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Intravirion reverse transcripts have been identified in the blood plasma of human immunodeficiency virus
type 1 (HIV-1)-infected individuals. In the present studies, the kinetic processes of intravirion HIV-1 reverse
transcription, in the blood plasma of HIV-1-infected persons treated with nevirapine, were investigated.
Nevirapine is a nonnucleoside inhibitor of reverse transcriptase (RT) which decreases the level of HIV-1 viral
particles in the blood plasma of infected individuals. By analyzing HIV-1 virions at different time points prior
to and after initiation of nevirapine therapy in vivo, the levels of intravirion reverse transcripts have been
demonstrated to be dramatically susceptible to this anti-RT agent, out of proportion to effects on plasma virion
load. The intravirion reverse transcripts were also documented to rebound to the pretreatment levels, con-
comitant with the development of resistant viral mutants. In addition, the infectivity of HIV-1 virions dra-
matically decreased after nevirapine treatment, further indicating that the effects of this anti-RT agent begin
within the cell-free virions. Since the levels of intravirion reverse transcripts were altered according to the
susceptibility or resistance of the HIV-1 RT enzyme to this inhibitor, these data demonstrate that the formation
of intravirion reverse transcripts is a dynamic process in vivo. Moreover, because the alteration in ratios
between intravirion HIV-1 reverse transcripts and viral genomic RNA directly reflects the efficiency of reverse
transcription, we propose that the determination of these ratios in the blood plasma of HIV-1-positive patients
may be a useful and, most importantly, a direct assay to monitor the efficacy of anti-RT agents in vivo.

Nevirapine is a nonnucleoside inhibitor of the reverse tran-
scriptase (RT) of human immunodeficiency virus type 1
(HIV-1) (15). This compound can significantly decrease the
level of virions in the blood plasma of HIV-1-infected individ-
uals in a very short time period after initiation of therapy (19,
24). On the basis of these characteristics, nevirapine, as well as
other antiretroviral agents, have been used to study the dy-
namics of HIV-1 replication in vivo. It has been recognized
that the maintenance of HIV-1 virions in the blood plasma is
a rapid, dynamic process, and the viral strain(s) circulating in
the peripheral blood plasma are likely to represent the actively
replicating virus in the body at that particular point in the
clinical infection (10, 19, 24). In addition, the quantity of
HIV-1 particles in the blood plasma is inversely correlated with
the CD4-positive lymphocyte count in the blood (9, 10, 19, 24).
Therefore, consistently decreasing the virion load in blood
plasma and the virions’ infectivity may slow the progression of
clinical HIV-1 disease. Of importance, viral mutants resistant
to many anti-HIV-1 agents, including nevirapine, can rapidly
develop. As a result, the quantity of HIV-1 virions in the blood
plasma can rebound to the pretreatment levels in a very short
time after initiation of anti-RT therapy, accompanied by de-
creasing levels of CD4-positive lymphocytes (10, 19, 24).
Nevirapine-resistant mutations in the HIV-1 RT gene occur

notably at codons 103, 106, and 181 in vitro and additionally at
codons 108, 188, and 190 in vivo (19, 20). All of these mutated
codons are in the two b-sheets (amino acids 100 to 110 and 180
to 190, respectively), where a hydrophobic pocket structure is
formed in the HIV-1 RT enzyme. This structure is close to the
polymerase active site of HIV-1 RT (12). Nevirapine binds to
the HIV-1 RT enzyme through this structure to block poly-
merization without interfering with nucleotide binding or the
nucleotide-induced conformational changes in the enzyme
(21). These HIV-1 virus resistance mutations may individually
or in combination exist in the blood plasma of nevirapine
treated-patients. The mutations can even sequentially replace
one another, as nevirapine is consistently administered (19).
However, the Y181C mutation is most frequently (79%) asso-
ciated with the loss of anti-RT activity for nevirapine mono-
therapy, since Y181 and Y188 are the key sites where nevirap-
ine binds to the HIV-1 RT enzyme (19). Interestingly,
coadministration of zidovudine (AZT) completely prevents the
occurrence of Y181C mutants, indicating that this combination
of agents forces the selection of alternative mutations (19).
Studies of certain cell culture systems have now demon-

