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Fig. 4. Characteristics of T-cell receptor B-chain of Nef138-10/A24-tetramer wt-positive and dual-positive CD8" T-cell
populations. Frequencies of TRBV and TRBJ gene usage in CD8" T cells stimulated with Nef138-10(wt) (Fig. 3) were calculated
and shown in a graph. Tet(wt)+/Tet(2F)— (wt-positive)(left) and Tet(wt)+/Tet(2F)+ (dual-positive) (right) populations are shown.
The most frequent genes are indicated by black shading, and genes found in more than 5% of the population are indicated by gray
shading (a). Nucleotide sequence of CDR3-coding region (CASSPGQGIYEQY) in S15, 546, and S19 was aligned (b). CDR3 amino
acid sequence, TRAV, TRAJ, TRBV, and TRB] usage, and relative frequency of Tet(wt)+/Tet(2F)+ (dual-positive) population in $15,
$46, and S19 are shown. Numbers in parenthesis indicate frequency (%) of each clonotype. The consensus amino acid sequences

are underlined (c).

could be occurring during in-vitro stimulation by
peptides. In order to examine whether the dual-positive
population also used TRBV4-1 primarily in vivo, frozen
PBMCs were thawed and stained with Tet(wt), Tet(2F),
and anti-TRBV4-1 antibodies (Fig. 5). PBMCs from
patients S15 and T26 had too few dual-positive cells to
assess; however, in PBMCs from patients A10 and S19,
more than 95% of the dual-positive CD8" T-cell
population were TRBV4-1 positive.

Discussion

Error-prone reverse transcriptase creates the genetic
diversity of HIV-1 and serves as an effective means for the
virus to evade immune surveillance. Considering the
plasticity and hypervariable nature of HIV-1, stereotypic
amino acid substitution in the CTL epitope 1s an enigma
that might provide clues to understanding the difficulties
encountered in developing effective vaccines for HIV-1.
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One might predict that point mutations affecting the
HIV-1 anchor residues would remove its ability to bind
to an MHC heavy chain, resulting in a CTL epitope
incapable of eliciting specific CTL response [4].
However, substituted CTL epitopes such as Nefl38-
10(2F) show the escape phenotype, yet bind to MHC
molecules almost as efficiently as the wild-type epitope,
with the interaction eliciting strong CD8" T-cell
response [12,13,20].

In this study, we examined the TCR repertoire of CD8™
T cells responding to wt [Nef138-10(wt)] and mutant
[Nef138-10(2F)] epitopes. By tetramer dual-staining of
A24-positive PBMCs stimulated in vitro from HIV-
positive patients, we were able to examine two CD8-
positive T-cell populations: wt-positive and dual-positive
populations. In three patients, the CD8" T cells could
be differentiated according to their relative affinity to
Nef138-10(2F)/A24 tetramers (Figs 2 and 3); we
designated as ‘wt-positive’ the population with lower
affinity to Nef138-10(2F)/A24 tetramers. Regardless of
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Fig. 5. TRBV4-1 expression in Nef138-10/A24-tetramer dual-positive population in vivo. Frozen peripheral blood mononuclear
cells from two patients (A10, S19) were stained with Tet(wt) and Tet(2F), anti-CD8 (Pacific Blue), and anti-TRBV4-1(FITC).
Tet(wt)+/Tet(2F)+ (dual-positive) and tetramer negative [Tet-(—)] populations are gated. Expression of TRBV4-1 in each population

is shown in histogram. FITC, fluorescein isothiocyanate.

which peptide was used for stimulation, the TCR
repertoire of the wt-positive population was similar in
each patient.

An unexpected finding was that the dual-positive CD8™
T-cell population grown in vitro had a highly restricted
TCR repertoire compared with the wt-positive CD8™"
T-cell population, which showed substantial diversity.
Furthermore, the dual-positive CD8" T-cell population
in vivo also appeared to have a restricted CTL repertoire in
which TRBV4-1 was the predominant clonotype.

Patient 116 appeared to be an exception; in the dual-
positive CD8" T-cell population from this patient,
TRBV15 and TRBV10-3 were the major TCR (-chain
gene segments. At the time of the study, patient 116 had
been followed as an HIV-infected patient in our clinic for
at least 8 years, longer than any other study patient.
Analysis using frozen PBMCs from patient 116 showed
that TRBV4-1/TRBJ2-7 had been the most frequently
used clonotype 2 years earlier (data not shown).

In this study, the 2F-positive population was distinguished
clearly only in patient T26. Expansion of 2F-positive
CD8™ T cells was observed in PBMCs from some of the
other patients only following stimulation with much
higher peptide concentrations (data not shown). We
speculate that 2F-positive CD8™ T cells may require higher
amounts of antigen for stimulation and proliferation.

One apparent limitation of our study is that we did not
formally prove that the wt single-positive cells are not
dual-specific for wt and unknown epitopes, including
variant Nef138-10 other than Nef138-10(2F). Although

sequencing results showed that the plasma viruses were all
Nef138-10(2F) (Fig. 1), we could stimulate and expand
CD8™ T cells not only with Nef138-10(2F), but also with
Nef138-10(wt) peptides. Our interest is not in the hidden
additional specificity of the wt-positive population, but in
their relative inability to bind the pMHC to which they
must have been exposed in wvivo. The dual-positive
population with higher affinity to Nef138-10(2F)/A24
tetramers had a restricted TCR repertoire. Notably, the
patients were viremic even in the presence of CTLs that
had a higher affinity against the cognate ‘mutant” CTL
epitope, Nefl38-10(2F)/A24, yet were still able to
recognize the cognate ‘wt” CTL epitope.

Our data suggest that mutation at the second residue (P2)
in the HLA-A24-binding epitope influences T-cell
recognition. P2 is the anchor residue of the HLA-
A24-binding peptide and dips into the B pocket, forming
a hydrogen bond with H70 in the HLA-A24 molecule
[21]. A single amino acid substitution from Y to F at a
secondary anchor position has been shown to modify the
overall conformation of the HLA-A2-restricted HIV
Gag-SL9 peptide [22]. However, our recent studies
suggest that Y139F substitution in Nef138-10 does not
cause a drastic change in pMHC structure (unpublished
observation).

Dong et al. [23] reported the close correlation between
VB13.2 usage and long-term nonprogression in four
HLA-B8-positive patients. V313.2-positive CTLs were
widely reactive to possible escape mutants. In our study,
the patients were randomly selected. The relationship
between the restricted TCR repertoire and the patient’s
prognosis is not known, yet we do know that two of the
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six treatment-naive patients had CD4 T-cell counts of less
than 300 (data not shown). Thus, we infer that the six
treatment-naive patients were not necessarily long-
term NONProgressors.

The most plausible cause of the restricted TCR repertoire
in our case may be lower expression of the Nef138-10(2F)
epitope due to impaired or hyper-intracellular processing.
We previously examined the killing activity of specific
CTL clones against target cells expressing whole Nef
protein with or without the 2F mutation (12). Specific
killing activity directed against cells expressing Nef
protein with the 2F mutation was lower than the activity
against cells expressing the wt Nef protein, suggesting that
hyper-processing or insufficient processing of Nef protein
due to 2F mutation might result in a decrease in cell-
surface expression of pMHC molecules. In this situation,
CTL with higher avidity might be selected to cope with
low antigen expression, resulting in a restricted TCR
repertoire of the CTL population. However, the
mechanisms enabling the maintenance of strong CTL
responses against Nef138-10(2F) in vitro are not currently
understood. Further studies are needed to show whether
the introduction of the 2F mutation actually interferes
with processing and leads to a decrease in pMHC
molecules on the cell surface.

Previous studies have examined the kinetic association
between the emergence of escape variants and the TCR
repertoire in HIV-1/SIV infection [24-26]. In acute SIV
infection, the emergence of escape viruses was associated
with highly conserved TCR B-chain CDR3 motifs, but
not with the presence of diverse clonotypic repertoires
[24]. We observed viral escape in all patients in this study.
We did not detect wild-type viruses even in patients
without detectable wt-positive CD8' T cells. Dual-
positive T cells may be enough to remove HIV-1 with the
wild-type epitope. Molecular mimicry between wt-
pMHC and mutant pMHC may elicit both wt-positive
and dual-positive CD8" T-cell populations whether or
not A24-positive patients are infected with wt-positive or
mutant HIV-1. The more efficient removal of the wild-
type viruses may result from better antigen presentation
on the infected cells. Although further evidence is
needed, we speculate that impairment of antigen
presentation may give viruses with the Nef138-10(2F)
mutation a selective advantage in A24-positive patients
infected with HIV-1. Not only qualitative, but also
quantitative analyses of epitope processing and presen-
tation may shed light on the fundamental mechanism of
immune evasion by HIV-1.
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To elucidate the epigenetic regulation of Tat-independent human immunodeficiency virus (HIV) transcrip-
tion following proviral integration, we constructed an HIV type 1 (HIV-1)-based replication-defective viral
vector that expresses a reporter green fluorescent protein (GFP) product from its intact long terminal repeat
(LTR). We transduced this construct into human tumor cell lines that were either deficient in or competent for
the Brm-type SWI/SNF complex. One day after transduction, single cells that expressed GFP were sorted, and
the GFP expression profiles originating from each of these clones were analyzed. Unlike clones of the
SWI/SNF-competent cell line, which exhibited clear unimodal expression patterns in all cases, many clones
originating from Brm-deficient cell lines either showed a broad-range distribution of GFP expression or were
fully silenced. The resorting of GFP-negative populations of these isolated clones showed that GFP silencing
is either reversible or irreversible depending upon the proviral integration sites. We further observed that even
in these silenced clones, proviral gene transcription initiates to accumulate short transcripts of around 60
bases in length, but no elongation occurs. We found that this termination is caused by tightly closed nucleo-
some-1 (nuc-1) at the 5° LTR. Also, nuc-1 is remodeled by exogenous Brm in some integrants. From these
results, we propose that Brm is required for the occasional transcriptional elongation of the HIV-1 provirus in
the absence of Tat. Since the Brm-type SWI/SNF complex is expressed at marginal levels in resting CD4* T
cells and is drastically induced upon CD4" T-cell activation, we speculate that it plays crucial roles in the early

Tat-independent phase of HIV transcription in affected patients.

