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Systemic delivery of lentiviral vector (LV)
in immunocompetent mice leads to effi-
cient in vivo cell transduction and expres-
sion of the encoded protein under the
control of the ubiquitous promoter of
human cytomegalovirus (CMV). However,
antitransgene immune response results
in clearance of transduced cells 4 weeks
after injection. T regulatory cells (Tregs),
which have been demonstrated to control
immune responses in vivo, were tested
for their ability to suppress antitransgene
response leading to stable long-term ex-
pression. Adoptive transfer of natural

CD4+CD25* Tregs (nTregs) isolated from
wild type (wt) mice or from transgene
tolerant transgenic (tg) mice did not sup-
press the antitransgene immune response
after LV delivery. These data demonstrate
that neither increasing the endogenous
pool of natural Tregs nor transferring
nTregs selected in a transgene-express-
ing thymus can modulate the immune
response and mediate sustained trans-
gene expression. Conversely, adoptive
transfer of antigen-presenting cells
(APCs) isolated from transgene-tolerant
tg mice efficiently reduced the immune

response leading to stable LV-encoded
protein expression in vivo. Reduction of
CD8+ effector T cells was observed in
LV-treated mice coinjected with trans-
gene-expressing APCs compared with
control mice. These data indicate that
antitransgene immune response can be
modulated by transgene-expressing APCs
possibly through deletion of effector
T cells. (Blood. 2007;110:1788-1796)
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Introduction

Stable gene replacement by direct in vivo administration of gene
transfer vectors has great potential as an effective, long-lasting, and
relatively simple therapy to administer for several inherited disor-
ders.! The efficacy of most gene therapy protocols depends on
persistent high-level expression of transgene-encoded proteins.
However, in many instances gene therapy—derived products are
recognized as foreign antigens by the host immune system, which
mounts an immune response leading to clearance of gene-modified
cells. Indeed, many gene therapy studies in mouse models and in
humans? have shown a common pattern in which the immune
system initially reacts against proteins derived from the delivery
vector and subsequently against the transgene product itself
(reviewed in Zhou et al’). Therefore, the development of novel
strategies to halt the host immune response to gene therapy—
derived products is fundamental for the success of gene
therapy trials.

It has been demonstrated that the type of vector, transgene, and
target cells; the time of onset and average level of transgene
expression; and the route of vector delivery* can significantly
influence the type and strength of host immune response after gene
therapy.® The use of immunosuppressive drugs is a common
approach to suppress immune responses toward transgene products
and vector.’ Drugs such as cyclosporin, tacrolimus, and cyclophos-
phamide can indeed inhibit synthesis and release of cytokines, and

prevent activation/expansion of T cells, thereby blocking an
immune response. Unfortunately, these therapies are not antigen
specific and patients remain in a general state of immunosuppres-
sion with high risk of infections. Novel approaches aimed at
preventing or blocking transgene-specific immune responses are
more desirable and can be accomplished by inducing antigen-
specific immunotolerance.

Tolerance is controlled by several mechanisms including clonal
deletion of antigen-specific T cells, functional inactivation, clonal
anergy, and active suppression mediated by T regulatory cells
(Tregs). The CD4™" Tregs that constitutively express the interleukin
(IL)-2Ra chain (CD4+*CD25™") are one of the best characterized
Treg subsets. They are termed natural Tregs (nTregs) because they
develop in the thymus and, once generated, migrate to peripheral
tissues where they may prevent the activation of reactive T cells.®
Deficiency in or dysfunction of these cells can cause autoimmune
diseases and a reduction in their function can also boost antitumor
immunity.” Adoptive transfer of nTregs can revert established
diseases such as autoimmune diabetes, inflammatory bowel dis-
ease, experimental autoimmune encephalomyelitis, and allergy,
and induce transplantation tolerance in preclinical animal models.3
Therefore, nTregs are particularly attractive for designing ways to
induce immunologic tolerance to new antigens introduced by gene
transfer. Alternatively, clonal deletion of effector T cells can occur
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when a high amount of antigen is presented in lymphoid organs by
antigen-presenting cells (APCs) for a prolonged period of time.’

Human immunodeficiency virus—based lentiviral vectors (LVs)
are a promising class of vectors capable of integrating into both
dividing and nondividing cells.!® We and others have shown that
intravenous administration of late-generation LVs into immunode-
ficient (severe combined immunodeficiency [SCID]) mice results
in stable transgene expression mainly in liver cells and splenocytes
without signs of toxicity.!"!> However, when we delivered LV
driven by an ubiquitous promoter (cytomegalovirus [CMV]) into
immunocompetent C57BL/6 mice, clearance of transduced cells
was observed.'4

In this study, we further characterized the in vivo immune
response after systemic injection of LV expressing the green
fluorescent protein (GFP) in C57BL/6 mice and subsequently
explored the potential of nTregs to induce GFP-specific tolerance.
Results show that neither wild-type (wt) syngeneic nTregs nor
GFP* nTregs isolated from GFP-transgenic (tg) mice can actively
modulate the in vivo immune response to LV-delivered GFP.
Conversely, adoptive transfer of GFP*-APCs from GFP-tg mice
significantly reduces the in vivo immune response to LV-delivered
GFP, allowing a sustained in vivo expression of GFP*
transduced cells.

Materials and methods

Vector

The self-inactivating pRRLsin.cPPT.CMV.eGFP.Wpre construct was used
to generate vesicular stomatitis virus (VSV)-pseudotyped lentiviral vector
(LV-CMV-GFP) as previously described.!' Titers, determined on HeLa,
were 2 X 10° to 2 X 10'° transducing units ger, (TUger,)/mL with 55 to
300 pg HIV-1 p24/mL. Transduced cells were analyzed by flow cytometry.

Mice

C57BL/6 mice were purchased from Charles River Laboratories (Calco,
Milan, Italy). C57BL/6 GFP transgenic mice, which ubiquitously express
GFP under the direction of the ubiquitin C promoter (UBI-GFP/BL6),'> and
C57BL/6-SCID mice were purchased from Jackson Laboratories (Bar
Harbor, ME). LV-CMV-GFP (7-12 pg HIVp24/mouse, 5-8 X 108 TUy,o/
mouse, 0.2 mL final volume) or phosphate-buffered saline (PBS) was
injected into the tail vein of 6- to 8-week-old mice.

