
avian strains o f  influenza A virus (reviewed in Hay, 1992). Among amantadine- 
resistant mutants, substitution of  residues in the putative a -he l ix  of  the M2 
t ransmembrane domain alters properties o f  the M2 ion channel (Holsinger et al., 
1994). Amantadine inhibits channel activity by decreasing both the amplitude and 
the frequency of  M2 ion channel opening, effectively blocking the pH channel. The 
M2 proteins from amantadine-resistant isolates can contain modifications of  an N- 
linked carbohydrate chain at an asparagine residue within the t ransmembrane 
domain (Grambas et al., 1992; Holsinger et al., 1994). 

A deletion of  residues 28 to 31 in the t ransmembrane domain of  the M2 protein 
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results in loss of activation by pH (Pinto et al., 1992; Wang et al., 1994). Such 
laboratory mutants are resistant to amantadine and possess an M2 channel that is 
activated by voltage. This altered ion channel appears to exist in pentameric form, 
rather than the typical tetramer (Holsinger et al., 1994). In addition, in vitro 
substitution of the alanine at residue 30 with threonine also confers amantadine 
resistance and significantly attenuates the low pH-activation response (Holsinger et 
al., 1994). 

Resistance of influenza A clinical isolates to amantadine and rimantadine is 
conferred by single amino acid substitutions at one of five positions of the 
transmembrane domain of M2 (Belshe et al., 1988). These sites of mutation include 
amino acids 26, 27, 30, 31, and 34. The same spectrum of mutations is also noted 
among in vitro isolates passaged in the presence of either antiviral agent (Hay, 
1992). Such resistant isolates emerge readily in cell culture in the presence of either 
amantadine or rimantadine. Amantadine and rimantadine appear to demonstrate 
identical pharmacodynamics with respect to M2 channel activity (Wang et al., 
1993). As inferred from the Hill coefficient, one amantadine molecule blocks one 
M2 channel complex (Wang et al., 1993). 

3. P i cornav iruses  

The picornavirus family is comprised of both the enterovirus genus and the 
rhinovirus genus. Seventy distinct serotypes of enteroviruses have been identified, 
while 100 different types of rhinoviruses are known to exist. One class of antiviral 
agents which has demonstrated activity against picornaviruses is the capsid- 
binding compounds. Members of this class of drugs have widely different 
structures, yet all bind in the same site on the virion capsid. The inhibitors of this 
class tend to be very insoluble and are rapidly and extensively metabolized by the 
host. As such, it has been difficult to find compounds with properties suitable for 
clinical development. 

The mechanisms by which these agents mediate viral inhibition have been 
evaluated. The drug binds in the VP1 hydrophobic pocket that lies beneath the 
canyon which runs around each of the 5-fold axes of symmetry of the virus (Smith 
et al., 1986). Such binding results in inhibition of uncoating of all picornaviruses 
studied to date (Shepard et al., 1993). In addition, the presence of drug in the viral 
pocket blocks attachment of those picornaviruses that bind to ICAM (Pevear et al., 
1989). 

The four in vitro systems in which resistance mechanisms have been evaluated 
are rhinovirus 14, rhinovirus 1A, poliovirus, and coxsackie virus B3. Evaluation of 
the rhinovirus 14 model revealed two types of resistance (Shepard et al., 1993; 
Heinz et al., 1989; Badger et al., 1989). High level resistance results in a 200-fold 
increase in ICs0, with all such isolates having mutations which map to two sites in 
the drug binding pocket. Mutations to larger side chains in the pocket result in 
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exclusion of the drug from the pocket. Isolates with low level resistance, on the 
other hand, exhibit only a 3-10-fold increase in ICs0. The mechanism by which 
these isolates confer resistance is less well understood. None of these mutants has 
mutations in binding pocket, and all appear to increase the receptor binding 
affinity. This increase in receptor binding affinity is thought to result in the 
compound no longer being able to block attachment of viruses. 

In the rhinovirus 1A model, all of the resistant mutants have drug-requiring 
phenotypes. Namely, they have markedly decreased stability in the absence of 
drug, and require drug binding to restore wild-type stability and infectivity. All of 
the mutations are outside of the pocket, mapping to the pseudo 3-fold axis. While 
of interest from the standpoint of understanding the biology of rhinoviruses and 
their mechanisms of antiviral resistance, drug-requiring mutants should not pose 
clinical problems since they cannot effectively be transmitted to individuals who 
are not receiving antiviral therapy. 

Unlike the other two model systems, the virulence of the coxsackie virus B3 
mutants can be assessed in experimental murine models. Mutations to larger side 
chains in the coxsackie virus B3 pocket appear to exclude the drug from access to 
the binding site. Of the ten exclusion mutants isolated to date, mutations have been 
identified only at amino acids 1092 and 1207. As with rhinovirus 1 A, these mutants 
are less stable than wild-type virus. In the mouse model, these mutants are 
approximately 10-fold less virulent than wild-type virus. These results suggest that 
mutations to the drug resistant phenotype result in a virus with compromised 
stability which, in turn, results in reduced virulence. 

