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Summary 

Antlviral drug resistance is an area of increasing clintcal importance m treatment 
of a number of viruses including herpes simplex virus (HSV) and human cytome- 
galovirus (CMV). Work with these herpesvlruses dlustrates the value of stu&es of 
drug resistance. Novel aspects of drug mechamsms, such as a CMV gene product 
that contributes to ganciclovlr phosphorylatlon, can be tdentlfied via drug resist- 
ance mutations. Drug targets such as the HSV DNA polymerase that are revolved 
in drug recognition can be &ssected by sequencing of drug-resistance mutations, 
which can point to altemate therapeutic strategies. Analysis of wrus mutants m ani- 
mal models and m patient populations can help assess the value of viral proteins 
such as the HSV thymldlne kinase and nbonucleotlde reductase as drug targets and 
the pathogenic potential of drug resistant mutants. Such studies reveal a broad 
spectrum of alterations conferring resistance and emphasize the importance of het- 
erogeneous populations of virus m resistance and pathogenesls and the need to 
develop alternate therapies. 

Antwlral drug; HerpesvlruS; Drug resistance; Nucleoslde analog 

Introduction 

Antwlral drugs are now enough of a success that we have considerable knowl- 
edge about how viruses can become resistant to them. There are several good teas- 
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ons to focus a dlscuss~on of antiwral drug resistance on agents that have been suc- 
cessful m treating herpesv~rus mfect~ons We know the most about resistance to 
these agents in part because the most w~dely prescribed antivlrals are those against 
the herpeswruses, pamcularly herpes simplex virus (HSV) Resistance to antlher- 
pesvirus drugs has become an ~mportant chmcal problem m lmmunocompromlsed 
patients (HIrsch and Schooley, 1989). The lessons that we have learned in studying 
resistance to ant~herpesv~rus drugs are qu~te germane to drug resistance of other 
vtruses such as human lmmunodeficlency wrus (Larder et al ,  1989) This rewew 
will emphasize the use of drug resistant mutants and genetic approaches to under- 
standing targets of antivlral drugs and the features of drug resistance that may be 
~mportant m the chmc. 

Classes oJ antlherpesvu us drugs 

There are two major classes of antlherpesvirus drugs The first class, which has 
had the most chnical success, comprises a wide variety of nucleoside analogs 
These include ldoxurldme, vldarabme (araA), acyclovlr (ACV), which is the most 
successful and widely used antiwral drug with indications against many herpesvi- 
rus diseases, and ganclclovxr (DHPG), which is seeing consxderable use against 
CMV retlnms These nucleoslde analogs are converted to mono-, d~-, and mphos- 
phorylated forms by cellular and/or viral kmases and it is these phosphorylated 
forms that are active mtracellularly For example, m HSV-infected cells, araA is 
converted to araA-tnphosphate vm cellular enzymes (Bennet et al., 1978) and then 
goes on to inhibit HSV DNA polymerase (Coen et al,  1982) while ACV is con- 
verted to ACV-monophosphate almost exclusively by the HSV thym~dme kinase 
(TK) (Fyfe et al ,  1978) and then primarily, if not exclusively by cellular enzymes 
to the mphosphate (Miller and Miller, 1980, 1982), which is a potent inhibitor of 
HSV DNA polymerase (Furman et al ,  1979) 

The second major class of antlherpesvirus drugs are analogs of pyrophosphate 
These mclude phosphonoacetlc acid and phosphonoformic acid (foscarnet, PFA) 
The latter is beginning to see some chmcal use These drugs do not reqmre acti- 
vanon; rather they mhlblt viral DNA polymerases directly, ewdently by binding to 
the s~te involved in releasing the pyrophosphate product of DNA synthesis (Lem- 
bach et al ,  1976) 