All mice were kept under specific pathogen-free conditions and all
Animal Care procedures were performed according to protocols approved
by the Hopital San Raffacle (HSR) Institutional Animal Care and Use
Committee, TACUC no. 213.

Cells sorting and adoptive transfer

CD47CD257 nTregs were isolated from splenocytes of C57BL/6 mice with
the regulatory T-cell isolation kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) (average purity, = 80%). Alternatively, CD4* T cells were first
purified by positive selection with anti-CD4 monoclonal antibody (mAb)-
coated microbeads (Miltenyi Biotec) and thereafter were stained with
anti-CD4 and anti-CD25 mAbs (BD Biosciences, Mountain View, CA).
CD4%CD25* T cells were then sorted by fluorescence-activated cell sorting
(FACS) on a FAC-Star (BD Biosciences). Splenic APCs were isolated from
GFP-tg mice by negative selection with anti-CD90 microbeads (Miltenyi
Biotec). Two million purified nTregs or 15 X 10° GFP-tg APCs were
injected intravenously the day before the administration of LV-CMV-GFP.

Immune reconstitution of C57BL/6-SCID mice

Splenic T cells were isolated from wt C57BL/6 mice by positive selection
with anti-CD90 microbeads (Miltenyi Biotec). Splenic APCs were isolated
from wt or GFP-tg mice by negative selection with anti-CD90 microbeads
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(Miltenyi Biotec). C57BL/6-SCID mice were reconstituted by intravenous
injection with 16.5 X 10° wt T cells (CD90") and 33.5 X 10° wr APCs or
GFP-tg APCs (CD907). Cells were transferred intravenously the day before
administration of LV-CMV-GFP.

Tissue analysis

LV-CMV-GFP- or PBS-injected mice were killed at the indicated time
points after LV injection and liver was fixed in 4% paraformaldehyde,
embedded in optimal cutting temperature (OCT), and frozen in isopenthane
precooled in liquid nitrogen. Cryostat sections (5-pm thick) were postfixed
with 4% paraformaldehyde, blocked with 5% goat serum (Vector Laborato-
ries, Burlingame, CA), 1% bovine serum albumin (BSA), 0.1% Triton
X-100 in PBS, and incubated with rabbit anti-GFP (Molecular Probes,
Eugene, OR) and rat antimouse CD8 (BD Pharmingen, San Diego, CA).
Sections were washed and incubated with fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit immunoglobulin G (IgG) and tetrameth-
ylrhodamine-5-isothiocyanate (TRITC)-conjugated goat anti-rat IgG (Mo-
lecular Probes). Nuclei were stained with TOPRO-3 (Molecular Probes).
Images were visualized with a Zeiss Axioskop2 microscope using 3-laser
confocal microscopy with a Zeiss Plan-Neofluar 20X/0.5 numeric aperture
objective lens and Zeiss W-PI 10X/0.23 objective lens as eyepiece (Zeiss,
Arese, Italy). Images were acquired using a Radiance-2100 camera and
LaserSharp-2000 acquisition software (Bio-Rad, Segrate, Italy). The percent-
age of GFP-expressing hepatocytes was evaluated dividing the total number
of GFP* hepatocytes by the number of total nuclei in each acquired image.
A total of 10 images from different sections were analyzed.

Flow cytometry

Spleens and livers were mashed to obtain a single cell suspension, and the
obtained cells were stained with the following Abs: allophycocyanin
(APC)—conjugated anti-CD11c (H3L), anti-TCRB (H57-597); R-phyco-
erythrin—cyanine 5 (PE-Cy5)—conjugated anti-B220 (RA3-6B2), anti-CD4
(RM4-5), anti-CD8a (53-6.7); R-phycoerythrin (PE)—conjugated anti-
CD62L (MEL14), anti-CD25 (PC61), anti-CD3 (17A2), anti-CD19 (1D3),
anti-CD11b (M1/70), anti-CD45RB (16A), anti-CD14 (RmC5-3); and
peridinin chlorophyll (PerCP)—conjugated NK1.1 (PK136) (all from BD
Biosciences). Labeled cells were analyzed with a FACScan flow cytometer
equipped with CellQuest software (BD Biosciences).

IFN-y ELISPOT assay

GFP-specific IFN-y—secreting cells were enumerated by enzyme-linked
immunospot (ELISPOT) assay as previously described.'¢ Briefly, 5 X 10*
magnetically sorted splenic CD8" T cells (Miltenyi Biotec) were plated in
ELISPOT plates (Millipore, Bedford, MA) coated with anti-IFN-y capture
mAb (5 pg/mL, R46A2; BD Biosciences) in the presence of IL-2
(50 U/mL; BD Biosciences) and 5 X 10*irradiated (30 Gray [3000 rad]) wt
EL-4 or GFP*™ EL-4 cells (see the following paragraph). After 42 hours of
incubation at 37°C, 5% CO,, plates were washed and IFN-y—producing
cells were detected by anti—IFN-vy detection mAb (XMG 1.2; BD). Spots
were counted by a KS ELISPOT system (Zeiss Vision, Gottingen,
Germany). The number of spots in control wells was subtracted from the
spots in test samples.

GFP* EL-4 cells were obtained by incubating wr EL-4 murine tumor
cell lines with LV-CMV-GFP (136 ng HIVp24/mL). Five days after
transduction, EL-4 cells were collected and FACS sorted to obtain 99%
pure GFP* EL-4 cells.

Anti-GFP Abs enzyme-linked immunosorbent assay

Sera of the treated mice were tested for the presence of anti-GFP antibodies
via enzyme-linked immunosorbent assay (ELISA). Microtiter plates were
coated with rGFP (Clontech, Palo Alto, CA) (0.3 pg/well in 0.1 M
carbonate buffer, pH 9.6). Ten-fold dilutions of mouse sera (1:10 000) were
added, and anti-GFP antibodies were detected with peroxidase-conjugated
rabbit anti-mouse Ig (Dako Cytomation, Glostrup, Denmark). Plates were
reacted with H,O, and OPD (Sigma Aldrich, Steinheim, Germany) and
analyzed at 492 nm.
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In vitro suppression experiments

CD47CD25 T cells isolated with magnetic beads from spleens of naive
C57BL/6 mice were cocultured with increasing doses of magnetically
sorted splenic CD47CD257 T cells in 96-well plates coated with 10 pwg/mL
anti-CD3 mAb (BD Biosciences). 3[H]-thymidine was added after 4 days of
culture and pulsed cells were harvested after an additional 16 hours.

