Carriage rate of zidovudine-resistant HIV-1: The impact of failing therapy on transmission of resistant strains.
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Abstract

Mortality rates among participants of the prospective Amsterdam Cohort Study on HIV infection and AIDS in homosexual men dropped from 15% in 1994 to 1% in 1998 while coverage by protease inhibitors containing therapy rose from 4% to 64%. Maintenance of this treatment success requires viruses to remain therapy sensitive in drug-naïve seropositive persons. We therefore analysed the RT and protease genes of viruses in newly infected-people in the period 1990-1998. Of 43 individuals with a primary HIV-infection, 3 (7%) harbored ZDV-resistant viruses. The first of the ZDV-resistant strains was transmitted in 1995, the last two in 1996. We describe the build-up of ZDV resistance by a mathematical model taking into account the coverage of drug regimens selecting ZDV resistance, the lag time in which resistance is gained or lost, the death rate of people infected with resistant virus, and the replacement of resistance-selecting regimens by more potent treatments that substantially reduce viral load and mortality. Our model indicates that the frequency of viral resistance in a population is determined largely by the number of individuals on insufficient or failing therapy and only modestly influenced by secondary transmission of ZDV-resistant strains.

Introduction

The first antiviral drug successfully used to treat infection with human immunodeficiency virus type 1 (HIV-1) was zidovudine (ZDV), a nucleoside analogue that inhibits reverse transcriptase (RT)  QUOTE "(1,2)" 
(1,2)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\045940\06fischl\00\06\00 
. Triphosphorylated forms of nucleoside analogues, like ZDV, didanosine (ddI), zalcitabine (ddC), stavudine (d4T) and lamivudine (3TC) are competitive RT inhibitors and act as alternative substrates in DNA synthesis QUOTE "(3,4)" 
(3,4)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\046057\046057\00\04\00 
. Monotherapy with ZDV has resulted in a modest reduction of viral load, as was initially shown by testing changes in HIV-1 antigenemia  QUOTE "(2,5)" 
(2,5)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\03624\03624\00\03\00 
. When changes in systemic viraemia could be assessed by quantifying HIV-1 RNA levels, this more sensitive method confirmed the preliminary antigenemia results  QUOTE "(6)" 
(6)
. In accord with the modest effects of ZDV on virus load, rises in CD4+ cell counts and subsequent clinical benefit were minimal  QUOTE "(7)" 
(7)
. The incomplete in vivo suppression of HIV-1 replication by ZDV limited the long-term antiviral effect and was paralleled by the appearance of viruses resistant to ZDV. Reduced viral sensitivity to ZDV largely results from an accumulation of mutations, with a mutation at codon 70 (K70R) emerging first, followed by codon 215 substitutions (T215Y or T215F) and mutations at codon 41(M41L)  QUOTE "(8,9)" 
(8,9)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\03375\07boucher\00\07\00 
. The combination of mutations at both 215 and 41 confers the highest level of ZDV resistance. Within 80 weeks of monotherapy with ZDV all patient viruses acquired a 215 mutation and about 10% also acquired a 41 mutation  QUOTE "(10)" 
(10)
. Combination therapy with ZDV/ddI or ZDV/ddC had a more beneficial effect on AIDS-free survival and rate of disease progression  QUOTE "(11,12)" 
(11,12)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\045922\09anonymous\00\09\00 
. However, the nucleoside analogues in these combinations selected ZDV-resistant mutants even faster than ZDV monotherapy  QUOTE "(10)" 
(10)
. In 48 weeks of combination therapy, all patient viruses acquired a 215 mutation and a majority acquired a 41 mutation as well  QUOTE "(10)" 
(10)
. None of the therapies based on only single or dual nucleoside analogues reduced the viral load below the limit of detection of the current state-of-the-art assays (<50 copies/mL serum), leaving room for substantial improvement of anti-HIV therapy.

