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CS1-SPECIFIC CHIMERIC ANTIGEN RECEPTOR
ENGINEERED IMMUNE EFFECTOR CELLS

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims benefit of U.S. Provisional Application No.
61/819,141, filed May 3, 2013, and U.S. Provisional Application No. 61/876,492,
filed September 11, 2013, which are hereby incorporated herein by reference in their

entirety.

BACKGROUND

Multiple myeloma (MM) is a B-cell malignancy characterized by the aberrant
clonal expansion of plasma cells (PCs) within the bone marrow, with an estimated
21,700 new cases and 10,710 deaths from MM identified in the United States in 2012
(Siegel R, et al. Cancer J Clin 2012 62:10-29). In 2013, it has been estimated that
22,350 individuals will be newly diagnosed with MM in the United States and 10,710
people will die from it, accounting for 20% of the deaths from all hematologic
malignancies. Despite the use of proteasome inhibitors and immune-modulating
drugs, which have improved overall survival (Palumbo A, et al. Leukemia 2009
23:449-456), MM remains an incurable malignancy (Podar K, et al. Leukemia 2009
23:10-24) for which novel therapeutic approaches are urgently needed.

SUMMARY

Disclosed herein are chimeric antigen receptor (CAR) polypeptides that can be
used with adoptive cell transfer to target and kill multiple myeloma (MM) cells. The
cell surface glycoprotein CS1 is highly and ubiquitously expressed on the surface of
myeloma cells while being expressed at very low levels in the majority of immune
effector cells. Therefore, the disclosed CAR polypeptides contain in an ectodomain an
anti-CS1 binding agent that can bind CS1-expressing MM cells. As with other CARs,
the disclosed polypeptides can also contain a transmembrane domain and an
endodomain capable of activating an immune effector cell. For example, the
endodomain can contain an intracellular signaling domain and optionally a co-

stimulatory signaling region.



10

15

20

25

30

WO 2014/179759 PCT/US2014/036684

The anti-CS1 binding agent is in some embodiments an antibody fragment or
an antigen-binding fragment that specifically binds CS1. For example, the antigen
binding domain can be a Fab or a single-chain variable fragment (scFv) of an
antibody that specifically binds CS1. The anti-CS1 binding agent is in some
embodiments an aptamer that specifically binds CS1. For example, the anti-CS1
binding agentcan be a peptide aptamer selected from a random sequence pool based
on its ability to bind CS1. The anti-CS1 binding agent can also be a natural ligand of
CS1, or a variant and/or fragment thereof capable of binding CS1.

In some embodiments, the intracellular signaling domain is a CD3 zeta
(CD3¢) signaling domain, and the costimulatory signaling region comprises the
cytoplasmic domain of CD28, 4-1BB, or a combination thereof. In some cases, the
costimulatory signaling region contains 1, 2, 3, or 4 cytoplasmic domains of one or
more intracellular signaling and/or costimulatory molecules.

Also disclosed are isolated nucleic acid sequences encoding the disclosed
CAR polypeptides, vectors comprising these isolated nucleic acids, and cells
containing these vectors. For example, the cell can be an immune effector cell
selected from the group consisting of a T cell, a Natural Killer (NK) cell, a cytotoxic
T lymphocyte (CTL), and a regulatory T cell. In some embodiments, the cell exhibits
an anti-tumor immunity when the antigen binding domain of the CAR binds to CS1.

Also disclosed is a method of providing an anti-tumor immunity in a subject
with multiple myeloma (MM) that involves administering to the subject an effective
amount of an immune effector cell genetically modified with a disclosed CS1-specific
CAR.

The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings, and

from the claims.

DESCRIPTION OF DRAWINGS
Figures 1A to 1C show the generation of a CS1-specific CAR and its
expression in CAR-transduced T cells. Figure 1A is a schematic diagram of a Pinco—
CS1-CAR retroviral construct containing a scFv against CS1 linked to CD28 and
CD3( endodomains. LTR, long terminal repeat; SP, signal peptide; VH, variable H
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chain; L, linker; VL, variable L chain. In Figure 1B, PBMC (peripheral blood
mononuclear cells) were activated with CD3 and CD28 beads and transduced with the
Pinco—CS1-CAR or Pinco construct. GFP-positive cells were sorted, and cell lysates
were subjected to immunoblot analysis under reducing conditions with anti-human
CD3( primary antibody. In Figure 1C, mockl—or CS1-CAR1-transduced T cells
from healthy donors were stained with biotin-labeled goat anti-mouse Fab-specific or
isotype-matched control antibody, followed by streptavidin and CD3 antibody
staining.

