TARGETED GENE DELIVERY FOR BENDRITIC CELL YVACCINATION

BACEKGROUND OF THE INVENTION

16401 The invention relates generally {o targeted gene delivery, and more

particularly to the use of a recombinant virus comprnsing a targeting molecule that targets and
binds dendritic cells and can thus be used for dendritic cell vaccination.
- [6002] Immunization is one of the most productive tocls in modern medical
practice but remains burdened by mitations. Cerfain infectious diseases such as HIV/AIDS,
malaria, and tuberculosis are not currently controlled at al]l by immunization, while other
infectious discases are controlied by complex immunization regimens. Cancer is 2 promising
target for immunotherapeutic treatments, but clinical outcomes in experimental trials have
beenn disappointing (Rosenberg, S.A. et al. 2004. Nar Med 10:909-915, which is
incorporated herein by reference in its entirety). Novel methods of immunization are needed,
for example, to reliably induce anti-turnor imrmumnity.

{4603} Dendritic cells (DCs) play critical roles in both mnate and adaptive
inpmunity. DCs are specialized anfigen-presenting cells with the unique capability to capture
and process antigens, migrate from the periphery to a lymphoid organ, and present the
antigens to resting T cells in & major histocomi)atibiiity complex (MHC)-restricted fashion
{Banchereau, I. & Steinman, R.M. 1998, Natwre 382:245-252; Steinman, R.M., et al. 2003,
Ann Rev Immunol 21: 685-711, each of which is incorporated herein by reference in its
entirety}, These cells are derived from bone marrow (BM) and are characterized by dendritic

~morphology and high mobility. Immature DCs are adept at antigen ingestion and are
distributed as sentinels in peripheral tissue throughout the body. However, maturation of
DCs 15 required in order to mount an efficient immune response (Steinman, R.M., et al. 2603.
supra), The matured DCs express high levels of MHC-antigen complex and other
costimulatory molecules (such ag CDAG, B7-1, B7-Z and CD1a) (Steinman, R.M. 1991, dun
Rey Immunol 9: 271-296, which is incorporated herein by reference in its entirety;
Banchereau, J. and R.M. Steinman. 1998. supra). These melecules play kev roles in

stimulating T cells.



{0004]  The discovery of the role of DCs a5 specialized antigf:n*pr@santing cells
(APCs) has fueled attempts at DC-based immunization/vaccination that involve loading DCs
with specific antigens (Bancheresu, J. & Palucka, A K. 2005, Naz Rev. Immunol. 5:296-306;
Figder, C.G. et al. 2004, Nai. Med. 10:475-480, each of which is incorporated herein by
reference In its entirety). However, 21l of these attempts involve ex vivo Joading of DCs with
specific antigens. Ex vivo generated DCs are then administered to the patient. Ex vive
gengration of DCs & for each patient 18 extremely labor intensive process.

{0005] By contrast, the present invention is directed imter alio to targeting, antigen
loading and activation of DCs in vive, which resulis in vivo treatment of diseases by
generating & beneficial mmmune response in the patient.  The invention thus fulfills a

longstanding need for effective and efficient regimes for immunization/vaccination.

SUMMARY OF THE INVENTION

[6005a] In one aspect, there is provided an in vitro method of delivering a lentiviral vector
encoding an antigen to a dendritic cell expressing DC-SIGN (Dendritic Cell Specific ICAM-3
{Intraceilular Adhesion Molecules 3)-Grabbing Nonintegrin), the method comprising:

transducing the dendritic cell with & recombinant virus, wherein the recombinant virus
comprises said lentiviral vector,

wherein the recombinant virns comprises an aiphavzms glvcoprotein that targets said cell
expressing DC-SIGN,

wherein said glycoprotein is an alphavirus E2 glycoprotein mutated at a heparan suifate
vinding site to decrease or eliminate its binding to heparan sulfate.

[0005b] In one aspect, there is provided a recombinant virus as defined herein, or a pharmaceutical

composition comprising said recombinant vires.

{0605¢] In one aspect, there is provided a recombinant virus comprising 2 lentiviral vector encoding an antigen and an alphavirus

' glycoprotein that targets cells expressing DC-SIGN wherein said glycoprotein 1s an
alphavirus E2 piycoprotein mutated at a heparan sulfate binding site to decrease or
eliminate ifs binding to heparan sulfate, for nse in stimulating an immune response to said
antigen in & mammal, '

{GUGS&} In one aspect, there 1s provided a dendritic cell transduced with a recombinant virus, wherein the

recombinant virus is as defined herein.



[0006]  In ome aspect of the invention methods of delivering a polyvmucleotide to &
dendritic cell expressing DC-SIGN are provided. In some embodiments the methods.
comprise transducing the dendritic cell with 2 recombinant virus, wherein the recornbinant
virng c(}mpriseé the polynucleotide to be delivered and a targeting molecule that binds DC-
SIGN. In some embodiments the targeting molecule is specific for DC-SIGN,

[6697] In some embodiments of the invention, the recombinant virus comprisés
sequences Tom a lentivirus genome, such as an HIV genome.
| [6068]  In other embodiments the recombinant virus comprises seguences from a
gammaeareirovirus genome, such 28 sequences from a Mouse Stem Cell Virns (MSCV)
genom{: or a Murine Leukemia Virns (MLV) gsriomf:.

[O009] In some embodiments of the invention, the methods utilize a targeting
molecule comprising 2 viral glycoprotein derived from at least one virus sejected from the
group of: Sindbis virus, infivenza virus, Lesss fever virus, tick-bome encephalitis virus,
Dengue virus, Hepatitis B vires, Rabies virus, Semliki Forest virus, Ross River virus, ‘Aurz
virus, Boma disease virus, Hanfasm virvs, and SARS-CoV virus. In more particuiar
embodiments, the targeting molecule comprises & modified viral glycoprotein derived from
Sindbis virus (SIN or SVG): In certain embodiments, the targeting molecule is SINmou also

kmown as SVGmu (SEQ 1D NO: 11 )
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[0010) In some embodiments, the polynucleotide to be delivered to a dendritic
cell comprises at least one of the following: a gene encoding a protein of interest, & gene
encoding & siRNA, and a gene encoding a rnicroRNA. The gene encoding & protein of
interest may encode an antigen, such as a tumor antigen or an HIV antigen. '

[6011] The recombinant virus may be produced by wansfecting a packaging cell
line with 2 viral vector compﬁsing the polynuciectide to be delivered and 2 vector comprising
& gens encoding the targeting molecule; culturing the tansfected packaging cell line; and
recovering the recombinant virug from the packaging cell culture. In some embodiments, the
packaging cell line is a 293 cell line.

[6012} in some embodiments of the invention, the patynucleotide is delivered to a
dendritic cell in vifro, while in other embodiments the polynucieotide is delivered to a
dendritic cell in a subject in vive. The subject is typically a mammal, such as a human,
TIOUSE Or guinea pig.

[B013] In ancther aspect, recombinant virus comprising: z polynucieotide of
interest; and a targeting molecule that binds DC-SIGN zare provided. In some embodiments
the targefing molecule specifically binds DC—SIGN. The recombinant virus may comprise
sequences from a lentivirus genome, such as sequences from an HIV genome.  In other
embodimentsthe recombinant viros comprises sequences from a gammaretrovirus genorme,
such as sequences from a Mouse Stem Cell Virus (MSCV) genome or a Murine Leukemia
Virus (MLV) genome.

[oD14) The targeting molecule may comprise a viral glycoprotein derived from at
least one vires selected from the group of: Sindbis virus, inflvenza virus, Lassa fever virus,:
tick-borme encephalitis virus, Dengue virus, Hepatitis B virus, Rabies virus, Semitki Forest
virug, Ross River virus, Aura vires, Boma disease virus, Hantaan virus, and SARS-CoV
virns. In some embodiments the fargeting molecule is a viral glycoprotein derived from
Sindbis virus. In patticular embodiments, the targeting molecule is SVGmu (SEQ ID NO:
1)

[0015]  The polymucieotide may be, for example, at least one of the following: a

gepe encoding a protein of interest, 2 gene encoding a siRNA, and a gene encoding a
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microRNA of interest. In some embodiments the polynucleotide encodes an antigen, such as
a tumor antigen or an HIV antigen. '

[6616] In another aspect, methods of stimulating an immune response in a
mammal are provided. A polynucleotide éucoding an anfigen to which an immmune response
15 desired 15 delivered to dendritic cells expressing DC-SIGN by contacting the dendritic cells
with 2 recombinant virus comprising the polynucleotide and a targeting molecule that binds
DC-SIGN. In some embodiments the targeting molecule is specific for DC-SIGN and does
not bind appreciably to other molecules. In other embodiments the targeting molecule binds
preferentially to DC-SIGN.

[06171  In a further aspect, vectors encoding targeting molecuies that bind DC-
SIGN are provided. In some embodiments, the targeting molecule is a modified viral
glycoprotein. In further embodiments, the targeting molecule is SVGmu (SEQ ID NO: 11 ).
The targeting molecule specifically binds DC-8IGN in some embodiments. The vector may
additionally encode one or more genes of interest, such as a gene encoding an antigen andfor
a gens encoding a dendritic cell maturation factor.

[0018]  In a stll further aspect, methods of treating & patient with a disease are
provided. A recombinanf virus is administered fo the patient, where the recombinant virus
comprses & polynucleotide encoding ap antigen associated with the disease and a targeting
molecule that binds DC-SIGN. The targeting molecule may be derived from a viral
glycoprotein. In some embodiments, the targeting molecule is SVGmu (SEQ 1D NG: 11).

[6019]  The disease to be treated is generally one for which an antigen is known or
can be wdentified. In some embodiments of the invention, the disease io be treated is cancer.
n other embodiments, the disease is HIV/AIDS. |

60207 Dendritic cells transduced with a recombinant virus are also provided,
where the recombinant virns comprises a polynucieotide of interest and a targeting molecule
that binds DC-SIGN. In some embodiments, the targeting molecule comprising a viral
glycoprotein derived from at least one virus selecied from the group of Sindbis wvirus,
influenza virus, Lassa fever virus, tick-borne encephalitis virus, Dengue virus, Hepatitis B

virug, Rabies virns, Semliki Forest virug, Ross River virus, Aura virus, Boma disease virus,
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Hentaan virus, and SARS-CoV virus. In some embodiments, the targeting molecule is
5VGrmu (SEQ ID NO: 11).

{00311 | Purther, methods of immunizing a mammal by delivering a polynucleotide
encoding 2n antigen to dendritic cells expressing DC-SIGN are also provided in which the
dendritic cells are contacted with a recombinant virus comprising a polynucleotide encoding
an antigen and a targeting molecule that binds DC-SIGN.  In some embodiments, the
dendritic cells are contacted with the recombinant virus ex vive. In otherembodiments, the
dendritic cells are contacted with the recombinant vires in vivo.

[6G22] The methods disclosed herein can alse be used to stirnulate an immune
response to a specific anbigen in 2 mamumal by delivery of a polynucleotide encoding the
anfigen fo dendntic cells using a recombinant virus comprising the polynucleotide and 2
targeting molecule that binds DC-SIGN.  The immune response may be modulated by
providing a further polynucleotide whose expression in the dendritic cell modulates the
imnrune response. For example, a polynuclectide encoding a dendritic maturation factér mey

he delivered.

BRIEF DESCRIPTION OF THE DRAWINGS

fag231 Figure 1 is a schematic representation of a general strategy to target
dendritic cells (DCs) for antigen delivery. Sindbis virus wild-type glycoprotein is mutated at
the heparan sulfate binding site to abolish its binding ability. The resulting mutant .
ghycoprotein (SVQGmu) binds DC-SIGN but does not bind heparin sulfate.  DC-SIGN:
Dendritic Cell Specific ICAM-3 (Intracellular Adhesion Molecules 3)-Grabbing Nonintegrin.

[0024) Figure 2 illustrates laser confocal microscope images of virus particles
harvested from virus-producing cells 'transientiy transfected with lentiviral vector, plasmids
encoding GFP-vpr and SVGmu, and other necessary packaging constructs. The virus particie:s.
are labeled with GFP (green). The surface incorporation of SVGmu was detected by
Immunostaining with an anti-HA tag antibody (red) to label SVGmu. In the “GFP” slide,
viral particles labled with GFP are green. In the “SVGmou™ slide, viral particles with surface
incorporation of SVGmau are stained red. In the “Merged” slide, viral particles where only
GFP is expressed are green, viral pmicles‘ where only SVGmu is incorporated into the

surface are red, and viral particles expressing both GFP and containing SVGmu are yellow.
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The overlay of the green and red eolors {yellow) indicaies the viral particles containing
SVGrny, which represent the majority of the total virus particles. The scale bar represents 2
.

{0025]  Figure 3A shows flow cytometric analvsis of constructed targef cell lines
2937 hDCSIGN expressing human DC-SIGN, and 293T.mDCSIGN expressing murine DC-
SIGN. Sokld line: expression of DC-SIGN in target cell lines; shaded area: background
staiming in 2937 cells.

[0026] Figure 3B shows flow cytometry resuits for detection of GFP expressed in
293T cells transduced with lentivector enveloped with wild-type Sindbis glycoprotein
(FUGW/SVG) or mutant Sindbis glyveoprotein (FUGW/SVGmu). - One miililiter of fresh viral
supernatants of FUGW/SVG and FUGW/SVGmu were used to transduce 2937 cells (2x107)
expressing human DC-SIGN (293 T .hDCSIGN) or murine DC-SIGN {293T.mDCSIGN). The
parental 2937 cells lacking the expression of DC-SIGN were included as controls.  As
illustrated, lentivector enveloped with the mutant Sindbis virus glycoprotein (SVGmu) is able
io specifically transduce 293T cells expressing human or mouse DC-SIGN. The specific
transduction titer of FUGW/SVGmu was estimated to be approximately 1x10° TU/ml for
293T hDC-SIGN and approzimately 0.8x10% TU/km! for 293 T.mDC-SIGN.

(6027} Figure 4A shows flow cylometry results that illustrate the ability of the
FUGW lentivirus en%feloped with the mutant Sindbis glycoprotein (FUGW/SVGmu) o
Speciﬁcaliy transduce mouse dendntic cells expressing DC-SIGN in a primary mixed bone
marrow culture. Whole bone mamrow cells isolated from B6 mice were exposed to the fresh
viral supernatant of FUGW/SVGmu. The FUGW lentivector pseudotyped with the ecotropic
glycoprotein (FUGW/Eeo) was included as a non-targeting control. Surface antigens of the
GFP-positive cells were assessed by staiming with anti-CD11c anéd anti-DC-SIGN antibodies,

10023] Figure 4B shows flow cytomeiry results indicating that FUGW lentivirus
enveloped with the mutant Sindbis glycopreteiﬁ FUGW/EVGmu) does not transduce other
cell types including primary T cells (CD3”, top panel) and B cells (CD19", bottom panel).
Primary CD3" T cells and CD19” B cells were isolated from the mouse spleen and transduced
with the fresh viral supermatant- of either the targeting FUGW/SYGmu or non-targeting
FUGW/Eco vector. GFP expression was analyzed by flow cytometry, Solid hine: cells



exposed to indicated lentiviral vector; shaded area: cells without transduction (as a negative
control),

16028}  Figure 5 shows flow cytometry results that illustrate the ability of the
FUGW lentivirus enveloped with the mutant Sindbis glycoprotein (FUGW/SVGrou) to
specifically transduce bone marrow-derived DCs (BMDCs). BMDCs were generated by
culturing freshly 1solated bone marrow cells in the presence of cytokine GM.-CSF for 6 days,
The cells were then transduced with the fresh viral supemnatant of either the targeting
FUGW/SVGmu or non-targeting FUGW/Eco vector. GFP and CD1lc expression were
measured by flow cytometry.

[0030]  Figure 6 shows activation of BMDCs after targeted transduction with
FUGW/SVGmu. DC activation was assessed by analyzing the surface expression of CDE86
and I-A® using flow cytometry. The addition of LPS (1 ug/mi) overnight was used as a
synergistic stimulator for the activation of transduced BMDCs. Shaded area: GFP negative
(untransduced); sokid line: GFP positive (transduced).

{6031} Figures 7A, 7B and 7C illustrate targeting of DCs in vivo wsing
FUGW/SVGmu lentivirus, B6 mice were injected with 50x10° TU of FUGW/SYGmu and
analyzed 3 days later, Non-immunized mice were included as a control. In Figure 7A, the
images show the size of a representative inguinal lymph node close to the injection site
compared to that of the equivalent lymph node distant from the injection site. Figure 7B
illustrates the total cell number counts of the indicated Iymph nodes in Figure 7A. Figure 7C
ilustrates representative flow cytometric analysis of CD11c” cells from the two lymph nodes
shown in Figure 7A. The numbers indicate the fraction of GFP* DC populations

| [6032; Figure 8 provides a schematic representation of the lentivector encoding
the OVA anfigen (FOVA) (top) and the lentivector encoding GFP (FUGW) as a control
(botiom).

[6033] Figure 9 illustrates in vitro stimulation of CD8™ OT1 T cells by dendritic
cells that were transduced with the FOVA/SVGmu (DC/FOVA) or FUGW/SVGmu
fentivector (DC/FUGW), or by non-transduced BMDCs pulsed with OVAp peptide
(SHNFEKL) (DC/OVAp). Patterns of surface activation markers of OT1 T cells cocultured
with BMDCs were assessed by antibody staining for CD25, CD69, CD62L, and CD44.



Shaded area: naive OT1 T cells harvested from transgenic animals; solid line: OT1 T cells
cocultured with indicated BMDCs.

16034] Figure 10A illustrates the measurement of IFN-y by ELISA in OF! Teelly
mixed with varous dilntions of BMDCs ftransduced with FOVA/SVGmu (=),
FUGW/SVGmu {e), or pulsed with OV Ap peptide {4 ) and cultured for 3 days.

[0035] Figure 10B illustrates the proliferative responses of treated OT1 T cells
from Figure 10A measured by a {3}{] thymidine incorporation assay for 12 hours.

[6036] Figure 11 illustrates in vitro stimulation of CD4" OT2 T celis by dendritic
cells that were transduced with the FOVA/SVGmu (DC/FOVA) or FUGW/EVGmu
lentivector (DC/FUGW), or by non-transduced BMDCs pulsed with OVAp* peptide
(ISQAVHAAHAEINEAGR) (DC/OVAp*). Patterns of surface activation markers of OT2
transgenic T cells cocultured with BMDCs were assessed by antibody stainming for CID25,
CDES, CD62L, and CD44, Shaded zrea: naive OT2 T celis harvested from transgenic
animals; selid Hne: QT2 T cells cocultured with BMDCs,

{6437} Figure 12 illugirates the measurement of IFN-y by ELISA in OT2 T cells
mixed with various dilutions of BMDCs fransduced with FOVA/SVGmu (),
FUGW/SVGmu (e}, or pulsed with OVAp* peptide (&) and cultured for 3 days.

[6038] Figure 13A provides a schematic representation of the retroviral vector
MIG-OT1 used for genetic modification of murine hematopoietic stem cells (HSCs).

[00639] Figure 13B illustrates how CDE™ OT1 T cells derived from the MIG-OT1-
modified HSCs in reconstituted mice were identified by the co-expression of GFP and TCR
Vo2 or VB5. HSCs from B6 mice were infected with MIG-OT1 pseudotyped with Eco
(MIG-OT1/Eco) and fransferred into irradiated B6 recipient mice. Eight weeks post-transfer,
the CD8" OT1 T cells were identified by flow cytometry.

[G046] Figure 14A Hlustrates assessment of patterns of surface activation markers
on GEPTOTI™ T cells isolated from the spleens of reconstituted and immunized mice. Mice
reconstituted by MIG-OT1 modified HSCs were immunized by direct subcutaneous injection
of 10x10° TU of either FOVA/SVGmu or FUGW/SVGmu (as a conirol) and analyzed seven
days later. Detection of surface staining for CD69, CD62L. and CD44 was conducted. Sohd
line: GEPTOTI™ T cells from FOVA/SVGmu-immunized mice; dotted line: GFPTOTIT T



cells from control FUGW/SVGmu-immunized mice; shaded area; GFPTOTIY T cells from
non-immunized mice.

10641} Figure 14B illustrates the total number of OT 1 cells harvested from Iymph
nodes {LN, o) or spleens (SP, &) of non-imrmunized mice (no imm) or mice immunized with
FUGW/3VGmu or FOVA/SVGmu.

[8042] Figure 15 ilfustrates in wvive stimulation of antigen specific T cell and
antibody responses in wild-type mice following a subcutaneous injection of the DC-targeting
lentivector FOVA/SYVGmu. B6 mice were immunized subcutaneousty with 50x1 0 TU of
either FOVA/SVGmu or FUGW/SVGmu {as a confrol), Mice without immunization {no
.} were included as a negative control. Fourteen days post-immunization, spleen cells
were harvested and analyzed for the presence of OV A-specific T celis measured by H~2K"-
SINFEKL-PE tetramer and CD44 staining. Indicated percentages are the percent of total
CD8" T celis.

[6043] Figures 16A and 16B illustrate in vivo OV A-specific T cell responses seen
in mice receiving different subcutaneous doses of FOVA/SVGmu. OVA-specific T cells
were identified by tetramer staining as in Figure 17. Figure 16A shows the measured
percentage of OVA-specific T eells following immunization with 100x10° TU of
FOVA/SVGmu. Figure 16R shows the dose responses of OVA-gpecific T cells following
injection of the indicated doses of FOVA/SVGmu.

[0044] Figure 17A illustrates the patterns of surface activation markers of OVA-
specific CD8™ T cells (identified as tetramer positive cells) isolated fom FOVA/SVGmu
immunized mice 2 weeks post-injection. The surface activation markers were assessed by
antibody staining for CD25, CDE9, CD62L and CD44, Solid Tine: tetramer’CDE™ T cells
from PFOVA/SVGmu-immunized mice; shaded area: naive CD& T celis from non-
immunized mice.

[0045]  Figure 17B illustrates the OVA-specific serum 1gG titer of B6 mice
following immunization with 50x10° TU FOVA/SVGmu. Sera were collected on day 7 and
day 14 post-immunization and were analyzed for the titer of OV A~specific IgG using BLISA

at serial 10x dilutions, starting at 1:100. The titer values were determined by the highest



dilution at which the optical density was 2x standard derivations higher than that of the
baseline serum at the equivalent dilution. ‘

[0046] Figure 18 illustrates tomor size as z funchon of time in a murine E.G7
turnor model. B6 mice were immunized with subcutaneous injection of 50x10° TU of either
FOVA/SVGmu {4} or mock vector FUW/SVGmu {(&). No immunization (8) was included
as a control. Four mice were included in each group. Af day 14 post-immunization, the mice
were chailénged with 5x10° of either E.G7 tumor cells {(expressing the OVA antigen, left
panel) or the parental EL4 tumor cells (lacking the OVA antigen, as a control, fdght panel)
subcutaneously. Tumor growth was measured with a fine caliper and is shown as the product
of the two largest perpendicular diameters (mm®).

10647} Figure 19 illustrates the in vive the kinetic growth of tumors in & murine
E.G7 tamor eradication model, An albino strain of B6 mice were implanted with 5x10° E.G7
tumor cells stably expressing a firefly luciferase imaging gene (E.G7.luc). A mouse (#1)
without tamor implantation was included as a control. Mice bearing tumors were treated
without ramunization (#2), or with immunization by the injection of 50x10° TU of
FOVA/SVGmu at days 3 and 10 (#3, #4) post tumor challenpe. The kinetic growth of the
tumors was monitored by live animal imaging using BLI The p/s/em¥sr represents
photons/sec/cm/steridian.

[0048] Figure 20 shows the quantitation of luminescence signals generated by the
E.G7 tumors in Figure 19. (o) for mouse #2; (@) for mouse #3; (4 ) for mouse #4.

[6049] Figure 21 iflustrates the percentage of OVA-specific T cells present
following immunization with 100x10° TU of FOVA/SVGmu in the albino strain of B6 mice.
Albine B6 mice were immunized subcutaneously with 50x10° TU of FOVNSVGmu._ Mice
without immunization (no imm.) were included as a negative control. Fourteen days post-
mmunization, spleen cells were harvested and analyzed for the presence of OV A-specific T
cells measured by H-2K -SINFEKL-PE tetramer and CD44 staining. Indicated percentages
are the percent of total CD8™ T cells.

[66G50] Figure 22A provides a schematic representation of a DC-targeted

lentivector encoding an imaging gene firefiy luciferase (Luc), designated as Flue/SVGmu.
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0051} Figure 22B illustrates bioluminescence imaging of mice injected
subcutaneousty with 50x10° TU of either the DC-targeting Fluc/SVGmu lentivector {shown
in Figure 25A) or a non-targeting Flhue/VSVG lentivector. The representative image was
obtained at day 30 post-injection using IVIS200® (Xenogen).

