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GENE THERAPY

Effects of CD2 locus control region sequences on gene expression by retroviral

and lentiviral vectors

Stefano Indraccolo, Sonia Minuzzo, Francesca Roccaforte, Rita Zamarchi, Walter Habeler, Laura Stievano, Valeria Tosello, Dieter Klein,
Walter H. Giinzburg, Giuseppe Basso, Luigi Chieco-Bianchi, and Alberto Amadori

Locus control region (LCR) sequences
are involved in the establishment of open
chromosomal domains. To evaluate the
possibility of exploiting the human CD2
LCR to regulate gene expression by Molo-
ney murine leukemia virus (Mo-MLV)-
based retroviral vectors in T cells, it was
included in vectors carrying the en-
hanced green fluorescence protein
(EGFP) reporter gene; then transduction
in vitro of lymphoid and nonlymphoid cell
lines was performed. Deletion of the viral
enhancer in the Mo-MLV long terminal
repeat was necessary to detect LCR activ-
ity in the context of these retroviral vec-

tors. It was found that a full-length (2.1
kb), but not a truncated (1.0 kb), CD2 LCR
retained the ability to modulate reporter
gene expression by Mo-MLV—derived ret-
roviral vectors, leading to a homoge-
neous, unimodal pattern of EGFP expres-
sion that remained unmodified in culture
over time, specifically in T-cell lines; on
the other hand, viral titer was strongly
reduced compared with vectors not carry-
ing the LCR. Lentiviral vectors containing
the CD2 LCR could be generated at higher
titers and were used to analyze its effects
on gene expression in primary T cells.
Subcutaneous implantation of geneti-

cally modified cells in immunodeficient
mice showed that retroviral vectors carry-
ing the CD2 LCR conferred an advantage
in terms of transgene expression in vivo,
compared with the parental vector, by
preventing the down-modulation of EGFP
expression. These findings suggest a po-
tential application of this LCR to increase
gene expression by retroviral and lentivi-
ral vectors in T lymphocytes. (Blood. 2001,
98:3607-3617)

© 2001 by The American Society of Hematology

Introduction

One of the major obstacles to gene transfer in mammalian cellsvisally carried therapeutic genes and normal cellular genes is
the gap between gene expression of cellular genes from thsirikingly different: retrovector-encoded genes are expressed hetero-
genomic loci, which usually occurs at adequate levels, and theneously in the transduced cells because of their random integra-
relatively poor expression levels obtained when the same gendig into the host genome, whereas most cellular genes are
expressed from viral vectors, in many cases from heterologoespressed at homogeneous levels in a defined cell subset. Given
viral promoters. This commonly observed phenomenon cleatlyese limitations of current gene transfer methods, LCR sequences
constitutes a significant limitation both of gene therapy strategibave recently attracted attention because they might improve the
aimed at treating genetic diseases by transduction of hematopoigieel of gene expression by retroviral vectors (reviewedi*in
stem cells and of protocols of gene transfer into differentiatéddany studies focused on tlfieglobin LCR, which could be useful
primary cells, such as lymphocytes and fibrobld€diferences in  for increasing erythroid-specific synthesis of this profeindow-
gene expression from genomic loci and viral vectors clearlyver, itis unclear whether selected LCR elements might be used to
involve multiple levels of complexity, including lack of introns inimprove gene expression in T lymphocytes. A retroviral vector
the transgene, differences between viral and cellular promotecayrying a T-cell-specific LCR could be useful in clinical settings
and absence of some regulatory sequences in viral vectors—sdemanding long-term expression of therapeutic genes in lymphoid
as silencers, insulators, and locus control regions (LCRs)—tl#lls. These might include some primary immunodeficiencies in
regulate the physiological expression of cellular genes. Asvehich T-cell-specific, long-term expression of a relevant gene,
consequence, gene expression by viral vectors is often short-tesmch as that coding for ADA, is required to enable the correct
even though it can transiently occur at higher levels than that dévelopment of the immune system and some acquired diseases
cellular genes. that might be amenable to treatment with genetically modified
In some cases, the immune system also may contribute signi§imphocytes that would act as the “host factory” for soluble
cantly to limiting transgene expression in vivo, specifically whetherapeutic proteins.
the transgene itself or the viral vector used (ie, adenoviral vectors) To address this issue, we studied an LCR from the hu@iaa
is highly immunogenic. Furthermore, the pattern of expression géne. This 2.1-kb sequence has been largely studied in transgenic
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mice, in which it leads to high-level, position-independent genglA2 vector (Invitrogen, Groningen, The Netherlands). Subsequently, PCR
expression in the T-cell lineade? Our findings suggested that products were excised from this vector by digestion Wthtl or Xbal and
CD2 LCR could be useful for improving gene expression byvere sticky-end cloned by standard procedures in the corresponding sites of
retroviral and lentiviral vectors in T cells in vitro and in vivo. a retroviral vector termed LESN, which was used as the basic vector, or
derivatives of it. The LESN vector (Figure 1B) is a derivative of the LXSN
retroviral vectot® and carries the gene for enhanced green fluorescence
protein (EGFP) driven by the Mo-MLV long terminal repeat (LTR) and a
neomycin resistance (neoR) cassette (Figure 1B). To investigate LCR
function in the absence of the viral enhancer, we generated a modified
LESN retroviral vector carrying a deletion in the U3 region of the LTR
The 2.1-kb CD2 LCR sequence was amplified from plasmid VA hCDZetween bases 2976 and 3186 of the parental LXSN geliand termed
containing the human CD2 locéispy polymerase chain reaction (PCR)it LESNA.

using the following primers, carrying ldotl site in the extension (Figure The Mo-MLV Gag-Pol expression construgag-polgpt harbors the
1A): LCR-forl, 5"AGAATGCGGCCGC-TGACTAGACCCGTGTCTGCT- Mo-MLV gagandpol genes under the control of the Mo-MLV LTR and a
CAT -3';and LCR-rev1, SAGAATGCGGCCGC-AAGCTTCTTTACTAT- - gv40 polyadenylation signal, but it lacks packaging sequencésA
GCCATTTCATC-3'. In a set of experiments, an LCR sequence measurimhsmidy termed HCMV-G, that expresses the envelope protein G of

