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The initiation of drug therapy results in a reduction in the human immunodeficiency virus type 1
(HIV-1) population, which represents a potential genetic bottleneck. The effect of this drug-
induced genetic bottleneck on the population dynamics of the envelope (Env) regions has been
addressed in several in vivo studies. However, it is difficult to investigate the effect on the env
gene of the genetic bottleneck induced not only by entry inhibitors but also by non-entry inhibitors,
particularly in vivo. Therefore, this study used an in vitro selection system using unique bulk
primary isolates established in the laboratory to observe the effects of the antiretroviral drug-
induced bottleneck on the integrase and env genes. Env diversity was decreased significantly in
one primary isolate [KP-1, harbouring both CXCR4 (X4)- and CCR5 (R5)-tropic variants] when
passaged in the presence or absence of raltegravir (RAL) during in vitro selection. Furthermore,
the RAL-selected KP-1 variant had a completely different Env sequence from that in the passage
control (particularly evident in the gp120, V1/V2 and V4-loop regions), and a different number of
potential N-glycosylation sites. A similar pattern was also observed in other primary isolates
when using different classes of drugs. This is the first study to explore the influence of anti-HIV
drugs on bottlenecks in bulk primary HIV isolates with highly diverse Env sequences using in vitro
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INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) shows a
high degree of genetic diversity owing to its high rates of
replication and recombination and the high mutation rate
of the HIV-1 reverse transcriptase (Najera et al., 2002).
Even in a single infected individual, the virus can best be
described as a population of distinct, but closely related,
genetic variants or ‘quasi-species’ (Eigen, 1993; Nijhuis
et al., 1998). The quasi-species behaviour of viruses is
recognized as a key element in our understanding and
modelling of viral evolution and disease control (Vignuzzi
et al., 2006).

The GenBank/EMBL/DDBJ accession numbers for the env sequences
of HIV-1 KP-1, KP-2 and KP-4, are AB640872-AB640881,
AB641341-AB641351 and AB641335-AB641340, respectively.

Two supplementary figures are available with the online version of this
paper.

Combination antiretroviral (ARV) therapy results in a
contraction of the viral population, which represents a
potential genetic bottleneck (Charpentier et al, 2006;
Delwart et al., 1998; Ibafiez et al., 2000; Kitrinos et al., 2005;
Nijhuis et al., 1998; Nora et al, 2007; Sheehy et al., 1996;
Zhang et al, 1994). Whilst this bottleneck has a direct
effect on the region that is being targeted by the drugs (e.g.
protease or reverse transcriptase), it also affects other
regions of the viral genome. Indeed, the effect of the drug-
induced genetic bottleneck on the population dynamics of
the envelope (Env) regions has been addressed in several in
vivo studies (Charpentier et al., 2006; Delwart et al., 1998;
Ibanez et al., 2000; Kitrinos et al., 2005; Nijhuis et al., 1998;
Nora et al., 2007; Sheehy et al., 1996; Zhang et al., 1994).

Virus bottleneck evolution of the HIV-1 env gene might be
important when choosing the optimal drugs to treat a
particular patient. Indeed, a CCR5 antagonist (maraviroc,
MVC) and a fusion inhibitor (enfuvirtide, T-20) have now
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been approved for use as HIV-1 entry inhibitors. Analysing
the dynamics of drug-induced genetic bottlenecks and
studying drug-resistant mutation profiles in response to
HIV-1-specific ARV drugs are both important if we are to
understand fully HIV-1 drug resistance and pathogenesis.

The aim of the present study was to understand better the
effect of in vivo drug-induced genetic bottlenecks. In vitro
selection of different primary HIV-1 isolates was per-
formed wusing the recently approved HIV integrase
inhibitor raltegravir (RAL) (Steigbigel et al., 2008). Two
R5-, one X4-, one dual- and one mixed R5/X4-tropic
isolates were passaged through a RAL-induced genetic
bottleneck. We also performed in vitro selection of the R5/
X4 isolate using lamivudine (3TC), saquinavir (SQV) and
MVC, and compared the results with those from the RAL-
selected isolate.