Human immunodeficiency virus type 1 (HIV-1) proviral
DNA is semirandomly integrated into the host cell genome.
The transcription of the HIV-1 provirus is characterized by an
early Tat-independent phase and a late Tat-dependent phase.
In the early Tat-independent phase, HIV-1 transcription is
dependent upon the interaction of host transcription factors
with cis-regulatory DNA elements with the viral 5 long termi-
nal repeat (LTR) (23, 26) and the assembly of the transcription
apparatus including RNA polymerase II (RNAPII) on these
sequences. Importantly, RNAPII synthesizes mostly abortive
transcripts during this Tat-independent phase (13, 16). Only a
small fraction of the HIV-1 transcripts are in fact expected to
be elongated and produce the transactivator Tat protein. Tat
and its cellular coactivator, positive transcription factor b
(pTEFb), bind the transacting responsive (TAR) element
present in the 5' region of the HIV-1 proviral transcript and
cause the hyperphosphorylation of RNAPII, which then elon-
gates this transcript (20, 31). Hence, for the successful eluci-
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dation of HIV-1 expression, host factors involved in the first
stage of HIV-1 expression will be very important, although the
low expression levels of these HIV-1 transcripts may make a
detailed analysis difficult.

The SWI/SNF chromatin remodeling complex plays many
important roles in epigenetic regulation in human cells. This
complex contains either Brm or BRG1 as the catalytic subunit
but not both (30). Each of these proteins possesses DNA-
dependent ATPase activity, and although they have significant
overlapping functions, they do show distinct roles in some
biological activities. For example, we previously reported that
the Brm-type but not the BRG1-type SWI/SNF complex is
required for the stable gene transcription of murine leukemia
virus (MLV)-based retrovirus vectors (18) as well as cdx2-
dependent villin expression in gastrointestinal cells (36). In
Brm-deficient cells, we found that single cells that were trans-
duced with a replication-defective MLV-based vector carrying
the lacZ reporter frequently formed colonies containing a mix-
ture of LacZ-positive (LacZ") and LacZ-negative (LacZ™)
cells (mosaic colonies). A chromatin immunoprecipitation
(ChIP) assay showed that histone deacetylase 1 (HDAC1),
HDAC?2, and YY1 are recruited around the MLV 5" LTR
when the cells are deficient in Brm (18). It is currently not
known whether this requirement of Brm for stable MLV ex-
pression is also true for other retroviruses.

In our current study, we examined whether the Brm-type
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SWI/SNF complex is required for stable HIV-1 transcription in
the absence of the Tat protein. Using HI'V-1-based replication-
defective viral vectors, we show that HIV-1 proviral gene ex-
pression is destabilized in Brm-deficient cell lines and further
that this expression is very often silenced promptly and,
in some integrants, can even be reversibly reactivated. We also
show that this resulted not from blocks at the level of tran-
scriptional initiation but rather from the suppression of tran-
scriptional elongation. We provide evidence that the Brm-type
SWI/SNF chromatin remodeling complex is involved in the
disruption of nucleosome-1 (nuc-1), which is present just
downstream of the transcription start site, in order to promote
the efficient elongation of HIV-1 transcripts.

MATERIALS AND METHODS

Cell culture and preparation of PBMCs. The human cell lines SW13(vim—)
(38), C33A, HeLa-S3, HeLa-S3-shBrm4 (37), H1299, AZ521, A204, and 293FT
(Invitrogen) were incubated in Dulbecco’s modified Eagle’s medium with 10%
fetal calf serum (Life Technologies/Invitrogen) at 37°C. Peripheral blood mono-
nuclear cells (PBMCs) were obtained from a single healthy donor, purified on
Ficoll gradients, and then stained with fluorescein isothiocyanate-conjugated
anti-CD4 and phycoerythrin-conjugated anti-HLA-DR antibodies (eBioscience).
Monocytes were purified from PBMC cultures by sorting for lymphocytes with
dull CD4 and then seeded for 2 days. Proteins were extracted from adherent
cells. Resting T cells were purified from PBMC:s by sorting for lymphocytes with
a high level of expression of CD4 but low levels of HLA-DR. Activated CD4* T
cells were collected as follows: specific antibodies were immobilized on 48-well
tissue culture plates by incubating 20 pg/ml anti-CD3 (UCHT1) (eBioscience)
and 10 pg/mi anti-CD28 (CD28.2) (eBioscience) in phosphate-buffered saline
overnight at 4°C. Excess antibodies were removed from the wells by washing with
phosphate-buffered saline. Resting CD4* T cells were added at 2.5 x 10°
cells/well in 0.5 ml of complete RPMI 1640 medium containing 10% fetal calf
serum and incubated at 37°C and 5% CO,. Proteins were collected at 2 days and
6 days after activation. This study was approved by the institutional ethical review
board for human investigation at the Institute of Medical Science, University of
Tokyo, Tokyo, Japan (approval number 19-27-0131).

Cell sorting and GFP analysis. Cell sorting and flow cytometric analyses were
performed using FACSAria and FACSCalibur apparatuses (Becton Dickinson),
respectively. For green fluorescent protein (GFP) fluorescence analysis, dead
cells were eliminated on the basis of their forward and side scattering using
propidium iodide fluorescence.

Plasmids and DNA transfection. The 0.7-kb XholI-Stul PCR fragment of the
NL432 HIV-1 molecular clone (encoding the polypurine tract and the 3' LTR)
(1) was inserted into pLenti6/V5-D-TOPO (Invitrogen) to generate pWL-X. The
3.3-kb BamHI fragment of nlsLacZ (4) and the 0.7-kb fragment of GFP were
inserted into the ClaI-XhoI site of pWL-X to generate the constructs pWL-LacZ
and pWL-GFP (pWLG), respectively. Plasmids pCAGFI1-IRES-Kusabira-
Orange (pCAGF1-IKO) (empty vector), pCAGF1-IKO-Brm, and pCAGFI1-
IKO-Brm (KR) were generated by inserting the 0.7-kb Kusabira Orange frag-
ment of phKO1-MC1 (MBL) into the Smal-EcoRV site of pCAGFI-IG,
pCAGF1-1G-Brm, and pCAGF1-IG-Brm (KR), respectively (37). Oligonucleo-
tides pairs (5'-TTTGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGA
GCTCTCTGGCTAACTAGGGAACCCACTTTITTTTG-3' and 5'-AATTCAA
AAAAAGTGGGTTCCCTAGTTAGCCAGAGAGCTCCCAGGCTCAGATC
TGGTCTAACCAGAGAGACC-3') were annealed and ligated into vector
pmU6 (11) to generate pmU6-62nt. These expression plasmids were transfected
into human cell lines using FugeneHD (Roche).

Vector production. Vesicular stomatitis virus G protein-pseudotyped lentiviral
vectors (pWL-LacZ and pWL-GFP) were produced using the Virapower lenti-
viral expression system (Invitrogen).

Mosaic colony assay. A mosaic colony assay was performed essentially as
described previously (18). Briefly, cells were transduced with pWL-LacZ at a low
multiplicity of infection (MOI) (less than 0.2). At 1 day after transduction, the
transduced cultures were trypsinized and seeded at a very low cell density to
enable single-colony formation on the plates. Three days after seeding, the cells
were assessed for LacZ expression. pCAGF1-IKO and pCAGF1-IKO-Brm were
transduced into C33A cells, and 24 h after transfection, Kusabira Orange-posi-
tive cells were sorted 1 day before performing the mosaic colony assay.
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Genomic and inverse PCRs. Genomic DNAs were extracted from pWLG-
transduced cell cultures, and 0.1 pg of these DNA extracts was then used for
genomic PCR using the same primer pairs and amplification conditions as those
for the ChIP protocol described below. For inverse PCR, genomic DNAs were
digested with EcoRI or Pstl at 37°C overnight and subjected to self-ligation at
16°C overnight. This facilitated the generation of self-ligated circular DNA
carrying both a 5'-terminal proviral fragment (from the 5’ LTR to GFP) and its
neighboring genomic sequences. PCR and nested PCR using the following primer
sets were then performed to amplify DNA fragments encompassing vector and
ceflular DNA junctions: primers GFP101 (5'-GTCCGCCCTGAGCAAAGA-3')
and A2 (5'-CAAAGGTCAGTGGATATCTG-3') for the first PCR and primers A4
(5'-CGATCACATGGTCCTGCTGG-3') and A3 (5'-CAATCAGGGAAGTAGC
CTTG-3') for nested PCR. Amplified fragments were subjected to sequencing
analysis and human genome mapping using BLAST searches.

