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a b s t r a c t

Resistance passage studies were conducted with five INIs (integrase inhibitors) that have been tested in
clinical trials to date: a new naphthyridinone-type INI S/GSK-364735, raltegravir, elvitegravir, L-870,810
and S-1360. In establishing the passage system and starting from concentrations several fold above the EC50

value, resistance mutations against S-1360 and related diketoacid-type compounds could be isolated from
eywords:
/GSK-364735
-1360
ntegrase inhibitor
IV
esistance

infected MT-2 cell cultures from day 14 to 28. Q148R and F121Y were the two main pathways of resistance
to S/GSK-364735. Q148R/K and N155H, which were found in patients failing raltegravir treatment in
Phase IIb studies, were observed during passage with raltegravir with this method. The fold resistance
of 40 mutant molecular clones versus wild type virus was compared with these five INIs. The overall
resistance pattern of S/GSK-364735 was similar to that of raltegravir and other INIs. However, different
fold resistances of particular mutations were noted among different INIs, reflecting a potential to develop
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INIs with distinctly differe

. Introduction

To date, many anti-HIV agents have been developed within sep-
rate classes—NRTI, NNRTI, PI and entry inhibitors. A new class
f antiretroviral, integrase inhibitors (INIs), is exemplified by the
ecently approved raltegravir. The goals for developing other anti-
IV agents within a new class or already existing classes are better
fficacy, less toxicity, a more convenient dosing regimen and over-
oming drug-resistant viruses. Due to the high error rate of HIV-1
everse transcriptase, drug resistance is inherent for all anti-HIV

gents, and clinical data have already demonstrated resistance to
NIs (Hazuda et al., 2007; McColl et al., 2007). It is important
o characterize the resistance profile of known INIs in order to
irect research and development on new INIs. In this paper, we

∗ Corresponding author at: Shionogi Research Laboratories, Shionogi Co., Ltd., 2-
-1 Mishima, Settsu-shi, Osaka 566-0022, Japan. Tel.: +81 6 6382 2612;
ax: +81 6 6382 2598.

E-mail address: akihiko.sato@shionogi.co.jp (A. Sato).
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sistant profiles.
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escribe the development of an in vitro method to isolate INI-
esistant mutants in MT-2 cells using HIV-1 IIIB first using the
ntegrase inhibitor S-1360 (Billich, 2003) and related compounds.

e then used this method to isolate mutants under the same
onditions resistant to L-870,810 (Egbertson et al., 2006), ralte-
ravir (Markowitz et al., 2006, 2007), elvitegravir (DeJesus et al.,
006; Zolopa et al., 2007) and the recently described S/GSK-364735
Garvey et al., 2008). Finally, the fold resistance of 40 INI-resistant

olecular clones against various INIs was measured to directly
ompare resistance profiles of these INIs.

. Materials and methods

.1. Compounds
S/GSK-364735 and L-870,810 sodium were synthesized at
laxoSmithKline, Research Triangle Park, NC. S-1360, compounds
, 2, and 3, L-731,988, lamivudine (3TC), nevirapine, capravirine,
favirenz, raltegravir and elvitegravir were synthesized at Shionogi
esearch Laboratories, Osaka, Japan.

http://www.sciencedirect.com/science/journal/01663542
mailto:akihiko.sato@shionogi.co.jp
dx.doi.org/10.1016/j.antiviral.2008.06.012
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.2. Cells and viruses

HeLa–CD4 cells carrying a reporter �-galactosidase gene driven
y HIV-1 LTR were established by transfection of HeLa cells with
D4 and �-galactosidase expression vector (Isaka et al., 1999).
OLT-4 cells persistently infected with HIV-1 strain IIIB (Harada

t al., 1985) and human cell lines (MT-4, MT-2, MT-1, M8166, CEM,
EMx174, Hut-102, HPB-all, HPB-Null, TL-Su, TCL-Kan, LCL-Kan,
3.01, H9, Jurkat, CESS, U937 and THP-1) were obtained from the

nstitute for Virus Research, Kyoto University. HeLa–CD4 cells were
rown in Dulbecco’s modified minimal essential medium (DMEM)
ontaining 10% FCS and 60 �g/mL kanamycin. MOLT-4 cells and
uman cell lines were maintained in RPMI 1640 supplemented with
0% FCS and 60 �g/mL kanamycin.

.3. Construction of integrase gene recombinant HIV-1 molecular
lones

The recombinant HIV-1 molecular clones were constructed
s follows. The XbaI–EcoRI fragment from pNL-IN301 [pNL432
Adachi et al., 1986) inserted XbaI site into 5′-end of IN region]
as cloned in the XbaI–EcoRI site of cloning vector pUC18. In vitro
utagenesis was performed with the QuikChange site-directed
utagenesis kit (Stratagene) using a pUC18 plasmid containing

he IN encoding region as a template. The amplified mutated
baI–EcoRI fragment was ligated into pNL-IN301 to construct

ecombinant HIV-1 molecular clones. The plasmids were subse-
uently transfected into 293T-cells by Lipofectamine2000 (Gibco)
o generate infectious virus. Supernatants were harvested 2–3 days
fter transfection and were stored as cell-free culture supernatants
t −80 ◦C.

