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ABSTRACT

Retroviral vectors were engineered to express either
sense (MoTiN-TR W&*) or sense and antisense (MoTN-
TRWe*) RNAs containing the human immunodeficiency
virus type-1 (HIV-1) trans-activation response (TAR)
element and the extended packaging ( W®) signal. The
Y€ signal includes the dimer linkage structure (DLS)
and the Rev response element (RRE). Amphotropic
vector particles were used to transduce a human CD4+
T-lymphoid (MT4) cell line. Stable transductants were
then tested for sense and antisense RNA production
and susceptibility to HIV-1 infection. HIV-1 production
was significantly decreased in cells transduced with
MoTiN-TRWe+ and MoTN-TR e+~ vectors. Efficient
packaging of sense and most remarkably of antisense
RNA was observed within the virus progeny. Infectivity

of this virus was significantly decreased in both cases,
suggesting that the interfering RNAs were co-packaged
with HIV-1 RNA. Vector transduction was not expected
to occur and was not observed. Inhibition of HIV-1
replication was also demonstrated in human peripheral
blood lymphocytes transduced with retroviral vectors
expressing antisense RNA. These results suggest that
(i) both sense and antisense RNAs were co-packaged
with HIV-1 RNA, (ii) the co-packaged sense and
antisense RNAs inhibited virus infectivity and (iii) the
co-packaged sense and antisense RNAs were not
transduced. Sense and antisense RNA-based strategies
may also be used to co-package other interfering
RNAs (e.g. ribozymes) to cleave HIV-1 virion RNA.

INTRODUCTION

the 8 and 3 non-coding regions of all HIV-1 unspliced and
spliced mMRNAs §,6). Tat-TAR interactions enhance the rate of
transcription elongation from the HIV promotétq). Inhibition

of Tat-TAR interactions using Tatans-dominant mutants
(9,10), TAR RNA decoys11-15) and antisense Tat/TAR RNAs
(13,15-17) was shown to inhibit HIV-1 replication.

Rev is a phosphorylated nuclear protein that, like Tat, is also
produced early during the virus life cycled(19). It binds to a
13 nt region within the HIV-1 RRE. The RRE is a 351 nt RNA
element with a complex secondary structure that is located within
the env coding region on HIV-1 singly spliced and unspliced
mRNAs @0). Rev—RRE interactions facilitate nuclear export of
these mRNAs 41,22). HIV gene therapy strategies targeted
against Rev—RRE interactions include R&ansdominant
mutants 23-26), RRE RNA decoys A7-31) and antisense
Rev/RRE RNAs 15,17,28).

An essential step during retroviral replication is the encapsidation
of two full-length viral genomic RNA copies amid spliced viral
transcripts and cellular RNAs. Selective encapsidation depends
upon the recognition of HIV-1 RNA by a zinc finger-like motif
in the nucleocapsid domain of PE$9(32). The HIV-1W signal
contains four stem-loops located near the&or splice donor
and the beginning of tlyagopen reading fram&8%). This region
is essential34) and sufficient5) for RNA packaging. However,
the Y® signal, as we define it, includes an additional 1.1 kb
cisacting packaging element located within thevcoding
region containing the RRE. Thenv component appears to
increase packaging efficiencyd€). Interestingly, the dimer
linkage structure (DLS) necessary for RNA dimerizatign) (
overlaps with the? signal, implying that encapsidation and
dimerization may be mechanistically linked. Interference at the
level of theW signal-Pr5529 interaction may be achieved by
using sense and antisense RNAs targeted to the Mi\giginal.

Human immunodeficiency virus (HIV) gene therapy strategieRNA containing a 1.43 kb region antisense to the HW-and
have largely been based on sense RNAs, antisense RNAggcoding sequence was previously shown by our laboratory to
ribozymes andransdominant mutants of viral proteins (reviewed inhibit HIV-1 replication in stable MT4 transductantg8y.

in 1-4). Many of these strategies are aimed at inhibiting HIVHowever, RNA containing this region in the sense orientation
protein—-RNA interactions betwedransactivator of transcription conferred no protectior?2g). RNAs containing 1000 nt or more
(Tat)-trans-activation response (TAR) element, regulator of(in the antisense orientation) within this 1.43 kb region were
expression of virion proteins (Rev)-Rev-response elemeshown to be sufficient to inhibit HIV replicatioBg). However,

(RRE), and Pr5%2%packaging ) signal.

the best results were obtained with the 1.43 kb region in the

The Tat protein is produced early during the virus life cycle. lantisense orientation. Furthermore, this antisense RNA strategy
interacts with a 3 nt bulge in the HIV-1 TAR element. This 59 nvas also shown to inhibit HIV-1 replication better than the Rev
RNA element forms a stem—loop structure and is located withiM10 transdominant mutant 39). The mode of inhibition
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underlying this antisense RNA mediated resistance was showrnreédeased from the pools of stable transductants (containing at least

occur pre-splicing39,40). 100 colonies) were then collected. These patrticles were tested and
In this study, we developed and tested Moloney murineonfirmed to be free of helper virus contamination or recombination

leukemia virus (MoMuLV)-based retroviral vectors expressindyy reverse transcription (RT)-PCR using primers specific to the

interfering RNAs containing the HIV-1 T#€ (TAR, RRE and¥®)  MoMuLV pol coding region (RCR:55-GAG ATT TGG TTA

sequence in sense or in both sense and antisense orientati@®sG AGG CA-3; and RCR-3 5-CTG ACC TCC CTA GTC