Drug reststance and drug mechamsm 

Because viruses are obhgate intracellular parasites, the detecnon of resistance to 
an ant~v~ral lmphes a certain level of "selectivity' in the action of the ant~viral. Put 
another way, virus rephcatlon can be inhibited either by Interfering directly with 
virus-specific processes or by incapacitating the host The isolation of virus 
mutants resistant to a drug strongly implies that the drug acts at least in part by the 
former mechanism This idea was probably first put into print by Herrmann and 
Herrmann (1977). Once a drug-resistant virus mutant is Isolated, a drug target can 
be identified by defining the gene in which mutation to drug resistance has 
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occurred. It can be referred that this drug target contributes to the selectivity of the 
antivlral. Herpesvirus drug resistance mutations can be assigned to specific genes 
by genetic analyses, including complementatlon and recombination analyses (e g. 
Coen and Schaffer, 1980) and more precise marker rescue and DNA sequencing 
methods (e.g Gibbs et al., 1988) 

Mechamsms of  ganclclovir action and resistance m CMV This review will cite 
just one of several examples where studies of drug resistance have been invaluable 
for understanding drug mechanlsm.DHPG resistance in CMV. In HSV-infected 
cells, DHPG, like ACV, is activated by conversion to its monophosphate by viral 
TK. However, CMV is not known to encode or express a TK like that of HSV. 
Despite that, CMV reduces an increase in DHPG-tnphosphate upon refection 
(Biron et al., 1985; Freitas et al., 1985). Because CMV also induces numerous 
cellular nucleoside kinases, including one with weak actiwty towards DHPG (Frei- 
tas et al., 1985), it was widely assumed that DHPG is activated by a cellular kmase 
that is induced upon CMV refection. 

However, the analysis of a CMV mutant that is resistant to DHPG challenged 
this assumption (Biron et a l ,  1986). Strikingly, compared to wild type, this mutant 
exhibited both a ten-fold increase in the dose of DHPG that inhibits virus growth 
50% and a ten-fold decrease m the level of phosphorylated DHPG This decrease 
was not due to decreased stability of  phosphorylated drug or to decreased induction 
of cellular nucleos~de kmases or nucleot~de pools. Moreover, the mutant is not 
deficient in induction of the weak cellular DHPG-kinase activity (K. BIron and J. 
Fyfe, personal communication). 

These data demonstrated that DHPG is a selective anti-CMV drug and provided 
substantial evidence that selectivity is due, at least m part, to specific phosphoryla- 
tlon of drug More importantly, the results demonstrate that CMV encodes a gene 
product that contrabutes to DHPG-phosphorylation. Although this product could 
reduce very specifically a hitherto-unknown cellular kinase, a much simpler inter- 
pretation ~s that it is a wral enzyme that phosphorylates DHPG or possibly its 
mono- or dlphosphate Thus, a genetic approach provided evidence for a unique 
virus drug target, which was not forthcoming from biochemical studies Genetic 
studies to identify the CMV gene product that contrthutes to DHPG-phosphoryla- 
tion are ongoing. 

Pttfalls of  biochemical approaches Biochemical approaches can be limited not 
only in assessing mechanisms of drug action, but also in assessing how a given 
virus mutant becomes resistant to an antIvlral agent Such understanding is critical 
when dealing with issues of pathogenicity and resistance in the chnlc. Two 
examples from HSV illustrate the pitfalls of a strict biochemical approach to resist- 
ance. The first example is an HSV mutant that contains a tk mutation leading to 
very low levels of TK polypeptide, which is unstable (Irmlere et a l ,  1989). As a 
result, a standard TK enzyme assay on extracts of cells infected with this mutant 
gives the result that the mutant is TK-negative (Coen et al., 1980). The standard 
interpretation would be that the mutant was resistant to a variety of drugs due to a 
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TK defect In fact, the mutant's TK defect has little effect on its sensitivity to many 
ot these agents (Coen et al,  1989a) Instead, the mutant ~s a recombinant v~rus con- 
taming a DNA polymerase mutation that confers the drug resistance (unpubhshed 
results) Sorting this out would be very difficult without genetic approaches, which 
by defimtion measure resistance m the authennc context of the virus-infected cell 