strated that cell-free HIV-1 virions contain significant levels of
reverse transcripts (14, 23, 29). Recently, our laboratory has
identified intravirion reverse transcripts in the blood plasma of
both asymptomatic HIV-1-seropositive individuals and pa-
tients with AIDS (26) by a virion immunocapture methodology
conjugated with quantitative DNA-PCR and RT-PCR assays
(8, 26). The majority of intravirion HIV-1 DNA is formed
secondarily to partial reverse transcription. The in vivo intra-
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virion HIV-1 DNA/RNA ratios in the strong-stop negative-
strand region are approximately 1:1022 to 1:1023 and in the
gag and near full-length region are approximately 1:1024 to
1:1025. Interestingly, although the majority of the patients
analyzed in this initial study were treated with AZT, the levels
of intravirion HIV-1 reverse transcripts still remained rela-
tively high (26). This phenomenon is contrasted with the in
vitro observation, in which the addition of AZT to cell cultures
decreases the levels of intravirion reverse transcripts in HIV-1
virions produced by these treated cells (references 23 and 27
and unpublished data). However, since AZT resistance may
have developed in vivo in the presence of AZT after long-term
treatment, the intravirion HIV-1 reverse transcripts could have
arisen from AZT-resistant viral strains (26).
In vitro studies have demonstrated that increasing virion-

associated DNA levels potently increases retrovirus infectivity
and, therefore, may alter intra- and interhost transmission of
retroviruses (27–29; unpublished data). These effects have
been demonstrated for both HIV-1 and simple murine ampho-
tropic retroviruses (8, 23, 27). Further, RT inhibitor(s) is able
to decrease the levels of intravirion HIV-1 reverse transcripts
and, thus, to inhibit the infectivity of virions upon target cells,
especially quiescent cells (27). Because of these biological and
potentially clinical ramifications, a sequential, longitudinal co-
hort study of intravirion HIV-1 reverse transcripts in the pres-
ence of the RT inhibitor nevirapine was performed. These
analyses demonstrated correlations between the production of
resistant viral mutants and the levels of intravirion HIV-1
reverse transcripts. Because nevirapine treatment produces a
prompt antivirus response that is followed by loss of antiviral
activity in conjunction with the rapid development of drug-
resistant mutants, it is possible to observe the sequential alter-
ations of intravirion reverse transcripts in the presence of ne-

virapine within a relatively short time period. Analysis of a
cohort of patients with AIDS treated with nevirapine, whose
clinical data have already been well-documented (3, 19), helps
reveal the dynamics of intravirion reverse transcription in vivo
and demonstrates the potential utility of intravirion HIV-1
DNA quantitation as a measure of virus resistance to anti-RT
agents.
Intravirion HIV-1 reverse transcripts are altered by nevi-

rapine treatment in vivo. All patients in this study were treated
with nevirapine as part of AIDS Clinical Trials Group protocol
164 (3), approved by the institutional review board of the
University of California, San Diego. Informed consent was
obtained from all individuals in this study. Four weeks prior to
administration of nevirapine, the patients in this study discon-
tinued all other antiviral agents. The pertinent clinical data for
the eight individuals in this study are listed in Table 1.
HIV-1 virions in the blood plasma (400 ml) were isolated by