 The prognosis of HIV-1 infection dramatically changed with the 1996 discovery of protease inhibitors and the introduction of combination therapy, generally consisting of two nucleoside analogue RT inhibitors and one protease inhibitor or non-nucleoside RT inhibitor QUOTE "(13,14)" 
(13,14)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\0230\08montaner\00\08\00 
. Combination of drugs inhibiting both RT and protease controlled the HIV-1 infection so effectively that population effects on morbidity and mortality were rapidly reported  QUOTE "(15,16)" 
(15,16)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\041042\07mocroft\00\07\00 
. These effects are based on control of the HIV-1 infection and the sustained reduction of viral replication by this drug combination which improves immune function and prolongs AIDS-free survival  QUOTE "(17)" 
(17)
. HIV-1 RNA in serum or plasma becomes undetectable with triple drug treatment, although residual HIV replication at a low level continues in CD4+ T cells  QUOTE "(18-20)" 
(18-20)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\045950\07furtado\00\07\00 

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\046072\09ramratnam\00\09\00 
. No evidence has yet been obtained for the selection of drug-resistant viruses in effectively treated individuals, s QUOTE "(21)" 
(21)
. However, these encouraging findings apply only to drug-naïve patients. Triple therapy in drug-experienced patients is less effective, as reflected by return of detectable viral RNA levels or limited reduction of viral load shortly after the initiation of therapy  QUOTE "(22)" 
(22)
. The relative failure of triple therapy in drug-experienced people is frequently related to the presence of drug-resistance mutations prior to  the onset of therapy. Of all the factors threatening the current success of HIV-1 treatment, the most important may well be the emergence of resistance to the drugs currently in use. It is particularly ominous that viruses resistant to one member of a class of drugs are frequently resistant to other drugs of the same class; also, multidrug-resistant HIV strains due to single mutations or insertions are now emerging QUOTE "(23-25)" 
(23-25)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\046073\06shafer\00\06\00 

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\046037\0Ahillebrand\00\0A\00 
.

We therefore looked at primary infections caused by drug resistant HIV-1 in the Amsterdam Cohort Study on HIV infection and AIDS in homosexual men (ACS participants) over time. We linked our findings to the population effects caused by various drug combinations. Finally, we developed a mathematical model to represent our data and identify the most important determinants of fluctuation in the frequency of antiretroviral drug resistance in the population.

Results

Effect of shift in antiretroviral treatment regimens on the mortality of HIV-1 infection

In 1987, the first HIV-seropositive ACS participant was treated with ZDV, and in a more systematic way, ZDV was made available to 24 cohort participants (Figure 1A). These participants were selected on the basis of the presence of p24 antigen in their serum, the rationale being that such individuals were at increased risk for development of AIDS  QUOTE "(26)" 
(26)
. The maximum number of individuals on ZDV monotherapy was reached in the period 1990-1992, when 28 % of the seropositive ACS participants received that treatment. After 1995, fewer than 10% received ZDV monotherapy and at the end of follow-up in 1998 only 1 individual still received this treatment. On the initiation of two trials of nucleoside analogue RT-inhibitor combination therapy  QUOTE "(12,27)" 
(12,27)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\045922\09anonymous\00\09\00 
, the number of ACS participants on combination therapy became significant in 1992 (8%) and reached its peak in the first part of 1996, at 23% of the total ACS population. In 1993, the first individuals received triple therapy, now known as highly antiretroviral therapy (HAART). By 1998, it was used in 64% of the ACS population.

HIV-related mortality in ACS participants rose from 1.6% in 1985 to 14.8% in 1994 and declined to 9.4% in 1996 (Figure 1B). The occurrence of this decline before the widespread use of HAART is explained by the selection of individuals with low CD4+ cell counts (median CD4 cell count 125 cell/mm3; range 30-340) for experimental triple therapy. An even more dramatic decline in mortality was observed in the period after 1996, with a drop to 1% at the end of follow-up in 1998.

Changes in HIV-1 RNA related to different antiretroviral drug regimens.