Statistical analysis

All statistical analyses were performed using the Student 7 test.

Results

Systemic delivery of LV-CMV-GFP in immunocompetent mice
leads to anti-GFP immune response and consequent
GFP clearance

Systemic administration of LVs expressing the GFP marker from
the immediate early enhancer/promoter of human cytomegalovirus
(LV-CMV-GFP) into the tail vein of immunodeficient CB-17-SCID
mice led to stable transgene expression. Conversely, in immunocom-
petent C57BL/6 mice, GFP expression peaked 2 weeks after
injection in the spleen, bone marrow, and liver but started to
decrease soon after!! (data not shown and Figure 1A). These data
confirm and extend our previous observations that GFP is highly
immunogenic when delivered into immunocompetent mice via LVs
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controlled by an ubiquitous promoter.!* Using this mouse model,
which is well established in our laboratory, we further character-
ized the in vivo anti-GFP immune response and subsequently
explored new approaches to achieve stable long-term GFP expres-
sion through induction of tolerance.

In C57BL/6 mice systemically injected with LV-CMV-GFP
(vector) or PBS (vehicle) and killed 1, 2, 4, and 6 weeks later,
analysis of liver cell suspensions revealed the presence of infiltrat-
ing CD8" T cells in vector-injected but not in vehicle-injected
mice, with the peak of cell infiltration 2 weeks after injection
(Figure 1B). Conversely, the percentage of infiltrating CD4*
T cells was not different at any time point in mice receiving the
vector compared with vehicle-injected mice (data not shown).
Confocal microscopy analysis showed frequent colocalization of
LV-CMV-GFP—-transduced hepatocytes and CD8" T cells infiltrat-
ing the liver in vector-injected mice, demonstrating a direct
interaction between GFP™ cells and CD8" T cells (Figure 1C).
A similar increase in CD87 T cells was detected in the spleens of
vector-injected mice (Figure 1D), while the number of CD4*
T cells was unchanged compared with vehicle-injected mice (data
not shown). The CD8" T cells purified from spleens of vector-
injected mice showed a GFP-specific production of IFN-y, which
was evident 1 week after injection and that, although decreasing
thereafter, persisted at significant levels until 6 weeks after
injection (Figure 1E). Anti-GFP antibodies were also present in

Figure 1. Characterization of the anti-GFP immune response
in C57BL/6 mice injected with LV-CMV-GFP. C57BL/6 mice
were injected with LV-CMV-GFP and were killed 1, 2, 4, and
6 weeks after injection. Liver sections from C57BL/6 mice were
analyzed by confocal microscopy, after immunostaining for GFP
(green) and Topro-3 (blue), 2 weeks (A, left panel) and 4 weeks (A,
right panel) after LV administration. Original magnification, X 400.
(B) CD8" T cells infiltrating the liver of LV-CMV-GFP—-injected
mice were detected by FACS after mechanical destruction of the
tissue. Data are expressed as average of percentage of CD8*
T cells gated on lymphocytes (= SD). One representative experi-
ment of 6 is presented (3 animals per group per experiment).
Dotted line represents the average of CD8" T cells detected in
livers of vehicle-injected mice (+ SD, gray area) (n = 8). (C) CD8*
T cells infiltrating the liver of C57BL/6 mice killed at 4 weeks after
LV-CMV-GFP injection were detected by confocal immunofluores-
cence analysis of liver sections immunostained with anti-GFP
(green) and anti-CD8 (red) mAbs. The image is representative of
15 images analyzed from tissues of 2 mice. Original magnifica-
tion, X 1000. (D) CD8" T cells in the spleen of LV-CMV-GFP—
injected mice were detected by FACS. Data are expressed as
average of percentage of CD8" T cells gated on lymphocytes
(+ SD). One representative experiment of 6 is presented (3 ani-
mals per group per experiment). Dotted line represents average of
CD8* T cells detected in spleens of vehicle-injected mice (n = 8)
(+ SD, gray area). (E) GFP-specific IFN-y—producing CD8"
T cells present in the spleen of LV-CMV-GFP-injected mice were
counted by ELISPOT. Data are expressed as average of CD8*
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vector-injected mice starting 2 weeks after injection (Figure 1F).
Whereas the induction of IgG antibodies was expected to be
mediated by CD4" T cells,!” we could not detect a specific increase
in CD4" T cells and anti-GFP-specific CD4* T cells in either
spleens or lymph nodes of vector-injected mice by testing GFP-
driven proliferation with a conventional [*H]-thymidine incorpora-
tion assay (data not shown).

Overall, these data demonstrate that systemic delivery of
LV-CMV-GFP into immunocompetent mice leads to efficient in
vivo transduction and GFP expression as early as 1 week after
injection with a peak of expression 2 weeks later. However, the host
defense mechanisms trigger a cellular immune response, with
induction of GFP-specific CD8* T cells quickly after injection, and
a humoral immune response with anti-GFP antibodies, leading to
complete clearance of GFP* cells (model depicted in Figure 1G).

Adoptive transfer of wit nTregs or nTregs isolated from
GFP-tolerant mice does not modulate the anti-GFP
immune response

Several experimental approaches were tested to modulate the in
vivo anti-GFP immune response with the aim of inducing persistent
GFP expression after LV-CMV-GFP injection. The outcome of all
the different approaches was assessed 4 weeks after vector
injection, the time point at which GFP clearance is observed. The
following immunologic parameters were measured: number of
CD8* T cells infiltrating the liver, anti-GFP-specific CD8* T cells
present in the spleen, and anti-GFP—specific Abs in serum of
vector- versus vehicle-injected mice. The average percentage of
CD8" T cells infiltrating the liver 4 weeks after LV administration
was 9.9% (= 1.3 SE), the average number of GFP-specific CD8*
T cells was 1717 (= 301.5 SE) of 10° CD8* T cells, and the
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average serum anti-GFP—specific Abs was 1.33 OD (* 0.1 SE).
These values were calculated by pooling the data generated in
17 mice within the LV-CMV-GFP-injected group. The high
variability observed among experiments can be ascribed to the use
of differentvector preparations in the different experiments that
may lead to a variable anti-GFP immune response. Liver GFP-
expressing cells were also monitored by confocal microscopy to
prove that reduced anti-GFP immune response results in sustained
in vivo GFP expression.