RT-PCR. Total RNA was prepared from cells using the mirVana microRNA
isolation kit (Ambion). Total RNA was treated with DNase (Takara) in accordance
with the manufacturer’s instructions. Semiquantitative reverse transcription-PCR
(RT-PCR) was performed using a Superscript one-step reaction with the Platinum
Tagq kit (Invitrogen). The primer sets used were as follows: start-F (5'-GGGTCTC
TCTGGTTAGA-3') and short-Rl (5'-GGGTTCCCTAGTTAGCC-3') for the
proximal 59 nucleotides (nt), start-F and short-R2 (5'-GGCAAGCTTTATTG
AG-3') for the proximal 86 nt, 5'-TACCGGTCGCCACCATGGTGA-3' and
5'-GTACTCCAGCTTGTGCCCCAG-3' for GFP, and 5'-ACCACAGTCCAT
GCCATCAC-3' and 5'-TCCACCACCCTGTTGCTGTA-3' for GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase). The band intensities were semiquantified by
densitometry (Atto Printgraph).

Western blotting. Western blotting was performed as described previously (18)
by using antibodies against Brm (Abcam), BRG1 (Santa Cruz Biotechnology),
BAF155 (Santa Cruz Biotechnology), BAF60a (BD Transduction Laboratories),
HIV-1 p24 (39/5.4A; Abcam), and B-actin (BD Transduction Laboratories).

RNase protection assay. A small RNA fraction (less than 200 nt) was prepared
from cells using the mirVana microRNA isolation kit (Ambion). The ?P-labeled
HIV-1-specific RNA probe (positions ~117 to +86 of the LTR and a non-
complementary stretch of 32 nt at the 5’ end) was prepared by in vitro transcrip-
tion of the antisense probe using T7 RNA polymerase (Invitrogen). Fifteen
micrograms of these cellular small RNAs was hybridized overnight with 32P-
labeled RNA probes (6 X 10° cpm) at 37°C. An RNase protection assay was
performed using the RPAIII kit (Ambion). Protected fragments were electro-
phoresed on 20% polyacrylamide gels at a high temperature. 3P-end-labeled
DynaMarker RNA Low II (BioDynamics Laboratory) RNA markers were also
loaded as size standards.

ChIP assay. ChIP assays were performed in accordance with the manufactur-
er’s protocol for the ChIP assay kit (Upstate Biotechnology). The specific anti-
bodies used for immunoprecipitation were anti-Brm (Abcam), anti-BRG1 (Santa
Cruz Biotechnology), anti-BAF155 (Santa Cruz Biotechnology), and anti-normal
rabbit immunoglobulin G (Santa Cruz Biotechnology). The amplification
conditions used for semiquantitative PCR were as follows: 30 cycles of 94°C
for 30 s, 60°C for 30 s, and 72°C for 30 s. The primers used were as follows:
LTR-F (5'-GAGCTTTCTACAAGGGACTTTCCG-3') and LTR-R (5'-CCG
TGCGCGCTTCAG-3") (384 bp), CD44-F (5'-TTCGGTCATCCTCTGTCC
TGACG-3') and CD44-R (5'-AATGAGGCTGCCTCGGAAGTTG-3") (345
bp), and GAPDH-F (5'-TGACTGTCGAACAGGAGGAG-3') and GAPDH-R
(5'-GCTACTAGCGGTTTTACGGG-3") (174 bp). PCR products were visual-
ized using SYBR green I staining after 5 and 10% polyacrylamide gel electro-
phoresis. The band intensities were semiquantified by densitometry using the
LAS4000UV minisystem (Fuji Film).

Restriction enzyme accessibility assays and ligation-mediated PCR. SW13(vim™)
clones were harvested and resuspended at 2.5 X 10° cells/ml in cold buffer A (10
mM Tris-HCl [pH 7.4], 10 mM NaCl, 3 mM MgCl,, and 0.3 M sucrose) for 5 min
and then lysed in 0.3% NP-40 for 3 min. Cellular nuclei were collected by
centrifugation (1,500 rpm at 4°C), resuspended in buffer B (10 mM Tris-HCI [pH
7.9], 10 mM MgCl,, 50 mM NaCl, 1 mM dithiothreitol, 100 pg/ml bovine serum
albumin, and 0.1 mM phenylmethylsulfonyl fluoride), and digested with 4 U of
HindIII and Pvull for 16 h. Genomic DNA was extracted from nuclei with TES
buffer (10 mM Tris [pH 8.0], 400 mM NaCl, 2 mM EDTA, and 1% sodium
dodecyl sulfate) and treatment with 200 wg/ml proteinase K at 55°C for 5 h. DNA
was extracted once with a 1X volume of phenol, followed by a 1:1 phenol-
chloroform-isoamyl alcohol extraction and two extractions with 24:1 chloroform-
isoamyl alcohol. The ligation-mediated PCR primer used was exactly the same as
that described previously (39).

Quantitation of HIV-1 viral production by TNF-a stimulation. ACH-2 and
ACH-2-derived cells (1 X 10° cells/24-well plate) were stimulated by TNF-a (10
ng/ml) (R&D Systems) in the presence of 50 uM azidothymidine; culture su-
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FIG. 1. Prompt silencing of HIV-1-based vector expression oc-
curs in some human cell lines. (A) Schematic representation of
vectors pWL-LacZ and pWL-GFP. The position of the RNA probe
(nt —116 to +86) used for RNase protection analysis is shown. The
vectors contain anintact LTR, from which the lacZ or GFP reporter
gene is driven from the HIV LTR. SD and SA, splice donor and
splice acceptor sites, respectively; RRE, Rev-responsive element,
which is necessary to export full-length proviral mRNA from the
nucleus to the cytoplasm; ¢, packaging signal that is necessary for
the packaging of full-length vector RNA into the viral particle.
(B) Cells were transduced with vector pWL-LacZ at a low MOI
(less than 0.2) to minimize the introduction of multiple proviral
copies. At 1 day after transduction, the transduced cultures were
trypsinized and seeded at a very low cell density to enable single-
colony formation. In vector-transduced HeLa-S3 cells (a), positive
colonies were mostly observed. HeLa-S3-shBrm4 (b) and C33A (c)
cells transduced with the pWL-LacZ vector formed mosaic colonies,
as evidenced by the LacZ expression pattern on day 3 after seeding.
(C) The mosaic colony ratio was calculated by dividing the mosaic
colony number by the sum of the mosaic colony number and the
positive colony number. The expression statuses for Brm, BRG1,
and Inil are summarized at right. K.D and M represent “knock-
down” and “mutation,” respectively. The error bars indicate the
standard deviations (n = 3).

pernatants were then collected by centrifugation at 0, 8, 12, or 24 h poststimu-
lation; and viral production was monitored by HIV-1 p24 antigen enzyme-linked
immunosorbent assay (ELISA) (ZeptoMetrix) according to the manufacturer’s
instructions. The cellular pellets were used for analysis of the cellular p24 protein
by Western blotting.
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RESULTS

HIV-1 vectors exhibit destabilized reporter expression in
Brm-deficient human tumor cell lines. We previously reported,
using a mosaic colony assay, that the Brm-type SWI/SNF com-
plex is required for the maintenance of the stable gene expres-
sion of MLV-based retrovirus vectors (18). To determine
whether this complex is also necessary for the stable transcrip-
tion of HIV-1 in the absence of Tat, we analyzed the stability
of HIV-1 proviral transcription using the same assay. First, we
constructed an HIV-1-based LacZ reporter vector under the
control of the intact HIV-1 LTR (pWL-LacZ) (Fig. 1A) and
transduced this into either SWI/SNF component-competent or
Brm-deficient human cells at a low MOI (less than 0.2) to
minimize the introduction of multiple proviral copies into a
single cell. The transduced cell cultures were grown for 1 day
to obtain complete cellular segregation and were then seeded
at a low density to enable single-colony formation. The colo-
nies that formed 3 days after seeding were stained for LacZ to
assess reporter expression levels (Fig. 1B). When the HIV-1
LacZ vector was transduced into an SWI/SNF-competent cell
line such as HeLa-S3, the cells formed colonies in which all the
progeny cells expressed LacZ (positive colonies), similar to
MLV-based vectors (Fig.1Ba) (18). However, most Brm-defi-
cient colonies were composed of mixed populations of both
LacZ™ and LacZ™ cells (mosaic colonies) (Fig.1Bc). When the
mosaic colony ratios (the mosaic colony ratio was calculated
by dividing the mosaic colony number by the sum of the
mosaic colony number and the positive colony number) for
several human tumor cell lines were determined, Brm-defi-
cient cell lines such as SW13(vim ™), C33A, and AZ521
exhibited a high ratio. In cell lines competent for the Brm-
type SWI/SNF complex, such as HeLa-S3 and H1299 (defi-
cient in BRG1), the mosaic colony ratio was low, as ex-
pected, whereas HeLa-S3 cells in which Brm is knocked down
(HeLa-S3-shBrm4) showed a higher mosaic colony ratio than
the parental HeLa-S3 cells (Fig. 1Bb and C). On the other
hand, C33A cells transiently introduced with Brm clearly ex-
hibited a much lower mosaic colony ratio than did those trans-
fected with a control vector (Fig. 1C). A204 cells, which are
deficient in Inil, a core component of the SWI/SNF complex
(21), also exhibited a high mosaic colony ratio. These results
indicate that the Brm- but not the BRG1-type SWI/SNF com-
plex is required for HIV-1 proviral gene expression in the
absence of Tat.

