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We created an HIV-1 cloning vector, pNL4.3�IN, to generate recombinant infectious molecular clones for
analysis of patient-derived HIV-1 integrase coding regions. Using this vector, we constructed a panel of clinically
derived viruses with the canonical patterns of raltegravir resistance mutations and submitted the panel to the NIH
AIDS Research and Reference Reagent Program. Investigational integrase inhibitors with activity against these
clones are likely to retain activity against the most clinically relevant raltegravir-resistant variants.

The first licensed integrase inhibitor (INI), raltegravir, is
highly effective when used with two nucleoside reverse trans-
criptase inhibitors (NRTIs) for initial antiretroviral (ARV)
therapy and when used with at least one active drug for salvage
ARV therapy (9, 13). However, when raltegravir is adminis-
tered without effective accompanying ARVs, virological failure
with the rapid emergence of high-level raltegravir resistance is
common, raising questions about its genetic barrier to resis-
tance (1, 6).

Several investigational INIs that retain antiviral activity
against the most commonly observed INI resistance mutations
have been identified, suggesting that the development of a
second generation of INIs with higher genetic barriers to re-
sistance may be feasible (5, 14, 16). This is desirable, particu-
larly if INIs are to have an impact in low-income countries
where drug resistance testing is not widely available and the
selection of active inhibitors to prevent the rapid development
of INI resistance may not always be possible.

A number of investigators have shown that, in vivo, raltegra-
vir resistance is caused by a limited repertoire of primary
integrase mutations, specifically, G140S together with Q148H/
R/K, N155H with or without E92Q, and Y143C/R (1, 3, 6). To
assist researchers in developing new INIs, we created a vector
for cloning patient-derived HIV-1 integrase coding regions
into a full-length HIV-1 clone lacking integrase. We then used
this vector to create a panel of replication-competent proto-
typical raltegravir-resistant clones.

pNL4.3 with IN deleted (pNL4.3�IN). We created a unique
5� PacI recognition sequence in pNL4.3 by introducing a silent
ATA-to-ATT mutation at position 4127 (102 nucleotides up-
stream from the start of the integrase gene) using a
QuikChange II XL site-directed mutagenesis kit (Stratagene,
La Jolla, CA). Successful mutagenesis was confirmed by DNA

sequencing and restriction enzyme digestion. For the 3� clon-
ing site, we used the unique EcoRI site at pNL4.3 position
5743 (646 nucleosides downstream from the integrase gene).
To create a linearized IN deletion clone, the vector is digested
overnight with PacI and EcoRI and gel purified. The locations
of the PacI and EcoRI sites and the integrase open reading
frame within the genomic context of the pNL4.3 clone are
shown in Fig. 1.

Cloning and sequencing of clinical samples. Clinical plasma
samples were obtained from 15 HIV-1-positive individuals who
had developed virological failure while receiving raltegravir,
including four individuals in whom established raltegravir re-
sistance mutations were detected by direct PCR sequencing.
Samples from these four individuals and from six individuals
with viruses lacking established raltegravir resistance muta-
tions were chosen for cloning into pNL4.3�IN.

We used the high-fidelity, thermostable enzyme Pfu to am-
plify a 1,661-bp region from viral cDNA derived from each
sample. The second-round PCR primers contained PacI and
EcoRI sites to enable restriction digestion of IN-containing
amplicons. PacI/EcoRI double digests of PCR products were
followed by cycling T4 ligation to insert IN-containing ampli-
cons into linearized pNL4.3�IN. The ligation products were
transformed into competent Escherichia coli cells (Stbl3; In-
vitrogen, Carlsbad, CA).

The integrase sequences of 5 to 10 clones from each ligation
reaction had mean numbers of uncorrected pairwise nucleo-
tide and amino acid differences of 3.2 (range, 0 to 7.4) and 0.8
(range, 0 to 3.4), respectively. Two of the four clinical samples
with raltegravir resistance mutations had clones with different
patterns of mutations at INI resistance positions. Table 1
shows the 10 molecular clones selected for virus stock creation,
including seven with unique patterns of established raltegravir
resistance mutations and three without such mutations. One
clone containing N155H alone was exempted as it was similar
to other clones.

Creation of recombinant infectious molecular clones. Each
of the 10 molecular clones was transfected into C8166 cells
using Lipofectin (Invitrogen, Carlsbad, CA). Cells were ob-
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served daily for syncytia; once syncytia had formed in the
majority of cell clusters, the C8166 cells were cocultured with
SupT1 cells to increase viral titers (R.W. Shafer, unpublished
data). Once the majority of SupT1 cell clusters had syncytia,
20 aliquots of cell-free virus stock were harvested. The me-
dian time from transfection to virus stock creation was 5
days (range, 5 to 8). The integrase coding region of one
aliquot of cell-free virus stock was sequenced to confirm that
the viral genome had not changed following transfection and
virus stock creation.

Table 1 shows all amino acid differences from the consensus
B sequence, as well as the p24 antigen concentrations, MT2-
cell titers (50% tissue culture infective dose [TCID50] at day 7),

and PhenoSense raltegravir susceptibilities of the 10 virus
stocks. Replication capacity results were available for six of the
recombinant infectious molecular clones. As judged by the
MT2 cell titers, p24 antigen concentrations, and replication
capacity results, there was no apparent difference in replication
between the raltegravir-resistant and -susceptible clones. Five
of the seven virus stocks with unique patterns of raltegravir
resistance mutations were submitted to the NIH AIDS Re-
search and Reference Reagent Program.