The second example is a mutant that specifies a DNA polymerase with an 
increased K~ value for bromovinyldeoxyurldine triphosphate; yet, this mutant is 
more sensitive to bromovinyldeoxyuridIne than its wild-type parent (Darby et al,  
1984). Thus, the biochemical analysis did not match the situation m virus-infected 
cells. Similar pitfalls have recurred m analysis of HIV mutants (e g Larder et al ,  
1989). 

Annwral drug reslstanc e and functional dlssectlon of dtug tat gets 

HSV DNA polymerase Once drug resistance mutations Identify a gene product, 
they can then be used to dissect it functionally They can be parncularly useful in 
studies of essennal gene products since the resistance mutation does not abrogate 
protein funcnon, but rather alters specific functional features In the example of the 
HSV DNA polymerase, mutations conferring altered senslnvity to pyrophosphate 
analogs are expected to alter amino acids involved m pyrophosphate recognition 
Mutations conferring altered sensitivity to aphidlcolin, which mhlbns competi- 
tively with deoxynucleoslde tnphosphate (dNTP) substrates, and mutations confer- 
ring altered sensitivity to nucleosIde analogs are expected to alter amino acids 
revolved in dNTP recognition For structure-function studies, it is important to 
study many different drug resistance mutations, because any one could be due to 
mutations at a position removed from a substrate binding s~te, exerting its effects 
by changing protein folding 

Sequence analyses of eighteen different HSV polymerase drug-resistant mutants 
have been reported (Fig. 1). In the most extensive study (Gibbs et a l ,  1988), nine 
different mutations were found m four distinct clusters within about 1/4 of the poly- 
merase, starting from about halfway in from the N-terminus. The majority of these 
nine mutations and five of the six other spontaneous mutations (Knopf, 1986, Tsu- 
rumi et al., 1987, Larder et al., 1987, Hall et al ,  1989) he in or near two regions of 
sequence similarity with diverse other DNA polymerases including eukaryotic 
cellular rephcative DNA polymerases, termed regions II and IlI. This result led to 
the proposal that regions II and III directly participate in drug and substrate recog- 
ration (Gibbs et al ,  1988) The other regions where spontaneous drug resistance 
mutations map, regions A and V, also are involved in substrate recogmtion, but too 
few mutations have been mapped m these to propose direct participation More 
recently, three mutant viruses engineered to contain mutations in region I, the most 
highly conserved region of sequence similarity shared among diverse polymerases, 
were shown to be drug resistant Thus, this region too is involved m drug and sub- 
strate recognition (Marcy et al ,  1990) No one region seems solely involved In 
pyrophosphate recognition or dNTP recogmtion Rather, it seems likely that fold- 
ing brings the various amino acids together to form substrate recogmtion sites The 
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Fig 1 Locations of functional sites on the H S V  D N A  polymerase relatwe to regions of sequence s i m i -  

l a r i ty  A hnear representation of the HSV polypeptlde is shown, with the six regions of sequence slmdanty 
shared among various DNA polymerases, region A, and the UL42-bmdmg regmn indicated as sohd boxes 
B o x e d  areas below dehneate the sequence similarities between H S V  and  the  i n d i c a t e d  D N A  polymerases 
with the intensity of shading corresponding roughly to the degree of sequence conservation Abbreviations 
E B V ,  E p s t e m - B a r r  v i rus ,  VV,  v a c c m l a  v i rus ,  C D C 2 ,  yeas t  D N A  polymerase delta, HUM, human D N A  

polymerase o', T4 ,  b a c t e r i o p h a g e  T4,  ~)29, b a c t e r i o p h a g e  0 2 9  Also indicated are the location of point 
mutations that result in altered drug sensitivity of the HSV enzyme and the proposed functions of various 

regions of the protein See text and D~gard and Coen (1990) for more detailed discussion 

mapping of acyclowr-reslstance mutations to regions conserved among wral and 
cellular polymerases argues that acyclowr-tnphosphate acts selectwely by 
exploiting relatively subtle differences between viral and cellular polymerases. 