[0052] Figure 23 illustrates that administration of z single dose of recombinant
DC-specific lentivector FOVA/SVGmu can generate IFN-y"CD8" T cells in B6 mice. Najve
B6 mice are immunized by subcutaneous injection of 50x10° TU of FOVA/SVGmu
lentivectar, or the same dose of FUGW/SV G as a confrol. The non-immunized B6 mice
(no imm.} were included as a negative control. Two weeks later, spleen cells were harvested
from the experimental mice, and wers analyzed for intracellular IFN-y production using flow
cytometry with or without OVAp peptide restimulation. Indicated percentages are the
percent of IEN-y"CD8" T cells of the total CD8" T cells.

[6053]  Figure 24 illustrates a schematic representation of lentiviral constructs for
prepavation of DC-argeting recombinant viruges.

[6054) Figure 25 shows a schematic representation of an embodiment of in sifu

vaccination against HIV/AIDS.

DETAJLED DESCRIPTION OF THE PREFERRED EMBODIMENT

[6955] Genetic engineering has been shown to be an efficient and potent means to
convert dendritic cells {(DCs) into special immune cells to induce anfigen-specific immune
responses. A great deal of research involving in wvitre manipulation of DCs for
vaccination/immunization ageinst cancer, HIV and other diseases has been conducted.
However, until now, it has not been possible fo specifically and efficiently deliver a gene of
interest, such as a gene encoding an antigen, to dendritic cells in vitro and in vivo. The
inventors have discovered novel methods and compositions for efficient and specific
targeting of DCs in vitro and in vive. The methods and compositions can be used to induce
antigen-specific immune responses, for example for immunotherapy.

[0056] Embodimenis of the invention inchide methods and cdmpositions for
targeting dendritic cells (DCs) by using a recombinant virus tc deliver a polynucleotide fo the

DCs. This 15 preferably accomplished through targeting the DC-specific surface molecule

DC-8IGN (Dendritic Cell Specific ICAM-3 (Intracellular Adhesion Molecules 3)-Grabbing

«31-



Nonintegrin; zlso known as CD209). DC-SIGN is a C-type lectin-like receptor capable of
rapid binding and endocytosis of materials (Geijtenbeek, T.B., et al 2004. 4mmu. Rev.
Immunol. 22: 33-54, which is incorporated herein by reference in its entirety). In preferred
embodiments, recombinant viruses are enveloped with a designed targeting molecule that is
specific in its recognition for DC-SIGN. The polynucleotide can include, but is not Hmited
to, a gene of interest, siRNA(s), and/or microRNA(s). In preferred embodiments, the
polynucleotide encodes an antigen. In some embodiments, the recombinant virus delivers
more than one gene to DCs. For example, genes encoding two or more antigens could be
delivered. The delivery of more than one gene can be achieved, for example, by linking the
genes with an Internal Ribosome Entry Site (IRES), and/or with 2A sequences, and driving
the expression using a single promoter/enhancer.

[G85T} As discussed in mwore detail below, embodiments of the invention are
based on the use of recombinant viruses, such as lentiviruses and gammaretroviruses, because
these viruses are able to incorporate into their envelope a large number of proteins are found
on the surface of virus-producing cells. However, as also discussed below, other types of
viruses may be used and the methods modified accordingly. Generally, a packaging cell line
is transfected with a viral vector encoding a polynucleotide of interest (typically encoding an
antigen), at least one plasmid encoding virus packaging components (such as gag and pol)
and a targeting molecule that is engineered to bind dendritic celis. In preferred embodiments,
the targeting molecule is genetically engineered to specifically bind the DC-SIGN cell surface
marker of dendritic cells. During budding of the virus, the targeting molecule, which is
expressed in the packaging cell membrane, is incorporated into the viral envelope. As a
result, the retroviral particles comprise a core inciuding the polynucieoiide of interest and an
envelope comprising the targeting molecule on its surface,

[0058]  The targeting molecule is able to bind DC-SIGN on 2 dendritic cell, and
the virus is able to deliver the gene of interest to the dendritic cell. Without wishing to be
bound by theory, it is believed that the binding induces endocytosis, bringing the virus into an
endosoms, triggering membrane fusion, and allowing the virus core to enter the cytosol.
Following reverse transcription and migration of the product to the nucleus, the genome of

the virus integrates into the target cell genome, incorporating the polynucleotide of interest



info the genome of the target cell. The DC then expresses the polynucleotide of interest
(typically encoding an antigen). The antigen is then processed and presented to T and B cells
by DCs, generating an antigen-specific immune response. The specific pathway described
above is not reguired so long as the dendntic cell is able to stimulate an antigen-specific
Immune response.

[6059] Ermbodiments of the present invention inctude methods and compositions
for direct targeting of a gene of interest to DCs both in vitro and in vivo. In some preferred in
vivo embodiments, the gene of interest is delivered to DCs without i vitro culture of DCs.
For example, the gene of intersst may be delivered to DDCs via a direct administration of the
targeting virus into a living subject. The gene of interest preferably encodes an antigen
against which an immune response is desired. Exemplary antigens include: tumor specific
anfigens, tumor-associated antigens, tissue-specific antigens, bacterial antigens, viral
antigens, veast antigens, fungal antigens, protozoan anfigens, parasite antigens, mitogens, and
the like. Other antigens will be apparent to one of skill in the art and can be utilized without
undue experimentation.

[3866] The methods disclosed herein may be readily adopted fo utilize targeting
molecnles that are specific for DCs or that can be manipulated to provide the desired
specificity. The targeting molecule is preferably an engineered viral glycoprotein that binds
DC-SIGN in dendritic cells and that facilitates delivery of ihe gene of nterest into the
dendritic cells. Exemplary targeting molecules include, but are not Hmited to, glycoproteins
derived from the following: Sindbis virus, influenza virus, Lassa fever virus, tick-bomne
encephalitis virus, Dengue virus, Hepatitis B virus, Rabies virus, Semliki Forest virus, Ross
River virus, Aura virus, Borna disease virus, Hantaan virus, and SARS-CoV virus. The
targeting molecunle is preferably membrane bound. If necessary, & DC-SIGN-specific
targeting molecule that is designed or derived from a viral glycoprotein for use in the
recombinant virus can be modified 10 2 membrane bound form. _

U Any method lmown in the art can be used to engineer the fargeting
molecule to provide the desired specificity. Exemplary methods include, but are not limited
to, rational protein engineering and DNA shuffling. Generally, to engineer a targeting

molecule specific for DCs, a viral glycoprotein that interacts with a dendritic cell-specific



surface marker is provided. Preferably, the viral glycoprotein interacts with DC-SIGN. The
viral glycoprotein can also interact with at least a second cell surface marker such as, for
exariple, heparin sulfate (HS), which is expressed on cell types other than DCs. The viral
glycoprotein is modified such that its ability to interact with the DC-specific surface marker
15 maintained while its ability to interact with additional cell surface markers is decreased or
eliminated. The modification can be a mutation in at least one residue of the viral
glycoprotein amino acid sequence. The mutation can be a deletion, addition or substitution
of the residue, and it can be carried out by standard methods known in the art. The desired
specificity can readily be conﬁrmeé. For example, once the viral glycoprotein is modified, it
can be used to prepare a recombinant virus by co-transfection with a viral vector containing a
reporter gene and at least one plasmid encoding vires packaging components into a
packaging cell line. The glycoprotein is incorporated into the viral envelope during budding
of the virus. The virus can be used to transfect both a pure population of DCs as well as a
mixed population of cells containing DCs, and specificity of the viral transduction of DCs
can be confirmed by assaying the cells for expression of the reporter gene in DCs and not to &
significantt extent in other cell types. If the specificity is not sufficiently stringent (for
example, il undesired levels of infection of other cell types is observed), the wviral
glycoprotein can be modified further and assayed as described unti] the desired specificity is
achieved. ‘

[0662] Embodiments of the present invention include the delivery to DCs of DC
activators and/or maturation factors in conjunction with antigens. Exemplary DC activators
and maturation factors include, but are nof limited to, stimulation molecules, eytokines,
chemokines, antibodies and other agents such as Flt-3 ligands. For example, the DC
maturation factors can include at least one of the following: GM-CSF, IL-2, IL-4, [L-6, TL-7,
IL-15, Ii~21, [L~23, TNFo, B7.1, B7.2, 4-1BB, CD40 ligand (CD40L) and drug-inducible
CD40 (iCD40) (Hanks, B.A., et al. 2005, Nar Med 11:130-137, which is incorporated herein
by reference in its entirety).

[6063] Embodiments of the present invention alse include methods and
compositions related to administration of recombinant virus as described above, or DCs

infected with recombinant virus, into patients to stimulate antigen-specific immune
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responses, such as, for example, T cell responses {cellular immune responses) and B cell
responses (humoral immune responses). For example, activated CD4 T cells can coordinate
and orchestrate the CD8” cytotoxic T celis and the B cells in an antigen-specific response. In
preferred embodiments, the recombinant virus and/or DCS infected with recombinant virus
are used to stimulate immune responses for the prevention and treatment of diseases such as,
but not Iimited to, cancer and AIDS/HIV. Any disease can be treated for which an immune
response to a particular antigen is beneficial, including, but not limited to, neoplastic disease,
infectious discase, and immune-related diseases.

0064] As herein described, studies were conducied that resulted in the discovery
of methods and compositions that can be used to direct recombinant viruses to provide genes
encoding particular antigens into DCs. The genetic modification of DCs in order to elicit
productive iminune responses can be used in the prevention and treatment of diseases and
provides an effective method of inducing effective T cell Immunity as well .as strong antibody
production. The methods and compositions described herein can provide potent means for
immunization with desired antigens. Such immunization can prevent and treat diseases such

as, for example, cancer and AIDS/ HIV.

Definitions ‘

[0065] Unless defined otherwise, techmnical and scientific terms used herein have
the same meamng as commonly undersiood by one of ordinary skill in the art to which this
imvention belongs. See, e.g., Singleton er al., Dictionary of Microbiclogy and Molecular
Biology 2nd ed., J. Wiley & Sons (New York, NY 1994); Sambrook et al., Molecular
Cloning, A4 Laboratory Manual, Cold Springs Harbor Press (Cold Springs Harbor, NY 1989),
Any methods, devices and materials similar or equivalent to those described herein can be
used in the practice of this invention.

[6066] As used herein, the terms nucleic acid, polynuclectide and nucleotide are
interchangeable and refer to any nucleic acid, whether compesed of phosphodiester linkages
or modified linkages such as phosphotriester, phosphoramidate, siloxane, carbonate,
carboxymethylester, acetamidate, carbamate, thioether, bridged phosphoramidate, bridged

methylene phosphonate, bridged phosphoramidate, bridged phosphoramidate, bridged
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methylene phosphonate, phosphorothiosate, methylphosphonate, phosphorodithioate, bridged
phosphorothioate or sultone linkages, and combinations of such linkages.

[9067]  The terms nucleic acid, polynucieotide and mucleotide also specifically
include muacleic acids compesed of bases other than the five biclogically occurring bases
{adenine, guanine, thymine, cvtosine and uracil).

[B668] As used herein, a nucleic acid molecule 1s said 0 be “isolated” when the
nncleic acid molecule is substantially separated from contammant nucleic acid molecules
encoding other polypeptides.

(0069 “Immunization” refers to the provision of antigen to a host. In some
embodiments, antigen is provided to antigen-presenting cells, such as dendritic cells. As
described below, recombinant virus comprising 2 gene encoding an antigen can be targeted to
dendritic cells with an affinity molecule specific to DC-SIGN on dendritic cells. Thus the
antigen to which an immune response 1s desired can be delivered to the dendritic cells. Other
methods of immunization are well known in the art.

(6079} The term "immunological” or "immune" response is the development of &
beneficial humoral (antibody mediated) and/or a cellular (mediated by antigen-specific T
cells or their secretion products) response directed against an amvloid peptide in a recipient
patient. Such a response can be an active response induced by administration of immunogen
or a passive response induced by administration of antibedy or primed T-cells. A cellular
immune respense is elicited by the presentation of polypeptide epitopes in association with
Ciass I or Class Il MHC molecules to activate antigen-specific CD4” T helper cells and/or
CD8" cyiotoxic T cells. The response méy aiso involve activation of monocvyies,
macrophages, NK cells, basophils, dendritic cells, astrocytes, microglia cells, eosinophils or
other components of innate immunity. The presence of a celi-mediated immunological
response can be determined by proliferation assays (CD4™ T cells) or CTL (cytotoxic T
lymphocyte) assays (Buwke et al., J Inf Dis. 170, 1116-19 (1994}, by antigen-dependent
killing (cytotoxic T lymphocyte assay, Tigges et al., J Immunol. 156, 3901-3910) or by
cytokine secretion. The relative contributions of humoral and cellular réspcmses to the

protective or therapeutic effect of an immunogen can be distinguished by separately isolating
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IgG and T-cells from an immunized syngeneic anima! and measuring protective or
therapeutic effect in a second subject.

(0071} An "immunogenic agent" or "immunogen” is capable of inducing an
immunological response against iself on administration to a patient, optionally in
conjunction with an adjuvant.

[G072] The term "adjuvant” refers fo 2 compound that when administered in
conjunction with an antigen augments, enhances, and/or boosts the immune response to the
antigen, but when administered alone does not generate an immune response to the antigen.
An adjuvant can be administered with the recombinant virus of the invention as 2 singie
composition, or can be administered before, concurrent with or after administration of the
recombinant virus of the invention. Adjuvants can enhance an #nmune response by several
mechanisms incloding lymphocyte recruitrnent, stimulation of B and/or T cells, and
stimulation of macrophages.

16673) “Antibodies” (Abs) and “immunoglobuling” (Igs) are glycoproteins having
the same structural characteristics. While aniibodies exhibit binding specificity to a specific
antigen, immunogiobuling include both antibodies and other antibody-iike moiecules that
lack antigen specificity. Polypeptides of the latter kind are, for example, produced at low
levels by the lymph system and at increased levels by myelomas.

[6674]  The term “aniibody” is used in the broadest sense and specifically covers
human, non-human (&.g. murine), chimeric, and humanized monoclonal antibodies (including
full Jength monoclonal antibodies), polyclonal anfibodies, nmlfi-specific antibodies (e.g.
bispecific antibodies), single-chain antibodies, and antibody fragments so long as they exhibit
the desired biclogical activity. Typically, fragments compete with the intact antibody from
which they were derived for specific binding to an antigen.

[0075] The term "epitope” or "antigenic determinant” refers to a site on an antigen
to which B and/or T cells respond. B-cell epitopes can be formed both from configuous
amino acids or noncontiguous amino acids juxiaposed by tertiary folding of a protein.
Epitopes formed from contiguous amino acids are typically retained onm exposure to
denaturing solvents whereas epitopes formed by tertiary folding are typically lost on

treatment with deﬁatuplﬁg solvents. An epitope typically includes at least 3, and meore



usually, at least 5 or 8-10 amino acids in a unique spatial conformation. Methods of
determining spatial conformation of epitopes include, for example, x-ray crystallography and
Z~dimensional nuclear magnetic resonance. See, é.g., Epitope Mapping Protocols in Methods
in Molecular Biclogy, Vol. 66, Glenn E. Morris, Ed. (1996). Antibedies that recognize the
same epitope can be identified in 2 simple immunoassay showing the ability of one antibody
to block the binding of another antibody to a target antigen. T-cells recognize continuous
epitopes of about nine amino acids for CD8 cells or about 13-15 aminoe acids for CD4 cells.
T cells that recognize the epitope can be identified by in vitro assays that measure antigen-
dependent proliferation, as determined by *H-thymidine incorporation by primed T cells in
response to an epitope (see Burke, supra; Tigges, supra).

[0676] “Target cells” are any cells to which delivery of a polynucleotide or in
which expression of a gene of interest is desired. Preferably, target cells are dendritic cells,
particularly dendritic cells that express DC-SIGN.

109773 The term “mammal” is defined as an individual belonging to the class
Mammaliz and includes, without Imitation, humans, domestic and farm animals, and zoo,
sports, and pef animals, such as sheep, dogs, horses, cats and cows.

[4478] The term "subject” or "patient” ncludes human and other mammalian
subjects that receive either prophylactic or therapeutic treatment.

10079] As used herein, “treatment” is a clinical intervention that may be
therapeutic or prophylactic. In therapeutic applications, pharmaceutical compositions or
medicants are administered 1o 2 patient suspected of, or already suffering from such a disease
in an amount sufficient to cure, or at least partially arrest, the symptoms of the disease and its
complications. In prophylactic applications, pharmaceutical compositions or medicants are
administered to 4 patient susceptible to, or otherwise at risk of, a particular disease in an
amount sufficient to eliminate or reduce the rsk or delay the ouiset of the diseagse. An
amount adeguate to accomplish this is defined as a therapeutically- or pharmaceutically-
effsctive dose. Such an amount can be administered as a single dosage or can be administered
according 10 a regimen, whereby it 18 effective. The ammount can cure a disease but, typically,

-1s administered in order to ameliorate the symptoms of a disease, or to effect prophylaxis of a

disease or disorder from developing. In both therapeutic and prophylactic regimes, agents are
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usually administered in several dosages until a sufficient immune response has been
achieved. Typically, the immune response is monitored and repeated dosages are given if the
immune response starts to fade. “Treatment” need not completely eliminate = disease, nor
need it completely prevent a subject from becoming ill with the disease or disorder.

{6080]  “Tumor,” as used herein, refers to all neoplastic cell growth and
proliferation, whether malignant or benign, and all pre-cancerous and cancerous cells and
tigsues.

(0081} The term “cancer” refers 1o a disease or disorder that is characterized by
unregulated cell growth. Examples of cancer include, but are not limited to, carcinoma,
lymphome, blastoma and sarcoma. Examples of specific cancers include, but are not limited
to, lung cancer, colon cancer, breast cancer, testicular cancer, stomach cancer, pancreatic
cancer, ovarian cancer, liver cancer, bladder cancmr; colorectal cancer, and prostate cancer.
Additional cancers are well known to those of skill in the art and include, but are not limited
to: leukemiz, lymphoma, cervical cancer, ghoma fumors, adenocarcinomas and skin cancer.
Exemplary cancers include, but are not limited to, a bladder tumor, breast tumor, prostate
fumor, basal cell carcinoma, biliary tract cancer, bladder cancer, bone cancer, brain and CNS
cancer (e.g., ghoma tumor), cervical cancer, choriocarcinoma, colon and rectum cancer,
connective tissue cancer, cancer of the digestive system,; endometrial cancer, esophageal
cancer; eye cancer; cancer of the head and neck; gastric cancer; intra-epitheliel neoplasm;
kidney cancer; larynx cancer; leukemia; liver cancer; lung cancer (e.g. small cell and non-
small cell); Eymphbrna including Hodglin's and Non-Hodgkin's lymphoma; melanoma;
myeloma, neuroblastoma, oral cavity cancer {e.g., lip, tongue, mouth, and pharynx);, ovarian
cancer; pancreatic cancer, retinoblastoma; rhebdomyosarcoma; rectal cancer, renal cancer,
cancer of the respiratory system; sarcoma, skin cancer; stomach cancer, testicular cancer,
thyroid cancer; uterine cancer, cancer of the urinary system, as well ag other carcinomas and
sarcornas. Cancer also includes neoplesias and malignant disorders in mammals that are weil
known in the art.

[6082] A “vector” is a nucleic acid that is capabie of transporting another nucleic

actd. Vectors may bs, for example, plasmids, cosmids or phage. An “expression vector™ is a
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vector that is capable of directing expression of a protein or proteins encoded by one or more
genes carried by the vector when it is present in the appropriate environment.

[0683]  The term “regulatory element” and “expression control element™ are used
interchangeably and refer to nucleic acid molscules that can influence the transeription and/or
translation of an operably linked coding sequence in a particular epvironment. These terms
are used broadly and cover all elements thal promote or regulate transcription, including
promoiers, core elements required for basic interaction of RNA polymerase and transcription
factors, upstream elements, enhancers, and response clements (see, e.g., Lewin, “Genes V”
{Oxford University Press, Oxford) pages 847-873). Exemplary regulatory elements in
prokaryotes include promoters, operator sequences and a nibosome binding sites. Reguiatory
elements that are uwsed in eukaryotic cells may include, without limitation, promoters,
enhancers, splicing signals and polyadenylation signals.

[0084]  The term “transfection” refers to the infroduction of a nucleic acid into &
host cell.

[6685] “Retroviruses” are viruses having an RNA genome,

{0086]  “Lentivirus" refers to a genus of retroviruses that are eapabie of infecting
dividing and pon-dividing cells. Several examples of lentivimses include HIV (human
imrnunodeficiency virus: mclnding HIV type 1, and HIV type 2}, the etiologic agent of the
Ihiman- acquired immunodeficiency syndrome (AIDS);, visnz-maedi, which causes
encephalitis {visna) or pneumonia {maedi) in sheep, the caprine arthritis-encephalifis virus,
which causes immune dcﬁcie;qcy, arthritis, and encephalopathy in goats; equine infectious
anemia virus, which causes autoimmune hemolytic anemia, and encephalopathy in horses;
feline immunodeficiency virus (FIV), which causes immune deficiency in cats; bovine
immune deficiency virus (BIV), which causes lymphadenopathy, Iymphocytosis, and possibly
central nervous system infection in cattle; and simian immuncdeficiency virus (SIV), which
cause immune deficiency and encephalopathy in sub-human primates.

[0087] A lentiviral genome is generally organized into a 5° long terminal repeat
(LTR), the gag gene, the pol gene, the env gene, the accessory genes (nef, vif, vpr, vpu) and a
3 LTR. The viral LTR 1s divided into three regions called U3, R and US. The U3 region

contains the enhancer and promoter clements. The U5 region contains the polyadenylation
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signals. The R (repeat) region separates the U3 and U5 regions and transcribed sequences of
the R region appear at both the $' and 3’ ends of the viral RNA. See, for example, "RNA
Viruses: A Practical Approach" (Alan I Cann, Ed, Oxford University Press, (20003, O
Nerayan and Clements J. Gen. Virology 70:1617-1639 (1989), Fields et al. Fundamental
Virology Raven Press. (1990), Miyoshi H, Blomer U, Takahashi M, Gage FH, Verma IM. J
Virol. 72(10):8150-7 (1998}, and U.S. Patent Ne. 6,013,516.

[6088] “Gammaretrovirus” refers fo a genus of the retrovindae family.
Exemplary gammaretroviruses include, but are not imited to, mouse stem cell viras, murine
leukemia virus, feline leukemiz virus, feline sarcoma virus, and avian reticuloendotheliosis
VITUSEs.

[6089] A “hybrd virus” as used herein refers to a virus having components from
one or more other viral vectors, including element from non-retroviral vectors, for example,
adenoviral-retroviral hybrids. As used herein hybrid vectors having a retroviral component
are to be considered within the scope of the retroviruses.

{00961 “Virion,” “viral particie” and “retroviral particle” are used herein o refer
to a single virus comprising an RNA genome, pol gene derived proteins, gay gene derived
proteins and a lipid bilayer displaying an envelope (glyco)protein. The RENA genome is
usually a2 recombinant RNA genome and thus may contain an RNA sequence that is
exogenous to the native viral genome. The RNA genome may also comprise a defective
endogenous viral sequence.

10091} A “psendotyped” retrovirus is a retroviral particle having an envelope
protein that is from a virus other than the virus from which the RNA genome is derived. The
envelope protein can be, for exampie and without limitation, from a different retrovirus or
from a non-retroviral origin. The envelope protein can be a native envelope protein or an
enveiope protein that is modified, mutated or engineered as described herein. In some
embodiments, an envelope protein is a DC-SIGN-specific viral glycoprotein that is derived
from a glycoprotein from cne of the following: Sindbis virus, influenza virus, Lassa fever
virus, tick-borne encephalitis virns, Dengue virus, Hepatitis B virus, Rabies virus, Semliki
Forest virzs, Ross River virug, Aura virus, Boma disease virus, Hantaan virus, and SARS~

CoV virus.

21-



[6092] “Transformation,” as defined herein, describes a process by which
exogenous DNA enters a target cell. Transformation may rely on any known method for the
msertion of foreign nucleic acid sequences into a prokaryotic or eukaryotic host cell and may
inchude, but is not limited to, viral infection, electroporation, heat shock, lipofection, and
particle bormbardment. “Transformed” cells include stably transformed cells in which the
inserted nucieic acid is capable of replication either as an autonomously replicating plasmid
or as part of the host chromosome. Also included are cells that transiently express a gene of
interest.