.4. Viral replication kinetics in T-cell lines

MOLT-4, Jurkat (2.5 × 104) and MT-2 cells (5 × 104) were infected
ith NL432 or INI-resistant viruses (T66I, Q148K and N155S) for
h at 37 ◦C, washed and cultured in 24-well plates (1.5 mL/well).
iral stocks were normalized by RT activity prior to infection

200,000 cpm/5 × 104 cells). The infected cells were subcultured to
-fold dilution twice a week for MOLT-4 and Jurkat cells or once a
eek for MT-2 cells, and virus production in culture supernatants
as titrated for RT activity.

.5. Anti-HIV activity in MT-2 cell assay

Antiviral HIV activity of INIs was measured in the HTLV-1 trans-
ormed cell line MT-2 as previously described (Pauwels et al., 1988;
ujiwara et al., 1998) with slight modifications. Briefly, MT-2 cells
ere suspended in culture medium at 1 × 105 cells/mL. The cell

uspension (100 �L) was added to each well of a 96-well flat-
ottom microtiter plate containing serial 2-fold dilutions of test
ompounds (50 �L/well). HIV-1 (50 �L/well) was added to each
ell (4-10 TCID50/well). After 4-day of incubation at 37 ◦C, the

iability of MT-2 cells was determined by the MTT method using 3-
4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. The
oncentration achieving 50% inhibition of HIV replication (EC50)
as calculated by the absorbance (OD560/OD690).

.6. Isolation of drug-resistant viruses
Virus for initiating passage work was prepared by co-culturing
uman T-cell lines (e.g., MT-2 cells at 1 × 105 cells/mL) with MOLT-
cells persistently infected with HIV-1 strain IIIB (1 × 105 cells/mL)

or 3 days. Culture medium including suspended co-cultivated

m
t
a
a
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earch 80 (2008) 213–222

ells (0.5 mL) was used for initiating passage for selection of resis-
ant variants. When MT-2 cells were used for the initial infection,

suspension (3 × 105 cells) was dispensed into each well of a
4-well tissue culture plate. Three wells of each culture contain-
ng 4–5 different compound concentrations (total 12 or 15 wells)

ere used initially. Medium containing appropriate dilutions of a
est compound was distributed into the plate, and then 0.5 mL of
o-cultivated MT-2 cells and MOLT-4 cells prepared as described
bove were added into each well. When cytopathic effect (CPE)
as observed under the microscope, the culture supernatant was
ispensed into a new plate, and new human T-cell suspension in
edium containing a test compound was added. Every 3 or 4 days,

he cells were passaged with or without addition of fresh human T-
ells. If CPE was apparent, the supernatants were used to infect new
uman T-cells, and the concentration of compounds was held con-
tant and/or increased 2.5- or 5-fold. When replication of viruses
as ascertained by observed CPE, the infected cells were collected

nd used for genotypic and phenotypic analyses. To analyze muta-
ions, DNA was extracted from infected cells using a kit (DNeasy
issue Kit, QIAGEN) and the IN region of HIV proviral DNA was
mplified by PCR using a kit (TaKaRa Taq) and specific primers.
equencing of the products was provided by OPERON BIOTECH-
OLOGIES sequencing service. The sequence of IN region derived

rom isolated viruses was compared to that of wild type IIIB IN
egion and amino acid substitutions were identified.

.7. Phenotypic sensitivity of viral isolates and drug-resistant
olecular clones

Drug sensitivity of viruses isolated during the passage study and
rug-resistant molecular clones were assessed by a reporter assay
ith HeLa–CD4 cells. Viral isolates from the passage study were

riefly expanded in fresh M8166 cells. The test compounds were
iluted to appropriate concentration with culture medium and
eLa–CD4 cell suspensions (2.5 × 104 cells/well) were dispensed

nto each plate. After incubation for 1 h, HIV-1 resistant viruses
ere added. After 3 days of incubation, the cells were lysed and

upernatant of each well was used for measurement of luminescent
ctivity using the Reporter Assay Kit-�gal (TOYOBO). The lumi-
escent activity (RLU) was measured using a MicroBeta TRILUX

nstrument (Amersham Pharmacia Biotech, USA). The concentra-
ion achieving 50% inhibition of HIV infection (EC50) was calculated.

. Results

.1. The structures and anti-HIV activities of the compounds

The structures of the nine INIs used in this study are shown
n Fig. 1. The anti-HIV activity of the compounds was measured
y two methods (Table 1). The EC50 values of the early INIs (S-
360, its related compounds, and L-731,988) were 510–2200 nM
n MT-2 cells and 190–3200 nM in HeLa–CD4 cells. EC50 values of
he newer more potent INIs (S/GSK-364735, raltegravir, elvitegravir
nd L-870,810) were single-digit nanomolar in both assays.

.2. Selection of T-cell line for the isolation of INI-resistant viruses

Using HIV-1 IIIB as described in Section 2, we compared MT-2,
8166, MOLT-4, Jurkat and H9 cell lines for the isolation of resistant

utants against S-1360, compounds 1 and 2, and L-731,988. Resis-

ant mutants emerged within shorter passage time while yielding
greater variety of mutations in MT-2 cells. Representative results
re shown in Table 2. In addition to these five T-cell lines, we com-
ared thirteen other cell lines, but nothing was equal to or better
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Fig. 1. Chemical structures of the HIV

han MT-2 cells in both rapidity and diversity of resistance muta-
ions (data not shown). It is noted that HIV-1 IIIB replicated poorly
n H9 cells even without inhibitors and needed longer passage to
enerate resistant mutants, and that the suppression level of HIV-1
eplication by integrase inhibitors in M8166 cells was lower than in

ther cell lines, probably due to integrase-independent replication
Nakajima et al., 2001).

