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Abstract Fusion proteins consisting of the ligand-bind-
ing domain of CTLA4 covalently attached to an antigen
(Ag) are potent immunogens. This fusion strategy
effectively induces Ag-specific immunity both when
introduced as a DNA-based vaccine and as a re-
combinant protein. CTLA4 is a ligand for B7 molecules
expressed on the surface of antigen-presenting cells
(APCs), and this interaction is critical for the fusion
protein to stimulate Ag-specific immunity. We show that
interaction of the fusion protein with either B7-1 or B7-2
is sufficient to stimulate immune activity, and that T cells
are essential for the development of IgG responses. In
addition, we demonstrate that human dendritic cells
(DCs) pulsed with CTLA4-Ag fusion proteins can effi-
ciently present Ag to T cells and induce an Ag-specific
immune response in vitro. These studies provide further
mechanistic understanding of the process by which
CTLA4-Ag fusion proteins stimulate the immune sys-
tem, and represent an efficient means of generating Ag-
specific T cells for immunotherapy.
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Introduction

In the last decade, there has been great interest in using
dendritic cells (DCs) to boost the immune response.
Most of the studies used whole-cell DC vaccines pulsed
with peptides, cell lysates, RNA, or genetically modified
to express one or more antigens (Ag), followed by
injection into the animal or human host [1-5]. An
alternative and promising method of directed Ag pre-
sentation is immunotargeting, in which ligands to
receptors present on antigen-presenting cells (APCs) are
fused either chemically or physically to an Ag and used
for immunizations. Most immunotargeting studies have
used antibodies against the class II major histocompat-
ability complex (MHC) [6, 7], the Fcy receptor (FcyR)
[8], or surface immunoglobulins [9] to target Ag to
APCs. Some studies have used antibodies against cell
surface molecules specific to DCs such as CD1l1c¢ and
DC SIGN for Ag targeting, and have reported increases
in Ag-specific serum antibody titers relative to immuni-
zation with nontargeted Ag [10, 11]. Vaccination with
fusion proteins between a single-chain idiotype and
chemokine was also reported to induce protective im-
mune responses against a large tumor challenge [12].
Recently, impressive results have been obtained in the
use of DNA vaccines encoding fusion proteins of human
IgG [13], influenza hemagglutinin-protein [14], the HIV-
1 envelope glycoprotein gpl120 [15] or the cytotoxic T
lymphocyte antigen-4 (CTLA4) as priming immunogens
capable of eliciting both cell-mediated and antibody
responses in mice. A potential disadvantage of this ap-
proach is that it requires DNA transfer either directly
into hosts or transduction of cells using viral or nonviral
vectors. Moreover, there are a number of rate-limiting
steps in the pathway of immune induction mediated by
DNA vaccines, for example, limited transgene expres-
sion and lack of easy access to APCs, especially DCs. In
addition, many of the DNA vaccine studies are inher-
ently inadequate in providing the precise mechanisms of
immune induction, largely because of the complexity of



DC in various tissue sites [16-18], as well as the multi-
tude of different antigens (xenogeneic) being tested for
vaccine efficacy in mice [13, 15].

Some studies have demonstrated that direct injection
of purified fusion protein causes potent immune stimu-
lation in the absence of adjuvants [13, 19, 20]. Further-
more, these studies have shown that CTLA4—-Ag fusion
proteins are transported to lymph nodes, are capable of
generating Ag-specific antibody and T cell responses,
and anti-tumor immunity. CTLA4 is a high affinity li-
gand for B7-1 and B7-2 molecules expressed by APC, A
point mutation in the CTLA4 moiety, which prevents its
interaction with the B7-1 and B7-2 molecules, abrogates
the immunostimulatory capacity of the fusion molecules
[19], thus demonstrating the specificity of these receptor-
ligand interactions in the targeting process.

The purpose of this study was to further our under-
standing of the mechanism behind the immunogenicity
of CTLA4—Ag fusion proteins and to determine whether
we could generate human T cell responses ex vivo using
autologous DCs pulsed with CTLA4-Ig-Ag fusion
proteins. For DC targeting purposes fragments of human
prostate specific membrane antigen protein (PSMA)
containing two antigenic epitopes known to be presented
by HLA-A2 were chosen as model antigens. The results
from mouse models demonstrate that T cells are critical
to the efficient development of antibody responses to the
CTLA4-Ag fusion proteins. Also, binding of the
CTLA4-Ag fusion protein to either B7-1 or B7-2 is suf-
ficient to generate a humoral response against the fusion
protein; however, neither of them is individually neces-
sary. Finally, we show that when fused to the ligand-
binding domain of CTLA4, a tumor-associated antigen
(TAA) could be efficiently targeted to DCs and presented
to T cells ex vivo, and could generate large numbers of
Ag-specific T cells using minimal amounts of fusion
protein. We believe that this method may represent a
simple and efficient approach to generate Ag-specific T
cells for adoptive immunotherapy applications.