using anti-gp120 and gp41 antibody-coated latex particles and

FIG. 1. Detection and analysis of intravirion HIV-1 DNA and RNA in vivo
by quantitative DNA-PCR and RT-PCR. HIV-1 virions were captured by anti-
gp120 and anti-gp41 antibody-coated latex beads from the blood plasma of an
HIV-1-seropositive patient (no. 164-019), who received nevirapine treatment. As
a control, blood plasma from an HIV-1-seronegative person was treated at the
same time. (A) The captured HIV-1 virions were then treated with DNase, and
the viral DNA was extracted and amplified by PCR with different primer pairs.
The PCR products were analyzed by Southern blot assays. Lanes 1 to 5, intra-
virion HIV-1 DNA from different time points prior to and after nevirapine
therapy; lane 6, sample from the HIV-1-seronegative patient; lane 7, sample
from the HIV-1-seronegative patient plus HIV-1 DNA from ACH-2 cells (one
HIV-1 proviral copy per cell) (26); lane 8, sample from the HIV-1-seronegative
patient plus HIV-1 DNA from ACH-2 cells, which was then treated with DNase
(control for DNase activity); lanes 9 to 12, standard curve of HIV-1 DNA
extracted from ACH-2 cells (copy numbers). (B) The viral RNA was extracted
from HIV-1 virions and reverse transcribed into cDNA. The cDNA was then
diluted (1:100) and amplified by PCR with primer pair SK38/SK39. The PCR
products were analyzed by Southern blot assays. As a control, the samples
analyzed without an RT step were also amplified to confirm the absence of DNA
contamination. The standard unspliced HIV-1-specific RNA curve (copy num-
ber) was prepared from in vitro transcribed HIV-1 RNA, as previously described
(26, 29). This figure illustrates a representative patient from the analyzed cohort.

TABLE 1. Pertinent clinical data for HIV-1-infected individuals

Patient
no.

CDC clinical
classification
stagea

Concn of HIV-1
p24 antigen in
serum before
treatment
(pg/ml)

CD4-positive
lymphocyte

count (cells/mm3)
before treatment

Daily dose
of nevirapine

(mg)

164-018 B-2 111 212 12.5
164-028 B-2 493 228 12.5
164-021 B-3 318 134 12.5
164-019 A-2 93 213 50
164-035 B-3 306 102 50
164-042 C-3 102 10 50
164-051 B-2 38 317 200
164-043 C-2 216 395 200

a CDC, Centers for Disease Control.

TABLE 2. HIV-1 RNA copies in blood plasma

Patient no.

No. of copies after the following no. of wks of nevirapine
treatment (105/ml):

21 1 4 8 12

164-018 51.7 24.2 48.3 54.1 54.0
164-028 39.8 8.1 18.2 41.3 42.5
164-021 28.7 11.3 28.4 29.0 29.0
164-019 6.6 1.2 4.0 6.1 6.1
164-035 26.7 12.1 14.2 27.1 25.8
164-042 50.1 7.7 44.6 50.2 50.2
164-051 25.1 6.7 20.1 13.2 24.8
164-043 27.8 5.5 19.3 28.2 28.0
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were subsequently treated with DNase, as previously described
(26). These isolated virions were then utilized for DNA- and
RT-PCR analyses. The viral DNA extraction procedures used
in these studies have been previously described (23, 29). Viral
RNA extraction was conducted, as previously described, with
minor modifications (2, 4, 11, 25). Briefly, half of an aliquot of
the pelleted bead-virion complex was mixed with 400 ml of
solution D (6.3 M guanidine thiocyanate, 42 mM sodium ci-
trate [pH 4.0], 0.83% N-lauroyl sarcosine, 0.2 mM b-mercap-
toethanol). After 5 min, 40 ml of 2 M sodium acetate (pH 5.5)
was added. The viral RNA was then extracted with phenol-
chloroform (1:1) and precipitated with ethanol. The resus-
pended RNA samples were subjected to RT-PCR with HIV-1
gag primer pairs/probe as previously described (26, 29). A
control lacking RT was used to confirm the absence of viral
DNA contamination in the RNA preparations. For copy num-
ber determinations, the HIV-1 DNA and RNA standard
curves were prepared as previously described (29). It was no-
table that, although reverse transcription may lead to degra-
dation of viral RNA via RNase H, quantitation of HIV-1
virions by using gag primers with RT-PCR would not lead to
spuriously low RNA levels, since only a minority of viral par-
ticles harbor reverse transcripts containing gag regions.
A new set of primer pairs (U31 and U32)/probe (U33),

