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We identified clinical i with ph

typic resistance to nevirapine (NVP) in the absence of known

nonnucleoside reverse transcriptase inhibitor (NNRTI) mutations. This resistance is caused by N348l, a
mutation at the connection subdomain of human immunodeficiency virus type 1 (HIV-1) reverse transcriptase
(RT). Virologic analysis showed that N3481 conferred multiclass resistance to NNRTIs (NVP and delavirdine)
and to nucleoside reverse trunscriptase inhibitors (zidovodine [AZT] and didanosine [ddI]). N3481 impaired
HIV-1 replication in a cell-type-dependent manner. Acquisition of N3481 was frequently observed in AZT-
and/or ddI-containing therapy (12.5%; n = 48; P < 0.0001) and was accompanied with thymidine analogue-
associated mutations, e.g., T215Y {(n = 5/6) and the lamivudine resistance mutation M184V (n = 1/6) in a
Japanese cohort. Molecular modeling analysis shows that residue 348 is proximal to the NNRTI-binding
pocket and to a Hexible hinge region at the base of the p66 thumb that may be affected by the N3481 mutation,
Our results further highlight the role of connection subdomain residues in drug resistance.

Combinations of multiple drugs used for clinical treatment
of human immunodeficiency virus type 1 (HIV-1) infections in
highly active antiretroviral therapies (HAART) can dramati-
cally reduce viral load, increase levels of CD4positive cells,
improve survival rates, and delay the onset of AIDS, HAART
typically includes two nucleoside reverse transcriptase inhibi-
tars (NRTIs) and a nonnucleoside reverse transcriptase inhib-
itor (NNRTI) or a protease inhibitor (17). After prolonged
therapy, however, an increasing number of treatment failures
are caused by the emergence of multidrug-resistant (MDR)
varants. For example, treatment with zidovudine (AZT) and
dideoxynuleoside RT inhibitors such as didanosine (ddI) may
result i the “QI151 complex” of clinical mutations in RT
(A6ZV/VTSI/FTTL/FL16Y/Q151M) which causes high-level re-
sistance to multiple NRTls, AZT, ddl, zalcitabine (ddC), and
stavudine (d4T) (21, 38). Another MDR complex of RT mu-
tations is the “fingers insertion” complex that includes an in-
sertion of two residues at the fingers subdomam of the p66
subunit of RT in the presence of AZT resistance mutations,
e.g.. M41L and T215Y (M41L/T69SSG/T215Y). This complex
can emerge during combination treatment that includes NR-
Tls (10, 41) and confers resistance to multiple drugs by en-
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hancing the excision reaction that causes resistance by un-
blocking NRTI-terminated primers (40). G333E or G333D
polymorphisms with thymidine analogue-associated mutations
(TAMs) and M184V have also been reported to facilitate mod-
erate resistance to at least two NRTIs, AZT and lamivudine
(3TC) (7, 22). RT mutations K103N, V106M, and Y188L are
associated with resistance to multiple NNRTIs (1, 5). Since all
NNRTIs bind at the same hydrophobic binding pocket, muta-
tions in the binding pocket may result in broad cross-resistance
between members of this family of drugs.

The presence of variants that are resistant to multiple drugs
limits significantly the available therapeutic strategies and,
even more profoundly, therapeutic options. However, so far all
reports of viruses that acquire resistance to members of both
families of RT inhibitors describe variants with multiple mu-
tations at several residues that confer either NRTI or NNRTI
resistance. Recently, Paolucci et al. reported that Q145M/L
mutations confer cross-resistance to some NRTIs and NNRTIs
(31, 32). Similarly, an NNRTI resistance mutation, Y1811, also
confers resistance to d4T at the enzyme level (2). The fre-
quency of these mutations in clinical isolates does not appear
to be significant, according to the Stanford HIV resistance
database (http/hivdb.stanford.edwindexhiml); there is no
deposition for Q145M/L, and Y1811 has a prevalence of 0.02%
in drug-naive or NRTI-treated patients and 0.9% in NNRTI-
treated patients.

We report here that N3481 is a multiclass resistance muta-
tion involved in resistance to both NRTIs and NNRTIs and
present in a significant number of clinical isolates, Residue 348
is at the RT connection subdomain outside the region usually
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sequenced as the drug resistance assay in clinical settings. The
role of connection subdomain mutations in AZT resistance has
been highlighted recently by Pathak and colleagues (28). The
present work shows that N348l confers resistance not only
to the NRT1 AZT but also to another NRTI, ddl, and wo
NNRTIs, nevirapine (NVP) and delavirdine (DLV). Impor-
tantly, we show that the N348I variant emerges frequently
during chemotherapy containing AZT and/or ddl. To our
knowledge, this is the first example of a clinically significant
and high-prevalence multiclass RTI resistance mutation that
highlights the need for extensive phenotypic and genotypic
assays to detect novel mutations with important implications
on future therapeutic strategies.

MATERIALS AND METHODS

Reagents and cells. AZT, ddl, ddC. and d4T were purchased from Sigma (St
Louis, MO). 3TC. DLV, and tenofovir (TDF) were purchased from Moravek
Biochemicals, Inc. (Brea, CA). NVP, abacavir (ABC), and efavirenz (EFV) were
generously provided by Hoehringer Ingetheim Pharmaceutics Inc. (Ridgefield,
CT), GlaxoSmithKline (Philadelphia, PA), and Merck Co. Inc. (Rahway, NIJ,
respectively. Loviride was kindly provided by S. Shigets, Fukushima Medical
University (Fukushima, Japan), MT-2, SupT1, PM1, H9, Cos-T, and MAGIC-5
cells (CCRS-transduced HeLia-CDA/LTR-B-Oal cells) were cultured and used as
described previously (14). Peripheral blood mononuclear cells (PBMCs) ob-
tained trom healthy donors were stimulated with phytahemagglutinin (PHA) for
3 days and grown in RPMI 1640 medium with 10% fetal calf serum and 10 U of
interleukin-2 as deseribed previously (15, 23),

Clinical iwlllu. Clinical iaulatn were obtained from fresh plasma of an
HIV-l-infected patient ling the iemt clinic of the AIDS Clinieal
Center, Internutional Medical Center of Inpau, using MAGIC-5 cells. The iso-
Iutes were stored at —80°C until use, and infectivity was measured as blue
cell-forming units (BFU) of MAGIC-S cells. The Institutional Review Bzu:rd

). Virov

2 light micrescope. Drug concentrations reducing the cell number to 50% of that
of the drug-free control (ECy,) were determined by referring to the dose-
TESPOTSE Curve

Competition assay of HIV-1 replication. MT-2, SupT1, PMI1, and HY cells
(25 % 10° celle’s mi) and PHA-stimulsted PBMCs (2.3 = 10° =lIsS ml) were
infected with each virus preparation (500 BFU) for 4 b The infected cells were
then washed and cultured in & fmal volume of § ml. Culware supernatants {100 jul)
were harvested from days | to 7 after infection, and the p24 antigen amounts
were quantified (27).

Freshly prepared HY cells (3 = 10° celivwell) were exposed to the mixture of
viral preparations (300 BFU) and cultured 10 compare their replicative capaci-
ties, as previously described (15), On day | in culture, one-third of the mfected
HY cells were harvested and washed mwice with phosphate-bulfered saline, fol-
lowed by DNA extraction. Purified DNA was subjected 1o nested PCR 1o se-
quence the HIV-1 RT genes. The supernatant of the viral culture was transfesred
to uninfected HY cells at T-day intervals, and the cells harvested a1 each passage
were subjecied 1o direct DNA sequencing of the HIV-1 RT gene, Population
change u:‘ the viral mixture was determined by the n:huvz peak height on the

2! The g of the original amino acid substitution
wu.l oonﬁmled in all infections clones used in this assay,

Moalecular modeling studies, The SYBYL and O programs were used to
prepare molecular models of the complexes of WT and N34Sl HIV-1 RT with
DNA, NVP, and the triphosphates of AZT and dd1. Starting atomic coordinules
of HIV-1 RT in complex with DNA were obtained from the structures described
by Tuske et al. (40), Sarafianos et al. (36), and Huang &1 #l. (20) (Protein Data
Bank [PDB] code numbers 1T0S, IN6Q, and 1RTD, respectively). Because there
is no available structure of RT in complex with both NNRT1 and DNA, we used
structures of RT in complex with NNRTI to obtain initial coordinates of the
NNRTI-binding pocket (9, 12). Specifically, we used the coordinates of the two
B-sheets of the polymerase active site (B6-B9-B10 that contains the three catalytic
aspartates and the YMDD motif s well as B12-313 of the primer grip) to replace
the mrmspundmg regions in the RT-DNA complex. The N348] side chain

was il feled i the pb6 subunit, and all structures were
optimized using energy minimization prowcols in SYBYL. The triphosphates of
AZT and ddl were built based on the structures of AZT monophosphate and
dTTP in PDB 1N6(Q) (36) and 1RTD (20) or of TDF diphosphate in the temary
lex of HTV-1 RT/DNA/TFV-DP, FDB 1T03 {40] The mordmlu: w:n:tur of

approved this study (IMCI-H13-80), and written informed was ob d
from the paticnt. the resulting structures was varied using a minimi [ 10
Viruses and construction of recombinant HIV-1 clones, An HIV-1 inf the potential encegy by relieving short i while i
clone, pNLI0I, was kindly provided by K-T. Jeang (NIH, Bethesda, MD) and structural integrity.
used for generating recombinant HIV-1 clones (15). A wild-type (WT) HIV-1.
designated HIV-]y, was constructed by replacing the pol-coding region {mu-
RESULTS

cleatides [nt] 2006 of Apal site to 5785 of Sall site of pNL101) with the HIV-1
BHI10 strain. The pel-coding mgum mmaim a silent mutation ar m 4232
(TITAGA 1o TCTAGA; is ized) for jon of an Xbal unique
site. The DNA fragments amplified by reverse !rnnampllon—l’ﬁ{ from the pri-
mary solates were digested with apprapriate restriction enzymes and cloned into
pNL-RTyy. The nucleoside sequences of the PCR-amplified fragments were
verified with a model 3730 automated DNA Seg or (Applicd Biosy
Foster, CA), Viml stocks were obtained by transfection of each molecular clome
into Cos-7 cells, harvested, and stored at —80°C until use.