Materials and methods
CTLAA4-Ig fusion proteins

Mouse CTLA4 fused to human IgG1 Fc was purchased
from R&D systems (Minneapolis, MN, USA). The
Muc-Ig vector was purchased from Novagen, (Madison,
WI, USA). All other fusion proteins were expressed and
purified as previously described [21]. The extracellular
domain of human CTLA4 (amino acids 2-116) was
cloned into and expressed from the signal-plg vector
(Novagen, Madison, WI, USA). Both the CTLA4-Ig—
P2 and CTLA4-Ig-P12 constructs contained the human
CTLA4-Ig protein as the amino terminal portion and a
fragment of the PSMA protein as the C-terminus. The
P2 fragment contained amino acids SHNKYAG... and
the remaining 45 amino acids through the C-terminus of
PSMA. The P12 fragment contained amino acids SER-
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LQDF... and the remaining 97 amino acids through the
C-terminus of PSMA. Specific cloning details of the
constructs encoding P2 and P12 CTLA4-1g-PSMA fu-
sion proteins are available on request. These constructs
were cloned into the pIRES neo3 vector (Clontech, Palo
Alto, CA, USA), and the fusion proteins were expressed
in Chinese hamster ovary (CHO) cells essentially as
described by Oaks et al. [19] and purified from the cul-
ture supernatants of transfected CHO cells grown in
protein-free medium (HyQ PF CHO medium, Hyclone,
Logan, UT, USA) by protein A chromatography. The
homogeneity of the purified protein preparations was
evaluated by SDS-PAGE and coomassie blue staining.
Greater than 95% of the fusion proteins migrated as a
single band in the expected size range, and expressed
epitopes for CTLA4, human Ig, and human PSMA as
determined by Western blot (Fig. la, b). Binding of
CTLA4-1g-PSMA fusion proteins to human B7 was
verified in an ELISA (Fig. 1c).

Mouse strains and immunizations

B7-1 knockout mice B6.129S4-CD86 (tmlshr)/J [22],
B7-2 knockouts B6.129S4-CD80 (tmlshr)/J [23] and
nude mice CbyJ.Cg-Foxnl(nu)/J were purchased from
Jackson labs (Bar Harbor, ME, USA). Controls were
heterozygous littermates. Protein immunizations were
performed by intramuscular route. One microgram of
purified fusion proteins in PBS was injected into the
anterior tibialis muscles of groups of four to six mice on
days 0, 14, and 28. Serum was collected from each
mouse on days 0, 14, 28, and 35 by tail-vein bleeds and
tested for the presence of humoral responses against
human IgG. In select cases, sera were tested for IgM
responses to human IgG.

ELISA

Antibody titers to human IgGl were determined by
ELISA. Briefly, Nunc Maxisorp wells were coated
overnight with 200 ng/well of purified human IgG1
(Chemicon International, Temecula, CA, USA), and
then blocked by the addition of 5% dry milk, 1% bovine
serum albumin (BSA), 5% sucrose in phosphate buf-
fered saline (PBS). Mouse sera were diluted twofold
serially in PBS and then incubated for 1 h at room
temperature on shaking platform. The wells were
washed four times with PBS containing 0.05% Tween,
and then a horseradish peroxidase conjugated anti-
mouse IgG or anti-mouse IgM (both from Pierce
Immunochemicals, Rockford, IL, USA) was added and
incubated for 1 h at room temperature. After washing as
above, a two-part TMB (3,3",5,5-tetramethylbenzidine)
peroxidase substrate (Pierce Immunochemical) was
added and the reactions were terminated after 15 min by
the addition of 0.5 M H,SO,. Absorbance at 450 nm
was determined, and titers were expressed as 1/dilution



1506

MUCIs  CTLA4-Ig | Muclg CTLA4Ig
P2 P12
.
® —
® —
a b
c
25 .
20 | 11952
g 11647
§ 15 ]
o
O 10
05 |
o4t
00 |
CTLA4-Ig CTLA4Ig P2 CTLA4-IgP12 MUC-Ig

Fig. 1 Expression of human CTLA4 immunoglobulin PSMA
fusion proteins. Western blots of fusion proteins of CTLA4-Ig—
PSMA P2 (a) and PSMA P12 (b) when probed with anti-human
1gG. Upper arrow shows Mucl8-Ig control fusion protein of
approximate molecular mass of 118 kDa. Middle arrow shows the
P12 protein of 65 kDa, and bottom arrow indicates P2 fusion of
approximately 60 kDa. Similar results were obtained by probing
with anti-human PSMA polyclonal antiserum (Zymed, South San
Francisco, CA, USA). ¢ Shows ELISA binding of PSMA fusion
proteins to human CD80. CTLA4-Ig and Mucl8-Ig were used as
positive and negative controls, respectively. The data represent the
mean of triplicate values and experiments were done in duplicate
with similar results

that was greater than three times the absorbance of wells
that did not receive mouse serum.