Clonal analysis of HIV-1 LTR expression in Brm-deficient
cell cultures. Although a mosaic colony assay using pWL-LacZ
is both a convenient and sensitive method for detecting gene
silencing within a few days, it cannot sufficiently analyze clonal
differences between the integrants in detail or the reversibility
of the silencing. To overcome these limitations, the lacZ gene
was replaced with the GFP gene in the expression viral vector
to yield pWLG (GFP reporter vector) (Fig. 1A), which was
then introduced into the Brm-deficient cell lines SW13(vim ™)
and C33A and the SWI/SNF-competent cell line HeLa-S3. At
1 day after this transduction, single cells expressing GFP were
sorted by flow cytometry and then grown for 3 weeks to obtain
clonal cultures (see Fig. S1 in the supplemental material).

We obtained 137 clonal cultures: 43 SW13(vim ), 83 C33A,
and 11 HeLa-S3 transductants. All of these clones were con-
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firmed to harbor at least one proviral copy by genomic PCR,
indicating that cells expressing GFP at least 1 day after trans-
duction were successfully cloned. Among these 137 clones, 46
were randomly selected and further characterized for the copy
number of the integrated provirus. Southern blot analysis
demonstrated that most clones (average, 84.8%) [16/17
SW13(vim ™), 15/21 C33A, and 8/8 HeLa-S3 clones] contained
no more than one proviral DNA copy. Since we transduced the
GFP reporter vector into cells at an MOI of 0.2 in this exper-
iment, about 9% of the clonal cultures would be predicted to
contain more than two integrants using a Poisson distribution
of transduction for the entire cellular population (5). This
indicated that the experimental results are consistent with the-
oretical predictions. Although a small degree of contamination
by multicopy integrants is unavoidable in this type of experi-
ment, we contend that this does not significantly affect the GFP
expression profiles. The representative clones HeLa-S3 clone 4
(HeLa-S3-4); HeLa-S3-20; SW13(vim ™ )-31, -52, -62, and -78;
and C33A-3, -5, -13, and -25, which were used in our closed
analysis, however, were confirmed to harbor a single provirus.

All of the transductant clones of the SWI/SNF-competent
HeLa-S3 cell line exhibited clear unimodal expression patterns
(examples include HeLa-S3-20 and -4) (Fig. 2A, top). Among
clones of Brm-deficient cell lines (Fig. 2B and C, top), we
found that there were several clones that were fully silenced
[SW13(vim™)-31 and -52 and C33A-3 and -13) and many
clones for which the GFP expression level ranged broadly from
GFP negative (GFP ™) to clearly GFP positive (GFP™) [varie-
gated clones, SW13(vim ™ )-78 and C33A-25]. These tendencies
were shown clearly when we plotted the percentages of GFP™
cells in each clone (Fig. 2, middle) and geometrical means of
the GFP expression levels of the entire clonal population (Fig.
2, bottom). Here, we expediently defined GFP™ cells as those
that have a GFP level higher than that of autofluorescence
(M1 gate). These variegated expression profiles observed for
Brm-deficient cellular clones are consistent with our observa-
tions of mosaic colonies in the LacZ vector-transduced clones
(Fig. 1B).

We further analyzed the GFP expression profiles of H1299
cells, which are BRG1 deficient but have intact Brm, and A204
cells, which lack Inil, an integral component of the SWI/SNF
complex. Like HeLa-S3 cells, all of the 42 clones of H1299 cells
isolated here showed clear unimodal expression patterns (see
Fig. S2 in the supplemental material), whereas A204 clones
frequently showed variegated expression of GFP in a manner
similar to that of SW13(vim ™) and C33A (data not shown).
These results indicate that Tat-independent HIV-1 expression
is destabilized in the absence of the Brm-type SWI/SNF com-
plex.

To examine the fluctuation of GFP expression in clones such
as C33A-25, which shows typical variegated expression, we
sorted the GFP~ and GFP™ subpopulations in cultures of
C33A-25 cells. By following the time course of the GFP ex-
pression patterns in each of these sorted subpopulations, we
found that some GFP~ cells became GFP™" and vice versa and
that after 3 weeks, each culture showed a broad GFP expres-
sion profile that was similar to those of the parental clones
(Fig. 3). These results suggest that silencing is reversible in the
clones with a broad GFP expression profile. On the other
hand, none of the fully silenced clones of SW13(vim™) (clones
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FIG. 2. Single-cell sorting of HIV vector-transduced cells. Vector
pWL-GFP was transduced into human cancer cell lines at a low MOI
(0.2). At 24 h after transduction, GFP™ cells were single-cell sorted
into 96-well plates (FACSAria cell sorting system). Clonal cell lines
were analyzed for their GFP expression profiles at 3 weeks after sort-
ing, and fluorescence-activated cell sorter patterns of some represen-
tative clones are shown (upper fluorescence-activated cell sorter anal-
ysis data and green bar in bar graph). The pink line and green line
represent parental cell lines and sorted clones, respectively. The mid-
dle bar graph indicates the percentage of GFP™ cells, which were
defined as cells within the M1 bar. The bottom bar graph indicates the
geometric means (Geo-Mean) of cellular clones of HeLa-S3 (A),
SW13(vim ™) (B), and C33A (C). The crossbars represent the geomet-
ric means of the parental cells (autofluorescence). In these bar graphs,
the sorted clones were ordered using geometric means.
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FIG. 2—Continued.

Clone 25 cells were sorted, and their GFP levels and DNA
contents (DyeCycle Violet) were simultaneously determined.
We compared the GFP expression profile of cells in the Gy/G,
phase to that of cells in the G,/M phase. Their GFP expression

31 and 52) or C33A (clones 3 and 13) reexpressed GFP after
subsequent growth, indicating that this silencing is irreversible.

We next examined whether GFP expression levels of
C33A-25 cells have some correlation with the cell cycle or not.
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FIG. 3. Time course analysis of the resorting of an HIV vector-
transduced clone, C33A-25. Cell fractions from the C33A-25 cellular
populations with either low or high GFP expression levels were re-
sorted and grown for about 3 weeks. GFP expression profiles of the
.aliquots were analyzed on the days indicated.

profiles were very similar, which were also similar to that of the
original clone 25 culture (see Fig. S3 in the supplemental
material). This result shows that GFP expression levels are not
affected by the cell cycle. It was previously reported that CpG
methylation could be a mechanism to maintain HIV-1 latency
in long-term-infected U937 cells (25). We therefore examined

J. VIROL.

the status of DNA methylation in the LTR region of these
cellular clones by using a bisulfate sequencing method. We
observed only very a rare and marginal CpG methylation
profile in these silenced and variegated clones except for
SW13(vim™)-52 cells (see Fig. S4 in the supplemental mate-
rial). It is notable that both the GFP~ and GFP* subpopula-
tions in cultures of C33A-25 cells were not methylated like
their parental C33A-25 cells. These results indicate that in
most cases, our observed silenced or variegated expressions of
GFP were not caused by CpG methylation around the HIV
promoter region.

By using wild-type HIV-1 and an HIV-1-based vector, it was
previously shown that HIV-1 preferentially integrates within
introns of coding genes in both human T-cell lines and cancer
cell lines and that 60 to 70% of the proviruses integrate into
transcription units (24, 35). To elucidate the integration sites in
our current sorted clones, we examined the integration sites of
several clones of SW13(vim™), C33A, and A204 transductants
by inverse PCR and found that most of their integration sites
were within the introns of coding genes (Table 1), as was
reported previously (24, 35). It is also noteworthy that even
though clones such as SW13(vim™)-52 and -76 and C33A-3
and -13 were irreversibly silenced, the proviruses did not reside
in heterochromatin. Also, at the same time, we determined the
transcriptional orientation of the integrated proviral DNA
compared with the host gene where this proviral DNA had
integrated but found no obvious causal association (Table 1).