RESULTS

Genotypic profiles of the HIV-1 primary isolates

Four genetically heterogeneous HIV-1 primary isolates (KP-
1-4) from Japanese drug-naive patients were used to assess
the extent to which RAL affected the selection of bulk
primary viruses in vitro. A laboratory isolate, strain 89.6, was
also used in the study (rather than a molecular clone) to
allow escape mutants to be selected from each quasi-species
pool and to be generated de novo. First, the sequences of the
integrase (IN) regions of the four primary isolates were
determined. Table 1 shows the detailed evaluation of the R5/
X4 mixture subtype B (KP-1), R5-CRF08_BC (KP-2), R5
subtype B (KP-3) and X4-CRFO1_AE (KP-4) primary
isolates, and the dual-tropic subtype B laboratory virus
(89.6). Although some naturally occurring polymorphisms
were observed within the IN regions of these isolates
compared with the subtype B consensus sequence available
from the Los Alamos National Laboratory HIV sequence
database, we did not identify any primary resistant
mutations to RAL. Three baseline viruses (KP-1, KP-4 and
89.6) were sensitive to RAL, with ICs, values ranging from
1.2 to 4 nM, which are comparable with those reported
previously (Kobayashi et al., 2008). However, KP-2 and KP-
3 showed minor resistance to RAL, with ICs, values of 16
and 32 nM, respectively. These two isolates contained
amino acid mutations at positions 72, 125 and 201 within
the IN region [previously reported as L-870,810 and S-1360
resistance mutations (Hombrouck et al, 2008; Rhee et al.,
2008), but not as RAL-resistance mutations]. KP-2 also
contained a unique insertion at position 288 (NQDME) at
the C-terminal end of the IN region.

In vitro selection of variants of the primary
isolates and 89.6 using RAL

To induce RAL-selected HIV-1 variants in vitro, PM1/
CCRS5 cells, a T-cell line expressing high levels of CCR5,
were exposed to the four primary isolates and strain 89.6.

The viruses were then serially passaged in the presence of
RAL. As a control, each isolate was passaged under the
same conditions, but without RAL, to allow monitoring of
spontaneous changes occurring in the viruses during
prolonged PM1/CCRS5 cell passage (the passage control).
The selected viruses were initially propagated at a RAL
concentration equal to each ICsy, value. The RAL
concentrations were then increased from 20 to 85 nM
during the course of the selection procedure (Table 1).

Only small shifts in the ICs5y to RAL were observed in four
of the five isolates (KP-1, KP-2, KP-4 and 89.6), with fold
changes in ICsq values of 3.4, 6.5, 16 and 9.2, respectively.
KP-3 did not show resistance to RAL. ICs, values in all the
passage controls were comparable with those of the
baseline viruses (Table 1).

IN region sequences in RAL-selected variants

The full-length IN genes were amplified and cloned to
determine the genetic basis of selection in the presence or
absence of RAL. Ten to 12 clones from each sample were
sequenced.

Substitutions within IN were observed at passages 30
(G189R) and 29 (T2101I) in two RAL-selected isolates (KP-
2 and KP-4, respectively). Neither of these has been reported
as IN inhibitor-resistant mutations. No substitutions in the
IN regions of KP-3 and 89.6 were found. However, A125T
and V1801 substitutions were observed in the KP-3 and 89.6
control variants at the last passage. No previously reported
mutations were identified in the IN region of KP-1 (an R5/
X4 mixture isolate) after 17 passages. However, four amino
acids (K7/K111/H216/D278) were selected by RAL from the
baseline quasi-species, whereas different amino acids (R7/
R111/Q216/N278) were selected in the control-passage
variants (Table 1).

Taken together, these findings showed that RAL-induced
selection pressure causes adaptation within the IN regions
of bulk primary viruses during in vitro passage in the target
cells, and confirmed that this system can be used to analyse
drug-selected variants in vitro.

Comparison of env gene sequences in RAL-
selected and passage-control isolates

A highly diverse gp120 region was observed in the baseline
R5/X4 mixture isolate, KP-1; however, the viral diversity of
variants passaged in the presence or absence of RAL
decreased significantly during in vitro selection (overall
mean distance after RAL selection of 0.056 at baseline to
0.007 after passage 17; mean overall distance in the passage
control of 0.01 after 20 passages, Table 2). Moreover, the
RAL-selected and control variants utilized CCR5 to enter
the target cell; neither variant used CXCR4 (Table 3).

Interestingly, the low-diversity RAL-selected variant con-
tained a completely different Env sequence from that of the
passage-control variant (Fig. 1a). Different regions spanning
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Table 1. Susceptibility of HIV-1 isolates to RAL and distinct differences in IN region sequences between RAL-selected and control-passaged viruses