4. Human immunodeficiency virus-1 (HIV-1) 

The three major classes of inhibitors of HIV-1 replication are: l) nucleoside 
analog inhibitors of the viral reverse transcriptase (RT) enzyme; 2) non-nucleoside 
inhibitors of the viral RT enzyme; and 3) inhibitors of the viral protease. The main 
factor that influences in vivo resistance of HIV-1 to these antiviral compounds is 
the extraordinarily and persistently high rate of viral replication which is unique to 
HIV. Other factors include the high viral mutation rate which is typical of all RNA 
viruses, the high viral load in infected persons (up to 106-107 genomic copies/ml 
plasma), and the rapid turnover of the viral population (half-life of approximately 2 
days). 

The nucleoside analog RT inhibitors act by mediating premature termination of 
nascent viral DNA synthesis. All antiviral drugs currently approved for treatment 
of HIV- 1 infection belong to this class of inhibitors. Resistant viral variants have 
been isolated both in vitro and in vivo for all of the analogs studied to date, though 
the resistance to 2',3'-dideoxycytosine (ddC) and 2',3'-didehydro-2',3'-dideoxy- 
thymidine (D4T, stavudine) appears to be of borderline magnitude and 
significance. Loss of susceptibility appears to be due to RT amino acid 
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substitutions that map near the enzyme's active site or to the finger domain of  the 
p66 subunit. Such mutations appear to affect the enzyme's interaction/association 
with the primer and substrate/template, resulting in a decreased ability of  the 
enzyme-template-primer complex to recognize inhibitor. However, the wild-type 
RT and zidovudine (AZT)-resistant RT are enzymatically indistinguishable, 
suggesting that other differences between the two exist. Different combinations of  
substitutions result in varying degrees of  viral resistance (Larder and Kemp, 1989). 
Many individual substitutions or combinations of  substitutions produce variants 
that are resistant to multiple inhibitors. Amino acid substitutions in the reverse 
transcriptase which can confer nucleoside analog resistance are summarized in 
Appendix A. 

The non-nucleoside RT inhibitors (NNRTIs) are a structurally diverse group of  
compounds that bind to the same site on the enzyme. Despite the variability in 
structure o f  these agents, they are functionally essentially identical. All are highly 
specific for the HIV type 1 RT, but not the HIV type 2 RT or simian 
immunodeficiency virus (SIV) RT. They bind to a small pocket located proximal to 
the RT's active site. Binding of  drug appears to result in premature dissociation of  
the enzyme-template-primer complex. Resistant viral variants have been isolated 
both in vitro and in vivo for all of  the NNRTIs studied to date (Nunberg et al., 
1991; Richman et al., 1991). Amino acid substitutions which confer resistance to 
these compounds are located within the inhibitor binding pocket and probably alter 
the enzyme's  ability to interact with the drug. As with the nucleoside RT inhibitors, 
different amino acid substitutions confer varying degrees of  antiviral resistance. 
Many resistant variants exhibit cross-resistance to other members of  the NNRT1 
class; these variants express either multiple or cross-active substitutions. Amino 
acid substitutions that confer loss of  susceptibility to non-nucleoside compounds 
are summarized in Appendix A. 

The HIV-1 protease mediates cleavage of  the viral polypeptides during the 
process of  virion maturation. Inhibition of  protease activity by protease inhibitors 
(PIs) results in production of  noninfectious, immature viral particles. All PIs 
described to date bind to the enzyme's active site. Viral variants that are resistant to 
PIs have been isolated in vitro (Ho et al., 1994; Kaplan et al., 1994; Otto et al., 
1993; E1-Farrash et al., 1994). Analysis of  such variants suggests that certain amino 
acid substitutions appear to be associated with loss of  susceptibility. However, the 
phenotypic influences of  individual substitutions await the results of  confirmatory 
genetic studies. Amino acid substitutions can occur at residues that clearly interact 
with the PI. Alternatively, other substitutions are located at residues that are distal 
to the interaction between the compound and the enzyme but that still influence the 
enzyme's  association with the drug. Viral isolates obtained from patients following 
prolonged treatment with the protease inhibitor L735,524 express notable cross- 
resistance to multiple, structurally diverse PIs. The genotypic basis of  this apparent 
cross-resistance is complex and is not fully understood at this time (Condra et al., 
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in press). The amino  acid subst i tut ions  in the protease enzyme  that have been  

isolated from resis tant  viral  variants  are summar ized  in Append ix  A. 
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2. Appendix A 

Mutations in HIV-1 reverse transcriptase and protease associated with drug 
resistance * 

* A d a p t e d  f rom:  Mel lo r s ,  J.W., Larder ,  B.A.  and Schinaz i ,  R . E  (1995) 

Muta t i ons  in HIV-1 reverse  t ranscr ip tase  and pro tease  a s soc ia t ed  wi th  drug  

res i s tance .  Int. Ant ivi r .  News ,  3(1): 8-13. R e p r o d u c e d  wi th  p e r m i s s i o n  f rom 
In t e rna t iona l  An t i v i ra l  News .  