[0953) A “*fusogenic molecule,” as described herein, is any molecule thai can
trigger membrane fusion when present on the surface of a virus and allows a2 virus core to
pass through the membrane and, typically, enter the cytoso! of a target cell. Fusogenic
molecuies can be, for example, viral glycoproteins. Exemplary viral glycoproteing
contemplated as fusogenic molecules include, but are not limited to hemagghutinin, mutant
hemagglutinin, SIN and viral glycoproteins from the following viruses: Sindbis virus,
influenza virus, Lassa fever virus, tick-borne encephalitis virus, Dengue virus, Hepatitis B
virus, Rabies virus, Semliki Forest virus, Ress River virus, Aura virus, Borna disease virug,
Hantaan virus, and SARS-CoV wvirus. Glycoprofeins can be native or modified to have
desired activity.

[0094) By “transgene” is meant any nucleotide sequence, parficularly a DNA
sequence, that is integrated into ome or more chromosomes of a host cell by human
intervention, such as by the methods of the present invention. The transgene preferably
comprises a “gene of interest.”

[0095] A “gene of mterest” is not imited in any way and may be any nucleic acid,
without limitation, that is desired io be delivered to, integrated, transcribed, translated, and/or
expressed in a target cell. The gene of interest may encode a functional product, such as a
protein or an RNA molecule. Preferably the gene of interest encodes a protein or other
molecule, the expression of which is desired in the target cell. The gene of interest is
generally operatively linked to other sequences that are useful for obtaining the desired
expression of the gene of interest, such as transcriptional regulatory sequences. In some

embodiments a gene of interest is preferably one that encodes an antigen to which an immmune
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response is desiréd. Other genes of nterest that may be used in some embodiments are genes
that encode dendritic cell activators and/or maturation factors.

{0096} A “functional relationship” and “operably linked™ mean, with respect to
the gene of interest, that the gene is in the correct location and orientation with respect to the
promoter and/or enhancer that expression of the gene will be affected when the promoter
and/cr enhancer is contacted with the appropriate molecules.

[86¢97} “2A sequences” or elements are small peptides introduced as & linker
between two proteins, allowing autonomous intraribosomal self-processing of polyproteins
{de Felipe. Genetic Vaccines and Ther. 2:13 (2004); deFelipe et al. Traffic 5:616-626
(2004)). The short peptides sllow co-expression of multiple proteins from a single vector,
such as co-expression of a fusogenic molecile and affinity molecule from the same vector.
Thus, in some embodiments polynucleotides encoding the 2A elements are incorporated into
a vector between polynucleotides encoding proteins to be expressed.

[2098] “DC maturation factors”™ (atso known as “DC activators™) are compounds
that can induce activation or stimulation of DCs such that DCs facilitate the elicitation of
cellular and humoral immune responses. Typical DC maturation factors are known tn the art
and include, but are not limited to, stimulation molecules, cvickines, chemolkines, antibodies
énd other agents such as Fit-3 lgands (Figdor, C.GG., et al. 2004, Nar AMed 10:475-480;
Pulendran, B., et al. 2000. J Immunol 165: 566-572; Maraskovsky, E., et ai. 2000. Blood
96:878-884, each of which is incorporated herein by reference in its entirety). Exemplary DC
maturation factors can include, but are nbt limited to, GM-CSF, 1.-2, IL-4, [L-6, IL-7, IL-15,
IL-21, IL-23, TNFa, B7.1, B7.2, 4-1BB, CD40 ligand (CD40L) and drog-inducible CD40
(1ICD40).

Targetine Molecules

[6099] As discussed above, a targeting molecule is incorporated into &
recommbinant virus to target the virus to dendritic cells that express DC-SIGN. The targeting
maolecule preferably also mediates fusion with the cell membrane and efficient {ransduction
and delivery of the desired polynucleotide(s) into the dendritic cell. Thus, the fargeting
molecule is typically a fusogemic molecule (FM) with the desired binding specificity. The
targeting molecule s modified, if necessary, such that it binds to DC-SIGN on dendritic cells.
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In some embodiments, the targeiing molecule specifically binds to DC-SIGN. That is, the
targeting molecule preferentially directs the recombinant virus to dendritic cells that EXPTESS
DC-SIGN relative to other cell types. Thus, in some embodiments, targeting moleculss are
created by eliminating the ability of a FM to bind to ofher targets, such as hemagglutinin,
whﬂe retaining the ability to bind DC-SIGN. In other embodiments, the targeting molecule
can be modified to elirninate native binding specificity fo non-DC-SIGN molecules and
components thereof and add or improve binding specificity for DC-SIGN, While some
nonspecific binding to other molecules, and thus other cell types, may oceur even if the
targeting molecule is specific for DC-SIGN, the targeting molecules are modified o have
sufficient specificity to avoid undesired side effects, such as side effects that may reduce the
desired imnune response.

E{HGOI Targeting molecules are generally molecules that are able to pseudotype
virus and thus be incorporated in the envelope of recombinant viruses, target dendritic cells
and, under the right conditions, induce membrane fusion and aliow entry of a gens of interest
to the dendritic cells. Preferred targeting molecules are viral glycoproteing. In addition,
targeting molecules are preferably resistant to ultracentrifogation to allow concentration,
which can be important for in vivo gene delivery.

(0161} Targeting molecules preferably induce membrane fusion at a low pH,
independently of binding. Thus, in preferred embodiments, targeting molecule-induced
membrane fasion occurs once the virus comprising the targeting molecule is inside the
endosome of a farget cell and the viral core component, including e polynucieotide of
interest, 13 delivered to the cyiosol.

[0162] In some embodiments a fag sequence is incorporated info a targeting
molecule to allow detection of targefing molecule expression and the presence of the
targeting molecule in viral particles.

[6103) There are two recognized classes of viral fusogens and both can be used as
targeting molecules (D. 8. Dimitrov, Nature Rev. Microbio, 2, 109 (2004)). The class I
fusogens trigger merpbrane fusion using helical coiled-coil structures whereas the class II
fusogens trigger fusion with [ barrels. These two structures have different mechanics and

kinetics (. 3. Dimitrov, Nature Rev. Microbic. 2, 109 (2004)). In some embodiments, class
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I fusogens are used. In other embodiments, class II fusogens are used. In stiﬂl other
embodiments, both class I and clags Il fusogens are usad.

(01064} Some non-limiting examples of surface glycoproteins that may be used as
targeting molecules (or as fusogenic molecules in embodiments where the viral binding and
fusion functions are separate), either in the wild type or in modified form, include
glycoproteins from alphaviruses, such as Semliki Forest virus (SFV), Ross River virus (RRV)
and Aurz virus (AV), which comprise surface glycoproteins such as El, E2, and E3. The E2
glycoproteins derived from the Sindbis virus (SIN) and the hemagglutinin (HA,) of influenza
virus are non-retroviral glycoproteins that specifically bind particular molecules on cell
surfaces (heparin sulfate glycosaminoglycan for E2, sialic acid for HA) and can be used to
create targeting molecules in some embodiments. Their fusion is relatively independent of
binding to receptor molecules, and the activation of fusion is accomplished through
acidification in the endosome (Skehel and Wiley, Annu. Rev. Biochem. 69, 531-569 (Z2000};
Smit, I. et al. J. Virol. 73, 8476-8484 (1999)). Moreover, they can tolerate certain genetic
modifications and remain efficiently assembied on the retroviral surface (Morizonoe et al. L
Virol., 75, 8016-8020).

[63105] In olher embodiments of the invention, surface glvcoproteins of Lassa
fever virus, Hepatitis B virus, Rabies virus, Borma disease virus, Hantaan virus, or SARS-
CoV virus can be utilized as fusion molecules.

[0106] In other embodiments of the invention, flavivirus-based surface
glycoproteing may be used as the basis for targeting molecnles. Like alphaviruses,
flaviviruses use the class II fusion molecule to mediate infection (Mukbopadhyay et al.
{2005 Rev. Microbio. 3, 13-22). prM (about 165 amuino acids) and E {(about 495 amino
acids) are the glycoproteins of flaviviruses. Also, the ligand-binding pockst for ome
flavivirus, Dengoe virus (DV), has been well-characterized. Of interest, DC-SIGN has been
suggested to specifically interact with the carbohydrate residues on the DV E protein to
enhance viral entry {Mukhopadhyay et al. (2003) Nat. Rev. Microbio. 3, 13-22). Thus,
lentiviruses enveloped only by bV E protein, or by modified DV E protein, can be used fo

target DCs. The TBE and DV E proteins, as well as other fusion molecules described, may be
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engineered to provide the desired binding specificity or to be binding deficient and fusion
competent if necessary. -

[6107]  In some embodiments, a form of hemaggiutinin (HA) from influenza
Affow] plague viras/Rostock/34 (FPV), a class I fusogen, is uwsed (T. Hatziicannou, S.
Valsesia-Wittmann, 8. I Russell, F. L. Cosset, J. Virol. 72, 5313 (1998)). In some
embodiments, a form of FEV HA is used (A. H. Lin et al., Hum. Gene. Ther, 12, 323 (2001)).
HA-mediated fusion is generally considered to be independent of receptor binding (D.
Lavillette, S. J. Russell, F. L. Cosset, Curr. Opin. Bictech. 12, 461 (2001)).

10208] In other embodiments, a class [1 FM is used, preferably the Sindbis virus
glycoprotein from the alphavirus family (K. S. Wang, R. 1. Kuhn, E. Q. Strauss, 8. Ou, J. I
Strauss, I, Virol. 66, 4992 (1992)), herein also referred to as SVG. SVG includes two
transmembrane proteins (8. Mukhopadhyay, R. J. Kuhn, M. G. Rossmann, Nature Rev.
Microbio. 3, 13 (2005)), & first protein responsible for fusion (E1), and a second protein for
cell binding (E2). SVG is known to pseudotypes both oncorefroviruses and lentivirnses.

[010%] As discussed below, in some preferred emboediments a modified SV G that
preferentially binds DC-SIGN is utilized. In other embodiments, 2 binding-deficient and
fusion-competent SVG, SV Gimu, can be used as the fusogenic molecule in combination with
& separate targeting molecule, such as an antibody to DC-SIGN or another dendritic cell
specific protein.  For example, a SVG fusogenic molecule can be used in which the
immunoglobulin G binding domain of protein A (ZZ domain) is incorporated into the E2
protein and one or more additional mutations are made to inactivate the receptor binding sites
(K. Morizono et al., Nature Med. 11, 346 (2005)).

{0110] The gene encoding the targeting molecule is preferably cloned into an
expression vector, such as peDNA3 (Invitrogen). Packaging éeiis, such ag 2937 cells are
then co-transfected with the viral vector encoding a gene of interest (fypically encoding an
antigen), at least one plasmid encoding virus packing components, and a vector for
expression of the targeting molecule. If the targeting function is separated from the fusogenic
function, one or more vectors encoding an affinify molecuie and any associated components

15 also provided, The targeting molecule is expressed on the membrane of the packaging cell
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and incorporated into the recombinant virus. Expression of targeting molecules on the
packaging cell surface can be analyzed, for example, by FACS.

[B131] Based on information obtained, for example from structural stadies and
molecular modeling, mutagenesis may be employed to generate the mutant forms of
glycoproteins that maintain their fusogenic ability but have the desired binding specificity
and/or level of binding. Several mutants may be created for each glycoprotein and assayed
using the methods.described below, or other methods known in the art, 1o identify FMs with
the most desirable characteristics. For example, targeting molecules can be tested for the
ability to specifically deliver antigens to’ dendritic cells by determining their ability to
stimulate an immune response without causing undesired side effects in a mammal. The
ability to specifically target dendritic cells can also be tested directly, for example, in cell
culture as described below. '

[6112] To select suitable targeting molecoles {efther wild-type or mutant), viruses
bearing the targeting molecule (and an affinity molecule where appropriate) are prepared and
tested for their selectivity and/or their ability o facilitate penetration of the '{afget cell
membrane. Viruses that display a wild-type glycoprotein can be used as controls for
examining fiter effects in mutants. Cells expressing the binding pariner of the targeting
molecule (or affinity molecule, where appropriate) are transduced by the viras vsing a
standard infection assay. After a specified iime, for example 48 hours posi-transduction,
cells can be collected and the percentage of cells infected by the virus comprising the
targeting molecule {(or affinity molecule and fusogenic molecule can be determined by, for
example, FACS. The selectivity can be scored by calculating the percentage of cells infected
by virus, Sumilarly, the effect of mutations on viral titer can be guantified by dividing the
percentage of cells infected by virus comprsing a mutant tarpeting molecule by the
percentage of cells infected by virus comprising the borresponding wild type targeting
molecule. A preferred mutant will give the best combination of selectivity and infectious
titer. Once an targeting molecule is seiected, viral concentration assays may be performed to
confirm that viruses enveloped by the FM can be concentrated. Viral supernatants are

collected and concentrated by ultracentrifugation. The titers of viruses can be determined by
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limited dilution of wviral stock solution and transduction of celis expressing the binding
partner of the affinity molecule,

{0113] In some embodiments, BlaM-Vpr fuston profein may be utilized to .
evaluate viral penetration, and thus the efficacy of 2 fusion molecule {(wild-type or mutant),
Virus may be prepared, for example, by transient transfection of packaging cells with one or
more vectors comprising the viral elements, BlaM-Vpr, and the FM of interest (and an
affinity molecule if appropriate).- The resulting viruses can be used to infect cells expressing
a moiecule the targeting molecule (or affinity molecule) specifically binds in the absence or
presence of the free inhibitor of binding (such as an anfibody). Cells can then be washed with
COy-independent medium and loaded with CCF2 dye (Aurora Bioscience). Afier incubation
al room femperature to aliow completion of the cleavage reaction, the celis can be fixed by
paraformaldehyde and analyzed by FACS ané microscopy. The presence of blue cells
indicates the penetration of viruses into the cyloplasm; fewer blue cells would be expected
when blocking antibody is added,

16114} To investigate whether penetration is dependent upon a low pH, and seiect
targeting moiecules {or fuscgenic molecules} with the desired pH dependence, NH,Ci or
other compound that alters pH can be added at the infection step (NH,Cl will nenivalize the
acidic compartments of endesomes). In the case of NH,Cl, he disappearance of biue cells will
indicate that penetration of viruses is low pH-dependent.

[0115] In addition, to confirm that the activity is pH-dependent, lysosomotropic
agents, such as ammmmonium chloride, chioroquine, concanamycin, bafilomycin Al, monensin,
nigericin, etc., may be added into the incubation buffer. These agents can elevate the pH
within the endosomal compartments (e.g., Drose and Altendorf, J. Exp. Biol. 200, 1-8, 1997).
The inhibitory effect of these agents will reveal the role of pH for viral fusion and entry. The
different entry kinetics between viruses displaying different fusogenic molecules may be
compared and the most suitable selected for a particular application.

{0116} PCR entry assays may be utilized to monitor reverse transcription and thus
measure kinetics of viral DNA synthesis as an indication of the kinetics of viral entry. For
exarnple, viral particles comprising a parficular targeting molecule may be incubated with

packaging cells, such as 2937 cells, expressing the appropriate cognate for the targeting
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molecule {or a separate affinity molecule in some embodiments). Either immmediately, or.
after incubation (to allow infection to occur) unbound viruses are removed and aliquots of the
cells are analyzed. DNA may then be exiracted from these aliquots and semi-quantitative
performed using LTR-specific primers. The appearance of LTR-specific DNA products will
indicate the success of viral entry and uncoating.

1[81'17] Although the targeting molecule can have both viral binding and fusion
functions, in another aspect of the invention, the viral binding and fusion functions are
separated into two distinct components. Typically, the recornbinant virus comprises both (i)
an affinity molecule that mediates viral binding and precisely targets the virus to dendritic
cells, and (ii) a distinet fusogenic molecule (FM) that mediates efficient transduction and
delivery of the desired polynucleotide into the dendritic cells. The methods disclosed herein
may be readily adopted to utilize any of a varety of affinity molecules and fusogenic
molecules. In addition to those described herein, other exemplary fusogenic molecules and
related methods are described, for example, in U.S. Patent Application No. 11/071,785, filed
March 2, 2005 (published as U.S. Patent Application Publication 2005-0238626), and in U.S.
Patent Application No. 11/446,353, filed June 1, 2006 (published as U.S. Patent Application
Publication 2007/0020238), each of which is incorporated herein by reference in its entirety.

[6118] The affimty molecule is one that binds a dendrtic cell surface marker. In
preferred embodiments, the affinity molecule binds DC-SIGN with specificity. That is, the
binding of the affinity molecule to DC-SIGN is preferably specific enough to avoid undesired
side effects due to interaction with marlers on other cell types. The affinity molecule can be,
for example, an antibody that specifically binds DC-SIGN.

[0119] In some preferred embodiments, the fusion molecule 15 a viral
glycoprotein that mediates fusion or otherwise facilitates delivery of the gene of interest to
the dendritic cell, preferably In response to the low pH environment of the endosome. The
fusion molecule preferably exhibits fast enough kinetics that the viral contents can empty into
the cytosol before the degradation of the viral particle. In addition, the fusion molecule can be
modifiad to reduce or eliminate any binding activity and thus reduce or eliminate any non-
specific binding. That is, by reducing the binding ability of the fusion molecules, binding of

the virus to the target cell is determined predominantly or entirely by the affinity molecule,
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allowing for high target specificity and reducing undesired effects. Exemplary fusion
molecules include, but are not limited to viral giycoproteins derived from ome of the
following viruses: Sindbis virus, influenza virus, Lassa fever virus, tick-borne encephalitis
virus, Dengue virus, Hepatitis B viras, Rabies virus, Semiiki Forest virus, Ross River virus,
Aura virus, Borne disease virus, Hantaan virus, and SARS-CoV virus.

[6120] The methods disclosed herein can be readily adopted to utilize any of a
variety of molecules as targeting molecules, or as fusogeaic molecules in combination with
affinity molecules. In addition to those described herein, other exemplary molecules and
related methods are described, for example, in U.S. Patent Application Publication

2005/0238626 and in .S, Patent Application Publication 2007/0020238).

Vectors

9121} In a preferred embodiment, one or més"é vactors are used to infroduce
polynucleotide sequences into a packaging cel! line for the preparation of a recombinant virns
as described herein. The veciors can contain polynucieofide sequences encoding the various
compenents of the recombinant virus including the DC-specific targeting molecule, a gene(s)
of interest (typically encoding an antigen), and any components necessary for the production
of the virus that are not provided by the packaging cell. In some smbodiments, vectors
contaiming polynucleotide sequences that encode a DC-specific affinity molecule and a
separate fugosenic molecule are substituted for a vector that encodes a DC-specific targeting
molecule in the preparation of the virus, Hukaryotic cell expression vectors are well known
in the art and are available from a number of commercial sources. |

[0122] In one aspect of the invention, vectors containing polynucleotide
sequences that encode DC maturation factors are also used in the preparation of the virus.
These polynucleotides are typically under the conirol of one or more regulatory elements that
direct the expression of the coding seguences in the packaging cell and the target cell, as
appropriate.  Several lines of evidence have shown the success of DC vaccination is
dependent on the maturation state of DCs (Banchereau, J and Palucka, AK. Nat. Rev.
Immunol. 5:296-306 (2005); Schuler, G. et al. Cwrr. Opin. Dnmunol 15:138-147 (2003},
Figdor, C.G. et al. Nat. Med. 10:475-480 (2004), each of which is incorporated herein by

reference). Maturation can transform DCs from cells actively involved in antigen capture
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into cells specialized for T cell priming. In one aspect of the invention, the vector includes
genes that encode the stimulatory molecules o trigger the desired DC maturation. Such
stimulatory molecules are also referred to as maturation factors or maturation stimulatory
factors.

6123} In some embodiments, packaging cells are co-transfected with a viral
vector encoding an antigen and one or more additional vectors. For example, in addition to
the viral vector encoding an antigen, 2 second vector preferably carries a gene encoding a
targeting molecule that binds dendritic cells, such SVGmu, as described elsewhere in the
application. In some preferred embodiments, the targeting molecule encodes 2 modified viral
glycoprotein that is specific for DC-SIGN. The modified viral glycoprotein is preferably one
derived from at ieast one of the following: Sindbis virus, influenza virus, Lassa fever virus,
tick-borne encephalitis virus, Dengue virus, Hepatitis B virus, Rabies virus, Semliki Forest
virus, Ross River virus, Aura virus, Borma disease virus, Hantaan virus, and SARS-CoV
virus. In some embodiments, the viral vector encoding an antigen also includes a
polynucieotide sequence encoding a DC maturation factor, In some embodiments, the
polynucleotide sequence encoding & DC maturation factor is contained in a third veclor that
is co-transfected with the viral vecior encoding an antigen and the one or more additional
vectors irxte the packaging cells.

16124} In other emboediments, one or more multicistronic expression vectors are
utilized that include two or more of the clements (e.g., the viral genes, gene(s) of interest, the
targeting molecule, DC maturation factors) necessary for production of the desired
recombinant virus in packaging cells. The use of multicistronic vectors reduces the total
number of vectors required and thus avoids fhe possible difficulties associated with
coordinating expression from multiple vectors, In a multicistronic vector the wvarious
elements to be expressed are operably linked to one or more promoters {and other expression
control elements as necessary). In other embodiments a multicistronic vector comprising &
gene of interest, a reporter gene, and viral elements is used. The gene of interest typically
encodes an antigen and, optionally, a2 DC maturation factor. Such a vector may be
cotransfected, for exampie, along with a vector encoding a targeting molecule, or, in some

embodiments, a multicistronic vector encoding both an FM and an affinity molecule. In

31-



some embodiments the multicistronic vector comprises a2 gene encoding an antigen, a gene
enceding a DC eaturation factor and viral elements.

[6125]  Each component to be expressed in a multicistronic expression vecior may
be separated, for example, by an IRES element or a viral 2A element, to allow for separate
expression of the various proteins from the same promoter. IRES elements and 24 elements
are known in the art (U.S, Patent No. 4,937,190; de Felipe et al. 2004. Traffic 5: 616-626,
each of which is incorporated herein by reference in its entirety). In one embodiment,
oligonuclectides encoding furin cleavage site ssquences (KAKRj {Fang et al. 2005. Nat
Biotech 23: 584-390, which is incorporated herein by reference in its entirety) linked with
2A-like sequences from foot-and-mouth diseases virus (FMDV), equine rhinitis A virus
{ERAVY, and thosea asignz virus (TaV) (Szymezal ef al. 2004, Nat. Biotechnol. 22: 589-594,
which is incorporated herein by reference in its entirety) are used to separate genetic elements
in a multicistronic vector. The efficacy of a particular mulficistronic vector for use in
synthesizing the desired recombinant viras can readily be tested by detecting exoression of
zach of the genes using standard protocols. |

16124] Generation of the vector(s) can be accomplished using any suitable genetic
engineering iechmiques lmown in the art, including, without limitation, the standard
techniques of restriction endomuclease digestion, ligation, transformation, plasmid
purification, and DNA sequencing, for example as described in Sambrock et al. (1989,
Molecular Cloning: A Laboratory Manual. Cold Spring Harbor Laboratory Press, N.Y.),
Coffin et al. (Retroviruses, Cold Spring Harbor Laboratory Press, N.Y. {(1897)) and “RNA
Viruses: A Practical Approach” (Alan J. Cann, Bd., Oxford University Press, (2000), each of
the foregoing which is incorporated herein by reference in its entirety.

f0127] The vector(s) may incorporate sequences from the genome of any known
orgamisni. The sequences may be incorporated in their native form or may be modified in any
way. For example, the sequences may comprise msertions, delefions or substifutions.

[6128] Expression control elements that may be used for regulating the expression
of the components are known in the art and include, but are not hmited to, inducible

promoters, constitufive promoters, secretion signals, enhancers and other regulatory elements.



[0129] In one embodiment, a vector can include a prokarvotic replicon, ie., a
DNA sequence having the ability to direct autonomous replication and maintenance of the
recombinant DNA molecule extrachromosomally in a prokaryotic host cell, such as a
bacterial host cell, transformed therewith. Such replicons are well known i the art. In
addition, vectors that include a prokaryotic replicon may also include a gene whose
expression confers a detectable marker such as a drug resistance. Typical bacterial drug
resistance genss are those that confer resistance {o ampicitlin or tetracycline.

01301 The vector(s) may include one or more genes for selectable markers that
are effective in a eukaryotic cell, such as a gene for a drug resistance selection marker. This
gene encodes a factor necessary for the survival or growth of transformed host cells grown in
a selective oulture medium. Host cells not transformed with the vector containing the
selection gene will not survive in the culture medinm. Typical selection genes encode
proteins that confer resistance to antibiotics or other toxins, e.g., ampicillin, neomycin,
methotrexate, or tetracycline, complement auxotrophic deficiencies, or supply critical
nutrients withheld from the media. The selectable marker can optionally be present on a
separate plasmid and introduced by co-transfection. .