which can detect HIV-1 DNA synthesis just following the first
template switch during reverse transcription, was also used in
the present study. The sequences and locations in the HIV-1
proviral genome for primers U31 and U32 are: 59-GCCCG
AGAGCTGCATCCG-39 (nucleotides 294 to 311) and 59-GG
CAAAAAGCAGCTGCTT-39 (nucleotides 430 to 447) and
for probe U31 are CCAGGGAGGCGTGGCCTGGGCGGG
ACTGGGGAGTGGCG (nucleotides 372 to 409). As de-
scribed in previous studies, the RU5 region (negative-strand
strong-stop DNA) was detected by using the primers/probe set
M667/AA55/SK31; the gag region was detected by using the
primers/probe set SK38/SK39/SK19; and the region in RU5-
primer-binding site (PBS)-59 noncoding region (5NC), which
amplifies nearly full-length reverse transcripts, was detected by
the primers/probe set M667/M661/SK31 (26). PCR was per-
formed for 30 cycles. The products of PCR were analyzed by
standard Southern blotting. The 32P-labeled blots were ana-
lyzed and quantitated with a PhosphorImager (Molecular Dy-
namics, Sunnyvale, Calif.), and copy numbers were calculated
by comparison with standard curves (26).
The differences of normalized intravirion HIV-1 DNA/RNA

ratios at various time points were compared by analysis of

variance (via Systat). If the analysis revealed significance,
paired Student’s t tests were then utilized. Correlation analyses
were performed (via the SAS system [version 6.0]) to deter-
mine the relationships between normalized intravirion HIV-1
DNA/RNA ratios and the log10 of the 50% inhibitory concen-
tration (micromolar). All tests were two-tailed. A P value of
0.05 or less was considered statistically significant.
Virion-associated, DNase-resistant HIV-1 DNA and virion-

associated RNA from all samples were analyzed by the quan-
titative DNA-PCR and RT-PCR assays as described above.
Autoradiographs of a representative patient’s samples (patient
identification no. 164-019) are illustrated in Fig. 1. The other
subjects were analyzed in the same fashion. Since decreases in
HIV-1 virion levels in the blood plasma of patients soon after
initiation of nevirapine treatment could confound analysis of
intravirion reverse transcripts (Table 2), the ratios of viral
DNA detected in different regions versus viral RNA (DNA/
RNA ratio) were calculated (Table 3). As previously described
(14, 23, 26, 29), the copy number of intravirion HIV-1 DNA
was relatively high in the RU5 region (strong-stop DNA) and
then sequentially lower in the U3, gag, and RU5-PBS-5NC
regions. These data confirm that intravirion HIV-1 DNA is
composed mainly, but not solely, of partial reverse transcripts
(26, 29).
Since the number of viral particles per volume of blood

plasma in different patients is variable and the levels of intra-
virion DNA differ along various regions of the HIV-1 genome,
the viral DNA/RNA ratios were further normalized by com-
paring the DNA/RNA ratio at each time point, in each subject,
with the specific DNA moiety’s ratio at the pretreatment point,
which was chosen as a baseline (100%) (Fig. 2). At 1 week
posttreatment, the viral RNA levels decreased, ranging from
20 to 50% of the pretreatment level (Table 2), which is con-
sistent with the observations previously described (7, 19). This
reflects the rapid turnover rate of HIV-1 virions (10, 19, 24).
However, the normalized DNA/RNA ratios indicated that in-
travirion HIV-1 reverse transcript levels decreased significantly
more than plasma virion levels (Fig. 2; Table 3) (P , 0.001 for
normalized HIV-1 DNA/RNA ratios in the U3, gag, and RU5-
PBS-5NC regions). The later the HIV-1 DNA formation in the
viral genome, the lower was the intravirion copy number of
that DNA species observed after nevirapine treatment. Nota-
bly, levels of strong-stop intravirion HIV-1 DNA were only
very modestly altered by nevirapine treatment (P . 0.05 for
normalized HIV-1 DNA/RNA ratios in the RU5 region [see
below]). These data demonstrate that intravirion reverse tran-

TABLE 3. Comparison of intravirion HIV-1 DNA/RNA ratios in various HIV-1 genomic regions before and after nevirapine treatment

Patient no.