Isolate Subtype  Tropism Passage no. Concn (nM) RAL-selected variant* Passage control
IN sequence RAL ICsy (nM) IN sequence RAL ICsy (nM)
KP-1 B Mix 0 0 K/R7, K/R111, Q/H216, D/N278 4 K/R7, K/R111, Q/H216, D/N278 4
8 20 K111, H216, D278 31 (7.8) R7, R111, Q216, N278 4.5 (1.2)
17+ 20 K7, K111, H216, D278 26 (6.5) R7, R111, Q216, N278 0.4 (0.1)
KP-2 CRF08_BC R5 0 0 1201, ins289NQDME 16 1201, ins289NQDME 16
18 40 G189G/R, 1201, ins289NQDME 32 (2) 1201, ins28ONQDME 16 (1)
30 85 GI189R, 1201, ins289NQDME 55 (3.4) 1201, ins289NQDME 25 (1.6)
KP-3 B R5 0 0 V72, A125 32 V72, A125 32
11 25 V72, A125 25 (0.78) V72, A125 33 (1)
22 27.5 V72, A125 37 (1.2) V72, A125T 13 (0.41)
KP-4 CRF01_AE X4 0 0 - 2.1 - 2.1
8 40 - 33 (16) R166R/K, D279N 4.4 (2.1)
29 40 T2101 22 (10) G163E, R166R/K, D279N/S 4.1 (2)
89.6 B R5X4 0 0 - 1.2 - 1.2
8 15 - 34 (28) - 4.4 (3.7)
34 20 - 11 (9.2) V1801 1.2 (1)

*Amino acid changes in each passage variant are shown. Italicized letters represent mutations relative to the consensus subtype BC or B present in the baseline isolates. Bold letters represent amino

acids selected out of the quasi-species cloud. The fold increase in RAL ICs, values is shown in parentheses for in vitro-selected variants compared with those in the baseline isolates.
1The RAL variant selected after 17 passages was compared with the control selected after 20 passages.
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Table 2. Comparison of amino acid length and number of PNGs between RAL-selected and control-passage KP-1 variants

Mean V4 length Mean PNGs (range)

Mean ENV ,_ 47, length Mean V1/V2 length (range) Mean V3 length (range)

Genetic diversity*

Passage no.

(range)

(range)t

24 (22-28)
27 (25-28) #

30 (29-31)
31 (29-3D)f

34 (33-34)
34 (33-34)%

69 (60-74)

472 (461-480)

0.056

Baseline

74 (71-74)%

479 (472-480)%

0.038

RAL-selected virus

28 (26-29)
27 (26-27)$

31

34
34
34 (33-34)%

74
74
64 (60-74)%

480

480
464 (461-466)%
463 (462-463)

0.0070
0.0070
0.045

31
29 (29-31)%

17

24 (22-27)%

Passage control

23 (22-23)
23 (22-23)

29

29

29
0.0048+

34

34

34
0.91%

0.0070 62

0.0080
0.010

62

62
<0.0001%

462 (459-463)

10
20

23 (22-23)$

463
<0.0001%

0.0019%

P value

<0.0001$§

*QOverall mean distance.

tSequence from gp120 SP to the V5 region (aa 1-474).

t, § P values were calculated using the homoscedastic #-test between the RAL-selected and the passage-control variants indicated by the same symbols above.

the whole envelope sequence [from the signal peptide (SP) to
V5] were compared in the RAL-selected and passage-control
viruses. The results showed that, after only two passages, the
gpl120, V1/V2 and V4-loop regions within RAL-selected
variants were longer than those in the control variants, and
the number of putative N-linked glycosylation sites (PNGs)
was significantly higher than that in the control-passage
viruses (Table 2). This phenomenon was seen consistently in
two independent experiments.

We also analysed the gp120 sequences in the other four
isolates. Although the number of positional differences
between the RAL-selected and passage-control variants for
these four isolates was lower than that in KP-1 (between
three and nine, compared with >40), there was a similar
pattern of separation between the Env sequences (Fig. 1). In
three of the four isolates (KP-2, KP-3 and KP-4), positional
differences were observed in SP, Cl and all the variable
regions of gp120 (Fig. 1b—d). In strain 89.6, differences were
observed in the C2, C3 and V4 regions (Fig. le).

These results suggested that RAL treatment of target cells
causes a decrease in viral diversification within quasi-
species Env regions via a route different from that in
untreated target cells.

In vitro induction of RAL-selected V3-loop library
virus variants

To investigate further the effects of RAL on viral Env
sequences, we used the V3-loop library virus (JR-FL-
V3Lib) developed by Yusa et al. (2005), which carries a set
of random combinations from zero to ten substitutions
(27 648 possibilities) in the V3 loop (residues 305, 306, 307,
308, 309, 317, 319, 322, 323 and 326; V3 loop from Cys**®
to Cys>>'). The variants contained in the library were
polymorphic mutations derived from 31 R5 clinical isolates
(Yusa et al., 2005). PM1/CCRS5 cells were exposed to the
JR-FL-V3Lib and serially passaged in the presence of RAL.
After two passages, the V3 sequence within the RAL-
selected variant was completely different from that in the
passage control (Fig. 1f). This suggested that, under
pressure from RAL, the infectious clone harbouring
different V3 region sequence from the passage control
had adapted to the target cells, despite containing the same
IN sequences.