Figures 2A to 2C show CS1-redirected T cells secrete more IFN-y and 1L-2
than mock T cells in response to CS1-expressing myeloma cell lines. Figure 2A
shows flow cytometric analysis of CS1 expression on the surface of myeloma cell
lines. The four myeloma cell lines indicated were stained with PE-conjugated anti-
CS1 mAbD antibody (solid line) or isotype-matched control antibody (dotted line).
Figures 2B and 2C are bar graphs showing IFN-y (Fig. 2B, ng/ml) and IL-2 (Fig. 2C,
pg/ml) secretion in mock- or CS1-CAR-transduced healthy donor T cells (2 x 10°)
that were cultured alone (no target) or stimulated with an equal number of myeloma
cells expressing different levels of CS1 for 24 hours.

Figures 3A to 3D show CS1-redirected T cells preferentially eradicate
myeloma cells obviously expressing CS1 protein. In Figure 3A, *'Cr-labeled NCI-
H929, IM9, MM.18S, and RPMI-8226 myeloma cells (5 x 10° ) were cocultured with
mock- or CS1-CAR-transduced T cells at the indicated E/T ratios for 4 hours, and
target lysis (*'Cr release) was measured. In Figure 3B, expression of the degranulation
marker CD107a and the T-cell activation marker CD69 on mock- or CS1-CAR
transduced T cells were evaluated by flow cytometry following 4 hours co-culture
with NCI-H929 cells. Compared with mock-transduced T cells, CS1-CAR-transduced
T cells displayed superior degranulation and higher T-cell activation in response to
CS1-expressing NCI-H929 cells. In Figure 3C, Mock- and CS1-CAR-transduced T
cells were permeabilized for intracellular staining with mAb specific for granzyme B
and perforin, and analyzed by flow cytometry.

Figures 4A to 4D show ectopic overexpression of CS1 in MM cells triggers
enhanced cytotoxicity and cytokine secretion after recognition by CS1-CAR T cells.
Figure 4A shows flow cytometric staining for CS1 protein or IgG isotype control

(dotted line) on the surface of RPMI-8226 cells overexpressing CS1 (RPMI-8226—
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CS1, solid heavy line) or an empty vector control (RPMI-8226—PCDH, solid light
line). Figure 4B is a graph showing cytotoxicity of mock- or CS1-CAR-transduced T
cells against RPMI-8226—CS1 and RPMI-8226—PCDH cells. RPMI-8226—-CS1 and
RPMI-8226-PCDH cells were incubated with mock- or CS1-CAR-transduced T cells
at indicated E/T ratios for 4 hours, and specific lysis was determined using a standard
>1Cr release assay. Figures 4C and 4D are bar graphs showing IFN-y (Fig. 4C, pg/ml)
and IL-2 (Fig. 4D, pg/ml) secretion in mock- or CS1-CAR-transduced T cells

(1 x 10°) cultured alone or stimulated with an equal number of either RPMI-8226—
CS1 or RPMI-8226-PCDH cells.

Figures 5A to 5D show CSI-CAR T cells specifically recognize and eliminate
CS1-expressing human primary myeloma cells ex vivo. Figure SA shows flow
cytometric results of PBMCs from patients with MM that were activated with anti-
CD3 and anti-CD28 beads, transduced with the Pinco—-CS1-CAR or Pinco construct
(mock), and stained with anti-mouse Fab and anti-humanCD3 antibodies. Results
from 1 of 4 patients with similar data are shown. Figure 5B shows flow cytometric
staining for CS1 protein in CD138" myeloma cells freshly isolated from patients with
MM. Results from 3 of 10 patients with similar data are shown. Figure 5C is a series
of graphs showing specific lysis (°'Cr release assay) of the CD138" myeloma cells in
(B) co-cultured with the autologous mock- or CS1-CAR-transduced T cells in (A) at
indicated E/T ratios for 4 hours. Figure 5D is a bar graph showing IFN-y secretion
(pg/ml) by the cells treated as in (C) except that the E/T ratio was 1:1 and the
incubation time was extended to 24 hours.

