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Abstract
We have created a panel of recombinant HIV-1 infectious clones containing common patterns of
reverse transcriptase (RT) mutations responsible for resistance to each of the currently available
nucleoside reverse transcriptase inhibitors (NRTI), and we have submitted the panel to the National
Institutes of Health AIDS Research and Reference Reagent Programme. Testing the activity of new
antiretroviral compounds against this panel of drug-resistant clones will determine their relative
activity against many clinically relevant NRTI-resistant viruses.

Although the large number of drug-resistant HIV-1 mutations makes the development of new
non-cross-resistant antiretroviral inhibitors challenging, HIV-1 strains from heavily treated
individuals often develop common, co-linear combinations of these mutations [1]. We have
created a panel of recombinant infectious molecular clones containing combinations of
mutations that confer resistance to multiple nucleoside reverse transcriptase inhibitors (NRTI).
We hypothesize that NRTI that maintain full activity against the clones in this panel will also
be active against the much larger number of NRTI-resistant variants currently found in
individuals failing therapy.

In previous studies, we identified common combinations of NRTI-resistance mutations by
determining the extent of co-variation between all pairs of NRTI-resistance mutations [2], by
determining the frequency of specific NRTI-resistance mutations in a clinical database [3], and
by using statistical clustering approaches [4]. We used the data from these studies and from
recent clinical trials [5–7] to select cryopreserved plasma samples containing previously
sequenced HIV-1 isolates with specific patterns of NRTI-resistance mutations.

HIV-1 RNA was extracted using the QIAamp Viral RNA Kit (QIAGEN Inc., Valencia, CA,
USA) from 500 μl of cryopreserved plasma and amplified by reverse transcriptase—
polymerase chain reaction to create an amplicon encompassing RT codons 23–312 (871 bp).
Amplified RT fragments were ligated into an RT-deleted pNL4-3 vector (pNLPFB digested
with Msc1 and PflM1) [8] and transformed with competent Escherichia coli Top10 cells
(Invitrogen, Carlsbad, CA, USA). These recombinant clones were transfected into C8166 cells
using Lipofectin (Invitrogen). When syncytia were observed, the C8166 cells were co-cultured
with SupT1 cells to create high-titer virus stocks as measured by p24 enzyme-linked
immunosorbent assay (Perkin Elmer, Boston, MA, USA) and endpoint dilution. The mutations
present in each of the clones were then confirmed by sequencing. Virus stocks were then
submitted for HIV-1 drug susceptibility testing using the PhenoSense assay (ViroLogic, South
San Francisco, CA, USA). In 2002 and 2004, the clones and their associated virus stocks were
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submitted to the National Institutes of Health AIDS Research and Reference Reagent
Programme (Rockville, MD, USA; www.aidsreagent.org, catalog #7384-7395) for use without
restriction.

The mutations in the 12 clones and their associated drug susceptibilities are shown in Table 1.
Eight clones have reduced susceptibility to each of the six NRTI tested; four have reduced
susceptibility to three to five inhibitors. Susceptibilities were not available for emtricitabine,
which has a drug-resistance profile identical to lamivudine. Median reductions in susceptibility
were greater than 300-fold to lamivudine, 161-fold to zidovudine, 7.6-fold to abacavir, 4.4-
fold to stavudine, 3.1-fold to tenofovir, and 2.7-fold to didanosine.

The dynamic range in susceptibility to stavudine, didanosine, and tenofovir is much lower than
that to zidovudine, lamivudine, and even abacavir. With the PhenoSense assay, reductions in
susceptibility of greater than 1.5-fold to stavudine, didanosine, and tenofovir occur only in
isolates with drug-resistance mutations [9,10], and reductions of three to fourfold are associated
with markedly decreased antiretroviral activity in vivo [11–13].

The panel contains HIV-1 isolates with four previously described mechanisms of multiple
NRTI resistance [14,15]: (i) multiple thymidine analog mutations (TAM) + M184V ± T69D/
N (clones 1–6); (ii) multiple TAM + T69 insertion (clone 7); (iii) Q151M-mediated multi-
NRTI resistance ± K65R ± M184V (clones 8–10); and (iv) K65R ± M184V ± (clones 11–12).
Because the first pattern ±is the most common, it is represented by the greatest number of
clones. Three are characterized by the common mutation triad M41L, L210W, and T215Y,
and four by D67N, K70R, T215F, and K219Q/E. These four mechanisms of multi-NRTI
resistance are partly overlapping — T69 insertions nearly always occur with multiple TAM,
and K65R often occurs with Q151M. However, Q151M and particularly K65R rarely occur in
combination with TAM [2,16].

New compounds that demonstrate in-vitro antiretroviral activity are usually tested on a range
of drug-resistant clinical isolates. However, because no standard sets of clinical drug-resistant
isolates have been identified, it is usually not possible to determine the activity of a new
compound relative to other experimental compounds and approved drugs. Testing the activity
of new compounds against this panel will allow researchers from different laboratories to
standardize their results against a set of reference viruses. Infectious molecular clones provide
an advantage over primary HIV-1 isolates because primary isolates often contain mixtures of
wild-type and mutant viruses that may evolve independently during in-vitro passage and
because molecular clones are amenable to biochemical and biophysical studies. The panel we
have described will be continuously updated as new NRTI are developed and new patterns of
RT mutations associated with multi-NRTI resistance are observed.
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Table 1
Nucleoside reverse transcriptase inhibitor resistance mutations and drug
susceptibility results of the 12 infectious molecular reverse transcriptase clones.a

ABC, Abacavir; ddI, didanosine; d4T, stavudine; NIH, National Institutes of Health; p24, logarithm of the p24 antigen concentration (pg/ml) of the initial
virus stock; TAM, thymidine analog mutation; TDF, tenofovir; 3TC, lamivudine; ZDV, zidovudine.

a
The complete sequences, list of mutations, and list of drug susceptibility results (including for the non-nucleoside reverse transcriptase inhibitors) for

each clone can be found on the NIH AIDS Research and Reference Reagent Programme website (http://www.aidsreagent.org) or on the Stanford Drug
Resistance Database (http://hivdb.stanford.edu).

b
Zalcitibine results are not shown because this drug is rarely used and its resistance profile is similar to that of ddI. Although susceptibilities to emtricitabine,

the most recently approved nucleoside reverse transcriptase inhibitor, were not determined, its resistance profile is considered identical to that of 3TC.
Results in bold are above the PhenoSense assay clinical cut-off. ⪢indicates that the fold resistance (reduction in drug susceptibility) was greater than the
upper limit of assay detection, which is 300-fold for 3TC and approximately 1000-fold for ZDV. Non-nucleoside reverse transcriptase inhibitor resistance
mutations at position 103 (K103N) were present in clones 2, and 10, and at position 190 (G190C and G190A) in clones 7 and 11. The ‘ins’ at position 69
for clone 7 indicates the presence of a double amino acid (SS) insertion following a T69S substitution at position 69.
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