(0133} Vectors will usually contain a promoter that is recognized by the
packaging cell and that is operably linked to the polynucleotide(s} encoding the targeting
molecule, viral components, and the like. A promoter is an expression control element
formed by a nuclelc acid sequence that permits binding of RNA. polymerase and transcription
to occur. Promoters are unfranslated sequences that are located upstream (59 to the start
codon of a structural gene (generally within about 100 to 1000 bp) and control the
transcription and transiation of the antigen-specific polynucieotide sequence to which they
are operably linked. Promoters may be inducible or copstitutive. The activity of the
inducible promoters is induced by the presence or absence of biotic or abiotic factors.
Inducible promoters can be a useful iool in genetic engineering because the expression of
genes to which they are operably linked can be turned on or off at certain stages of
development of an organism or in a particular tissue. Inducible promoters can be grouped as
chemically-regulated promoters, and physicaliy-regulated promoters. Typical chemically-

reguiated promoters include, not are not limited to, alecholregulated promoters (e.g. alcohol
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dehydrogenase I {(aicA) gene promoter), tetracychine-regulated promoters (e.g. tetracycline-
responsive promoter), steroid-regulated promoter (e.g. rat glucocorticoid receptor (GR}-based
promoter, human estrogen receptor (ER)-based promoter, moth ecdysone receptor-based
promoter, and the promoters based on the stercid/retinoid/thyroid receptor superfamily),
metal-regulated promoters (e.g. metaliothionein gene-based promoters), and pathogenesis-
related promoters (e.g. Arabidopsis and maize pathogen-related (PR) prote:imbaéed
promoters). Typical physically-reguiated promoters include, but are not limited to,
temperature-regulated promoters (e.g. heat shock proroters), and light-regulated promoters
(e.g. soybean SSU promoter). Other exemplary prometers are described elsewhere, for
example, in hyper text transfer protocol://www patentlens.net/daisy/promoters/768/27 1 hitml,
which is incorporated herein by reference in its entirety.

[6132] Ore of skill in the art will be able to select an appropriate promoier based
on the specific circumstances. Many different promoters are well known in the art, as are
methods for operably linking the promoter to the gene to be expressed. Both native promoter
sequences and many heterologous promocters may be used to direct expression in the
packaging cell and target cell. However, heterologous promoters are preferred, as they
generally permit greater transcripiion and lugher vields of the desired protein as compared to
the native promoter.

{06133] The promoter may be obtained, for example, from the genomes of viruses
such as polyomsa virus, fowlpox virus, adenovirus, bovine papifloma virus, avian sarcoma
virus, cytemegalovinis, a retrovirus, hepatitis-B virus and Simian Virus 40 (SV40). The
promoter may also be, for example, a heterologous mammalian promoter, e.g., the actin
promoter or an immunoglobulin promoter, a heat-shock promoter, or the promoter normally
associated with the nafive sequence, provided such promoters are compatible with the target
cell. In one embodiment, the promoter is the naturally occurring viral promoter in a viral
expression systemn. In some embodiments, the promoter is a dendritic cell-specific promoter.
The dendritic cell-specific promoter can be, for example, CDIlc promoter.

[0134] Transcription may be increased by inserting an enhancer sequence into the
vector(s). Enhancers are typically cis-acting elements of DNA, usually about 10 to 300 bp in

length, that act on a promoter to increase its transcrption. Many enhancer sequences are now
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known from mammalian genes (globin, elastase, albumin, o-fetoprotein, and insulin).
Preferably an enhancer from a eukaryotic celi virus will be used. Examples include the SV40
enhancer on the late side of the replication origin (bp 100-270), the cytomegalovirus early
promoter enhancer, the polyvoma enhancer on the late side of the replication origin, and
adenovirus enhancers. The enhancer may be spliced into the vector at a position 3' or 3' to
the antigen-specific polynucleotide sequence, but is preferably located at a site 5' from the
promoter.

101358] Expression vectors will also contain sequences necessary for the
fermination of transcription and for stabilizing the mRINA. These sequences are often found
in the 5' and, occasionally 3', untransiated regions of eukaryotic or viral DNAs or ¢cDNAS and
are well known in the art. '

[6136} Piasmid vectors containing one or more of the components described
above are readily constructed using stendard techniques well known in the art.

[0137] For analysis to confirm correct sequences in plasmids constructed, the
plasmid may be replicated in £ coli, purified, and analyzed by restriction endonuciease
digestion, and/or sequenced by conventional methods.

[6138] Yectors that provide for transient expression in mammalian cells may also
be uwsed. Transient expression involves the use of an expression vector that is able o
replicate efficiently in a host cell, such that the host cell accumulates many copies of the
expression vector and, in turn, synthesizes high leveis of a the polypeptide encoded by the
antigen-specific polynucieotide in the expression vector, See Sambrook et al, supra, pp.
16.17 - 1622,

[6139] Cther vectors and methods suitable for adaptation to the expression of the
viral polypeptides are well known in fhe art and are readily adapted to the specific
circumstances.

[0140] Using the feachings provided herein, one of skill in the art will recognize
that the efficacy of a particolar expression system can be tested by transforming packaging
cells with 2 vector comprising a gene encoding a reporter protein and measuring the
expression using-a suitable techmque, for example, measuring fluorescence from a green

fluorescent protein conjugate. Suitable reporter genes are well known in the art.
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[0141] Transformation of packaging cells with vectors of the present invention is
accornphished by well-known methods, and the method to be used is not limited in any way.
A number of non-vire! delivery systems are known in the art, including for example,
electroporation, lipid-based delivery systems including liposomes, delivery of “naked™ DNA,
and delivery using polycyclodextrin compounds, such as those described mn Schatzlein AG.
{2001. Non-Viral Veciors in Cancer Gene Therapy: Principles and Progresses. Anticancer
Drugs, which is incorporated herein by reference in its entirety). Cationic hpid or salt
treatment methods are typically employed, see, for example, Graham et al (1973, Virol
52:456; Wigler et al. (1979, Proc. Natl. Acad. Sei, USA 76:1373-76), each of the foregoing
which is incorporated herein by reference in ifs entirety. The calcium phosphate precipitation
method is preferred. However, other methods for introducing the vector into cells may also

be used, including nuclear microinjection and bacterial protoplast fusion.

Viral Vecior and Packaging Cells

j0142] One of the vectors encodes the core virus (the “viral vector”),. There are a
large number of available viral vectors that are suitable for use with the invention, including
those identified for human gene therapy applications, such as those described by Pleifer and
Verma (Plafer, A and LM, Venna, 2001, Awru Rev., Genomics Hum. Gener, 2:177-211,
which is incorporated herein by reference in its entirety). Suitable viral vectors include
vectors based on RNA viruses, such as refrovirus-derived vectors, e.g., Moloney murine
leukemia virus (MLV)-derived vectors, and include more complex retrovirus-dertved vectors,
e.g., lentivirus-derived vectors. Human nmumodeficiency virus (HIV-1)-derived vectors
belong to this category. Other examples include lentivirus vectors depved from HIV-2,
feline immunodeficiency virus (FIV), equine infectious anemia virus, simian
immunodeficiency virus (SIV) and masdi/visna virus.

[0143] The viral vecior preferably comprises one or more genes encoding
components of the recombinant virus as well as one or more genes of interest, such as, for
example, an antigen and/or & DC maturation factor. The viral vector may also comprise
genetic elements that facilitate expression of the gene of interest in a target cell, such as

promoter and enhancer sequences. In order fto prevent replication in the target cell,
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endbgenous viral genes required for replication may be removed and provided separately in
the packaging cell line. |

[144] Int a preferred embodiment the viral vector comprises an intact retroviral 57
LTR and a self-inactivating 3" LTR.

[6145] Axny method known in the art may be used to produce infectious retroviral
particles whose genome comprises an RNA copy of the viral vector. To this end, the viral
vector (along with other veciors encoding the gene of interest, the DC-gpecific targeting
molecule, etc.) is preferably infroduced info a packaging cell line that packages viral genomic
RNA based on the viral vector into viral particles.

[0146] The packaging cell line provides the viral proteins that are required in
trans for the packaging of the viral genomic RNA into viral particles. The packaging cell
line may be any cell iine that is capable of expressing retroviral proteins. Preferred packaging
cell lines inchude 293 (ATCC CCL X), Hela (ATCC CCL 2), D17 (ATCC CCL 183),
MDCK (ATCC CCL 34), BHK (ATCC CCL-10) and Cf2Th (ATCC CRL 1420). The
packagiﬁg cell line may stably express the necessary viral proteins., Such a packaging ceil
line is described, for example, in U.S. Patent No. 6,218,181, which is incorporated herein by
reference in its entirety. Alternatively a packaging cell line may be iransiently transfected
with plasmids comprising nucleic acid that encodes one or more necessary viral profeins,
including the DC-gpecific targeting molecule {or altematively, a DC-specific affinity
molecule and fusogenic molecule) along with the viral vectors encoding the gene of interest,
which typically encodes an antigen snd can additionally encode 2 DC maturation factor.

[0147}  Viral particles comprising a polynucleotide with the gene of interest and a
targeting molecule that is specific for dendritic cells arg collecied and allowed to infect the
target cell. In some preferred embodiments, the virus is pseudotyped to achieve target cell
specificity. Methods for pseudotyping are well known in the art and also described herein.

[0148) In one embodiment, the recombinant virus used to deliver the gene of
interest 1s a modified lentivirus and the viral vector is based on a lentivirus. As ientiviruses
are able to infect both dividing and non-dividing cells, in this embodiment it is not necessary

for target cells to be dividing {or to stimulate the target cells to divide).



[0149]  In another embodiment, the recombinant virus used to deliver the gene of
interest is a modified gammaretroviras and the viral vector 1s based on a gammaretrovirus.

[0150]  In ancther embodiment the vecter is based on the munne stem cell virus
(MSCV; (Hawley, R. G, et al. {1996) Proc. Natl. Acad. Sci. USA 93:10297-10302; Keller,
G, et al. {1993) Rlood 92:877--887; Hawiey, R. G., et al. {1994) Gene Ther. 1:136-138, each
of the foregoing which is incorporated herein by reference in s entirety). The MSCV vector
provides long-term stable expression in target cells, particularly hematopoietic precursor cells
and their differentiated f;rogeny,

f0157) In another embodirnent, the vector 18 based on a modified Moloney virus,
for example a Moloney Murine Leukemia Virus. The viral vector can also can be based on a
hybnd virus such ag that described in Choi, LI, et al. (2001, Stem Cells 19, No. 3, 236-246,
which i$ incorporated herein by reference in its entirety).

(61527 A DNA viral vector may be used, including, for example adenovirus-based
vectors and adeno-associated virus {AAV)-based vectors, Likewise, retroviral-adenoviral
vectors also can be used with the methods of the invention.

{0153] Other vectors also can be used for polynucleotide delivery inchuding
vectors derived from herpes simplex viruses (H3Vs), including amplicon vectors, replication-
defective HSV and attenuated HSV (Knsky DM, Marcomi PC, Oligino TJ, Rouse RJ, Fink
DJ, et al. 1998. Development of herpes simplex virus replication-defective multigene vectors
for combmation gene therapy applications. Gene Ther. 5: 1517-30, which is incorporated
herein by reference in ity entirety).

10154] - Other vectors that have recently been developed for gene therapy uses can
also be used with the methods of the invention. Such vectors include those denved from
baculoviruses and aipha-viruses. {(Jolly DJ. 1999. Broerging viral vectors. pp 209-40 in
Friedmann T, ed. 1999, The development of human gene therapy. New York: Cold Spring
Harbor Lab, which is incorporated herein by reference in ifs enfirety).

[0155] In some preferred embodiments, the viral construct comprises sequences
from a lentivirus genome, such as the HIV genome or the SIV genome. The viral construct
preferably comprises sequences from the 5 and 3' LTRs of a lentiviras. More preferably the

viral constract comprises the R and US sequences from the 5' LTR of 2 lentivirus and an
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inactivated or self-inactivating 3' LTR from & lentivirus. The LTR sequences may be LTR
sequences from any lentivirus from any species. For example, they may be LTR seguences
from HIV, SIV, FIV or BIV, Preferably the LTR sequences are HIV LTR sequences.

{@156} The viral construct preferably comprises an mmactivated or_sei f-inactivating
3'LTR. The 3' LTR -may be made self-inactivating by any method known in the art. In the
preferred embodiment the U3 element of the 3' LTR contains a deletion of its enhancer
sequence, preferably the TATA box, Spl and NF-kappa B sites. As a result of the self-
inactivating 3' TR, the provirus that is mtegrated into the host cell genome will comprise an
inactivated 3' LTR.

[6157] Optionally, the U3 seqguence from the lentiviral 3 LTR may be replaced
with a promoter sequence in the viral construct. This may increase the titer of virus recovered -
from the: packaging 'ceil line. An enhancer sequence wmay also be included. Any
erhancer/promoter combination that increases expression of the viral RNA genome in the
packaging cell line méy be used, In a preferred embodiment the CMV enhancer/promoter
sequence 1s used.

[0158] In some preferred embodiments, the viral construct comprises sequences
from a gammaretrovires genome, such as the mouse stem cell virus (MSCV) genome or the
murine leukemia viras (MLV) genome. The viral construct preferably comprises sequences
from the 5" and 3' LTRs of a gammaretrovirus. The LTR sequences may be LTR sequences
from any gammaretrovirus from any species. For example, they may be LTR sequences from
mouse stemn cell virus (MSCV), murine leukemia virug (MLV), feline levkemia virus (FLV},
feline sarcoma virus (FAV), and avian reticoloendotheliosis viruses (ARV).. Preferably the
LTR sequences are MSCV and MLV LTR sequences.

[¢159] In some embodiments, the viral construct preferably comprises an
inactivated or self-inactivating 3' LTR. The 3' LTR may be made self-inactivating by any
method known in the art. In the preferred embodiment the U3 element of the 3' L'TR contains
a deletion of its enhancer sequence, preferably the TATA box, Spl and NF-kappa B sites. As
a result of the selfunactivating 3' LTR, the provirus that is integrated into the host cell

genome will comprise an inactivated 5" LTR.
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{61607  Optionally, the U3 sequence from the gammaretroviral 5 LTR maﬁr be
replaced with & promoter sequence in the viral construct. This may increase the titer of virus
recovered from the packaging cell ne. An enhancer sequence may also be included. Any
erhencer/promoter combination that increases expression of the viral RNA genome in the
packaging cell lne may be used. In a preferred embodiment the CMV enhancer/promoter
sequence 13 used.

f6161] The viral construct generaily comprises a gene that encodes an antigen that
is desirably expressed in one or more target cells. Preferably the gene of interest is located
between the 5' LTR and 3" LTR sequences. Further, the gene of interest is preferably in a
functional relationship with other gepetic elements, for example transcription regulatory
sequences such as promoters and/or enhancers, to regulate expression of the gene of interest
in a particular manner once the gene is incorporated into the target cell. In certain
embodiments, the useful transcriptional regulaiory sequences are those that are highly
reguiated with respect to activity, both temporally and spatially.

{0162} In some embodiments, the gene of interest is in a functional relationship
with internal promoter/enhancer regulatory sequences. An "internal" promoter/enbancer is
one that is iocated between the 5' LTR and the 3' UTR sequences in the viral construct and is
operably linied to the gene that is desirably expressed.

16163} The internal ﬁromoter/cnhancer may be any promoter, enhancer or
promoter/enhancer combination known to increase expression of a gene with which it igin a
fonctional relationship. A “functional relationship" and “operably linked" mean, without
limitation, that the gene is in the comrect location and orientation with respect to the promoter
and/or enhancer fthat expression of the gene will be affected when the promoter and/or
enhancer is contacted with the appropriate moiscules.

103164} The internal promoter/enhancer is preferably selecied based on the desired
expression pattern of the gene of interest and the specific properties of known
promoters/enhancers. Thus, the internal promoter may be 2 constitutive promoter, Non-
limiting examples of constitutive promoters that may be used include the promoter for
ubiquitin, CMV {(Karasuyama et al. 1989, J Exp. Med. 169:13, which is incorporated herein
by reference in ifs entirety), beta-actin (Gunning et al. 1985, Proc. Nail. Acad. Sci. US4
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84:4831-4835, which is incorporated herein by reference in its enfirety) and pgk (see, for
example, Adra et al. 1987, Gene 60:65-74; Singer-Sam et al. 1984, Gene 32:409-417; and
Dobson et al. 1982, Nucleic Acids Res. 10:2635-2637, each of the foregoing which is
incorporated herein by reference in its entirety).

{6165} Alternatively, the promoter may be a tissue specific promoter. In some
preferred embodiments, the promoter is a target cell-specific promoter.  For example, the
promoter can be the dendritic cell-gpecific promoter CD1lc (Masood, R., et al. 2001, Jnr J
Mol Med 8:335-343; Somis, N.V,, et al. 1995. Proc Acad Sci USA 92:7570-7574, each of
which is incorporated herein by reference in its entirety.) In addition, promoters may be
selected to allow for inducible expression of the gene. A number of systems for inducible
expression are known in the art, including the tetracyciine responsive system and the lac
operator-repressor system. It 1s also contemplated that a combination of promoters may be
used to obtain the desired expression of the gene of interest. The skilled artisan will be abie
to sclect a promoter based on the desired expression pattern of the gene in the organism
and/or the target cell of inferest.

f0166] In some embodiments the virval construct preferably comprises at least one
RNA Polymerase I1 or OI promoter. The RNA Polymerase II or I promoter is operably
hinked to the gene of interest and can also be linked to a termination sequence. In addition,
more than one RNA Polymerase II or Il promoters may be incorporated.

[0167] RNA polymerase [I and IIl promoters are well known to one of skill n the
art. A suitable range of RNA polymerase [ promioters can be found, for example, in Paunle
and White. Nucleic Acids Research., Vol 28, pp 1283-1298 (2000), which 1s incorporated
herein by reference in ifs entirety., The definition of RNA polymerase Il or III promoters,
respectively, also include any syathetic or engineersd DNA fragment that can direct RNA
polymerase 0 or IH, respectively, to transcribe its downstreamn RNA coding sequences.
Further, the RINA. polymerase Il or IiI {Pol Il or III} promoter or promoters used ag part of the
viral vector can be inducible. Any suitable indncible Pol II or III promoter can be used with
the methods of the invention. Particularly suited Pol II or Il promoters include the

tetracycline responsive promoters provided in Ohkawa and Taira Hwman Gene Therapy, Vol
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11, pp 577-585 (2000) and in Meissner et al. Nucleic Acids Research, Vol. 29, pp 1672-1682
{2001}, each of winch is incorporated herein by reference in its entirety.

[0168] Aﬁ internal enhancer may also be present in the viral construct to increage
expression of the gene of interest. For example, the CMV enhancer (Karasuyama ¢f al. 1989,
J. Exp. Med 169:13, which is incorporated herein by reference in its entirety) may be used.
In some embodiments, the CMV enhancer can be used in combination with the chicken B-
actin promoter. One of skill in the art will be able to select the appropriate enhancer based on
the desired expression pattern.

[6169] The polynucleotide or gene of interest is not limited in any way and
includes any nucleic zcid that the skilled practitioner desires to have integrated, transcribed,
translated, and/or expressed in the target cell. In some embediménts, the polynucleotide can
be a gene that encodes an antigen against which an irmmune response is desired. In some
embodiments, the polynucleotide can be a gene encoding a smali inhibiting RNA (siRNA) or
a microRNA (miRNA) of interest that down-regulates expression of a molecule. For
example, the gene encoding an siRNA or a microRNA can be used to down-regulate
expression of negative regulators in a cell, including those that inhibit activation or
maturation of dendritic cells. siRNAs and microRNAs are known in the art and describe
elsewhere {(Shen, L. et al. 2004. Naf Biofech 22(12): 1546-1553; Zhou, H. =t al. 2006.
Biochemical and Biophysical Research Communications 347:200-207; Song, X-T., et al.
2006. PLoS Medicine 3(1)ell; Kobayashi, T. and A. Yoshimura. 2005. TRENDS in
Immunology 26(4):177-179; Taganov, K., et al. 2007, Inumunity 26:133-137; Dehiberg, I.E.
and E. Lund. 2007, Sci. STKE 387:pel5, each of which is incorporated herein by reference in
its entirety).

[0170] In addition, in some embodunents, the polynucieotide can confain more
than one gene of interest, which can be placed in functional relationship with the viral

promoter. The gene of interest can encode a protein, a siRNA, or a microRNA. In some
| embodiments, the polynucleotide to be delivered can comprise multipie genes encoding at
least one protein, at least one siRNA, at least one microRNA, or any combinations thereof.
For example, the polynucleotide to be delivered can include one or more genes that encode

one or more antigens against which an immune response is desired. The one or more antigens
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can be associated with a single disease or disorder, or the can be associated with multiple
discases and/or disorders. In some embodiments, a gene encoding an immune regulatory
prﬁteiﬂ can be constructed with a primary gene encoeding an antigen against which an immune
response is desired, and the combination can elicit and regulate the immune response to the
desited direction and magnitude. In some embodiments, a gene encoding an siRNA or
microRNA cap be constructed with a primary gene encoding an anfigen against which an
immune response is desired, and the combination can regulate the scope of the immune
response. (See, for example, embodiments of polynucleotides in Figure 24¢ and Figure 244,
with accompanying sequences in SEQ ID NO: ¢ and SEQ ID NO: 10, respectively.) In some
embodiments, a gene encoding a marker protein can be placed after a primary gene of interest
to allow for identification of celis that are expressing the desired protein. In one embodiment
a fluorescent marker protein, preferably green fluorescent protein {GFP), is incorperated into
the construct along with the gene of interest (iypically encoding an antigen). If more than one
gene 15 included, internal ribosomal entry site (IRES) sequences, or 2A elements are also
preferably included, separating the primary gene of interest from a reporter gene and/or any
other gene of interast. The IRES or 2A sequences may facilitats the expression of the reporter
gene, or other genes.

[G171] The viral construct may also contain additional genetic elements. The
types of elements that may be included in the construct are not limited in any way and will be
chosen by the skilled practitioner to achieve a particular result. For exampie, a signal that
facilitates nuclear entry of the viral genome in the target cell may be inciuded, An example of
such a signal is the HIV-1 flap signal.

(6172} Further, elements may be inciuded that facilitate the characterization of the
provirus integration site in he target cell. For example, a tRNA amber suppressor seguence
may be included in the construct.

[0173] In addition, the construet may contain one or more genetic elements
designed to enhance expression of the gepe of interest. For example, a woodchuck hepatitis
virus responsive element (WRE) may be placed into the construct (Zufferey et al. 1999, J.
Virol. 74:3668-3681; Deglon et al. 2000. Hum. Gene Ther. 11:179-190, each of which is

meorporated herein by reference in its entirety).
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10174] A chicken B-globin insulator may also be included in the viral construct.
This element has been shown to reduce the chance of silencing the integrated provirus in the
target cell due to methylation and heterochromatinization effects. In addition, the insulator
may shield the internal enhancer, promoter and exogenous gene from positive or negative
positional effects from surrounding DNA at the integration site on the chromosore.

[0175] Any additional genetic elements are preferably inserted 3' of the gene of
interest.

[6176] 1o a specific embodiment, the viral vector comprises: a cytomegalovirus
(CMV) enhancer/promoter sequence; the R and U5 sequences from the HIV 5 LTR; the
HiV-1 flap signal; an imternal enhancer, an internal promoter; a gene of interest; the
woodchuck hepatitis virus responsive element; a tRNA amber suppressor sequence; a U3
element with a deletion of its enhancer sequence; the chicken beta-globin insulator; and the R
and U5 seguences of the 3' HIV LTR.

16177} The vira] construct is preferably cloned into a plesmid that may be
transfected into a packaging cell line. The preferred plasmid preferably comprises sequences

useful for replication of the plasmid in bacteria,

Delivery of the Virus

10178] The virus may be delivered to a target cell in any way that allows the virus
to contact the target dendritic cells (DCs) in which delivery of a polynucieotide of interest is
desired. In preferred embodiments, a suitable amount of virus is introduced into en animal
directly {in vivo), for example though injection info the body. In some preferred
embodiments, the viral particles are injected into & mammal’s peripheral blood stream. In
other preferred embodiments, the viral particles are injected into a mammal through intra-
dermal injection, subcutaneous injection, intra-peritoneal cavity injection, or intra-venal
injection. The virus may be delivered using a subdermal injection device such the devices
disclosed in US Patent Nos. 7,241,275, 7,115,108, 7,108,679, 7,083,599, 7,083,592,
7,047,070, 6,971,999, 6,808,506, 6,780,171, 6,776,776, 6,680,118, 6,670,349, 6,569,143,
6,494,865, 5,997.501, 5,848,991, 5,328,483, 5,279,552, 4,886,499, all of which are
incarporated by reference in their entirety for all purposes.Other injection locations also are

suitable, such as directly into organs comprising target cells. For exampie infra-iymph node
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injection, infra-spleen injection, or intra-bone marrow injection may be used to deliver virus
to the lymph node, the spleen and the bone marrow, respectively. Depending on the |
particular circumstances and nature of the target cells, introduction can be carnied out through
other means including for example, inhalation, or direct contact with epithelial tissues, for
example these in the eye, mouth or skin.