Recent results suggest a strategy for targeting antivlral drugs to regions of the 
polymerase that are not shared with cellular polymerases In this study (Dlgard and 
Coen, 1990), a C-terminal domain that does not overlap regions of sequence simi- 
larity with cellular polymerases (F~g 1) was shown to be necessary and sufficient 
for interaction with the HSV UL42 protein, a polymerase processwlty factor that is 
essential for viral DNA rephcatlon. This raises the possibility that peptldes and 
non-peptlde analogs that mimic either UL42 or this portion of  the polymerase 
could interrupt th~s mteracnon and Interfere w~th HSV rephcat]on. 

In summary, combining molecular genetic analyses such as those cited above 
with structural studies should lead to detailed information about the functional s~tes 
of  this enzyme, which may permit the design of highly specific antwlral drugs. 

Studtes of the frequency and properties of drug-reststant mutants 

Frequency of drug resistant mutants Drug resistance mutations arise frequently 
m laboratory stocks of HSV. This ~s true not only for mutations m the TK gene, 
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which Is non-essential in cell culture, but for mutations m the polymerase A com- 
pllatton of  the available data (Coen, 1986) gives an estimate of mutation frequency 
for etther ACV-, araA-, or PAA-reslstance of  10 4 _ i0-~ One source of thxs high 
frequency of  mutation to drug resistance ~s the HSV DNA polymerase (Hall et a l ,  
1984, 1985) There have been no pubhshed reports on the frequency of CMV 
mutants arising m the laboratory, but they appear to arise less frequently than do 
HSV mutants (unpublished results) Evidently, mutation frequencies in both 
viruses are high enough to give rise to drug resistance m the chmc (see below) 

SensltlVttles to other antlvtral agents Experience with bacterial pathogens has 
highlighted the importance of  agents that can combat orgamsms that are resistant 
to other useful drugs Table 1 summarizes the results from studies too numerous to 
cite here that have been obtained with HSV mutants resistant to acyclovlr There 
are four classes of  single mutauons that confer acyclov~r-res~stance Three of  these 
affect TK mutations that completely abolish enzyme activity (TK-negattve), 
mutations that decrease actlwty, for example by reducing the amount of acUv~ty or 
by decreasing affinity for substrates (TK-partlal), and mutauon~ that have httle if 
any effect on activity towards the natural substrate, but substantial effect on the 
aNhty to phosphorylate acyclovlr (TK-altered) The remaining class of  single 
mutations results m altered DNA polymerase, which is less able to be inhibited by 
acyclovlr-mphosphate.  Double mutants with mutations in both the TK and DNA 
polymerase genes can also be found 

TK mutants of all three classes remain sensmve to drugs that lnh~b~t v~ral poly- 
merase w~thout requmng phosphorylatmn by TK The TK-negatlve mutants are 
generally resistant to any drug such as DHPG that reqmres TK for activation while 
TK-pamal  or -altered mutants are sometimes sensmve to certain of these drugs 
depending on thetr relative affimty for TK and the nature of  the mutanon. It ~s 
much harder to generahze with polymerase mutants, which can vary widely m 
cross-resistance Many acyclovxr-res~stant polymerase mutants, but not all, are 
resistant to PFA, and many, but not all, are sensmve to DHPG One can xmaglne a 
double mutant that could be resistant to all chmcally useful ant~-HSV drugs As 
will be d~scussed subsequently, one can also imagine a double mutant that would 
be highly resistant to acyclov~r and retain considerable pathogemc~ty This ~s an 
argument for contmumg development of new agents Even ff such agents are too 
toxtc for widespread systemic use, they should be kept available in the event of  hfe 
threatening refections by HSV mutants resistant to all drugs that are currently avml- 
able for chnlcal use 