Ratio for the following regionsa

RU5 at the following wks (103): U3 at the following wks (104):

21 1 4 8 12 21 1 4 8 12

164-018 8.4 (100) 8.3 (98.5) 6.3 (74.5) 7.8 (91.9) 9.3 (109.4) 13.5 (100) 8.2 (60.7) 6.8 (50.4) 12.0 (88.9) 14.1 (104.4)
164-028 21.5 (100) 20.0 (93.0) 21.2 (97.9) 21.1 (97.6) 20.8 (96.7) 17.5 (100) 13.1 (74.9) 10.5 (60.1) 14.6 (83.4) 16.2 (92.6)
164-021 1.5 (100) 1.3 (86.7) 1.4 (93.3) 1.4 (93.3) 1.5 (100) 3.1 (100) 2.0 (64.5) 2.1 (67.7) 2.4 (77.4) 3.0 (96.8)
164-019 1.8 (100) 1.4 (82.3) 1.6 (92.2) 1.8 (100) 1.9 (107.1) 3.0 (100) 0.8 (26.7) 1.9 (63.3) 2.5 (83.3) 3.1 (103.3)
164-035 12.1 (100) 11.0 (93.4) 10.0 (82.0) 12.1 (100.) 12.2 (100.8) 71.0 (100) 12.1 (17.0) 12.2 (17.2) 14.3 (20.1) 30.2 (42.5)
164-042 1.6 (100) 1.5 (92.9) 1.6 (97.2) 1.5 (92.5) 1.5 (92.5) 2.0 (100) 1.5 (75.0) 1.8 (90.0) 1.8 (90.0) 1.8 (90.0)
164-051 6.7 (100) 6.4 (95.3) 6.0 (88.5) 6.1 (90.6) 6.7 (100) 12.8 (100) 4.5 (35.2) 11.1 (86.7) 10.0 (78.1) 13.1 (102.3)
164-043 5.4 (100) 4.9 (90.1) 4.6 (85.1) 5.0 (86.9) 5.6 (103.1) 17.1 (100) 6.0 (35.1) 12.3 (71.9) 13.5 (70.9) 18.5 (108.2)

Meanb 100 91.4 88.8 94.3 101.3 100 43.2 63.4 74.0 92.5
SDb 0.0 5.2 8.0 4.8 5.7 0.0 26.7 22.9 22.7 21.1

a Numbers in parentheses are HIV-1 DNA/RNA ratios normalized to pretreatment points as a baseline (100%).
b Only the normalized HIV-1 DNA/RNA ratios were used in these calculations.
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scription was inhibited by an anti-RT agent in vivo, which is
consistent with the previous in vitro observations (23, 27; un-
published data).
Rebounding of intravirion HIV-1 reverse transcript levels is

concomitant with the development of resistant viral mutants.
To identify the viral genotype with regard to nevirapine sus-
ceptibility or resistance, viral DNA from peripheral blood
mononuclear cells was extracted. The RT gene was then PCR
amplified and sequenced. Viral susceptibility to nevirapine and
50% inhibitory concentrations were also determined in cell
culture. Both procedures were previously described in detail
(19, 20). The results of these studies in the patients analyzed
are illustrated below the x axes of the graphs in Fig. 2.
With continuing nevirapine treatment of all of the patients

studied, the intravirion HIV-1 DNA/RNA ratios past the
strong-stop region gradually increased to higher levels after a
nadir during the first weeks of treatment (Table 3; Fig. 2). In
many patients, the ratios approached pretreatment levels. This
rebound began to occur at approximately 4 weeks after the
initiation of therapy, even though nevirapine was still persis-
tently administered. For the U3, gag, and RU5-PBS-5NC re-
gions, the differences of normalized intravirion HIV-1 DNA/
RNA ratios between the 1-week point and week 8 or between
the 1-week point and week 12 were highly significant (P ,
0.01). However, the differences between the pretreatment
point and week 8 or the pretreatment point and week 12 were
not significant (P . 0.06). These alterations suggest that nevi-
rapine gradually lost its anti-reverse transcription effects for
the entire virus population in plasma. Importantly, the geno-
type and phenotype analyses indicated that the resistant viral
mutants developing in these patients occurred concomitantly
with the rebounding in intravirion HIV-1 reverse transcript
levels (Fig. 2; Table 3). Statistical analyses demonstrated sig-
nificant correlations between normalized HIV-1 DNA/RNA
ratios in the U3, gag, and RU5-PBS-5NC regions and the log of
50% inhibitory concentrations (micromolar) at various time
points (U3 region, r 5 0.44 and P , 0.01; gag region, r 5 0.48
and P , 0.01; RU5-PBS-5NC region, r 5 0.63 and P , 0.01).
Thus, these kinetic analyses suggest a dramatic temporal rela-
tionship between the rebounding in intravirion HIV-1 reverse
transcript levels and the acquisition of virus resistance.
HIV-1 virions develop decreased infectivity after initiation