Next, the replication kinetics of IN-mutant viruses in T-cell
ines were analyzed to establish the relationship between repli-

s
J
o
t

able 1
nti-HIV activity of INIs using MT-2 cells.

EC50 mean (S.D.)

HIV-1 IIIB virus

MT-2 cells

nM

-1360 800 (130)
ompound 1 940 (150)
ompound 2 510 (80)
ompound 3 560 (60)
-731,988 2,200 (300)

/GSK-364735 4.4 (0.83)
-870,810 5.2 (2.3)
altegravir 8.8 (1.1)
lvitegravir 1.8 (0.28)

hese data are mean values of at least two independent experiments performed in duplic
egrase inhibitors used in this study.

ation capacity and emergence of resistant viruses (Fig. 2). MT-2,
urkat and MOLT-4 cells were infected with wild type viruses
NL432) and INI mutants, and the RT activity of supernatants
as monitored. Virus with T66I substitution replicated as well as
ild type in all cell lines. However, virus with Q148K or N155S
ubstitutions showed either low or insignificant replication in
urkat and MOLT-4 cells. These results were consistent with the
bservation that T66I was detected more often and in each of
he three cell types, while substitutions at either Q148 or N155

HIV-1 NL432 virus

HeLa-CD4 �gal cells

ng/mL nM

250 (30) 330 (70)
310 (50) 300 (100)
130 (20) 190 (70)
180 (20) 210 (110)
630 (100) 3,200 (100)

2.4 (0.5) 3.6 (0.61)
1.6 (1.0) 3.0 (0.73)
3.9 (0.5) 6.1 (0.89)
0.82 (0.12) 1.3 (0.31)

ate.
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Table 2
Isolation of INI-resistant viruses using various T-cell lines

Cells Compound Mutation (first isolation day after infection)a

MT-2 S-1360 T124A (21), N155S (28), T66I (35)
Compound 1 T66I (21), Q148R (21), Q148K (21)
Compound 2 G118S (14), T124A (21)
L-731,988 V72A (28), L74M (28), T124A (35)

M8166 S-1360 No mutation at 21 days
Compound 1 No mutation at 21 days
Compound 2 No mutation at 21 days
L-731,988 No mutation at 21 days

MOLT-4 S-1360 T124A (38), T66I/T124A (38)
Compound 1 T124A (38), T66I (38), T66I/T124A (38)
Compound 2 T124A (38)
L-731,988 T124A (38), T66I/T124A (38)

Jurkat S-1360 T124A (38), T66A (38)
Compound 1 T124A (35)
Compound 2 T124A (38), N155S (38)
L-731,988 T66I (35), T124A (38)

H9 S-1360 No mutation at 31 days
Compound 1 No mutation at 31 days
Compound 2 No mutation at 31 days
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L-731,988 No mutation at 31 days

a Bold letter indicates >5-fold resistance in phenotypic assay.

ere detected less frequently and only in Jurkat or MT-2 cells
Table 2).

.3. Optimization of the drug concentrations for passage

We selected MT-2 cells for further optimization, and exam-
ned how mutation patterns were influenced by either holding the
oncentration of S-1360 constant (at different concentrations) or
ncreasing it during passage. Representative results are shown in
ig. 3. The EC50 value of S-1360 in MT-2 cells against wild type
irus was 250 ng/mL.

Under conditions of the constant drug concentration, we
bserved the greatest diversity of resistance mutations when S-
360 was at 800 ng/mL (3.2-fold of EC50). For example, on day
5 only T66A/I and T124A substitutions were isolated at con-
tant 32 ng/mL, 160 ng/mL and 4000 ng/mL, while Q146R, Q148K
nd T66I/L74M in addition to T66A/I were isolated at constant
00 ng/mL. Based on fold resistance (FR) data (see below), the
124A substitution alone did not increase resistance of virus and
s also found as a natural polymorphism (Lataillade et al., 2007).
lthough rarely observed, the double mutant with T124A in IN-
egion and M184V or I in RT-region was isolated during 3TC passage,
uggesting a few viruses with T124A substitution were contained in
he IIIB virus used in this study. However, there may be some unrec-
gnized advantage for this mutation under the selective pressure
f integrase inhibitors.

We also compared the isolation pattern of amino acid substitu-
ions under escalating concentrations of S-1360. On day 49, isolates
ere limited to the T66I and T66I/T124N mutations in the pas-

age that started from 32 ng/mL and gradually increased up to
000 ng/mL. In contrast, isolates were more diverse with T66A,
66I, Q148K, N155S and T66I/L74M in the passage that started at
60 ng/mL and then increased up to 4000 ng/mL in a step-wise
anner. A similar pattern of T66I, T124A, Q148K, and N155T/T124A

ere obtained in the passage that started at 800 ng/mL then

ncreased to 4000 ng/mL.
Overall, regardless of whether passage was carried out under

onstant or escalating concentration of compounds, it appeared to
e important to start the passage at a relatively high compound

3
l
g
t
r

ig. 2. Replication kinetics of mutant viruses resistant to INIs in (A) MT-2, (B) Jurkat
nd (C) MOLT-4 cells. Independent experiments generated the same results. Repre-
entative data are shown.

oncentration (though less than 16-fold above EC50) to isolate a
reater diversity of mutant viruses.