TABLE 1 

Cross-resistance and ~,enslttVltle ~., of HSV acyclovlr-rest`,tant mutant,, 

Type of  mutant Resistant to Sensmve to 

TK-negat)ve DHPG PFA, araA 
TK-altered or -partial Depends PFA, araA 
Polymerase-altered Often PFA Often DHPG 
TK, polymerase double Po~sJbly all Possibly none 
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Behavior of acyclovlr-reslstant mutants m mouse models of HSV disease 
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Type of mutant Rephcauon at periphery Reacuvauon from Neurovlrulence upon 
latency I C moculatmn 

Wild-type + + + + + + + + + + + + 
TK-negat~ve + + - + + + + 0 0 
TK-partlal + + - + + + + + - + + + + + 
TK-altered + + + + + + - + + + + + + 
Pol-altered + + + + + + + + 0 - + + + 

++++ = Wild-type levels of act~wty. 0 = httle or no activity, +.++,+++ refer to intermediate levels of 
actJvlty with +++ being nearly wild-type and + being nearly no act~vzty 

Sensmvmes of  drug-resistant CMV A D H P G - r e s l s t a n t  C M V  iso la ted  m the labor -  
a to ry  p roved  sens i t ive  to eve ry  o ther  c o m p o u n d  tested,  excep t  for  a s l ight  dec rease  
in s e n s m w t y  to a c y c l o v l r  (Bl ron  et  a l ,  1986). T w o  PFA-res~s tant  C M V  mutan t s  
are sens i t ive  to D H P G ,  but  fa i r ly  res is tant  to a c y c l o v t r  ( S u l h v a n  and Coen,  manus -  
cr ip t  in p repara t ion) .  

Pathogemctttes o fHSV  drug-reststant mutants Table  2 s u m m a r i z e s  the resul ts  o f  
s tudies ,  too  n u m e r o u s  to ci te  here,  o f  the pathogenes~s o f  s ingle  a c y c l o w r - r e s i s t a n t  
mutan t s  m m o u s e  m o d e l s  o f  H S V  disease .  O f  course ,  cau tmn  mus t  be used  in ext ra-  
po l a t i ng  these resul ts  to humans  Al l  o f  the c lasses  o f  mutan t s  are  g e n e r a l l y  capab le  
o f  r ep l i ca t ion  at pe r iphe ra l  s i tes  o f  inocula t ion .  TK-negat~ve  and T K -pa r t i a l  
mutan t s  are the mos t  ~mpaired m this ca tegory ,  but  such mutan t s  rep l ica te  to wi ld -  
type  t i ters af ter  cornea l  inocu la t ion  (Tenser  and  Dunstan ,  1979; Coen  et al. ,  
1989b) T K  mutan t s  are more  impa i r ed  m thei r  ab i l i t y  to r eac t iva te  f rom latent  
in fec t ions  upon exp lan t  o f  gangl ia ,  with t ruly T K - n e g a t i v e  v i ruses  be ing  c o m -  
p l e t e ly  r e a c t i v a t i o n - i n c o m p e t e n t  (Tenser  and  Dunstan ,  1979, Coen  et  a l ,  1989) In 
genera l ,  p o l y m e r a s e  mutan t s  have  no d~fflculty r eac t iva t ing  f rom la t ency  The  
assay  that is mos t  sens i t ive  to d rug- res i s t ance  muta t ion  is the ab i l i ty  o f  the wrus  to 
ki l l  m ice  af ter  in t race rebra l  i nocu la t ion  Even  in this  assay ,  T K - a l t e r e d  mutan t s  and  
some  p o l y m e r a s e  mutan t s  are on ly  m o d e s t l y  ~mpalred. 