Sequencing analysis of HIV-1 RT region. Viral RNA was exmected from
plasma and/or culture supernatant of clinical isolates und subjected to reverse
transenption-PCR using a 0n=Slep RNA PCR Kit (Takara Bm. Otsu, Japan).
Nested PCR was subseq f | for direct seq Primer pairs
used for amplification of the DNA fragment from nt 2574 (o 3333 of pNLIOL
were T (5-AGGGGGAATTGGAGGTTT; nt 2393 to 2410) and T4 (5-TTCT
GTTAGTGCTTTGGTT, nt 3422 1o 3404) for the first PCR and T12(5-CCAG
TAAAATTAAAGCCAG; ni 2574 to 2592) and T15 (5" TCCCACTAACTTCT
GTATGTC, ot 3335 to 3315) for the second PCR (15), Primer pairs used for
amplification of DNA fragment from nt 3288 to 4316 were 3244F (S-AT
GAACTCCATCCTGACAAATG; ot 3244 to 3265) and 4428R (5-TGTA
CAATCTAATTGCCATAT, nt 4428 10 4407) for the fist PCR and 3288F
(§-CCAGAAAAAGACAGCTGGACT, nt 3288 o 3308) and 4316R (5'-TG
GCAGATTAAAATCACTAGCC; nt 4316 1o 4295) for the second PCR (13),
The nested PCR products were then subjected to the direct sequencing of the
entire RT coding region, and some PCR products were further analyzed with
clonal sequence determination as described previously (13, 15).

Drug susceptibility nssay, HIV-1 sensitivity to various RT1s was determined in
triplicute using MAGIC-5 cclls as described previously (14). MAGIC-S cells were
infected with diluted virus gtock (100 BFU) In the presence of incrensing con-
centrations of RTls, cultured for 48 b, fixed!, and stained with X-Gal (§-bromo-
4-chlaro-3-indolyl-Bo-galactopy ide). The sained cells were counted under

Resistance to NNRTIs observed in HIV-1 isolates. The clin-
ical history of the patient is summarized in Fig. 1 and includes
the variation of genotypic and phenotypic drug resistance pro-
files of sequential isolates with time (see also Table S1 and Fig.
S1 in the supplemental material). In spite of the combination
therapy, little immunologic and virologic response was ob-
served; at time point 2, the CD4 count was 25/ul, and the
plasma HIV-1 RNA levels were 2.1  10° copies/ml. However,
no known drug resistance mutations associated to both NRTIs
and NNRTIs were detected in the RT region at this point (Fig.
1B). Due to poor adherence, upon changing the regimen we
observed only partial suppression of viral replication and lim-
ited increase in the CD4 count. TAMs with N3481 accumulated
during time points 3 to 6 (Fig. 1). In February 2000, the treat-
ment was interrupted due to severe adverse effects, resulting in
a rebound of viral load. In July 2000, the same therapy was
resumed for approximately | year. No drug resistance-associ-
ated mutations were detected upon initiation of this therapy
(time point 7). At time point 8, mixtures of two amino acid
insertions at codon 69 with TAMs and N3481 were detected,
although these mutations disappeared after the treatment in-
terruption at time point 10.

Interestingly, HIV-1 isolates at time points § and 6 showed
resistance to NVP (44- and 25-fold, respectively) and to DLV
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FIG. 1. The course of patient and drug resistance profiles of clinical isolates obtained from the patient. (A) The drug treatment history is
indicated at the top of the graph. The virologic responses represented by plasma viral load and CD4 counts of peripheral blood are shown. Open
triangles indicate the time points of genotypic assays. Closed triangles indicate the time points of tsolation of clinical isolaies for genotypic ussays
(uls0 see Fig. S1 in the supplemental material) and phenotypic assays (also see Table S1 in the supplemental material showing actual EC,, values
as mean values and standard deviations from three independent experiments). From February to June 2000 and after October 2001, the
chemotherapy was interrupted duc to severe adverse effects. (B) The viruses acquired NRTI resistance mutations sequentially as shown
Susceptibility to compounds tested in at least three independent experiments is shown as the relative increase in the EC., compared o HIV-1yr
obtained from a pNLA-3-based plasmid. An increase larger than 3.0-fold is indicated in bold. NRTI or NNRTI resistance mutations were reported
in the HIV drug resistance database maintained by International AIDS Socicty 2006, the Stanford University (Stanford, CA) and Los Alames
National Laboratory (Los Alamos, NM), hitp:/hivdb.stanford.edwand hitp:/resdb lanl gov/Resist_DB/, respectively. RTV, ritonavir, NFV, nelfi-

navir; 1DV, indinavir,

(8.5- and 12-fold, respectively) but lacked any known NNRTI
resistance-associated mutations except for L2831, which infiu-
ences susceptibility of NNRTIs when combined with 11351/
M/T (6) (Fig. 1B). However, 12831 was detected at all points
without [135L/M/T even in phenotypically sensitive viruses;
therefore, it is unlikely that this single mutation is involved in
the resistance. After the interruption at time points 9 and 10,
the majority of HIV-1 detected in the plasma reverted to WT
and was susceptible to all RTls tested. The patient was previ-
ously treated with a regimen containing EFV, not NVP, for
several months prior to the appearance of the N3481 mutation.
[mportantly, this mutation was not detected in genotypic assays
during treatment with EFV, but it was first detected 6 months
after removal of EFV and use of ddI in the following regimen.
Phenotypic and genotypic information at time point 5 shows
that resistance to NVP and DLV was present while the patisnt

182

was on a regimen that did not include any NNRTIs and in the
absence of any known NNRTI resistance-related mutations.
Thus, it is unlikely that the phenotypically identified NNRTI
resistance in the patient was induced by the previous EFV-
containing therapy.

RT C-terminal region confers NVP resistance. To identify
the mutation(s) responsible for the resistance w NVP and
DLV, we constructed chimeric clones with cDNA fragments of
the RT region derived from the clinical isolates. Briefly, the
N-terminal (amino acids 15 to 267) and C-terminal (amino
acids 268 1o 560) RT coding regions of clinical isolates were
PCR amplified separately and used for replacement of the
corresponding regions in the WT sequence of pNL-RTy.
These chimeric clones were then examined for their suscepti-
bility to RTIs (Table 1). Only the clones containing the C-
terminal region derived from CL-6 isolated at time point 6 and
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TABLE 1. Susceptibility of chimeric HIV-1 clones with N- and/or C-terminal RT region substitutions
RT-replaced region EC (fold incresse)®
N lerminus C terminus® AZT ddl NVP DLV EFV
wr WT 0038 = 0012 26 = 1.04 0.05 = 0.01 0.03 = 0.01 0003 = 0.001
CL-6* CL-6* 337 = (.97 (89) 143 = 0.58 (5.5) 12=021{24) (.16 = 0,02 (53) 0007 = 0.004 (2.3)
CLv CL.Y 004 = 0.01 (1.1) 23 =121 (09) 0.13 = 0.07 (2.6) 0.06 = 002 (2) 0004 = 0002 (1.3)
CL-6 WT 1.24 = 034 (33) 46 = 150(18) 0.12 =006 (2) 004 = 0.02 (1.3) 0002 = 0001 (0.7)
wT CL-6 0.19 = 0.04 (5) 13.7 = 231 (53) 167 = 0.23 (33) 0.39 = 006 (13) 0006 = 0,002 (2)
CL-6 CL-9 1.50 = D.95 (39) 59=1.21(23) 0.10 = 0,05 (2) 0.04 = 002 (1.3) 0.002 = 0.001 (0.7)
* The data shown are mean values = standard deviations obtained from the results of at least three independent sxperiments, and the relatne increase m the ECy,
values for rec viruses o d with WT is shown in parenthescs. Bold indicates an increase in ECyy value grester than threefold relative to the WT.