.4. Comparison of the time courses for the isolation of resistant
iruses with INIs and NNRTIs

In the initial study described above, a longer cultivation period
as needed to isolate viruses resistant to S-1360 compared to
evirapine and lamivudine (Fig. 3). Thus, we next examined the
ime course of isolation of resistant viruses to S-1360, Compound
(INIs), capravirine, efavirenz and nevirapine (NNRTIs) in paral-
el experiments (Table 3). Isolates from each culture were analyzed
enotypically and phenotypically. It has previously been reported
hat 8–10 passages were required for the isolation of the highly
esistant viruses for capravirine and efavirenz (FR > 20, Young et
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ig. 3. Isolation of S-1360-resistant viruses in various concentrations of drug. aEach
umber of wells were shown in parenthesis when the mutants were isolated from mo
he genotypes which showed >5-fold resistance compared with wild type are show

l., 1995; Fujiwara et al., 1998; Sato et al., 2006). In our MT-2
ystem, this high level of resistance was achieved more quickly
ompared with our previously report (Sato et al., 2006). All isolates
f the culture with nevirapine and some isolates of the culture with
apravirine and efavirenz showed high resistance on day 14 (pas-
age 4), and isolates of the cultures with all NNRTIs showed high
esistance on day 27 (passage 8). In this experiment, a broad col-
ection of highly resistant viruses were isolated on day 39 with the
wo INIs. Note that the presence of mixed populations of viruses in
ulture wells and/or assay may have caused the differences in fold
esistance in phenotypic evaluations of the virus with the same
mino acid substitutions (e.g., T66I unbolded versus bolded in the
op row of Fig. 3).

.5. Isolation of viruses resistant to S/GSK-364735, raltegravir,
-870,810, or elvitegravir

The results of resistance passage experiments with INIs that
ave been tested in clinical trials to date are summarized in Table 4.
enotypic and phenotypic analyses were carried out every 2 weeks.

n the culture with S/GSK-364735, no amino acid substitution was
ound within integrase on day 13, but T124A was isolated on day

8. The following additional mutations were isolated with fur-
her passage: Q148R and F121Y on day 42, Q146R, F121Y/T124A
nd E10D/N17S/Q148R on day 56, G163R, E138K/Q148R, and
140S/Q148R on day 70, T66K, Q95R, V75I/T112S/Q146P on day
4. The resistant mutants against S/GSK-364735 (shown with bold

L
t
t

t

titution or combination of substitutions indicates genotype from a single well. The
n one well. bPhenotypic analysis was performed in parallel with genotypic analysis.
old. cND; PCR not done. dThe genotypic analysis was performed in RT-region.

etters in Table 4) were isolated when the concentration of com-
ounds was over 6.4 ng/mL (2.7-fold of EC50), and only Q148R
nd G140S/Q148R was isolated even at the highest concentration
160 ng/mL).

In the culture with raltegravir, the first amino acid substi-
ution T124A was observed on day 14, followed by Q148K and
155H/I204T substitutions on day 28. Q148R, N155H, E92Q/M154I
nd Q148K/G163R substitutions were observed on day 42–56. Fur-
hermore, a total of 13 different isolates, including Q148K/R or
155H substitution as single, double or triple mutations, were
bserved on day 84. Resistant mutants were isolated when ralte-
ravir was over 14 ng/mL (3.6-fold of EC50). The double mutations
138K/Q148K, E138(E/K)/Q148R, G140S/Q148R and V151I/N155H
solated in this study have been identified as clinical resistance

utations in patients with observed virologic failure during ral-
egravir treatment during Phase IIb (Hazuda et al., 2007).

In the culture with L-870,810, isolates contained the T124A
ubstitution on day 14, and T124A and Q148R substitutions
n day 28. T66K, F121Y, V151L, T124A/Q148R, E138K/Q148K,
66I/E92V/T124A, T66K/E92Q/T124A/M154I substitutions were
bserved at 2.9–15 ng/mL (1.8–9-fold of EC50) on day 42. Finally, 13
ifferent substitutions were isolated on day 84 in the passage with

-870,810. It is noted that the pattern of amino acid substitution in
he culture with L-870,810 was different from that of raltegravir in
he occurrences of T66K, E92(I/Q), and F121Y substitutions.

In the culture with elvitegravir, the first amino acid substitu-
ion V151I was observed on day 13, but was absent on day 28 and
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Table 3
Time course of emergence of INI-resistant mutants compared to NNRTI-resistant mutants

Compound EC50
a (concentration) Days of culture (passage number)

14b (4) 27b (8) 39b (11) 48 (14)

S-1360 INI EC50 = 250 ng/mL T124A T66I, E92Q, Q148K
T124A/Q148K
T124A/Q146L
T66I/V72A/T124A
E10D/N17S/V72A/L74M/T124A

T66I, E92Q, Q148K, N155S
T66I/T124A, T124A/Q148K
T124A/Q146L T124A/N155S
T66I/V72A/T124A
E10D/N17S/V72A/L74M/T124A

T66I, E92Q, Q146L, Q148K
N155S, N155T
T124A/Q146L
T124A/Q148K
T124A/N155S
T66I/V72A/T124A
T66I/V72A/L74M/T124A
N17S/T66I/V72A/L74M/T124A

Initial conc. (160–800 ng/mL) (800 ng/mL) (800–4000 ng/mL) (4000 ng/mL) (4000 ng/mL)

Compound 3 INI EC50 = 180 ng/mL No mutation G118S, T124A, E92Q/T124A
G118S/T124A T124A/Q146R