Why are certam drug-reststant mutants altered m pathogenicity ~ This  ques t ion  
appea r s  ea sy  to a n s w e r  for  T K - d e f i c l e n t  v~ruses, which  account  for  the m a j o r i t y  o f  
ACV-res~s tan t  mutan t s  i so la ted  in the labora tory .  P r e s u m a b l y ,  s ince  H S V  is neuro-  
t ropic  and avo ids  i m m u n e  su rve i l l ance  m the ne rvous  sys tem,  ~t mus t  bu i ld  up its 
own  nuc leo t ide  poo l s  In n o n - r e p h c a t m g  nerve  cel ls .  Thus,  H S V  T K  w o u l d  be  
much  more  impor t an t  m th~s set t ing than in cel l  cul ture.  Th~s w o u l d  a lso  exp la in  
why  m a n y  ACV-re s l s t an t ,  TK-de f i c l en t  chn lca l  i so la tes  have  c o m e  f rom i m m u n o -  
c o m p r o m i s e d  pa t ien ts  where  the vi rus  can rep l i ca te  more  r ead i ly  in non -ne rvous  
t issue.  

Less  unde r s tood  is why  p o l y m e r a s e  mutan ts  wou ld  be less  pa thogen ic ,  as mos t  
have  p roven  to be One  poss ib l e  exp l ana t i on  wou ld  be that  these  mutan t s  gene ra l ly  



204 

d~splay lower affinmes for normal dNTPs (Derse et a l ,  1982, St Clair et a l ,  1984, 
Hall et a l ,  1985) Thus, because dNTP pools may be lower m nerve cells than m 
cell culture, these mutants, hke TK mutants, may be at a d~sadvantage Neverthe- 
less, as described above one can ~solate drug-resistant mutants that exhibit substan- 
tml pathogemc~ty m several assays 

Mzxtures of acy~lovu-senstttve and reststant HSV Field and Elhs and colleagues 
have explored how m~xtures of  acyclovlr-res~stant and senslnve wruses behave m 
refections of acyclovlr-treated m~ce (Field, 1982, Field and Lay, 1984, Elhs et al., 
1989) Mice infected with defined mixtures of acyclowr-reslstant and -sensmve 
v~ruses caused disease that was less responsive to acyclov~r therapy Mixtures of  
pathogemc TK-altered and w~ld type v~ruses were particularly more difficult to 
treat. After passage of either defined m~xtures or wild-type wrus m m~ce treated 
with acyclovlr, highly heterogeneous mixtures of  v~rus were derived that retained 
pathogenicity and were more resistant than the input virus. These v~ruses caused 
the most senous acyclovlr-resJstant disease These results suggest that sensitive 
viruses can complement  resistant viruses for pathogen~czty and resistant wruses 
can complement  sensitive ones for resistance In v~ew of the latter ~dea, one can 
speculate that the particularly pathogenic and resistant highly heterogeneous m~x- 
tures contained some DNA polymerase mutants as these mutants are known to 
complement  sens~tlve viruses for resistance (Coen and Schaffer, 1980) Such het- 
erogeneity may already have reared its head m resistant isolates from patients suf- 
fering from severe, progressive HSV refections that do not respond to acyclowr 
(see subsequent section) 

TK-negattve mutants estabhsh latent mfecnons Even though it ~s not possible to 
recover wrus upon explant of  gangha from mice infected w~th TK-negat~ve and 
certain TK-deficlent  mutants, recent results argue that these mutants establish lat- 
ent infections V~ral DNA m sufficient quantmes can be found m these gangha 
(Least et al., 1989: Katz et al., 1990) to account for latency The mutant wruses 
express the latency assocmted transcript (Coen et al,, 1989, Tenser et a l ,  1989; 
Leist et al., 1989) and can be rescued from gangha upon supermfectlon w~th a TK- 
competent wrus (Coen et a l ,  1989, Efstath~ou et al., 1989) These results help dls- 
tmgmsh estabhshment of latency from reactivation They also have a number of 
chmcal  ~mphcations, assuming that the mouse studies can be extrapolated to 
humans (see below) Acyclowr-res~stant, TK-defic~ent wrus would be present in 
gangha of  patients who have developed resistant infections This might be reacnv- 
ated by TK-posmve  wrus present m the same neurons g~vmg rise to m~xed popula- 
tions ot wrus that retain both pathogemclty and resistance Whether this occurs m 
either panents or animal models remains to be seen The finding by Erhch et al 
(1989a) of recurrence of an acyclowr-reslstant virus m an AIDS pauent may be of 
interest m this regard 