1 kb and containing a T-cell-specific transcriptional enhdficems egjcylar stomatitis virus (VSV-G) was used to pseudotype mLV partiéles.
amplified from VA hCD2 with the following primers, carrying atbal site

in the extension (Figure 1A): LCR-for2, 5'-GCTCTAGA-TGACTAGAC-

CCGTGTCTGCT-3/ and LCR-rev2, 5GCTCTAGA-GGCTGGTCT- Cell culture and transfections

CAAACTCCT-3'". Finally, a 2.0-kb control sequence, locatetgthe CD2 . ) )

LCR and not associated with LCR function, was amplified from the sanf&31 human kidney cells were obtained from American Type Culture

plasmid with primers (Figure 1A): NLCR-for1, 5'-AGAATGCGGCCGC- Collection (Manassas, VA) and were used as a packaging ceft¥lifiee

TGTGGATGACGCTCATACAACC-3! and NLCR-revl, 5GTTAACGTT-  day before transfection, 1.8 10° 293T cells were seeded in 25-€tissue

TGTGCATGGAGGC-3'. culture flasks. Cultures were transfected with plasmid DNA using a calcium
PCR was performed in 5L standard buffer containing 0,2M each phosphate precipitation techniqte293T and murine fibroblastic NIH-3T3

primer and 1 U Taq polymerase (PerkinElmer, Foster City, CA) under tig€lls were grown in Dulbecco modified Eagle medium supplemented with

following conditions: denaturation for 1 minute at 94°C, annealing for 300% fetal calf serum (FCS; Life Technologies, Milan, Italy) and 1%

seconds at 65°C, extension for 2 minutes at 72°C, for 30 cycles, with 5 heglutamine. Human Molt-3 and Jurkat cells were grown in RPMI 1640

plasmid DNA as template. PCR fragments were purified and cloned in teepplemented with 10% fetal calf serum and 1% L-glutamine.

Materials and methods

Plasmids
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(gray box) Deletion of the viral enhancer in the LTR; (arrow) orienta-
tion of the LCR element in each vector.
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Transduction of cells with retroviral vectors times after infection, cells were pelleted, washed, fixed, and labeled, where

Infecti icl db iah focti £ 293T ppropriate, with a phycoerythrin-labeled anti—-HLA class | monoclonal
nfectious particles were generated by overnight transfection of 293T ce, ﬁtibody (mAb) (DAKO, Glostrup, Denmark) or with a PC5-labeled

chth 3 Mgsgzg—pogpt, 619 glthAer IE:ESN’ LESN;‘C,R’ LESNA, LESNA- i hiuman CD3 mAb (Coulter). Two-color immunofluorescence was
LCR, LESNA-NLCR, or LESNA-LCR1 as transducing vectors, anq{1 carried out as reportédland was analyzed using the PRISM parameter of

VSV-G expression construct, as reportécRetroviral vector—containing e Ejite cytofluorometer; the negative control setting for each monaclonal

supernatants were‘collected 48 to 72 hours aftgr transfection, f'ltergﬁitibody was determined by using labeled immunoglobulin of the corre-

through 0.45-pm filters, and frozen at80°C until further use. To g1 4ing isotype. Mock-transduced cell lines served as the negative control
determine vector titer, serial dilutions of filtered supernatants were layergg EGFP-expression analysis. Mean fluorescence intensity (MFI) was
over NIH-3T3 target cells that had been seeded into 6-well culture plates t&ﬁculated by the following form.ula' MFE logig(meanx 10) X (1024/4)

day befor_e infecfion hat 0.& 1_06 cells per well. Pror:aminltle sulfate (8 Coefficient of variation (CV) was calculated by the following formula:
wg/mL) (Sigma-Aldrich, S_t Louis, MO) was added to the wells. After 6 to \/ = [SD/mean]x 100; this parameter describes the homogeneity of the
hours at 37°C, 3 mL medium was added; 36 hours later, the cells were SB%tII-shaped curve of fluorescence expression

1:10 in 10-cm diameter Petri dishes, and new medium containing G418

(Life Teghnologies; SOQg/mL actiye compoupd) w_as added. After 2_-weelﬁn vivo expression studies

culture in G418 selective medium, the viral titer was determined as

described® and was expressed as colony-forming units (cfu) per milliliteFemale severe combined immunodeficiency (SCID) mice (6 to 8 weeks old)

supernatant. were purchased from Charles River (Wilmington, MA). Logarithmically
In experiments with lymphoid cells, because of the low titer of thgrowing human Molt-3 cells transduced with the LESN or the LESNA-LCR

LCR-carrying vectors, all the relevant supernatants were concentratetroviral vectors were harvested and resuspended in fresh medium at a

100-fold by ultracentrifugation as describ&dransduction was performed density of 2x 10® cells/mL. One hundred microliters of this cell suspen

by incubating 1 mL retroviral vector—containing supernatant withk 20°  sion was then injected into the flanks of the mice. Tumor growth was

target cells for 6 to 9 hours at 37°C in the presence of protamine sulfater(®nitored by periodic observation. Mice were killed 1 month later, when

rg/mL). Lymphoid cells were then grown for an additional 4 weekshe tumors were visible; tumor cells were recovered by microdissection and

in G418-containing medium (50Q.g/mL) before assessment of EGFPwere analyzed for HLA and EGFP expression. At least 5 animals were used

expression. in each group, and the experiment was repeated twice.