Inhibition of HIV-1 replication was first assessed in stableATC TA-3').

transductants of a human CD4+ T-lymphoid cell line. Vectors

allowing constitutive and Tat-inducible production of sense RNATransduction of stable MT4 transductants

or constitutive production of antisense RNA were both shown to . . .
confer resistance to HIV-1 replication, although better resuﬁmphotroplc retroviral vector particles were used to transduce

were obtained using the antisense RNA approach. Vect human CD4+ Iymphoc_yte-denved MT4 suspension cell line
expressing antisense RNA were also shown to inhibit HIN¢*7,48) as described previousl,28). The pools of G418-
replication in transduced human peripheral blood Iymphocyté§5'3ta”t sta_ble MT4 transductants were each selected and usec
(PBLs). Sense and antisense RNAs were found to be packagiégrout cloning.

within the virus progeny. In both situations, loss of virus ]

infectivity resulted, suggesting that these interfering RNAs mu$tT-PCR analysis of stable MT4 transductants

have been co-packaged with HIV-1 RNA. These results demokgia) RNA, extracted4©) from stable MT4 transductants ¥5
strate that both sense and antisense RNA based strategies ca Rells), was incubated with 4 U DNase RQ1 (Promega) in the
succes;fully used to inhibit HIV replication at the level of RNApresence, of 20 mM Mgghnd 10 mM DTT for 15 min at 3T.
packaging. The RNA was then phenol/chloroform extracted. RT-PCRs were
performed as described previoush/l) using various primer
MATERIALS AND METHODS pairs shown in Table. RT-PCR using Gap-and Gap-3primers
was performed as an internal control to detect cellular glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) RNA. All RT-PCR

For construction of the MoTiN-TRe* vector, a 1.8 kca—Not  products (1Qul) were analyzed by electrophoresis on a 1.5-2%
fragment of the LRPL vector36) containing the HIV-1 long agarose gel.

terminal repeat (LTR) promoter, TAR, RRE add signal

(including DLS) was ligated to an 8379 Npti—Nrul fragment  Flow cytometry analysis of transduced MT4 cells

(omitting the ribozyme) of MoTiN-R#vector ¢1). The correct
clone, MoTiN-TR¥®*, was screened by restriction enzyme an
polymerase chain reaction (PCR) analysis and confirmed by
partial DNA sequencing. MoTN-T¥e*~vector was constructed I

as follows: A pBluescript based vector (pBS-GE), which contain§/!'V-1 susceptibility of stable MT4 transductants

the HIV-1 3-LTR-gag-intercistronic sequencenv3-LTR, was  Pools of actively dividing stable MT4 transductants (2P cells)
previously constru_c_ted_ in our laboratory. The intercistroniGyere each infected with 30 ng (p24 equivalent) of the HIV-1
sequence composition i$AGA TAG GGG GGC AAC TAA  strain, NL4-3 b1), as described previousk¢). The amount of
GAATTC GGC GCC GCG GCC GCG TCG ACAGTG GCA-3 Hiv-1 is expressed throughout in p24 equivalents. Cells were
The HIV-1 3-LTR-gagintercistronic regiorenv sequences were routinely checked for syncytium formation. One-third of the cultures

PCR amplified using SD*§5-GCC CGA GAG GCC AGC ere collected every 3 days and replaced with fresh medium. The
TGG GCC TTC GAA CGG CCG CTG ACA TCG AGC TTG amount of HIV-1 p24 antigen produced in the cell culture

C-3) and SD-3(5-ATA TAT ATG GCC ATA TGG GCC TGA  sypernatants was determined by enzyme-linked immunosorbent
TCA TGC TGG CTC AGC TCG TCT CTT TAT TTC C8  assay (ELISA; Abbott) as describetil). The experiment was
primers. The SD-3primer provided a transcription terminator. repeated twice.

The SD-5 and SD-3primers were both designed to contain an

Sfil site. These sites were designed to differ in their NNNNN:T_pCR analysis of RNAs present within the cells and within
sequence composition. The PCR product was digestedii e virus released from HIV-1 infected stable MT4
and cloned in the antisense orientation in the MOTN VectOyansductants

previously modified to contain two compatil8él sites between

Xhd and Apd sites. The resultant vector, MOTN-#R"-was  Total cellular RNA was extracted as described elsewH&e (
selected and confirmed by PCR, restriction enzyme analysis ahar RNA extraction from virus particles present in the cell culture
partial sequencing. supernatants, contaminating cells and cell debris were first
removed by centrifugation at 2028 RNA was extracted by
phenol/chloroform treatment, ethanol precipitated and resuspended
in H)O. RT-PCRs were performed using various primer pairs
The ecotropi¢t-2 packaging cell line4Q) was transfected with (Tablel) as indicated. The GapiGap-3 primer pair was used
MOTN (43), MoTiN (44), MoTiN-TRYE* and MoTN-TR¥*~  as a control to detect cellular GAPDH RNA. Total cellular RNA
vector DNAs as described previoushB). The ecotropic vector from HIV-1 infected MoTN-TR¥+~transduced MT4 cells was
particles released from the pools of transductants (containingaso analyzed by RT-PCR using the SDeRiring reverse
least 100 colonies) were then used to transduce the amphotrapanscription and the TAR-§5-GGG TCT CTC TGG TTA
PA317 packaging cell line46). Amphotropic vector particles GA-3) and SD-3primers during PCR.