First, we tested whether adoptive transfer of nTregs is effective
in prolonging transgene expression. nTregs magnetically sorted
from spleens of wr C57BL/6 mice (wt nTregs) were assessed for
their suppressive ability in vitro (Figure 2A) and in a model of
immunization in vivo (Figure S1, available on the Blood website;
see the Supplemental Materials link at the top of the online article).
Once the nTreg suppressive ability was assessed, nTregs were
injected intravenously into syngeneic mice the day before LV-CM V-
GFP administration. The number of CD8* T cells infiltrating the
liver (Figure 2B), the frequency of splenic GFP-specific CD8*
T cells (Figure 2C), and the titers of anti-GFP—specific Abs (Figure
2D) were similar in control vector-injected mice and in mice
coinjected with the vector and wt nTregs. Accordingly, similar
clearance in GFP-expressing hepatocytes was detected in the livers
of control and coinjected mice (Figure 2E), demonstrating that
adoptive transfer of wr nTregs is not effective in modulating the
anti-GFP immune response.

One possible explanation for the negative results shown in
Figure 2 could be that nTregs isolated from wt mice are selected in
a thymus in which GFP is not presented as self antigen. It has
indeed been demonstrated that nTregs preferentially suppress
anti-self immune responses once they migrate from the thymus into
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the periphery.!® To address this point, we next tested whether
nTregs require selection in a GFP-expressing thymus in order to
suppress the anti-GFP immune response once transferred in
LV-CMV-GFP recipient mice. nTregs were purified from spleens of
GFP-tolerant transgenic mice (GFP-tg nTregs) and their suppres-
sive ability was tested in vitro before their adoptive transfer into wt
CS57BL/6 mice (Figure 3A). Mice were injected with LV-CMV-
GFP the day after GFP-tg nTreg transfer. Four weeks later, the
number of CD8" T cells infiltrating the liver (Figure 3B), the
frequency of splenic GFP-specific CD8" T cells (Figure 3C), and
the titer of anti-GFP Abs (Figure 3D) were similar in control
vector-injected mice and in mice coinjected with the vector and
GFP-tg nTregs. Confocal microscopy of liver sections confirmed
clearance of GFP-expressing hepatocytes in both control and
coinjected mice (Figure 3E). These data prove that GFP-tg nTregs
selected in a GFP-expressing thymus do not modulate the anti-GFP
immune response when transferred in recipients that recognize
GFP as foreign antigen. These negative results might be ascribed to
an insufficient number of nTregs adoptively transferred (ie, 2 X 10°).
However, we previously demonstrated that transfer of as low as
0.16 X 106 purified nTregs prevents autoimmune diabetes develop-
ment in vivo.!? Tt is therefore unlikely that the number of nTregs
transferred in vector-injected mice was too low to provide an
effective GFP-specific immune modulation.

Adoptive transfer of GFP-expressing antigen-presenting cells
modulates the anti-GFP immune response and leads to in vivo
persistence of GFP* cells

Several studies have demonstrated that APCs, such as B cells or
dendritic cells (DCs), can present antigens in a tolerogenic way and
consequently can modulate antigen-specific immune responses in
vivo by activating/expanding Tregs?**?! or by inducing deletion of
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effector T cells.” We therefore tested whether adoptive transfer of
GFP* APCs isolated from GFP-tg tolerant mice can abrogate the
anti-GFP immune response when transferred in mice injected with
LV-CMV-GFP. GFP* APCs were obtained from spleens of GFP-tg
mice after depletion of CD4" and CD8" T cells (Figure 4A), and
the remaining cell subsets were defined and quantified by expres-
sion of specific surface markers. As shown in Table 1, the majority
of APCs consisted of B cells.

C57BL/6 mice were coinjected with GFP-tg APCs and LV-CM V-
GFP or with vector alone. Interestingly, the number of CD8*
T cells infiltrating the liver (Figure 4B), the frequency of splenic
GFP-specific CD8* T cells (Figure 4C), and the titer of anti-GFP—
specific Abs (Figure 4D) were all significantly reduced in mice
coinjected with vector and GFP-tg APCs. Consistent with the
reduced anti-GFP immune response, confocal microscopy analysis
showed persistent GFP-expressing cells in the liver of animals
coinjected with the vector and GFP-tg APCs (5.6% = 1.6%) and
not in mice injected with the vector alone (0.8% = 0.7%) (Figure
4E). These data prove that adoptive transfer of transgene-
expressing APCs reduces the antitransgene immune response
following LV-CM V-GFP administration.

Adoptive transfer of GFP-expressing antigen-presenting cells
modulates the anti-GFP immune response through deletion of
CD8+ effector T cells

The reduced immune response to GFP after adoptive transfer of
GFP-tg APCs could be due to (1) lack of induction of GFP-specific
CD8* T cells; (2) deletion of GFP-specific CD8" T cells; and/or
(3) immunomodulation by in vivo activated Tregs. CD8" effector
T cells, defined by the expression of CD45RB! and CD62L1ov,?2
were present in similar amounts in mice coinjected with the vector
and GFP-tg APCs and in control mice at 2 weeks after injection.
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Figure 3. The anti-GFP immune response in mice coinjected
with LV-CMV-GFP and GFP-tg nTregs. (A, left panel) nTregs
isolated from spleens of GFP-tg mice were sorted by flow
cytometry, and FACS profile of sorted CD4+*CD25"GFP* T cells is
shown (GFP-tg nTregs purity 99%). (A, right panel) GFP-tg