* RT N-terminal region contams mlnl} the domains of finger and palm and partially thumb {amino scid positions 15 10 267),

*RT C inal region «
Y DNA fragment is identical 1o pNL-RTyy

of thiimb, connection, and RNase H (amino scid positions 268 o 560),

“N- and C.terminal regions of CL-6 contamed TIAMAIL/KAIEDETNVTSMVLIBLTIIZV/LZI0W/T215Y and N3AUTI9IL in their codmg reglons, respectively

!m nlm Fig. 51 in the |uppl:mcn:ll material),
were obs

showed resistance (Fig. 1; see also Fig. S1 in the supplemental
material) to NVP and DLV. Interestingly, the C-terminal re-
gion also conferred resistance to AZT and ddl even in the
absence of AZT resistance mutations that normally reside at
the N-terminal region within amino acids 41 to 219. Recently,
mutations in the connection subdomain, including G335D,
N3481, and A360T, have been shown to confer AZT resistance
(28). In these clinical isolates the C-terminal region contained
four unique mutations in the connection subdomain: G335D,
N3481, A360T, and 1393L (see Fig. S1 in the supplemental
material). G335D and A360T were continuously observed at
every time point and are polymorphisms related to subtype D.
Since these isolates showed no phenotypic resistance (Table |
and Fig. 1B), it is unlikely that G335D and A360T are involved
in the resistance, at least in subtype D, 1393L was also contin-
uously detected from time point 1 but disappeared after the
treatment interruption at time point 9 (Fig. 1) while N348I
appeared only from time points 4 to 6 and at point 8 under
treatment,

To further clarify the effect of mutations at residues 348 and
393 on drug resistance, we generated the N3481 and/or 1393L
mutations in the C-terminal region by site-directed mutagen-
esis on a pNL-RT . background. Consistent with the pheno-
typic experiments and the experimenis with chimeric viruses,
we found that the N3481 substitution conferred resistance to
AZT, ddI, NVP, and DLV. In contrast, we found that the
1393L mutation caused no significant resistance by itself (Table
2). Furthermore, the combination of 1393L with N348I did not
show any significant increase in NVP resistance compared to
N348] alone.

To address whether N3481 further increases the level of
AZT resistance in the presence of TAMs, we examined the
effect of N3481 on AZT susceptibility in the presence or ab-
sence of the classical AZT resistance mutations M411L/T215Y.
M41L/T215Y or N348I showed only moderate resistance to
AZT whereas a combination of M41L/T215Y and N348I fur-
ther enhanced AZT resistance (Table 2). These data demon-
strate that the N3481 mutation is responsible for this cross-
resistance to multiple members of the NRTI and NNRTI
families and enhances AZT resistance induced by TAMs.

Viral replication kinetics. Since N348I and 13931 immedi-
alely disappeared after cessation of HAART, we examined

d in either the N- or C-terminal region of CL-9 (also see Fig. S1 in the supplemental material).

whether these mutations have an effect on viral replication
kinetics using the p24 antigen production assay and a compet-
itive HIV-1 replication assay (CHRA). In the p24 antigen
production assay, acquisition of N3481 drastically impaired
replication in MT-2 and SupT1 cells (Fig. 2A and B). However,
a moderstely low reduction of replication kinetics was ob-
served in PM1, H9 cells, and PHA-stimulated PBMCs (Fig. 2C,
D, and E). HIV-1 carrying the mutation 13931 (HIV-1p50+, )
showed comparable replication kinetics in all cells tested. A
combination of 1393L with N348I showed no apparent change
of replication kinetics in MT-2, SupT1 cells, and PHA-stimu-
lated PBMCs (Fig. 2A, B, and E) and reduction in PM1 cells
(Fig. 2C) compared to N348I alone. CHRA was performed for
further comparison of replication Kinetics in HY cells. During 6
weeks in culture, we observed little difference in viral replica-
tion in HY cells (Fig. 2F). A lack of an effect of 1393L on the
replication of N3481 was confirmed by CHRA (Fig. 2G). These
results indicate that N3481 impairs viral replication in a cell-
type-dependent manner and that 1393L exerts little effect on
viral replication of either the WT or N3481 clones. Thus, 1393L
appears to be one of the specific polymorphisms for this iso-
late,

Insertion at 69 and N3481. At time point 8 we detected the
transient presence of the fingers insertion mutation, a 2-amino-
acid insertion at codon 69 in the presence of TAMs known to
confer resistance to NRTIs by enhancing the excision reaction
(3) (Fig. 1). Interestingly, at time point 8 WT N348 coexisted
with resistant 1348. To address whether these two MDR mu-
tations were introduced onto the same RNA genome, we car-
ried out clonal sequence analysis of PCR products, The results
show that the fingers insertion and the N348] mutations were
randomly introduced; seven, three, one, and six clones (n = 17)
contained both mutations, the fingers insertion only, N348l
only, and no mutation or insertion, respectively, in the back-
ground of TAMs (Table 3). In previous studies the fingers
insertion complex emerged with the K70E mutation that was
selected in vitro with adefovir (8) and B-2',3"-didehydro-2",3'-
dideoxy-5-fluorocytidine (18), and it conferred low level resis-
tance to TDF, ABC, and 3TC (39), The effect of K70E on
resistance or enzymatic activity influenced by the fingers
insertion remains to be elucidated. These results suggest
that there is no correlation between the N3481 and the

183
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F1G. 2 Viral replication kinetics, Produgiion of p24 antigen in cul-
ture supernatant was determined with a commercially available p24
antigen kit. Profiles of replication kinetics (p24 production) of HIV-
Lyp (elosed diamonds), HIV-lye (closed squares), HIV-155,,
(open dismonds) and HIV-lysgpey (0Open squares) were deter-
mined with MT-2 (A), SupT1 (B), PM1 (C) and HY cells (D) and
PHA-stimulated PBMCs (E). Representative resulis from ar least two
{or three) independent single determinations of p24 production with
newly titrated viruses are shown, A competitive HIV-| replication assay
was performed in HY cells 1o compare the replication kinetics of HIV-1+
(closed diamond) and HIV-lyagy (closed squares) (F) and of HIV-1
N3481 (closed squares) and HIV-lygimen. (0pen squarte) (G).

finger insertion mutations, Because our studies show that
N348I does not confer d4T resistance, we speculate that the
fingers insertion mutation was introduced to overcome the
drug pressure by d4T.

TABLE 3. Sequences of HIV-1 RT-coding region of
clinical samples

Resistance-associated and unique mutation st the indicated position

NI.\. l]f

cdones® il D67 Te9 KD VIS VIS L1210 T2I5 N348 1393
5 L N M | W Y I
3 L T 88G E M W Y I L
3 L T G E M 1 W Y | L
2 L T S5 E WY L
i L T SG E w Y B L
1 L T $G E M 1 W Y L
1 L M
1 L M 1 W Y 1 L

“The PCR product at time point 8 was subcloned and sequenced (n = 17),
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TABLE 4, Frequency of N348l acquisition in clinical isolates

No. of solates (%)

Treavmeni group Total it P value*
With N4
group jth N8I
AZT and/or ddl 48 6{125) <0.0001
AZT 22 2(9.1) 0011
ddl 16 2(115) 0,006
AZTHdI 10 2(20) 0.002
Control 183 0
Antiretrovirals with netther 55 0
AZT nor ddl
No antiretrovirals 128 1]
Deposited in Los Alamos 328 3(0.9) 0.0002
database

* The P value was determined by the Fisher's cxnct test, For the AZLT andjor
ddl treatment groups, values were compated with the control group. The Pvalue
for isolates deposited in the Los Alamos database was determined hased on a
comparison with the AZT and/or ddl treatment group.

Prevalence of N3481. We obtained viral specimens from 231
infected patients who visited our clinical center from May 1997
to July 2003 and analyzed HIV-1 sequences by direct sequenc-
ing (Table 4). The viral specimens were classified in wo
groups: (i) those from patients treated with AZT and/or ddI
(n = 48) and (ii) those from patients treated by regimens with

1. ViroL

neither AZT nor ddl (control group, n = 183). The group
treated with AZT and/or ddl was further divided into three
subgroups based on the treatment received: with AZT, with
ddl, and with the AZT/ddI combination (Table 4). During
chemotherapy containing AZT (n = 22), ddl (» = 16), ar the
combination of AZT and ddl (n = 10), wo patients each
harbored HIV-1 with the N348 mutation. Acquisitions of
N3481 in all of the subgroups was statistically significant (£ =
0.011, 0.006, and 0.002, respectively). In contrast, none of the
patients in the control group (n = 183) harbored N348] vari-
ants. Only three variants with N3481 are deposited in the Los
Alamos HIV sequence database that includes subtypes B. D,
and CRF14 (http://Awww_hiv.lanl.gov/content/hiv-db/mainpage
_html). Thus, prevalence of N348I was statistically significant in
the group treated that reccived chemotherapy containing AZT
and/or ddl (P < 0.0001).