Phylogenetic analysis of the Env regions after
passage with or without RAL

To confirm the temporal and spatial differences observed
in each of the RAL-selected and passage-control viruses,
phylogenetic analyses were conducted using complete SP—
V5 sequences. The neighbour-joining phylogenetic tree
showed a clear and distinct branching between RAL-
selected and passage-control KP-1 viruses (Fig. 2a). We
also identified a similar pattern in all the other isolates
tested (Fig. 2b—e).
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Table 3. Comparison of amino acid length, number of potential N-linked glycosylation sites, V3 sequences and co-receptor usage between anti-retroviral drug-selected and
control-passaged KP-1 variants

Passage  Genetic Mean ENV,_4;;, Mean V1/V2 Mean V3 Mean V4 Mean V3 region Geno2
no. diversity* length (range)t length (range) length (range) length (range) PNGs pheno
(range) (%)$§
Prevalence Sequence:
(%)
Baseline 0 0.056 472 (461-480) 69 (60-74) 34 (33-34) 30 (29-31) 24 (22-28) 41.9 CTRPNNNTRKGIHIGPGKFYATGAIIGDIRQAHC 41.2
22,6 e e e e Veeooon.. 41.2
16.1 IT....... T.R..T.RD...N..K 1.7
13.0 [ T.R..T.KT N.KK 2.9
3.2 P 7.4
3 e e e Devinnnnn. 55.3
Passage 8 0.0070 463 (462-463) 62 34 29 23 (22-23) 100.0 .. e e e Veeoeoonn 41.2
control
RAL- 8 0.0070 480 74 34 31 28 (26-29) 100.0 L e e e e e e 41.2
selected
virus
3TC- 6 0.020 478 (475-480) 74 34 31 (29-31) 27 (25-28) 83.3 e e e e e e e e 41.2
selected
virus
SQV- 11 0.0040 474 71 34 31 26 100.0 L e e e e e e 41.2
selected
virus
MVC- 7 0.0080 469 (468-469) 69 33 29 24 (23-24) 100.0 .I....R..T.R..T.KT...N.KK... 1.7
selected
virus

*Overall mean distance.
tSequence from gp120 SP to the V5 region (aa 1-474).

$V3 sequences of each variant are shown. Dots denote sequence identity and dashes indicate a deletion mutation.

§Prediction of viral co-receptor tropism using Geno2pheno based on a selectable ‘false positive rate’.
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(@

Env sequence relative to the HXB, reference sequence

KP-1 SP Ci Vi V2 Ca V3 c3 va Ca V5
HX8;, G T VN D S K DN S K DNDT ins S ins | ANRNINSS V SNNGD Q NNN ins E S |
aa 18 31 87 94 107128130 137139144151 185186187189 190 291 324 333336340350355365365372 405406407410412 442 460462463 464 464465467
Baseline 261 Gl A E DN KA E5 T R — Tinal [ KBl [5G n| PEm —
2/31 [G||A E| D[] NI s o vaG T TIN[Q _ [T KK S| G|[H]|| D ¥
2/31 G|/ A E[D ] NN s IHINNE TINS vk Y s|G ' D Kol c]
TNV ~ ol V| Mo v G T TN IS ALY v 's|G| GarT Gl
13t [ G|[AE NN NJB1I KN SQED M G T NNNSNNTTSNYR T B v K P D Gar c]
131 G|[A E[D [ [SIENEEIDEI D M G T NNNSNNTTSNYR T N 3 v KM ) Gar c]
131 'G|[ A E[D ] M K N s § o NN TIN|Q | _[I KN 1S]G]| G arT e]
31 [ G||[ A E NN N |=N DMT T NIV <M s|a G QT c]
131 G|[AE|D |l K1|ATE|D|N| NN S [y TIN[Q|_ | K [s|G] arT c]
131 |G|[A E[ DT k| [AE|[D N [EEYECEE TNV <B8 K -|- s[G] EOT e]
1731 G|[A E|DJNT K|[A E|D | N||EYES i TINQ|_ || KINB K _T_Ts|al G QarT G
131 G||A E DT K||A E|D|N| |DEIVECENS TIENEs| vV <Ko [P G QT €]
131 [G|[ATE| DN T K|[A E|[D|N| EEEYANCcEE] D < VI k|1 |[K[_[-[S|G]|[H][E[R]R E
) 7 B3 N O RACSIENEEEIDE] DO V' G T NNNSNNTTSNYR S D K A PV NN ,'S'G' G
EIREIIENES " C REESIEMESERDEE D M G T NNNSNNTTSNYR HM < N EE VIS B L jc o T G|
131 G|/ A E[D [SIENEEEIDEY 0 M G T NNNSNNTTSNYR S D K A P v IS 's|G| ¥ E<l<Whi G
1731 G| Al E IS NE N s IDDNDE TIN|Q vV K| I||KI_I_Is|Gl/H|[E|R|R E
IRl T G N D NfI KN sffD MG T Rl 0 K AP VIR T PDfLfG a T G
131 G|[A E[D NRI NI (N N NS o « I3 VAR T PODfLGc QT c]
Il T G N D NJ N> MG T o <« NRAES VIR P L fc a1 G
131 G|[AE|[D N|T|K|/A|E|D[N|[N/N|N|S TIN/Q|_ VK I[[K[_[_|S|G E|R|R E
1131 G|l A E 0BT I - DE BN T'NmKsn G
31 G|[A E NG TN N - DOER (N NIN[S TIN[Q|_|[V[K|I|[K S |G| ¥ [ D KeWns c]
1731 G|[AIOIEN T K| [A E[DN| EHICEEE TIN[Q|_[V K| T|[N 's|G | H | EN G
1/31 [l E/ D N[ T K||[A E|D|N| [EEYENCcERY T|N v g N Lfc a1 c]
1731 G| ARIDOJEI T K|[A E[D|N| [EEEVINCEES T v v IS - Lfcar c]
1731 (G|[A ENRY T K| AE|D|N| DI 'VITIN[Q|_|V KD P Licgar G
[RAL-selected virus 17p [{URR] T GNDANEI KNSED M G T NNNSNNTTSNYR'S I'sDKNAPVESRTPDODRLEG Q TGING S |
[Pesageconvo 2051010 [ [ € [0 [ N[ T (K] [ATE[0 [N][N[N[N[S| (7] (v][VITIN[Q]_[1[K[ 1] (k|- [-[s[6](W)[E[R[R] _ e[N]T]