A = 80
10t | S
, 99.0% - mﬁ_l g L 60
R1 g x
g, 5 g 40
fa) g a
° o =" 20
' T
1o k : ~~*""‘-MN_ - D+
of w 1 i f it i of W
CD4 GFP
B g C
2000
3 6 £ 2 1600
O Q0
5 2~ 1200
2z * L& 800
o 2 & Q
2 o 400
0 0°
LV-CMV-GFP - + + LV-CMV-GFP -
GFP-tg nTregs * GFP-tg nTregs

nTregs’ suppressive capacity was tested in vitro in coculture
assay with CD4+CD25~ responder T cells isolated from C57BL/6
mice and stimulated with anti-CD3 mAb. (B) C57BL/6 mice were
injected with 2 X 108 purified GFP-tg nTregs the day before

D 2 E LV-CMV-GFP injection. Four weeks after injection, the anti-GFP
— immune response was analyzed in mice injected with vehicle (),
= 15 L) LV-CMV-GFP (=), or LV-CMV-GFP + GFP-tg nTregs (g ). CD8"
< :. ’ 2 T cells infiltrating the liver were detected by FACS after mechani-
& @ 1 8‘ cal destruction of the tissue. (C) GFP-specific IFN-y—producing
(.? a = CD8* T cells present in the spleen were counted by ELISPOT. (D)
'*E o 05 9",_ GFP-specific antibodies present in the sera diluted 10 000-fold
@ o were measured by ELISA. Data are expressed as average

0 (+ SD). One representative experiment of 2 is presented (3
LV-CMV-GFP - + + LV-CMV-GFP LV-CMV-GFP animals per group per experiment). (E) Liver sections were
+ + GFP-tg nTregs analyzed by confocal microscopy after immunostaining for GFP

GFP-tg nTregs

(green) and Topro-3 (blue).
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Figure 4. The anti-GFP immune response in mice coinjected with LV-CMV-GFP
and GFP-tg APCs. (A) Splenic APCs were isolated from GFP-tg mice, and the FACS
profile is shown. (B) C57BL/6 mice were injected with 15 X 108 GFP-tg APCs the day
before LV-CMV-GFP injection. Four weeks after injection, the anti-GFP immune
response was analyzed in mice injected with vehicle (OJ), LV-CMV-GFP (=), or
LV-CMV-GFP + GFP-tg APCs (m). CD8" T cells infiltrating the liver were detected by
FACS after mechanical destruction of the tissue. (C) GFP-specific IFN-y—producing
CD8* T cells present in the spleen were counted by ELISPOT. (D) GFP-specific
antibodies present in the sera diluted 10 000-fold were measured by ELISA. Data are
expressed as average (+ SD). One representative experiment of 2 is presented
(3 animals in the control group, which is the same included in Figure 3; and 5 animals
in the other groups). (E) Liver sections were analyzed by confocal microscopy after
immunostaining for GFP (green) and Topro-3 (blue).

Conversely, CD8" effector T cells were significantly reduced at
4 weeks after injection only in mice receiving GFP-tg-APCs
(Figure 5A,B). nTregs, detected by coexpression of CD4, CD25,
and Foxp3, were not expanded in mice tested either at 2 or 4 weeks
after vector injection (Figure S2). To define whether nTregs,
although not expanded in vivo, were responsible for the reduced
anti-GFP immune response after adoptive transfer of GFP-tg-
APCs, purified CD4"CD25*CD62L"¢" T cells from the tolerant
mice were transferred in newly vector-injected mice. Adoptive
transfer of nTregs from tolerant mice did not modulate the

Table 1. The cell subsets comprising GFP-tg APCs
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anti-GFP immune response (data not shown). Overall these data
show that modulation of the anti-GFP immune response by
GFP-tg-APCs is not due to lack of induction of CD8* T cells or to
activation of nTregs. Therefore, we conclude that persistence of
transgene expressed by APCs for at least 7 days after transfer (as
shown in Figure S3) leads to clonal deletion of Ag-specific CD8*
T cells.

To define whether high numbers of GFP-expressing cells,
persisting for a long period in vivo, could mediate deletion of
T cells, as demonstrated in several animal models (reviewed in
Zinkernagel®), immunodeficient C57BL/6-SCID mice were im-
mune-reconstituted with wt T cells and GFP-tg APCs before
LV-CMV-GFP injection. In this mouse model, high levels of
GFP-expressing APCs, which were mainly B cells, coexist with
functional wt T cells (Figure 6A). Control C57BL/6-SCID mice
reconstituted with wr T cells plus wt APCs and injected with
LV-CMV-GFP displayed an effective anti-GFP immune response,
as shown by the high proportion of GFP-specific IFN-y—producing
CD8" T cells (Figure 6B). On the contrary, in mice reconstituted
with wt T cells plus GFP-tg APCs, CD8* T cells specific for GFP
were undetectable (Figure 6B).

Overall these data demonstrate that persistence and high
frequency of GFP presentation by GFP-tg APCs results in deletion
of anti-GFP CD8" effector T cells leading to stable transgene
expression after LV-CMV-GFP delivery.

Discussion

Gene transfer via systemic administration of LVs in immunocom-
petent C57BL/6 mice leads to transgene expression that is
transient because of the quick development of the antitransgene
immune response, which mediates clearance of transduced cells.
CDS8* effector T cells producing IFN-vy in response to GFP and
anti-GFP antibodies can be detected in vector-injected mice 1
and 2 weeks after LV injection, respectively. Adoptive transfer
of nTregs isolated either from wt syngeneic mice or from GFP-tg
tolerant mice is not effective in reducing the anti-GFP immune
response induced by LV-CMV-GFP injection. Conversely, GFP*
APCs isolated from GFP-tg tolerant mice efficiently modulate
the anti-GFP immune response leading to stable transgene
expression in vivo. Long-term GFP expression correlates with a
significant reduction in CD87" T effector cells but not with the
expansion of CD4*CD25 Foxp3* nTregs. Indeed, experiments
in which immunodeficient mice were immune reconstituted