Because at present the numbers of NVP- or DLV-containing
regimens without AZT and/or ddI are limited in our cohort
(n = 6 or n = 0, respectively), we were not able to detect
acquisition of N3481 in these groups. Acquisition of N348] was
observed in two patients treated with EFV (Table 5). Notably,
these two patients were simultancously treated with AZT and
ddI, suggesting that the significance of EFV treatment for the
emergence of N3481 remains unknown.

Profiles of patients infected with HIV-1 containing the
N3481 mutation. We further analyzed the profiles of HIV-1

TABLE 5, Profiles of patients infected with HIV-1 containing the N3481 mutation

RT mutation{s) by region

Subtype o Dumation  HIV RNA
Patient of RT Antirctroviral treatment X N34E1
i (mo) (copies/mi) Polymerase subdomain m:;’;;
Case 1" D 4T, ddl, 1DV L] 6.1 x 10t +1= M41L, D6TN, VT5M, L210W, GA335D, A380T
TNY
04T, ddl, IDV T NDF + M41L, D6TN, V75M, L210W, G335D, A36OT
T215Y
Case 2 B AZT, ddC, NFV 1 7.9« ¢ = A360T
AZT, ddC, NFV 4 9% 1P = AISOT
AZT, ddC, NFV 6 1.2 % 10* i T215N/SIY AT
AZT, ddC, NFV 10 3.5 % 10 . D6TN, KT0OR, T215YF A3BOT
d4T, 3TC, RTV, 50V 8 <50 ND ND ND
Case 3 B AZT, 3TC, RTV, S0V 7 s s AJBOT, A3THT
AZT, 3TC, RTV, SOV 8 1.9 1P - M41L, D6TN, T69D, M184V, A360T, AJT6T
L210L/W, T215Y
None (interruption) 7 L2 1P + M41L, DATN, T69D, M1BIMV, A360T, AJT6T
L210L/W, T215Y
ABC, EFV, RTV 3 A0 ND ND ND
Case 4 B AZT, 3TC, ddl, EFV 3 1.7 % 10° ¥ MI1B4V
Case § B d4T, ddl, RTV, SOV ] 9.9 % 10° + M41L, L210W, T215Y
AZT, ddl, RTV, SOV 3 6.3 % 10* + MA41L, T69D, L210W, T215Y,
K219R
None (interruption) 7 1.8 x 1(F -
ABC, TDF, LPV, EFV 7 <50 ND ND ND
Case 6 B AZT, ddl, EFV 3 180 — ND
AZT, ddl, EFV 5 540 = TAUST/Y ND
AZT, ddl, EFV 6 L1x 10t + T215Y
None (interruption) 2 24 % 1P -
4T, 3TC, LPV B <50 ND ND ND

*The RT regions were sequenced and subjected to
"This paticnt is described in this study.

* ND, not detectable.

#(G335D is an observed polymorphism in subtype D. A3601/V and A3T6S wer
¢ Phenotype nssays were performed at 10 months for a regimen combining ddC, AZT, and NFV; resista

respectively.

lysis (htep:/wvww.nebi.nim.nih.g

P

il L] PO pagtLE

¢ reported to be AZT-resistant mutations (24).

nce 10 AZT, dd], and NVP was induced 52-, 6.8, and 8.3-fold,
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FIG. 3. Location of N3481 in the modeled HIV-1 RT with NVP. (A) The N3481 mutation (blue Van Der Waals volume) is shown in the
connection subdomains of both p66 (purple) and p51 (cyan) subunits, The 348 residue of the pS1 subunit is distant from the nucleic acid, shown
as yellow Van Der Waals surfaces. In the p66 subunit (purple) the 348 residue is in a position 1o affect the flexibility of the p66 thumb, which in
turn might affect binding of the nucleic acid. NVP is shown bound at the NNRTI binding pocket (red Van Der Waals volume ). Magnification of
the [mme area of the enzyme is shown in panel B. (B) The main chain C=0 of N348 is shown to interact with the N-H of 317 (vellow broken line)
through a hydrogen bond interaction, Binding of NVP (white ball) repositions the pb6 thumb subdomain with respect to (i) the polymerase active
site (B6-BY-R10) that contains the three catalytic aspartates and the YMDD motif and (ii) the primer grip (312-13) of p66. The movement of the
thumb subdomain is in a hinge-like motion that is based ot the position where residue 348 interacts with residue 317

with N348I from the six infected patients described in Table 4.
The results of this analysis are shown in Table 5. The RT
regions were sequenced and subjected to analysis with the
software Genotyping, which uses the BLAST algorithm to de-
termine homologies with known subtypes (http:/Aswvww.ncbinlm
-nih.gov/projects/genotyping/formpage.cgi), HIV-1 variants in
case 1 belonged to subtype D, and the others belonged to
subtype B. All six patients received therapy containing AZT
and/or ddl, Among them, two patients (cases 4 and 6) were
under therapy with EFV. However, none of them was treated
with NVFP or DLV. The five N348I-containing variants were in
the presence of TAMs that emerged during the therapies.
TAMs in case 1 and some TAMs (M41L, L210W, and T215Y)
in case 5 seemed to be induced by d4T, not by AZT. In case 3,
the 3TC resistance mutation M184V that attenuates TAM-
induced AZT resistance (24) was present together with N3481.
Similarly, in case 4, M184V may confer AZT hypersusceptibil-
ity. In case 6, N3481 was present together with a classical AZT
resistance mutation, T215Y. Thus, except for case 5, even
under AZT-containing therapy, the HIV-1 resistance level 1o
AZT and ddI seemed to be intermediate and weak, respec-
tively. Additionally, viral load in cases 2, 3, 5, and 6 dramati-
cally decreased after introduction of a new regimen without
AZT and/or ddl. These results indicated that N348I may en-
hance AZT resistance and at least act as a primary mutation
for ddl.

In these six patients, HIV-1 with the G335D mutation was
observed only in case 1. In the Los Alamos HIV sequence
database, G335D has been observed in 77% of subtype D
HIV-1 isolates (n = 35), A360T was detected in two isolates of
subtype B and one isolate of subtype D and was observed in 13
and 51% of drug-naive isolates of subtypes B and D, respec-
tively. This suggests that A360T is also one of the polymor-
phisms. The A360V or A360] mutation has been reported to
have a modest effect on AZT resistance (28). Meanwhile, none
of N3481-containing subtype B variants (n = 5) had mutations
associated with AZT resistance in the connection subdomain
(28) (Table 5).

Molecular modeling. Residue 348 1s located close to the
hinge site of the thumb subdomain, Mutations at the virus level

186

affect both subunits of RT. Figure 3 shows that residue 348 of
the p51 subunit is located remotely from the polymerase active
site (~60 AJ and from the NNRTI binding pocket (355 A).
Furthermore, it is not in close proximity to the interface of the
two subunits (—20 A) or the DNA in the nucleic acid binding
cleft (—15 A). On the other hand, residue 348 of the p6é
subunit is proximal to the NNRTI-binding site and the nucleic
acid binding cleft. These relative distances suggest that it is
more likely that the interactions involve mainly residue 348
of the p66 subunit. Subunit-specific biochemical analysis
would determine the precise contribution of the N3481 mu-
tation in cach subunit to the drug resistance phenotype. In
the p66 subunit, the main chain of the 348 residue interacts
through a hydrogen bond with the main chain of V317 of the
p66 thumb subdomaiu (Fig. 3). To determine the degree of
flexibility of this part of the struciure of RT, we superposed
23 structures of RT complexes. The comparison revealed
measurable differences. The length of the amide bond be-
tween the main chain C=0 of residue 348 and N-H of V317
varies considerably (from 2.5 to 3.6 A), suggesting a flexi-
bility at the junction of the connection, thumb, and palm
subdomains. It is likely that the N3481 mutation affects the
mteractions of this residue with a number of neighboring
residues. In the RT/DNA/deoxynucleoside triphosphate or
RT/DNA/TDF structures of ternary catalytic complexes
(PDB code IRTD or 1T05, respectively). the change of
N348 10 a more hydrophobic Ile would improve the hydro-
phobic interactions with T351 of the p66 connection subdo-
main and with G316 and 1270 of the p66 thumb subdomain.
In other structures of complexes of RT with various NNRTI
s (PDB codes 151X, 186P, ISIU, IS1T, ISIW, ITKZ,
ITKX, 1TLI, 1SUQ, 15V3, 1HNL 1HQU, and 1HNV), res-
idue W239 appears to be in the vicinity of these residues and
likely to be affected directly or indirectly by the N348] mu-
tation. Notably, residue W239 interacts through P-P inter-
actions with Y318, which has been involved in resistance to
NNRTIs (NVP and DLV) (19, 33).
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DISCUSSION

Two previous reports have shown that two rare mutations,
Q145M/L. and Y1811, can confer cross-resistance (0 some
NRTIs and NNRTIs (31, 32). N3481 appears to be the first
reparted high-prevalence amino acid mutation to confer resis-
tance to multiple members of the NRTI and NNRTI families.
N348 is highly conserved in HIV-1 strains, including subtype
0. Interestingly, the equivalent residue in HIV-2 and other
retroviruses is an isoleucine (Los Alamos Sequence Data Base,
http:/hiv-web lanl.gov/content/hiv-db/). Similarly, WT HIV-2
RT resembles NNRTI-resistant HIV-1 RTs at the NNRTI
binding pocket region, e.g., V/T at 181 and L at 188 (34). Any
of these differences from the HIV-1 enzyme, including N348I,
may contribute to the observed NNRTI resistance of the
HIV-2 RT. The significance and role of 1348 in the natwral
resistance of HIV-2 to NNRTIs and susceptibility to NRTIs
remain to be elucidated by further experiments.