Discussion. In contrast to mutants with site-directed muta-
tions, a panel created from clinical isolates contains drug re-
sistance mutations in their naturally occurring genetic context.
This genetic context may include known accessory drug resis-

FIG. 1. Integrase cloning vector pNL4.3�IN. Mutagenized pNL4.3 is digested with PacI and EcoRI to create a cloning vector with a deletion
of integrase. The integrase open reading frame and flanking regions are shown between the restriction sites. The plasmid is unaltered outside this
region.

TABLE 1. Replication characteristics and in vitro raltegravir susceptibilities of recombinant infectious molecular HIV-1 clones created using
clinically derived integrase coding regions

Clonea
Mutation(s)b

MT2
titer/mlc

p24 concnd

(ng/ml)

Fold decrease
in RAL

susceptibilitye
RC (%)f

Major Minor Other

2253 None None S17N, V31I, I72V, L101I, T124A, K156N,
V201I, I220M, D279G, R284G

4.0 80 0.4 138

1288 None M154L E11D, V31I, L101I, K160R, F181L,
V201I, T206S, D256E

3.3 88 1.06 212

4736_2 N155H T97A D6E, S17N, R20K, D25E, S39C, L45V,
L101I, V201I, S119R, T124A, K160T,
K211R, D288N

3.2 39 116 NA

4736_4 N155H, E92Q None D6E, S17N, R20K, D25E, S39C, L45V,
L101I, T124A, K160T, V201I, K211R,
D288N

2.8 28 96 58

4736_9 N155H, E92Q H51Y D6E, S17N, R20K, D25E, S39C, D41H,
L45V, L101I, T124A, K160T, V201I,
K211R, D288N

2.3 19 94 24

4736_10 N155H V151I,
G163R

D6E, S17N, R20K, D25E, S39C, L45V,
L101I, T124A, K160T, V201I, K211R,
D288N

3.3 12 48 116

1556 Y143C L74M, T97A,
S230R

K7R, S17N, R20K, L101I, K111Q,
T112K, S119R, T206S, D256E, V259I

4.0 272 �200 88

8070_1 G140S, Y143H,
Q148H

None K14R, L101I, T112A, G193E, D229E,
D279G

3.7 79 �200 NA

8070_2 G140S, Q148H None K14R, L63I, L101I, T112A, G193E,
V021I, D229E, D279G

3.5 105 �200 NA

4378 None E157Q V31I, V32I, S39C, I72V, L101I, K160Q,
F181L, V201I, Q216H, A265V

4.6 141 1.15 NA

a Clones shown in bold font have been submitted to the NIH AIDS Research and Reference Reagent Program.
b Mutations represent amino acid differences from the consensus B wild type.
c MT2 titer, log10 TCID50 after 1 week of culture in MT2 cells.
d p24 antigen concentration per ml of virus stock (HIV-1 p24 ELISA; PerkinElmer, Boston, MA).
e Decrease in raltegravir (RAL) susceptibility compared with that of the wild-type NL4-3 virus control.
f Replication capacity (RC) was measured by virus production in a single-cycle luciferase reporter assay in the absence of inhibitor compared with that of the wild-type

NL4-3 virus control (PhenoSense assay; Monogram, South San Francisco, CA) (2). “NA” indicates no data reported; it does not indicate RC below detectable limits.
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tance mutations, as well as changes at positions that are not
currently known to be associated with drug resistance.

The highest levels of raltegravir resistance (�200-fold de-
crease in susceptibility) were observed in clones containing
both G140S and Q148H and in the clone containing Y143C.
Lower levels of resistance (48- to 116-fold decreases in suscep-
tibility) were found in clones containing N155H. These results are
consistent with those reported by several other groups (3, 8, 10).
The clone with Y143C and T97A had an extraordinarily high level
of raltegravir resistance, confirming the highly synergistic interac-
tion previously demonstrated only in site-directed mutants (4).
Indeed, the level of raltegravir resistance associated with this pair
of mutations is striking considering that Y143C alone reduces
raltegravir susceptibility by only 3.5-fold (4) and T97A is a poly-
morphism with a 1 to 2% prevalence in raltegravir-naïve patients
(12) that does not reduce raltegravir susceptibility (15).

Our data set contains the first reported clinical sequences
with the mutations H51Y and Y143H. H51Y has been selected
in vitro by elvitegravir and shown, using the PhenoSense assay,
to reduce elvitegravir susceptibility 5-fold (7). A comparison of
clones containing N155H/E92Q with and without H51Y sug-
gests that H51Y has little impact on raltegravir resistance but
may lower virus fitness (Table 1). Susceptibility data for
Y143H have not been published previously.

E157Q, a polymorphism occurring in about 1 to 2% of INI-
naïve patients (12), has been associated with virological failure
during raltegravir therapy in one patient (11) and with a 3.3-
fold reduction in elvitegravir susceptibility (7). However, the
one sample in our panel with this mutation was fully suscepti-
ble to raltegravir.

Other than H51Y and S230R, each of the minor mutations
listed in Table 1 is polymorphic, occurring at a frequency of
�1.0% in the absence of therapy (12). With the exception of
D41H, K160T, Q216H, I220M, and D229E, each of the muta-
tions listed under “Other” in Table 1 is also polymorphic (12).
Their potential impact, if any, on raltegravir susceptibility is not
known.

In conclusion, investigational INIs which are active against
the viruses in this panel are likely to retain activity against the
most clinically relevant or, possibly, all raltegravir-resistant
variants. Moreover, the use of a standard publicly available set
of virus clones makes it possible for the relative activity of
different INIs to be compared with one another. Researchers
planning to create their own recombinant viruses can also do
so using the pNL4.3�IN vector as described above. We plan to
expand this panel as new INIs become licensed and new pat-
terns of INI resistance mutations emerge.

Nucleotide sequence accession numbers. The sequences of
the clones shown in Table 1 are available in GenBank under
accession nos. GU076499, GU076502, GU076504 to 8, and
GU076510 to 12.
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