[6179]  In other embodiments, target cells are provided and contacted with the
virus in vitro, such as in culture plates. The target cells are typically dendritic cells obtained
from a healthy subiect or a subject in need of treatment. Preferably, the target cells are
dendritic cells obtained from a subject in whom it is desired to stimulate an immune response
to an antigen. Methods to obtain cells from a subject are well known in the art. The virus
may be suspended in media and added to the weils of a culture plate, tube or other container.
The media containing the viras may be added prior to the plating of the cells or after the cells
have been plated. Preferably cells are incubated in an appropriate amount of media io
provide viability and to allow for suitable concentrations of virus in the media such tﬁat
infection of the bost cell ocours,

[¥180] The cells are preferably incubated with the virus for a sufficient amount of
time to allow the virus to infect the celis. Preferably the cells are incubated with virus for at
least 1 hour, more preferably at least 5 hours and even more preferably at least 10 hours.

[0181] In both in vivo and in vitro delivery embodiments, any concentration of
virus that is sufficient to infect the desired target cells may be used, as can be readily
determined by the skilled artisan. When the target cell is to be cultured, the concentration of
the viral particles is at least 1 PFU/ul, more preferably at least 10 PFU/ul, even more
preferably at least 400 PFU/u! and even more preferably at least 1 x 16° PRU/L, '

{018Z] In some embodiments, following infection with the virus in vitro, target
cells can be introduced {or re-introduced) into an animal. In some embodiments, the cells can
be introduced into the dermis, under the dermis, or inte the peripheral blood stream. The
cells iniroduced into an animal are preferably cells derived from that animal, to avoid an
adverse immune response. Cells also can be used that are derived from a donor animal
having a similar immune background. Other cells also can be used, including those designed

to avoid an adverse imrnunogenic response.
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[0183]  The target cells may be analyzed, for example for integration, franscription
and/or expression of the polynucleotide or gene(s) of interest, the nomber of copies of the
gene integrated, and the location of the integration. Such analysis may be carried out at any
time and may be carried out by any methods known mn the art.

[0184}  Subjects in which a recombinant virns or virus-infected DCs are
administered can be analyzed for location of infected cells, expression of the virus-delivered
polynucieotide or gene of interest, stimulation of an immune response, and monitored for
sympioms associated with a disease or disorder by any methods known in the art.

{6385} The methods of infecting cells disclosed zbove do not depend upon
individual-specific characteristics of the cells. As a result, they are readily extended to all
mammals. In some embodirments the recombinant virus is delivered to a human or to human
dendritic cells. In other embodiments, the recombinant virus is delivered to a mouse or (o
mouse dendritic cells. In stifl other embodiments, the recombinant virus is delivered to an
animal other than & human or a mouse, or fo dendritic cells from an animal other than a

human or a mouse. 7
| [0186] As discussed above, the recombinant virus can be pseudotyped to confer
upon it a broad host range as well as target cell specificity. One of skill in the art would also
be aware of appropriate intemal promoters to achieve the desired expression of a
polynucleotide or gene of interest in a particular apimal species. Thus, one of skill in the art
will be able to modify the method of infecting dendritic cells derived from any species.

[6187] The recombinant virus can be evaluated to determine the specificity of the
fargeting molecule incorporated into the virus that targets dendritic cells. For example, a
mixed population of bone marrow cells can be obtained from a subject and cultured in vitro.
The recombinant virus can be administered to the mixed population of bone marrow cells,
and expression of a reporter gene incorﬁor&ted into the virus can be assayed in the cultured
cells. In some embodiments, at least about 50%, more preferably at least about 60%, 70%,
80% or 90%, still more preferably af least about 95% of transduced cells in the mixed cell

popuiation are dendritic cells that express DC-SIGN.

Therapy
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[6188] The methods of the present invention can be used to prevent or treat a
wide variety of diseases or disorders, particularly those for which activation of an mmune
response in a patient would be beneficial. Many such diseases are well known in the art. For
example, diseases or disorders that are amenable to treatment or prevention by the methods of
the present invention include, without limitation, cancers, autoimmune diseeses, and
infections, including viral, bacterial, fungal and parasitic infections. In embodiments of the
invention, a disease is treated by using recombinant viruses to deliver a gene of interest to
dendritic cells, wherein expression of the gene produces & disease-specific antigen and leads
to stimulation of antigen-specific cellular immune responses and humoral imemune responses.

{0189 VIn embodiments of the invention, a recombinant virus s used to deliver
polynucleotides encoding an antigen sgainst which an immune response is desired to
dendritic cells. In some embodiments, the delivery can be achieved by contacting dendritic
cells with the recombinant virus i» vifre, whereupon the transduced dendsiic cells are
provided to a patient. In some embodiments, the delivery can be achieved by delivering the
virus to a subject for contact with dendritic cells in vive. The dendritic celis then stimulate
anfigen-specific T cells or B cells in a patient fo induce ceflular anéd humeral immune
regponses to the expressed antigen. In such embodiments, a patient that is suffering from a
disease or disorder is treated by generating immune cells with a desired specificity.

10194] Any antigen that is associated with a disease or disorder can be delivered
to dendritic cells using the recombinant viruses as described herein. An aniigen that is
associated with the disease or disorder is identified for preparation of a recombinant virus
that targets dendrific cells. Antigens associated with many diseases and disorders are well
known in the art. An antigen may be previously known to be associated with the disease or
disorder, or may be identified by any method known in the ast. For example, an antigen to a
type of cancer from which a patient is suffering may be known, such as a tumor associated
antigen. In one aspect, the invention provides & method to deliver genes encoding tumor
antigens and other necessary proteins to DCs in vivoe using engineered recombinant
lentivirus. In other ‘embodiments, an antigen related fo the disease or disorder is ideniiﬁéd
from the patient to be treated. For example, an antigen associated with a tumor may be

identified from the tumor itself by any method known in the art. Tumor associated anfigens

47



are not limited in any way and inciude, for example, antigens that are identified on cancerous
cells from the patient to be treated. _

(01911 Tumor associated antigens are known for & variety of cancers inciud'mg,‘
for example, prostate cancer and breast cancer. In some breast cancers, for example, the Her-
2 receptor is overexpressed on the surface of cancerous cells. Exemplary tumor antigens
inchede, but are not Hmited fo: MAGE, BAGE, RAGE, and NY-ESG, which are nonmutated
antigens expressed in the immune-privileged areas of the testes and in a variety of fumor
cells; lineage-specific tumor antigens such as the melanocyte-melanoma lincage antigens
MART-E/MeIanwA, gpl00, gp75, mda-7, tyrosinase and tyrosinase-related protein, or the
prostate specific membrane antigen (PSMA) and prostate-specific antigen (PSA), which are
antigens expressed in normal and neoplastic cells derived from the same tissue; epitope
proteins/peptides derved from genes mutated in tomor cells or genes transcribed at different
levels in fumor compared to normal cells, such as mutated ras, ber/abl rearrangersent,
Her2/new, mutated or wild-type p353, cytochrome P450 1B1, and abnormally expressed intron
sequences  such as  N-acetylglocosaminyltransferase-V; clonal reamrangements  of
immunoglobulin gepes generating umique idiofypes in myeloma and B-cell lymphomas;
epitope proteins/peptides derived from oncoviral processes, such as human papilloma virus
pmfeins E6 and E7; nonmutated oncofetal proteins with a tumor-selective expression, such as
carcinoembryonic anfigen and alpha-fetoprotein. A number of tumor associated antigens
have been reviewed (see, for example, "Tumor-Antigens Recognized By T-Lymphocytes,”
Boon T, Cerottini J C, Vandeneynde B, Vanderbruggen P, Vanpel A, Annual Review Of
Immunology 12: 337-365, 1994; "A listing of human tumor antigens recognized by T cells,”
Renkvist N, Castelli C, Robbins P F, Parmiani . Cancer Immunoiogy Immunotherapy 50:
(1) 3-15 MAR 2001, each of which is incorporated herein by reference in its entirety.)

[8193] The antigen can also be an antigen associated with an infectious disease,
such as, for example, HIV/AIDS. The antigen can be, for example, gp120 (Klimstra, W.B.,
et al. 2003, J Virol 77:12022-12032; Bernard, KA., et al. 2000, Virclogy 276:93-103;
Bymes, AP, et al. 1998. J Virol 72: 7349-7356, each of which is incorporated herein by
reference in its entirety). Other exemplary antigens include, but are not limited to: gag, pol,

env, tat, nef and rev (Lieberman, I. et al. 1997, AIDS Res Hum Retroviruses 13(5): 383-392;
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Menendez-Arias, L. et al. 1998, Viral Immunof 11(4). 167-181, sach of which is incorporated
herein by reference in its entirety).

[06193] Examples of viral antigens inciude, but are not limited to, adenovirus
polypeptides, alphavirus polypeptides, calicivirus polypeptides, e.g., a calicivirns capsid
antigen, coronavirus polypeptides, distemper virus polypeptides, Ebcla virus polypeptides,
enterovirus polypeptides, flavivirus polypeptides, hepatitis virus {AE) polypeptides, e.g., a
hepatitis B core or surface aﬂﬁgen, herpesvirus polypeptides, e.g., a herpes stmplex virus or
varicella zoster virus glycoprotein, immmunodeficiency virus polypeptides, e.g., the human
immunodeficiency virus envelope or protease, infectious peritomtis virus polypepfides,
- influenza virus polypeptides, ¢.g., an influenza A hemagglutinin, neuraminidase, or
nucleoprotein, levkemia virus polypeptides, Marburg virus polypeptides, orthomyxovirus
polypeptides, papilloma virus polypeptides, parainfluvenza virus pelypeptides, e.g., the
hernagglutinin/nenraminidase, paramyxovirus polypeptides, parvovirus = polypeptides,
pestivirus polypeptides, picomns virus polypeptides, e.g., a potiovirus capsid polypeptide, pon
vires polyneptides, e.g., a vaccinia virus polypeptide, rabies virus polypeptides, ¢.g., a rabies
virus glyeoprotein G, rveovirus polypeptides, refrovirus poiypeﬁiides, and rotavirus
polypeptides.

[0194] Examples of bacterial antigens include, but are not limited to,
Actinomyces polypeptides, Bacillus polypeptides, Bacteroides polypeptides, Bordetella
polypeptides, Bartonella polypeptides, Borrelia polypeptides, e.g., B. burgdorferi OspA,
Brucella polypeptides, Campylobacter polypeptides, Capnocytophaga polypeptides,
Chlamydia polypeptides, Clostridinm polypeptides, Corynebacterinm polypeptides, Coxiella
polypeptides, Dermatophilus  polypeptides, Enterococcus  polypeptides, Ehrlichia
polypeptides, Escherichiz  polypeptides, Francisella polypeptides, Fusobacterium
polypeptides, Haemobartonella polypeptides, Haemophilus polypeptides, e.g., H. influenzae
type b outer membrane protein, Helicobacter polypeptides, Klebsiella polypeptides, L-form
bacteria polypeptides, Leptospira polypeptides, Listeria polypeptides, Mycobaciena
polypeptides, Mycoplasma polypeptides, Neisseria polypeptides, Neorickettsia polypeptides,
Nocardia  polypeptides,  Pasteurella  polypeptides,  Peptococcus  polypeptides,

Peptostreptococcus  polypeptides, Pneumococcus polypeptides, Protens polypeptides,
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Pseudomonas polypeptides, Rickettsiz polypeptides, Rochalimaea polypeptides, Salmonella
polypeptides, Shigella polypeptides, Staphylococcus polypeptidss, Streptococcus
polypeptides, e.g., S. pvogenes M proteins, Trepbnema polypeptides, and Yersinia
polypeptides, e.g., Y. pestis F1 and V antigens. '

[G195] Examples of fungal anfigens inciude, but are mot Hmited to, Absidia
potypeptides, Acremonium polypeptides, Alternaria pbiypcptide& Aspergifius polypeptides,
Basidicbolus polypeptides, Bipolaris polypeptides, Blastomyces polypeptides, Candida
polypeptides, Coccidioides polypeptides, Conidiobolus polypeptides, Cryptocoscus
polypeptides, Curvalaria polypeptides, Epidermophyton  polypeptides,” Exophiala
polypeptides, Geotrichuun polypeptides, Histoplasma polypeptides, Madurelia polypeptides,
Malassezia polypeptides, Microsporum polypeptides, Moniliella polypeptides, Mortierella
polypeptides, Mucor polypeptides, Paecilomyces polypeptides, Penicillium polypeptides,
Phialemonium  polypeptides, Phialophora polypeptides, Prototheca polypeptides,
Péeuda%lescheria polypeptides, Psendomicrodochium polypeptides, Pythiumn polypeptides,
Rbinosporidium polypeptides, Rhizopus polypeptides, Scolecobasidium polypeptides,
Sporothrix  polypeptides, Stemphyliuzmn  polypeptides, Trichophyton polypeptides,
Trichosporon polypeptides, and Xylohypha polypeptides.

{0194] Examples of protozoan parasite antigens include, but are not limited to,
Babesia polypeptides, Balantidium polypeptides, Besnoitia polypeptides, Cryptosporidium
polypeptides, Eimeria polypeptides, Encephalitozoon polypepiides, Entamoebe polypeptides,
Giardia polypeptides, Hammondia polypeptides, Hepatozoon polypeptides, Isospora
polypeptides, Leishmania polypeptides, Microsporidia polypeptides, Neospora polypeptides,
Nosema' polypeptides, Pentatrichomnonas polypeptides, Plasmodium polypeptides, e.g., P.
falciparum circumsporozoite (PICSP), sporozoite surface protein 2 (PISSF2), carboxyl
terminus of liver state antigen | (PfLSAT co-term), and exported protein 1 (PfExp-1),
Pneumocystis polypeptides, Sarcocystis polypeptides, Schistosoma polypeptides, Theileria
polypeptides, Toxonlasma polypeptides, and Trypanosoma polypepades.

{61971 Examples of helminth parasite antigens include, but are not limited to,
Acanthocheilonema polypeptides, Aelurostrongyvius polypeptides, Ancylostoma polypeptides,
Angiostrongyius polypeptides, Ascaris polypeptides, Brugia polypeptides, Bunostomum
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polypeptides, Capillaria ;:;Giypeptides, Chabertia polypeptides, Cooperia polypeptides,
Crenosoma  pelypeptides, Dictyocaulus polypeptides, Dioctophyme polypeptides,
Dipetalonema polypeptides, Diphyllobothriom polypeptides, Diplydium polypeptides,
Dirofilaria polypeptides, Dracunculus polypeptides, Enterobius polypeptides, Filaroides
polypeptides, Haemonchus polypeptides, Lagochilascaris polypeptides, Loa polypeptides,
Mansonella polypeptides, Muelierius polypeptides, Nanophyetus polypeptides, Necator
polypeptides, Nematodirus polypeptides, Gesophagostomum pojypeptides, Onchocerca
polypeptides, Opisthorchis polypeptides, Ostertagia polypeptides, Parafilaria polypeptides,
Paragonimus  polypeptides, Parascaris  polypeptides, Physaloptera  polypeptides,
Protostrongylus polypeptides, Setaria polypeptides, Spirocerca polypeptides Spirometra
polypeptides, Stephanofilaria polypeptides, Strongyloides polypeptides, Strongyius
polypeptides, Thelazie polyﬁeptides, Toxascaris polypeptides, Toxoccara polypeptides,
Trichinella polypeptides, Trichostrongylus polypeptides, Trichuris polypeptides, Uncinaria
polypeptides, and Wuchereria polypeptides. ‘

[0198] Examples of ectoparasite antigens include, but are mot limited fo,
polypeptides (gncludmg protective antigens as well as allergens) from fleas; ticks, including
hard ticks and soft ficks; flies, such as midges, mosquitos, sand flies, black flies, horse flies,
horn flies, deer flies, tsetse flies, stable flies, mylasis-causing flies and biting gnats; ants,
spiders, lice; mites; and frue bugs, such as bed bugs and kissing bugs.

10199 Once an antigen has been identified and/or selected, 2 polynucleotide that
encodes the desired antigen 15 identified. Preferably the polynucleotide comprises a cDNA.
The polynucleotides encoding the antigen are preferably introduced into target dendritic cells
using a recombinant vires, more preferably a recombinant lentivirus or gammaretrovirus,
including a targeting molecule that binds DC-SIGN as described zbove. The recombinant
vires first binds o the dendntic cell membrane by way of the DC-SIGN targeting molecule,
and the viral core containing a polynucleotide encoding the antigen subsequently enters the
cytasol. The polynucleotide (e.g., one encoding the antigen) is then preferably integrated into
the cell’s genome and expressed. I contacted ex vive, the target dendritic cells are then
transferred back to the patient, for example by injection, where they interact with immune

cells that are capable of generating an immune response against the desired antigen. In



preferred embodiments, the recombinant virus is injected into the patient where it transducss
the targeted dendritic cells in sizu. The dendritic celis then express the paﬁicular antigen
associated with & disease or disorder to be treated, and the patient is able to mount an
effective immune response against the disease or disorder.

{62001  In some embodiments, the recombinant viras contains a polymucleotide
sequence encoding more than one antigen, and upon transduction of a target dendritic cell,
geperates immune responses {o the multitude of antigens delivered to the cell. In some
-embodiments, the antigens are related 1o a single disease or disorder, In other embodiments,
the antigens are refated to multiple diseases or disorders.

jo261) In embodiments of fthe invention, DC maturation factors that activate
and/or stimulate maturation of the DCs are delivered in conjunction with the recombinant
virus carrying the polynucleotide or gene of interest. In some embodiments, the DCs are
activated by delivery of DC matwration factors prior fo delivery of the virus. In some
embodiments, the DCs are activated by delivery of DC maturation factors after delivery of
the virus. In some embodiments, the DCs are activated by delivery of DC maturation factors
simulfanecusly with delivery of the virus. In some embodiments, DC maturation factors are
provided fogether with adrninisiration of the virus. In other embodiments, DC ma’sﬁrurati_an
factors are provided separately from administration of the virus.

[6262) In certain embodiments, one or more DC mamration factors can be
encoded by one or more genes that are contained in the virus and expressed after the viras
transduces a dendritic cell. [n some embodiments, the one or more genes encoding DC
maturation factors can be included in a wviral vector encoding an antigen. In further
embodiments, the one or more genes encoding DC maturation factors can be inchuded in a
viral vector that encodes more than one anfigen. In some embodiments, the one or more
genes encoding DC maturation factors can be provided in a separate vector that is co-
transfected with the viral vector encoding one or more antigens in a packaging cell line.

[G203] In some ersbodiments, the methods of the present invention can be used
for adeptive immunotherapy in & patient. As described above, an antigen against which an
tmmune response is desired is identified. A polynucieotide encoding the desired antigen is

obtained and packaged into a recombinant virus, Target dendrific cells are obtained from the



patient and transduced with a recombinant virus containing a polynucleotide that encodes the

desired antigen. . The dendritic celis are then transferred back into the patient.

Vaccination

[6204]  As discussed above, various enginsered targeting molecules that bind the
DC-SIGN surface dendritic cell marker are contemplated for use in producing recombinant
virus that delivers a gene encoding an antigen to DCs. The viros can be used to transduce
DCs in vitro or in vivo for prevention of a disease or disorder. For example, the Sindbis viras
envclope glycoprotein can be engineered to bind preferentially to DC-SIGN and used to
psendotype & recombinant virus. A gene encoding an antigen against which an immune
response is desired, such as for cancer {for example, Mart-1), or another disease/disorder
(such as viral infection) may be delivered to DCs using the methods described herein. In
some embodiments, multiple genes encoding multiple antigens can be delivered to DCs using
the methods described herein, through the use of multiple viral vectors, or, preferably, a
multicisironic vector system. The one or more genes for the one or more antigens may be
accompanied by genes encoding stimulatory molecules (such as GM-CSF, 1L-2, IL-4, IL-6,
IL-7, IL-15, IL-21, TL-23, TNFe, B7.1, B7.2, 4-1BB, CD40 ligand (CD40L), drug-inducible
CD40 (1CD40Y, and the like) and/or a reporter molecule {such as GFP, luciferase and the like)
using multiple vectors or, preferably, a multicistronic vector system.

[0205] in some embodiments of the invention, human DCs are generated by
obtaining CD34a+ human hematopoietic progenitors and vsing an in vitro culture method as
described elsewhere (e.g., Banchereau et al. Cell 106, 271-274 (2001)). Viruses bearing a
targeting molecule that binds DC-SIGN are generated comprising a gene encoding an antigen
against which an immune response is desired and zre used to transduce human DCs.
Transduction specificity and efficiency may be quantified by FACS. Maturation of DCs can
be characterized by FACS analysis of up-regulation of surface marker such as MHC IL.

(6206} In other embodiments, virus may be injected in vivo, where it contacts
natural DCs and delivers a polynucieotide of interest, typically a gene encoding an antigen.
The amount of viral particles is at least 50 x 10° TU, and can be at least 1 x 107 TU, at least 2
x 107 TU, af least 3 x 107, af least 4 x 107 TU, or at least 5 x 107 TU. At selected intervals,

DCs from the recipient’s lymphoid organs may be used to measure expression, for example,
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by observing marker expression, such as GFP or iuciferase.. T cells from ly_mph nodes and
spleens of virus-treated recipients may be measured from the magnitade and durability of
response to antigen stimulation. Tissue cells other than DCs, such as epithelial cells and
Iymphoid cells, may be anélyzed for the specificity of irn vivo gene delivery.

102077 It is widely agreed that the most effective potential method to end the
AIDS epidemic (and other viral diseases) is a vaccine. To date, no vaccination method
against FIV bas successfuily passed 2 phase [ trial. Thus, there is an urgent need for novel
and effective vaccination strategies. In some embodiments of the invention, DC vaccination
is used. A gene is cloned encoding a vira! protein, such as those described above, into a viral
vector. Patients are infected with viruses comprising a targeting moiecule that binds DC-
SIGN in DCs, preferably with specificity such that undesired side effects are avoided. The
targeting molecule can be, for example, an engineered Sindbis virus envelope glycoproteain,
and the administration of virus can be carried out, for example, by injection. Jn an animal
model, molecularly cloned HIV reporter viruses (NFNSZ-1-HSAS, NL-+-HSAS) and clinical
isolates may be used fo challenge the animals by tail vein injection. Evidence of infection
may be monitored over time in splenccytes, lymph nodes, and peripheral blood. PCR. for
HIV-gag protein and FACS for HAS in the reporter viruses may be used fo fest for viral
integration and replication. Productive in sife DC vaccination may increase resistance to a
HIV challenge. See Exammples 17-20.

[6208) In some embodiments, dendritic cells ransduced with a recombinant virus
as described herein are provided for the prevention of or treatment of a disease or disorder.
In preferred embodiments, the dendritic cells express an antigen against which ap imimmme
response is desired. The antigen is typically one that is not normally expressed in a dendritic
cell but is expressed after the target cell is transduced with the recombinant virus containing &
polynucieotide encoding the antigen. In some embodiments, the dendritic cells further
express & DC maturation factor which is provided to the dendritic cell by a recombinant virus
as described herein.

16209] In some aspécts of the invention, 2n adjuvant is administered in
conjunction with a recombinarg virus of the invention. The adjuvant may be administersd

with the recombinant virus, before the recombinant virus, or after the recombinant virus.
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[G6216] A variety of adjuvants can be used in combination with the recombinant
virus of the invention to elicit an immune response to the antigen encoded to the recombinant
virus., Preferred adjuvants apgment the intrinsic respcmsé to an antigen without causing
conformational changes in the antigen that affect the qualitative form of the respoﬁsa.
Preferred adjuvants include alum, 3 De-O-acylated monophosphoryl lipid A (MFL) (see GB

.2220211). Q821 is a triterpene glycoside or saponin isolated from the bark of the Quillaje

Saponaria Moiina tree found in South America (see Kensil et al., in Vaccine Design: The
Subunit and Adjuvant Approach {(eds. Powell & Newman, Plenum Press, NY, 1995); US
Patent No. 5,057,540). Other adjuvants are oil in water emulsions (such as squalene or
peanut oil), optionally in combination with immune stimulants, such as monophosphoryi
Lipid A (see Stoute et al., N Engl J Med. 336, 86-9 1 (1997}, Another adjuvant is CpG
{Bioworld Today, Nov. 15, 1998). Alternatively, AB can be coupled to an adjuvant. For
example, a lipopeptide version of AB can be pfepared by coupling palmitic acid or other
lipids directly to the Netemminus of A as described for hepatitis B antigen vaccination
(Livingston, J. fmmunol. 159, 1383-1392 (1997)). However, such coupling should not
substantially change the conformation of AP so as to affect the nature of the immmume
response therete. Adjuvants can be administered as a component of a therapeutic
composition with an active agent ‘or can be administered separately, before, concurrently
with, or after adminigtration of the therapeutic agent.