Recently, Shafer et al. proposed criteria for evaluating the
relevance of mutations to drug resistance based on extensive
resistance surveillance data (37). In this review the mutations
related to drug resistance were assessed by the following: (i)
correlations between a mutation and treatment (whether the
drug therapy selects for the mutation), (ii) correlations be-
tween a mutation and decreased in vitro drug susceptibility,
and (iii) correlations between a mutation and a diminished in
vivo virologic response to a new antiretroviral regimen.

Regarding the first criterion, we showed that the N3481
mutation was induced by AZT and/or ddI treatment (Table 4).
For the second criterion, we showed that N3481 decreases
susceptibility to AZT, ddI, NVP, and DLV (Table 2). The
AZT and ddI resistance of the N348I clone was comparable to
that of M41L/T215Y and L74V, respectively. Additionally,
N34S showed 27-fold increased resistance to NVP. Regarding
the third criterion, our data on patient viral load levels shown
in Table 5 indicate that N348] affected the clinical outcome.
Specifically, in case 6, the viral load clearly increased upon
acquisition of N348L. Moreover, dramatic decreases in viral
load were observed after introduction of a new regimen with-
out AZT and/or ddl, especially in cases 2, 3, 5, and 6. Hence,
the N3481 mutation meets the accepted criteria for being a
drug resistance mutation,

At present, it 15 not possible to accurately compare the
incidence of N3481 with that of other resistance mutations.
Genotypic analysis of the largest and most recent drug resis-
tance surveillance examined 6,247 patients treated with well-
characterized RTls, mainly performed within amino acids 1 to
240 of the RT region (35). In this surveillance. the incidences
of the Q15IM complex and fingers insertion were 2.6 and
0.5%, respectively. Because the connection subdomain is lo-
cated outside the region sequenced in the majority of geno-
typic assays, only limited data are available for connection
subdomain mutations such as G333E/D and N3481. Nonethe-
less, the incidence of N3481 in our cohort is higher than other
MDR mutations such as that of the Q151M complex and the
insertion mutations. Furthermare, prevalence of N348[ in a
Canadian cohort (11.3%) (42) is comparable to that in our
Japanese cohort.

In the patient case presented in Fig. 1, there is strong evi-
dence that N348I was not present during and at least 6 months

1. Virou

after cessation of NNRTI-based therapy. Still, because of the
limited number of such cases in our cohort, it remains unclear
if N3481 can be induced by NNRTI-containing regimens. Ac-
cording to the Stanford HIV drug resistance database, the
incidence of N348I in patients treated with NNRTIs is 5.8%
(n = 13/224), significantly higher than in the untreated group
(0.19%; n = 21093, P < 0.0001). We report here that N348l
confers significant and moderate resistance to NVP and DLV,
respectively. Most recently, Yap et al. also reported that com-
bined treatment with AZT and NVP was associated with in-
creased risk in the emergence of N348I (42). They mention
that other mutations, e.g., K103N, may further enhance N3481-
induced resistance to EFV. Thus, it is possible that HIV-1 also
acquires N3481 under NNRTI-containing therapy. Further ex-
periments and surveillance are needed in patients treated with
NNRTI(s) as well as NRTIs,

Mutations at multiple residues are present in the MDR
variants of the Q151M and the fingers insertion complexes.
Q151M complexes typically contain at least four mutations,
including V751, F77L, and F116Y in addition to Q151M (21).
Insertion complexes generally contain an insertion of six bases
that code for two amino acids in the background of the classical
AZT resistance backbone such as T215Y (41). These results
suggest that genetic barriers to developing these MDR muta-
tions appear to be high, consistent with their low incidence
(35). Genetic barriers to the G333D/E complex also seem to be
high, since G333D/E requires other TAMs to develop this
certain resistance phenotype (7). In contrast, a single nucleo-
tide substitution (AAT to ATT) is sufficient to develop the
N3481 mutation, indicating that the genetic barrier to N3481 is
low. This may contribute to an increased prevalence of N3481
during prolonged chemotherapy with AZT and/or ddI.

The disappearance of N348I was relatively rapid following
interruption of treatment (Fig. 1 and Table 5). This was con-
sistent with the observed replication kinetics of N3481 HIV-1
where strong impairment was observed in MT-2 and SupT1
cells (Fig. 2). However, in PMI cells and PHA-stimulated
PBMCs, this reduction was moderate, and in H9 cells little
reduction was observed. Since both PM1 and HY cells were
originally derived from the same T-cell line, Hut78 (25, 26),
some properties for HIV replication may be identical. Avail-
ability of deoxynucleoside triphosphates or some cellular fac-
tors may compensate the effect of N348I on RT activity, sug-
gesting that some cell populations in patients might harbor
HIV-1 with N3481 due to its comparable replication kinetics
with the WT,

How might the N3481 mutation affect resistance to NRTI
and NNRTI inhibitors that act with entirely different mecha-
nisms and target different binding sites? Theoretically, it is
possible that the N3481 mutation at either p66 or p51 or both
subunits is responsible for the resistance phenotype. It is also
possible that NRTT and NNRTI resistance do not involve the
same subunit. However, the N348I mutation in p51 is 50 to 60
A away from the polymerase active site and the NNRTT bind-
ing pocket where the affected inhibitors are expected to bind.
Similarly, the mutation site in p51 is 15 to 20 A away from the
interface of the two subunits or the DNA binding cleft. Mean-
while, the mutation site in the p66 subunit is close to the
NNRTI-binding pocket and the nucleic acid hinding cleft.
Hence, it is more likely that the effects of the N348I mutation
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are mediated through the p66 subunit mutation, although an
involvement of the mutation at the pS1 subunit currently can-
not be ruled out and should be addressed by biochemical
experiments.

In terms of NNRTI resistance, our molecular modeling anal-
ysis is consistent with a hypothesis that the mutation is likely to
affect the flexibility and mobility of the p66 thumb subdomain.
Extensive crystallographie work with HIV.1 RT in several
forms, including an unliganded form, in complex with DNA
substrates or NNRTIs has revealed that during the course of
DNA polymerization, the p66 thumb subdomain undergoes
major conformational motions that are critical for efficient
catalysis. Alignment of multiple structures of HIV RT suggests
that the p66 thumb moves as a rigid body with its base hinged
to the palm subdomain exactly near residue 348 (Fig. 3). Res-
idue 348 is proximal to, and likely to affect, the relative inter-
actions between residues of the p6b connection (T351) and p66
thumb subdomains (V317, 1270, P272, W239, and eventually
Y318). The proximity of residue 348 to this hinge region leads
us to believe that changes imparted by the N348] mutation
alter the mobility and flexibility of the thumb subdomain.
Subtle changes in the interactions between V317 and N348
may also reposition W239 and its neighboring Y318 in the
NNRTI-binding pocket. Interestingly, the Y318F mutation af-
fects NNRTI resistance in a similar way as N3481: it decreases
susceptibility to NVP and DLV but not to EFV (19, 33),
Biochemical binding experiments of RTs with NNRTIs would
directly evaluate this hypothesis.

The effect of the N348I mutation on NRTI resistance cannot
be rationalized by direct interactions of the mutated residue
with the NRTI binding site. It is tempting to speculate that
minor changes in the p66 thumb subdomain hinge motions also
have minor effects on the positioning of the nucleic acid, which
in turn affects the ability to discriminate between NRTI and
the normal substrate by an as yet undefined mechanism, How-
ever, direct biochemical experimental evidence will be needed
to determine the precise molecular details of the specific mech-
anisms of NRTI resistance,

It has been proposed previously that an imbalance between
reverse transcription and RNA degradation plays an important
role in NRTI resistance (25). Pathak and colleagues proposed
that connection subdomain mutations may result in a slower
RNase H reaction, and this in turm may provide an increased
time period available for AZT excision, especially with TAMs
(28-30). In the case of N348I, Yap ct al. recently reported that
N3481 decreases RNase H enzymatic activity (42). At present,
available evidence is consistent with @ model in which these
connection subdomain mutations alter the affinity of the RT
for template/primer, enhance nucleoside excision, and reduce
template switching.