Isolation of monocytes from peripheral
blood buffy coats

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from buffy coats obtained from healthy donors

(Blood Center of Wisconsin, Milwaukee, WI, USA) by
density gradient centrifugation over Ficoll-Paque™
Plus (Amersham Biosciences AB, Uppsala, Sweden).
Aliquots of PBMCs were cryopreserved in liquid nitro-
gen until use. To obtain CD14" monocytes, the cryop-
reserved PBMCs were thawed and plated in 75 cm?
tissue culture flask (Falcon, Becton Dickinson Labware,
Franklin Lakes, NJ, USA) at 5x10° cells/ml in a total
volume of 10 ml OptiMEM-1 (Gibco™, Invitrogen
Corp., Grand Island, NY, USA) containing 5% human
AB serum (HS; BioWhittaker, Walkersville, MD, USA)
and 10 U/ml of DNase-I (Sigma, St Louis, MO, USA),
and incubated at 37°C with 5% CO, for 2-3 h to allow
cell adhesion. The adherent monocytes were collected
after removing the nonadherent cells by extensive
washings with Calcium (Ca) and Magnesium (Mg)-free
PBS (Invitrogen Corp., Franklin Lakes, NJ, USA).
Adherent cells were further enriched for CDI147
monocytes using Monocyte Negative Isolation kit (Dy-
nal Biotech Inc., Lake Success, NY, USA) according to
the manufacturer’s instructions. The purity of the
monocytes was ~98% as determined by the expression
of monocyte cell surface marker CDI14 (data not
shown).

Generation of DC

To generate immature DCs (iDCs) purified monocytes
were plated at 1x10° cells/well in six-well plate (Costar®,
Corning Inc., Corning, NY, USA) containing 2 ml/well
DC culture medium [OptiMEM-1 supplemented with
5% HS, 800 U/ml of recombinant human (rh) granu-
locyte macrophage colony stimulating factor (GM-CSF)
and 500 U/ml of interleukin (IL)-4 (both from R&D
Systems, Minneapolis, MN, USA)]. After 5-days of
culture, the cells were harvested and used as iDCs. At
this stage approximately 80% of the cells had typical
iDC morphology and displayed cell surface markers:
CDI14~, CDl1lc", CD80 ", CD86" ", HLA-A, HLA-B,
HLA-C", HLA-DR ", and CD83".

Flow cytometry

Monoclonal antibodies (mAb) conjugated with fluo-
rescein isothiocyanate (FITC), phycoerythrin (PE) or
peridinin chlorophyll protein (PerCP) were purchased
from BD-PharMingen (San Diego, CA, USA). The
purity of monocytes was determined by staining them
with mAbs against the human blood cell linecage spe-
cific markers CD3, CD19, CD14, and CD56, following
the manufacturer’s instruction. To determine the
immunophenotype before and after exposure to pro-
tein Ags and/or maturation agents, DCs were stained
with mouse mAbs against human CDI14, CDllc,
CD80 (B7.1), CD86 (B7-2), HLA-A, HLA-B, HLA-C,
HLA-DR, and CDS83. Isotype control antibodies
(IsoAb) were used to assess the specificity of immu-



nostaining. Five to ten thousand events were acquired
and analyzed with a FACScan flow cytometer and
CellQuest™ software (Becton Dickinson, San Jose,
CA, USA).

To detect the reactivity of CTLA4-Ig or CTLA4-Ig—
PSMA fusion proteins to DCs, 5x10° cells were incu-
bated with 2 pg/ml of each protein at 4°C for 30 min.
The bound proteins were detected with FITC-labeled
goat anti-human IgG (ICN Biomedical, Costa Mesa,
CA, USA). In some experiments DCs were pretreated
with mAbs against B7 molecules for 30 min prior to the
analysis of fusion proteins binding to DCs.

Pulsing of DCs with protein Ags

Pulsing of autologous human DC with proteins was
performed by simple coincubation with DCs. In brief,
iDCs (1x10°) were plated in 2 ml of fresh DC culture
medium containing GM-CSF and IL-4 in six-well
plate and pulsed with 1 ug/ml of one of the following
recombinant proteins: rPSMA (Northwest Biothera-
peutics, Inc. Bothell, WA, USA), CTLA4-Ig, CTLA4-
Ig-P2, CTLA4-Ig-P12, CTLA4-Ig + rPSMA or
recombinant carcinoembryonic antigen (rCEA, Sigma,
St Louis, MO, USA). After 16 h of pulsing, DC cul-
tures were exposed to 10 ng/ml of tumor necrosis
factor (TNF)-o (PeproTech, Rocky Hill, NJ, USA)
and 500 ng/ml of soluble CD40 ligand (sCD40L, Se-
rotec Inc., Raleigh, NC, USA) for 48 h to induce
maturation of DCs. The cells obtained expressed high
levels of CDS80, CD86, HLA-A, HLA-B, HLA-C,
HLA-DR, and CD83, consistent with the features of
mature DCs (data not shown) and used in subsequent
experiments. Protein pulsed DCs were used as stimu-
lators for CTL and as cellular targets in cytotoxicity
assays.