Construction of retroviral vectors

rior to HIV-1 infection, aliquots of transduced cells were
nalyzed for surface CD4 expression as described previé@gly (

Production of amphotropic retroviral vector particles
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Table 1.Primer pair used during RT-PCR, RNAs detected, and the product size

Primer pair RNAs detected Product size

Gap-5’ (5’-CCA-CCC-ATG-GCA-AAT-TCC-ATG-GCA-3’) GAPDH RNA 600 bp
Gap-3’ (5-TCT-AGA-CGG-CAG-GTC-AGG-TCC-ACC-3’)
Vu-5’ (5°-GCC-AGC-AAC-TTA-TCT-GTG-3") v-RNA 567bp
Vu-3’ (5>-CGT-CTC-GCG-GCC-ATC-CG-3") v-TR¥™ RNA

v-TRY* RNA
Neo-5’ (5’-CAA-GAC-CGA-CCT-GTC-CGG-3°) n-RNA 337 bp
Neo-3’ (5’-CTC-TTC-GTC-CAG-ATC-ATC-3") n-TR¥” RNA

v-TR¥* RNA

v-TRY* RNA
Vd-5’ (5°-CCT-ATA-GAG-TAC-GAG-CC-3°) v-RNA 457 bp
Vd-3’ (5-AAC-AGA-AGC-GAG-AAG-CG-3") v-TR¥P* RNA

v-TR¥Y* RNA

n-RNA

n-TR¥* RNA

TRY®" RNA®
Gag-5’ (5’-CGA-GAG-GAA-GCT-GCA-GAA-TGG-GA-3’) v-TRY* RNA® 935 bp
I-3’ (5>-GCC-ACT-GTC-GTT-ACG-CGT-CCG-CGG-CGC-C-3’) | TR¥™ RNA®®
Psi-5’ (5’-ATA-GTA-TGG-GCA-AGC-AGG-G-3°) v-'RNA® 315 bp
Psi-3’ (5°-GAT-GTT-CTG-CAC-TAT-AGG-G-3’) n-¥RNA®

HIV-1 RNA®
Vpr-5° (5°-ATA-CTT-GGG-CAG-GAG-TGG-AAG-C-3°) HIV-1 RNA 424 bp
Vpu-3’ (5’-CTA-TGG-ACC-ACA-CAA-CTA-TTG-C-3")

OTR¥*" RNA produced from MoTiN-TR¥*" vector and not the one produced from MoTN-TRY¥**" vector.
©When Gag-5’ primer is used during reverse transcription.

OTR¥*" RNA expressed from MoTN-TR¥*"" vector and not the one expressed from MoTiN-TR¥*" vector.
®When I-3’ primer was used during reverse transcription.

©When Psi-5 primer was used during reverse transcription.

®When Psi-3’ primer was used during reverse transcription.

Replication-competence of virus progeny released from the  Mannheim), and fig/ml of phytohemagglutinin (Sigma) for 1 day

HIV-1 infected stable MT4 transductants at 37C. The adherent layer was removed and the suspension cells
i i were cultured for a further 2 days. Over 85% of these cells

Virus progeny released from HIV-1 infected MOTIN andyepresented T lymphocytes as determined by flow cytometry

MoTiN-TRY®" vector-transduced MT4 cells (containing ?/-6 NBanalysis using specific monoclonal antibodies. PBLsL(E cells)

of p24) and from HIV-1 infected MoTN and MOTN-BR™™  \yera then mixed with 1 ml of amphotropic MOTN, MoTN-PR-

vector-transduced MT4 cells (containing 1.2 ng of p24) was useghq MoTNW- vector particles (with 16ug/ml polybrene and

to infect untransduced parent MT4 cells. The amount of HIV-5q j/mI IL-2) and centrifuged at 2@for 1 h at 32C and then

p24 produced in the cell culture supernatants was determined Qyfiured for 16 h at 3. Cells were then incubated for 6 h #G7

ELISA (Abbott). Infectivity was also checked at various timej, the presence of IL-2 supplemented medium. The transduction

points by RT-PCR analysis of cellular RNA wusing theprocedure was carried out a total of three times. Twenty-four hours

Vpu-5/Vpr-3' primer pair (Tablél). In addition, PCR with the  fier the third transduction, cells were cultured for 8 days in IL-2

Vd—5’Nd—.3' primer pair (Tabl&) was perfor_med to check ifviru_s supplemented medium containing G418 (Fgml). Cells were
progeny infection of MT4 cells resulted in vector transductionspecked periodically for growth and viability.