HIV-1 transcripts are not elongated under Brm-deficient
conditions. To gain further insight into the role of Brm in
HIV-1 transcription, we wished to examine the transcriptional
steps during HIV-1 promoter transcription that were restricted
in Brm-deficient cells. It was reported previously that only a
small fraction of the initial HIV-1 transcripts are fully elon-
gated in the absence of Tat. Whereas the major transcripts
produced in this early phase seem to be prematurely termi-
nated, this would eventually lead to an accumulation of Tat
and a trigger of drastic late-phase transcription (13, 17).
Hence, we first examined whether transcription is initiated in
GFP-silenced Brm-deficient clones. Transcriptional initiation
and elongation of the HIV-1 vector were assayed by RT-PCR
using primer pairs that cover the transcriptional start site and
the GFP gene (Fig. 4A). Although no amplified band corre-

TABLE 1. Chromosomal features associated with the integration sites of HIV-1 vector pWLG in cellular clones

a GFP expression Chromosomal Location of integration site Provirus direction
one

profile locus (gene name) vs host gene
SW13(vim—)-31 Silenced -
SW13(vim—)-43 Broad Chr6q22.31 Intronic (RNF217) Reverse
SW13(vim—)-49 Expressing Chr5q21 Intergenic
SW13(vim—)-52 Silenced Chr.2p13 Intronic (ZNF638) Reverse
SW13(vim—)-63 Broad Chr9p24.1 Intronic (NFIB) Forward
SW13(vim—)-68 Expressing Chr.9q32 Intronic (KIAA1958) Reverse
SW13(vim—)-76 Silenced Chr.1g41 Intronic (Clorf80) Forward
SW13(vim—)-77 Expressing Chr.21q22.3 Intronic (PCNT) Reverse
SW13(vim—)-78 Broad Chr.16p13.3 Intergenic
C33A-3 Silenced Chr.11p11.2 Intronic (Cl10rf49) Reverse
C33A-13 Silenced Chr.11q13 Intronic (DPH4) Forward
A204-7 Broad Chr.1p36.1 Intergenic

“ —, Integrated into a highly repetitive sequence. The exact locus cannot be identified.
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FIG. 4. Analysis of RNA transcripts in the pWLG-transduced cell
clones. (A) Schematic of the pWL-GFP vector showing the location of
RT-PCR primers (arrowheads). The proximal primers amplify both
abortive and full-length products (R region of the 5" LTR and the 3’
LTR) of transcription. The distal primer amplifies any full-length
product of transcription. SD and SA, splice donor and splice acceptor
sites, respectively. (B) Expression levels of the proviral transcripts were
measured in the clones SW13(vim ~)-31, -52, -68, and -62 and C33A-3,
-13, and -5 as well as the parental cell lines SW13(vim ) and C33A by
semiquantitative RT-PCR. Con., control. (C) RNase protection anal-
ysis of the clones SW13(vim~)-31 and -62. The RNA probe used is
described in the legend of Fig. 1A. Fifteen micrograms of small RNA
extracts was used and hybridized with this probe at 37°C. Protected
RNA fragments were resolved using 20% denaturing acrylamide gel
electrophoresis at a high temperature. As a positive control, 62 nt of
the TAR stem-loop region of HIV-1 transcripts driven by a mouse
polymerase III type U6 promoter (pmU6-62nt) was used.

sponding to the GFP gene (the distal portion of transcript) was
detected in GFP-silenced SW13(vim~)-31 and -52 and C33A-3
and -13 cells, an amplified proximal-region band of 59 nt
was clearly evident in these silenced clones, including
SW13(vim™)-52, whose proviral DNA was methylated (Fig.
4B). By a comparison of the PCR bands, more amplification
was detected using a primer set of 59 nt than 86 nt in the
GFP-silenced clones SW13(vim~)-31 and -52 and C33A-3 and
-13 (Fig. 4B). These results suggest that short transcripts had
ceased elongation at between 60 and 86 nt after initiation in
these GFP-silenced clones. This indicates that the major bar-
rier to gene silencing in Brm-deficient cells does not occur at
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the transcriptional initiation step because a premature termi-
nation of proviral gene transcription is clearly detectable. To
detect intact short transcripts of 60 to 86 nt, we employed an
RNase protection assay and analyzed some sorted clones. We
designed an RNA probe complementary to the region between
positions —117 and +86 of the LTR (the transcription start
site is at position +1) and containing a noncomplementary
32-nt sequence at its 5’ end (Fig. 1A). As a size control for
these short transcripts, we constructed an expression cassette
for the 62-nt TAR element stem-loop region of HIV-1 tran-
scripts driven by a mouse polymerase III-type U6 promoter
(pmU6-62nt) and transduced this cassette into 293FT cells.
For the detection of short transcripts, we collected small RNA
fractions (under 200 nt) and performed an RNase protection
assay with these clones. As shown in Fig. 4C, we observed a
distinct single protected band of about 60 nt in the GFP™ clone
SW13(vim~)-6 and in the GFP~ clone SW13(vim~)-31. This
result shows that this short transcript had been generated
shortly after the TAR stem-loop structure in GFP™~ clones.

To further examine the role of Brm in Tat-independent
HIV-1 proviral transcription, we transfected a Brm, Brm-KR
(a dominant negative Brm), or empty vector into the GFP-
silenced clones (see Fig. SSA in the supplemental material). As
shown in Fig. 5 and Fig. S5B in the supplemental material, we
observed a low-level but clear induction of GFP expression in
nearly the entire population of SW13(vim~)-31 cells and some
other clones only when transfected with wild-type Brm, indi-
cating that the ATPase activity of Brm is essential for leaky
transcriptional elongation to occur in the absence of Tat. In
contrast, the induction of GFP expression was not observed in
clones such as SW13(vim ~)-52 when transfected with wild-type
Brm. Interestingly, clone 52 was shown to be a rare clone,
where frequent CpG methylation was detected around the
proviral 5' LTR region (see Fig. S4 in the supplemental ma-
terial). These results suggest that the responsiveness to Brm is
dependent upon each specific proviral integration site and
further that several kinds of epigenetic chromatin modifica-
tions could have accumulated in the promoter during each
cellular expansion after GFP™" cell sorting.

Brm-type SWI/SNF is recruited to the HIV-1 promoter
region and alters the chromatin structure around the HIV-1
promoter. We next conducted a ChIP assay to examine
whether the Brm-type SWI/SNF complex is recruited to the
HIV-1 promoter in vivo. The 5" LTR portion of HIV-1 proviral
DNA was amplified by PCR (Fig. 6A). As the positive control
for this assay system, we used the CD44 promoter region where
SWI/SNF complexes are recruited, and as a negative control,
we utilized the GAPDH promoter region at which AP-1 and
SWI/SNF complexes are not recruited (Fig. 6B) (9). In this
assay, we used the GFP-expressing clone HeLa-S83-4, which
harbors a single proviral copy. We found from this analysis that
Brm was recruited around the HIV-1 promoter site. Consis-
tently, it has been shown that BAF155, which has been re-
ported to be a core component for the SWI/SNF complex, is
also recruited around the HIV-1 promoter site (21). These
results suggest that Brm will be recruited to the HIV-1 pro-
moter as an SWI/SNF complex. We found that the alternative
catalytic subunit of the SWI/SNF complex, BRGI, is also re-
cruited to the HIV-1 promoter, as was seen in CD44 promoter
region. Whereas we cannot currently explain why recruited
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FIG. 6. Analysis of the HIV-1 LTR chromatin structure. (A) Map
of the restriction sites and positions of nucleosomes (nuc-0 and nuc-1)
in the HIV-1 LTR. The positions of ligation-mediated (LM) PCR
primers are shown. The arrowheads indicate the PCR primer set used
for the ChIP assay. (B) ChIP assay around the HIV-1 promoter site in
the HeLa-S3-4 clone. Normal rabbit immunoglobulin G (IgG) was
used as an antibody control. The PCR products were separated by
polyacrylamide gel electrophoresis and stained with SYBR green 1.
Analysis of the GAPDH promoter was performed as a negative con-
trol, and analysis of the CD44 promoter was performed as a positive
control. (C) Restriction enzyme accessibility assay of the HIV-1 LTR.
Nuclei were isolated from untreated clones SW13(vim™)-31, -52 and
-62 and transfected with vectors expressing Brm, Brm-KR, or a control
vector (Vec.). As a positive control, naked genomic DNA was purified
from SW13(vim™~)-52 and then digested with Pvull or HindIII.
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BRG1 does not seem to activate the transcription of this pro-
moter, a similar selective activation potential by the Brm-type
SWI/SNF complex was observed previously for the villin pro-
moter (36).