Generation of Ag-specific effector T cells

To generate and expand Ag-specific effector T cells ex
vivo, the nonadherent fraction of PBMCs were cocul-
tured with autologous DCs unpulsed or pulsed with
various recombinant protein Ags at a stimulator: re-
sponder ratio of 1:10. T cells were cultured at a density
of 1x10° cells/mL R5 media (RPMI medium containing
5% HS and 2 mM L-glutamine) in six-well plate. Three
days after the initial stimulation, IL-2 (20 IU/ml) and
IL-7 (10 ng/ml) (both from PeproTech, Rocky Hill, NJ,
USA) were added to the cultures. T cells were restimu-
lated at weekly intervals with respective stimulator DCs
at a stimulator to effector ratio of 1:10. Cultures were
fed every 3 days with fresh media containing IL-2 and
IL-7. At the end of three stimulations, effector T cells
were harvested, washed, and cultured in cytokine-free
RS media for 24 h and then tested for Ag-specific pro-
liferation, interferon (IFN)-y secretion, and cytotoxic
function.
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Proliferation assay

The effector T cells generated ex vivo were cultured in
triplicate with autologous stimulator DCs (unpulsed or
pulsed with various protein antigens) at a ratio of 10:1 in
96-well microtiter plates in triplicate wells in 200 ul of
RS media. Cells were pulsed with 0.3 xCi [*H] thymidine
(Amersham Biosciences Corp, Piscataway, NJ, USA) for
the last 16-18 h of a 3-day culture, harvested using a
FilterMate™ cell harvester (Packard, Meriden, CT,
USA), and [*H] thymidine incorporation was measured
using a Matrix 9600 gas-phase beta counter (Packard,
Meriden, CT, USA) to determine the proliferation of T
cells. Data are expressed as mean counts per minute
(cpm) £ SEM of triplicate wells. Wells containing only
stimulators or T cells always incorporated less than
100 cpm [*H] thymidine.

Intracellular cytokine staining to detect IFN-y

Ag-specific T cells were generated as described before
and cocultured for 72 h with various stimulator DCs at
a stimulator: T cell ratio of 10:1. Brefeldin A was added
at 10 ug/ml during the last 5-8 h of culture. IFN-y
secretion in cultured T cell lines was determined by
intracellular cytokine staining and flow cytometry.
Aliquots of cells were costained with PerCp and PE-
conjugated CD3 and CD8 mAb, respectively. Subse-
quently cells were washed, fixed, permiabilized, and
stained with FITC-labeled mAb specific for IFN-y (BD-
Pharmingen, San Diego, CA, USA). Stained cells were
analyzed using a FACScan flow cytometer. Specificity of
staining was demonstrated by lack of labeling with
respective fluorochrome-conjugated IsoAb.

Cytotoxicity assay

Ag-specific effector T cells were generated as described
before and tested for cytotoxicity in a standard chro-
mium (°'Cr) release assay. Target cells included protein
pulsed or unpulsed autologous DCs as indicated in
Results. Target cells were labeled with sodium chromate
(>'Cr) for 1-2 h and plated in a 96-well U-bottom plate
at 2x10* cells/well and mixed with effector T cells at
different effector/target ratios in a total volume of 200 pl
of culture media. After 6-h incubation at 37°C, 150 ml
of supernatant from each well was removed and the
amount of chromium released by cell lysis was deter-
mined using a gamma counter. The percent specific °'Cr
release was calculated as: [(mean experimental cpm-
mean spontaneous cpm)/(mean maximum cpm-mean
spontaneous cpm)]x100%, in which spontaneous release
represents cpm in supernatants from wells containing
target cells with medium only and maximum release
represents cpm in supernatants from wells containing
target cells in medium with 2% Triton X-100 cpm. As-
say wells were run in triplicate and average values are
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presented. Spontaneous release was less than 15% of the
total release by detergent in all assays. SD of the means
of triplicate wells was less than 5%.

Results

CTLA4-Ig fusions can interact with either B7-1 or B7-2
to initiate a humoral response

The extracellular domain of CTLA4 contains a motif,
MYPPPY (amino acids 99-104) that is essential for
interaction of B7-1 and B7-2. Mutation of Y104 to an
alanine (MYPPPA) completely disrupts the interaction
of CTLA4 with B7-1 and B7-2 [8]. Chimeric proteins
of antigen and mutated CTLA4vyo4a are not effective
vaccines [19]. Although this clearly demonstrates a
need for interaction of CTLA4 with the B7 receptors
to initiate humoral responses, it does not identify the
individual role of each B7 molecule in the process.
This issue was addressed by injecting B7-1 or B7-2
knockout mice with the mouse CTLA4-human IgGl
fusion protein as immunogen. As shown in Fig. 2a,
mice received multiple injections of fusion protein and
were tested for the presence of humoral responses
against the fusion protein several times. Although
lower when compared to wild-type mice (Fig. 2b),
detectable humoral responses against human IgGl
occurred in the majority of B7-1 and B7-2 knockouts.
As expected no antibody response to mouse CTLA4
was detected in any of the vaccinated animals studied
(data not shown). The reduced humoral response to
hlgGl portion of the fusion proteins in single
knockouts for B7-1 or B7-2 may reflect a general
immune deficiency in these animals or may indicate
that the CTLA4 fusion protein is most effective at
stimulating immune responses when both B7 molecules
are expressed.