Proviral DNA analysis

Genomic DNA was obtained from vector-transduced Molt-3 and NIH-3TResults

cells using the EasyDNA kit (Invitrogen). For Southern blot analysig.@0

DNA was digested to completion with eith&pnl or Xhol/HindIll (New Generation of CD2 LCR—carrying retroviral vectors with
England Biolabs, Beverly, MA), electrophoresed on 0.8% agarose gelsimodified LTRs

transferred to nylon membranes (Amersham-Pharmacia Biotech, Little N
Chalfont, United Kingdom) by Southern blotting as descrieand We first amplified the 2.1-kb CD2 LCR sequence from the VA

hybridized to &2P-labeled 1.32-kilindlll/Smal DNA probe from plasmid plasmid? and cloned it in both orientations downstream of the
pSV2-neo. To determine provirus copy number in the transduced cells, B&FP cDNA in the LESN retroviral vector (Figure 1). Vectors
blot was stripped and rehybridized with a loading control probe (CXGR4)-generated were termed LESN-LCR and LESN-LCRas, and they
After washes under high-stringency conditions, filters were autoradigaried the LCR in the sense or antisense orientation, respectively,
graphed for 48 to 96 hours at70°C. Band intensities were quantified with relative to theEGFP gene. Retroviral vector—containing superna-
an Instantimager (Pac|_<ard, M?riden‘ cn and_were used fo calculate {gﬁts were generated and initially were used to transduce NIH-3T3
relative number of provirus copies per genome in each sample. cells for determination of the titer of the vector stocks (Table 1).
Lentiviral vector-mediated gene transfer in primary T cells Transduction of Molt-3 cells with these vectors, followed by G418
All lentiviral vectors were derived from VIGABH, which is an simian sz_alectlon, yielded a Cel.l po_pulatlon expressing the EGFP marke.r at
ngh levels. As shown in Figure 2, the pattern of EGFP expression

immunodeficiency virus (SIV)-based lentiviral vector carrying an interna. . ; .
EGFP gene driven by an MLV LTR (details of their construction are id not differ between cells transduced with the vector carrying the

available on request§ Vector-containing supernatants were generated bylsCR in either orientation compared with the parental LESN
3-plasmid vector packaging system based on transient transfections of 2¢gfroviral vector; a broad peak of reporter gene expression was
cells with 6 .g Hgp, a synthetic HIV gag-pol expression plas#fié, ng detected in either case, as quantitatively indicated by the CV
VIGABH or its derivatives, and 0.fug VSV-G expression construct, as parameter at FACS analysis, which was comparable in the different
reported for Mo-MLV—based retroviral vectors. NIH-3T3 cells were used ifluorograms (Figure 2). These findings showed that CD2 LCR did
preliminary experiments for titration of the vectors. Peripheral blood

lymphocytes from healthy donors were centrifuged on Ficoll-Hypaque

gradients activated with anti-CD3 and were maintained in complete RPNHble 1. Titration of recombinant retroviral vectors carrying CD2 LCR

medium supplemented with 100 U/mL recombinant interleukin-2 (rIL-23equences by G418 selection

EuroCetus, Milan, Italy). Forty-eight hours after activationx3.0° cells Recombinant retroviral

were transduced with 1 mL lentiviral vector—containing supernatants for 6 construct G418-selection (cfu/mL)
hours at 37°C; subsequently, peripheral blood lymphocytes were trans- LESN 6.17 X 10°
ferred to 24-well plates (Becton Dickinson, Franklin Lakes, NJ) and were LESN-LCR 260 X 102
cultured for an additional 72 hours before EGFP detection. In a set of LESNA 762 X 104
experiments, EGFPT lymphocytes were sorted by fluorescence-activated LESNA-LCR 118 X 102

cell sorter (FACS) and cultured in 96-well plates in the presence of LESNA-NLCR 102 X 102
allogenic irradiated feeder cells @6ells/well) and IL-2 (100 U/mL) for LESNA-LCR1 217 X 104

6 weeks.

Based on NIH-3T3 cells. Retroviral vectors were produced in 293T cells by

Cytofluorometric analysis cotransfection of gag-polgpt, HCMV-G, and a genomic RNA-encoding vector. The
. . number of neoR cfu/mL was determined after 2-week selection of NIH-3T3 cells in

EGFP expression in vector-transduced cells was assessed on an EPKi%s-containing medium (500 ng/mL). Average values reported refer to n = 6-8

Elite cytofluorometer (Coulter, Hialeah, FL) by FACS analysis. At differenindependent titration experiments.


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on July 22, 2018. For personal use only.

3610 INDRACCOLOetal

Molt-3
LESN
94.4% MFI=678
Cv=119.3
g
3
8
] T (]
LESN-LCR
59.6% MFI=667
Cv=156.9
E
8
8
LESN-LCRas
58.6% MFI=751
Cv=150.1
=
3
8
8
1 1 (] Tas 1l
EGFP

Figure 2. Transduction of the human T-lymphoid cell line Molt-3 with retroviral
vectors carrying the CD2 LCR and unmodified LTRs does not change the EGFP
expression pattern. Molt-3 cells were infected with LESN or the LCR-containing
retroviral vectors generated by transient transfection of 293T cells and were selected
in G418-containing medium for 4 weeks before FACS analysis. LESN-LCR and
LESN-LCRas vectors carry the LCR element in the sense or antisense orientation,
respectively. Representative patterns of EGFP expression are shown. The percent-
age of EGFP-positive cells for each construct and MFI are indicated, as is the CV,
which describes the profile of the bell-shaped curve. The pattern of the mock-
transduced lymphoid cells in each panel is also shown.
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not modulate EGFP expression when this sequence was placed in
the context of a retroviral vector carrying full-length LTRs.

Generation of CD2 LCR—carrying retroviral vectors with
modified LTRs

To investigate LCR function in the absence of the viral enhancer,
we generated a modified LESN retroviral vector carrying a deletion
in the U3 region of the LTR and termed it LEQN(Figure 1B).
Preliminary experiments indicated that its EGFP expression in
transduced NIH-3T3 cells was strongly attenuated compared with
LESN, in terms of MFI (data not shown); this was expected
because of the absence of the viral enhancer. We next inserted the
2.1-kb LCR sequence in the LESNxector in the antisense
orientation (Figure 1B) and used this vector to transduce lymphoid
and nonlymphoid target cells. Furthermore, a 2.0-kb sequence from
the humarCD2gene, presumably devoid of LCR activity, was also
amplified by PCR from the VA plasmid (Figure 1A), cloned in the
LESNAvector in the antisense orientation, and used as a control for
LCR function in some experiments. The vector carrying this
control sequence was termed LESMNILCR (Figure 1B). Finally,

to study whether the full-length LCR was required to exert its
activity on gene expression, we constructed a retroviral vector
carrying a shorter fragment of the CD2 LCR containing a
T-lymphoid—specific enhancer, which was predicted to lack LCR
activity, and termed it LESNA-LCR1 (Figure 1B).