The median HIV-1 RNA levels of individuals receiving either ZDV monotherapy or a combination of two nucleoside analogue RT-inhibitors, like ZDV/ddC or ZDV/ddI (ranging from 4.4 to 4.9 log10 copies/mL) over the period 1986-1996 was higher than the median HIV-1 RNA level of individuals receiving no therapy (ranging from 3.9 to 4.3 log10 copies/mL). This difference was related initially to the selection for therapy of people with relatively low CD4+ cell counts or, later, with high virus load (Figure 2A). After 1996, when therapy regimens combining two RT-inhibitors and one protease inhibitor became widely accepted, a substantial number of previously untreated individuals (40%) were started on triple therapy, as were most individuals who were previously receiving mono- or combination therapy with RT inhibitors (98%). These changes in therapy reduced HIV-1 RNA copies in the HAART-treated group from a median of 4.5 log10 copies/mL (interquartile range 3.8-4.9) to the 2.6 log10 copy detection limit (2.6-3.3), removing 99% of all circulating virus particles. Because the people on mono- or dual RT-inhibitor therapy switched to the new regimen and drug-naïve seropositive individuals used that regimen at the start, the median HIV-1 RNA load dropped in these two groups from 4.5 to 3 log10 and from 4 to 3 log10 copies/mL, respectively. These reductions are completely explained by the selection for treatment of the individuals with the highest virus load. Taken together, these effects on viral load resulted in a decline in the overall median HIV-1 RNA level from a stable 4.5 log copies/mL over the period 1986 to 1996 to below the detection limit of 2.6 log in 1998, a reduction in viral load of 99% (Figure 2B).

The overall effects on HIV-1 RNA copies indicate that triple therapy is equally effective in seropositives shifting from mono- and dual therapy to triple therapy and in seropositives receiving triple therapy from the start, as is recently suggested by Kuritzkes et al  QUOTE "(28)" 
(28)
. Figure 3 illustrates this point in an individual patient. Although periods on monotherapy with ZDV and dual therapy with ZDV/ddI of ZDV/ddC were long enough to induce ZDV resistance in this patient, shift to triple therapy nevertheless had a profound and lasting effect on his HIV-1 RNA level.   
Incidence of infections with ZDV-resistant strains and their persistence in the course of infection.

To gain insight into the number and the temporal distribution of new HIV-1 infections with ZDV-resistant strains, we amplified the coding regions for the aminoterminal part of the RT gene from serum obtained when seropositivity was first determined in 43 seroconverters between 1990 and 1998. Sequence analysis revealed one infection with a virus with a mutant RT in 1995 and two other in 1996 (Figure 4). One of these patient (95-0671) was infected with an HIV-1 strain with M41L and T215Y mutations, of which the 41L remained stable whereas the majority 215Y shifted to a minority within in about one year (Figure 5). Another patient (96-0095) was infected with a T215Y mutant with no changes at codons 41,67,70,210 or 219. The 215Y mutation was replaced in a year by 215S (Figure 5). The third patient (data not shown) was infected with a D67N, K70R, T215F, K219Q mutant that showed a reversal at position 67 and a shift at position 215 to a mix of F, S and L before therapy was administered at 30 months after seroconversion. In accordance with Yerly et al.  QUOTE "(29)" 
(29)
 and our own observations  QUOTE "(30,31)" 
(30,31)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\03147\08goudsmit\00\08\00 
, these patients demonstrate that replacement of 215Y and 215F occurs, on average, within a year of seroconversion, indicating a lower in vivo fitness of such mutants. 

Mathematical model to compute the frequency of ZDV resistance

To define the determinants of ZDV resistance in the ACS population, we developed a mathematical model to compute the number of patients with ZDV-resistant virus. In this model, we distinguish three classes of patients, namely, patients S with ZDV-sensitive virus, patients R with resistant virus due to treatment, and patients I with resistant virus due to transmission of a resistant strain. Patients develop ZDV resistant viruses due to suboptimal treatment at rate ( and  lose resistance due to interruption of suboptimal treatment at rate (. We assume that ZDV resistance develops after 80 weeks of monotherapy or 48 weeks of dual therapy (focussing on the 215Y mutation as the major source of resistance  QUOTE "(10)" 
(10)
). The loss of resistance mutations is set at one year after halting therapy ( QUOTE "(29,30)" 
(29,30)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\03183\08goudsmit\00\08\00 
). The parameters (S and (R represent the outflow rates of patients with sensitive or resistant virus, respectively, due to death or lost to follow up. We simplified our model to be independent of the fraction of newly included seropositive individuals infected with a resistant strain. The model indicates that the equilibrium level of resistance due to treatment depends only on the treatment rate and the outflow rate of patients with resistance virus (equation 5, Methods).