Abbreviations for Appendix A 

A m i n o  acids:  A,  a lanine;  C, cys te ine ;  D, aspar ta te ;  E, g lu tamate ;  F, 

p h e n y a l a n i n e ;  G, g lyc ine ,  H, h is t id ine;  I, i so leucine ;  K, lys ine;  L, leucine;  M, 
me th ion ine ;  N,  a spa rag ine ;  P, pro l ine ;  Q, g lu tamine ;  R, arginine;  S, ser ine;  T, 
th reonine ;  V, va l ine ;  W, t ryp tophan ;  Y, tyros ine .  
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Abbreviations for Appendix A (contd.): 

1592U89, (1S,4R ) -4-[2-amino-6-cyclopropylamino)-9H-purin-9-y l] -2-cyclo-  
pentene- 1-methanol succinate; 3TC, (-)-b-l-2',3'-dideoxy-3'-thiacytidine; a-APA 
18893, et-nitroanilinophenylacetamide; A-77003, C2 symmetry-based protease 
inhibitor (Abbott); A-75925, C2 symmetry-based protease inhibitor (Abbott); ABT- 
538, C2 symmetry-based protease inhibitor (Abbott); AzddU, 3'-azido-2',3'- 
dideoxyuridine; AZT-p-ddI, 3'-azido-3'-deoxythymidilyl-(5',5')-2,3,-dideoxy-5'- 
inosinic acid; AZT, 3'-azido-2',3'-dideoxythymidine, BHAP, bis-heteroaryl- 
piperazine; BILA1906, protease inhibitor (Boehringer-Ingelheim); BM+51.0836, 
thiazolo-isoindolinone derivative; BMS 186,318, aminodiol derivative HIV-1 
protease inhibitor (Bristol-Myers-Squibb); d4C, 2',3'-didehydro-2',3'-deoxycyti- 
dine; d4T, 2',3'-didehydro-3'-deoxythymidine; ddC, 2',3'-dideoxycytidine; ddI, 
2' ,3'-dideoxyinosine; EBU-dM, 5-ethyl- 1 -ethoxymethyl-6-(3,5-dimethyl- 
benzyl)uracil; E-EBU, 5-ethyl-l-ethoxymethyl-6-benzyluracil; E-EPSeU, 1- 
(ethoxymethyl)-(6-phenylselenyl)-5-ethyluracil; E-EPU, 1-(etboxy-methyl)-(6- 
phenyl-thio)-5-ethyluracil; (-)-FFC, (-)-b-l-2',3'-dideoxy-5-fluoro-3'-thiacytidine; 
HEPT, 1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)thymine; HIV- 1, human 
immunodef i c i ency  virus type 1; L'697,593; 5 -e thy l -6-methyl -3- (2-  
phthalimidoethyl)pyridin-2-(1//)-one; L' 735,524, hydroxyaminopentane amide 
HIV- 1 protease inhibitor (Merck); L' 697,661, 3- { [(-4,7-dichloro- 1,3 -benzoxazol-2- 
yl)methyl]amino}-5-ethyl-6-methylpyridin-2-(1/-/)-one; 1-FDDC, (-)-b-l-5-fluoro- 
2',3'-dideoxycytidine; 1-FDDC, (-)-b-l-5-fluoro-dioxolane cytosine; ND, not 
determined; Nevirapine, 11 -cyclopropyl-5,11-dihydro-4-methyl-6H-dipyridol[3,2- 
b:2',3'-e]diazepin-6-one; NNRTI, non-nucleoside reverse transcriptase inhibitor; 
P9941, protease inhibitor (Dupont Merck), [2-pyridylacetyl-IlePheAla-y(CHOH)]- 
2; PFA, phosphonoformate (foscarnet); PMEA, 9-(2-phosphonylmethoxyethyl)- 
adenine; Ro 31-8959, hydroxyethylamine derivative HIV-1 protease inhibitor 
(Roche); RPI-312, peptidyl protease inhibitor, 1-[(3s)-3-(n-c~-benzyloxycarbonyl)- 
1-asparaginyl)-amino-2-hydroxy-4-phenylbutyryl]-n-tert-butyl- 1 -proline amide; 
RT, reverse transcriptase; S-2720, 6-chloro-3,3-dimethyl-4-(isopropenyloxy- 
carbonyl)-3,4,-dihydroquinoxalin-2(1H)-thione; SC-52151, hydroxyethylurea 
isostere protease inhibitor (Searle); SC-55389A, hydroxyethylurea isostere protease 
inhibitor (Searle); TIBO R82150, (+)-(5S)-4,5,6,7,-tetrahydro-5-methyl-6-(3- 
methyl-2-butenyl)imidazo [4,5,1 -jk] [ 1,4]-benzodiazepin-2( 1H)-thione; TIBO 
82913, (+)-(5S)-4,5,6,7-tetrahydro-9-chloro-5-methyl-6-(3-methyl-2-butenyl)- 
imidazo[4,5,1-jk]-[ 1,4]benzodiazepin-2(1 H)-thione; TSAO-m3T, [2',5'-bis-O-(tert- 
butyldimethylsilyl)-3' -spiro-5 ' - (4 ' -amino-  1',2' -oxa-thiole-2' ,2' -dioxide)]-b-d- 
pentofuranosyl-N3-methylthymine; U90152, 1 -[3-[(1 -methylethyl)amino]-2- 
pyridinyl]-4-[[5-[(methylsulphonyl)amino]-lH-indol-2-yl]-carbonyl]piperazine; 
VB 11,328, hydroxyethylsulphonamide protease inhibitor (Vertex); VX-478, 
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h y d r o x y e t h y l s u l p h o n a m i d e  p r o t e a s e  i n h i b i t o r  (Ver tex) ;  X M  323,  cyc l i c  u r ea  