Figures 6A and 6B show CS1-redirected T cells inhibit tumor growth and
prolong mouse survival in an orthotopic MM.1S xenograft mouse model. Figure 6A is
a series of dorsal and ventral bioluminescence images of five representative mice
bearing MM. 1S tumors from each indicated group. NSG mice were intravenously
inoculated with 8 x 10° MM.1S cells expressing luciferase (day 0). On days 7 and 14
after inoculation, each mouse received PBS (placebo control group), 10 x 10° mock T
cells (mock control group) or CS1-CAR T cells (CAR treatment group). Figure 6B
shows Kaplan—Meier survival curves of MM.1Sbearing mice treated with PBS, mock
T cells, or CS1-CAR T cells.

Figures 7A to 7E show 293T transformed cells expressing CS1 were
susceptible to recognition and lysis by CS1-CAR T cells. Figure 7A shows that 293T
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parental cells were negative for CS1 expression. 293T cells were stained with PE-
conjugated anti-CS1 mAb antibody (solid line) or isotype-matched control Ab (dotted
line) and analyzed by flow cytometry. Figure 7B shows flow cytometric staining for
CS1 protein on the surface of 293T cells overexpressing CS1 (293T-CS1, dark solid
heavy line) or an empty vector (293T-PCDH, gray solid heavy line). 293 T cells
expressing CS1 stained with IgG isotype (dotted line) served as non-specific binding
control. Figure 7C shows cytotoxicity of mock- or CS1-CAR-transduced T cells
against 293T-CS1 and 293T-PCDH cells. 293T-CS1 and 293T-PCDH cells were
incubated with mock- or CS1-CAR-transduced T cells at indicated E/T ratios for 4 h,
and specific lysis was determined using a standard °'Cr release assay. Figures 7D and
7E are a bar graph showing IFN-y secretion (Fig. 7D, pg/ml) or IL-2 secretion (Fig.
7E, pg/ml) by Mock- or CS1-CAR-transduced T cells cultured alone or stimulated
with either 293T-CS1 or 293T-PCDH cells.

Figures 8A and 8B show that both CD4" and CD8" CS1-CAR T cells were
activated in response to myeloma cells. In Figure 8A, Mock- or CS1-CAR-transduced
T cells were cultured alone or stimulated with NCI-H929 and MM. 1S cells for 12 h,
then surface expression of CD3 and CDS, as well as intracellular IFN-y, were
evaluated by flow cytometry. The plots were gated on CD3+ lymphocytes. One
representative experiment out of three with similar results is shown. In Figure §B,
Mock- or CS1-CAR-transduced T cells were cultured alone or stimulated with NCI-
H929 and MM.18 cells for 4 h, and expression of CD3, CD8 and the degranulation
marker CD107a were evaluated by flow cytometry. The plots were gated on live
CD3" lymphocytes. One representative experiment out of three with similar results is
shown.

Figures 9A and 9B show that CS1-redirected T cells inhibit tumor growth and
prolong mouse survival in an orthotopic IM-9 xenograft mouse model. Figure 9A
show dorsal and ventral bioluminescence images of five representative mice bearing
IM9 tumors from each indicated group. NSG mice were i.v. inoculated with 5 x 10°
IM9 cells expressing luciferase (day 0). On day 7 and day 21 after inoculation, each
mouse received PBS (placebo control group), 10 x 10° mock T cells (mock control
group) or CS1-CAR T cells (CAR treatment group). The white crosses “+” represent
mice that died of MM disease in the PBS-treated group at the time of imaging. Figure
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9B are Kaplan-Meier survival curves of IM9-bearing mice treated with PBS, mock T
cells or CS1-CAR T cells.

Figures 10A to 10C show that CS1-CAR T cells persisted and proliferated in
the bone marrow (BM) of MM. 1S cell-grafted NSG mice. NSG mice were inoculated
with 8 x 10° MM.1S cells on day 0, and on day 7 mice were treated with 10 x 10°
CS1-CAR T cells. On day 20, mice were i.p. injected with 1.5 mg Brdu in DPBS
solution. Mice were sacrificed on the following day, and the BM cells were isolated
for surface staining with CD45 and CD3 human-specific antibodies and/or anti-Brdu
antibodies (BD Biosciences) following the manufacture’s protocol. Figure 10A shows
the percentage of human T cells (CD45'/CD3") in the BM of representative mice. In
Figure 10B, the gated human T cells (CD45/CD3") were stained with IgG (left panel)
or anti-Fab Ab (right panel) to verify CAR expression. In Figure 10C, the gated
human T cells (CD45°/CD3") were stained with IgG (left panel) or anti-Brdu Ab, and
the percentage of Brdu-incorporated T cells are displayed.