The chromatin structure and the accessibility of a promoter
region to host transcriptional factors are important for success-
ful transcription. Importantly, it was previously reported that
the displacement of a positioned nuc-1 downstream of a tran-
scriptional start site is a key process for the successful tran-
scriptional elongation of the HIV-1 provirus (28, 29). Hence,
to assess the status of nuc-1 in our current analyses, we con-
ducted a restriction enzyme accessibility assay using some of
our selected GFP™ and GFP~ SW13(vim ™) clones. After the
isolated nuclei were separately treated with the restriction en-
zymes shown in Fig. 6A, DNA was purified from them, and a
primer extension reaction was performed using LM-1 as the
primer (Fig. 6A). After linker ligation, PCR was performed
using the sequence complementary to the linker and LM-2 as
the primer pair. The degree of digestion was finally measured
by a primer extension reaction using **P-labeled LM-3 as the
primer (ligation-mediated PCR). In all of the GFP" and
GFP~ clones analyzed herein, the Pvull site present outside of
the positioned nucleosomes was equally susceptible to diges-
tion by this enzyme. However, the HindIII site that is present
in nuc-1 was much more resistant to HindIII digestion in
GFP~ clones [SW13(vim™)-31 and -52] than the GFP™ clone
SW13(vim ™ )-62 (Fig. 6C). These results indicate that the nuc-1
structure of the GFP~ clones in Brm-deficient cells is more
rigid. Next, we tested whether these rigid nuc-1 structures are
released following the induction of exogenous Brm. We trans-
fected the Brm expression plasmid into SW13(vim™) clones
harboring provirus, and 48 h after transfection, we harvested
the nuclei from transfected cells and assessed the nuc-1 struc-
ture using a restriction enzyme accessibility assay. The extent
of digestion of the HindIII site in SW13(vim ™ )-62 and -52 cells
was unaltered by the exogenous transduction of Brm and
Brm-KR. In contrast, the digestion of the HindIII site in
SW13(vim™)-31 was increased only when exogenous Brm was
induced. These data are consistent with data from our flow
cytometric analysis showing that GFP expression levels were
unchanged when exogenous Brm was transduced into the
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FIG. 7. Purification and characterization of resting CD4™ T cells from
a healthy donor. Shown is Western blotting of components of the SWI/
SNF complex in resting CD4™ T cells, activated CD4 " T cells, and some
human cancer cell lines. Brm and other components of SWI/SNF com-
plexes were immunoblotted at 0, 2, and 6 days after cellular activation with
anti-CD3 and anti-CD28 monoclonal antibodies.

clones SW13(vim~)-62 and -52 (Fig. 5 and see Fig. S5B in the
supplemental material). These results provide evidence that
the Brm-type SWI/SNF complex is often successfully disrupt-
ing the nuc-1 structure to support transcriptional elongation
and also that the extent of the reliance of HIV-1 provirus
elongation upon Brm-type SWI/SNF is dependent upon the
integration site of this provirus.

Brm expression levels are strongly suppressed in resting
CD4™ T cells. To determine the status of the SWI/SNF com-
plex in natural host cells of HIV-1, we analyzed the expression
levels of Brm and of other components of this complex in
human T cells and monocytes. Resting CD4™ T cells from
PBMCs from healthy donors were purified by sorting the pop-
ulations that expressed high levels of CD4 but no HLA-DR, a
representative activation marker, whereas monocytes were pu-
rified from a CD4-dull fraction (see Fig. S6 in the supplemen-
tal material). One-half of the resting CD4" T cells obtained
were further cultured in the presence of anti-CD3 and anti-
CD28 to obtain activated T cells. By Western blotting (Fig. 7),
it was found that the expression levels of the Brm, BRGI,
BAF60a, and BAF155 subunits of the SWI/SNF complex in
resting CD4" T cells were very low in two healthy donors.
Importantly, activated CD4" T cells transiently induced Brm
and other subunits of the SWI/SNF complex at 2 days after
activation, and these subunits were then downregulated at 6
days after activation. In the case of monocytes, all of the
subunits of the SWI/SNF complex examined were at marginal
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levels. For HIV patients undergoing highly active antiretroviral
therapy (HAART) treatments, it was previously reported that
cells latently infected with HIV-1 are detected principally in
resting CD4™ T cells that had been infected during the tran-
sition from an activated to a resting state (10). Our current
result suggests the possibility that Brm plays important roles in
the early Tat-independent phase of HIV-1 transcription in
reactivated CD4 " T cells in these patients.

Brm knockdown suppresses HIV production in ACH-2 cells.
To examine whether the Brm protein is required for the reac-
tivation of HIV-1 proviral expression from lymphocytic cells
latently infected with HIV-1, we used the ACH-2 cell line as
latently infected model cells. The ACH-2 cell line was derived
from a T-lymphocytic parental cell line (CEM) that was la-
tently infected with intact HIV and has been used extensively
as model cell system for HIV latency and activation (22). In
unstimulated ACH-2 cells, only a marginal basal level of RNA
synthesis is detected, which consists predominantly of multiply
spliced transcripts coding for regulatory proteins (22). Since
ACH-2 cells express the Brm protein, we transduced cells with
a short hairpin RNA against Brm (shBrm) expression retrovi-
ral vector into ACH-2 cells and established stable transduc-
tants by drug selection. The expression level of Brm was sig-
nificantly reduced in ACH-2 cells transduced with the shBrm
vector compared with those in cells transduced with a control
vector (Fig. 8A). After stimulation with TNF-a, we examined
HIV production in the culture medium from these transduced
ACH-2 cells. To minimize reinfection after TNF-a stimulation,
we added azidothymidine, an RT inhibitor, into medium prior
to TNF-a stimulation. When p24 ELISA was performed, levels
of HIV particles were not different between parental ACH-2
cells and cells expressing control short hairpin RNA (shRNA).
On the other hand, the production of HIV-1 particles from
shBrm-transduced ACH-2 cells showed significantly sup-
pressed production compared with that of ACH-2 cells ex-
pressing control shRNA during 24 h after TNF-a stimulation
(Fig. 8B).

We also determined the expression levels of endogenous gag
proteins by Western blotting using anti-p24 antiserum. Al-
though the accumulated amounts of the p24%“® protein are only
slightly lower in cells expressing shBrm, the expression levels of
its precursor, p55, were clearly lower in shBrm-transduced
ACH-2 cells than in those expressing control shRNA (Fig. 8C).
These results also support that Brm is necessary to reactivate
proviral expression from latently infected ACH-2 cells.

DISCUSSION

To examine whether the Brm-type SWI/SNF complex is
required for reporter gene transcription from the HIV-1 LTR
in the absence of the Tat protein, we analyzed cellular clones
transduced with HIV-1-based vectors carrying either LacZ or
GFP (Fig. 1A). As was previously seen in MLV-based vector
transduction experiments, we observed that LacZ reporter ex-
pression from an HIV-1-based vector was promptly and spe-
cifically silenced in Brm-deficient human tumor cell lines and
that transduced cellular clones derived from these populations
frequently formed mosaic colonies (mixture of both LacZ™
and LacZ™ cells) (Fig. 1B). Although the mosaic colony assay
using the LacZ reporter gene is a convenient and sensitive
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FIG. 8. Brm is required for the induction of HIV production from ACH-2 cells stimulated with TNF-a. (A) Expression levels of Brm in parental
ACH-2 cells or those transduced with a retroviral vector expressing shBrm or control shRNA (shCon.). B-Actin was used for the internal control.
(B) Kinetics of HIV production from these ACH-2 cells. Culture media were collected by centrifugation at 0, 8, 12, or 24 h after TNF-« (10 ng/ml)
stimulation. p24%*¢ antigen was detected by ELISA for the quantification of HIV particles. AZT, azidothymidine. (C) Expression of gag proteins in ACH-2
cells expressing shBrm (M) or control shRNA (C). Cellular pellets obtained in B were analyzed by Western blotting using anti-p24 antiserum.

method for detecting gene silencing, it is not sufficient to
analyze either the clonal differences between the integrants in
detail or the reversibility of these silencing events. When single
cells transduced with GFP vectors were sorted for GFP™ cells
at 1 day after transduction and clonally expanded, we were able
to assess the proviral gene expression profile of each integrant.
Notably, in Brm-deficient cells, we frequently found GFP-
silenced clones and also variegated clones that formed broad
GFP expression patterns. Importantly, also, a subpopulation of
GFP~ cells in this clonal culture reexpressed GFP, suggesting
that silencing is reversible in cellular clones that show such
broad GFP expression profiles.