protease inhib i tor  (Dupont  Merck).  

References for Appendix A 

Balzarini, J., Karlsson, A., P6rez-P6rez, M.I., Camarasa, M.J., Tarpley, W.G., De Clercq, E. (1993a) 
Treatment of human immunodeficiency virus type-I (HIV-1) infected cells with combinations of 
HIV-l-specific inhibitors results in a different resistance pattern than does treatment with single- 
drug therapy. J. Virol. 67, 5353-5359. 

Balzarini, J., Karlsson, A., P6rez-P6rez, M-J, Vrang, J., Walbers, J., Zhang, H., Oberg, B., Vandamme, 
A-M, Camarasa, M.I., De Clercq, E. (1993b) HIV-l-specific reverse transcriptase inhibitors show 
differential activity against HIV-1 mutant strains containing different amino acid substitutions in the 
reverse transcriptase. Virol. 192,246-253. 

Balzarini, J., Karlsson, A., De Clercq, E. (1993c) Human immunodeficiency virus type 1 drug-resis- 
tance patterns with different 1-[(2-hydroxyethoxy)methyl]6-(phenylthio)thymine derivatives. Mol. 
Pharm. 44, 694-701. 

Balzarini, J., Velfizquez, S., San-F6lix, A., Karlsson, A., P6rez-P6rez, M.I., Camarasa, M.I., De Clercq, 
E. (1993d) Human immunodeficiency virus type l-specific [2",5'bis-O-(tetrabutyldimethylsilyl)- 
beta-d-ribo furanosyl]-3'-spiro-5"-(4"-amino- 1" ,2"-oxathiole-2" ,2"-dioxide)purine analogues 
show a resistance spectrum that is different from that of the human immunodeficiency virus type 1- 
specific non-nucleoside analogues. Mol. Pharna. 43, 109-114. 

Balzarini, J., Karlsson, A., Vandamme, A.M., P6rez-P6rez, M.I., Zhang, H., Vrang, L., Oberg, B., Back- 
bro, K., Unge, T., San-F61ix, A., Vel~zquez, S., Camarasa, M-J., De Clercq, E. (1993e) Human 
immunodeficiency virus type-1 (HIV-1) strains selected for resistance against the HIV-l-specific 
1,2' ,5'-bis-o-(tertbutyldimethylsilyl)-Y-spiro-5'-(4'-amino- 1" ,2"-oxathiole-2",2"-dioxide)-l-beta- 
d-pentofuranosyl (TSAO) nucleoside analogues retain sensitivity to HIV-1-specific non-nucleoside 
inhibitors. Proc. Natl. Acad. Sci. USA 90, 6952-6956. 

Balzarini, J., Karlsson, A., Sardana, V.V., Emini, E.A., Camarasa, M-J, De Clercq, E. (1994) Selection 
of novel RT mutations upon continued exposure to non-nucleoside reverse transcriptase inhibitors. 
Proc. Natl. Acad. Sci. USA 91, 6599-6603. 

Byrnes, V., Blahy, O., Condra, J., et al. (1993a) Phenotypic susceptibility of human immunodeficiency 
virus type 1 RT containing substitutions which engender resistance to nucleoside and non-nucleo- 
side inhibitors. Third Workshop on Viral Resistance, Gaithersburg, MD, USA. 