To validate the model, we calculated the number of patients in whom ZDV resistance developed due to suboptimal treatment, using the assumptions mentioned (Table 1). Figure 6A shows the temporal development of the ZDV resistance observed versus the resistance predicted by the model. In the period until 1996 (start HAART), the proportion of patients with ZDV-resistant strains due to treatment had reached a plateau at around 22%, dropping below 10% in the years thereafter. The model predicted an equilibrium resistance level of FR =0.21 (using equation 5), which was close to the fraction observed. The main factor keeping the resistance level relatively low was the high death rate of patients with resistant virus; there were 76 deaths out of a total outflow of (R=83 until 1996. In the period after 1996, the level of resistance rapidly decreased because the failing/suboptimal ZDV treatment had stopped (( (0). For the period 1996-1999, we estimate a half-life to be T½ (1.4 years for the number of patients with ZDV-resistant strains based on equation 6.

Subsequently, we plotted the actual number of observed individuals newly infected with ZDV-resistant HIV-1. We also plotted the predicted numbers, using equations 1 and 2. We assumed either that all newly included people were recently infected (=1) or that only patients known to be seroconverters were recently infected ((0.2). The two predicted lines differed only marginally, indicating that the contribution of circulating ZDV-resistant strains (i.e. secondary cases) to the build-up of resistance in the population was minimal. This finding reflects the fact that the number of patients infected with resistant virus remained relatively small and that resistance was lost in these patients within a year. The predicted and observed numbers of patients that were infected with resistant virus were in good agreement (Figure 6B).

Discussion

The present study shows that the HIV-1 infected population has benefited greatly from antiretroviral therapy. In Amsterdam, a group of seropositive people with relatively low CD4+ T cells and high viral loads were selected to receive mono therapy or dual nucleoside analogue RT inhibitor treatment resulting in reduced mortality. Later on, the combination of RT and protease inhibitors, widely accepted since 1996, reduced morbidity and mortality even more dramatically. These results are not unique to our cohort; many European and US studies have shown the same benefit  QUOTE "(13,16,17,32)" 
(13,16,17,32)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\03877\04hogg\00\04\00 

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\041042\07mocroft\00\07\00 

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\03893\05egger\00\05\00 
. 

In addition, our study shows the population effects of HAART. Widespread clinical administration of HAART resulted in a 99% reduction in viral load and an overall increase in CD4+ cell count of about 300 cells/mm3 with parallel effects on morbidity and mortality in our cohort. These effects are due, on the one hand, to the treatment of drug-naïve seropositives and, on the other, to the shift of people on mono therapy and combination nucleoside analogue therapy to HAART. A key question is whether these substantial reductions in viral load will eventually lower the incidence of HIV-1 infection. A recent study by Blower et al. strongly points in this direction QUOTE "(33)" 
(33)
. These authors concluded, in agreement with our analyses, that increasing use of HAART will reduce the death rate and may prevent a substantial number of new infections. 

Blower et al. identified as the biggest threat to the effectiveness of HAART the increase in high-risk behavior. We studied in our cohort such changes in sexual behavior, as defined by the number of partners with whom receptive anal intercourse was performed. No changes directly related to HAART were detected when we studied seropositive individuals before and after 1996 or individuals on HAART versus individuals not receiving antiretroviral therapy (Dukers, Coutinho and Goudsmit, in preparation). A trend towards an increase in overall incidence of HIV-1 is noted, but not yet substantiated statistically. (Coutinho, et al., data not shown). We observed, however, a halt to infections with ZDV-resistant virus strains after 1996. Such infections were clustered in the period 1995-1996. 