of nevirapine therapy. To study the biological consequences of
alterations in intravirion HIV-1 reverse transcripts in vivo, the
infectivity of HIV-1 virions in the blood plasma at different

time points was analyzed. To compare the infectivity of the
virions at different time points, the viral input in each infectiv-
ity assay was strictly normalized via quantitative RT-PCR. To
determine the infectious titer of virions in the blood plasma
samples at various time points, a previously described proce-
dure was utilized (13). Briefly, the viral particles in the blood
plasma from each time point were normalized by quantitative
RT-PCR. The virions were then serially diluted 1:4 and added
to 2 3 106 phytohemagglutinin- and interleukin-2-stimulated
peripheral blood mononuclear cells from HIV-1-seronegative
individuals. The infection was allowed to progress for 24 h. The
unbound viruses were then washed off three times, and the
cells were cultured in the presence of interleukin-2 (10 U/ml)
for 28 days. The infectivity titer per specific quantity of virions
was determined by measuring the amount of HIV-1 p24 anti-
gen in the supernatants and was compared, in ratio form, to the
quantity of input virions. The HIV-1 p24 antigen levels were
quantitated by an enzyme-linked immunosorbent assay (Du-
pont, Wilmington, Del.). Virus infectivity dramatically de-
creased in each of three patients analyzed after nevirapine
treatment (Fig. 3). However, when resistance developed, in-
fectivity also increased. This increase in infectivity was con-
comitant with the resumption of intravirion HIV-1 reverse
transcription. Thus, these data suggest a potentially important
role for the subpopulation of HIV-1 virions harboring reverse
transcripts in altering virus infectivity.
To exclude the possibility that nevirapine in the blood

plasma carries over to the cell culture infectivity assays and
significantly confounds these analyses, a series of control stud-
ies were conducted. The blood plasma samples obtained after
initiation of nevirapine treatment were heated at 608C for 1 h
to inactivate HIV-1 virions and were then mixed (1:1) with
blood plasma samples obtained at the pretreatment time point.
These mixtures were then serially diluted, as described earlier,
and used in parallel infectivity studies. Although nevirapine
carryover had some very modest effects on slowing viral growth
in culture, the infectivity titers of these mixed samples were not
altered compared with those of the unmixed pretreatment
samples. Importantly, it was also demonstrated that this heat-
ing step did not decrease nevirapine’s activity in inhibiting
exogenous RT reactions (data not illustrated).
In summary, there is a direct correlation of HIV-1 virion

infectivity with alterations in levels of intravirion reverse tran-
scripts. These data suggest that intravirion reverse transcrip-

TABLE 3—Continued

Ratio for the following regionsa

gag at the following wks (105): RU5-PBS-5NC at the following wks (105):

21 1 4 8 12 21 1 4 8 12

15.4 (100) 11.5 (74.7) 68.2 (44.3) 12.4 (80.5) 11.1 (72.1) 11.4 (100) 8.0 (70.2) 4.6 (40.4) 9.5 (83.3) 9.5 (83.3)
10.0 (100) 3.3 (33.0) 5.3 (53.0) 7.8 (78.0) 9.4 (94.0) 20.0 (100) 6.7 (33.5) 9.8 (49.0) 13.5 (67.5) 17.0 (85.0)
6.2 (100) 3.4 (54.8) 4.3 (69.4) 5.0 (80.6) 6.0 (96.7) 4.1 (100) 1.7 (41.5) 2.5 (61.0) 3.5 (85.4) 4.0 (97.6)
6.8 (100) 2.4 (35.3) 4.4 (64.7) 5.1 (75.0) 7.1 (104.4) 2.5 (100) 0 (0.0) 1.7 (68.0) 2.5 (100) 2.6 (104.0)
27.9 (100) 4.2 (15.1) 3.5 (12.5) 4.8 (17.2) 6.8 (24.4) 13.0 (100) 1.7 (13.1) 2.7 (20.8) 4.5 (34.6) 5.9 (45.3)
16.0 (100) 7.6 (47.5) 9.2 (57.5) 14.6 (91.3) 14.4 (90.0) 1.6 (100) 0.6 (37.5) 0.9 (56.3) 1.2 (75.0) 1.4 (87.5)
32.0 (100) 10.0 (31.3) 20.2 (63.1) 38.4 (120) 40.8 (127.5) 16.1 (100) 5.2 (32.3) 2.6 (16.2) 19.0 (118.0) 20.0 (124.0)
39.8 (100) 22.2 (55.8) 30.9 (77.6) 40.1 (101) 42.5 (106.8) 2.8 (100) 1.1 (39.3) 0 (0.0) 2.3 (82.1) 3.2 (114.3)