Byrnes, V.W., Sardana, W., Schleif, W.A., Condra, J.H., Waterbury, J.A., Wolfgang, J.A., Long, W.J., 
Schneider, C.L., Schlabach, A.J., Wolanski, B.S., Graham, D.J., Gotlib, L., Rhodes, A., Titus, D.L., 
Roth, E., Blahy, O.M., Quintero, J.C., Staszewski, S. Emini, E.A. (1993b) Comprehensive mutant 
enzyme and viral variant assessment of human immuno-deficiency virus type-1 reverse tran- 
scriptase resistance to non-nucleoside inhibitors. Antimicrob. Agents Chemother. 37, 1576-1579. 

de B6thune, M-P, Pauwels, R., Andries, K., Vandamme, A-M, Peeters, M., Colebunders, R., Stoffels, P., 
De Clercq, E., Desmyter, J. (1993) AZT resistance reversal by the non-nucleoside reverse tran- 
scriptase inhibitor a-APA R18893 in a symptomatic HIV-infected individual. Second International 
HIV-1 Drug Resistance Workshop, Noordwijk, The Netherlands. 

Demeter, L., Resnick, L., Nawaz, T., Timpone, J.G. Jr., Batts, D., Reichman, R.C. (1993) Phenotypic 
and genotypic analysis of atevirdine (ATV) susceptibility of HIV-1 isolates obtained from patients 
receiving ATV monotherapy in a phase I clinical trial (ACTG 187): comparison to patients receiving 
combination therapy with ATV and zidovudine. Third Workshop on Viral Resistance, Gaithersburg, 
MD, USA. 



398 D. 14~ Kimberlin, R.J. Whitley /Antiviral Research 26 (1995) 369-401 

Dueweke, T.J., Pushkarskaya, T., Poppe, S.M., Swaney, S.M., Zhao, Q., Chen, S.Y., Stevenson, M., "Far- 
pley, W.G. (1993) A mutation in reverse transcriptase of bis(heteroaryl)piperazine-resistant human 
immunodeficiency virus type 1 that confers increased sensitivity to other nonnucleoside inhibitors. 
Proc. Natl. Acad. Sci. USA 90, 47134717. 

E1-Farrash, M.A., Kuroda, M.J., Kitazaki, T., Masuda, T., Kato, K., Hatanaka, M., Harada, S. (1994) 
Generation and characterization of a human immunodeficiency vires type 1 (HIV-1) mutant resis- 
tant to an HIV-1 protease inhibitor. J. Virol. 68, 233-239. 

Emini, E., Schleif, W.A., Graham, D., Deutsch, R, Massari, F., Teppler, H., Squires, K., Condra, J.H. 
(1994) Phenotypic and genotypic characterization of HIV-1 variants selected during treatment with 
the protease inhibitor L-735,524. Third International Workshop on HIV Drug Resistance, Kauai, 
Hawaii, USA. 

Fitzgibbon, J.E., Howell, R.M., Haberzettl, C.A., Sperber, S.J., Gocke, D.J., Dubin, D.T. (1992) Human 
immunodeficiency virus type 1 pol gene mutations which cause decreased susceptibility to 
2',Ydideoxycytidine. Antimicrob. Agents Chemother. 36, 153-157. 

Gao, Q., Gu, Z.X., Parniak, M.A., Cameron, I., Cammack, N., Boucher, C., Wainberg, M.A. (1993) The 
same mutation that encodes low-level hnman inmmnodeficiency virus type-1 resistance to 2',3'- 
dideoxyinosine and 2',Y-dideoxycytidine confers high-level resistance to the (-)-enantiomer of 
2',3'-dideoxy-Y-thiacytidine. Antimicrob. Agents Chemother. 37, 1390-1392. 

Gu, Z., Gao, Q., Li, X., Parniak, M.A., Wainberg, M.A. (1992) Novel mutation in the human immuno- 
deficiency virus type 1 reverse transcriptase gene that encodes cross-resistance to 2',3'-dideoxy- 
inosine and 2' ,Y-dideoxycytidine. J. Virol. 66, 7128-7135. 

Gu, Z., Gao, Q., Fang, H., Salomon, It., Parniak, M.A., Goldberg, E., Cameron, J., Wainberg, M.A. 
(1994a) Identification of a mutation at codon 65 in the IKKC motif of reverse transcriptase that 
encodes HIV resistance to 2',3'-dideoxycytidine and 2',3'-dideoxy-3'-thiacytidine. Antimicrob. 
Agents Chelnother. 38,275-281. 

Gu, Z., Gao, Q., Fang, H., Parniak, M.A., Brenner, B.G., Wainberg, M.A. (1994b) Identification of 
novel mutations that confer drug resistance in the human immunodeficiency virus polymerase gene. 
Leukemia 8 (suppl 1): 5166 5169. 

Ho, D.D., Toyoshima, T., Mo, H., Kelnpf, D.J., Norbeck, D., Chem, C-M, Wideburg, N.E., Butt, S.K., 
Erickson, J.W., Singh, M.K. (1994) Characterization of human immunodeficiency vires type 1 vari- 
ants with increased resistance to a C2-symmetric protease inhibitor. J. Virol. 68, 2016 2020. 