Cell subset Surface markers % in APCs, plus and minus 1 SD* GFP*, % No. of injected cells x 103t
B cells B220* CD19* 84.4 27 81.4 12659
Lymphoid DCs CD11c* CD11b~ CD8a* 15+03 97.7 229
CD45RB" DCs CD11clow CD45RBM 0.8 = 0.1 85.2 121
Myeloid DCs CD11c* CD11b* CD8a~ 0.5 = 0.01 91.7 73
Plasmacytoid DCs CD11c* B220* GR-1* 0.3 £ 0.02 92.8 48
NK cells NK1.1+ 23*+04 90.9 352
Monocytes/M® CD14* 2.0*0.2 81.4 303
CD4* T cells CD3* CD4* 1504 83.6 228
Granulocytes B220~ GR1* 1.4 +0.7 88.4 211
CD8" T cells CD3* CD8* 0.3 = 0.003 80.4 51
NKT cells NK1.1+* TCRB* 0.1 = 0.002 81.6 20

Averages of 3 animals are shown in columns 3, 4, and 5. Plus and minus 1 SD is included in column 3.
*Calculated on R1 gate that excludes red blood cells (R1 = 97.75% of the total events acquired).

tCalculated on a total of 15 X 10% APCs injected per mouse.
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Figure 5. CD8* effector T cells in mice coinjected with LV-CMV-GFP and GFP-tg
APCs. (A) C57BL/6 mice were injected with 15 X 108 GFP-tg APCs the day before
LV-CMV-GFP injection. Two and 4 weeks after vector administration splenocytes
were isolated from mice injected with vehicle (O), LV-CMV-GFP (), or coinjected
with LV-CMV-GFP and GFP-tg APCs (m), and percentages of CD8" effector T cells,
defined by expression of CD45RB°" CD62L'°%, were assessed. (B) A representative
dot plot analysis for each experimental group at the indicated time points is shown.
Numbers indicate the percentages of CD8* CD45RB'*¥ CD62L"" in each group.
Data are expressed as average of percentages (+ SD). Two experiments were
performed to allow analysis at different time points and are both shown (the 2 animals
in the control group were pooled from the 2 different experiments; 5 animals in the
other groups per each time point are shown).

show that GFP-tg APCs mediate deletion of GFP-specific CD8*
effector T cells.

The immunogenicity of GFP delivered into an immunocompe-
tent host has been previously reported.'> CD8* T-cell responses
have been described in rhesus monkeys receiving a low nonmyeloa-
blative dose of radiation and hematopoietic cells transduced with
murine leukemia virus expressing GFP.23 Furthermore, syngeneic
tumor cells transduced with retroviral vectors expressing GFP were
rejected, following transplantation in immunocompetent Balb/c
recipients, through development of CD8* T cells recognizing the
foreign GFP peptides.>* However, when tumor cells retrovirally
transduced with GFP were injected in C57BL/6 mice, the anti-GFP
immune response was not observed.?*? These results differ from
our data, which show that GFP systemically delivered via LVs in
C57BL/6 mice is immunogeneic. It is possible that GFP-
transduced tumor cells are less immunogeneic than systemic in
vivo LV-GFP delivery.?® In our experimental model, efficient LV
transduction of APCs may be responsible for the induction of the
anti-GFP immune response. LV-mediated APC transduction has
indeed been exploited as an efficient tool for vaccine development
and immunotherapy approaches.?” Accordingly, we and others have
previously demonstrated that LV-transduced APCs are activated
and therefore prone to stimulate an active immune response.'3
However, the LV efficacy at inducing immune responses is a
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Figure 6. The cellular immune response to GFP in SCID mice injected with
LV-CMV-GFP previously immune-reconstituted. C57BL/6-SCID mice were
immune-reconstituted with 16.5 X 108 wt T cells (wtCD90*) and 33.5 X 10 wtAPCs
or GFP-tg APCs (wt or GFP-tg CD90~) and injected with LV-CMV-GFP the day after.
Two weeks after injection, mice were killed and splenocytes analyzed. (A) The
presence of GFP* APCs was investigated by FACS within the B-cell (B220*CD19%)
(top dot plots) and the DC (CD11c*B220~) (bottom dot plots) subsets. One
representative dot plot analysis is presented. (B) GFP-specific IFN-y—producing
CDB8" T cells present in the spleen were counted by ELISPOT. Data are expressed as
average (= SD). One representative experiment of 2 is presented (3 animals per
group per experiment).

considerable obstacle when attempting stable in vivo LV-mediated
gene expression.

We previously demonstrated that the anti-GFP immune re-
sponse after systemic LV delivery can be avoided by hepatocyte-
specific LV expression,'# probably due to low or absent transgene
expression within APCs in vivo and/or an active tolerogenic effect
of hepatic gene expression.*?® Indeed, when GFP expression was
limited to nonhematopoietic cells via systemic delivery of LVs
encoding target sequences of endogenous micro RNAs, stable
long-term transgene expression was observed.” In the present
study, we attempted to directly modulate the host immune response
rather than modifying the delivery vector. The nTregs, which play a
key role in maintaining peripheral tolerance through suppression of
both CD4" and CD8* effector T cells,® represent the ideal
candidate for in vivo immunomodulation. However, in our model,
neither increasing the pool of endogenous nTregs by adoptive
transfer of wt nTregs nor transferring nTregs selected in a GFP*
environment was effective in modulating the anti-GFP
immune response.

Gross et al demonstrated that adoptive transfer of transgene-
specific nTregs isolated from mice harboring a transgene-
specific T-cell receptor (TCR) abolished the antitransgene CD8*
T cells and Ab production, while allowing sustained transgene
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expression. In contrast, adoptive transfer of wr nTregs did not
lead to stable transgene expression.’® In our experimental
system, tg nTregs, which have been isolated from mice that
express GFP ubiquitously but do not harbor GFP-specific TCR,
are not able to modulate the anti-GFP immune response.
Collectively, Gross et al’s data together with our new results
indicate that nTregs, in order to be effective in down-modulating
an antigen-specific immune response in vivo, require antigen
TCR specificity and TCR engagement rather than being selected
in an antigen-expressing environment.