G118S, T124A E92Q/G118S
E92Q/T124A, G118S/T124A
G118C/T124A T124A/Q146R
T124A/Q148K

G118S, G118C, G118N
G118R, T124A E92Q/T124A,
G118S/T124A G118C/T124A
G118N/V150I T124A/Q146R
T124A/Q148K
T124A/N155S

Initial conc. (160–800 ng/Ml) (800 ng/mL) (800–4000 ng/mL) (800–4000 ng/mL) (800–4000 ng/mL)

Capravirine NNRTIc EC50 = 2.0 ng/mL L100I, Y188L, G190E, L234I
V179D/G190E

L100I, Y188L, G190E, L234I
L100I/V106A, L100I/Y181C
L100I/Y188C V179D/G190E
Y181C/L234I, Y188L/L234I
G190E/L234I

Y188L, G190E, L234I
L100I/V106A, L100I/Y181C
V106A/L234I V106A/G190E
V106A/L234I E138K/G190E
Y181C/L234I, Y188L/L234I
L100I/V106A/G190E
L100I/V106A/L234F
L100I/Y181C/F227C
V106A/V179D/L234I
V106A/Y181C/G190A/L234I

L100I/V106A, L100I/Y188L
L100I/G190E, L100I/L234F
E138K/G190E, Y181C/L234I
L100I/V106A/V179D
L100I/V179F/Y181C
K101E/V106A/L234I
V106A/V179D/L234I
V106A/G190A/L234I
E138K/V189I/G190E
A158T/Y188L/L234I
Y181C/G190A/L234I
Y181C/M230L/L234I
L100I/K103T/V106A/F227C
L100I/V179F/Y181C/F227C
K101E/V106A/G190A/L234I

Initial conc. (6.4–32 ng/mL) (32 ng/mL) (160–800 ng/mL) (800–4000 ng/mL) (800–4000 ng/mL)

Efavirenz NNRTIc EC50 = 0.84 ng/mL L100I, K103N, G190E
G190S

L100I, K103N, G190E
G190S L100I/F227C
L100I/L234I, K103N/Y188C

G190E, L100I/K103N
L100I/Y188L, L100I/G190S
L100I/F227C, L100I/L234F
L100I/K103N/L234F

G190E, L100I/K103N
L100I/G190S
L100I/K103N/L234F
L100I/V179D/L234F
L100I/Y188L/L210V
L100I/K103R/V179D/F227C

Initial conc. (6.4 ng/mL) (32 ng/mL) (160–800 ng/mL) (800–4000 ng/mL) (800–4000 ng/mL)

Nevirapine NNRTIc EC50 = 33 ng/mL V106A, Y181C, Y188C
G190A V106A/Y181C
V106A/Y188C V106A/F214L

V106A, Y181C, Y188C
Y188N, G190A
V106A/Y181C V106A/F214L

Initial conc. (160–800 ng/mL) (800 ng/mL) (4000 ng/mL)

a EC50 was determined using HIV-1 IIIB ands MT-4 cells.
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c The genotypic analysis was performed in RT-region.

ater time points. Five other substitutions were observed on day
8: T66I, T124A, P145S, Q148K and T66I/T124A. All five of these

atter substitutions were present during the rest of the passage
ith elvitegravir. Four additional amino acid substitutions were

bserved on day 42; two were at T66 (T66A and T66K/T124A) and
wo were at Q148 (Q148R and Q148R/T124A). Finally, a total of
5 different substitutions, or combinations of substitutions, were
bserved on day 56 in the passage with elvitegravir, and nine of
hese included T124A. Only the P145S and Q148K substitutions (FR
f >350 and >1700 for elvitegravir) were detected when 6.4 ng/mL
7.8-fold of EC50) was the initial compound concentration.

Mutations which resulted in more than a 5-fold decrease in sen-
itivity (as measured in phenotypic assays) are shown in bold letters

n Table 3. This level of resistance was first observed on day 56 in
he cultures with S/GSK-364735, on day 42 with raltegravir and
-870,810, and on day 14 with elvitegravir and lamivudine. In gen-
ral, the phenotypic level of resistance paralleled the diversity and
omplexity of genotypic data, as the cultures yielding many muta-
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which showed >5-fold resistance compared with wild type are shown in bold letter.

ions included the viruses with multiple mutations that showed the
ighest fold resistance in phenotypic analyses.

.6. Sensitivity of drug-resistant molecular clones to integrase
nhibitors

Next, we constructed INI-resistant mutant molecular clones by
ite-directed mutagenesis, and determined their sensitivity to each
NI (Table 5). Most of these mutations were isolated in the present
assage studies, while a few were derived from the literature.
favirenz, which was used as a control, had EC50 values for the
utants of up to 2.9 times that of the wild type virus. Therefore,
e considered the viruses with an EC50 of 3-fold or greater than
hat of the wild type to be resistant in this study. It is also noted
hat amino acid position of 151 was different between NL432 and
IIB, i.e., isoleucine for NL432 and valine for IIIB. V151L and V151I
ere isolated in the cultures with L-870,810, and with raltegravir

nd elvitegravir, respectively in our study. To confirm the contribu-
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Table 4
Time course of emergence of INI-resistant mutants

Compound EC50a (concentration) Days of culture (passage number)

13 or 14b (4) 28b (8) 42b (12) 56b (16) 70b (20) 84b (24)

S/GSK-364735 INI EC50 = 2.4 ng/mL No mutation T124A F121Y, T124A, Q148R T124A, Q146R, Q148R
F121Y/T124A
E10D/N17S/Q148R