T lymphocytes are essential to the development
of humoral responses against CTLA4-Ig fusion proteins

B lymphocytes express three cell surface receptors that
could bind the dimeric CTLA4-Ig fusion protein;
namely, the B7 molecules on B cells themselves, Fc
receptors via the IgG1 constant region, and through the
B cell receptor in the form of surface Ig. Consequently, it
is possible that the CTLA4-Ig fusion protein can acti-
vate multiple signaling pathways in B lymphocytes and
that lead to class switching independent of T cell help. In
order to evaluate this possibility, we injected the fusion
proteins into nude mice and periodically tested their sera
for the presence of IgG molecules specific for the antigen
(human IgG1 Fc portion of the fusion protein). Antigen-
specific humoral responses were markedly reduced in
nude mice (Fig. 3); thus, functional T cells are essential
in the induction of the humoral immune response
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Fig. 2 B7.1 and B7.2 are the targets for CTLA4-antigen immuni-
zation strategies. a Six B7-1 KO mice and six B7-2 KO mice were
injected with murine CTLA4 and human IgGl fusion protein
(CTLA4-Ig) as detailed in Materials and methods. Four B7-1 KO
mice and four B7-2 KO mice were injected with Muc—Ig. Titers of
mouse IgG specific for human IgG were tested on indicated days. b
Comparison of immunization of wild-type mice with either
CTLA4-Ig or Muc-Ig fusion proteins. Immunizations were done
as described above and mouse IgG specific for human IgG was
tested on indicated days. Data shown are from individual mice
(each symbol) treated the same way and experiments were repeated
in duplicate with similar results

against CTLA4-Ig fusion proteins. In addition, neither
homozygous nude mice nor heterozygous littermates
showed appreciable IgM responses to CTLA4-Ig.
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Fig. 3 Nude mice do not elicit a humoral response against the
CTLA4-Ig fusion protein. Six nude mice (homozygote) and three
unaffected littermates (heterozygote) were injected with CTLA4-Ig
fusion protein and serum was collected to determine titers of IgG
specific for human Ig



Reactivity of CTLA4-Ig and CTLA4-Ig-PSMA fusion
proteins with B7-1 and B7-2 molecules on DCs

To determine the functional activity of CTLA4-Ig-Ag
fusion proteins, we first tested their ability to bind to B7
molecules on human MoDCs. The human MoDCs ex-
press high levels of B7 molecules on cell surface (Fig. 4a)
and the CTLA4-1g, CTLA4-Ig-Ag (CTLA4-1g—P2 and
CTLA4-1g-P12) fusion proteins efficiently bind to DCs
(Fig. 4b). Further the results shown in Fig. 4c indicate
that both the B7 molecules were involved in targeting
the CTLA4-Ig or CTLA4-Ig-P12 fusion proteins to
DCs as blocking the cells with one of the B7 molecules
on DCs could not inhibit their binding (Fig. 4c). How-
ever, it was significantly reduced if the cells were blocked
simultaneously with antibodies against both the B7
molecules prior to CTLA4-Ig or CTLA4-Ig-Ag fusion
protein binding assay (Fig. 4c). The data from blocking
experiments to confirm specific targeting of CTLA4 to
B7 molecules shows that blocking of one of the B7
molecules did not reduce the binding of CTLA4-Ig fu-
sion proteins while reduced binding was achieved with
double-blockade. This may be due to the subsaturating
amount of CTLA4-Ig proteins used in these experi-
ments. Irrespective of this issue, our data clearly indicate
that B7 molecules are exclusively involved in CTLA4
binding and ruled out the possible involvement of Fcy
receptors or other unknown molecules and further sug-
gest that presence of one of the B7 molecules is sufficient
for the binding of CTLA4-Ig fusion proteins.

The human DCs pulsed with CTLA4-Ig-Ag fusion
proteins elicit cellular immune responses in vitro and
specific interaction between the Ag and CTLA4-Ig is
required for an enhanced T cell response