0211 A preferred class of adjuvants is afuminum salts (alum), such as aluminum
hydroxide, aluminum phosphate, aluminum sulfate. Such adjuvants can be used with or
without other specific immunostimulating agents such as MPL or 3-DMP, QS21, polymeric
or monoemeric amino acids such as polyghuiamic acid or polylysine. Another class of
adjuvants is oil-in-water emulsion formulations. Such adjuvants can be used with or without
other specific immunostimulating agents such as muramyl peptides (e.g., N-acetylmuramyl-
L-threonyl-D-isoglutarnine (thr-MDP), N-acetyl-normuramyl-L-alanyl-D-isoglutamine (nor-
MDP), N-ascetylmuramyl-L-alanyl-D-isoglutaminy!-L-alanine-2-(1'-2'dipalmitoyl-sn-ghycero-
3-hydroxyphosphoryloxy)-ethylamine (MTP-PE), N-acetyiglucsaminyl-N-acetylmuramyl-L-
Al-D-isoglu-L-Ala-dipalmitoxy propylamide (DTP-DPP) theramide’ ™), or other bacterial cell
wall components. OQil-in-water emulsions include (a) MF39 (WO 90/14837), containing 5%



Squalene, 0.5% Tween 80, and 0.5% Span 85 {optionally containing varions amounis of
MTP-PE) formulated into submicron particles using a microfluidizer such as Model 110Y
microfluidizer (Microfluidics, Newton MA), (b} SAFPF, contaming 10% Squalape, 0.4%
Tween 80, 59% piuroﬁfc—blocked polymer L121, and thr-MDP, either microfluidized into a
submicron emulsion or vortexed 10 generate a larger particle size emulsion, and (¢) Ribi™
adjuvant system (RAS), .(Ribi Immunochem, Hamifton, MT) containing 2% squalene, 0.2%
Tween 80, and one or more bacterial cell wall components from the group consisting of
monophosphorylipid A (MPL), trehalose dimycolate (TDM), and cel! wall skeleton {CWS}),
preferably MPL + CWS (Detox™).,  Another class of preferred adjuvants is saponin
adjuvants, such as Stumulon™ (QS21, Aquila, Worcester, MA) or particles generated
therefrom such as ISCOMs (immunostimulating complexes) and ISCOMATRIX. Other
adjuvants inclade Complete Freund's Adjuvant (CFA) and Incom@iete Freund's Adjuvent
(IFA).  Other adjuvants include cvickines, such as interleukins (IL~1,1L-2, and TL-12),
macrophage colony stimuiating factor (M-CSF), tumor necrosts factor (TNF).

A 162121 An adjuvant can be admunistered with the recombinant virus of the
invention =s a single compesition, or can be administered before, concurrent with or afier
administration of the recombinant virus of the invention. Immunogsn and adjuvant can be
packaged and supplied in the same vial or can be packaged in separate vials and mixed before
use. Imoyunogen and adjuvant are typically packaged with a label indicating the intended
therapeutic application. If immunogen and adjuvant are packaged separately, the packaging
typically includes instructions for mixing before use.  The choice of an adjuvant and/or
carner depends on the stability of the vaccine containing the adjuvant, the route of
administration, the dosing schedule, the efficacy of the adjuvant for the species being
vaceinated, and, in humans, a pharmaceutically acceptable adiuvant is one that has been
approved or is approvable for human administration by pertinent regulatory bodies. For
-example, Complete Freund’s adjuvant is not suitable for muman administration. Alum, MPL
and QS21 are preferred.  Optionally, two or more different adjuvants can be used
simultaneously. Preferred combinations include alum with MPL, alam with QS21, MPL

with’ QS21, and alum, Q821 and MPL together. Also, Incomplete Freund's ajuvant can be



used (Chang et al., Advanced Drug Delivery Reviews 32, 173-186 (1998)), optionally n

combination with any of alum, QS21, and MPL and all combinations thereof.

Pharmaceutical compositions and kifs

[6213] Also contefnplatad herein are pharmaceutical compositions and kits
containing 2 recombinant virus provided herein and one or more components.
Pharmaceutical compositions can include a recombinant virus provided herein and a
pharmaceutical carrier.  Kits can include the pharmaceutical compositions and/or
combinations provided herein, and one or more components, such as instructions for use, a
device for administering a compound to a subject, and a device for administering a compound
to & subject.

[6234] Provided herein are pharmaceutical compositions containing a virus
provided herein and a suitable pharmaceutical carrier. Pharmacentical compesitions provided
herein can be in various forms, e.g., in solid, liguid, powder, aqueous, or yophilized form.
Examples of suitable pharmaceutical carriers are known in the art.  Such carriers and/or
additives can be formulated by conventional methods and can be administered to the subject
at a suitable dose. Stabilizing agents such as lipids, muclease inhibitors, polymers, and
chelating agents can preserve the éompositions from degradation within the body. |

10215] The recombinant viruses provided herein can be packaged as kits, Kits
can optionally include One Or MOre Components such as instructions for use, devices, and
additional reagents, and components, such as tubes, containers and syringes for practice of
the methods. Exemplary kits can include the viruses provided herein, and can optionally
include instructions for use, a device for detecting a virus in a subject, a device for
administering the virus ie a subject, and a device for administering a compound to 2 subject.

(0216} Kits comprising polynucleotides encoding a gene of interest (typically an
antigen) are also coniemplated herein. In some embodiments, the kit includes at [east one
plasmid encoding virus packaging components and vector encoding 2 targeting molecule that
ix engineered to bind dendritic cells, preferably with specificity. In some embodiments, the
kit includes at least one plasmid encoding virus packaging components, a vector encoding a
targeting molecule that is engineered to bind dendritic cells and a vector encoding at least one

DC maturation factor,



9217} Kits compnsing a viral véctor encoding a gene of interest {typically an
antigen) and optionally, a polynucleotide sequence encoding a DC maturation factor are also
contemplated herein. In some embodiments, the kit-includes at least one plasmid encoding
virus packaging components and vector encoding a targeting molecule that is epgineered to
bind dendritic celis. |

0218] In one example, a kit can contain instructions. Instructions typically
include a tangible expression describing the virus and, optionally, other components included
in the kit, and mefhods for administration, including methods for determining the proper state
of the subject, the proper dosage amount, and the proper admimistration method, for
administering the virus. Instructions can zlso inchide geidance for monitoring the subject
over the duration of the treatment time.

[0219) Kits provided herein also can include a device for administering a virus to
a subject. Any of a variety of devices known in the art for administering medications or
vaccines can be included in the kits provided herein. Exemplary devices include, but are not
limited to, a hypodermic needle, an iniravenous needle, a catheter, a needle-less injection
device, an inhaler, and a liquid dispenser, such as an eyedropper. Typically, the device for
adininistering a virus of the kit will be compatibie with the virus of the kit; for example, a
needie-less injection device such as & high pressure 'injection device can be included in kits
with viruses not damaged by high pressure injection, but is typically not included in kits with
viruses damaged by high pressure injection.

192201 Kits provided herein also can inclade a device for admimstering &
compound, such as a DC activaior or stimulator, to a subject. Any of a variety of devices
known in the art for administering medications to a subject can be included m the kits
provided herein. Exemﬁlary devices include a hypodermic needle, an intravenous needie, a
catheter, a needle-less injection, but are not limited to, a hypodermic needle, an miravenous
needle, a catheter, a needle-less in;'ectién device, an inhaler, and a liquid dispenser such as an
evedropper. Typically the device for administering the compound of the kit will be
compatible with the desired method of administration of the compound. |

102211 The following examples are offered for illustrative purposes only, and are

aot intended to limit the scope of the present inventlon in any way. Indeed, various



modifications of the invention in addition to those shown and described herein will become
apparent to those skilled in the art from the foregoing descriptibn and fall within the scope of
the appended claims.

{0222} All patent and literature references cited in the present specification are

hereby incorporated by reference in their entirety.

EXAMPLE 1
ENGINEERING OF A DC-SPECIFIC TARGETING MOLECULE

(6223} Lentiviral vectors can be rationally engineered to make them capable of
transducing DCs in a cell-specific manner. Certain subsets of DCs bear on their surface the
DC-SIGN protein (Geijtenbeek, T.B., et al. 2600; Geijtenbeek, T.B., et al. 2000, supra), & C-
type lectin-like recepior capable of rapid binding and endocytosis of materials {Geijtenbeck,
T.B. & al. 2004, supra.), which can be used as a targeting receptor on DCs. Sindbis virus
(SV}~a member of the Alphavirus genus and the Togaviridae family—is able to infect DCs
through DC-SIGN (Klumstra, W.B.,, et al. 2003, J. Firol 77: 12022-12032, which is
incorporated herein by reference in its entirety). However, the canonical viral receptor for the
Isboratory strain of SV is cell-surface heparan sulfate (FIS), which is expressed by many cell
types (Strauss, 1LH., et al. 1994, Areh. Virol 9: 473-484; Bymes, AP, and D.E. Griffin.
1998. J. Virol 72: 7349-7356, each of which is incorporated herein by reference in its
entirety). Taking advaniage of the physical separation of the two receptor-binding sites on
the SV envelope glycoprotein (hereafier designated as SVG), the receptor was engineered to
be blind to its canonical binding target HS and to leave intact its ability to interact with DC-
SIGN (Figure 1). Once it is incorporated onto a viral surface, this mutant glycoprotein is able
to mediate infection of DCs but not other cells.

[#224]  The cDNA for wild-type SVG was obtained from the laboratory of Dr.
J.IH. Strauss laboratory at the California Institute of Technology and cloned into the pcDNA3
vector (invitrogen) by PCR to generate plasmid pSVG. A ten-residue tag (MYPYDVPDYA)
sequence was inserted into E2 protein between amino acids 71 and 74 by PCR mutagenesis 1o
disrupt the HS binding site (Karavans, G., et al. 1998. Crit Rev Oncol Hemat 28: 7-3(;
Lavillete, D, et al. 2001. Curr Opin Biotech 12: 461-466; Russell, 8.1. and F.L. Cosset. 1999,
J Gene Med 1: 300-311; Sandrin, V., et al. 2003. Curr Top Microbiol 281 137-178;
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Verhoeyen, E. and F.L. Cosset. 2004. J Gene Med 6: S83-594, each of which is incorporated
herein by reference in its entirety). An available antibody against the inserted tag sequence
provided the ability to monitor the expression of the modified SVG. In order to further
decresse the HS-specific infection, several critical residues were identified as being involved -
in binding to HS molecules (Coffin, I. M., et al. 1997, Retroviruses. New York: Cold Spring
Harbor Laboratory Press; Battin, J.L., et al. 1998, J Viro! 72:428-435; Valsesiawittmann, 5.,
et al. 1994, J Virol 68:4609-4619; Wu, BW , et al. 2000. Virology 269: 7-17; Cosset, F.L., et
al. 1995, J Virol 69:6314»6322;‘ Kaymean, 5.C., et al. 1999 J Virol 73: 1802-1808; Lorimar,
LAJ. and 8.}, Lavictoire. 2000. J Immunol Methods 237:147-157; Bamett, A.L., at al. 2061,
Proc Nat Acad Sci USA 98: 4113-4118; Benedict, C.A., et al. 2002, Hin Gerne Ther 10:545-
557, Goltan, T.J. and M.R. Green. 2002. J Virol 76:3558-3563, each of which is incorporated
herein by reference in its entirety). Two such residues were mutated into alanines
{157KEISS to 157AA158), |

[9225] An additional deletion was introduced to the E3 glycoprotein of SVG to
remove amine acids 61-64. This modified SVG was designated as SVGmu (SEQ ID NO:
11}, The ¢DNA for SVGmyu was cloned downstream of the CMV promoter in the pcDNA3
vector (designated 28 pSVGnm, SEQ 1D NO: 3). |

EXAMPLE 2
PREPARATION OF RECOMBINANT VIRUS CONTAINING THE DC~SPECIFIC
TARGETING MOLECULE
[02256] Preparation of the recombinant SVGmu-pseudotyped lentivirus was
conducted by standard calcium phosphate-mediated transient transfection of 293T cells with
the lemtiviral vector FUGW (SEQ ID NO:1) or its derivatives, the packaging constructs
encoding gag, pol and rev genes, and pSVGmu (Example 1), FUGW is & selftinactivating
Ieptiviral vector carrving the buman ubiquitin-C promoter to drive the expression of a GFP
reporter gene (Lois, C., et al, 2002. Science 295: 868-872, which is incorporated herein by
reference in its entirety). The lentiviral transfer vectors (FUGW and its derivatives) used in
these studies are third generation HIV-based lentiviral vectors, in which mést of the U3

region of the 3' LTR is deleted, resulting in a self-inactivating 3°-LTR (SIN}.
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{6227]  For the transient transfection of 2937 cells, 2937 cells cultured in 6-crn
tissue culture dishes (Coming or BD Biosciences) were transfected with the appropriate
fentiviral transfer vector plasmid {5 ng), slong with 2.5 ug each of the envelope plasmid
(SVG, SVGnu, Eco, or VEVG) and the packaging plasmids (pMDLg/pRRE and pRSV-Rev).
The viral supematants were harvested 48 and 72 hours post-transfection and filtered through
a (.45-um filter (Coming). To prepare concentrated viral vectors for in vive study, the viral
supernatants were uliracenirifugated (Optima L-80 K preparative ultracentrifuge, Beckman
Coulter) at 50,000 x g for 90 min. The peliets were then resuspended in an appropriate
volume of cold PBS.

{0228)  The resultant viruses pseudotyped with SVGmu are hereafer referred to as
FUGW/SVGmu. Control viruses enveloped with the wild-type SVG glycoprotein are
hereafter referred to as FUGW/SVG.

EXAMPLE 3
CONFOCAL IMAGING OF PACKAGED RECOMBINANT VIRUS

[0226] GFP-vpr-labeled lentivectors were produced as described in Example 2,
except with use of FUW lentivector {(which does not contain the GFP reporter gene) and with
a separate plasmid encoding GFP-vpr (2.5 pg). Fresh viral supernatant was overlaid on
pelylysine-coated coverslips in a 6-well culture dish and centrifuged at 3,700 x g at 4°C for 2
hours using a Sorvall Legend RT centrifuge. The coverslips were rinsed with cold PBS twice
and immunostzined by anti-HA-biotin antibody (Miitenyi Biotec) and CyS-sirepiavidin
(Invitrogen}. Fluorescent images were taken by 2 Zeiss LSM 510 laser scanning confocal
microscope equipped with filier sets for fluorescein and Cy5. A plap-apochromat oil
iramersion objective (63x/1.4) was vsed for imaging.

[0230] Figure 2 shows the fesuits of the confocal imaging of the recombinant
virus produced by the protocol. (The scale bar represents 2 pm.} Particles in the “GFP” slide
are stained green, particles in the “SVGmu” shide are stained red, and particles in the
“Merged” slide are stained green where only GFP is expressed, red where only SVGru is
expressed, and yellow/yellow-orange where GFP and SVGmu are both expressed. Over 90%
of the GFP-labeled particles contained SVGmu. Thus, the production of lentiviral particles

displaying SVGmu was confinmed through confocal imaging.
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EXAMPLE 4
PREPARATION OF DC-SIGN CELL LINES

[02331]  To facilitate the study of targeted transduction, DC-SIGN cell lines
expressing human DC-SIGN (hereafter referred to as 293T.hDCSIGN) and murine DC-SIGN
{hereafter referred to as 293T.mDCSIGN) were constructed.  The 203ThADCSIGN and
293T.mDCSIGN cell lines were generated by stable ransduction of parental 293T cells with
& VSVG-pseudotyped lentivector. The cDNAs for hurnan DC-SIGN and murine DC-SIGN
were amplified from plasmids pUNO-hDCSIGNIAa and pUNG-mDCSIGN (InvivoGene)
and cloned downstream of the human ubiquitin-C promoter in the lentiviral plasmid FUW to
generate FUW-hDCSIGN (SEQ ID NO: 5) and FUW-mDCSIGN (SEQ ID NO: 6),
respectively. The lentivectors were then pseudotyped with VSVG and used to transduce 293T
cells. The resulting cells were subjected to antibody staining (anti-human DC-SIGN antibody
from BD Biosciences and anti-murine DC-SIGN from eBioscience) and cell sorting to yieid a
wniform population of DC-SIGN” 293ThDCSIGN and mDC-SIGN' 293 T.mDCSIGN cell
lines

f0232) Flow cytometry showed that DC-SIGN was expressed in virtually all of
the 293T hDCSIGN and 2903T.mDCSIGN cells of the cell lines (Figure 3A). In each
diagram, the solid lines (unfilled arca) represents expression of DC-SIGN in the 2937 DC-
SIGN cell lines, and the shaded area represents the background staining of non-transduced

2037 cells,

EXAMPLE 5
EVALUATION OF THE DC-SIGN SPECIFIC RECOMBINANT VIRUS BY
TRANSDUCTION OF DC-SIGN CELL LINES

[6233] To assess the transduction efficiency and specificity of FUGW/SVE or
FUGW/SVGmu (Example 2), the viruses were used to transduce the 293T.hDCSIGN and
293T.mDCSIGN cell lines (Example 4). Transduction efficiency was measwred by GFP
expression within the cell lines. |
. [0234] Target cells (293T.hDCSIGN, 293T.mDCSIGN, or 2937 cells; 0.2x10°
per well) were seeded in 2 24-well culture dish (Corning or BD Biosciences) and spin-

infected with viral supernatants (1 ml per well) at 2,500 rpm and 30°C for 90 min by using a
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Sorvali Legend centrifuge. Subsequently, the supernatants were replaced with fresh culture
medium and ncubated for 3 days at 37°C with 5% of CO,. The percentage of GFPP” cells was
measured by fow cytometfy. The transduction titer was determined by the dilution ranges
that exhibited a linear response |

[0235] Flow cytometry showed that FUGW/SVG (containing the wild-type SVG
enveiope glycoprotein) had similar transduction efficiency (11~16% transduction) towards
the three target cell lines (2937, 293T.hDCSIGN, and 293 T.mDCSIGN) (Figure 3B). This
indicates that that S5VG has broad specificity and the presence of DC-SIGN on the cell
surface does not markedly alter the transduction ability of a SVG-pseudotyped lentiviral
vector. In contrast, the FUGW/SVGmu vector {containing the mutant SVG envelope
glycoprotein) could specifically fransduce 293T hDCSIGN and 293T.mDCSIGN cells with a
42% and 34% transduction efficiency, respectively, but not the 293T cells (Figare 3B).
These results demonstrate thai a psendotvped lentiviral vector displaying SVGmu can
specifically transduce cells eéxpressing either human or murine DC-SIGN. Furthermore, the
mzant SVG gave more efficient transduction of DC-SIGN-expressing cells than of wild type
SV,

[0236] The stable integration of the FUGW lentiviral vector in the fransduced
cells was confirmed by PCR analysis of the genomic integration of the GFP reporter gene.
To demonstrate that the specific fransduction was mediated by DC-SIGN, the addition of
soluble anti-human DC-SIGN antibedy to the FUGW/SVGmu viral supernatant before its
exposure o 293"i”.hDC]SiC}}\;T cells reduced the transduction efficiency (data not shown). The
specific titer of FUGW/SVGmu for 293T.mDCSIGN was estimated to be 1x10° TU
{Transduction Unitsyml. The titer of FUGW/SVGmu for 2937 hDCSIGN was estimated %
be 1-2x10° TU/ml.

EXAMPLE 6
EVALUATION OF THE RECOMBINANT VIRUS in vitro
[0237] To investigate the specificity of the engineered lentivector for transduction
of dendﬁtio cells (DCs) expressing DC-SIGN, total bone marrow {BM) cells were isolated
from mice and transduced directly with the FUGW/SVGmu viral vector (Example 2). A

protocol to generate mouse DCs from progenifors grown in BM cultures was adapted for use
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in the experiment (Buchholz, CJ., et al. 1998, Nat Bioteck 16:951-954, which is incorporated
herein by reference in its entirety). |

16238]  Total bone marrow cells were harvested from B6 female mouse (Charles
River Breeding Laboratories), and BMDCs were generated as described elsewhere (Yang, L.
and D. Baltimore. 2005. Proc. Natl. Acad. Sci. USA 102: 4518-4523, which is incorporated
herein by reference in its entirety). .Either total BM cells or BMDCs were plated in a 24-well
culture dish (2x10° cells per well), and spin-infected with viral supernatant (1 ml per well) at
2,500rpm and 304°C for S0mun using a Sorvall RT7 ccﬁtﬁﬁzge. After the spin, the supernatant
wag removed and replaced with fresh RPMI medinm contaiming 10% FBS and GM-CSF
(1:20 15581 conditioned medium). The cells were cultured for 3 days and were analyzed for
(GFP expression using flow cytometry.

[G236] The BM cells isolated from mice were transduced directly with either
FUGW/SVGmu viral vector or with a control vector. For the control, an ecotropic murine
1eﬁkemia virus glycoprotein (Eco)-enveloped lentivector (FUGW/Eco) was used; vector
enveloped with Eco can infect rodent cells with a broad specificity. Three days post-
 infection, the transduction efficiency was analyzed by flow cytomeuy (Figure 4A)
Approximately 9% of the cells in the mixed BM cultures were DCs (as indicated by the
expression of CD11c), of which most (approximately 80%) were DC-SIGN high (data not
shown). It was observed that 12% of the total BM cells were GFP positive (GFP™) upon
FUGW/SVGmu transduction (Figure 4A). When gated on GFP™ cells, it was observed that
up to 95% of the transduced cells were DC-SIGN and CD1lc double-positive (DC-
SIGN'CD11c"), indicating that FUGW/SVGmu specifically transduces DCs expressing DC-
SIGN and not other cell types in the bone marrow. In contrast, although 68% of total BM
cells were GFP-positive afier exposure o FUGW/Eco, only 9% of the transduced cells were
D{s, within which 6.5% were DC-SIGN",

[0240] The stable transduction of FUGW/SVGmu was verified by Alu PCR
analysis (Butler, S.L., et al. 2001, Nat. Med. 7: 631-634, which is incorporated herein by
reference in its entirety) of the genomic integration of the LTR of the lentivector backbone.

In addition, we used FUGW/SVGmu to transduce primary T and B cells harvested from
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mouse spleen and virtnally no transduction was detected @iguré 4B), indicating remarkable
transduction specificity. '
| 10243} The efficiency of the lentivecior bearing SVGmu to transduce in vitro-
cultured, bone marrow (BM)-derived DCs (BMDCs) was elso tesied. Bone marrow (BM)-
dertved DCs (BMDCs) were generated as described above by culturing in the presence of
‘granulocyte-macrophage colony-stimulating factor (GM—CS.?) for 6 days. The celis were
then expaosed 1o either the FUGW/SVGmu or FUGW/Eco lentivector. Flow cytometry of the
BMDCs on day 3 pest-trauéduction showed that FUGW/Eco transduced both CDI 1c” DCs
(33%) and CD1ic cells (7.6%) (Figure 3), which is consistent with the wide tropism of Eco.
On the contrary, FUGW/SGVmu only transduced CD11c" DCs (32.7%), and no GFP™ cells
were detected among the CDIlc cells (Figure 5), indicating that FUGW/SVGmu can
specifically modify BMIDCs.
[0242] These resuits thus coliectively demonstrate that the engineered
recombinant lentivectors bearing SVGrmu can specifically transduce DCs in vitro and that the

targeted {ransduction is correlated with the expression of DC-SIGN on the surface of DCs.

EXAMPLE 7
EFFECT OF RECOMBINANT VIRUS ON ACTIVATION OF DENDRITIC CELLS in virro

[6243) The recombinant lentiviras was further examined to determine whether it
could specifically target, transduce and activate DCs mto mature DCs.  The surface up-
regulation of the co-stimulatory molecule B7.2 (CD86) and the MHC class II molecule I-A®,
which are considered to be signatures of DC activation (Steinman, R.M., et al. 2003. Anmuw
Rev. Immunol. 21: 685-711, which is incorporated herein by reference in its entirefy}, was
measured in DCs exposed 1o recombinant virus. BMIICs were generated and infected with
FUGW/SV(Gmu as described in Example 6. LPS at a concenfration of 1 pgfinl was also
added overnight for further activation of transduced BMDCs.