Several studies, including recent work by Delviks-Franken-
berry et al. and Brehm et al. (4, 11), highlighted the necessity
10 expand sequencing analysis to include the connection and
RNase H subdomains. This contention is further supported by
results in this work and by others (16, 28, 42, 43) showing that
mutations at the connection subdomain influence susceptibility
1o some antiretroviral drugs. Hence, there is a growing interest
in obtaining genotypic information from expanded areas of RT
that would be useful for a more complete analysis of HIV drug
resistance. Interestingly, already two out of four commercially
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available genotypic and phenotypic assay kits are designed to
include in their analysis at least part of the connection subdo-
main (Antivirogram by Virco up to RT residue 400 and ViroSeq
by Abbott/Celera Diagnostics up to RT residue 335).

The present study identifies N3481 as a MDR mutation in
HIV-1 RT. This knowledge provides information that may be
useful in designing more efficient therapeutic strategies that
can improve clinical outcome and help prevent the emergence
of MDR variants, especially in salvage therapy. This work
further highlights the functional role of the HIV-1 RT connec-
tion subdomain in drug resistance. Future studies that focus on
the structural and biochemical properties of connection sub-
domain RT mutants should reveal the molecular details of
NRTI and NNRTI drug resistance caused by connection sub-
domain residues.
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Abstract

Although a limited duration of immune activation of structured treatment interruptions (STIs) has been reported. the immune escape mech-
anism during STIs remains obscure. We therefore investigated the role of three immunodominant cytotoxic T lymphocyte (epitapes) n 12 HLA-
A2402-positive patients participating longitudinally during the clinical study of early antiretroviral treatment (ART) with five series of
structured treatment interruptions (STIs), The frequency of HLA-A*2402-restneted CTLs varied widely and a sustained CTL response was
rarely noted. However. a Y-to-F substitution at the second position in an immunodominant CTL epitope Nef138-10 (Naf138-2F), which was
previously demonstrated as escape mutation, was frequently detected in seven patients primarily and emerged in the remaining five patients
thereafter, and the existence of escape mutations was correlated with high pVL levels carly i the clinical course. These findings suggest
that escape mutation in the immunodominant CTL epitope may be one of the mechanisms to limit HIV-1-specific immune control in STls.

© 2008 Elsevier Masson SAS. All rights reserved.

Keywords: Suuctured treatment interruptions: Cytotoxic T lymphocyts; HLA-A*2402; Escape variant

1. Introduction

Structured treatment interruption (STI) is considered one of
the immune stimulatory interventions for HIV-1 infection,
based on the hypothesis that viral rebound during treatment
interruption might induce HIV-specific immune responses
[1—3]. Since the 1999 case report of the early-treated patient
who achieved sustained viral suppression without highly anti-
retroviral therapy (HAART) after two occasional treatment
interruptions [1], the STI strategy has been studied in various
clinical settings [4—7). Because cytotoxic T lymphocytes
(CTLs) play a critical role in the control of HIV-1 replication
and HIV-specific CD4+ T-cell response is important to main-
tain effective HIV-1-specific CTLs [8-11], early treatment that

* Comesponding author. Tel: +81 3 3202 7181x5642, fax: +81 3 3202
T198
E-mail address: jlanuma@imej hosp.go.jp (] Tanuma).
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can preserve HIV-1-specific-CD4+ T cells is considered 10
have the greater impact on STI in early infection than in
chronic infecuon [11—13]. However, the majority of previous
STI trials revealed the limitiuion of immune activation with
risk of viral resistance [4,14,15] and the mechanisms of viral
control failure in STI strategy have remained unclear.

Viral mutation in immunodominant epitopes is one of the
obstacles to HIV-1 vaccine development [16—21]. Since
HIV-1-specific T-cell responses are restricted by HLA alleles,
its escape variant can be transmitted and adopted in popula-
tions sharing some dominant HLA alleles [19—=21], In Japan
where HLA-A*2402 is the most frequent HLA class [ allele
with 70% prevalence, HLA-A*2402-restnicted CTLs and its
immunodominant epitopes have been exiensivelv assessed
[22]. Nef138-10, which has been proved previously as an
HLA-A*2402-restricted  CTL  epitope  provoking  strong
cytolytic activity [22], is one of the immunodomiant CTL
epitopes in HLA-A*2402-positive Japanese patients [21,22].
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Our previous study showed that a Y-to-F substitution at the
second position in Nefl38-10 epitope (Nefl38-2F) impairs
the ability of the Nef138-10-specific CTLs to suppress HIV-
| replication, indicating that Nef138-2F is an escape mutation
from CTLs [23]. Since Nef138-2F is observed in both HLA-
A*2402-positive and -negative patients, Nefl38-2F variant
may be stable and adopted at a population level [21].

In the present study of early antiretroviral treatmient v th
five series of STIs for HLA-A *2402 positive Japanesc |
tients, we investigated the longitudinal magnitudes of HIV-|
specific HLA-A*2402-restricted CTLs by using HLA-epitope
tetramer ninding assay and sequenced the most immunodomi-
nant epitopes Nefl38-10 to evaluate whether escape mutation
might negatively influence viral control m an STI study,

2. Methoeds
2.1, Study design and panent population

This trial was designed as a prospective studv at the AIDS
Clinical Center, International Medical Center of Japan. Be-
tween November 2000 and December 2001, patients with
early HIV infection, with or without acute retroviral symp-
toms, were recruited. Early HIV infection was confirmed
within 6 months before recruitment by a documented history
of seroconversion in enzyme-linked immunosorbent assay
(ELISA) or longitudinal increase of bands in Western blot
test. Pauents with active opportunistic infections or psycholog-
ical disorders, or those treated with immunomodulatory agents
were excluded. Antiretroviral therapy was initiated after
obtaining a signed informed consent. The first-choice regimen
for this study consisted of stavudine, lamivudine 21 | ndinavir
boosted with ritonavir, but the patient was allowed to use other
antiretroviral drugs when the first regimen could not be toler-
ated. To avoid emergence of di. 2 resistance to indinavir, rito-
navir-boosting was stopped more than | week before treatment
interruption. The duration of treatment interruption was fixed
for 3 weeks. The first treatment was imerrupted after more
than 3 months of HAART, when CD44 cell count was
=500/mm” and plasma viral load (pVL) had been <50 cop-
ies/ml for at least | month. Other interruptions were also car-
ried out when pVL became <50 copies/ml and CD4+ cell
count was >300/mm”. Five series of STIs were scheduled dur-
ing the treatment.

The study protocol was approved by the institutional ethical
review boards (IMCJ-H13-10).

2.2. Monitaring and sample collection

Patients were monitored monthly during HAART and at
approximately a 4-month interval after wreatment discontinua-
tion. Unscheduled visits were permitted according to clinical
needs. At each visit, ¢linical assessment and routine laboratory
tests were performed. Blood specimens were collected in eth-
ylenediaminetetraacetic acid (EDTA)-containing tubes, sepa-
rated into peripheral blood mononuclear cells (PBMCs) and
plasma, and stored at —80 “C for assessment of HIV-1-specific
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CTLs and sequence of the dominant epitope region. pVL was
quantified by using the Amplicor HIV-1 Monitor test 1.5
{Roche Diagnostics. Indianapolis. IN) with a detection limit
of 50 copies/ml. Antiretroviral drug resistance-associated
mutations were examined at baseline and after HAART
including STIs in all 26 participants. Each mutation was iden-
tified according to the revised August 2006 International AIDS
Society Resistance-USA Panel [24].

1 HLA rping and epitope-HLA-A*2402 tetrer
me ATTaVE

High-resolution HLA class I typing was performed by
a PCR-sequence-specific primer method. If HLA-A®*2404
was positive, HIV-1 specific CTLs were investigated by using
peptide-HLA-A%2402 1etrameric complex synthesized s
described previously [21.22.25]. Purified complexes were
enzymatically biotinylated at a BirA recoguition sequence
located at the C-terminus of the heavy chain, and then mixed
with phycoerythrin (PE)-conjugated avidin (extravidin-PE;
Sigma—Aldrich, St. Louis, MO) at a molar ratio of 4:1. Cryo-
preserved PBMCs (0.5—1 = 10° cells) were stained by the tet-
ramer at 37 “C for 30 min. After double washing with washing
buffer (10% fetal calf serum in RPMI 1640), the cells were
stained by fluorescein isothiocyanate (FITC)-conjugated anu-
human CD8 mAb (BD Biosciences, San Jose, CA) at 4 °C
for 30 min. The cells were then washed twice and analyzed us-
ing a FACS Calibur with Cell Quest software (Becton Dickin-
son, San Jose, CA). Based on our previous study [22], three
immunodominant epitopes of HLA-A*2402 restricted CTLs;
Nefl38-10, Gag28-9 and Env384-9. were chosen for this
assay. Since we found a high frequency of Y-1o-F substitution
at the second position in Nef138-10 gene (Nefl38-2F) which
has been suspected as an escape variant in previous studies
[21], Nef138-2F-sp~ .. Cils (Nefl138-2F-CTLs) were also
measured by tetruiners using Nefl38-2F variant alone and
by competitive double staining using two types of tetramers
of both wild type and Nefl38-2F variani to compare the
frequencies of the two types of HIV-1-specific CTLs.