Gap-5 and Gap-3primers were used to detect GAPDH DNA and
RNA as an internal control for all PCRs and RT-PCRs. HIV-1 susceptibility of PBL transductants
Transduction of human PBLs Transduced PBLs (8 1P cells) were infected with 30 ng (p24

equivalent) of the HIV-1 strain, NL4-3, for 16 h a8 Cells were
Human peripheral blood mononuclear cells were isolated frothen washed twice with RPMI 1640 medium, resuspended il 750
fresh heparinized blood samples from healthy donors by Ficolbf the same medium containing 20 U/ml IL-2 and incubated at
Hypaque gradient centrifugation. Cells were washed once wiv°C. The culture supernatants were collected every 3 days and
phosphate buffered saline (PBS) and cultured at a density of Xeplaced with fresh medium. The amount of HIV-1 p24 antigen
108 cells/ml in RPMI 1640 containing 10% fetal bovine serumyeleased in the cell culture supernatant was measured by ELISA
20 U/ml human recombinant interleukin (IL)-2 (Boehringer(Abbott).
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Figure 1. Schematic diagrams of MoTN, MoTiN, MoTiN-TR*, MoTN-TRYE*~and MoTN4- vectors and transcripts produced. MoMulM3BR, HIV-1 LTR,
HSV tk andtk—TAR fusion promoter-driven transcripts are shown by the thin line. RNAs containing HIV-1 RNA sequences in sense or aetiEiseare shown

by thick and dotted lines, respectively.

RESULTS

Retroviral vectors expressing the HIV-1 TAR-RREW4®
(TRY®) sequence in sense or in sense and antisense
orientations

A cassette containing the HIV-1 LTR promoter driving expression
of TRY® (consisting of the HIV-1 'Seader sequence, partgdg
coding region and a 1.1 kb fragmenteofircoding region which
includes the RRE) was cloned into the MoTiN vector downstream
of theneogene in the sense orientation. In the resulting MoTiN-TR-
Ye+ vector, v-TRET RNA is produced constitutively from the

Al retroviral vector constructs examined here are based on tihdoMuLV 5'-LTR promoter, n-TR®* RNA is produced in a
MoMuLV-derived MoTN or MoTiN vectors. The MoTN vector constitutive low level but Tat-inducible manner from tkeTAR
(43) contains the MoMuLV 5LTR and herpes simplex virus fusion promoter, and TR* RNA is produced in a Tat-inducible

thymidine kinasetk) promoters that allow constitutive transcription manner from HIV-1 LTR promoter (Fid).

of vector (v-) and neomycin phosphotransferasg (1-) RNAS, The MoTN-TR¥E*~vector was constructed to allow constitutive
respectively (Figl). The MoTiN vector was previously constructed expression of antisense RNA and Tat-inducible expression of
(44) by modifying the MoTN vector to containtle-TAR fusion  sense RNA. For construction of this vector, a cassette containing
promoter to allow low level constitutive gene expression witlthe HIV-1 LTR promoter expressing the HIV-1l&ader sequence,
upregulation upon Tat-induction. the gag and env coding regions, and a terminator was cloned
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downstream of the MoMuLV'8TR (Fig. 1). This cassette was a
cloned in the antisense orientation such that the MoOMUIM B 1200 -
promoter will transcribe constitutively v-T#~ RNA containing
TRY® sequences in the antisense orientation. SenYE+TIRNA
will be produced in a Tat-inducible manner from the HIV-1 LTR
promoter. Since the HIV-1 LTR-T¥ sequences were not cloned
downstream of th&eo gene, the MoTiN vector containing the
tk-TAR fusion promoter was not needed.

The MoTNW- vector was previously constructe#8) by
cloning HIV-1 sequences (that include tHesignal near the'5
splice donor until the beginning pbl overlap in thegagcoding 400
region) in the MoTN vector downstream of theogene in the 300
antisense orientation. This vector should allow constitutive 200 -
production of vi¥— RNA from the MoMuLV 53-LTR promoter 100 -
and n'¥~ RNA from the HS\tk promoter. 0

1100
1000
900 +
800 +
700 +
600
500 +

HIV-1 p24 (ng/ml)

0 6 12 18 24 30 36 42 48 54 60 66 72 78
Establishment of pools of stable transductants of human

CD4+ T-lymphoid (MT4) cells

Amphotropic MoTN, MoTiN, MoTiN-TR¥+and MoTN-TR¥E*-

vector particles were generated and were used to transduce a human
CD4+ T-lymphoid (MT4) cell line. Stable MT4 transductants were
selected and tested without cloning. RT-PCR analysis of total
cellular RNA using various primer pairs (Tah)evas performed

to detect vector RNA sequences upstream and downstream of the
neo coding regionneo coding sequence and the HIVHA signal
sequence. Products of the expected sizes were detected in each cas
confirming v-TR¥* RNA production from the MoTiN-TRe*
vector, and v-TR®~ RNA production from the MoTN-TRe*~
vector (results not shown; see later RT-PCR results from HIV-1
infected cells). Production of n-HR* RNA from MoTiN-TRWe*

vector and of n-RNA from MoTN-TRE*~vector was indirectly
demonstrated, as cells were resistant to G418. Productior#&f TR O 6 12 18 24 30 36 42 48 54 60 66 72 78
RNAs from both MoTiN-TR¥E* and MoTN-TRE¥E*-vectors was

not expected to take place in the absence of HIV-1 Tat protein and
was not observed in MoTN-TR*+~vector-transduced cells (results

not ShOWI’]) Transduced MT4 cells were analyzed by ﬂov\}:igure 2.HIV-1 susceptibility of stable MT4 transductants. The level of HIV-1
: 4 produced in the culture supernatants was determined at various time

cytometry using anti-CD4 monocmna_l_antlb()dles and, as expecte tervals following HIV-1 challenge off MoTiN (@) and MoTiN-TR¥* (H)
over 90% of the cells were CD4 positive. or (b) MoTN (@) and MoTN-TRe+— (M) vector-transduced MT4 cells.