Though the mechanism is unknown, CTLA4-Ig protein
that is injected into muscle rapidly accesses lymph nodes
[14]. Efficient trafficking of Ag to lymph nodes typically
occurs when DCs engulf Ag in the periphery and then
travel to a draining lymph node for efficient presentation
of Ags to circulating lymphocytes [14]. In order to di-
rectly test the significance of delivery of Ags to DCs as
CTLA4-Ig fusion proteins and the ability of DCs to
ingest and present antigens that are part of the CTLA4—
Ig fusion proteins, we constructed fusion proteins in
which CTLA4-Ig was fused to the fragments of PSMA
containing known HLA-A2-specific epitopes as de-
scribed in Materials and methods. DCs generated ex
vivo from PB monocytes of two HLA-A2" normal
human donors were pulsed with various protein for-
mulations recombinant PSMA (rPSMA), carcinoem-
bryonic antigen (rCEA), or CTLA4-Ig-PSMA fusion
proteins or unlinked CTLA4-Ig plus rPSMA and eval-
uated for their ability to prime naive autologous T cells
against the target antigen PSMA in vitro using T cell
proliferation assays as described in Materials and
methods.
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As shown in Fig. 5, CTLA4-Ig-PSMA fusion pro-
teins inhibited neither the activation of naive T cells nor
the stimulation of previously activated T cells. Rather,
they behaved as efficient vehicles for targeting Ag to
DCs. The CTLA4-1g-PSMA fusion proteins enabled
efficient presentation of PSMA by DCs (Fig. 5) as
determined by severalfold increase in T cell proliferation
in Ag recall assays. Moreover, T cell proliferation was
PSMA-specific because they did not proliferate when
exposed to autologous DCs pulsed with either the
CTLA4-Ig portion of the fusion protein or an irrelevant
Ag, CEA (Fig. 5).

To eliminate the possibility that the amplified autol-
ogous T cell response seen in vitro using the DC pulsed
with CTLA4-Ig-PSMA fusion proteins was caused by
nonspecific stimulation by CTLA4-Ig, DCs were pulsed
with a mixture of CTLA4-Ig and rPSMA protein and
used to stimulate the T cell lines that were previously
primed with CTLA4-Ig-PSMA fusion proteins in vitro.
As shown in Fig. 5 during Ag recall, the DCs pulsed
with CTLA4-Ig alone or the mixture of unlinked
CTLA4-1Ig plus PSMA protein did not amplify the
proliferation of these T cells more than that obtained
with rPSMA alone, indicating that covalent attachment
of the antigen to CTLA4-Ig is required for its effective
targeting of Ag to DCs and its presentation to T cells.
Further these results demonstrate that co-incubation of
unlinked CTLA4-Ig and rPSMA with DCs does not
block the immune response against PSMA as we could
detect similar level of T cell proliferative response
against rPSMA pulsed DCs in the presence or absence of
unlinked CTLA4-Ig (Fig. 5).

CTLA4-Ig—Ag fusion protein pulsed DCs are efficient
in inducing Ag-specific CTL response

To examine the specificity and nature of the immune
responses induced by DC pulsed with CTLA4-Ig-Ag
fusion proteins, the T cell lines generated ex vivo using
autologous DCs pulsed with various fusion proteins
were tested for Ag-specific secretion of Th-1 cytokine
interferon (IFN)-y in recall assays. Autologous DCs
either unpulsed or pulsed with CTLA4-1Ig, CTLA4-Ig—
P2, CTLA4-Ig-P12, rPSMA, or rCEA protein were
used as stimulators. Activated CD3"/CD8" T cells
were identified by flow cytometry after co-staining of
cells with mAbs detecting CD3, CDS8, and IFN-y.
Mean values of the absolute numbers of CD3"/
CD8 " /IFN-y" cells from two different donors are
shown in Fig. 6. The results show that effector T cells
generated using CTLA4-Ig-P2 or CTLA4-Ig-P12
protein pulsed DCs contained CD8 " T cells that dis-
played markedly increased IFN-y production upon
restimulation with relevant fusion protein or rPSMA
protein pulsed autologous DCs. However, none of the
T cell lines were responsive to CTLA4-Ig or an irrel-
evant CEA protein pulsed or unpulsed control DC
stimulators.
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Fig. 4 CTLA4-1g-Ag fusion
proteins specifically bind to B7-
1 and B7-2 molecules on human
MoDCs. a Expression of B7
molecules on the human
MoDCs. Cells were stained
with either PE-conjugated B7.1
or B7.2 (closed histograms in
gray color) or isotype control
ADb (open histogram). b Human
MoDCs were stained with
CTLA4-Ig, CTLA4-1g-P2, or
CTLA4-1g—P12. Binding of
CTLA4-Ig fusion proteins to
B7 molecules on DCs was
detected using FITC-
conjugated goat anti-human
IgG. ¢ Human MoDCs were
treated with mAb(s) against
either B7.1 or B7.2 or both to
block either one or both of the
B7 molecules. Under identical
conditions aliquots of cells were
treated with isotype control Abs
to determine the specificity of
blocking of B7 molecules. Cells
were then stained with CTLA4—
Ig or CTLA4-Ig-P12. Binding
of CTLA4-Ig fusion proteins to
B7 molecules on DCs was
detected using FITC-
conjugated goat anti-human
1gG. b, ¢ The closed histograms
represent fluorescence from
cells stained with either
CTLA4-1g or CTLA4-1g-P12
and FITC-conjugated goat
antihuman IgG and the open
histograms represent
fluorescence from cells stained
with FITC-conjugated goat
antihuman IgG alone
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To further test the functionality and Ag-specificity of CTLA4-Ig-P12, rPSMA or rCEA protein or unpulsed
control DCs as targets (Fig. 7). Similar to previous
experiments shown in Figs. 5 and 6, the effector T cells