Jacobsen, H., Brun-Vezinet, F., Duncan, I., Hanggi, M., Ott, M., Vella, S., Weber, J., Mous, J. (1994) 
Genotypic characterization of HIV-1 from patients after prolonged treatment with proteinase inhib- 
itor saquinivir. Third International Workshop on HIV Drug Resistance, Kauai, Hawaii, USA. 

Kaplan, A.H., Michael, S.F., Wehbie, R.S., Knigge, M.F., Paul, D.A., Everitt, L., Kempt, D.J., Norbeek, 
D.W., Erickson, J.W., Swanstrom, R. (1994) Selection of multiple human immunodeficiency virus 
type 1 variants that encode viral proteases with decreased sensitivity to an inhibitor of viral protease. 
Proc. Natl. Acad. Sci. USA 91, 5597-5601. 

Kellam, P., Boucher, C.A., Larder, B.A. (1992) Fifth mutation in human immnnodeficiency vires type 
1 reverse transcriptase contributes to the development of high-level resistance to zidovudine. Proc 
Natl. Acad. Sci. USA 89, 1934-1938. 

Kempt, D., Markowitz, M., Marsh, K., Denissen, J., Mo, It., Bhat, T., Park, C., Kong, X-P, Stewart, K., 
McDonald, E., Vasavanonda, S., Flentge, C., Wideburg, N., Robins, T., Hsu, A., Leonard, J., Ho, D., 
Norbeck, D. (1994) Pharmacokinetic and in vitro selection studies with ABT-538, a potent inhibitor 
of HIV protease with high oral bioavailability. 34th Interscience Conference on Antimicrobial 
Agents and Chemotherapy, Orlando, FL, USA. 

King, R.W., Garber, S., Winslow, D.L., Reid, CD., Bacheler, L.T., Anton, E., Otto, M.J. (1995) Multi- 
ple mutations in the human imnmnodeficiency virus protease gene are responsible for decreased 
susceptibility to protease inhibitors. Antiviral Chem. Chemother. 6, in press. 



D. W. Kimberlin, R.~ Whitley / Antiviral Research 26 (1995) 369-401 399 

Kleim, J-P, Bender, R., Billhardt, U-M, Meichsner, C., Riess, G., Rosner, M., Winkler, I., Paessens, A. 
(1993) Activity of a novel quinoxaline derivative against human immunodeficiency virus type 1 
reverse transcriptase and viral replication. Antimicrob. Agents Chemother. 37, 1659-1664. 

Lacey, S.F., Larder, B.A. (1994) A novel mutation (V75T) in the HIV-I reverse transcriptase confers 
resistance to 2',3'-didehydro-2',Y-dideoxythymidine (D4T) in cell culture. Antimicrob. Agents 
Chemother. 38, 1428-1432. 

Lamarre, D., Croteau, G., Pilote, L., Rousseau, P., Doyon, L. (1994) Molecular characterization of  HIV- 
1 variants resistant to specific viral protease inhibitors. Third International Workshop on HIV Drug 
Resistance, Kauai, Hawaii, USA. 

Larder, B.A., Kemp, S.D. (1989) Multiple mutations in HIV-1 reverse transcriptase confer high-level 
resistance to zidovudine (AZT). Science 246, 1155-1158. 

Larder, B.A., Coates, K.E., Kemp, S.D. (1991) Zidovudine-resistant human immunodeficiency virus 
selected by passage in cell culture. J. Virol. 65, 5232-5236. 

Larder, B.A. (1992) 3'-Azido-3'-deoxythymidine resistance suppressed by a mutation conferring 
human immunodeficiency virns type 1 resistance to non-nucleoside reverse transcriptase inhibitors. 
Antimicrob. Agents Chemother. 36, 2664-2669. 

Maas, G., Immendoerfer, U., Koening, B., Leser, U., Mueller, B., Goody, R., Pfaff, E. (1993) Viral 
resistance to the thiazolo-iso-indolinones, a new class of non-nucleoside inhibitors of human immu- 
nodeficiency virus type 1 reverse transcriptase. Antimicrob. Agents Chemother. 37, 2612-2617. 

Maschera, B., Blance, C., Brown, D., Blair, E.D. (1994) Mutations conferring resistance to HIV-1 pro- 
tease inhibitors can lie outside, as well as within, the enzyme active site and binding pockets. Third 
International Workshop on HIV Drug Resistance, Kauai, Hawaii, USA. 

Mellors, J.W., Dutschman, G.E., Im, G.J., Tramontano, E., Winkler, S.R., Cheng, Y.C. (1992) In vitro 
selection and molecular characterization of human immunodeficiency virus-1 resistant to non- 
nucleoside inhibitors of reverse transcriptase. Mol. Pharm. 41,446M51. 