b Days
1000 —
900

g/ml)

HIV-Pp24 (n

Days

HIV-1 susceptibility of stable MT4 transductants RT-PCR analysis of RNA extracted from infected cells and the

Each pool of stable MT4 transductants was challenged with térus progeny (Tablesl and 2). All HIV-1 infected MT4
HIV-1 strain, NL4-3 (Fig2). The MoTiN control vector-transduced fransductants were shown (Figa and 4a) to produce HIV-1
cells produced 1009.8 ng/ml of HIV-1 p24 by day 24, after whici/RNA (Vpu-3/Vpr-3 primer pair) and the respective retroviral
virus production decreased due to cell death. The MoTiNETR  Vector RNAs (Vu-5Vu-3' primer pair for the vector sequences
vector-transduced MT4 cells displayed no noticeable HIV-1 p24pstream of theeocoding region, Neo*B\eo-3 primer pair for
production until day 21 post-infection. From then onwards, p2a€o coding region and Vd:8/d-3' primer pair for vector
levels increased gradually to 53.7 ng/ml by day 54 and thesgguences downstreanmedcoding region). The TRE*~RNA
remained below this value until day 78 (F2g). produced from the MoTN-TﬂF+/jvector was shown not to be
The MoTN vector-transduced cells allowed 855.5 ng/ml p24pliced as no product corresponding to spliced RNA amplification
production by day 30. Virus production then decreased due to céips detected using the TAR'SD-3 primer pair (results not
death. Cells transduced with the MOTNPR~vector demon- shown). RT-PCR analysis of virion RNAs revealed that WTR
strated very strong inhibition, with no detectable p24 until dajRNA produced from the MoTiN-TRE* vector 5F|9-3b) and of
21 post-infection. HIV-1 p24 levels then gradually increased t§ TRW*~ RNA produced from MoTN-TRE*= vector were

2.4 ng/ml until day 48 and then remained below this value untlackaged (Figdb). Packaging of n-TRe* and TR¥* RNAs
day 78 (Fig2b). produced from the MoTiN-TRE* vector could not be demonstrated

by RT-PCR. The TRE* RNA produced from the MoTN-T4e*~
vector was shown not to be packaged (8. As expected, no

v- or n-RNA was packaged from HIV-1 infected cells transduced
Upon HIV-1 challenge of stable MT4 transductants, sense amwdth MOTN or MoTiN control vectors (Figdb anddb). RT-PCR
antisense RNA production and packaging was assessed diyalysis of virion RNAs did not detect GAPDH RNA, confirming

Packaging of sense and antisense RNAs within virus progeny
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Table 2.RT-PCR results from cellular and virion RNAs from HIV-1 infected stable MT4 transductants

Primer Cellular RNA Virion RNA
pairs
MoTiN | MoTiN- | MoTN | MoTN- | MoTiN | MoTiN- | MoTN MoTN-
TRY™ TRY" TRY TR
Gap-5° + + + Z - -
Gap-3’
Vu-5’ + + + - + - +
Vu-3’
Neo-5’ + + + - ¥ _ T
Neo-3’
Va5 + ¥ ¥ - + - +
Vd-3’
Gag-5’ NA NA -/-° ++° NA NA -/-® +/-®
I_ 9
Vpr-5° + + + + + + +
Vpu-3’
®Results obtained using either Gag-5' or I-3' primer during reverse transcription.
®+, When Gag-5" was used during reverse transcription; -, when 1-3’ was used during reverse

transcription.

NA, Not applicable.

a "2 o3 g

E 600 bp «— GO0 bp
S67 bp <— 567 bp
< 457 bp «— 4537 bp
<— 424 bp < 42 bp
337 bp «— 337 bp

2 3 4 5 ' 2' 3

. - .

Figure 3. RT-PCR analysis of cellulag) and virion b) RNAs from HIV-1
infected MT4 cells transduced with MoTiN (lanes 1-5) and MoTiNPTR
(lanes 1-5) vectors. Primer pairs used: lanes 1 anGap-5¥Gap-3; lanes 2
and 2, HIV-1 Vpu-5/Vpr-3'; lanes 3 and '3 Vu-5/Vu-3’; lanes 4 and'4
Neo-8/Neo-3; lanes 5 and'5Vvd-5/vd-3'.

= 5067 hp
+— 457 bp
“— 424 hp

“« 33T hp

the lack of cellular RNA contamination (Figgh and 4b).

HIV-1 Vpu-5/Vpr-3' primer pair, RT-PCRs on cellular RNA
extracted from the MT4 cells infected with virus progeny from
either MOTN or MoTIN vector-transduced MT4 cells, gave
positive results by day 21. RT-PCR analysis of cellular RNA from
MT4 cells infected with virus progeny from HIV-1 infected
MoTiN-TRYe* and MoTN-TR¥*~ vector-transduced MT4
cells gave negative results at all time points tested until the end of
the experiment (day 48; Fig). RT-PCRs with Gap-B5ap-3
primers were positive for all samples. HIV-1 p24 antigen detection
by ELISA on days 36 and 48 post-infection also gave negative
results for samples obtained from MT4 cells infected with virus
progeny from HIV-1 infected MoTiN-TRE* and MoTN-TR{E+~
vectors, although results from virus progeny obtained from the
MoTiN and MoTN vector-transduced cells were positive. PCR
analysis of genomic DNA on day 36 with the VA/8-3' primer

pair gave negative results for all samples (results not shown),
suggesting lack of vector transduction by the virus progeny.