{6244] = Flow cyiometry of BMDCs 3 days post-transduction showed that
treatment with FUGW/SVGmu clevated the expression of DC activation markers, CD86 and
I—Ab, on GFP positive DCs, as compared to GFP negative DCs (Figure 6, top panel). The
shaded area indicates GFP negative {untransduced) cells, and the solid line {unfilled area)

indicates GFP positive (transduced) cells. It was observed that the targeted transduction of
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BMDCs synergized with Iipopolysaccharide (LPS) freatment to further mature DCs (Figure
6, bottom panel). This indicates that the fargeted transduction can either work alone or in

combination with other DC maturation factors to induce DO activation.

EXAMPLE &

TARGETING OF DENDRITIC CELLS in vivo BY RECOMBINANT VIRUS

{GMS} The proof of whether this methodology can be used for vaccination can be
examined by in vivo experimentation. To test whether engineered lentivectors bearing
SVGmu could target DCs in vivo, the recombinant and concentrated lemtivector
FUGW/SVGms (50110° TU resuspended in 200 pl PBS) was injected subcutaneously into
the left flank of the CSTBL/G famale mice (B6, Charles River Breeding Laboratories) close to
an inguinal lymph node (within | om range). The left inguinal byaph node and the
equivalent lymph node at the opposite site were isolated for size examination on day 3 post-
injection. The cells were harvested from these nodes and their total munbers were counted.
The percentage of GFP™ DCs was analyzed by flow cytometry on cells stained with anti-
CD1lc antibody (BD Biosciences). '

{6246] On day 3, a significant enlargement of the left inguinal lymph node close
to the injection site was observed (Figure 7A, left image), and the cell number in this Iymph
node increased more than 10-fold, compared with the equivalent lymph node at the opposite
side or lymph nodes from a naive mouse (Figure 7B). This indicates that vector
administration can enhance tréfﬁcking and proliferation of tymphocytes in a nearby lymph
node. .

[G247) Flow cytometry indicated that approximately 3.8% of the total CD11c¢"
cells in the lefit inguinal lymph node cells were GFP* DCs (Figure 7C), which appear to have
migrated from the injection site. This is considered a remarkably large sffect from one
subcutaneous injection of vector and demonstrates that the recombinant virus is effectively

infecting DCs in vive.

EXAMPLE 9
EVALUATION OF THE SPECIFICITY OF RECOMBINANT VIRUS BY ir vivo
| TRANSDUCTION
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[0248]  To exsmine the in vivo specificity of the DC-targeted lemtivector, a
lentiviral vector encoding a firefly luciferase was constructed. The cDNA of firefly luciferase
was amplified fom pGL4.2LucP (Promega) and ¢loned into FUGW (Lois, C. et al. 2002.
supra.) to replace GFF, vielding the construct Flue (SEQ ID NOG: 4) (Figure 22A). The
luciferase reporter gene was then used to visualize the in vivo transduction of the tissue cells
using standard protocols of bioluminescence imaging (BLI). |

{#249] The recombinant lentivector (hereafier referred fo as Flue/SVGmu) was
injected subcutaneousty at the left flank of the mouse. In another mouse, a lentivector
pseudotyped with vesicular stomatitis viral glycoprotein (hereafter referred to as Fluc/VIVG)
was injected as a non-specific vector confrol. Vector-trested mice were then imaged non-
. imvasively wsing BLL Flue/VSVG-treated mice had a strong and permanent signal at the
injection site, indicating thai non-specific tissues were transduced fo express luciferase
{(Figure 22B). This is consistent with the fact that VSVG-enveloped virus has broad
specificity. In confrast, no significant signal was detected at .?he injection site of
Flue/SVGmu-treated mice (Figure 22R), indicating that the lentivecior bearing SVGoou had a
relatively stringent tarpet specificity. At no time was luminescence signal able o be detected
in the targeted mice, likely due to the rare and sparse distribution of the DCs, which is
beyond the sensitivity of the current BLI method.

[42540] After one month, the mice injected with Fluc/SVGmu were subjected to
bicdistribution analysis by guantitative RT-PCR and no detectable copy of the lentivector
was observe& in all isolated organs (heart, liver, spleen, kidney, gonad, luﬁg, slan, lymph
node), verifying the lack of non-specific infection in the animals and thus the specificity of

the targeted vector for DCs.

EXAMPLE 10
In vitre ANTIGEN DELIVERY BY RECOMBINANT VIRUS
[0251) To determine whether the targeted transduction of DCs by a recombinant
lentivector could be used to effectively deliver antigen genes to DCs for stimulation of
antigen-specific CD8" and CD4" T cell responses, a lentivector expressing the model antigen,
chiclcen ovalbumin {OVA), was constructed. In C57BL/6] (B6) mice, OVA 13 a well-

characterized target antigen for the CD8™ T-cell receptor OT1, which specifically binds
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OV Aasr.a60 {designated-a,s OVAp}E. and for the CD4" T-cell receptor OT2, which specifically
binds OVAzn3.310 (éesignated as OVAp*) (Yang, L. and D. Baltimore. 2005. Proc. Natl
Acad. Sci. USA 102: 4518-4523, which is incorporated by reference in iis entirety). The
lentivector expfcssing OVA (FOVA (BEQ ID NO2), Figure §, top) was construcied from
FUGW (Figure &, bottom) by replacing the GFP with the ¢cDNA of chicken ovalbumin.

[6252] The BMDCs (Example 6) were transduced on day 6 of culture with either
recombinant lentivirus FOVA/SVGmm or control recombinant lentivirns FUGW/SVGmu
{encoding a non-relevant reporﬁar gene GFP). The day 6 BMDCs were spin-infected with
viral supernatant, and cultured for an additional 3 days. On day 9, the non-adherent cells
were collected and re-cultured in RPMI medium contzining 10% FBS, GM-CSF (1:20‘.? 558L
conditional medium), and 1ug/ml LPS (Sigma). On day 10, the cells were coliected and used
Tor T cell stimulation. The mo.diﬁad BMDCs were designated as DC/FOVA and DC/FUGW,
depending on the lentivector used for fransduction. In parailel, non-adherent cells were
collected from non-transduced day 9 BMDC culture, and were re-cultured in the same
medium (RPMI containing 10% FBS, GM-CSF and LPS). On day 10, the cells were
collecied and loaded with either OVAp (OVAqsr.060, specifically bownd by OT? Tecell
receptors, hereafter referred to as DC/OVAD) ar OVAp* (OV Anpais, specifically bound by
OT2 T-cell receptors, hereafier referred to as DC/OVAp¥), and used as positive controls for
T cell stimulation. Te examine the ability of vector-transduced BMDCs to process and
present fhe tramsgenic OVA antigen, spleen cells were collected from the OTland OT2
transgenic mice and culiured with the lentivector-transduced BMDCs, or BMDCs loaded
with either OVAp or OVAp*, at the indicated ratio. Three days later, the supernatant was
coliected and assayed for IFN-v production using ELISA and the cells were collected and
analyzed for their surface activaton markers using flow cytometry. T cell proliferation was
assaved using [*H] thymidine incorporation.

[0253] After a three-day coculture with varying ratios of DC/FOVA to transgenic
- Teelis, OT1 T cells responded vigorously as measured by the release of [FN-y (Figure 10A)
and T cell proliferation (Figure 10B). As expected, no obvious OVA response was detected
using DG/FUGW (Figures 10A and 10B). It was also observed that the transgenic expression

of OVA was even more efficient than peptide-loading for stimulation of an OT1 T cell
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response, which is consistent with the notion that MHC class T favors the presentation of
endogenously produced peptides. Flow cytometry showed that the activated OT1 T cells
exhibited the typical effector cytotoxic T cell phenotype (CD25°CD69 CD62L CI44M e
after stimulation by either DC/FOVA or DC/OVAp (Figure 9). |

[6254] When the DCs were co-cultured with OT2 CD4™ T cells, T cell activation
was also observed, as indicated by changes in the swrface markers (Figure 11) and the
préduction of IFN-y (Figure 12). However, stimulation of CD4” cells was not as pronounced
as that of jCDS+ celis, presumably due to the less efficient presentation of endogenous antigen
peptides to the MHC class I molecules. By modifying the cellular localization of OVA
antigen fo direct it to MHC class I presentation pathway, an enhancement of CD4
stimulation was achieved that was even better than that of peptide-pulsed DCs (data not
shown).

{0255%] These results show that the method of DC targeting through lentivector
infection can effectively deliver antigens to DCs and stimulate both CD8" and CD4™ T cell

responses.

EXAMPLE 11
In vive ANTIGEN DELIVERY BY RECOMBINANT VIRUS

10256]  To determine if DCs targeted with lentivectors could activate antigen-
specific T cells in vivo, a method of T-cell receptor (TCR) gene transfer inio murine
hematopoietic stem cells (HSCs) was used to generate antigen-specific and TCR-engineered
T cells in mice, as described elsewhere (Yang, L. and D. Baltimore, D. 2005, supra.). A
tricistronic retroviral vector MIG-OT1 co-expressing OT1 TCRa and TCRB, along with the
GFP marker (Figure 13A) was constructed,

[6257] Brefly, Bé female mice {Charles River Breedling Laboratories) were
treated with 250pg of S-flurouracil (Sigma). Five deys later, bone marrow (BM) cells
enriched with HSCs were harvested from the tibie and femur and cultured in a 24-well
culture plate (2x10° cells per well) in BM cultmre medium (RPMI containing 10% FBS,
20ng/ml mib?a,?()ngjmi rmil-6 and 50ng/ml rmSCF (PeproTech)). On day ! and day 2 of
the culture, the cells were spin-infected with the MIG-OTI retroviral vector pseudotyped

with Eco (2 ml viral supematant per well) at 2,500rpm and 30°C for 90min. After each spin,
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the supernatant was removed and replaced with fresh B.M culture medium. On day 3, the .
transduced BM cells were collected and transferred into B6 recipient mice receiving 1,200
rads of total body irradiation. Eight weeks post-transfer, the mice were used for the in vive
immunization study. Each moésé received one dose of subcutaneous injection of 10x10° TU
of targeting lentivector. Seven days later, spleen and lymph node cells were harvested and
analyzed for the presence of OT1 T cells and their surface activation markers using flow
cytometry. |

[0258] Bight weeks post-transfer, analysis of the peﬁphera’i' T cells of the
reconstituted mice showed that approximately 5% of the CD8™ T cells were GFP OTI”
{Figure 13B). Some of the feconstituted mice were inununized via subcutaneous injection of
the same dose (10x10° TU) of either FOVA/SVGmu (Example 10) or FUGW/SVGmu
(Example 2). Analysis of GFPTOT1" T cells harvested from peripheral lymphoid organs 7
days later showed that the targeted DC immunization by FOVA/SVGmu doubled the number
of OT1 T cells as compared fo the control mice, which were either not ifnmunized or
immunized with FUGW/SVOmu (Figure 143). The GEP'OTI T cells derived from
BOVASVGmu-immunized  mice  exhibited an  effector  memory  phenotype
(CDECDE2MCD44™  indicating these cells have gone through a productive immune
response (Figure 144). |

[6259] These results demonstrate that a recombinant lentivectior bearing surface
SVGmu can targst DCs in vivo to efficiently stimulate antigen-specific T cells and induce &

strong IMmune response.

EXAMPLE 12
INDUCTION OF in vivo CTL AND ANTIBODY RESPONSES BY DIRECT
ADMINISTRATION OF RECOMBINANT VIRUS

i0260] Studies were conducted on the efficacy of the in vivo DC targeting for
inducing an antigen-specific CDR” cytotoxic T lymphoeyte (CTL) response and antibody
response through the administration of the targeting lentivector to naive, wild-type mice.

[6261] Wild-type B6 mice (Charles River Breeding Laboratories) were given a
single. injection of targeting lentivector (50x10° TU of FUGW/SVG or FOVA/SVGmu)

subcutaneously on the right flank at the indicated dose. - On day 7 and day 14 post-
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immunization, blood was collected from i:he_ immunized mice through tail bleeding, and the
serum anti-OVA [gG was meagured using ELISA. On day 14, spleen and lymph node cells
were harvested and analyzed .for the presence of OVA-specific T .cr:ii‘s and their surface
activation markers using flow cytometry. '

[0262] The presence of OVA-specific T cells was measured by measuring
cytokine secretion and tetramer staining. At day 14 post-injection, T cells harvested from
peripheral lymphoid organs were analyzed. Leﬁtivacior targeting to pative DCs was able ©
elicit OV A-responsive CD8™ T celis iﬁ both the lymph node (data not sﬁown) and spleen
(Figure 23). Administration of a single dose of recombinant FOVA/SVGmu was sufficient to
generate CD8™ T cells, which could be primed to secrete IFN-y upon OVAp restimulation
(Figure 23). Administration of the control vector FUGW/SVGmu failed to generate any
OVAp-sﬁeciﬁc responses (Figure 23). To further evaluate the magnitude of responses, the
OV Ap-specific CD8™ T cells was méasm‘ed by MHC class | tetramer staining. A high
frequency of OVAp~spéciﬁc T cells (>6%) was obtained following a singie dosé injection
(Figure 15}; no tetramer-positive cells were detected in the mice treated with FUGW/SVGmu
{Figore 15). The data generated by tetramer quantitation correlated well with the analysis of
CDS" effector cells assayed by intracellular IFN-y staining (Rigure 23). Phenotype analysis
of these OVA@—positive T cells showed that these cells displayed the surface characteristics
of effector memory T cells {CD25VCDE9™ CDE2LIECDA4™ ) (Figure 17A).

{0263} To investigate the dose response of lenfivector administration, doses of
FOVA/SYVGmu ranging fom 100x10° TU to 3x10° TU were injected sﬁbcutaneous}y and
OVAp-specific T cells in .Ene spleen were measured at day 14 posi-injection. An
exceptionally high frequency {12%) of OVAp-specific CD8" T cells was detected at the dose
of 100x10° TU (Figure 16A).  The percentage of OVAp-specific cells correlated
proportionately with the amount of recombinant vector administered (Figure 16B). A platean
in the dose response was not achieved with the doses that were tested, indicating that further
enhancement can be achieved by increasing the amount of vector injecied and/or the
frequency of injection.

{0264] Further, the seram IgG levels specific for OVA. in mice were examined on

the 7th and 14th days after immunizetion with FOVA/SVGrmu (50x10° TU). The 1gG serum
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titer was 1:10,000 on déy 7 and 1:30,000 on day 14 (Figure 17B). This is a rather im?ressive
antibody response for a single dose injection without additional adjuvant or other stimuli,
indicating that targeted le,nti.vector immunization can also elicit significant B._celi secretion of
antigen-specific anfibodies. |

[0265] These results show that in vivo administration of a DC-targeting
lentiveetor can induce both cellular and hwmoral immune responses against the delivered

antigen.

EXAMPLE 13
GENERATION OF ANTI-TUMOR IMMUNITY: PREVENTIVE PROTECTION

10266} The anti-tumor immunity generated after an in vivo édminiétratidn of DC-
targated lentivector was evaluated. An E.G7 tumar model (Wang, L. and D. Baltimore. 2005.
supra.} was used in which OVA serves as the tumor antigen. |

{62671 The tumor cell lines EL4 (C57BL/6T, H-2°, thymoma) and E.G7 (EL4 cells
stably expressing one copy of chicken OVA ¢DNA) were used for the tumor challenge of
mice. For the tumor protection experiment, Bé mice (Charies River Breeding Laboratories)
received a single injection of 50x10° TU of the targeting lentivector (FOVA/SVGmu or
FUGW/SVGmu) on the right flank. Two weeks later, 5x10°% EL4 or B.G7 cells were injected
subcutaneously into the left flank of the mice. Tumor size was measured every other day
using fine calipers and was shown as the product of the two largest perpendicular diameters a
x b (mm?). The mice were killed when the tumors reached 400mm®,

[6268] Vaccination with 50x10° TU FOVA/SVGmu completely protected the
mice from the E.G7 tumor challenge (Figure 18, left), while tumors grew rapidly in mice
receiving a mock vaccination with a lentivector lacking the OVA transgene (Figure 18, left).
This protection was OV A-specific because the vaccinated mice grew control EL4 tumors that
lack expression of OVA (Figure 18, right), regardless of the lentivector used for

immunization.

EXAMPLE 14
GENERATION OF ANTI-TUMOR IMMUNITY: TUMOR TREATMENT



[0265]  The anti-tumor immunity generated after an in vivo administration of DC-
- targeted lentivecior was evaluated where tumor cells were introduced prior to administyation
of the ien:tiv'ectpr. The steps of tumor injection and 1enﬁvec‘tor administration were reversed
relative to that in Exémple’]ﬁ to test whether an established iumof-coﬁjd be eliminated, in a
test of “therapeutic vaccination™ To this end, E.G7 tumor cells expressing the firefly
Inciferase gene (E.(G7.luc) were used to chalienge mice, allowing close moniioring of thrnor
growth kinefics in live animals using BLL To facilitate imaging, an albino strain of B6 m?ce
(The Jackson Laboratory) was used. These mice lack pigmentation and therefore have low
background absorption of the huninescence signal. Injection of these mice with 100x1 0° TU
of FOVA/SVGmu (Example 10) showed 2 similar response to that observed in canonical B6
nmice (Figure 21}, E.G7.huc tumor éelis (5x10%) were implanted subcutaneously in the albino
B6 mice. The mice were immunized by FOVA/SVGrmu (50x10° TU per mice per tirae}
twice on days 3 and 10 post-tumor challenge via subcutaneous injection. The experiment was
repeated three times with a representative experiment shows in Figures 19 and 20.

[6270]  The mice receiving the DC-targeting lentivector immumization showed a
dechine of tumor growth starting at day 9, followed by fumeor regression and a reduction of
fuminescence below the detection level on day 11 (Figures 19 and 20). Although minimal
tumor recumrence wis observed from day 12 to day 16, mice treated with FOVA/SYVGmu
were free of disease at the end of day 18 and thereafter; no tumor relapse was observed for as
long as the experiment ran (>60 days). In contrast, tumors grew progressively in the mice
receiving no treatment and the mice had to be removed from the experiment afier day 16 due
to the large size of the tumeors. It was a_inieresting to note that tumor regression was
observed sterting at 7 days after the lentivector immunization. The timing of tumor
regression correlates well with the kinetics of an antigen-specific immune response induced

by vaccination.

EXAMPLE 15
In vitro DELIVERY OF ANTIGEN AND MATURATION FACTORS BY A
RECOMBINANT VIRUS
[6271]  The success of DC vaccination can depend on the maturation state of DUs

{Bancherean, J. and AK Palucka. 2005. Nat Rev fmmunol 5:296-306; Schuler, G,, et al.

273



2003. Curr Opin Immunb{ 15: 138—147;, Figdor, C.G., etal. 2004, Nar Med 10:475-480, each
of which is incorporated herein by reference in its entirsty). Therefore, genes can be included
in the lemtiviral vectors that encode the stimulatory molecules to trigger the desired DC-
maturation. Cytokines that can be used include, but are not limited to, GM-CSF, I1-4,
ThNFEq, IL-6, and the ke, In some embodiments, the maturation agent that 1s used is the
CD40 liganc (CD40L), which is typically expressed on CD4 T cells and serves as a ligand for
the CD40 receptor on DCs (Matano, T., et al. 1995. .7 Gen Virol 76: 3165-3169; Nguyen,
T.H., et al. 1998. Hum Gene Ther 9: 2469-2479, each of which is incorporaied herein by
reference in its entirety). To further manipulate DCs to be & potent vacuine for fherapy, a
drug-inducible CD40 réceptar (iICD40) is adapted into the gene delivery system in some
embodiments. As described elsewhere, iCD40 was degigned and consists of a cytoplasmic
domain of CD40 fused to lgand-binding domains and a membrane-targeting éequence
(Hanks, B.A., et al. 2005, Nar Med 1 1: 130-137, which is herein incorporated by reference in
its entirety). When iCD40 is expressed, maturation and activation of DCs is regulated with 2
hpid-permeable, dimerizing drug. |
{0272] To examnne the effect of including DC mamratioﬁ factors, the cDNAs for
ovalbumin (OVA, as described in Example 10}, GM-CSF, IL-4, TNFo, IL-6 and CD40L. are
obtained. The iCD40 is constructed as described elsewhers (Hanks, B. A., et al. 2005.
supra). Using IRES and 2A-like sequepces, muiticistronic lentiviral vectors capable of
efficiently transiating up fo four pmteins' are constructed. This system 1% adapted to construct
lentiviral vectors co-expressing the following genes: OVA and a maturation factor molecule
(GM-CSF, IL-4, TNFa, IL-6, CT40L or iCD40) (Figure 24a, labeled as “FUQIM™). An
exemplary vector sequence is provided by SEQ ID NO: 7. SVGmu-enveloped lentiviruses
are prepared (as described in Exampie Z), and the lentiviruses are transduced in vitro into
cultared mouse BMDCs (generated as described in Example 6} to specifically deliver these
penes inio the cells. Maturation of BMDCs is measairad by FACS analysis for up-regulation
of severzl key molecules that have essential roles in the process of T cell stimuiation.
Typical representative markers are ICAM-1 (CD54), B7.1 (CD8Y), MHC class [, MHC class
11 and endogencus CD40. BMDCs kansduced with lentiviruses encoding only OVA. and

GFP genes serve as controls for the experiment. It is observed that up-regulation of
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maturation markers is achieved when iCD40-modified DCs are exposed to an effective
amount of dimeric drug AP20187. |

[0273] In addition, two characteristic featureé of matured DCs are the reduced
capacity for endocytosis and the improved potential for T cell activation. The uptake of
FITC-tagged dextran is used to quantify the endocytosis of fransduced DCs. The mature DCs
are also used to stimulate T cells expressing OT1 T cell rec_éptcrs {(TCRs) {as described in
Example 10}, 1n ofder to evaluate their capacity to mount an iminun_e responge. It is observed
that when iCD40-modified DCs are exposed to an effective amount of dimeric drug
AP20187, the uptake of FITC-tagged dextran is reduced relative to that of non-1iCD40-
modiﬁed DCs. Furthermore, it is observed that afier coculiure with varying ratios of iCD40-
modified DCs (treated with the dimeric drug) o t‘:anégenic T cells, OT1 T cels respond more
vigorously as measured by the release of [FN-y and T cell proliferation than do those co-
cultured with non-iCD40-modified DCs.

16274} Longevity of DCs 15 another pararneter that determirnes T-cell-dependent
mmumty.  The effects of stimulator molecules on DC survival using an in vidro sermm-
starvation assay will be compared ;using the method as described in Hanks et al. (Hanks,
B.A., etal. 2005, supra). _

[0275) If necessarj, two maturation factor molecules can be delivered by
ientiviral vector to targeted DCs, as the vector configuration has the capacity to express four

proteins.

EXAMPLE 16
In vivo DELIVERY OF ANTIGEN AND MATURATION FACTORS BY A
RECOMBINANT VIRUS -

[8276]  Recombinant viruses packaged with FUOIM lentiviral vector (SEQ D
NO: 7) are prepared as described in Example 15. The viruses are administered to naive B6
mice to defiver OVA antigen and maturation factor molecuies to DCs, and induction of
tmmunity to graded doses of viruses is evaluated as described in Example 11.
7 0277 It is observed that the targeted DC immunization by iCD4{-containing
lentiviruses increases the number of OVA responsive T cells as r:*ompared to the control

mice, which are either not immunized, immunized with a non-OVA containing lentivirus
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(e.g. FUGW/SVGmu), or immunized with non-iCD40  containing lentivirus {e.z.
FOVA/SVGmu), ' -

K {0278} In addition, the resistance bf the animals to 2 tﬁmor challenge is assessed
with the iCD40-containing ,lentiﬁectors, as described in Example 13. The.micerare injected
with the foﬂowing lentivectors in the fumor challenge experiment: FUOIIVE/SVGmm :
FOVA/SVGrm, or FUGW/SVGmu. The following cell lines are used for tumor challenge:
EL4 (C57BL/6T, H-2", thymoma) and E.G7 ((ELA cells stably expressing one copy of chicken
OVA cDNA). It is observed that the mice receiving Immunization by the DC-targeting
lentivectors FUOIM/SVGmu and FOVA/SVGmu are protected from the fumor challenge. In
contrast, it is observed that fumors grow rapidly in mice receiving a mock vaccination with 2
lentivector lacking the OVA transgene {(FUGW/SVGmu). This protection is OVA-specific
because the vaccinated mice grow control EL4 tumors that lack expression of OVA,
regardless of the ientivector used for immunization.