Q146R, Q148R, G163R
F121Y/T124A E138K/Q148R
G140S/Q148R

T66K, Q95R, Q146R, Q148R
F121Y/T124A
E138K/Q148R
G140S/Q148R
V75I/T112S/Q146P

Initial conc. (0.26–160 ng/mL) (0.26–160 ng/mL) (0.26–160 ng/mL) (1.3–160 ng/mL) (6.4–160 ng/mL) (6.4–160 ng/mL) (6.4–160 ng/mL)

Raltegravir INI EC50 = 3.9 ng/mL T124A T124A, Q148K
N155H/I204T

G59E, T124A, Q148K
Q148R, N155H
N155H/I204T

T124A, Q148K, Q148R
N155H, E92Q/M154I
Q148K/G163R
N155H/I204T

T124A, Q148K, Q148R
N17S/Q148K, E92Q/M154I
G140C/Q148K
G140S/Q148R
Q148K/G163R
V151I/N155H N155H/I204T
T124A/V151I/N155H
G140C/Q148K/G163R

T124A, Q148K, Q148R
E138K/Q148K
E138K/Q148R
G140S/Q148R V151I/N155H
N155H/I204T
N17S/Q148K/G163R
T124A/V151I/N155H
E138K/Q148K/G163R
G140C/Q148K/G163R
E92Q/E138K/Q148K/M154I

Initial conc. (0.11–14 ng/mL) (0.11–14 ng/mL) (0.11–71 ng/mL) (0.57–360 ng/mL) (2.8–360 ng/mL) (2.8–1800 ng/mL) (14–1800 ng/mL)

L-870,810 INI EC50 = 1.6 ng/mL T124A T124A, Q148R T66K, F121Y, T124A Q148R,
V151L T124A/Q148R
E138K/Q148K
T66I/E92V/T124A
T66K/E92Q/T124A/M154I

T66K, E92Q, F121Y, T124A
Q148R, V151L, T66K/T124A
F121Y/G163R F121Y/T125K
E138K/Q148K
G140S/Q148R
M22I/T97A/T124A
T66I/E92V/T124A
T66K/E92Q/T124A
T66I/L74M/E92V/T124A

T66K, F121Y, T124A Q148R,
T66K/T124A T66K/T125K,
E92Q/F121Y E92Q/T124A,
F121Y/T124A F121Y/G163R
T124A/Q148R A128T/V151L
E138K/Q148K
G140S/Q148R
M22I/T97A/T124A
F121Y/T125K/M154I
T66I/L74M/E92V/T124A

T66K, F121Y, T124A Q148R,
T66K/T124A T66K/T125K,
E92Q/F121Y E92Q/T124A,
E92Q/G140S E92I/T124A,
F121Y/G163R A128T/V151L
E138K/Q148K
G140S/Q148R
M22I/T97A/T124A
T66K/L74M/T125K
L74M/E92Q/F121Y
F121Y/T125K/M154I
T124A/E138K/Q148K
T124A/G140S/Q148K

Initial conc. (0.12–360 ng/mL) (0.12–360 ng/mL) (0.12–360 ng/mL) (0.12–360 ng/mL) (0.58–360 ng/mL) (2.9–360 ng/mL) (2.9–360 ng/mL)

Elvitegravir INI EC50 = 0.82 ng/mL V151I T66I, T124A, P145S
Q148K, T66I/T124A

T66A, T66I, T124A, P145S
Q148K, Q148R, T66I/124A
T66K/T124A, Q148R/T124A

T66I, E92Q, T124A, P145S
Q148K, Q148R, T66I/T124A
T66K/T124A, E92V/T124A
P145S/T124A Q146L/T124A
Q148R/T124A
T66I/V72A/A128T
T66I/E92Q/T124A
T66I/T124A/Q146L

Initial conc. (0.05–32 ng/mL) (0.05–32 ng/mL) (0.05–32 ng/mL) (0.26–32 ng/mL) (1.3–160 ng/mL)

Lamivudine NRTIc EC50 = 1400 ng/mL M184V M184I, M184V M184I, M184V
K82N/M184V

Initial conc. (180–920 ng/mL) (180 4600 ng/mL) (180–4600 ng/mL) (180–4600 ng/mL)

a EC50 was determined using HIV-1 IIIB ands MT-4 cells.
b Phenotypic analysis was performed in parallel with genotypic analysis. The genotypes which showed > 5-fold resistance compared with wild type were shown in bold letter. Genotypes in each cell are grouped based on

number of substitutions identified.
c The genotypic analysis was performed in RT-region.
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Table 5
Fold resistance of INI-resistant molecular clones to clinically investigated INIs

Wild type EC50 nM ± (S.D.) S/GSK-364735 Raltegravir Elvitegravir L-870,810 S-1360 Efavirenz (RT)

3.6 (0.61) 6.1 (0.89) 1.3 (0.31) 3.0 (0.73) 330 (70) 1.7 (0.20)