(b) (©) (d)

Env sequence Env sequence Env sequence relative to HXB, sequence
Ci V2 Vs Ci Vi V2 V3 sP Ct V2 V3 V4 V5
KP-2 HXB, A G T KP-3 HXB, D E F T KP-4 HXB, G | K ins T W S T N
aa 60 167 467 aa 107 153 175 319 aa 23 108121 191 297 406407408 462
Baseline 4/10 Baseline 12/12 [IEN [ E | IR I Baseline 9/10 [G | KB T|[T[H]K E
4/10 (GEIN R | K
110 RAL-selected virus 22p AT D | [P
1/10

T
—— T —— RAL-selected virus 24p |RVAPS V R J§SE S S S
Passage control 22p. 6/8 | N| E | L | T 112 v SE s s s
28 e
— G|[TTK

Passage control 12p| 8/8 I SsK|[T[[T[H[K][K]
G| 1K I

28 ESJRRRALILS

R, elected virus 30p VALY

Passage control 30p| 9/9

(e) )

Env sequence Env sequence relative to JR-FL sequence
C2 C3 V4 ! V3
89.6 HXB, G G S VaLib RFL K I R I F T E 1 D

aa 250 380 393 a 305 307 308 309 317 319 322 323 326

a
Baseline 11/12 G S Library virus T |F_ =T
e - (=0 1 S
1 L I a
P
H

[RALcleciod s 54 REIERS
Passage control 29p| 11/12 E N | LT
RS .
(R soeced e 2o RN <] ] v | v | v [ ~ JRBJEN
oo s a1 (%] (v] (V] (] (7] [0 (7] [0 B0

IS

112

Fig. 1. Comparison of the gp120 sequences between RAL-selected and control-passaged viruses. The gp120 sequences of
baseline, RAL-selected and the passage-control viruses were aligned for KP-1 (a), KP-2 (b), KP-3 (c), KP-4 (d) and strain 89.6
(e). Each amino acid in (a)—(e) is numbered relative to the HIV-1 HXB,, reference sequence. The V3 sequences from the JR-FL-
V3Lib baseline library, RAL-selected and passage-control viruses were aligned (f). Filled cells denote the most dominant amino
acids observed in RAL-selected variants at the latest passage, open cells denote the most dominant amino acids observed in
the passage-control variants at the latest passage and shaded cells show amino acids deleted by the end of both passages,
whilst ‘=" indicates a deletion mutation. The number of passages is indicated, e.g. 17p for passage 17.
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In vitro selection of KP-1 variants by 3TC, SQV
and MVC

To determine whether other HIV drugs also changed the
route of adaptation to the target cells, we attempted to
select KP-1 variants using a reverse transcriptase inhibitor
(3TC), a protease inhibitor (SQV) and a CCR5 inhibitor
(MVC). As shown in Fig. 2(f), the pattern of clustering at
distinct positions between the selected isolates and the
passage-control variants was similar to that observed for
the RAL-selected variants. The selected variants showed
decreased diversity in the gp120 sequences; however, the
length of the gp120, V1/V2 and V4 sequences increased
(apart from in the MVC-selected variants). In addition, the
number of PNGs within gp120 was higher than that in the
control (Table 3). We also compared the V3 sequences
between the passage-control and each of the drug-selected
variants. The V3 sequences in all the SQV-selected variants
and 83.3% of those in the 3TC-selected variants, were
comparable with those in the RAL-selected variants. This
was not the case for the passage controls. Comparison of
variants passaged with RAL and 3TC showed that the
length of the V1/V2 and V4 regions and the number of
PNGs was similar; however, these parameters were
different in the SQV-selected variants (Table 3). This
indicated that the time at which a drug acts (e.g. during the
early or late phase of the HIV life cycle) influences the
selection of Env sequences. During selection with MVC,
CXCR4-tropic variants were selected from the baseline
mixture after seven passages.