HIV-1 susceptibility of human PBL transductants

Human PBLs were transduced with amphotropic MOTN, MoTN-
TRY2*~ and MoTNW- vector particles. The pools of PBL
transductants were then challenged with 30 ng (p24 equivalent)
of HIV-1 strain NL4-3. The amount of HIV-1 p24 antigen
released in the cell culture supernatants was measured over time.

Antisense RNA packaging was also confirmed by RT-PCRfirus production was inhibited in both MoTN- TR~ and
analysis of RNA from virus progeny of HIV-1 infected stableMOTN-¥~ vector transduced PBLs, compared with PBLs
MT4 transductants with the previously constructed vectotransduced with the MoTN vector (Fig. These results further

MoTN-W- (Fig. 5).

Replication-competence of virus progeny

demonstrate the efﬂcacy of antisense RNA-mediated inhibition
of virus replication in human PBLs.

DISCUSSION

Equal amounts of virus progeny from HIV-1 infected pools of

MT4 cells transduced with MoTiN and MoTiN-HR* vectors

HIV-1 TAR and RRE decoy RNAs inhibit HIV-1 replication by

(9.6 ng of p24) or MoTN and MoTN-T¥*~vectors (1.2 ng of providing competitive protein binding sites and/or by sequestering

p24) were used to infect untransduced MT4 cells. Using theey cellular factors (reviewed i@-4).

In addition, RNAs
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a4 1234567
600 bp
567 bp
«<— 457 bp
“— 424 bp
<— 337 bp
b 1 234567

. N

'Y 3 4 5

6 7

«— 335 bp

G0 bp
567 bp
“— 457 bp
<— 424 bp

<— 337bp

'23¥ 456 7

«— 935 bp
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Figure 4. RT-PCR analysis of cellulaayand virion b) RNAs from HIV-1 infected MT4 cells transduced with MoTN (lanes 1-7) and MoTNETR (lanes +-7)
vectors. Primer pairs used: lanes 1 dn@ap-YGap-3; lanes 2 and'2HIV-1 Vpu-5/Vpr-3'; lanes 3 and’'3Vu-5/Vu-3'; lanes 4 and'4Neo-3/Neo-3; lanes 5 and'5
Vd-5'/Vd-3'; lanes 6 and'6Gag-%/1-3', when Gag-5was used during reverse transcription; lanes 7 ‘a@ag-%1-3', when I-3 was used during reverse transcription.

<— 315 bp

Figure 5. RT-PCR analysis of virion RNA from HIV-1 infected MT4 cells
transduced with MoTN (lanes 1-3) or MoT#-= (lanes 4—6) vectors using the
Psi-3/Psi-3 primer pair. Lanes 1 and 4, PCR following cDNA synthesis with
Psi-3 primer; lanes 2 and 5, PCR following cDNA synthesis with Pgiifher;
lanes 3 and 6, PCR following cDNA synthesis without any primer.

1234

“— 424 bp

Figure 6. RT-PCR on day 48 post-infection of MT4 cells to detect the

produced RNAs containing a 1.43 kb region antisense to the HIV-1
W signal andyag coding sequences. Production of RNA containing
this region in the sense orientation by Mo®N-vector did not
confer protection48). This may have resulted from the lack of
interference at the level of HIV-1 RNA packaging. In the present
study, we improved the MoTNEF vector with a 5extension of the
HIV-1 W signal until the +1 nucleotide of HIV RNA to include the
TAR element, along with th# signal and the DLS. We further
added downstream a 1.1 kb fragment ofetfiecoding region that
includes the RRE. BotH and env sequences are important for
efficient HIV-1 RNA packaging33,36). Since lack of inhibition by
MoTN-W* vector may also result from insufficient transcription,
interfering RNA production was improved by adding an HIV-1 LTR
and an internatk—=TAR fusion promoter44). The new vector,
MoTiN-TRY®*, was thus designed to produce the HIV-1¥FR
sequence in abundance with three distinct RNA species transcribed
from the MoMuLV 3-LTR, tk~=TAR and HIV-1 LTR promoters
(Fig.1). HIV-1 challenge of MoTiN-TR®* vector-transduced MT4
cells produced significantly less p24 relative to controls &Y.
Analysis of the released virus progeny by RT-PCR using
VuU-5'Mu-3', Neo-3/Neo-3, and Vd-&5Vd-3' primer pairs showed
that v-TRI* RNA is packaged (Figb). Whether n-TR®* and
TRY+*RNAs are also packaged could not be determined from these
results. Hence the HIVA¥®* sequence, irrespective of its location

replication-competence of the virus progeny from HIV-1 infected stable MT4 Within the RNAs, allows efficient packaging of heterologous RNAs

transductants using primer pair HIV VpUMpr-3'. Lane 1, MT4 cells infected
with virus progeny from MoTiN transductants; lane 2, from MoTiNWFR
transductants; lane 3, from MoTN transductants; lane 4, from MoT#RTR
transductants.

even in the presence of HIV-1 RNA. As expected, MoTiN
vector-derived RNAs were not packaged. The lack of GAPDH
RNA in virion RNA preparations confirmed the absence of any
contamination with cellular RNAs.