We first measured the titer of the CD2 LCR—carrying vectors by
transduction of NIH-3T3 cells, followed by G418 selection.
Deletion of the viral enhancer or the inclusion of a truncated LCR
sequence did not reduce viral titer compared with the parental
LESN vector; however, all vectors carrying the full-length LCR or
the control sequence generated viral titers that were on average
500-fold reduced compared with LESN (Table 1).

Patterns of EGFP expression in lymphoid and
nonlymphoid cells

Molt-3 cells transduced by the different recombinant vectors and
selected in G418-containing medium were simultaneously ana-
lyzed for EGFP expression 4 weeks after gene transfer. The
percentage of EGFPcells in the different pools ranged from 70%

to 100%, with some variability among the experiments and with the
recombinant vector used (Table 2); prolonged in vitro culture for an
additional 4 weeks did not further increase the fraction of EGFP

cells, indicating that selection was complete at the time of analysis.
We analyzed cells transduced by the LCR-containing vector and

Table 2. Quantitative analysis of EGFP expression in pools of Molt-3 cells transduced by recombinant retroviral vectors

LESN LESNA-LCR LESNA-NLCR LESNA
Experiment % MFI Ccv % MFI Ccv % MFI Ccv % MFI cv
1 94.2 618 107.8 100 551 30.4 69.8 336 45.7 91.9 504 97.7
2 96.7 678 125.2 90.9 539 515 86.6 378 54.5 94.2 501 91
3 97.2 737 114.6 98.7 500 68.2 95.5 404 51.2 87.5 481 99.5
4 95 724 136.8 98.4 501 72.4 97 406 50.9 81.5 455 91.2
5 98.8 882 95.3 99.1 510 66.1 ND ND ND 97.1 450 78.2
6 90.5 651 172.8 98.4 464 70.6 ND ND ND 82.4 439 86.1
Mean 95.4 715* 1251 97.5 510* 59.81 87.2 381 50.5 89.1 471 90.6
SD 2.9 93 27.2 3.3 31 16.2 12.4 32 3.6 6.3 27 7.7

Retroviral vectors were produced in 293T cells by cotransfection of gag-polgpt, HCMV-G, and a genomic RNA-encoding vector. Molt-3 cells were infected with LESN,
LESNA, LESNA-LCR, and LESNA-NLCR retroviral vectors generated by transient transfection of 293T cells and selected in G418-containing medium for 4 weeks before FACS
analysis. The percentage of EGFP™ cells for each construct (%), MFI, and CV value are indicated.

ND indicates not determined.

*Statistically significant differences (P < .05) according to the Student ttest in the MFI values between LESN-transduced and LESNA-LCR-transduced cells.
TStatistically significant differences (P < .05) according to the Student ttest in the CV values between LESN-transduced and LESNA-LCR-transduced cells.
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observed a unimodal pattern of expression, with MFI at amith LESN-transduced cells (C¥ 107.8) (Figure 3A). Similar

intermediate level (MFE 551) between that generated by thdindings were obtained in 6 independent experiments, which are
LESNA vector devoid of LCR (MFE 504) and the positive summarized in Table 2, indicating that the CD2 LCR consistently
control LESN vector (MFE 618) (Figure 3A). The vector carry- modulated the EGFP expression pattern in Molt-3 cells. These
ing the control sequence failed to improve EGFP expressioasults were also confirmed by UV microscope observation of the
compared with the parental LESN#ctor; in fact, both percentage transduced cells; as shown in Figure 3B, the LCR-carrying vector

of EGFP cells and MFI were reduced compared with cellgenerated a homogeneous fluorescence pattern in transduced
transduced by the parental vector lacking the viral enhandeiolt-3 cells compared with the highly heterogeneous fluorescence

(LESNA), suggesting a negative influence of the NLCR sequenpeofile generated by the parental LESN vector.

on the expression of the reporter gene (Figure 3A). Changes in theTo investigate whether these effects on gene expression were

pattern of EGFP expression by LCR-carrying vectors can pecific to Molt-3 cells, we transduced another T-cell line (Jurkat)
quantified by the CV parameter at FACS analysis; this parametaid NIH-3T3 cells with the different retroviral vectors. As shown
describes the profile of marker gene expression by measuring theFigure 4, infection of Jurkat cells with the LCR-containing
width of the bell-shaped curve and, thus, fluorescence homogeneetor was associated with a profile of EGFP expression fully
ity. The CV value was dramatically reduced in T-lymphoid cellgomparable to that obtained in Molt-3 cells, and a unimodal pattern
transduced by the LCR-carrying vector (Gv¥30.4) compared of EGFP expression was observed (Figure 4). On the contrary, the
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CD2 LCR was inactive in non—T cells because the LCR construct
generated a similar pattern of EGFP expression in NIH-3T3 cells as
the parental vector LESNAvith a high CV value (Figure 4).
Furthermore, the MFI was reduced by one third in NIH-3T3 cells
transduced by this vector compared with figures obtained using the
LESNA vector, thus indicating a possible negative effect of the
LCR on gene expression in non-T cells. We also tested the
retroviral vectors carrying the LCR or the control element in the
opposite orientation with similar findings (data not shown). There-
fore, we concluded that LCR activity was conserved in the context

of mLV-based retroviral vectors and specific for T lymphoid cells,
provided the viral enhancer was removed.