24. Sequence analyses of Nefl38-10 gene

For evaluation of escape variants from CTLs, we sequenced
the region coding Nef138-10, which is the immunodominant
HLA-A#*2402-restricted epitope, while Nefl38-2F has been
suspected as escape mutation in this epitope, using the method
described here. Total RNA was extracted from plasma with
a High Pure viral RNA kit (Boehringer Mannheim, Mannheim,
Germany), followed by RT—PCR with a One Step RNA PCR
kit (TaKaRa Shuzo. Otsu, Japan) to amplify the HTV-1 Nef
DNA segment (2341 bp) as described previously [21]. The
PCR products were purified with SUPREC-02 (TaKaRa
Shuzo) and subjected to direct sequencing with an ABI
PRISM 3730 automated DNA sequencer (Applied Biosystems,
Foster City, CA). Amino acid sequences were deduced with
the Genetyx-Win program version 5.1 (Software Develop-
ment. Tokyo).
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2.5. Sransncal analysis

Data from patients who completed the treatment protocol
including five series of STIs were analyzed. Before analysis,
pVL data were log-transformed and undetectable pVL (<50
copies/ml) was considered equivalent to 50 copies/ml. The
Mann—Whitney [/-test was used to compare the pVLs deter-
mined every 3 months after reatment cessation 1o the pVLs
of 279 untreated chronic HIV-1 patents in order to assess
the durability of viral suppression. The correlation between
pVL and percentage of CTLs was assessed by simple regres-
sion analysis. Statistical analyses were performed using
SPSSII software package for Windows, version 11.0.

3. Results
3.1 Characteristics of participants

During the enrollment period, 432 new patients were re-
ferred to our clinic. OFf these, 32 met the criteria of early
HIV-1 infection and 6 were excluded due to psychological
problems or taking systemic steroid therapy for symptoms as-
soctated with acute retroviral syndrome. All 26 recruits were
Japanese infected with HIV-1 by sexual intercourse, and 24
were men (92%). The mean age of patients was 35.0 years
(range. 21—56 years). The mean pVL at baseline was 5.21
logyg copies/ml (range. 3.28—6.91 log,, copies/ml) and the
mean CD4+ cell count at baseline was 413/mm’ (range,
49—1156/mm”). Twenty-five patients presented with wide-
range clinical symptoms of acute retroviral syndrome. Fifteen
out of 26 participanis completed the treatment protocol includ-
ing five series of STI. HAART had to be continued in four pa-
tients because CD4+ cell counts had never stabilized above
300/mm”* despite more than 6 months of treatment. The other

seven patients discontinued the treatment protocol afier less
than five STIs due 1o adverse events, adherence problems. or
no specific problems.

In the protocol-completed 135 patients, 14 were men (92%).
The mean age was 34.0 years (range, 21—56 years), Al base-
line, the median pVL was 5.14 log,, copies/ml (range,
3.28—6.91 log,, copies/ml) and the median CD4+ cell count
was 475/mm” (range, 245—990/mm®). The demographic, im-
munological, and virological factors before initiation of
HAART of the protocol-completed group were not statistically
different from those of the uncompleted group (Mann—Whitney
[U-test) (data not shown), although baseline CD4+- cell counts
of four ART-continued patients: 49, 185, 210, and 351/mm’
respectively seemed lower than those who completed the
treatment protocol. Twelve (80%) patents were positive for
HLA-A*2402 and its incidence was similar to those reported
previously in Japanese population [21,22], No specific HLA
genotypes that are known to influence the clinical course of
HIV infection such as HLA-B*27, HLA-B*S57 and HLA-
B*35 (except B*3501) [26] were detected in participants.
The median length of follow-up after treatment cessation
was 961 days (range, 462—1255 days).

No resistance-associated mutations were identified among
all the 26 participants at study enrollment except one who
had MI84V, D30N and L90OM mutations despite good viro-
logic responses throughout HAART. There was no increase
in resistance-associated mutations during and after five STIs
in all participants (data not shown).

3.2, Plasma viral load and CD4 + cell count in protocel-
completed 15 patients

Fig. | shows serial changes in median pVLs and CD4+ cell
counts in protocol-completed 15 patients. Peaks of viral
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rebounds during treatment interruptions decreased gradually.
The pVLs of every 12 weeks after wreatment cessation were
under 4 log;, copies/ml in most of the patienis and they were
significantly lower for 60 weeks than the pVLs of 279 untreated
chronic HIV-1 patients in our clinic. However, pVLs gradually
increased and there was no difference at week 61—72 from
pVLs of chronically infected patients, The proportion of patients
with a favorable viral control whose median VL at every
12 weeks after treatment cessation were less thau 10 logg
copies/ml was 66% in the first 12 weeks but the proportion
decreased to 33% in the 61—72 weeks. Along with the increase
inpVL, CD4+- cell counts declined after treatment cessation and
one patient (KI-134) required restart of HAART because CD4-+
cell count decreased below 200/mm* at week 52. None of the
patients developed episode of opportunistic infections or HIV-
related diseases throughout this study.

3.3. Plasma viral loads and frequency
of HLA-A*2402-resmicted CTL.

We investigated induction of 3 HLA-A#2402-restricted
immunodominant epitope-specific CTL 1 12 patients with
HLA-A*2402 by using the corresponding wuumers, Fig. 2
shows the serial changes in HLA-A*2402-restricted HIV-1-spe-
cific CTLs. Overall, the frequency of HLA-A*2402-restricted
CTLs varied widely among the patients and a sustamed CTL
response wus rarely noted. We investi=at=4 the correlation
between pVLs at every 12 week deatment cossation and
frequency of HLA-A*2402.  _.cted CTLs according to the
epitope. None of Nell138-' -, Gag28-9- or Env384-9-specific
CTLs was statistically correlated to pVLs (Fig. 3A).

3.4. Effect of Nefl138-10 escape mutation on suppression
of HIV replication

A Y-to-F substitution at the second position of Nefl38-10
(Nefl138-2F) has been suspected as an escape mutation from
HLA-A*2402-restricted Nefl138-10-specific CTLs in a previ-
ous study [21]. In fact, we recently demonstrated that
Nef138-10-specific CTLs [ail to suppress replication of
Nefl38-2F mutant [23]. We therefore performed serial se-
quence analyses of Nefl38-10 epitope and investigated
whether this 2F mutation is responsible for the limited dura-
tion of viral suppression. As shown in Table 1, we found
high frequency of this mutation. Seven out of 12 patients
had Nefl38-2F variant in viral RNA or proviral DNA in the
earliest samples (KI-091, KI-126, KI-134, KI-144, KI-150,
KI-154 and KI-163). The Nef]38-2F variant was not detected
in the earliest samples of the other five patients (KI1-092, KI-
099, KI-102, KI-158 and KI-161) and these patients were con-
sidered to have Nefl38-10 wild-type infection except a T-10-C
substitution at the fifth position (Nef138-5C) in KI-099 which
has also been suspected as one of the escape variants from
Nef138-10-specific CTLs in a previous study [21]. and an L-
to-I substitution at the forth position (Nef138-41) in KI-161.
However, Nef138-2F mutation was detected at the latter stage
in all the other five patients.
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We speculated that Nefl38-10-specific CTLs can control
replication of HIV-1 in patents who had been infected with
Nef138-WT virus. Therefore we compared pVLs according
to the existence of escape mutants Nefl38-2F or 138-5C at
the earliest sample drawn during early phase of infection
before treatment initiation. As shown in Fig. 3B, the pVLs
between 13 and 36 weeks were significantly lower in the other
four patients who were ‘onfirmed as Nefl138-WT or Nefl38-4]
infection than in the rema:, 2 eight patients who had Nef138-
2F or Nefl38-5C varant in e earliest samples, which h»
been suspected as an escape vanant from Nefl38-10-specific
CTLs in a previous study. These indicate that Nefl38-10-

“ific M replication of wild-type virus but the
preselie. aer '8-2F or Nefl138-3C negatively influ-
ences viral control.
3.5, Nefl38-2F variant e CTLs

We found Nefl38-WT-tetraiue. ~el138-2F-tetramer
hound to both Nefl38-WT-specific CTL clones and Nefl38-
2F-specific CTL clones. In addition, Nefl38-WT-tetramer
had stronger affinity to Nef138-WT-specific CTL clones than
Nef138-2F-specific CTL clones (Fig. 4A) and vice versa
(our unpublished work). Therefore, the double-staining assay
using both tetramers simultaneously was performed to differ-
entiate the two types of CTLs.