It is very significant that silencing mechanisms in Brm-defi-
cient cell lines appear to differ between MLV-based and HIV-
1-based vectors. We previously reported that the silencing of
an MLV-based vector in Brm-deficient cells was at the tran-
scriptional initiation level and is caused by the recruitment of
YY-1 and HDACI1/2 to the LTR region. In our current study,
we have found that silencing is due mainly to the strong block-
age of elongation as a result of a Brm deficiency (Fig. 4). Our
analysis by RT-PCR (Fig. 4B) and RNase protection assays
(Fig. 4C) reveals that proviral transcription is abortively ter-
minated at around 60 nt in GFP-silenced clones. Here, how-
ever, we cannot exclude the possibility that the short transcript
was a product of being processed from longer transcripts by
digestion with exonucleases from their 3" ends. We also show
that inefficient elongation is at least partly caused by a failure
in the displacement of nuc-1 downstream of the transcriptional
start site of the 5’ LTR. Unlike the situation for GFP™ clones,
nuc-1 was not remodeled in GFP ™ clones such as SW13(vim™)-31
(Fig. 6C). We found that the introduction of exogenous Brm
into these cells leads to a recovery of GFP expression and that
this is associated with the efficient remodeling of nuc-1 in
transduced clones. In several other GFP-silenced clones ana-
lyzed by flow cytometry, the GFP expression levels were also

72

found to be recovered to various degrees by the transduction of
exogenous Brm (see Fig. S5B in the supplemental material).
These results suggest that Brm is required for the displacement
of nuc-1 during proviral elongation in the absence of Tat. The
different recovery levels of GFP expression in each integrant
may be due to epigenetic changes around the promoter region
that had accumulated during the course of cellular cloning over
3 weeks. By use of ChIP analysis, we demonstrated that Brm is
clearly recruited to the HIV-1 LTR in a GFP-expressing
HeLa-S3 transductant clone (Fig. 6B). Since BAF155 is also
recruited to the HIV-1 LTR, Brm is probably recruited to the
promoter as a part of an SWI/SNF complex. We also found
that BRG1 is recruited to the HIV-1 LTR. Given that LacZ
and GFP expression levels were stable in a BRG1-deficient cell
line, H1299 (Fig. 1C and see Fig. S2 in the supplemental
material), we think that the recruited BRG1 would not have a
significant transactivating function at the HIV-1 LTR in the
absence of Tat.

It was reported previously that latent HIV-1 proviruses
are present in resting CD4" T cells of patients undergoing
HAART (14). It is further believed that HIV-1 is unable to
replicate efficiently in resting memory T cells because there are
several viral infection and replication blocks in these cells (10).
Hence, latent infection would need to have been established in
resting memory T cells originating from activated T cells that
were infected with HIV-1 during the process of their inactiva-
tion. Whereas latently infected cells produce little HIV-1 pro-
viral mRNA in patients with HAART (2, 3, 7, 12), it was
previously reported that abortive transcripts of about 60 nt are
detectable in resting T cells from AIDS patients undergoing
HAART (14). Interestingly, we show from our present data
that Brm and some other components of the SWI/SNF com-
plex, which are marginal in resting CD4™ T cells, are tran-
siently induced when they are activated by CD3 and CD28
costimulation (Fig. 7). These observations suggest that the lack
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of expression of the Brm-type SWI/SNF complex would be one
of the major causes of the attenuated HIV-1 proviral expres-
sion observed in resting CD4" T cells.

In the presence of Tat, stochastic expression patterns of HIV
were observed previously by several groups (8, 19, 32-34). For
example, it was previously reported by Weinberger et al. that
Tat stochastics appear to be sufficient to generate phenotypic
bifurcation (32). Here, it is assumed that there is an initial or
preexisting Tat concentration of 5 to 50 molecules in the cell,
which is necessary to generate phenotypic bifurcation accord-
ing to predictions in silico. In our study, on the other hand,
stochastic gene expression from the HIV LTR was observed in
the complete absence of Tat. Weinberger et al. analyzed the
expression of an LTR-GFP control HIV vector (LG) that does
not produce Tat at all and concluded that their GFP levels in
Jurkat cells (competent for Brm) are low and stable, which is
basically consistent with data from our studies using HeLa-S3
and H1299 cell lines, which are also competent for Brm. Im-
portantly, when host cells lacked Brm, we always observed
frequent variegation in HIV LTR expression in the absence of
Tat. Because the natural HIV host cells in latent infection,
resting CD4™" T cells, contain marginal levels of Brm (Fig. 7)
and also because HIV production from a T-lymphocyte cell
line latently infected with HIV, ACH-2, was strongly sup-
pressed by knocking down Brm (Fig. 8), our observations re-
veal that a lack of Brm would limit and fluctuate proviral RNA
elongation and further that HIV expression would be varie-
gated in this earliest stage in these host cells. Such stochastic
fluctuations in HIV expression in the absence of Tat would be
further amplified by a Tat-mediated positive transcriptional
feedback loop (32-34) after the Tat protein has been suffi-
ciently accumulated. Concerning this transcriptional regula-
tion in the earliest stage, there are important analyses of cis
elements (8) and the status of histone modification (19) in the
HIV LTR that were reported previously. In our current anal-
ysis, the Brm-type SWI/SNF complex was shown to be involved
mainly in transcriptional elongation. However, it is possible
that this complex would have some contribution to the regu-
lation of transcriptional initiation together with host factors
such as SP-1 (8) and HP-1-alpha as well as histone-modifying
enzymes (19).

Interestingly, it was previously reported that the Tat-medi-
ated activation of the HIV-1 promoter requires the SWI/SNF
complex as a coactivator (6, 15, 27). Our current data indicated
that the Brm-type SWI/SNF complex is necessary for long-
transcript synthesis in the absence of Tat. These observations
indicate that SWI/SNF plays essential roles in HIV-1 infection
in both an early Tat-independent phase and a late Tat-depen-
dent phase and further reveal that an understanding of the
dynamism of the components and pathways involving the SWY/
SNF complex during the HIV-1 infection cycle will be impor-
tant to achieve in future projects.
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Short Communication: Generation of Recombinant
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HLA-A*2402-Restricted HIV Type 1 CTL Epitope
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Abstract

Molecular interaction between the peptide/MHC class I complexes (pMHCs) and T cell receptor (TCR) is
fundamental to the effector function of cytotoxic T lymphocytes (CTLs). Monoclonal antibody against pMHC
with TCR-like specificity is a possible research tool for the antigen presentation. However, it is notoriously
difficult to isolate monoclonal antibodies against pMHCs by the conventional hybridoma technique. To isolate
monoclonal antibodies against an immunodominant HIV-1-derived CTL epitope in the nef gene, we panned
phage clones from a human scFv phage display library. Eight Nef138-10/HLA-A*24(A24)-specific scFv clones
were isolated and two of them (scFv#3 and scFv#27) were selected for further analysis. The clones stained A24-
positive cells pulsed with Nef138-10 peptides specifically. We reconstituted humanized immunoglobulin Gs
(IgGs) using a baculovirus expression system. Reconstituted IgGs kept the original specificities of the parental
scFvs. The dissociation constants were 23 uM and 20 uM by Biacore, respectively. This is the first report of a
successful generation of monoclonal antibodies against an HIV-1 CTL epitope loaded on an MHC class I
molecule.

ELLULAR IMMUNE RESPONSE BY cytotoxic T lymphocytes  in an immunodominant HLA-A*2402(A24) restricted CTL

(CTLs) is a critical line of host defense against human epitope in the Nef protein (Nef138-10; RYPLTFGWCF) has
immunodeficiency virus type 1 (HIV-1).! The first step in the ~an escape phenotype and is becoming widespread in the
CTL-based immune response is CTL activation, which is Japanese population.’
triggered through antigen recognition by a clonotypic T cell To understand cellular immune responses against HIV-1
receptor (TCR).”? Rather than binding to the viral antigen infection, both antigen presentation and cellular responses
itself,¥ TCR binds to a complex formed with HIV-1-derived  should be analyzed. A decade ago, Altman et al. developed
peptides and major histocompatibility complex (MHC) classI ~ a system to analyze and evaluate the phenotype of antigen-
molecules (pMHCs).>® Due to viral strategies to evade im-  specific T lymphocytes using pMHC tetramers.' However,
mune recognition, the CTL-based immune response is only relatively few studies have been performed to examine anti-
partially effective in suppressing HIV-1."7 One of the mech- gen presentation at cellular and molecular levels. For exam-
anisms by which HIV-1 circumvents CTL activities is through  ple, pMHCs derived from infecting HIV-1 have been analyzed
downregulation of MHC class I molecules by the viral Nef indirectly by mass spectrometry and Cr release assays.'>14
protein.” Emergence of escape mutations that alter pMHC  Lack of a suitable reagent has precluded the direct visuali-
binding or recognition is another viral strategy to disrupt the  zation and quantification of pMHCs derived from infecting
CTL-based immune response.”’® We previously reported that  HIV-1. Antibodies against HIV-1-specific pMHCs could be a
stereotypic Y to F (Y139F) substitution at the second position  useful tool to analyze antigen presentation both qualitatively
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and quantitatively, and the molecular interaction between
pMHC and their ligands. In other studies, monoclonal anti-
bodies against pMHCs have been isolated for specific com-
binations of peptides and MHC class I molecules.”>'¢ In
earlier studies using hybridoma technology, we attempted to
isolate pMHC antibodies but failed. Technical difficulties of
raising antibodies against pMHCs using a conventional hy-
bridoma technique has led to the development of phage dis-
play techniques to isolate pMHC-specific antibodies.'”'® We
and others have constructed large phage display libraries that
can be used to isolate rare antibodies.'” ' In recent years,
several recombinant antibodies against pMHC with TCR-like
specificity have been isolated from similar human antibody
libraries.®?>7>* To investigate the mechanism for the escape
phenotype associated with the Nef138-10 epitope at a mo-
lecular level, we tried to raise monoclonal antibodies against
the epitope using the phage display technique.