Finally, to determine whether the unimodal pattern of EGFP
expression observed required the full-length LCR element, we
transduced Molt-3 cells with a retroviral vector carrying a truncated
fragment of the LCR sequence, which was expected to lack LCR
activity and to retain the enhancer function (Figure 1B). This vector
yielded increased EGFP expression compared with the SN
construct, specifically in lymphoid cells (Figure 5); however, a
broader pattern of reporter gene expression was observed
(CV = 115.2) compared with figures previously generated by cells
transduced by the vector carrying the full-length LCR (Figure 3A),
thus confirming the lack of LCR activity in cells transduced by
this construct.
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Southern blot analysis of transduced cells

To investigate whether the different patterns of EGFP expression
observed in transduced cells might depend on nonspecific provirus
rearrangements, genomic DNA samples from pools of transduced
cells after G418 selection were analyzed by Southern blotting. We
found that the CD2 LCR—carrying vector was not rearranged in
Molt-3 transduced cells; digestion witkpnl restriction enzyme
yielded a 5.5-kb band (Figure 6A, lane 4) that exactly matched the
expected length of an unrearranged provirus. Genomic DNA from
LESN-, LESNA-, and LESNA-LCR1-transduced cells digested
with Kpnl and hybridized to the same probe yielded bands of 3.6
kb, 3.4 kb, and 4.4 kb, respectively, corresponding to the calculated
sizes of the vectors (Figure 6, lanes 1-2). Furthermore, quantitative
Southern blot analysis demonstrated only limited variations in the
relative number of provirus copies per genome in each sample
(Figure 6).

Lack of unspecific rearrangements was also confirmed by PCR
amplification of the same DNA samples with EGFP-specific
primers and primers binding to different sites of the LTR of the
vectors (data not shown). Overall, these experiments indicated

LESNA-LCR LESNA-NLCR

Figure 3. Transduction of the human T-lymphoid Molt-3 cells with different
retroviral vectors carrying the CD2 LCR and a deletion in the viral enhancer
leads to a homogeneous, unimodal pattern of EGFP expression. (A) Molt-3 cells
were infected with LESN, LESNA, LESNA-LCR, and LESNA-NLCR retroviral vectors
generated by transient transfection of 293T cells and were selected in G418-
containing medium for 4 weeks before FACS analysis. Representative patterns of
EGFP expression are shown. The percentage of EGFP* cells for each construct,
MFI, and CV are indicated. The profile of the mock-transduced lymphoid cells in each
panel is shown as a continuous line. (B) Representative pattern of EGFP expression
in Molt-3 cells transduced with the vectors indicated above each panel. Same cell
populations analyzed by FACS and shown in panel A.
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NlH'3T3 Jurkat Figure 4. Transduction of human lymphoid Jurkat and murine
fibroblastic NIH-3T3 cells with different retroviral vectors carry-
LESN LESN ing the CD2 LCR shows that modulation of EGFP expression is
tissue specific. Cells were infected with LESN, LESNA, LESNA-
= = X - .1 . .
w0.0% WFI=788 Cv=g3.3 A gl 104, LCR, and LESNA-NLCR retroviral vectors generated by transient
transfection of 293T cells. Four weeks after transduction and selection
E in G418-containing medium, the percentage of EGFP-expressing
. 1 i . cells was quantified by FACS analysis. The percentage of EGFP*
é;-iﬁ:u ?5? ; A:,é*’f-{f n'mk cells for each construct, MFI, and CV are also reported in each panel.
a‘; m‘*ﬁ_ o gt W#Ehﬁ : T Profile of the mock-transduced lymphoid cells is shown as a continu-
i h ot el bl T ous line.
n T !i-w# = .:h 3 1 T 'Y T
LESNA LESNA
99.5% MFI=608 CV=88.7 B4.1% MFI=458 CV=97.0
‘.-“"—1 s i
mﬂ' o K] T 1] <R
LESNA-LCR LESNA-LCR
83.2% MFi=438 CV=108.9 87.6% MFI=482 CV=50.7
M x[:\ ot
AR - [ I ) TR B ™ =
LESNA-NLCR LESNA-NLCR
83.8% MFI=380 Cv=50.8 91.3% MFI=400 CV=568.2
oy e = T

that retroviral vectors carrying CD2 LCR sequences are genedimost background levels by day 120 (Figure 7B). On the contrary,
cally stable and do not undergo unwanted rearrangementsL LIBBSNA-LCR-transduced Molt-3 cells and most clones maintained

transduced cells. EGFP expression in vitro over the entire course of the experiment
(120 days) (Figure 7B), thus showing that CD2 LCR confers an

Evaluation of LCR activity by analysis of EGFP expression in advantage in terms of duration of gene expression in vitro, in the

single clones absence of selective pressure. Southern blot analysis of these

To confirm the changes in EGFP expression profile observed‘ﬁl‘?neS showed that they carried only one randomly integrated copy
bulk cultures of T lymphoid cells at the level of single cells, Molt-#' the vector genome (Figure 7C).

cells transduced by either the LESN or the LESNCR retroviral

vectors were cloned by limiting dilution; reporter gene expressid#tfects of the LCR on gene expression in vivo