{62791 Finally, the potential of this_method. to eradicate an established tamor is
asse:sséd vﬁth the iCD40-containing lentivectors, as described in Example 14, The following
lentivectors are used for immunization in the experiment: FUOIM/SVGmu and
FOVA/SVGmu. The following cell lines are used for tumor treatment: EL4 and EG7. 1tis
observed that the tumor cell-ﬁ:ject@d mice receiving immunization by the DC-targeting
lemtivectors (FUOIM/SVGmu and FOVA/SVGmu) show a decline of tumor growth,
followed by tumor regression and 2z reduoction of luminescence below the detection level
Further, no tumor relapse is ohser\?cd for as long as the experiment rons (>60 days). In

condrast, tumors grow progressively in the mice receiving no treafment,

EXAMPLE 17
HIV/AIDS ANTIGEN PRESENTATION BY RECOMBINANT VIRUS i vitro
{0286; To freat HIV/AIDS, “dual-functional” DCs are generated based om the
described gene delivery strategy. The “dual functional” DCs are efficacious at both eliciting
neuiralizing antibodies (Nabs) and inducing T cell immunity (Figure 25). To efficiently elicit
NAbs, a gene encoding chimeric membrane-bound gpli20 (gp120m) is delivered to DCs.

Gpi20 is an envelope glycoprotein for HIV and is considered t¢ be the most potent
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| immunogen (Klmstra, W.B., et al. 2003, J Virel 77:12022-12032; Bernard, K.A., et al. 2000.
Virclogy 276:93-103; Byrnes, AP, et al. 1998, J Virol 72: 7349»7356; gach of which is
incorporated herein by reference in its entirety). As described elsewhere, pp120 fused with

| the transmembrane domain of the vesicular stomatitis virus glyeoprotein can be expressed on
the cell surface in & trimeric form, mimicking the mature trimer on the HIV ﬁrion surface
(Klimstra, W.B,, et al. 1998. J Virol 72: 7357-7366, which is incorporated herein by
reference in its entirety). This form of immunogen will be displayed on the DC’s surface. In
addition to surface expression, the DCs can also present epitope peptides derived from gpl20
i MHC restricted fashion to T celis. |

{0281} Since HIV mfection can significantly impair DC function through the
dépletion of CD4 T c-:ells,r it is éesirabie to engineer DCs that function indepﬁndenﬁy of T
cells. Expression of CD40L or iCD40 can result in maturation and activation of DCs in the
absence of CD4 T cells. Thus, the engineered CD40L or iCD4C, as dcscribed in Example 16,
which functions as a maturation and stimulatory molecule, is incorporated into the DC-
targeting virus.,

[6282) The lentiviral construct for genetically modifying DCs is illustrated in
Figure 24b and is labeled as P{}Gm_ID (SEQ ID NO: 8). Codon-optimized ¢cDNAs for gpl20
from NIH AIDS Research & Reference Reagent Program are obtaived. The codon-optimized
sequence can achieve exceptionally high levels of gene expression outside of the context of
the HIV-1 genome. The construct is prepared by fusion of gpl20 with the transmembrane
domain of the vesicular stomatitis virus glycoprotein,

[0283) Ir: vitro assays are conducted to assess the efficacy of gene-modified DCs
1o elicit NAbs: CD19+ B cells are isolated from the spieens of naive BS mice using anti-
CD19 microbeads (MiHeny: Biotech, Auburm, CA) and co-cultured with modified DCs in the
presence of IL-4 and IL-6. The lentiviral vector FUmGID is co-transfected with 8VGmu in
cell lines to prepare the FUmGID/SVGmau virus, as described in Example 2. The resultant
viruses are transduced into bone marrow-derived DCs (BMDCs). The transduced DCs are be
irradiated (3,000 rad) and used as antigen presenting cells {APCs) in co-culture with B cells.

The time course of the proliferation of B cells in response to transduced BMDCs is measured,
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it is observed that B cells proliferate to a greater extent in co-culture with transduced BMIDCs
than those that are co-cultured with mock~transduced BMDCs. |

_ [0z284] To investigate the effect of genetically modified DCs on the differentia;ion
of B cells into specific immunoglobulin-secreting cells, the co-culture method as previously
described is employed with the axcéption that the DCs are not irradiated. Afier 14 days, the
titer of various isotypes of HiV-specific antibody in culture supematants is determined by
ELISA using recombinant gpl20 (available from NIB: AIDS Research & Reference Reagent
Program) as the antigen. Expression of the various isotypes of HIV-specific antibody are
greater in B-cells co-cultured with transduced BMDCs than in those cocultured with mock-
transduced BMIDCs.

[0285] To assess the efficacy of the genstically modified DCs 1o activate T cells
in vitro, CD3" T cells are isolated from naive B6 mice and co-cultored with lentivirus-
infected and irradiated DCs. The time course of T cell prokhiferation is megsured. T cell
proliferation is found to be greaier in T cell coltures co-cultured with transduced and
irradiated DCs than in those co-cultured with mock-transduced DCs.

[6286] The results are expecied to collectively demonstrate that BMDCs
_tmnsduc&:d with the FUmMmGID/SVGmu lentivector is effective in both stimulaﬁon of B-cells
to produce neutralizing antibodies (Nabs) and mn inducing T cell immunity against

HIV/AIDS.-

_ EXAMPLE 18

HIV/AIDS ANTIGEN PRESENTATION BY RECOMBINANT VIRUS in vivo

[0287] 'ﬁ“o evaluzte the activation of B cells in vivo, BO mice are mmunized by
subcutaneous injection with the recombinant lentivirases prepared as described in Example
17. Controls include mice injected with lentiviruses encoding antigens alone, lentiviruses
encoding mataration molecules alone, end naive mice without any treatment. Two weeks
after virus injection; serum antibodies against HIV are measured by ELISA. The antibody
titer is found to be higher in those mice injected with the FUmGID/SVGmu virus as well as
in those injected with lentivirus encoding antigens alone. In contrast, The antibody titer is
relatively low in those mice immunized with lentivirus encoding maturation molecules alone

and i naive mice.
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[6288] For in vivp activation of T cells, the recombinant viruges described are
injected mto B6 mice. Seéven days later, T cells are isolated, and their proliferation and
cytokine 'secfetio-ﬁ, after in vitro restimulation with genetically modified DCs, is measured as
described in Example 12. The durability of the effector T cell responses is also monitored.
Lentivector targeting to native DCs is able to elicit HIV-responsive T cells in both the lymph
node and spleen. Administration of recombinant FUmGID/SVGmu is sufficient to generate
T cells which secrete IFN-y. In contrast, administration of a mock control vector {(e.g

FUGW/SYGmu) fails to elicit an HIV-gpecific response,

EXAMPLE 19 |
I sit HIV/AIDS VACCINATION BY RECOMBINANT VIRUS: PROTECTION
AGAINST HIV CHALLENGE '

[6289] In order to test in sitw DC vaccination approach to deal with HIV, a new
mouse model of HIV pathogenesis involving human/mouse chimeras is developed. As
described elsewhere, the RAG2 . mouse can be reconstituted with a human adaptive
immune system (Stravss, JH., et al. 1994, Archives of Virclogy 9:473-484, which is
incorporated herein by reference in ifs entivety). The RAGZ'J‘YC'J“ mice lack B, T, and NK
cells (Morizono, K., et al. 2001. J Virol 75: 8016-8020, which 1§ incorporated herein by
reference in its entirety). Injection of CD34" human cord blood into the liver of one-day oid
partialiy-irradiated mice leads to the geperation and maturation of functionally diverse human
DCs, B cells, and T cells with human MHC restriction.  Additionally, this model directs the
devetopment of primary and secondary Iymphoid organs, and the production of & functional
CD8" T cell immune response against a viral challenge. Furthermore, the observation of the
,. Ig isotype switching from IgM to IgG indicates the existence of functional CD4T T cell
irnmunity.

{02981  To determine the effectiveness of preventive protection against HIV by
DC-i:argeted immunization, the human/mouse chimeras are administered recombinant viruses
enveloped with SVGmu by injection. The recombinant viruses encode gpi2(m antigen
{Example 17) in conjunction with a maturation stimulator (for example, CD40L or iCD40 as
in Example 15}, and they are prepared and concentrated as described in Example 2. The

immunized mice are then inoculated with HIV according to methods well known in the art,
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s&c;h as, for exmple, via intraperitoneal or infravenous routes. Since the reconstituted mice
- maintain Human CD4 T cells, the animals are challenged with moleculaﬂy cloned HIV
reporter viruses, NFNSX-r-HSAS (CCRS-tropic), NL--HSAS (CXCR4-tropic) and clinical
isolates (Baenziger, et AI. 2006. Proc Natl Acad Sci USA 103:15951-15956, which s
incorporated herein by reference in its enfirety). The rapiicatioﬂabompatem reporter viruses
~ .also contain the heat-stable antigen (HSA) in the vpr region. Further, to establish a
producﬁivc infection prior to inoculation, infected syngeneic peripheral blood mononuciear
cells (PBMCs) are injected info the peritoneal space of the reconstituted human/mouse
chimera.

16291} Evidence of HIV infection is monitored over time in spleens, lymph nédes,
PBMCS, and peripheral blood. FACS for HSA in the HIV reporter viruses is used to test for
HIV viral integration and replication. HIV viral load is also measured from plasma using
RT-PCR. Through evaluation of HIV infection by these methods, 1t is observed that
productive in situ DC vaccination makes the immunized mice more resistant to the HIV

challenge than those which are not immunized.

_ EXAMPLE 20
In situ HIV/AIDS VACCINATION BY RECOMBINANT VIRUS: CLEARANCE OF HIV
' INFECTION

10292} To test the ability of the in sitw DC vaccination approach to clear an active
HIV infection, human/mouse chimeras are first challenged with molecularly cloned HIV
reporter virus, NFNSX-r-HSAS (CCRS-tropic), as described in Example 19. Active HIV
infection is monitored by FACS analysis of HSA expression in human CD4 T cells. Once
successful HIV infection is confirmed, the engineered recombinant viruses {Example 19) are
injected into animals via subcutaneous injection or by an optimal route determined by one of
skill in the art (for example, s.c., i.d., i.v. orip.}. The HIV viral load is then monitored by
RT-PCR, and peripheral CD4 counts are followed. It is observed that DC vaccination is able
to lower HIV viral load and to clear an established HIV mfection in immunized mice
compared to non-vaccinated controls.

[0293]  Highly active antiretroviral therapy (HAART), utilizing a three-drug
strategy, has significantly improved AIDS morbic’:iiy and mortality. The strategy outlined
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above can be adapted to this paradigm by simultanecusly transducing DC cells in vive with
engineere.d recombinant viruses. - In conjunction with HAART, the above studies are repeated
to evaluate the ability to prevent or reduce infection after HIV challenge (Example 19) and to
clear an active HIV infection. '
EXAMPLE 21
TREATMENT OF A MALIGNANT TUMOR IN A HUMAN USING A RECOMBINANT
VIRUS

[6294] A human patient is diagnosed with a malignant tumor. The patient is
administered a suitable amount of recombinant virus containing a gene that encodes an
antigen specific for the fumor and enveloped with a DC-8IGN specific targeting molecule,
such as, for example, SVGmu. The virus optionally contains a gene encoding a DC
maturation factor, as described in Example 15. The virus is administered by weekly
intravenous injection for the duration of treatment. At periodic times during and afier the
treatment regimen, tomor burden is assessed by magnetic resonance imaging (MRI).

Significant reductions in fumor size are found as treatment progresses.

EXAMPLE 22
PREVENTION OF TUMOR FORMATION IN A HUMAN USING A RECOMBINANT
VIRUS

[6295] A group of human patients is administered a suitable amount of
recombinant virus containing at least one gene encoding an anfigen that Is commonly and
specifically associated with tumor cells and optionally containing a gene encoding a DC
maturation factor, as described in Example 15. The virus 15 enveloped with a DC-SIGN
specific targeting molecule, such as, for example, SVGmu (Example 2). Patients in the
experimental group and in a control group are monitored periodicalty for tumor growth. It is
observed that the incidence of malignant tumor formation is lower in patients i whom the

‘virus is administered than in the controf group.

EXAMPLE 23
TREATMENT OF AIDS/HIV IN A HUMAN USING A RECOMBINANT VIRUS
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10296} A human patient is diagnosed with HIV/AIDS. The patient is
administered a suitable amount of recombinant virus containing a gene that encodes Gpiz0
{(Example 17 and- enveloped with a DC-SIGN specific targeting molecule, such as, for
exarmple, SVGmu (Example 2). The virus optionally containg & gene encoding a DC
maturation factor, as described in Example 15. The virus is administered by weekly
intravenous injeciion for the duration of treatment, At periodic times during and after the
treatment regimern, HIV viral load is assessed by measuring antibodies in the patient’s blood
against HIV ﬁsing ELISA. The patient’s T-cell count is also evaluated. It is observed that a
significant reduction in HIV viral load is achieved as treatment progresses. Furthermore, it 18

observed that the patient’s T-cell count stops decreasing as treaiment progresses.

EXAMPLE 24
PREVENTION OF HIV/AIDS TN A HUMAN USING A RECOMBINANT VIRUS

02977 A group of human patients considered at risk for HIV infection is
administered a suitable amount of recombinant virus containing a gene encoding GP120
(Example 17) and optionally containing a gene encoding a DC maturation factor, z;s described
in Exampie 15. The virus is enveloped with e DC-SIGN specific targeting molecule, such as,
for example, SV Gmu (Example 2). Patients in the experimental group and in a control group
are tested every 6 months for HIV infection and if positive, monifored for HIV viral load and
T-cell counts. In positively infected patients within the vaccinated group, it is observed that
HIV viral load stays low and T-cell counts remain high relative to the positively-infected
patients of the control group.

' [0298] Although the foregoing invention has been described in detail for purposes
of clarity of understanding, it wili be obvious that certain modifications may be practiced
within the scope of the appended claims. All publications and patent documents ¢ited herein
are hereby incorporated by reference in their entivety for all purposes to the same extent as if

each were so individually denoted.
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WHAT IS CLAIMED IS:

1.

10.

11.

An in vitro method of delivering a lentiviral vector encoding an antigen o a dendritic cell
expressing DC-SIGN (Dendritic Cell Specific ICAM-3 (Intracellular Adheszon Molecules
3)~Grabbing ?\Iomntegnn), the method comprising:

‘transducing the dendritic cell with a recombinant virus, wherein the recombinant virus

comprises said lentiviral vector,

wherein the recombinant virus comprises an alphawms glycoprotein that targets said cell
expressing DC-SIGN,

wherein said glycoprotein is an alphavirus E2 glycoprotein mutated at a heparan sulfate
binding site to decrease or eliminate its binding to heparan sulfate.

The method of claim 1, wherein said glycoprotein is a Sindbis E2 giycoprotem mutated at
a heparan sulfate bmdmg stte.

The method of claim 2, wherein the virus comprises 2 Sindbis El protein and said Sindbis
E2 protein and optionally (2) comprises sequences from a murine lenkemia virus (MLV)
genome or from & human immunodeficiency virus (HIV) genome, and/or (b) encodes a
tumor antigen or an HIV antigen.

A recombinant virus as defined in any one of claims 1 to 3, or & pharmaceutical
composition comprising said recombinant virus.

. A recombinant virus comprising a lentiviral vector encoding an antigen and zn alphavirus

glycoprotein that targets cells expressing DC-SIGN wherein said glycoprotein is an
alphavirus B2 glycoprotein mutated at a heparan sulfate binding site to decrease or
eliminate its binding to heparan sulfate, for nse in stimulating an immune response to said
antigen in a mammal.

The recombinant virus for use according to claim 5 wherein said glycoprotein is a Sindbis
E2 glycoprotein mutated at a heparan sulfate binding site.

The recombinant virus for use according to claim 5 or 6, wherein the mammal is human.

The recombinant vires for use according to claim 5, 6 or 7, wherein the virus comprises a
Sindbis El protein and said Sindbis E2 protein.

* The recombinant virus for use according to claim any one of claims 5 to 8, wherein the

lentiviral vector comprises sequences from a Murine Leukemia Virus (MLV) genome or
from an HIV genome.

The recombinant virus for use according to any one of claims 5 to 9, wherein the antigen
is a tumour antigen or an HIV antigen.

The recombinant virus for use according to any one of claims 5 to 10, wherein the
recombinant virus encodes 2 second gene of interest, such as a maturation factor selected
from the group consisting of GM-CSF, 1L-2, IL-4, IL-6, IL-7, IL-15, IL-21, IL-23, TNFa,
B7.1,B7.2, 4-1 BB, CD40 ligand (CD40L) and drug-inducible CD40 (1CD40).

83



12.

13.
associated antigen, viral antigen, bacterial antigen, fungal antigen, protozoan paras&tc

14.

A dendritic cell transduced with a recombinant virus, wherein the rccombman’c Virus is as
defined in any one of claims 1 tc 3.

The recombénant virus for use according to claim 5 wherein the antigen is a tumor
antigen, helminth parasite antlgen or cotopaxasﬁe antigern.
The recombmant virus for use accor_dm-g.‘ﬁo- claim 13,

wherein said tumor associated antigen is selected from the group consisting of Her-2
receptor, MAGE, BAGE, RAGE, and NY-ESO, MART-1/Melan-A, gpl00, gp75, mda-7,
tyrosinase and tyrosinase-related protein, prostate specific membrane antigen (PSMAJ,
prostate-specific antigen (PSA), mutated ras, ber/abl rearrangement, Her2/nen, mutated or
wild-type p33, cytochrome P450 1BI1, N-acetylglucosaminyltransferase-V; human
papilloma virug proteins E6 and E7; carcinoembryonic antigen and alpha-fetoprotein;
wherein said viral antigen is selected from the group consisting of adenovirus
polypeptides, alphavirus polypeptides, calicivirus polypeptides, calicivirus capsid antigen,
coronavirus polypeptides, distemper virus polypeptides, Ebola virus polypeptides,
enterovirus polypeptides, flavivirus polypeptides, hepatitis virus (AE) polypeptides,
hepatitis B core or surface antigen, herpesvirus polypeptides, herpes simplex virus
glycoprotein, varicella zoster virus glycoprotein, immunodeficiency virus polypeptides,
human immunodeficiency virus envelope or protease, infectious peritonitis virus
polypeptides, influenza virus polypeptides, influenza A hemagghutinin, influenza A
neurarninidase, influenza A nucleoprotein, leukemia virus polypeptides, Marburg virus
polypeptides, orthomyxovirus polypeptides, papilloma virus polypeptides, parainfluenza
virus polypeptides, parainfluenza virns hemagglutinin/neuraminidase, paramyxovirus
polypeptides, parvovirus polypeptides, pestivirus polypeptides, picorna virus
polypeptides, poliovirus capsid polypeptide, pox virus polypeptides, vaccinia virus
polypeptide, rabies virus polypeptides, rabies virus glycoprotein G, reovirus polypeptides,
refrovirus polypeptides, and rotavirus polypeptides;

wherein said bacterial antigen is seiected from the group consisting of Actinomyces
polypeptides, Bacillus polypeptides, Bactercides polypeptides, Bordetella polypeptides,

. Bartonella polypeptides, Borrelia polypeptides, B. burgdorferi OspA, Brucella

polypeptides, Campylobacter polypeptides, Capnocytophaga polypeptides, Chlamydia
polypeptides, Clostridium polypeptides, Corynebacterium polypeptides, Coxiella
polypeptides, Dermatophilus polypeptides, Enterococcus polypeptides, Ehrlichia
polypeptides, Escherichia polypeptides, Francisella polypeptides, Fusobacterium
polypeptides, Haemobartonella polypeptides, Haemophilus polypeptides, H. influenzae
type b outer membrane protein, Helicobacter polypeptides, Klebsieila polypeptides, L-
form bacteria polypeptides, Leptospira polypeptides, Listeria polypeptides, Mycobacteria
polypeptides, Mycoplasma polypeptides, Neisseria polypeptides, Neorickettsia
polypeptides, Nocardia polypeptides, Pasteurella polypeptides, Peptococeus polypeptides,
Peptostreptococcus  polypeptides, Pneumococcus polypeptides, Proteus polypeptides,
Psendomonas polypeptides, Rickettsia polypeptides, Rochalimaea polypeptides,
Salmonella polypeptides, Shigella polypeptides, Staphylococeus  polypeptides,
Streptococcus  polypeptides, S. pyogenes M proteins, Treponema polypeptides,
andYersinia polypeptides, Y. pestis F1 antigen and Y. pestis V antigen;

wherein said fungal antigen is selected from the group consisting of Absidia polypeptides,

 Acremonium  polypeptides, Alternaria polypeptides, Aspergillus  polypeptides,

Basidiobolus polypeptides, Bipolaris polypeptides, Blastomyces polypeptides, Candida
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polypeptides, Coccidioides polypeptides, Conidiobolus polypeptides, Cryptococeus
polypeptides, Curvalaria polypeptides, Epidermophyton polypeptides, Exophiala
polypeptides, Geofrichum  polypeptides, Histoplasma polypeptides, Madurella
polypeptides, Malassezia polypeptides, Microsporum polypeptides, Moniliella
polypeptides, Mortierella polypeptides, Mucor polypeptides, Paecilomyces polypeptides,
Penicillium polypeptides, Phialemonium polypeptides, Phialophora polypeptides,
Prototheca  polypeptides, Pseudallescheria polypeptides, Psendomicrodochium

- polypeptides, Pythium  polypeptides, Rhinosporidium  polypeptides, Rhizopus

15.

polypeptides, Scolecobasidium polypeptides, Sporothrix polypeptides, Stemphylium
polypeptides, Trichophyton polypeptides, Trichosporon polypeptides, and Xylohypha
polypeptides;

wherein said protozoan antigen is selected from the group consisting of Babesia
polypeptides, Balantidium polypeptides, Besnoitia polypeptides, Cryptosporidium
polypeptides, Eimeria polypeptides, Encephalitozoon polypeptides; Entamoeba
polypeptides, Giardia polypeptides, Hammondia polypeptides, Hepatozoon polypeptides,
Isospora polypeptides, Leishmania polypeptides, Microsporidia polypeptides, Neospora
polypeptides, Nosema polypeptides, Pentatrichomonas polypeptides, Plasmodium
polypeptides, P. falciparum circumsporozoite (PfCSP), sporozoite surface protein 2
(PfSSP2), carboxyl terminus of liver state antigen I (PILSAI c-term), exported protein 1
(PfExp-1}, Pneumocystis polypeptides, Sarcocystis polypeptides, Schistosoma
polypeptides, Theileria polypeptides, Toxoplasma polypeptides, and Trypanosoma
polypeptides;

wherein  said helminth antigen is selected from the group consisting of
Acantbocheilonema  polypeptides, Aclurostrongylus  polypeptides, Ancylostoma
polypeptides, Angiostrongylus polypeptides, Ascaris polypeptides, Brugia polypeptides,
Bunostomum polypeptides, Capillaria polypeptides, Chabertia polypeptides, Cooperia
polypeptides, Crenosoma polypeptides, Dictyocaulus polypeptides, Dioctophyme
polypeptides, Dipetalonema polypeptides, Diphyllobothrium polypeptides, Diplydium
polypeptides, Dirofilaria  polypeptides, Dracunculus polypeptides, Enterobius
polypeptides, Filaroides polypeptides, Haemonchus polypeptides, Lagochilascaris
polypeptides, Loa polypeptides, Mansonella polypeptides, Muellerins polypeptides,
Nanophyetus  polypeptides, Necator polypeptides, Nematodirus polypeptides,
Oesophagostomum polypeptides, Onchocerca polypeptides, Opisthorchis polypeptides,
Ostertagia polypeptides, Parafilaria polypeptides, Paragonimus polypeptides, Parascaris
polypeptides, Physaloptera polypeptides, Protostrongylus polypeptides, Setaria
polypeptides, Spirocerca polypeptides Spiromefra polypeptides, Stephanofilaria
polypeptides, Sirongyloides polypeptides, Strongylus polypeptides, Thelazia
poiypeptides, Toxascaris polypeptides, Toxocara polypeptides, Trichinella polypeptides,
Trichostrongylus polypeptides, Trichuris polypeptides, Uncinariza polypeptides, and
Wuchereria polypeptides; and wherein said ectoparasite antigen is selected from the
group consisting of flea polypeptides; tick polypeptides, hard tick poiypeptides, soft tick
polypeptides; fly polypeptides, midge polypeptides, mosguito polypeptides, sand fly
polypeptides, black fly polypeptides, horse fly polypeptides, horn fly polypeptides, deer
fly polypeptides, tsetse fly polypeptides, stable fly polypeptides, mylasis-causing fly
polypeptides and biting gnat fly polypeptides; ant fly polypeptides; spider fly
polypeptides, lice fly polypeptides; mite fly polypeptides; bed bug fly polypeptides and
kissing bug fly polypeptides.

The recombinant virus for use according to claim 5 wherein the racombmamt virus is
administered subcutaneously or intradermally.
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