Resistant virusa Fold resistance vs. wild type
Wild type 1 1 1 1 1 1
T66A 0.75 0.61 4.1 1.0 2.6 1.3
T66I 1.2 0.51 8.0 1.1 5.3 1.5
T66K 17 9.6 84 20 21 2.1
E92I 2.6 2.1 8.0 4.9 3.8 1.0
E92Q 3.7 3.5 19 6.4 4.5 1.2
E92V 2.1 1.4 8.3 3 3.8 0.93
Q95R 1.3 0.94 1.4 1.1 1.3 0.83
G118R >20 7.2 2.6 670 >170 0.21
G118S 5.2 1.2 2.1 4.9 10 0.73
F121Y 25 6.1 36 8.7 12 2.1
T124A 0.97 0.82 1.2 0.82 0.79 0.95
P145S 1.4 0.87 >350 1.1 3.9 2.9
Q146R 1.7 1.2 2.8 0.91 3.4 0.94
Q148H 3.8 27 6.4 12 27 2.3
Q148K 210 83 >1700 22 63 2.1
Q148R 73 47 240 31 84 1.9
I151L 9.6 8.4 29 21 26 2.9
S153Y 1.4 1.3 2.3 1.1 4.2 1.9
M154I 0.78 0.82 1.1 0.85 0.94 1.4
N155H 7.4 16 25 37 8.3 0.88
N155S 23 6.2 68 9.4 36 1.7
N155T 22 5.2 39 5.7 65 1.5
T66I/L74M 4.4 2.0 14 4.1 16 1.2
T66I/E92Q 6.6 18 190 56 47 2.0
T66K/L74M 46 40 120 64 29 2.0
L74M/N155H 18 37 45 56 27 1.3
T97A/N155H 22 48 43 62 31 1.7
F121Y/T124A 8.7 5.5 18 11 24 1.2
F121Y/T125K 20 11 34 19 21 1.5
E138K/Q148H 3.9 34 7.1 13 19 1.5
E138K/Q148K >177 330 371 >230 130 1.2
E138K/Q148R 170 110 460 180 23 1.0
G140C/Q148R >177 200 485 >950 99 2.8
G140S/Q148H >31 >139 >774 >327 48 1.3
G140S/Q148K 110 3.7 94 80 37 1.3
G140S/Q148R >177 200 267 >950 37 1.5
N155H/G163R 15 32 35 44 6.3 1.1
V72I/F121Y/T125K 44 13 58 29 29 1.5
V75I/T112S/Q146P 4.8 1.3 17 1.6 4.5 2.2
V72I/F121Y/T125K/I151V 16 7.0 37 15 27 1.1
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hese data are mean values of at least two independent experiments performed in d
hown in bold letter.

a Molecular clone derived from pNL432.

ion for drug-resistance of the amino acid substitution at 151, we
onstructed I151L and V72I/F121Y/T125K/I151V mutations using
L432.

Forty INI-resistant viruses were tested for the susceptibility to
/GSK-364735 and the other compounds. S/GSK-364735 showed a
arge reduction in potency against 20 mutant viruses which had
reater than 10-fold increase in the EC50 compared to that of
ild type virus (FR > 10). Raltegravir showed greater than 10-fold

ncreased EC50 against 17 viruses, elvitegravir against 27 viruses and
-870,810 against 23 viruses. Twelve mutant viruses shared a highly
esistant phenotype against all five INIs (two single mutant viruses
148K and Q148R and nine double- and one triple-mutant viruses).
hus, a high degree of cross-resistance was observed among these
ve different templates of two-metal binding INIs.

In contrast, differences in susceptibility to various INIs were
bserved for certain mutants. For example, virus with G118R was

usceptible to elvitegravir (FR of 2.6) but not to the other INIs (FRs
anging from 7.2 to 670), whereas virus with P145S had the exact
pposite phenotype (FR of >350 for elvitegravir and near wild-
ype level of susceptibility to all other INIs). Raltegravir was potent
gainst G140S/Q148K at near wild-type level (FR = 3.7) while at least

b
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ate. Fold resistance between 3 and 10 shown in italics. Fold resistance >10 folds are

37-fold decrease of susceptibility was observed for all other INIs.
nother example of difference may be seen in that there was at

east a 5-fold difference between FRs of the most and least effective
NIs with 22 of the 40 mutant viruses.

Finally, it is noted that double mutants isolated at the high con-
entration of drug under a dose escalating protocol usually showed
higher fold resistance than that of the primary mutants. There-

ore in general, the secondary mutations added a higher level of
esistance to INIs.

. Discussion

There are several purposes of isolating drug-resistant mutants
n vitro: (1) to confirm mechanism of action of a drug, (2) to possi-
ly predict the clinical resistance profile, including the magnitude
f genetic barrier, and (3) to ascertain the level of cross-resistance

etween drugs. Two concerns of passage studies are that they can
ake long periods of study and that in vitro isolated drug-resistant

utants do not necessarily reflect those isolated in clinic. Our data
how that MT-2 cells were suitable for the isolation of mutant
iruses resistant to a broad range of two-metal binding integrase
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nhibitors in terms of cultivation time, variety of resistant mutants,
nd potential clinical relevancy.