We produced soluble Nef138-10/A24 and Env584-11/A24
using a Sendai virus expression system. These molecules were
purified from the supernatant, and biotinylated with BirA
enzyme as described previously.” To select Nef138-10/A24
antibodies, we used pooled human single-chain fragment
variable (scFv) phage display libraries.'” This pooled scFv
library consists of four scFv library Vy-V4, Vy-Vk, Vu-Vk,
and Vu-VJ, containing 1.1x10% 2.1x10% 8.4x107, and
5.3x10” independent clones, respectively. To remove phages
that might bind nonspecifically to the beads, the library
(1.0x10™ transforming units) was incubated with streptavi-
din-coated magnetic beads (Dynal, Oslo, Norway) for 1 h with
continuous rotation. The beads were removed and the su-
pernatant was incubated for 1h with 500 nM Nef138-10/ A24s.
Streptavidin-coated magnetic beads were incubated for 1h
with 2% skim milk/phosphate-buffered saline (PBS) and then
added to the antigen/supernatant mixture. After a 15-min
incubation with continuous rotation, the supernatant was
removed and the beads were washed 10 times with PBS
containing 0.1% Tween 20 and two times with PBS. Phages
were eluted from the beads with 100mM triethylamine
(Sigma, St. Louis, MO), and the solution was immediately
neutralized by the addition of 1M Tris-HCl (pH 7.4).
Escherichia coli strain TG1 (GE Healthcare UK Ltd.) was trans-
duced with eluted phages and plated on a 2xYT agar plate
containing 2% glucose and 100 ug/ml carbenicillin (Sigma).
After overnight incubation at 30°C, all colonies were picked
and cultured in a single flask with liquid medium, with the
addition of helper phage M13KO7 (GE Healthcare UK Ltd.).
The scFv-displayed phages were purified from the superna-
tant by polyethylene glycol precipitation, titrated with E. coli
strain TG1, and used for the next round of panning.

The protocol for the second and third rounds was the same
as for the first round, except that phage supernatant was in-
cubated with a lower concentration (100nM) of Nefl38-
10/A24 peptide complexes. After two and three rounds of
panning the scFv phage display library with biotinylated
Nef138-10/A24 and streptavidin-coated magnetic beads in
solution, we achieved a 38.2- and 4200-fold enrichment, re-
spectively, for scFvs that bind to Nef138-10/A24 (Fig. 1A).

After the third round of panning, helper phages were
added to each culture of the individual colonies in order to
recover phages for ELISA as described previously.?® Briefly,
96-well maxisorp plates (Nunc, Rochester, NY) were coated
with bictinylated bovine serum albumin (BSA) (1 ug/well;
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Vector Laboratories Inc., Burlingame, CA) overnight at 4°C,
washed three times with 0.1% Tween 20/PBS (the buffer used
for all subsequent washes), and incubated with streptavidin
(1 ug/well; Sigma) for 1h. Plates were washed three times,
incubated with biotinylated peptide/A24 (0.5 pg/well) for 1h,
and blocked with 2% skim milk/PBS for 30 min. Plates were
washed three times, incubated for 1h with ~10'® phages
or isolated antibodies, and washed three times. Detector an-
tibodies were added (see figure legends) and plates were
incubated for 1h at 4°C. Plates were washed four times,
and antibody binding was detected by a colorimetric detec-
tion method with a TMB reagent (Pierce Biotechnology Inc.,
Rockford, IL). The reaction was stopped by the addition of
0.5M H,50;. In addition, DNA fragments encoding scFv were
amplified by colony PCR with primers C5E-51 (5-CAACG
TGAAAAAATTATTATTCGC-3') and C5E-S6 (5'-GTAAAT
GAATTTTCTGTATGAGG-3). DNA sequencing was per-
formed using the same primers and the ABI Prism dye ter-
minator cycde sequencing Ready Reaction kit (Applied
Biosystems, Foster City, CA) on a Perkin-Elmer ABI-377 se-
quencer. We isolated 80 clones of scFv-displaying phages after
the third round of panning and assayed them by ELISA to
assess binding to Nef138-10/A24 and Env584-11/A24 (Fig.
1B). As a control, we used the monoclonal antibody W6/32,
which binds to HLA-ABC molecules properly associated with
a heavy chain and a f,-microglobulin. W6/32 recognized
both Nefl38-10/A24 and Env584-11/A24, indicating that
both peptide/A24 complexes maintained a correct conforma-
tion during the ELISA procedure (Fig. 1B, PC).

Of the 80 clones, 16 bound preferentially to Nef138-10/A24;
the remainder bound to both Nef138-10/A24 and Env584-
11/A24. Following BstOI digestion and sequencing of the
16 scFv DNA fragments that were specific for Nef138-10/A24,
we isolated eight independent clones of scFv-displaying
phages. We confirmed the expression and binding specificity
of each scFv clone by Western blotting and ELISA with anti
E-tag antibody.

For purification and detection of soluble scFvs, we geneti-
cally converted the E-tag located at the scFv C-terminus to the
tandem sequences of c-Myc and 6xHis tags. To express scFvs,
E. coli strain TG1 transformants were cultured at 30°C. When
the ODggp reached 0.5, expression was induced by the addi-
tion of 1 mM IPTG. Cultures were incubated for an additional
4h at 30°C. To prepare periplasmic fractions, bacteria were
collected by centrifugation and osmotically shocked with ice-
cold 0.2M Tris-HCl containing 0.5 mM EDTA and 0.5M su-
crose at pH 8.0. scFvs were purified from periplasmic extracts
by affinity chromatography with HiTrap Chelating HP Col-
umn (GE Healthcare UK Ltd.). After replacing the C-terminal
E-tags with c-Myc and 6xHis tags, we confirmed the expres-
sion of each scFv clone in the periplasm and supernatant
using Western blotting with anti c-Myc tag antibody (data
not shown). We selected scFv#3 and scFv#27 for further
analysis. In ELISA with anti-c-Myc tag antibody, soluble
forms of scFv#3 and scFv#27 bound specifically to Nef138-10/
A24 (Fig. 1C).

To analyze the binding specificity of the two selected scFv
clones toward pMHCs expressed on the cell surface, we per-
formed flow cytometry analysis of a peptide pulsed A24-
positive Epstein-Barr virus-transformed B lymphoblastoid
cell line (B-LCL) previously established in our laboratory.”
Twox 10 cells from an A24-positive B-LCL were pulsed for 20
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FIG.1. Isolation of scFvs directed against Nef138-10/A24. (A) A schematic representation of panning. The scFv-displaying
phages that bind to Nefl38-10/A24 were panned from a naive human scFv phage display library and collected by
streptavidin-coated magnetic beads. Panning was repeated three times. The enrichment during panning was calculated from
the phage titer bound to Nef138-10/A24. (B) Binding specificity of scFv-displaying phage clones from the phage pool after
three rounds of panning. Recovered panned phages were screened in ELISA for specific binding to Nef138-10/A24 by using
an HRP-conjugated anti-M13 phage antibody (GE Healthcare UK Ltd.). Each clonal phage and PBS as a negative control (NC)
were assayed in duplicate for its binding to Nef138-10/A24 (filled bar), Env584-11 /A24 (hatched bar), and BSA (open bar).
We used an anti-HLA-ABC antibody (W6/32) as a positive control (PC), and detected the bound antibodies with HRP-
conjugated antimouse immunoglobulins (Igs) antibodies (DAKO, Glostrup, Denmark). The numbers below the horizontal
line indicate clones. The ordinate indicates the optical density value at 450 nm (OD4sq). This figure shows results of typical 10
clones (scFv#31-40). We judged a clone specific binding to Nef138-10/A24, when its ODgs5q value of Nef138-10/A24 was 10
and 5 times higher than those of BSA and Env584-11/A24, respectively. (C) Binding specificity of scFvs expressed in the E. coli
periplasm was analyzed by ELISA with anti-c-Myc-tag antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA).

to 24 h with 10 uM of each peptide in FCS-free RPML After
pulsing, cells were washed three times, incubated with puri-
fied scFvs (50 ug/mL) for 1h at 4°C, washed two times, and
incubated with a biotinylated rabbit polyclonal anti-c-Myc
antibody (10 ug/mL) for 1h at 4°C. Cells were washed twice
and incubated with R-phycoerythrin (PE)-conjugated strep-
tavidin (10 ug/ml; BD Pharmingen, San Diego, CA) for 1h at
4°C, then washed three times and fixed with PBS containing
1% paraformaldehyde. PBS containing 2% heat-inactivated
normal rabbit serum (NRS) and 0.02% sodium azide was used

as the diluent for all scFvs and antibodies. All washes were
performed with PBS. Flow cytometry was performed using a
FACSCalibur (BD Bioscience, San Jose, CA). Both scFv clones
bound specifically to Nef-138-10/A24. No cross-reactivity
was observed toward endogenously expressed HLA-A, HLA-
B, or HLA-C molecules or toward A24-bound HIV-1 Gag28-9,
HIV-1 Env584-11, or CMV pp65 complexes (Fig. 2). HLA-A,
HLA-B, and HLA-C molecules were expressed equally among
the cell populations used in this assay (Fig. 2, W6/32). These
data suggest that the scFv#3 and scFv#27 bind specifically to
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