was analyzed by FACS at different time points and in the absence

of G418 selective pressure. As shown in Figure 7A, LESNTLO study expression patterns in vivo, Molt-3 cells were trans-
transduced clones showed heterogeneous levels of EGFP expféied in vitro with either LESN or LESN-LCR retroviral
sion that ranged from very high (as seen in clones 3 and 17)\gctors, selected in G418-containing medium for 4 weeks, and
intermediate (as in clones 8 and 12) and low or very low levels (d8planted subcutaneously into SCID mice. Analysis of EGFP
seen in clones 1 and 4). On the other hand, 6 of 6 analyzed clone§¥pression in the bulk culture at the time of implantation
LESNA-LCR-transduced Molt-3 cells expressed EGFP at intermi@vealed similar percentages of EGFéells (88.3% vs 91.6%)
diate levels, with a limited degree of interclonal variation of gen# LESN- or LESNALCR-transduced cells (Figure 8); not
expression (Figure 7A). When the transduced cell lines and tRgrprisingly, however, in view of above data (Figures 3, 4),
clones derived from them were cultured for 120 days in the abserldeSN-transduced cells expressed EGFP at higher levels than
of G418 and were checked for EGFP expression at regular interveRESNA-LCR-transduced cells, as indicated by the different
by FACS (Figure 7B), the transgene expression progressivéiF| values generated by the 2 cell populations (MFB04 vs
declined over time in LESN-transduced bulk cultures (Figure 7BMFI = 508), but with a less homogeneous profile, as indicated
In addition, LESN-transduced clones showed down-regulation by the CV value (112.0 vs 80.5). After in vivo growth of Molt-3
EGFP expression with time; in some clones, reporter gene expres!ls for 30 days, the animals were killed, and transduced cells
sion became heterogeneous after 30 to 60 days and was reducedere recovered and analyzed by FACS for human HLA class 1
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Figure 5. Transduction of the human T-lymphoid cell line Molt-3 with a
retroviral vector carrying a truncated CD2 LCR sequence indicates that LCR
activity requires the full-length 2.1-kb element. Molt-3 cells were infected with
LESN, LESNA, and LESNA-LCR1 retroviral vectors generated by transient transfec-
tion of 293T cells. Four weeks after transduction and selection in G418-containing
medium, the percentage of EGFP-expressing cells was quantified by FACS analysis.
The percentage of EGFP* cells for each construct, MFI, and CV are indicated. Profile
of the mock-transduced lymphoid cells in each panel is shown as a continuous line.
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partially maintain its functions, also in vivo, by preventing or
slowing transcriptional silencing of the transgene.

Modulation of EGFP expression by the CD2 LCR in primary
T lymphocytes

To evaluate the activity of the LCR in primary T cells, we
attempted to transduce them with the different retroviral vectors
used in this study. However, because of the poor titer of the
LCR-carrying vector, we could not recover EGFP-expressing T
cells using the Mo-MLV-based retroviral vectors. Therefore, we
switched to lentiviral vectors that have been reported to
transduce various types of primary cells, including T lympho-
cytes, with high efficiency and that might accept LCR elements
with reduced loss of titers compared with retroviral vecrs.
Various recombinant EGFP-expressing lentiviral vectors carry-
ing the CD2 LCR upstream of an internal MLV promoter were,
therefore, generated (Figure 9A) and used to transduce anti-CD3—
activated T cells. Preliminary gene transfer experiments on

Molt-3
I — |
X o
O O
5 5
g Q9 <
2 & 2 Z 5
w w »w »u 9
W w w w 2
-4 J aJ 4a =
provirus
(neoR)

expression and EGFP expression. The HLA antigen, expressed
by this lymphoid cell line, was used as a marker of human origin
to restrict analysis of EGFP expression to Molt-3 cells and to
verify that expression of a cellular gene did not undergo changes
after in vivo growth of the cells. EGFP expression was strongly
reduced in LESN-transduced cells compared with preimplanta-
tion levels; indeed, only 11.2% of the HLA class Icells
expressed detectable levels of the reporter gene, and the MFI
was also greatly reduced compared with in vitro levels
(MFI = 419 vs MFI= 604) (Figure 8). Conversely, in the case
of LESNA-LCR-transduced cells, 72.4% of the Molt-3 cells
expressed EGFP at intensity levels comparable to preimplanta-
tion figures (MFI= 539 vs MFI= 508) (Figure 8). A more
heterogeneous pattern of EGFP expression, as evaluated by the
CV parameter, was observed in the samples analyzed after in
vivo passage compared with figures generated by Molt-3 cells
transduced by the same vector and exclusively cultured in vitro;

transgene from silencing. Interestingly, the down-modulation <§

loading control
(CXCR4)

copy nhumber 34 1.1

tfucture by Southern blot analysis of transduced Molt-3 cells.

12 08 0

this may suggest that LCR in vivo might onIy partia”y shield thérigure 6. Quantification of gene transfer rates and analysis of proviral DNA

DNAwas isolated

rom bulk cultures of vector-transduced Molt-3 cells in the presence of G418

gene expression in vivo, as observed with LESN-transd UC@Qection, digested with Kpnl that cuts once in each LTR, and analyzed by Southern
cells, was restricted to the transgene, because no changes wett@g. The blot was first hybridized with a probe for neoR (upper panel), stripped,
detected in the level of expression of the human HLA moIecuPéd rehybridized with a loading control probe, human CXCR4 (lower panel). Band

on recovered Molt-3 cells compared with preimplantation leve

ntensities were quantified with an Instantimager (Packard) and were used to
Iculate the relative number of provirus copies per genome in each sample, which is

(Figure 8). Thus, we concluded that the CD2 LCR could at |easticated. DNA from untransduced Molt-3 cells was used as control (mock).
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Figure 7. Homogeneous and long-term expression of the EGFP reporter gene by independent clones of Molt-3 cells transduced by the retroviral vector carrying the

CD2 LCR. (A) Target cells were transduced with the LESN or the LESNA-LCR retroviral vectors generated by transient transfection of 293T cells and selected in
G418-containing medium for 4 weeks. After G418 selection, clones of both cultures were obtained by plating at low density (0.3 cells/well) and were analyzed for EGFP
expression. MFI for each clone is indicated. (B) Long-term analysis of EGFP expression in vitro in the absence of G418 selective pressure by bulk cultures and representative
LESN- or LESNA-LCR-transduced Molt-3 clones. (C) Southern blot analysis of proviral DNA shows independent and unique integration sites. Genomic DNA isolated from the
clones was digested with Xhol/Hindlll, which cut flanking cellular sequences and (once) the proviral DNA, upstream of the neoR gene, and was analyzed by Southern blotting

with a probe for neoR.