Why did this method succeed with short cultivation times, sig-
ificant diversity, and clinical relevance of mutations? One factor
hat may affect the variety of resistant mutants is virus copy number
uring the passage, especially at the beginning of cultivation with a
rug. As described in the Section 2, we used a 3-day co-cultivation of
T-2 cells and virus-producing MOLT-4 cells to generate the virus

sed to initiate passage in MT-2 cells. HIV production measured
ithin 24 h of infection was moderate in MT-2 cells under cell-

ree infection conditions even when maximum amount of virus
nput is used, while approximately 10-fold higher viral production
as observed at 24 h in MT-2 cells after co-cultivation with HIV-

nfected cells (data not shown). The co-cultivation infection may
e providing a high titer of new viruses from MT-2 cells within
4 h, and possibly a greater diversity of spontaneous mutations
t the beginning of passage. In addition, we used three wells for
ach concentration to increase the chance of isolating resistant
utants arising via alternate pathways. Another factor influencing

he variety of resistant mutations is drug concentration. In general,
s widely employed, gradual increasing of the drug concentration
s an efficient technique to generate a diversity of resistant muta-
ions quickly. However, the addition of secondary mutations to a
rimary mutation may improve viral replication capacity without

ncreasing the fold resistance to a drug. Keeping the drug concentra-
ion constant from a certain point in the passage could increase the
hance of isolating such mutants. The E138K/Q148R double mutant
rovides an example of this, and details of this mutation will be
ublished elsewhere. Finally, HIV replication rate was high in MT-
cells relative to other cell lines tested, and this may have led to

reater diversity of spontaneous mutations.
The first report of INI-resistant viruses used L-708,906 and L-

31,988 (Hazuda et al., 2000). T66I, S153Y, M154I, T66I/S153Y and
66I/M154I were isolated using H9 cells infected with HIV-1 IIIB.
ifteen or twenty passages were required for the isolation of these
utants using L-706,906 or L-731,988, respectively. The isolation

f L-870,810-resistant viruses using H9 cells was subsequently
eported, with F121Y/T125K, isolated after 6-month of passage and
72I/F121Y/T125K, and V72I/F121Y/V151I isolated after 9-month of
assage (Hazuda et al., 2004). In the present method described in
his study, the highly resistant F121Y/T125K was isolated on day 56
n the culture with L-870,810 (16 passages), along with isolation
f many other examples of complex, highly resistant mutants. In
ther reports using L-708,906, T66I was detected at the 35th pas-
age, and this mutation was also isolated with S-1360 culture at
he 30th passages using MT-4 cells (Fikkert et al., 2003, 2004). In
ur method, various S-1360-resistant viruses were isolated at about
–7 passages (Fig. 3 and Table 3) and L-708,906-resistant viruses
ontaining T66I, L74M and V151I were isolated at 7 passages (data
ot shown). These differences in the length of passage translate into
3–5-fold savings in time to generate mutant viruses with similar
r even greater fold resistance. In addition, the variety of resistant
iruses in the referenced work described above was limited, while
e succeeded in isolating a variety of resistant viruses, in particular
148K/R and N155H/S/T.

Recently disclosed mutations observed in patients failing ral-
egravir include L74M, E92Q, T97A, E138A/K, G140S, Y143H/R,
148H/K/R, V151I, N155H, G163K/R, S230N and D232N (Hazuda
t al., 2007). In the present in vitro study, substitutions at E138K,
140S, Q148K/R, V151I, N155H, and G163R were detected in virus

assaged with raltegravir. Furthermore, L74M, E92Q, T97A, and
232N were observed in either L-870,810- or S-1360-resistant
utants in vitro. In contrast, E138A, Y143H/R, Q148H, G163K, and

230N were not isolated with any INI in this study. E92Q, a signa-
ure mutant observed in clinical failure of elvitegravir (McColl et al.,

F
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007), was also detected in an in vitro isolation of resistance study
sing MT-2 cells and HIV-1 IIIB (Shimura et al., 2008). Likewise,
his mutation was isolated in our in vitro method. In contrast, there
ere several low level elvitegravir resistance mutations which were
ot isolated in the previous study but that were isolated in our
xperiment, or vice versa. These data indicate that even when the
-cell line and HIV strain are identical, factors exist that affect which
rug-resistant variants emerge at particular stages of virus passage,
hich in turn may result in different mutations at later passage.

Most of the amino acid substitutions of INI-resistant viruses
etected in this study have been reported previously in clinical or

n vitro studies, or as natural polymorphisms associated with INI
esistance (Lataillade et al., 2007). However, to our knowledge, the
118S/C/N/R mutations detected during passage with Compound
(Table 3) were novel mutations that confer resistance of virus to

ther integrase inhibitors (Table 5). These mutations have not been
eported in clinical studies, and it remains to be determined if they
ill be observed in patients failing INI treatment.

We observed in general very significant cross-resistance (i.e.,
igh similarity of fold resistance) with a panel of 40 molecular
lones and the five INIs tested. But differences were also detected.
or example, when comparing S/GSK-364735 and raltegravir, dif-
erences in fold resistance ranged from 4- to 30-fold in Q148H,
155S/T, E138K/Q148H and G140S/Q148K. G118R was highly resis-

ant to raltegravir, L-870,810, and S-1360, while elvitegravir showed
ild-type sensitivity. Comparing S-1360 and elvitegravir with other

ntegrase inhibitors, T66I and T66I-containing double mutants
ere more commonly isolated. T66I with additional substitutions

howed high resistance to early integrase inhibitors such as L-
08,906 (Hazuda et al., 2000). S/GSK-364735 and raltegravir were
ffective against T66I with low fold resistance, and viruses with
66I substitution were not detected in S/GSK-364735 and ralte-
ravir cultures.

Comparing fold resistances indicate that the INIs tested in this
tudy mostly have similar contact points within the two-metal
inding INI site. However, the observed differences in fold resis-
ance must reflect at least subtle differences of how different INI
caffolds specifically fit within this pocket. Therefore, there is a
ossibility that future two-metal binding integrase inhibitors can
e developed that potently inhibit first generation INI-resistant
iruses that emerged in the clinic.
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