Mellors, J.W., Ira, G.J., Tramontano, E., Winkler, S.R., Medina, D.J., Dutschman, G.E., Bazmi, H.Z., 
Piras, G., Gonzalez, C.J., Cheng Y-C. (1993) A single conservative amino acid substitution in the 
reverse transcriptase of human immunodeficiency virus-1 confers resistance to (+)-(5S)4,5,6,7-tet- 
rahydro-5-methyl-6-(3-methyl-2-butenyl)imidazo[4,5,1 -jk] 11,4]benzodiazepin-2(1 H)-thione 
(TIBO R82150). Mol. Pharm. 43, 1-16. 

Mellors, J., Bazmi, H., Weir, J., Arnold, E., Schinazi, R., Mayers, D. (1994) Novel mutations in HIV-1 
reverse transcriptase confer resistance to foscarnet in laboratory and clinical isolates. Third Interna- 
tional Workshop on HIV Drug Resistance, Kauai, Hawaii, USA. 

Nguyen, M.H., Schinazi, R.F., Shi, C., Goudgaon, N.M., McKenna, P.M., Mellors, J.W. (1994) Resis- 
tance of  human immunodeficiency virus to acyclic 6-phenylselenenyl- and 6-phenylthiopyrim- 
idines. Antimicrob. Agents Chemother. 38, 2409-2414. 

Nunberg, J.H., Schleif, W.A., Boots, E.J., O'Brien, J.A., Quintero, J.C., Hoffman, J.M., Emini, E.A., 
Goldman, M.E. (1991) Viral resistance to human immunodeficiency virus type 1-specific pyridi- 
none reverse transcriptase inhibitors. J. Virol. 65, 4887M892. 

Otto, M.J., Garber, S., Winslow, D.L., Reid, C.D., Aldrich, P., Jadhar, P.K., Potterson, C.E., Hodge, 
C.N., Cheng, Y-SE. (1993) In vitro isolation and identification of human immunodeficiency virus 
(HIV) variants with reduced sensitivity to C-2 symmetrical inhibitors of HIV type-1 protease. Proc. 
Natl. Acad. Sci. USA 90, 7543-7547. 

Partaledis, J.A., Yamaguchi, K., Byrn, R.A. (1994) In vitro selection and characterization ofHIV-1 viral 
isolates with reduced sensitivity to inhibitors of HIV protease. Third International Workshop on 
HIV Drug Resistance, Kauai, Hawaii, USA. 

Pillay, D., Smidt, M.L., Potts, K.E., Bryant, M.L., Richman, D.D. (1993) In vitro selection of protease 
inhibitors resistant human immunodeficiency virus type 1 (HIV-1) strains. 34th Interscience Confer- 
ence on Antimicrobial Agents and Chemotherapy, Orlando, FL, USA. 



400 D.W. Kimberlin, R.J. Whitley / Antiviral Reseatvh 26 (1995) 369~101 

Potts, K.E., Smidt, M.L., Stallings, W.C., Clare, M., Pillay, D., Richman, D.D., Bryant, M.L. (1994) In 
vitro selection and characterization of human immunodeficiency virus type 1 (HIV-1) variants with 
decreased sensitivity to hydroxyethylurea isostere containing protease inhibitors. Third Interna- 
tional Workshop on HIV Drug Resistance, Kauai, Hawaii, USA. 

Prasad, V.R., Lowy, I., de los Santos, T., Chiang, L., Golf, S.E (1991) Isolation and characterization of 
a dideoxyguanosine triphosphate-resistant mutant of human immunodeficiency virus reverse tran- 
scriptase. Proc. Natl. Acad. Sci. USA 88, 11363-11367. 

Richman, D., Shih, C.K., Lowy, I., Rose, J., Prodanovich, E, Goff, S., Griffin, J. (1991) Human immu- 
nodeficiency virus type 1 mutants resistant to nonnucleoside inhibitors of reverse transcriptase arise 
in tissue culture. Proc. Natl. Acad. Sci. USA 88, 11241-11245. 

Richman, D.D. (1993) Resistance of clinical isolates of human immunodeficiency virus to antiretroviral 
agents. Antimicrob. Agents Chemother. 37, 1207-1213. 

Richman, D.D., Havlir, D., Corbeil, J., Looney, D., Ignacio, C., Spector, S.A., Sullivan, J., Cheeseman, 
S., Barringer, K., Pauletti, D., Shih, C-K, Myers, M., Griffin, J. (1994) Nevirapine resistance muta- 
tions of human immunodeficiency virus type 1 selected during therapy. J. Virol. 68, 1660-1666. 

Rose, B., Greytok, J., Bechtold, C., Alam, M., Terry, B., Gong, Y-F., DeVore, K., Patrick, A., Colono, 
R, Lin, P-F. (1994) Combination therapy with two protease inhibitors as an approach to antiviral 
therapy. Third International Workshop on HIV Drug Resistance, Kauai, Hawaii, USA. 