ZDV-resistant viruses are less fit than wild type viruses, as has been demonstrated both in vivo and in vitro  QUOTE "(29,30,34)" 
(29,30,34)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\044679\05yerly\00\05\00 

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1DC:\5CMy Documents\5CPROMOV\5Cgjwlib\03\00\044673\044673\00\04\00 
. The rapid replacement of ZDV-resistant mutants in newly infected individuals, a direct reflection of the lower fitness, limits the risk of acquiring a resistant mutant from a drug-naïve seropositive person to the period shortly after primary infection. One may therefore assume that transmission from a drug-naïve carrier of a resistant strain will contribute little to the incidence of resistance in the at risk population, provided that the level of ZDV resistance is low. 

We developed a model that takes into account the coverage of drug regimens selecting ZDV resistance, the lag-time in which resistance is gained or lost, and the death rate of people infected with resistant virus. We derived analytical results for the percentage of patients with ZDV-resistant virus before HAART and the clearance rate of such patients with ZDV-resistance from the population due to HAART. 

The large impact of HAART on viral load might further contribute to the decrease in infections with ZDV-resistant virus strains after 1996. To illustrate this point, we plotted the number of people having ZDV-resistant strains by year and categorised this population according to viral load (Figure 6C). Between 1988 and 1992, there was a quick build-up of the number of patients with both resistant virus and a substantial viral load. Between 1992 and 1996, the number of patients with resistant virus and a viral load >104 copies/mL was more or less constant, whereas the number of patients with low viral loads slowly increased. After 1996, with the wide acceptance of HAART, the number of people with high loads of resistant virus fell sharply. These data suggest that low fitness mutants, like ZDV-resistant viruses, require higher virus levels for transmission and that, therefore, the rapid decrease in transmission of resistant virus is directly related to the rapid decline in numbers of people with high loads of resistant virus in the HAART treated population. These assumptions are corroborated by a recent report indicating that virus transmission is extremely rare when the HIV-1 seropositive individual carries less than 1500 copies of HIV-1 RNA per millilitre QUOTE "(35)" 
(35)
. 

Taken together, our data indicate that optimal treatment of HIV-1 infection contributes substantially to the prevention of ZDV-resistance among drug-naïve seropositives. We would predict that higher levels of drug resistant virus transmissions are going to be observed in settings with less therapy monitoring possibilities. The validity of our model awaits other independent studies in settings with varying levels of therapy coverage and monitoring capacities.

The power of HAART to lower the carriage rate of ZDV-resistant HIV-1 is undermined mainly by its increased toxicity and lack of compliance of patients. Lactate acidosis is on the rise, along with polyneuropathy and lipodystrophy. Failure of HAART will result in increased selection for drug-resistant mutants and, as a consequence, increased viral load in individuals infected with drug-resistant mutants. Since the increased toxicity and decreased patient compliance associated with HAART will herald an increase in the carriage rate of drug resistant HIV-1, close monitoring of the HAART failure rate and selection for drug resistance is suggested to be pursued as a public health measure.

Methods

Retrospective data or samples for additional testing were derived from participants of the Amsterdam Cohort Study (ACS) on HIV infection and AIDS in homosexual men, which started in 1984. The participants that we studied had scheduled visits every three months. Among the 615 found to be infected with HIV-1 from 1985 to 1998, we determined the number without treatment and the numbers who used mono-, combination or triple therapy for each 6-month period. Regimens containing 3 or more antiretroviral drugs were considered triple therapy, most contained a protease inhibitor. Median HIV-1 RNA copies and their interquartile ranges were calculated for every six month from 1985 onward. These were based on one measurement per participant taken closest to the date of interest. In addition, median copy numbers were calculated according to the various treatment strategies in which patients were allowed to switch categories, e.g., from no treatment to combination therapy.

