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To obtain more detailed information about the dynamics
and evolution of HIV in infected individuals, we have devel-
oped 3 assays to detect and quantitate virus and analyze its
genetic makeup ([X] 6). The first of these, the single copy
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assay (SCA) allows us to detect and accurately quantitate 1
copy of HIV RNA. In routine use, we can measure as little as
0.3 copies of HIV RNA (or 0.15 virions) per ml of patient
plasma. The second assay is use of allele-specific PCR (ASP)
to detect specific point mutations such as K103N in HIV RT,
which confers resistance to NNRTIs. Using ASP, we can
detect and quantitate mutations at this codon (AAA to AAT
or AAC) comprising less than 0.1% of the total virus popula-
tion. The third assay is single-genome sequencing (SGS), in
which multiple single cDNA molecules derived from reverse
transcription of plasma virus are amplified over a region
extending from the p6 region of gag through most of RT, and
sequenced in bulk. This approach allows us to obtain a
snapshot of the genetic diversity within the virus population in
a single patient at any point in time, with minimal assay based
error, and essentially no artifacts due to resampling or assay-
based recombination. We have used these assays to study the
virus in both naive and drug-treated patients, with the follow-
ing results.

1.

are “undetectable” by standard assays, we find that about 2/

In alarge set of patients with levels of plasma virus that

3 of them have viremia in the range of 1-20 copies of RNA
per ml, with an average around 5 copies/ml. These levels are

stable over periods of a year or more ([X| 7), and are likely to

be the source of rebound viremia observed in all patients
following interruption of therapy. We do not yet know
whether this virus is the result of ongoing low-level replication
or is derived from cells infected before initiation of therapy,
although preliminary results are consistent with the latter
possibility.

2.
of time and remained untreated, the virus has diversified to

about 1-2% in the gag-pol region, as determined by SGS ([X]

In individuals who have been infected for long periods

8). This diversity is remarkably stable so that samples taken
years apart can not be distinguished by phylogenetic analysis.
Similarly, virus populations retain their diversity through a
100-fold decline in viremia following initiation of therapy.
Samples taken soon after infection, by contrast, are usually
almost perfectly monomorphic, exhibiting levels of diversity
indistinguishable from background up to 70 days after infec-
tion. Thus, we can conclude that infection is usually effective-
ly clonal, and the virus population is large and subject to
strong purifying selection leading to gradual diversification up
to a point where the population is both highly diverse and
stably so, although later populations gradually become distin-
guishable from earlier ones (by subtle statistical tests), there
are no significant bottlenecks or episodes of obvious selective

sweeps over long periods of time.
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3.

individuals who have been infected with HIV for more than a

Both theory and experience imply that the virus in

short time should have a low level of preexisting drug resist-
ance mutations. We have therefore used allele-specific PCR
to analyze levels of K103N in infected, untreated individuals.
The background in the assay was about 0.02%, and the large
majority of patient samples gave results were very close to this
value, implying that the assay is not yet sufficiently sensitive to
detect the true values in most patients. A few patients had
values significantly larger than background, however, suggest-
ing the possibility of stochastic fluctuations in frequency —
such fluctuations — although rare — could have significant
implications for the success of subsequent therapy.

4. In individuals who have failed complex combinations
of therapy, including the NNRTI efavirenz (EFV), the K103
N resistance mutation shows a wide variety of behaviors,
including persistence at a level of nearly 100% for 5 years
after the end of EFV treatment ; rapid reduction to about
10% of the virus population and persistence at that level, and
a complete switch in the relevant codon in the virus from
AAC to AAT and back again (X]9). Persistence is not due
to linkage to other resistance mutations, but the codon switch-

ing is the result of linkage to the M 184V mutation selected by

X 7

treatment with 3TC during part of the EFV therapy.
5.
therapy, it is standard to test for potentially active drugs by

In patients who have failed combination antiretroviral

bulk sequence analysis of RT-PCR products derived from
plasma virus. To test the ability of standard analysis to detect
important resistance mutations, we compared bulk sequences
with those of SGS products from plasma virus obtained from
highly drug-experienced patients. SGS revealed the presence
of resistance mutations that were not detected by standard
bulk genotype analysis in 3-20% of genomes analyzed. In
some cases, furthermore, the undetected mutations are linked
on the same genomes. Since even minor populations of re-
sistant virus are likely to cause rapid failure, bulk sequencing
approaches, while useful for predicting resistance to specific
drugs, are unlikely to be reliable in predicting sensitivity to
them.
Conclusions. The tests we have developed are bringing
new insights to the analysis of HIV in infected patients. We
have uncovered a new therapeutic steady state viremia in most
or all patients that explains our inability to cure the infection.
We have found that the genetically highly diverse population
of HIV in long-term infected patients is very stable in its

diversity. We have learned that standard sequencing ap-
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X 9
proaches miss a large fraction of resistance mutations in long after treatment has ceased. We expect further studies of
highly experienced patients, and we have uncovered a puz- these phenomena to be equally rewarding in their ability to
zling diversity of patterns of loss of drug resistant mutations uncover new aspects of the host-virus relationship.
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