An addmonal lmphcatlon of  the results w~th TK-negat~ve v~ruses ~s that drugs 
targeted to mh~blt HSV TK m~ght be useful prophylactically during ~mmunosup- 
presslon, but would be unhkely to prevent estabhshment of  latency during acute 
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infection. Indeed, two such drugs do significantly decrease the reactivation of wild- 
type HSV from explanted ganglia (Leib et al., 1990). 

Thus, it seems possible to target drugs against wral proteins that are not essential 
for rephcanon m cell culture because these proteins are important for pathogenesls 
m the mammahan host. A key ~ssue is how ~mportant such proteins will be in 
human infections. Chmcal expenence with acyclov~r-reslstant mutants indicates 
that TK-deficlent mutants do not arise frequently or cause disease m immunocom- 
petent patients and they have only rarely been associated with recurrences after 
acyclovlr-reslstant infections have resolved m lmmunocompromlsed patients. 
Thus, it appears TK is important for pathogemc~ty in humans much as ~t ~s m mice. 

There has been considerable effort to develop drugs that inhibit another viral 
enzyme that ~s not essentml for rephcation m cell culture, the HSV rlbonucleotlde 
reductase (RR). RR-negatwe mutants are even less pathogenic than TK-negative 
mutants m mice (Cameron et al., 1988; Jacobson et al., 1989). However, these 
mutants are severely impaired for rephcanon m mouse cells at 38°C (Jacobson et 
al ,  1989), which is considered mouse body temperature, whereas they replicate 
relatively efficmntly in human cells at 37°C, human body temperature. Thus, it can- 
not be concluded from experiments in mice that RR is a valid antwiral drug target. 

Summary ofpathogemclty studies in mice Based on these studies, among single 
mutants, TK-altered and DNA polymerase mutants have the greatest potential for 
causing dangerous drug-resistant infections. Infections caused by m~xed refections 
may be even more worrisome, especmlly ff they contain polymerase mutants Stud- 
ms of virus mutants can shed light on mechanisms of latency and pathogenesis and 
can help determine the value of viral proteins as drug targets 

Drug-reststant herpesvlrus tnfectlons in tmmunocompromtsed patients 

The first several reports of acyclovzr-reslstant HSV ~solated from patients m the 
early 1980s were not convincingly shown to contribute to d~sease and in some 
cases acyclovir-treatment did not seem to be ~mpeded (reviewed by Larder and 
Darby, 1984). More recently, however, there have been several reports, especially 
from AIDS patients, of severe, progresswe disease in the face of appropriate acy- 
clovlr therapy (e.g. Norris et al., 1988, Erhch et al., 1989b; Chatls et al,  1989; 
Sacks et al., 1989) One report indicates that acyclovir resistance occurs in about 
5% of lmmunocompromlsed patients from whom HSV can be isolated (Englund et 
al,  1990) Nevertheless, there has been tremendous variation m the severity of dis- 
ease ranging from mere shedding, through 'indolent' lesions, to hfe-threatenmg ill- 
ness 

The few cases of ganclclowr-reslstant CMV mfect~ons reported thus far were 
associated with disease that progressed and was refractory to DHPG treatment 
(Ence et al ,  1989) 