APCs are crucial components of the immune system, acting
as sentinels in various tissues and monitoring the presence of
foreign antigens. When non-self/dangerous antigens are sensed,
the antigens collected by APCs are processed into peptides and
presented on MHC molecules at the APC surface. Thereafter,
APCs move through lymphatic vessels to lymph nodes where
they interact with T cells inducing either an immunogeneic or a
tolerogenic response. The intensity of the stimulus from MHC-
antigen complexes and/or the presence of second signals from
costimulatory molecules are considered to be determining
factors for the type of immune response. APCs that express low
amounts of surface MHC molecules and lack costimulatory
signals would tolerize T cells, whereas APCs that express higher
amounts of surface MHC and express high levels of costimula-
tory molecules, such as CD80 and CD86, would activate T cells
into an effector immune response. In our experimental model,
both resting and in vitro—activated GFP-tg APCs (data not
shown) modulate the in vivo anti-GFP immune response,
indicating that the GFP-tg APC modulatory activity may be
independent from their activation state.

Alternatively, it has been proposed that specialized APC
subsets are “dedicated” to tolerance induction by activating/
inducing Ag-specific Tregs (reviewed in Bacchetta et al®!). It is
possible that, in our model, GFP-tg APCs contain tolerogenic
GFP-expressing cells, which are not otherwise transduced in
vivo by LV-CMV-GFP, and that might activate endogenous
nTregs. Consequently, only GFP-tg APCs can trigger a regula-
tory immune response. However, this hypothesis could be
excluded based on the observation that nTregs were not
expanded in mice coinjected with GFP-tg APCs either 2 weeks
or 4 weeks after vector delivery. Furthermore adoptive transfer
of nTregs isolated from long-term expressing GFP mice did not
modulate the anti-GFP immune response, further confirming
lack of nTreg-mediated immune modulation.

An alternative model, which might explain our findings,
proposes that antigen localization, dose, and persistence are
critical factors that determine reactivity patterns as follows: (1)
antigens that do not reach secondary lymphoid organs in
minimum doses or for a sufficiently long time are immunologi-
cally ignored; (2) antigens that either commonly exist in the
lymphoid system or reach it and persist in high amounts for long
periods delete T cells; and (3) antigens that are transported to
secondary lymphoid organs in sufficient (but not excessive)
amounts and for a sufficient time period (but not excessive)
induce an effective immune response (reviewed in Zinkerna-
gel®). In our system, LV-CMV-GFP delivery gradually generates
a small pool of APCs that expresses a low amount of GFP in
secondary lymphoid organs that probably triggers an active
immune response. Conversely, GFP-tg APCs transport an exces-
sive amount of GFP to secondary lymphoid organs where GFP
persists for at least 7 days in immunocompetent mice and 14
days in immunodeficient mice reconstituted with wt T cells plus
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GFP-tg APCs. Significant reduction of CD8* effector T cells,
occurring after T-cell activation, was observed in mice injected
with GFP-tg APCs. Further deletion of CD8* effector T cells
was observed in immunodeficient mice immune-reconstituted
with wt T cells plus GFP-tg APCs and injected with LV-CM V-
GFP. Overall, these data suggest that the amount and persistence
of GFP is crucial in determining the outcome of the anti-GFP
immune response. The observation that transfer of a low number
of GFP-tg APCs (1.5 X 10 cells, which represents 10% of the
standard dose) did not modulate the anti-GFP immune response
(data not shown) further supports our hypothesis.

The cells that modulate the in vivo anti-GFP immune response
(GFP-tg APCs) comprise a mix population of T-cell-depleted
splenocytes. In order to understand whether B cells, which
represent approximately 80% of the transferred APCs, are the key
players in this in vivo function we performed experiments in which
purified GFP-tg B cells were transferred in LV-CMV-GFP-injected
mice. We observed that B cells modulate the cellular antitransgene
immune response and lead to deletion of CD8* T effector cells as
efficiently as total GFP-tg APCs (data not shown). However,
purified GFP-tg B cells do not reduce the antitransgene Ab
production (data not shown), suggesting that cell subsets other than
B cells play an important role in modulating the anti-GFP humoral
response in our animal model.

Taken together, our results demonstrate that an antitransgene
immune response, triggered after systemic LV-CMV delivery,
cannot be modulated in vivo by nTregs isolated from wt syngeneic
animals or from transgene-expressing tolerant mice. Only
adoptive transfer of transgene-expressing APCs, independently
from their activation state, modulates the antitransgene-specific
immune response. Persistence and frequency of transgene-
expressing APCs are likely to be key factors that lead to clonal
deletion of antitransgene-specific CD8* effector T cells and
consequent in vivo stable and long-term transgene expression.
These results could lead to novel approaches in which transgene-
expressing APCs can be used to induce transgene tolerance in
gene therapy trials.

Acknowledgments

This work was supported by research funding from the Italian
Telethon Foundation to M.G.R.

We thank Angela Stabilini (HSR-TIGET, Milano) for helpful
technical assistance.

Authorship

Contribution: A.A. designed and performed research experiments,
collected and analyzed data, and contributed to writing the paper;
M.B. designed and performed research experiments, collected and
analyzed data, and wrote the paper; A.F. designed and performed
research experiments, and collected and analyzed data; A.L. and
L.S.S. performed research experiments; L.N. supervised research;
MG.R. supervised research and research funds, and contributed to
writing the paper. A.A., M.B., and A.F. contributed equally to this
work.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Maria-Grazia Roncarolo, HSR-TIGET
Via Olgettina 58, 20132 Milan, Italy; e-mail: m.roncarolo@hsr.it.

20z aunr g0 uo 3senb Aq Jpd 88/ 100,081 08UZ/E10L8Y1/88LL/9/0L L /4Pd-BloIE/POOIQ/ABU  SUolelgndyse//:dny woly papeojumoq



1796

References

1.

10.

1.

-

2.

ANNONI et al

BLOOD, 15 SEPTEMBER 2007 - VOLUME 110, NUMBER 6

Kay MA, Glorioso JC, Naldini L. Viral vectors for
gene therapy: the art of turning infectious agents
into vehicles of therapeutics. Nat Med. 2001;7:33-
40.

Manno CS, Pierce GF, Arruda VR, et al. Success-
ful transduction of liver in hemophilia by AAV-Fac-
tor IX and limitations imposed by the host im-
mune response. Nat Med. 2006;12:342-347.