the T cell lines, cytotoxicity assay was performed using
autologous DCs pulsed with CTLA4-Ig, CTLA4-1g-P2,
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Fig. 5 Dendritic cell targeting a Donor #1
enhances specific T cell response
to PSMA. Monocyte-derived
DCs were generated from two 10000 +—Stimulators-used-inrecall-assay
HLA-A2" donors and pulsed
with various forms of protein BpC
antigens and used as 8000 aDCHPSMA
stimulators to prime autologous #DC+CTLAL-ly
T cells ex vivo as described in ODC+CTLA4-g-P2
Materials and methods. 6000 BDC+CTLA4-Ig-P12
Effector T cells were collected at QDC+CTLAA-lgHPSMA
the end of three weekly E WDCHCEA
stimulations (21 days) and O
challenged with various 4000
stimulator DCs as shown and
tested for Ag-specific
proliferation using [*H] 2000 N
thymidine incorporation assay
as described in Materials and
methods. Results are shown as 0 . . s =i =
mean cpm + SEM of triplicate DC DCH#PSMA DC+CTLA4-ly DC+CTLAd-lg- DC+CTLAd-lg- DC+CTLAA-
wells P2 P12 Ig+HPSMA
Stimulators used for priming T cells
b Donor #2
15000
Stimulators used in recall assay
@DC
12000
BDC+HPSMA
BDC+CTLA4E
DDC+CTLA4-E-P2 I
9000 BDC+CTIA4-EP12
= NDC+CTLA4-E+HPSMA
) mDCHCEA
6000
3000 i
., N
DC DC+HPSMA DC+CTLA4Ig DC+CTLA4-Ig- DC+CTLA4-Ig- DC+CTLA4-

generated using CTLA4-1g-P2 (Fig. 7a) or CTLA4-Ig—
P12 (Fig. 7b) fusion protein pulsed DCs showed specific
lysis of autologous DC targets pulsed with relevant fu-
sion protein or rPSMA, but not those pulsed with
CTLA4-Ig or rCEA or unpulsed control DCs. In con-
trast, T cell lines generated using either CTLA4-Ig
pulsed DC or control DC failed to lyse any of the target
cells tested (data not shown). Collectively, results of
these experiments confirm that CTLA4-mediated tar-
geting of Ag to DC may be an efficient method of gen-
erating Ag-specific CTLs in vitro.

Discussion

Antigen targeting to sites of immune induction is an
efficient means of enhancing immune responses to DNA

P2 P12
Stimulators used for priming T cells

Ig+PSMA

vaccines. Particularly, Ag targeting to cell subsets spe-
cialized in Ag presentation, such as DCs, may be more
effective for immune stimulation. Notwithstanding,
however, is the fact that DCs can also capture proteins
nonspecifically for eventual presentation to T cells.
Evidence has accumulated in recent years to suggest that
DCs are pivotal to the generation of T cell responses.
They can be customized in vitro to meet different goals
of harnessing the immune repertoire. The rationale be-
hind specific targeting of Ags to DCs, therefore, appears
to be centered on the relative efficiency of Ag processing
and presentation in terms of both qualitative and
quantitative immune responses. One means to facilitate
the uptake and processing of Ag has been to target them
to APCs.

CTLA4 is a glycoprotein expressed on activated T
cells that has a strong binding affinity to both B7-1
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Fig. 6 Effector T cells generated using DC pulsed with CTLA4-1g—
Ag fusion proteins secrete IFN-y upon Ag recall. Effector T cells
were generated as described in Fig. 5 and challenged with various
stimulator DCs as indicated. Three days later the absolute numbers
of CD3"/CD8" IFN-y" T cells were quantified by intracellular
cytokine staining and flow cytometry as described in Materials and
methods. Data are presented as percent CD8™ T cells that were
positive for intracellular IFN-y

(CD80) and B7-2 (CD86) molecules, which are primarily
expressed on APCs. Directing Ags to B7 molecules ex-
pressed on APCs using their ligand CTLA4 may have
utility in modulating the immune response. Although
initial studies demonstrated that CTLA4-Ig can inhibit
immune responses to third party Ags in vivo [24, 25],
DNA-based vaccines, using constructs that encoded
CTLA4-Ag fusion protein, has been shown to sub-
stantially promote the development of immune re-
sponses against the fusion Ag [13-15, 26]. Injection of
purified CTLA4 fusion protein also leads to an Ag-
specific immune response [19, 20]. Our results extend the
observations of others regarding the ability of CTLA4
fusion proteins to stimulate antigen-specific immune
responses in vivo.