100 43.3 55.3 80.5 89.5 100 33.4 39.0 80.7 92.6
0.0 18.5 20.0 29.6 30.7 0.0 20.7 24.2 24.3 24.0
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FIG. 2. Nevirapine (NVP) alters intravirion HIV-1 DNA/RNA ratios in the blood plasma of treated patients. HIV-1 virions were isolated from blood plasma
collected at various time points by immunocapture methodology, and the intravirion HIV-1 DNA and RNA were detected and evaluated by quantitative HIV-1
DNA-PCR and RT-PCR, respectively. The copy numbers of DNA and RNA were determined with a PhosphorImager via comparison with their standard curves. The
intravirion HIV-1 DNA/RNA ratio was then calculated and normalized to the pretreatment point as a baseline (100%). Open squares, DNA/RNA ratio in the RU5
(strong-stop DNA) region; filled triangles, DNA/RNA ratio in the U3 region; open circles, DNA/RNA ratio in the gag region; filled circles, DNA/RNA ratio in the
RU5-PBS-5NC region. For comparison, the genotype and phenotype resistance data are also illustrated on the graphs. Each of the graphical analyses (n5 8) represents
data obtained from at least two independent experiments performed in duplicate. IC50, 50% inhibitory concentration; ID, identification.
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tion may play a role in vivo in interhost and intrahost retrovirus
transmission and spread.
The present studies demonstrate that intravirion HIV-1 re-

verse transcription is a dynamic process in vivo which can be
inhibited by nevirapine. Moreover, when resistant viral mu-
tants develop, intravirion HIV-1 reverse transcript levels re-
turn to pretreatment levels. Compared with the potent inhibi-
tion of HIV-1 intravirion RT elongation by nevirapine, the
initiation of reverse transcription is less affected, as demon-
strated by the rather small changes in strong-stop (RU5) viral
DNA. This may be secondary to the increased chance for
inhibition of RT by nevirapine, since more HIV-1 DNA is
synthesized. It is also possible that the HIV-1 RT enzyme’s
conformation for strong-stop DNA synthesis is slightly differ-
ent from that for the rest of viral DNA synthesis, such that
nevirapine does not bind to the enzyme as tightly prior to the
first template switch during reverse transcription.
In contrast to nucleoside analog inhibitors of RT (such as

AZT), it is not necessary for triphosphorylation of nevirapine
to occur within host cells for activation of the compound (13,
20, 21). Nevirapine may diffuse into the HIV-1 virions and bind
to the mature RT enzyme and, therefore, directly inhibit in-
travirion reverse transcription. It is unlikely that nevirapine can
bind to the precursor of the RT enzyme (Gag-Pol fusion pro-
tein [p160]) in the virus-producing cells. Only after the mature
RT enzyme is released by the HIV-1 protease from its precur-
sor, during or after virion budding, could nevirapine bind to
the hydrophobic pocket structure formed in the mature p66/
p51 heteroduplex dimer of HIV-1 RT (12).
The initiation of reverse transcription takes place in a rela-

tively small portion of HIV-1 virions in vivo. This is possibly
due to limited substrate (e.g., deoxyribonucleoside triphos-
phates) or time-consuming release of mature RT enzyme from
its precursor (reference 28 and unpublished data). However, in
vitro experiments indicated that these levels of intravirion re-
verse transcripts are important, even though not absolutely
essential, for efficient virion infectivity (27–29; unpublished
data). These findings may be due to several molecular mech-
anisms, including more-rapid kinetics of HIV-1 replication