HIV-1 RNA quantification. HIV-1 RNA levels in plasma were measured using commercially available assays (NASBA HIV-1 RNA QT and NucliSens; Organon Teknika, Boxtel, the Netherlands) according to the instructions of the manufacturer. Initially we used the NASBA HIV-1 RNA QT assay, with <1000 copies/mL as the lower detection limit of the assay. When more sensitive assays became available, levels were quantified using the NucliSens assay (lower detection limit: <400 copies/mL). Briefly, the RNA purified according to the NucliSens protocol was eluted from the silica particles in a two-step procedure. It was subsequently concentrated by precipitation with ethanol and sodium acetate in the presence of a pellet dye (pellet paint coprecipitate, Novagen, Madison, Wisconsin, USA). The complete RNA pellet was then used in the NucliSens RNA amplification and detection procedure according to the instruction of the manufacturer. 

Sequence analysis and quantification of viral mixtures. Viral RNA was isolated from 200 µl serum obtained when the subject first tested positive for HIV-1 antigen or antibody as described by Boom et al  QUOTE "(36)" 
(36)
. Part of the HIV-1 pol region, including the aminoterminal part of the RT gene, was amplified by RT-PCR, essentially according to the protocol described by Nijhuis et al. QUOTE "(37)" 
(37)
. To facilitate accurate two-stranded sequence analysis of the aminoterminal part of the RT gene, we adapted the nested PCR in Nijhuis protocol by amplifying two overlapping fragments instead of one. The 5'-fragment was amplified using primer SP6-RT19 new ATTTAGGTGACACTATAG CACCTGTCAACATAATTGGAAG (SP6-sequence indicated in italics; HXB-2 nucleotides 2491-2512) and T7-B-SEQ TAATACGACTCACTATAGGGAATATTGCTGGTGATCCTTTCCA (T7-sequence in italics; HXB-2 nt. 3030-2006). The 3'-fragment was amplified with the primers SP6-C-SEQ  ATTTAGGTGACACTATAGGTATACTGCATTTACCATACC (SP6 in italics; HXB-2 nt. 2927-2947) and T7-ET10 TAATACGACTCACTATAGGGCTGCCAGTTCTAGCTCTGCT TC (T7 in italics; HXB-2 nt. 3462-3441). Both strands of the nested PCR fragments were directly sequenced using the SP6 and T7 primer sequences. Sequencing was performed with Taq dye primers (Applied Biosystems, Foster City, CA) and the ThermoSequenase fluorescence-labelled primer cycle-sequencing kit (Amersham International, Little Chalfont, England). The sequence products were analysed on an automatic sequencer (Applied Biosystems DNA sequencer model 373A stretch or 377). The sequence of the RT gene was screened for resistance-conferring mutations at the positions described by Hirsch et al  QUOTE "(21)" 
(21)
. 
Subsequent serum samples in cases of new infections with resistance-conferring mutations were analysed for changes compared to the seroconversion sample. Mixtures of different viral sequences were quantified by assessing the ratio between the relevant peak areas of the signals of the corresponding nucleotides on the electropherogram using the sequence of both strands.