Although the injection of CTLA4 fusions and/or
DNA vaccines has been clearly shown to activate the
immune system in vivo, the mechanism by which this
happens has not been formally demonstrated. Our
experiments were designed to gain a greater under-
standing of this mechanism. The first issue we addressed
was to examine the role of the two known CTLA4 li-
gands, B7-1 and B7-2, in the stimulation of immune
responses by CTLA4-Ig. Using knockout mice that fail

a 100 -
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R I
—a— DC+CTLA-ig
2 —a— DC4+CTLAG.P2
3 601 | _mDC+PSMA
% —e—DCHCEA
8 401
0
®
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Effector: Target ratio
b 100 - — -
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. -— ?_ﬁ
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Effector: Target ratio

Fig. 7 CTLA4-mediated targeting of antigens to DCs induces Ag-
specific CTL responses in vitro. T cells from two HLA-A2" donors
were stimulated with autologous DCs pulsed with various protein
Ags as described in Fig. 5. At the end of three weekly stimulations
effector T cells were collected and tested for cytotoxicity against
various 'Cr-labeled autologous DC targets indicated in figure
using standard chromium release assay as described in Materials
and methods. a Effector cells generated using DC pulsed with
CTLA4-1g-P2. b Effector cells generated using DC pulsed with
CTLA4-1g-P12. Assay wells were run in triplicate and average
values are presented. A representative of two experiments per-
formed using samples from two different donors is shown

to express either B7-1 or B7-2, we showed that both B7
molecules are sufficient to allow the CTLA4-Ag fusion
proteins to initiate a humoral response. Notably, small
quantities, 1 ug or less, of fusion protein were sufficient
to stimulate antigen-specific responses when injected
into animals (unpublished data from Martin Oaks and
reference [19, 20]).

Because we were injecting a fusion protein of CTLA4
and the Fc portion of Ig, it was possible that the fusion
protein stimulated B lymphocytes by simultaneously
stimulating B7 molecules and Fc receptors expressed by
the B cells. To determine if these two stimuli allowed
production of Ag-specific antibodies independent of T
cell help, we evaluated the humoral response against the
fusion protein when injected into nude mice that lacked
T cells. These experiments demonstrated that T cell



activity is essential to humoral responses against
CTLA4-1g-Ag fusion proteins. Our observation is
consistent with previous studies based on the CTLA4
fusion approach [13, 14, 20].

Further we extended our studies to examine the
ability of CTLA4-Ig to target Ags to DCs and to
generate/stimulate Ag-specific T cell responses in vitro.
Our experiments have demonstrated that fragments of
PSMA physically linked to CTLA4 have retained the
ability to bind B7.1 and B7.2 on human DCs in vitro,
and were able to induce the production of high num-
bers of PSMA-specific CTLs that secreted INF-gamma
and had cytotoxic function. In addition, we have
shown here that the modulation of immune responses
by the fusion protein is dependent on the physical
linkage between the Ag and CTLA4-Ig, which con-
firms that the presence of CTLA4 moiety ensure its
targeting to APCs and, therefore, leads to more effi-
cient uptake and processing of the target Ag. Impor-
tantly, the presence of CTLA4-Ig in the assay did not
inhibit activation of either naive or primed lymphocytes
and cellular immunity against the CTLA4-Ig molecule
itself was undetectable. In summary, we demonstrated
that fusion of a weak Ag to CTLA4-Ig dramatically
increases its immunogenicity and substantially pro-
motes specific Ab and cell-mediated immune responses
without the requirements for immunologic adjuvants. It
is noteworthy that CTLA4-Ig-fused Ag fusion proteins
are able to stimulate immune responses in vitro at
relatively low doses (1 pg). Overall, the use of CTLA4—
Ig as vaccine carrier provides a new and simple strategy
to develop vaccines against cancer and infectious dis-
eases that have several advantages over current vacci-
nation strategies.

Because of the simplicity of these fusion proteins in
terms of their preparation and storage, it is an attractive
strategy for the induction of primary T cell and antibody
(B cell) responses in animals and patients. In addition,
the tolerance of the human immune system to the human
CTLA4 and human Ig portions of the fusion proteins
may make this an ideal vehicle for repeated use in vac-
cination protocols. Importantly, it could be used as
priming immunogens that would tremendously help
achieve the highly effective means of boosting the im-
mune response by DC vaccines that need multiple
prime-boost regimens. Also, because the fusion protein
stimulates immunity when directly injected into animals,
it may be particularly useful as a vaccine in patients with
weakened immune systems. Several current vaccines
exist that use attenuated microorganisms to develop
immunity. Occasionally, some patients develop the dis-
ease that the vaccine was intended to prevent, and this is
an even greater concern in patients with weakened im-
mune systems. Using a fusion protein as the immuno-
stimulatory component of a vaccine should eliminate
this problem. Finally, our in vitro experiments show that
human lymphocytes do not respond to the human-de-
rived CTLA4-Ig fusion protein, which makes this as an
ideal strategy for vaccination protocols that require
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multiple exposures of the Ag with minimal risk of
inducing immunity directly against the carrier protein.
This is an advantage over current methods using viral
vectors for immunization because pre-existing immunity
to the virus may limit the efficacy of the vaccines by
eliminating them before they have had an opportunity to
stimulate the immune system against the antigen of
interest.
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