upon infection of certain cell types (26, 28, 29). Inhibition of
intravirion HIV-1 reverse transcription will decrease the
chance for the target cells, especially quiescent cells, to become
productively infected by HIV-1 viruses (27). In vivo data now
also support these in vitro findings (Fig. 3). These data may
have clinical significance for certain critical situations. For ex-
ample, the administration of AZT to pregnant women dramat-
ically decreases the incidence of mother-to-fetus HIV-1 trans-
mission (5). Although this may be secondary to a total decrease
in HIV-1 viremia, the effect may also be attributed at least in
part to inhibition of intravirion reverse transcription by AZT-
triphosphate. Consequently, the macrophages (Hofbauer cells)
or microvascular endothelial cells in the placenta, which ap-
pear to be in a stationary phase and should not efficiently
triphosphorylate AZT (17), may be less susceptible to the
infection by HIV-1 virions lacking intravirion reverse tran-
scripts (28; unpublished data). Similar consequences may oc-
cur for HIV-1 infection of macrophage/microglia and micro-
vascular endothelial cells along the blood-brain barrier in the
central nervous system (16), as well as for monocytes/macro-
phages (1, 22) and quiescent T lymphocytes in the periphery
(6).
Clearly, RT is an important target for the treatment of

HIV-1 infection. However, the emergence of resistant HIV-1
mutants is an immense problem for the continuation of any
anti-RT treatment (18). The resistant HIV-1 viral mutants
usually are detected and examined from both plasma and in-
fected cells by tissue culture (phenotype) or by mapping the
RT gene (genotype) (18). However, both phenotypic and ge-
notypic analyses are time-consuming processes. There are also
several other problems involved with genotypic detection of
HIV-1 resistance. If several mutations coexist or the pattern of
the mutations has shifted with or without coadministration of
other anti-RT agents, it will be difficult to detect all of the
critical mutations. Furthermore, it is often uncertain whether a
specific mutation(s) in other regions of the HIV-1 RT gene is
responsible for the functional viral resistance. The present data
suggest an alternative assay to monitor resistant mutations to
anti-RT agents: analysis of the intravirion HIV-1 DNA/RNA
ratios in the blood plasma. This DNA/RNA ratio directly re-
flects the functional efficiency of the HIV-1 RT enzyme in vivo.
As indicated in Table 3 and Fig. 2, the intravirion HIV-1
DNA/RNA ratio is quite consistent with genotypic and phe-
notypic HIV-1 resistance analyses. These analyses, which re-
quire quantitative DNA and RT-PCR techniques, may be in
certain respects somewhat quicker than and complementary to
previously reported resistance assays. Moreover, the results
reflect the development and function of totally resistant viral
mutant(s) in the whole viral population within the blood
plasma.
In summary, intravirion HIV-1 reverse transcription is a

dynamic process in vivo which also reflects the emergence of
drug-resistant enzymes with treatment. These findings support
the potential utility of analysis of intravirion HIV-1 reverse
transcripts as a direct, functional assessment of viral resistance
to anti-RT compounds.
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FIG. 3. Nevirapine (NVP) alters the infectivity of HIV-1 virions in the blood
plasma of HIV-1-infected-individuals. Infectious HIV-1 virion titers in blood
plasma were determined at each time point prior to and after nevirapine treat-
ment by a quantitative culture assay as described elsewhere (13). The viral input
was normalized to virion particle numbers, which were determined by quantita-
tive RT-PCR. The HIV-1 virions (2 3 105 to 8 3 105 RNA equivalents) were
serially diluted (1:4) and were used to infect phytohemagglutinin- and interleu-
kin-2-activated peripheral blood mononuclear cells for 24 h. After unbound
virions were washed off, the cells were cultured for 28 days. The infectivity titer
of each sample was then determined. The data are given as infectivity titers per
105 virion particles for each time point. The data represent duplicate experiments
of three representative patients, with standard deviations of less than 10%. ID,
identification.
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