The frequencies of the two types of CTLs are shown in
Table 1. In patients negative for Nef138-2F or Nefl138-5C
initially, Nef138-WT-CTLs were detected early after the treat-
ment cessation (KI-092, KI-102, KI-158 and KI-161) but
declined after evolution of Nef138-2F (KI-092, KI-102, and
KI-161). Although only a slight elevation of Nefl38-2F-
CTLs was noted afler emergence of Nefl38-2F (KI-092 and
KI-161), the magmtude was smaller than that of Nefl38-
WT-specific CTLs before emergence of Nefl38-2F,

In patients having Nef138-2F vanant initially and suspected
as Nef138-2F vanant infection, the frequencies of Nefl38-2F-
CTLs were relative :, sinaller than those of Nef138-WT-specific
CTLs in Nef138-10 wild-type infection, except KI-144 who had
marked increase of Nef138-2F-CTLs in week 37.

Fig. 4B and C illustrate the clinical courses of two repre-
sentative cases; KI-16]1 was non-Nef138-2F variant infection
and KI-144 was suspected as Nefl38-2F variant infection. In
Kl-161 (Fig. 4B), Nefl138-WT-CTL response diminished after
the emergence of Nefl38-2F mutation. Interestingly, the pVL
of this patient seemed to increase along with the fall in
Nefl38-WT-CTLs (Fig. 2). In KI-144 (Fig. 4C), Nefl38-2F-
CTLs were induced but there was no suppression of pVLs.
These results indicate that either infection or emergence of
Nef138-2F variant might limit the CTL induction.

4. Discussion
In this study. we could not demonstrate the lowered set-
point pVLs in patients who received HAART with five series

of STIs in early HIV-1 infection. Previous studies revealed
that a vigorous HIV-1-specific CD4 response is associated
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Fig 2 Frequencies of HLA-A®2402 restricted HIV:1-specific CTLs determined by (etramer binding assay. HLA-A®2402 restricted HIV-1-specific CTLs in
PBMCy were determined by using tetrameric complexes of HLA-A*2404 and each of the three types of epitopes. Solid circle: Nefl 38-10-specific CTL, solid
squares; Gag28-9-specific CTL. solid triangles: Envi84-9.specific CTL, open vircles: plasma viral load, Shaded area: time on anti iral therapy, unshaded

wrea; time off therapy.

with a slower disease progression [8=11]; however, despite
some reports of boosted immunological responses in acutely
treated patients, the evidence of clinical benefits of early treat-
ment has not been established [12,13]. In line with these trials
of early mitiation of HAART with or without STI, the CTL
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responses in our study were mostly transient and did not cor-
relate with pVL levels.

We adopted HLA-epitope tetramer analysis for evaluating
CTL responses, which provides specific information on HLA
class 1 allele and HLA-restricted epitopes. because CTL
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compared according Lo the existence of escape variant in Uie earfiest sample drawn during early phase of infection. Wild
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Nefl138-10 sequence and Nef138-specific CTLs i HLA-A=2402 positive patients

Patient D Time Sample Nef138-10 sequence Tetramer pasitive cell (% in CD8+ cells)
(weeks) (RYPLTFGWCF) Wild type IF
Kl-091 -55 Proviral DNA F. NA NA
21 RNA F 1] .46
89 RNA F 0 083
Kl-£92 39 RNA 1. 48 0,05
86 RNA f—— 041 0,13
Kl-009 —d Proviral DNA —_— NA NA
-4 RNA F-C 004 0,06
44 RNA I — n.02 012
KI-102 58 RNA 211 045
137 RNA F 045 010
Kl-126 -H8 Proviral DNA e — NA NA
19 RNA F 0.01 0,06
1 NA NA a o1t
Kl-134 9 Provirai DNA F NA NA
49 RNA F—_— 0 0.22
KI- 144 ~d6 Proviral DNA e NA NA
37 BNA —_— 002 245
71 RNA e NA NA
KI-150 -43 RNA b NA NA
21 RNA Fom— s — 1] 0.03
63 NA NA i 0,02
KI-154 =70 Proviml DNA F (106 0,13
77 RNA -F 0.01 0.35
Kl-158 14 Proviral DNA _— 191 (.41
Kl-161 26 Proviral DNA B — NA NA
RNA -F-1
3 Proviral DNA <F-1 104 008
RNA R
86 Proviral DNA Fol— 0209 0.79
RNA Fl—
52 RNA B — 0.71 0.66
Ki-163 1 Provirai DNA S NA NA
RNA e
26 RNA B 0 0.57
13 NA NA 002 .59
* Tume: Time in weeks after treatment cessation, Negative tme 3: before NA, not aviilable.

responses are different between HLA class | alleles and influ-
enced by viral mutations in epitope regions as described else-
where [16—22]. HLA-A*2402 is the most frequent HLA class
I allele with 70% prevalence in the Japanese population
[21.22]. Therefore, the majority of the study participants could
be assessed by using HLA-A*2402-¢pitope tetramer and thus
it is most beneficial to evaluate HLA-A*2402 restricted CTL
responses for Japanese patients. Moreover, HLA-A*2402-
restricted cpitopes have been studied extensively [22] and
we were able to focus on three immunodominant epitopes.
This approach allowed us to find a high frequency of the
escape vanant Nefl38-2F cfficiently.

Viral mutation is one of the important mechanisms of
immune escape of HIV-1 [16—23,27-29], which occurs at
amino acids responsible for HLA binding, T-cell receptor recog-
mition, or in flanking regions thar affect antigen presentation. In
our study Nef138-2F, which is a mutation in the immunodomi-
nant CTL epitope Nefl38-10, had emerged in 5 of 12 HLA-
A*2402-positive patients. Although the magniude of Nef138-
10-specific CTLs was not significantly correlated with pVLs
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as previous trials [15], Nefl38-2F vanant infection was corre-
lated with high pVL levels in early clinical course and seemed
to contribute to lower CTL response. Furthermore, we previ-
ously demonstrated the strong and weak ability of Nef138-10-
specific CTL clones to suppress replication of the wild-type
and 2F mutant viruses respectively [23]. In addition, although
Nef138-2F-specific CTL clones suppressed the replication of
both wild-type and Nef138-2F variant, their ability to suppress
the replication of Nef138-2F virus was much weaker than that
of Nefl38-10-specific CTLs or Nefl38-2F-specific CTLs
against the wild-type virus replication. Furthermore, the present
study demonstrated that 2F mutant appeared at the late phase in
patients who had wild-type virus at the early phase. Together
with these findings, frequent detection of Nefl38-2F in this
study strongly supports the idea that Nef138-2F is one of the
escape mutations from HLA-A*2402-restricted CTLs and that
Nef138-2F virus was selected by CTL pressure.

Nef138-2F mutation could occur not only by positive selec-
tion by CTLs but also by Nefl38-2F-variant transmission
[19—-21]. Furutsuki et al. [21] reported frequent detection of
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Fig. 4. Nef138-2F variant and CTL specificity. (A) PBMC of KI-102 at week 58, known to coincide with Nef138-10 wild-type infection, were assayed for wild-type
Nefl 38-10-specific CTL (Nef138-WT-CTL) by tetramer-staining with Nef138-WT-tetramer and Nef138-2F-tetramer. The left two chans depict the results of sin-
gle-tetrmmer-stuining, showing the wo terramers stained for Nef138-WT-CTL equally (2.2% by Nefl138-WT-tetramer versus 2.1% by Nefl38-2F-etramer). The
right chart depicts the result of double-tetramer-staining with Nef138-WT-tetramer and Nef138-2F-tetramer, showing Nefl38-WT-CTL was stained by Nef138-
WT-tetramer and was differentiated from Nef138-2F-CTL. (B) Serial changes in Nefi38.10 sequence and Nefl38-specific-CTLs of KI-161 infected by non-
Nefl38-2F strmin. Top: the Nefl38-10 sequence; bottom charts: results of double-staining assay with Nef138-WT-tetramer and Nefl138-2F-tetramer. Numbers
in each quadrant represent the frequency of terramer-positive cells among total CDB+ cells. Right lower quadrant: frequency of Nefl38-WT-tetramer-positive
cells; left upper qundront: frequency of Nefl38-2F-tetramer-positive cells. Note the induction of Nef138-WT-CTL and reduction in their proportion afier emer-
genee of Nef138-2F mutauon. Nef]38-2F-CTLs were induced after emergence of Nef138-2F mutation but their proportion was refatively lower. (C) Senal changes
in Nel138-10 sequence und Nef138-specific-CTLs of KI-144 infected by Nef138-2F variant. Note the induction of Nef138-2F.CTL. Nef138-WT-CTLs were never

detected throughout the study.

is very frequent, our study included the five patients who

Nef138-2F variant in HLA-A*2402 negative Japanese patients
did not have this variant initially and were considered as

who were infected by sexual intercourse and reversion from

Nef138-2F to wild type occurred very slowly over years.
These might allow horizontal spread of Nefl38-2F variant.
Even if the transmission of this variant in Japanese patients

wild-type infection, and we provided longitudinal evidence
of positive selection of Nef138-2F variant under the pressure
of Nefl38-WT-CTLs in those.
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In conclusion, our study demonstrated that early antiretro-
viral treatment with five senies of STI did not induce a sus-
tamed immune response. A high frequency of escape
mutation in the immunodominant HLA-A*2402-resincled
CTLs was found, which could be one of the causes of limited
immune responses by STIs.
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