IN VITRO

NIH-3T3 cells disclosed that all recombinant vectors generated
infectious particles and that high-titer stocks of the LCR-

EX vivo containing vectors could be obtained (Figure 9A). Gene transfer

LESN in primary T cells was followed by cytofluorometric analysis of

HLA- 99.3% MFi=662
Cv=56.3

AN

HLA- 90.8% MEI=6T3 the transduced cells for CD3 and EGFP expression (Figure 9B).
All vectors transduced th&GFP gene in T cells, and EGFP
‘”ﬁ expression was detected in 0.1% to 16.7% of cells, depending on
j \ the vector used and on the blood donor; results of 5 independent
experiments are listed in Table 3. The CD2 LCR did not

EGFP 88.3% MFi=604
Cv=112.0

el

significantly modify the pattern of EGFP expression when
placed upstream of the intact MLV LTR within the lentiviral

vector, as observed with retroviral vector—transduced lymphoid
cells (Figure 9B, panels LTR and LTR-LCR). Furthermore, the

EGFP 11.2% MFI=419
Cv=1209

lentiviral vector carrying a deletion in the viral enhancer showed

greatly reduced EGFP expression in the target cells compared
with the parental vector with intact promoter-enhancer se-

LESNA-LCR guences (Figure 9B, panelsand LTR). Inclusion of the CD2

HLA-I 99.8% MFI=687
Cv=47.1

A
AN

HLA- 99.6% MFI=es! LCR 5’ upstream of the enhancer-deleted MLV LTR was
associated with an increase in EGFP expression, measured by
S the MFI value, mainly resulting from a reduction in the EGFP
j \‘ fraction expressing the marker at arbitrarily defined low levels

(Figure 9B, panelsA and A-LCR). This phenomenon was

EGFP 91.6% MFI1=50

=orF YTy observed in all experiment§ apd was translated into more
Cv=1268 homogeneous EGFP expression in the transduced T lymphocytes.
To determine the effects of the CD2 LCR on long-term

WWW?VWH‘ expression of the reporter gene in primary cells, we FACS sorted

the EGFP T cells transduced by either the LCR-containing vector

Figure 8. CD2 LCR partially shields transplanted cells by silencing in vivo.

or the LTR vector and analyzed EGFP expression on the sorted

The human T lymphoid cell line Molt-3 was transduced with the LESN or the ~ POpulation after 6-week in vitro culture. As shown in Figure 9C,
LESNA-LCR retroviral vectors generated by transient transfection of 293T cells  this experiment indicated that both vectors underwent a similar

and was selected in G418-containing medium for 4 weeks. At that time, the
percentage of HLA class It and of EGFP-expressing cells was quantified by FACS

degree of down-modulation of EGFP expression in long-term

analysis (in vitro panels). Subsequently, vector-transduced cells were subcutane-  culture, independent of the presence of the CD2 LCR. Thus, we
ously implanted in SCID mice and were grown for 4 weeks before recovery and concluded that the CD2 LCR up-modulated gene expression in

measurement of HLA-I and EGFP expression (ex vivo panels). The percentage of
positive cells for each marker, MFI, and CV of the analyzed cell population are

indicated.

primary T cells but could not block the decline in EGFP expression
in long-term in vitro cultures.
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Figure 9. Lentiviral vector-mediated gene transfer of LCR-containing vectors in human T lymphocytes. (A) SlIV-based lentiviral vectors carrying EGFP as the

reporter gene are schematically shown; details on vector construction are available on request. The 2.1-kb LCR element was cloned in the antisense orientation in lentiviral
vectors carrying either the parental MLV LTR (LTR) or an LTR lacking the viral enhancer (A) as the internal promoter. The titer of each vector, measured as the transducing unit
(TU) per milliliter viral supernatant on NIH-3T3 cells, is indicated. (B) Anti-CD3-activated human T lymphocytes were transduced with the set of lentiviral vectors shown in panel
A and were analyzed for CD3 and EGFP expression 72 hours later by FACS. Inclusion of the CD2 LCR 5’-upstream of the enhancer-deleted MLV LTR was associated with a
relative reduction of the EGFP™* fraction expressing the marker at arbitrarily defined low levels (left box, quadrant 2) compared with cells expressing EGFP at intermediate
levels (right box, quadrant 2) (panels A and A-LCR). This phenomenon was detected, but less markedly, in cells transduced by the lentiviral vectors carrying the unmodified LTR
(panels LTR and LCR-LTR). Percentage values relative to each box and MFI of the entire EGFP* cell population are indicated. (C) Effects of CD2 LCR on long-term gene
expression. Anti-CD3-activated human T lymphocytes were transduced with either the parental (LTR) or the LCR-containing (A-LCR) vector and were sorted by FACS. EGFP
expression was analyzed by FACS either immediately after sorting (day O panels) or after 6-week in vitro culture of the T lymphocytes in the presence of IL-2 (100 U/mL).
Down-modulation of EGFP expression was detected in both samples.

the viral enhancer might be required to detect LCR activity in this
Discussion context, and this finding might explain the discrepancies between
the 2 studies. Our finding is also strengthened by previous work in
One of the major drawbacks of current gene transfer proceduregrnsgenic mice indicating that LCR activity might be impaired by
that gene expression is often observed only transiently becauseesfoviral LTRs because of silencer elemetit®:
transcriptional silencing of the transgene, even though stable geneThe main finding of our study is that the CD2 LCR sequence is
delivery can be achieved, at least with some viral systemghle to modulate gene expression specifically in T cells, and this
including retroviral and lentiviral vecto. This limitation has translated into a homogeneous, unimodal pattern of EGFP expres-
long been recognized, and possible solutions to the problem haien in cells transduced by retroviral vectors carrying the LCR
been suggested, including replacement of viral with cellulmompared with controls (Figures 3, 4). AT-cell-specific increase in
enhancers, inclusion in the vector of LTRs from viruses that showEGFP expression, in terms of MFI, without significant changes in
decreased propensity to be silenced in stem cells, such as tiieepattern of expression was also observed in T cells transduced by
murine stem cell virud® and insertion of LCRs, matrix attachmenta retroviral vector carrying a shortened sequence that maintained
sites, and insulato®:31 The discovery of-globin LCR sequences the CD2 enhancer but was devoid of LCR activity (Figure 5).
greatly improved the outlook for gene therapy of human hemoglétowever, different figures generated by vectors carrying full-
binopathie® by suggesting that their insertion in retroviral vectoréength or shortened LCR sequences might not be directly compa-
might lead to a dominant chromatin opening and thus shieldrable because of the different design of the 2 vectors. Both the LCR
linked gene from silencing? and the enhancer effects were tissue specific—they were found in
We selected the human CD2 LCR, a sequence that has bdedgmphoid cell lines and not in other cell types, such as
studied in detaff’®and that is potentially useful for improving genefibroblastic cells. Despite the use of a selection step that might
expression in T-lymphoid cells. Kaptein etdiso focused on the eliminate silent or unfavorable integration sites, expression among
CD2 LCR and found that it was incapable of generating positiomiones varied greatly (Figure 7) and allowed us to study CD2 LCR
independent expression of the adenosine deaminase transgandulation of transgene expression. However, because of the
delivered by retroviral vectors, but retroviral vectors with unmodiskewing of G418-selected cell populations for permissive sites,
fied LTRs were used in this study. We observed that a deletion ather experiments are needed to evaluate whether the CD2 LCR