Zhou HS, Liu DP, Liang CC. Challenges and
strategies: the immune responses in gene
therapy. Med Res Rev. 2004;24:748-761.

Mingozzi F, Liu YL, Dobrzynski E, et al. Induction
of immune tolerance to coagulation factor IX anti-
gen by in vivo hepatic gene transfer. J Clin Invest.
20083;111:1347-1356.

Ciancio G, Burke GW, Miller J. Current treatment
practice in immunosuppression. Expert Opin
Pharmacother. 2000;1:1307-1330.

Sakaguchi S. Naturally arising Foxp3-expressing
CD25+CD4+ regulatory T cells in immunological
tolerance to self and non-self. Nat Immunol.
2005;6:345-352.

Beyer M, Schultze JL. Regulatory T cells in can-
cer. Blood. 2006;108:804-811.

Powrie F, Read S, Mottet C, Uhlig H, Maloy K.
Control of immune pathology by regulatory T
cells. Novartis Found Symp. 2003;252:92-98; dis-
cussion 98-105, 106-114.

Zinkernagel RM. Localization dose and time of
antigens determine immune reactivity. Semin Im-
munol. 2000;12:163-171; discussion 257-344.

Ailles LE, Naldini L. HIV-1-derived lentiviral vec-
tors. Curr Top Microbiol Immunol. 2002;261:31-
52.

Follenzi A, Sabatino G, Lombardo A, Boccaccio
C, Naldini L. Efficient gene delivery and targeted
expression to hepatocytes in vivo by improved
lentiviral vectors. Hum Gene Ther. 2002;13:243-
260.

Pfeifer A, Kessler T, Yang M, et al. Transduction

20.

21.

22.

of liver cells by lentiviral vectors: analysis in living
animals by fluorescence imaging. Mol Ther. 2001;
3:319-322.

. VandenDriessche T, Thorrez L, Naldini L, et al.

Lentiviral vectors containing the human immuno-
deficiency virus type-1 central polypurine tract
can efficiently transduce nondividing hepatocytes
and antigen-presenting cells in vivo. Blood. 2002;
100:813-822.

Follenzi A, Battaglia M, Lombardo A, Annoni A,
Roncarolo MG, Naldini L. Targeting lentiviral vec-
tor expression to hepatocytes limits transgene-
specific immune response and establishes long-
term expression of human antihemophilic factor
IX in mice. Blood. 2004;1083:3700-3709.

lkawa M, Yamada S, Nakanishi T, Okabe M.
‘Green mice’ and their potential usage in biologi-
cal research. FEBS Lett. 1998;430:83-87.
Miyahira Y, Murata K, Rodriguez D, et al. Quantifi-
cation of antigen specific CD8+ T cells using an
ELISPOT assay. J Immunol Methods. 1995;181:
45-54.

. Zinkernagel RM. What is missing in immunology

to understand immunity? Nat Immunol. 2000;1:
181-185.

Bluestone JA, Abbas AK. Natural versus adaptive
regulatory T cells. Nat Rev Immunol. 2003;3:253-
257.

Battaglia M, Stabilini A, Draghici E, et al. Induc-
tion of tolerance in type 1 diabetes via both
CD4+CD25+ T regulatory cells and T regulatory
type 1 cells. Diabetes. 2006;55:1571-1580.
Fillatreau S, Sweenie CH, McGeachy MJ, Gray
D, Anderton SM. B cells regulate autoimmunity by
provision of IL-10. Nat Immunol. 2002;3:944-950.
Wakkach A, Fournier N, Brun V, Breittmayer JP,
Cottrez F, Groux H. Characterization of dendritic
cells that induce tolerance and T regulatory 1 cell
differentiation in vivo. Immunity. 2003;18:605-
617.

Lee WT, Yin XM, Vitetta ES. Functional and onto-

23.

24.

25.

26.

27.

28.

29.

30.

31.

genetic analysis of murine CD45Rhi and
CD45Rlo CD4+ T cells. J Immunol. 1990;144:
3288-3295.

Rosenzweig M, Connole M, Glickman R, et al.
Induction of cytotoxic T lymphocyte and antibody
responses to enhanced green fluorescent protein
following transplantation of transduced CD34(+)
hematopoietic cells. Blood. 2001;97:1951-1959.
Skelton D, Satake N, Kohn DB. The enhanced
green fluorescent protein (eGFP) is minimally im-
munogenic in C57BL/6 mice. Gene Ther. 2001;8:
1813-1814.

Denaro M, Oldmixon B, Patience C, Andersson
G, Down J. EGFP-transduced EL-4 cells from
tumors in C57BL/6 mice. Gene Ther. 2001;8:
1814-1815.

Lopes L, Fletcher K, Ikeda Y, Collins M. Lentiviral
vector expression of tumour antigens in dendritic
cells as an immunotherapeutic strategy. Cancer
Immunol Immunother. 2006;55:1011-1016.
Esslinger C, Chapatte L, Finke D, et al. In vivo
administration of a lentiviral vaccine targets DCs
and induces efficient CD8(+) T cell responses.

J Clin Invest. 2003;111:1673-1681.

De Geest BR, Van Linthout SA, Collen D. Hu-
moral immune response in mice against a circu-
lating antigen induced by adenoviral transfer is
strictly dependent on expression in antigen-pre-
senting cells. Blood. 2003;101:2551-2556.
Brown BD, Venneri MA, Zingale A, Sergi LS, Nal-
dini L. Endogenous microRNA regulation sup-
presses transgene expression in hematopoietic
lineages and enables stable gene transfer. Nat
Med. 2006;12:585-591.

Gross DA, Leboeuf M, Gjata B, Danos O,
Davoust J. CD4+CD25+ regulatory T cells inhibit
immune-mediated transgene rejection. Blood.
2003;102:4326-4328.

Bacchetta R, Gregori S, Roncarolo MG. CD4+
regulatory T cells: mechanisms of induction and
effector function. Autoimmun Rev. 2005;4:491-
496.

20z aunr g0 uo 3senb Aq Jpd 88/ 100,081 08UZ/E10L8Y1/88LL/9/0L L /4Pd-BloIE/POOIQ/ABU  SUolelgndyse//:dny woly papeojumoq