Taken together, these results suggested that, in treated cells,
different classes of anti-HIV drugs may suppress the
variability of quasi-species during in vitro selection via a
route different from that in untreated cells.

DISCUSSION

This study evaluated the impact of anti-HIV drugs on the
Env bottleneck in bulk HIV-1 primary isolates during
selection in vitro. RAL-, 3TC- and SQV-selected variants of
the unique viral isolate, KP-1, harbouring both X4 and R5
variants and with a very high level of baseline viral diversity,
were used to study the final destination (genetic bottleneck)
of a large variety of Env sequences. Interestingly, the
phylogenetic clustering of RAL-selected KP-1 variants was
completely different from that of non-drug-treated controls
(Fig. 2). Our results also confirmed differences in the length
of the gp120, V1/V2 and V4-loop regions and in the number
of PNGs (Tables 2 and 3).

It is not clear why viruses cultured under pressure from the
non-Env-directed drug RAL result in different env genotypes
compared with those without the drug. Thus, we cloned the
IN—env region of the proviral genome from passaged viruses
and sequenced the env and IN regions on the same cloned
plasmid, and compared them among the baseline and
passages 1, 2, 8 and 17 of the KP-1 virus. Under low

concentrations of the IN inhibitor RAL, K7 was selected for
at a late passage after accumulation of the other three amino
acids, K111, D278 and H216, in IN. During the sequential
accumulation of these four amino acids (K111, D278, H216
and K7), the RAL-selected Env sequences at passage 17 (the
Env sequences shown as filled boxes in Fig. 1) sequentially
accumulated mutations in the same proviral genome (Fig.
S1, available in JGV Online). However, we did not find a
clone including both the RAL-selected Env at passage 17 and
RAL-selected IN at passage 17 in the baseline or each
passaged virus, except for in the last passage. We also
examined the gp120 and IN sequences of the 3TC- and
SQV-selected KP-1 variants. Compared with the RAL-
selected region, the variable regions of gpl20 in these
selected variants were very similar to each other, except for
the V1/V2 region (Fig. S2). However, the passage-control
variant was very different from the drug-selected variants
(Fig. 1a). Furthermore, the IN sequences were different in
each passaged virus: K111/D278/H216/K7 in RAL-selected,
R111/D278/Q216/R7 in 3TC-selected, K111/D278/H216/R7
in SQV-selected and R111/N278/Q216/R7 in virus without
drug treatment (underlined residues indicate amino acids
different from those in viruses without drug treatment). To
explain these results, we believe that, under pressure from
anti-HIV drugs (non-entry ARVs), the virus might show a
primitive reaction to select for the Env sequence and
recombine from quasi-species to gain advantage for entry
and/or enhance replication in target cells. Meanwhile, IN
was selected from quasi-species by a direct and/or indirect
effect of RAL-induced pressure. The combination of both
selective pressures may affect the selection for Env and IN
during adaptation in drug-treated conditions (Figs la and
S2). These results suggest that non-entry inhibitors, such as
RAL, 3TC and SQV, might also affect cell adaptation to
PM1/CCRS5 cells.

Many in vivo studies have reported the effects of the anti-
HIV drug-induced bottleneck on the env gene (Charpentier
et al., 2006; Delwart et al., 1998; Ibanez et al., 2000; Kitrinos
et al., 2005; Nijhuis et al., 1998; Nora et al., 2007; Sheehy et al.,
1996; Zhang et al., 1994). However, these studies had several
limitations. Because viruses were placed under in vivo
selective pressure using at least two anti-HIV drugs and by
the host immune response, it is difficult to separate the
different effects and to draw clear conclusions, particularly in
vivo. Delwart et al. (1998) and Kitrinos et al. (2005) avoided
some of these limitations by employing a heteroduplex
tracking assay, although in vivo peculiarities still remained.
Therefore, we used an in vitro selection system using unique
bulk primary isolates established in our laboratory (Hatada
et al, 2010; Shibata et al, 2007; Yoshimura et al., 2006,
2010b) to observe the effects of the anti-retroviral drug-
induced bottleneck on the IN and env genes.