Saag, M.S., Emini, E.A., Laskin, O.L., Douglas, J., Lapidus, W.I., Schleif, W.A., Whitley, R.J., Hilde- 
brand, C., Byrnes, V.W., Kappes, J.C., Anderson, K.W., Massari, F.E., Shaw, G.M., the L-697,661 
Working Group (1993) A short-term clinical evaluation of L-697,661, a non-nucleoside inhibitor of 
HIV-1 reverse transcriptase. N. Engl. J. Med. 329, 1065-1072. 

Schinazi, R.F., Lloyd, R.J., Nguyen, M-H, Cannon, D.L., McMillan, Ilksoy, N., Chu, C.K., Liotta, D.C., 
Bazmi, H.Z., Mellors, J.W. (1993) Characterization of human immunodeficiency viruses resistant to 
oxathiolane-cytosine nucleosides. Antimicrob. Agents Chemother. 37, 875-881. 

Shaw, G., Wei, X., Johnson, V., Taylor, M., Decker, J., Kilby, M., Lifson, J., Hahn, B., Saag, M. (1994) 
Nucleotide sequence analysis of HIV-1 RNA and DNA from plasma and PBMCs of patients treated 
with ZDV, ddI, and nevirapine: rapid turnover and resistance development in vivo. Third Interna- 
tional Workshop on HIV Drug Resistance, Kauai, Hawaii, USA. 

Slade, D.E., Vavro, C.L., Stapelton, J.T., Swack, N., St. Clair, M.H. (1993) A cysteine at codon 215 of 
HIV RT confers resistance to ddC. Second International HIV-1 Drug Resistance Workshop, Noord- 
wijk, The Netherlands. 

St. Clair, M.H., Martin, J.L., Tudor-Williams, G. (1991) Resistance to ddI and sensitivity to AZT 
inducedby a mutation in HIV-1 reverse transcriptase. Science 253, 1557-1559. 

Swanstrom, R., Smith, T., Petit, S., Irlbeck, D., Shao, W., Wehbie, R., Sawhney, R., Everitt, L., Erick- 
son, I. (1994) Multiple sequence changes within HIV-1 protease confer reduced sensitivity to a sym- 
metric protease inhibitor. Third International Workshop on HIV Drug Resistance, Kauai, Hawaii, 
USA. 

Tachedjian, G., Gurusinghe, A., Hooker, D., Deacon, N., Mills, J., Birch, C. (1994) hi vitro generation 
and characterization of foscarnet-resistant HIV-1. Third International Workshop on HIV Drug 
Resistance, Kauai, Hawaii, USA. 

Tisdale, M., Kemp, S.D., Parry, N.R., Larder, B.A. (1993) Rapid in vitro selection of human immuno- 
deficiency virus type 1 resistant to 3'-thiacytidine inhibitors due to a mutation in the YMDD region 
of reverse transcriptase. Proc. Natl. Acad. Sci. USA 90, 5653-5656. 

Tisdale, M., Parry, N.R., Cousens, D., St. Clair, M.H., Boone, L.R. (1994a) Anti-HIV activity of (IS, 
4R)-[2-amino-6-cyclopropylamino)-9H-purin-9-yl]-2-cyclopentene-l-methanol (1592U89). 34th 
Interscience Conference on Antimicrobial Agents and Chemotherapy, Orlando, FL, USA, p.92. 

Tisdale, M., Myers, R., Parry, N.R., Oliver, N., Machera, B., Blair, E. (1994b) Comprehensive analysis 
of HIV-1 variants individually selected for resistance to six HIV protease inhibitors. Third Interna- 
tional Workshop on HIV Drug Resistance, Kauai, Hawaii, USA. 



D. W. Kimberlin, R.J. Whitley / Antiviral Research 26 (1995) 369-401 401 

Vandamme, A-M, Debyser, Z., Pauwels, R., DeVreese, K., Goubau, P., Youle, M., Gazzard, B., Stoffels, 
P.A., Cauwenbergh, C.E, Ann~, J., Andries, K., Janssen, EA.J., Desmyter, J. De Clercq, E. (1994) 
Characterization of HIV-1 strains isolated from patients treated with TIBO R82913. AIDS Res. 
Hum. Retrovir. 10, 3946.  

Vasudevachari, M.B., Battista, C., Lane, H.C., Psallidopoulos, M.C., Zhao, B., Cook, J., Palmer, J.R., 
Bomero, D.L., Tarpley, W.G., Salzman, N.E (1992) Prevention of the spread of HIV-1 infection with 
nonnucleoside reverse transcriptase inhibitors. Virol. 190, 269-277. 

Zhang, D., Caliendo, A.M., Eron, J.J., Devore, K.M., Kaplan, J.C., Hirsch, M.S., D'Aquila, R.T. (1994) 
Resistance to 2',3'-dideoxycytidine conferred by a mutation in codon 65 of the HIV-1 reverse tran- 
scriptase. Antimicrob. Agents Chemother. 38, 282-287. 