containing the HIV-M~2 signal sequence in the sense orientation Inhibition of HIV-1 replication by the interfering RNAs produced
may be used to inhibit HIV replication at the level of RNAfrom the MoTiN-TR¥* vector is likely to result from tHé® signal,

packaging. Co-packaging with MoMuLV vector RNA of MoMuLV which acts by competing with HIV-1 RNA for binding to the
W signal-containing RNAs was recently shown to result in th@r55°29and the TAR and RRE which act by competing with HIV-1

production of replication-defective vector particleg)(
We have previously demonstratetBY significant inhibition of
HIV-1 replication with the MoTN¥~ vector that constitutively

RNA for binding to HIV-1 Tat and Rev proteins. Thus, inhibition at
the level of encapsidatiotransactivation and HIV RNA export
will take place. Previous studies have shown that RNAs containing
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could be detected in MT4 cells infected with virus progeny from
MoTIN control vector-transduced cells. However, no viral RNA
(Fig. 6) or p24 could be detected in MT4 cells infected within virus
300 | progeny from MoTIN-TRE* vector-transduced cells. Samples
tested negative even after 48 days post-infection. A decrease in viral
infectivity suggests that co-packaging of the sense RNA with HIV
RNA took place. It is reasonable to suggest that RNA heterodimers
consisting of an interfering RNA molecule and an HIV RNA
molecule were packaged since empty particles or packaging of
homodimers would not be expected to interfere with HIV-1
infectivity.

The properties of both MoTN: (28) and MoTIN-TRy=*
vectors were combined into the MoTN-PR'- vector. The
MoTN-TRYE*~vector contained the HIV-1 Bader and the entire
gag andenvcoding sequences, which include TAR, RRE @#fit]
sequences. This vector was designed to allow constitutive
production of v-TRE~ antisense RNA, and Tat-inducible
production of TR®* sense RNA. Therefore, the antisense RNA
b should be present prior to HIV challenge and produced throughout

350 HIV replication. Incomplete inhibition of HIV-1 Tat mRNA
production by the complementary sequences present withiri the 5
leader an@nvcomponent of the antisense RNA may result in some
Tat production which in turn would induce HIV-1 LTR driven
expression of both sense and HIV-1 genomic RNAs. Sense RNA
production from this vector would therefore depend on the level of
antisense RNA-mediated inhibition of Tat protein production. HIV-1
challenge of MT4 cells transduced with MOTN and MoTNYER-
vectors demonstrated that virus production from MoTNHFR
vector-transduced cells was significantly inhibited (). RT-

PCR analysis revealed that only antisense WTRRNA was
packaged within the virus progeny (Fig). TR+ RNA produced
from the MoTN-TR¥*~vector could easily be detected amongst
cellular RNAs (Fig4a) and was not found to be spliced (results not
shown), but was not packaged (Filp). As expected, v- and
Days n-RNAs produced from the MoTN vector were not packaged. Also
Figure 7.HIV-1 susceptibility of human PBL transductants. HIV-1 p24 antigen th€ GAPDH RNA was not detected in the virus progeny, confirming
production was measured at various time intervals following HIV-1 challengethe lack of contamination by the cellular RNA.
of (a) MOTN (@) and MoTN-TR=*/(ll) or (b) MoTN (@) and MoTN- Compared with the infectivity of virus progeny from HIV-1
(W) vector-transduced human PBLs. infected MoTN vector-transduced cells, the infectivity of virus
progeny from HIV-1 infected MoTN-TRe*~vector-transduced

a single TAR and a single RRE inhibited HIV-1 replication by onl)):e”S was greatjy reduced. Th's was demons}rated l:_)y the lack of
a few days %8). Thus, the observed inhibition is expected to resuI'f"V'l. RNA (Fig. 6) and virus 'p24 pro_ducnon' until day 48
mainly from interference at the level of viral RNA packaging. Thédostinfection of MT4 cells lacking any interfering RNA. This
RRE may also improve cellular trafficking of interfering RNAs anddecrease IN VIrUS progeny infectivity suggests antisense RNA
thus enhance co-packaging of the interfering RNA. The three typgg—packagmg with HIV-1 RNA. "

of RNAs produced from the MoTiN-T#* vector contain HIV-1 ~ 1he TR¥* RNA produced from MoTN-TRE™™ vector
R-U5 and PBS sequences either at an internal location or &t thefgntained the HIV-1° signal and therefore should have been
end. However, none of these RNAs contains the HIV-1 polypurin%aCkaged either by itself as a homodimer, or in association with
tract (PPT) and U3-R sequences that are required for provirus DNAV-1 RNA. Lack of 4.54 kb TR®* RNA packaging as
synthesis. Co-packaging within HIV-1 particles of non-HIV RNAShomodlm_e(s cannot be explained because of the size restriction
lacking these sequences may result in abortive reverse transcripi@hthe minimum length of the RNAs that may be packaged by
and prevent subsequent infection. Thus, if co-packaging ®fIV-1 Pr558°29 as HIV-1 based 4.3 kb vector RNAs produced
interfering RNAs was to render HIV non-infectious, subsequerftom pHR-CMV-Luc (53) can be packaged. The lack of
rounds of infection should have been inhibited. This may well bpackaging of TRE* RNA may also be due to its hybridization
the case, as virus production which is likely to result fronwith excess v-TR®~ RNA. Of the two TR®*/v-TRY®- and