This selection provides a sensitive approach for analysing
virus population dynamics. The effectiveness of ARV drugs
can be examined during the in vitro passage of a single
variant or mixture of variants without being affected by
many of the factors encountered in vivo. In addition,
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Fig. 2. Phylogenetic analyses of the Env regions from in vitro-passaged viruses selected with or without ARV drugs. (a—e)
Phylogenetic trees were constructed using gp120 SP-V5 sequences from RAL-selected and passage-control variants of KP-1

(a), KP-2 (b), KP-3 (c), KP-4 (d) and strain 89.6 (e). An ‘X’

represents baseline (BL) variants, and closed and open symbols

represent RAL-selected (RAL) and passage-control (PC) variants, respectively. In (a), the results of the second experiment are
indicated as RAL2 and PC2, respectively. (f) A phylogenetic tree was constructed using gp120 SP-V5 sequences from RAL-,
3TC-, SQV-, MVC-selected and control-passaged variants of KP-1. O, Control variants after eight passages; ®, RAL-selected
variants after eight passages; A, 3TC-selected variants after six passages; 4, SQV-selected variants after 11 passages; W,
MVC-selected variants after seven passages. The trees were constructed using the neighbour-joining algorithm embedded

within the MEGA software.

differences in the Env sequences between the baseline and
selected variants can be compared after any number of
passages. The results of the present study provide important
information that will enhance our understanding of the
drug-induced genetic bottleneck. This phenomenon can be

examined in vitro using bulk primary isolates treated with or
without drugs.

Recently, several new ARV drugs have been licensed for use
in HIV-1-infected patients. MVC, approved in 2006, is the
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first CCR5 inhibitor (Gulick et al., 2008). One important
advantage associated with this drug is the absence of
cross-resistance with previously available ARV com-
pounds (Gulick et al, 2008; Steigbigel et al., 2008).
However, as is usual with anti-HIV drugs, resistant
variants with mutations in the Env, gpl120 and gp4l
sequences are induced both in vivo and in vitro
(Anastassopoulou et al., 2009; Berro et al., 2009; Tilton
et al., 2010; Yoshimura et al., 2009, 2010a). As shown in
the present study, distinct Env sequences from each quasi-
species might be selected by the different anti-HIV drugs
(e.g. length of the V1/2 and/or V4 regions, V3 region
depletion and the number of PNGs). Moreover, many of
the novel anti-retroviral drugs in pre-clinical trials are
viral entry inhibitors (e.g. PRO140, ibalizumab, BMS-
663068 and PF-232798; Jacobson et al., 2010; McNicholas
et al., 2010; Nettles et al., 2011; Stupple et al., 2011; Toma
et al., 2011). Therefore, it is necessary to examine whether
such entry inhibitors are effective when used alongside
conventional drugs.

In conclusion, we studied the genetic bottleneck in bulk
primary HIV-1 isolates from untreated patients and drugs
targeting the Env (and other) regions. The results showed,
for the first time, the presence of drug-selected Env
sequences in these isolates. Although our observations were
based on a limited number of HIV-1 isolates and need to
be confirmed by independent studies, we believe that they

provide a new paradigm for HIV-1 evolution in the new
combination ARV therapy era.

METHODS

Patients and isolates. Primary HIV-1 isolates were isolated from
four drug-naive patients in our laboratory (KP-1-4) and passaged in
phytohaemagglutinin-activated PBMCs. Infected PBMCs were then
co-cultured for 5 days with PM1/CCRS5 cells (a kind gift from Dr Y.
Maeda; Maeda et al, 2008; Yusa et al, 2005) and the culture
supernatants were stored at —150 °C (Hatada et al., 2010; Shibata
et al., 2007; Yoshimura et al., 2006, 2010b).

After isolation of the primary viruses, we checked the sensitivity of
each primary isolate to MVC. The KP-1 isolate was relatively MVC-
resistant compared with KP-2 and KP-3 (54 vs 5.9 and 8.7 nM,
respectively). KP-1 became MVC sensitive after eight passages in
PM1/CCR5 cells [ICsp, 3.4 nM; Geno2pheno value (see below),
41.2 %], whilst under the pressure of MVC, KP-1 became highly
resistant to MVC after eight passages (ICsp, >1000 nM; Geno2pheno
value, 1.7 %). These results indicated that the bulk KP-1 isolate used
in this study harboured primarily R5 viruses with X4- or dual-tropic
viruses as a minor population.

Cells, culture conditions and reagents. PM1/CCR5 cells were
maintained in RPMI 1640 (Sigma) supplemented with 10% heat-
inactivated FCS (HyClone Laboratories), 50 U penicillin ml™", 50 g
streptomycin ml~ ' and 0.1 mg G418 (Nacalai Tesque) ml™'. MVC,
RAL and SQV were kindly provided by Pfizer, Merck & Co. and
Roche Products, respectively. 3TC was purchased from Wako Pure
Chemical Industries.
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The laboratory-adapted HIV-1 strain 89.6, which was obtained
through the NIH AIDS Research and Reference Reagent Program, was
propagated in phytohaemagglutinin-activated PBMCs. The viral-
competent library pJR-FL-V3Lib, which contains 176 bp V3-loop
DNA fragments with 0-10 random combinations of amino acid
substitutions, was introduced into pJR-FL, as described previously
(Yusa et al., 2005).