Table 3. Quantitative analysis of EGFP expression in human T lymphocytes transduced by lentiviral vectors

LTR LTR-LCR A A-LCR

Experiment % MFI Ccv % MFI Ccv % MFI Ccv % MFI Ccv
1 1.8 657 168 0.3 669 164 13 512 105 0.2 609 119
2 16.7 674 156 0.1 689 202 1.84 549 100 0.2 622 133
3 2.3 663 132 0.1 657 135 0.7 549 88 0.1 589 84
4 1.6 660 176 0.3 735 194 2.8 564 113 0.3 645 135
5 4.5 750 155 ND ND ND 11 600 92 0.5 654 87
Mean 5.38 681* 157 0.20 688 174 1.55 555t 100 0.26 624*1 112
SD 6.43 39.2 16.7 0.12 34.3 30.6 0.81 317 10 0.15 26.4 24.6

Lentiviral vectors were produced in 293T cells by the triple-transfection protocol. Anti-CD3-activated human T lymphocytes were infected with LTR, LTR-LCR, A, and
A-LCR lentiviral vectors and analyzed by FACS 72 hours after transduction. The percentage of EGFP* cells for each construct (%), MFI, and CV are indicated.

ND indicates not determined.

*Statistically significant differences (P < .05) according to the Student ttest in the MFI values between LESN-transduced and LESNA-LCR-transduced cells.

TStatistically significant differences (P < .05) according to the Student ¢ test in the MFI values between LESNA-transduced and LESNA-LCR-transduced cells.
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can contribute to increase the overall rate of transgene expresdioese DNA sequences might encompass regions that are not stable
from unselected integration sites. as RNA molecules. A decrease in the titer of viral vectors on

We observed that Molt-3 cells transduced by the LCRnclusion of LCRs was also observed by othefs.
containing vector had a lower MFI than cells transduced by the Inclusion of the CD2 LCR sequence in lentiviral vectors was
LESN retroviral vector. We attributed this to the fact that EGFP i®llowed by a less dramatic reduction in vector titer, and it was
driven by a cellular enhancer in the former and by a viral one in ttpossible to use lentiviral vectors to transfer the CD2 LCR in
latter. This might restrict the exploitation of this vector for gen@rimary T cells and to detect its effects on the EGFP expression
therapy to pathologic conditions in which even intermediate levepattern in the absence of G418 selection. The reason for the
of transgene expression suffice for a therapeutic outcome. In thifference in performance of retroviral and lentiviral vectors
regard, it is still unknown whether homogeneous expression of tharrying LCR sequences is unknown, but it has been observed by
therapeutic gene in transduced cells, albeit at intermediate levelthers?® In our study, titration of the vectors by a real-time PCR
would be preferable to heterogeneous expression at higher levelassay targeted at thEGFP gene indicated similar amounts of

In vivo experiments, designed to test whether modulation in theoviral DNA in NIH-3T3 cells transduced by the LCR-containing
pattern of EGFP expression observed in vitro would hold in vivaetroviral and the lentiviral vector (data not shown). This suggests
disclosed that lymphoid cells transduced by a standard retrovithht the 2 vectors might be generated at similar levels by the
vector underwent marked reduction in EGFP expression in vivo, packaging cells but that they differ in either ability to integrate the
predicted on the basis of previous studies with other cell typgsoviral DNA or to express the transgene.
including transduced skin fibroblastainterestingly, this reduction Inclusion of the CD2 LCR in lentiviral vectors led to a
was specific to the transgene because the endogenous tilldan homogeneous pattern of EGFP expression in the primary T cells,
class | gene was not down-modulated in the same cells. Tlust it did not counteract the down-modulation of reporter gene
emphasizes the differences in gene expression between virakpression in long-term cultures, as we observed with the clones
transduced and physiologically expressed cellular genes in alerived from leukemia cells. This could in principle represent a
system. Strikingly, the CD2 LCR could prevent transgene silencimgoblem for the exploitation of these vectors in a clinical setting.
in most of the implanted lymphoid cells; the percentage of EGFRHowever, the in vitro assay used might have some limitations in
cells and the MFI were similar to those observed in cultured cellslevance to the in vivo behavior of the genetically modified cells.
However, EGFP was expressed with a broad range of intensity Digus, the issue of long-term expression in primary cells will likely
ex vivo recovered cells, as opposed to the unimodal pattern lmf definitively addressed only by future studies in a murine
expression observed in cultured cells, thus suggesting that LORansplantation model.
mediated shielding from silencing in vivo might be incomplete.

Alimitation to the exploitation of the retroviral vectors contain-
ing LCR sequences is clearly their low titer. The reduction in titeAcknowIedgments
at least in part, could depend on the increased vector size after the
insertion of long sequences (2 kb) from the CD2 locus; indeed, thiée thank A. Bank for providingag-polgpt, D. Kioussis for the VA
titer of the control vector, which does not carry any LCR and iBCD2 plasmid, and K. Uzbela and R. Wagner for XiBH and
approximately the same size as LESNCR, is similar to that of Hgp plasmids. We also thank P. Gallo for artwork and Ms. P. Segato
the LCR-carrying vector. Furthermore, we cannot rule out th&r help in preparing the manuscript.
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