Model for population spread of ZDV-resistance

We developed a mathematical model to compute the number of patients with ZDV-resistant virus. We distinguish three classes of patients, namely patients S with wild type (ZDV-sensitive) virus, patients R with resistant virus due to treatment, and patients I, who were initially infected with a resistant virus. Viruses develop ZDV-resistance due to failing ZDV treatment at rate ( ; they lose resistance due to withdrawal of this treatment at rate ( ; (S and (R are the outflow rates of patients with sensitive and resistant virus, respectively. Each year ( new participants enter ACS. The function f() denotes the fraction of these newly included participants that was infected with AZT-resistant strains. The number of patients in the three classes S, R, and I within the next year can be specified by the following set of difference equations:
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Note that in patients initially infected with resistant virus, the virus loses resistance within one year, if they do not receive ZDV treatment QUOTE "(29)" 
(29)
. Furthermore, there is no outflow of patients I within the first year after inclusion in the cohort. Both assumptions are in agreement with the cohort data.
Unfortunately, we do not know how the function f() describes the fraction of newly included patients that already have ZDV-resistant virus upon entry in the cohort. This fraction will depend on the infectiousness of patients with resistant virus compared to patients with wild type virus. It will also depend on the fraction ( of newly included patients who were infected less than a year before, because if infected for more than a year, ZDV-resistance would already be lost. Furthermore, the function f() is influenced by whether these patients were infected from within or from outside the ACS, because resistance levels within and outside the ACS probably differ. The simplest assumption for f() is:
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This function would be correct if patients with resistant or wild type virus are equally infectious, if only recently infected patients can harbor resistant virus, and if all infections occur within the cohort (or if resistance levels within and outside the cohort are the same). We do not have data to validate these assumptions. In the results section, we will show that the precise shape of the function f() does not greatly affect the build-up of ZDV-resistance in the population, we propose at this time to estimate the parameters of the model without specifying the function f(). This can be achieved by introducing the new variable Tt=St+It  and new parameters a=(St/(St+It) and d=(SSt /(St+It), to give:
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For this simplified model, we can accurately estimate all parameters for each year. If we assume constant parameters, the equilibrium is specified by: 
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And the equilibrium fraction FR of patients with resistant virus due to treatment is:
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So the level of resistance in equilibrium depends only on the treatment rate and on the outflow rate of patients with resistant virus. In the absence of failing ZDV-treatment, that is, if a=0, the half-time T½ of the number of patients with resistant virus due to treatment is:
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Table 1. Yearly changes in the number of patients with ZDV resistant virus due to treatment. 

year
new resistance
lost resistance
outflow T
outflow R
new inclusions
Tt
Rt


a Tt
Rt
d Tt
R Rt




88
12
-
14
-
52
263
0

89
28
0
19
4
37
289
12

90
18
0
18
7
39
279
36

91
21
0
21
16
31
282
47

92
25
0
23
17
25
271
52

93
19
3
33
12
20
248
60

94
11
0
18
16
9
219
64

95
8
1
17
11
25
199
59

96
1
0
21
12
37
200
55

97
0
18
26
1
58
215
44

98
0
8
50
5
12
265
25

99
-
-
-
-
-
235
12

Symbols refer to equations 3a and 3b

Legends to the figures:

Figure 1A: Use of antiretroviral treatment in the Amsterdam Cohort Study from 1985 to 1998: 1B: Mortality in the Amsterdam Cohort Study.

Figure 2: HIV-1 RNA copy number from 1985 to 1998 in the Amsterdam Cohort Study. Panels A and B: median HIV-1 RNA copies per mL by treatment regimen (i.e., no treatment, monotherapy combination therapy or triple therapy) and overall. IQR: interquartile range.

Figure 3: HIV-1 RNA copies and CD4+ T cell count in patient H0576 from 1990 to 1999. Vertical bars mark the switch to different treatments: monotherapy zidovudine (ZDV), combination therapy (C), and triple therapy.

Figure 4: Number of participants with primary HIV infections in whom RT was sequenced in the Amsterdam Cohort observed from 1990 to 1998.

Figure 5: Primary infection with ZDV-resistant HIV-1 strains in two patients without treatment. 

In the figure the proportion of virus with mutation at codon 215Y (TAC) is represented over time. 

Figure 6A: The emergence in the ACS of resistant HIV-1 strains with mutation at codon 215, expressed as proportion of HIV-1 infected individuals according to observation (data) and prediction (model). Model parameters are estimated using the data of Table 1. Yearly parameters are averaged for the periods until and after 1996 (start HAART), separately. Figure 6B: The number of primary infections with resistant HIV-1 strains with mutation at codon 215 among HIV-1-seronegative cohort participants. The solid line represents the observed number of infections, whereas the dashed lines represent the expected number of infections, assuming either that all new participants are recently infected (=1), or that only those known to be seroconverters are recently infected ((0.2). Figure 6C: The number of participants harboring resistant HIV-1 strains due to treatment from 1988 to 1998. The darker areas represent higher copy numbers of ZDV-resistant virus, whereas lighter colours represent lower copy numbers or undetectable levels of viral load.
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