multiple rounds of infection in MoTiN-TRE* vector-transduced HIV-1/v-TRYe~sense/antisense RNA hybrids, only the latter was
cells was significantly reduced and delayed (E&). packaged into virus particles. Antisense WFRRNA interaction
Infectivity of virus progeny (at fixed p24 concentrations) fromis a perfect match over the entire length ofPPRRNA, which
HIV-1 infected MoTiN and MoTiN-TR®E* vector-transduced MT4 might prevent® signal recognition by Pr§89 On the other
cells was tested by infecting untransduced MT4 cells. HIV RNAand, the interaction between v-®PR and HIV-1 RNA is
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non-contiguous and therefore may form the required seconda¥y Lizziewicz,J.,(Sunél)D.\./Trlapnell,B., Thomson,M., Chang,H.K., Ensoli,B.
structure needed for packaging. and Peng,B. (1993) Mrol., 69, 206-212. .

Evaluation of the RNA composition of virus progeny from the'* ézi’esﬂércgag%?_oégf” Gaspar,0., Smith,C. and Gilboa,E. (1995)
HIV‘l InfeCted MOTN'LP_ VeCtOI‘-tI‘anSduced MT4 Ce||S revealed 15 Sczakie|Y(_‘-,'Y7Oppen|ande|ryM'Y RittneryK. and Pawhta’M (199W0|’
that antisense RNAs containing HI\Wlandgagsequences were 66, 5576-5581. _ _ -
also packaged (Fig). This result confirms that the antisensel6 BI%Sg'OI,MGA-(,lFéggifllll,Al.,IYDOeIZFilga,Lé,ll;rlanchm,E., De Giuli-Morghen,C.

A an alu,G. rol., 70, — .
RNAs can indeed be packaged by HIV-1. o 17 Peng,H., Callison,D., Li,P. and Burrell,C. (1998plogy, 220, 377-389.

Both antisense RNA expression vectors, MOTNPF_ . and g Sakai,H., Furuta,R.A., Tokunaga,K., Kawamura,M., Hatanaka,M. and
MoTN-¥-, were also tested and shown to inhibit HIV-1  Adachi,A. (1995 EBSLett, 365 141-145.
replication in human PBLs (Fig). 19 Dundr,M., Leno,G.H., Hammarskjold,M.L., Rekosh,D., Helga-Maria,C.

This is the first time that packaging of antisense RNA has been i;‘;ng'gox"\"m?k;é?:ﬁ- %ﬁg:hfnceh g’evz%rle‘eznf‘?,\-/l Lowe AD
shown to occur. This raises many interesting questions such ‘as ;4 1. Singh M. Butler,p.J., GaitM.J. and Kam,J. (1998)ol. Biol,
whether antisense RNA would be packaged as a heterodimer with 241 193-207.

HIV-1 RNA, in association with an HIV-1 RNA dimer (as a trimer), 21 Brighty,D.W. and Rosenberg,M. (199pc. Natl. Acad. Sci. U.S.81,

or as an antisense RNA dimer. The mechanism of antisense RNA 8314-8|318- otk o .

packaging is yet to be determined. Antisense RNA used in this stugffy Nasioulas,G., ZolotukhinA.S., Tabemero,C., Solomin,L.,, Cunningham,C.P,
A s Pavlakis,G.N. and Felber,B.K. (199%)Virol., 68, 2986—2993.

may inhibit HIV-1 replication at the level of HIV-1 RNA export, 53 \alimMH., Bohnlein,S., Hauber,J. and Cullen B R. (1988 58

translation and packaging. In addition, the co-packaged antisense 205-214.

RNA is likely to limit viral spread by inhibiting subsequent rounds24 Malim,M.H., Freimuth, W.W., Liu,J., Boyle,T.J., Lyerly,H.K., Cullen,B.R.

of infection. Inhibiton may also occur at the level of reverse and Nabel,G.J. (1992) Exp. Med 176 1197-1201.

transcription during subsequent rounds of replication or as a resfilt é"z‘;"jé%f" Ramezani,A., Li,X. and Joshi,S. (1396)n. Gene Therd,

of recombination leading to virus inactivation. _ 26 Bahner,l., Zhou,C., Yu,X.J., Guatelli,J.C. and Kohn,D.B. (1998jol.,

In summary, we demonstrate here that interfering sense and 67, 3199-3207. ‘
antisense RNAs can be Co_packaged with HIV-1 RNA. Co_pac|@7 Lee,T.C., S_ullenger,B.A., Gallardo,H.F., Ungers,G.E. and Gilboa,E. (1992)
aging of these RNAs was shown to inhibit HIV-1 replication through, The New Bio| 4, 66-74.

f . . . . Cohli,H., Fan,B., Joshi,R.L., Ramezani,A., Li,X. and Joshi,S. (1994)
the production of defective/non-infectious virus progeny. Both sense  antisense Res. Dew, 19-29.

and antisense RNA based strategies may therefore be usetdoBevec,D., Volc-Platzer,B., Zimmermann,K., Dobrovnik,M., Hauber,J.,
co-package other types of anti-HIV-1 RNAs (e.g. ribozyraék; Veres,G. and Bohnlein,E. (1994pm. Gene Thers, 193-201.
30 Lee,T., Gallardo,H.F., Gilboa,E. and Smith,C. (1994jirol., 68, 8254-8264.
31 Bahner,l., Kearns,K., Hao,Q.L., Smogorzewska,E.M. and Kohn,D.B.
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