In vitro selection of HIV-1 variants using anti-HIV drugs. The
four primary HIV isolates (KP-1-4), strain 89.6 and JR-FL-V3Lib
were treated with various concentrations of RAL and used to infect
PM1/CCRS5 cells to induce the production of RAL-selected HIV-1
variants, as described previously, with minor modifications (Hatada
et al., 2010; Shibata et al., 2007; Yoshimura et al., 2006, 2010b).
Briefly, PM1/CCR5 cells (4 x 10* cells) were exposed to 500 TCIDs,
HIV-1 isolates and cultured in the presence of RAL. Virus replication
in PM1/CCR5 cells was monitored by observing the cytopathic effects.
The culture supernatant was harvested on day 7 and used to infect
fresh PM1/CCRS5 cells for the next round of culture in the presence of
increasing concentrations of RAL. When the virus began to propagate
in the presence of the drug, the compound concentration was
increased further. Proviral DNA was extracted from lysates of infected
cells at different passages using a QlAamp DNA Blood Mini kit
(Qiagen). The proviral DNAs obtained were then subjected to
nucleotide sequencing. In vitro selection of the KP-1 isolate using
SQV, 3TC and MVC was also performed using the procedure
described above.

Amplification of proviral DNA and nucleotide sequencing.
Proviral DNA was subjected to PCR amplification using
PrimeSTAR GXL DNA polymerase and Ex-Taq polymerase
(Takara), as described previously (Hatada et al., 2010; Shibata et al.,
2007; Yoshimura et al., 2006, 2010b). The primers used were 1B and
H for the gpl120 region (Hatada et al, 2010; Shibata et al., 2007;
Yoshimura et al, 2006, 2010b), IN 1F (5'-CAGACTCACAATAT-
GCATTAGG-3’) and IN 1R (5'-CCTGTATGCAGACCCCAATATG-
3') for the IN region, and IN 1F and H for the IN-gp120 region. The
first-round PCR products were used directly in a second round of
PCR using primers 2B and F (Hatada et al., 2010; Shibata et al., 2007;
Yoshimura et al., 2006, 2010b) for gp120, IN 2F (5'-CTGGCATGG-
GTACCAGCACACAA-3") and IN 2R (3'-CCTAGTGGGATGTGT-
ACTTCTGAACTTA-3’) for IN, and IN 2F and F for IN-gp120. The
PCR conditions used were as described above. The second-round
PCR products were purified and cloned into a pGEM-T Easy
Vector (Promega) or pCR-XL-TOPO Vector (Invitrogen), and the
env and IN regions in both the passaged and selected viruses were
sequenced using an Applied Biosystems 3500xL Genetic Analyzer
and a BigDye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems). Phylogenetic reconstructions were generated using
the neighbour-joining method embedded in the MEGA software
(http://www.megasoftware.net) (Tamura et al., 2007). Overall,
mean distances for viral diversity were also calculated using MEGA
software. The number and location of putative PNGs were
estimated using N-GlycoSite (http://www.hiv.lanl.gov/content/
sequence/ GLYCOSITE/glycosite.html) from the Los Alamos
National Laboratory database.

Susceptibility assay. The sensitivity of the passaged viruses to
various drugs was determined as described previously with minor
modifications (Hatada et al., 2010; Shibata et al., 2007; Yoshimura
et al., 2006, 2010b). Briefly, PM1/CCRS5 cells (2 x 10° cells per well) in
96-well round-bottomed plates were exposed to 100 TCIDs, of the
viruses in the presence of various concentrations of drugs and
incubated at 37 °C for 7 days. The ICs, values were then determined
using a Cell Counting Kit-8 assay (Dojindo Laboratories). All assays
were performed in duplicate or triplicate.

Predicting co-receptor usage by the V3 sequence. HIV-1
tropism was inferred using Geno2pheno [coreceptor] program, with
a false rate positive (FPR) value of 5.0 %, which is freely available
(http://coreceptor.bioinf. mpi-inf.mpg.de/index.php). This genotyp-
ing tool more accurately predicts virological responses to the CCR5
antagonist MVC in ARV-naive patients than a reference phenotypic
tropism test (Sing et al., 2007).

Statistical analyses. Pairwise comparisons of the different param-
eters between variants in the two groups was calculated using the
homoscedastic #-test. A P value of <0.05 was considered statistically
significant.
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