Types oJ mutattons found tn chmcal 1solates As yet there have been few ff any 
virological correlates with chmcal outcome. All of the acyclovlr-reslstant chmcal 
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HSV isolates except two have exhibited TK deficiency, mainly as assayed by in 
vitro enzyme assays It should be stressed, however, that most of  the TK-deficlent 
isolates have not been examined adequately for whether they were TK-partlal as 
opposed to TK-negatlve Neither have most of these been examined for the het- 
erogeneity of  the virus population Two isolates have been predominantly TK-posl- 
tire, altered DNA polymerase (Sacks et a l ,  1989, Parker et a l ,  1987, Collins et a l ,  
1989). Both types of  isolates -p redominan t ly  TK-deficlent and predominantly TK- 
positive - have been associated with severe disease 

In the few cases when heterogeneity has been examined, both relatively uniform 
populations and highly heterogeneous mixtures have been tound Interestingly, in 
one case, homogenei ty was assocmted with an indolent infection (Colhns et a l ,  
1989) and in a second, heterogeneity was associated with a severe, progressive 
infection (Sacks et a l ,  1989) Both populations contained DNA polymerase 
mutants It is tempting to speculate that the polymerase mutations combined with 
heterogeneity led to severe disease in the latter case and not the former 

There are no published data yet on the nature of the alterations in the ganclclo- 
vlr-reslstant CMV isolates, however,  prehminary studies indicate that these iso- 
lates, like the original laboratory isolate, are deficient in phosphorylation of  drug 
(K Biron, personal communication) 

Pathogentctty studies tn mice There has been some examination of the pathogen- 
iclty of acyclovir-reslstant HSV isolates from patients in mouse models, however,  
in many cases the resistant isolates have not been compared appropriately with sen- 
Sltive, pre-treatment isolates This is in part due to the difficulties of  obtaining pre- 
treatment isolates from AIDS patients who often receive ACV treatment before 
virus isolation Nevertheless, there seems to be insufficient recognition that mouse 
models of  pathogenicity are not absolute measures of  pathogemc potential in 
humans Different acyclovlr-sensltlVe HSV isolates from patients with severe HSV 
disease require very different t~ters of virus to estabhsh reactlvatable latent infec- 
tions in mice or to kdl m~ce after various routes of  inoculation Thus, finding that 
l0 s PFU cause 100% mortahty after intranasal inoculation does not imply that this 
isolate ~s 'fully neurovlrulent '  (Erhch et a l ,  1989b). It may well be orders of mag- 
nitude less virulent than its acyclovlr-sensitive parent 

Only a few acyclovlr-resistant isolates from patients have been compared appro- 
priately with a sensitive, pre-treatment isolate that can be inferred to be the parent 
of  the resistant Isolate by restriction enzyme fingerprinting (Ellis et a l ,  1987, Sacks 
et a l ,  1989; Collins et a l ,  1989, Oliver et a l ,  1989) Of these, some have exhibited 
decreased pathogenicity and some have exhibited substantial pathogemclty in 
mice. As yet, no obwous correlation has emerged between behavior in mice and 
clinical course 

Treatment c~ dlug-teslstant tnfectton~ m humans Treatment of ACV-reslstant 
HSV infection with PFA has been associated with clinical improvement (Vlnckler 
et a l ,  1987, Youle et a l ,  1988; Chatls et al., 1989, Sacks et a l ,  1989, Erhch et a l ,  
1989a) Although this has been interpreted in some cases as reflecting successful 
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treatment, m the absence of controlled studies it ~s difficult to be sure that chnlcal 
improvement was not the result of ~mprovement m ~mmune status or some other 
factor At th~s t~me of writing, there are no pubhshed reports yet on treatment of 
ganclclowr-reslstant CMV; PFA would be a hkely candidate for such treatment m 
such sxtuat~ons, too. For both viruses, the increasing number of cases of resxstance 
warrant redoubled efforts to find safe, effective alternative therapies. 
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