Figures 11A to 11C shows CS1-CAR T cells displayed low levels of reactivity
against primary NK and T cells. >’ Cr-labeled human primary NK and T cells (5 x 10%)
were co-cultured with mock- or CS1-CAR-transduced T cells at the indicated
Effector/Target (E/T) ratios for 4 h, and target lysis (*'Cr release) of NK cells (Fig.
11A) and T cells (Fig. 11B) was measured. Figure 11C is a bar graph showing IFN-y
secretion by Mock- or CS1-CAR-transduced T cells cultured alone or stimulated with
either primary NK cells, T cells or myeloma cells for 24 h.

Figure 12 shows primary NK cells or T cells did not trigger apparent
activation induced cell death (AICD) in CS1-CAR T cells. Primary NK cells and T
cells were incubated with an equal number of *'Cr-labelled mock- or CS1-CAR-
transduced T cells for 12 h. Specific lysis was then determined using a °'Cr release
assay.

Figures 13A to 13C show the generation of a CS1-specific CAR and its
expression in CAR-transduced NK cells. Figure 13A is a schematic representation of
the CS1-CAR lentiviral construct. Figure 13B shows Western blotting analysis of
CS1-CAR expression using a CD3{-specific Ab. Data shown are representative of
three experiments with similar results. Figure 13C shows expression of chimeric CS1
scFv on the surface of FACS-sorted NK-92 and NKL cells transduced with the CS1-
CAR construct or empty vector (EV) analyzed by flow cytometry after cells were
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stained with an anti-myc antibody or an IgG1 isotype control. Data shown are
representative of three experiments with similar results.

Figures 14A to 14D show CS1-CAR NK cells eradicate CS1" but not CS1~
MM cells. Figure 14A shows determination of CS1 expression on the surface of
L363, IM9 and U266 MM cell lines by flow cytometry after cells were stained with
anti-CS1 mAD or isotype-matched control antibody. Figures 14B to 13D show
cytotoxic activity of mock-transduced or CS1-CAR-transduced NK-92 or NKL cells
against IM9 (Fig. 14B), L363 (Fig. 14C) and U266 (Fig. 13D) cells using a standard
*1Cr release assay. NK-92-EV and NKL-EV indicate empty vector (EV) control-
transduced NK-92 and NKL cells, respectively. NK-92-CS1-CAR and NKL-CS1-
CAR indicate transduction of NK-92 and NKL cells, respectively, with a CS1-CAR
construct. * and ** indicate P<0.05 and P<0.01, respectively.

Figures 15A to 15C show recognition of CS1° MM cells induces a stronger
response from CS1-CAR NK cells than from control NK cells. Figures 15A to 15C
are bar graphs showing IFN-y secretion by Mock-transduced or CS1-CAR transduced
NK-92 or NKL effector cells co-cultured with an equal number of IM9 (Fig. 15A),
L363 (Fig. 15B) or U266 (Fig. 15C) myeloma cells for 24 h. NK-92-EV and NKL-EV
indicate empty vector (EV) control-transduced NK-92 and NKL cells, respectively.
NK-92-CS1-CAR and NKL-CS1-CAR indicate transduction of NK-92 and NKL
cells, respectively, with a CS1-CAR construct.

Figures 16A to 16C show enhanced target recognition of NK-92-CS1-CAR
cells depends on expression of CS1 on MM cells. Figure 16A shows flow cytometric
staining for a CS1 protein or an I1gG control (dotted line) on the surface of U266 cells
overexpressing CS1 (U266-CS1, solid heavy line) or an empty vector control (U266-
Vector, solid light line). Figure 16B shows cytotoxicity of mock- or CS1-CAR-
transduced NK-92 cells (NK-92-EV and NK-92-CS1-CAR, respectively) against
U266-Vector and U266-CS1 cells. U266-Vector or U266-CS1 cells were incubated
with NK-92-CS1-CAR or NK-92-EV cells at different Effector/Target (E/T) ratios for
4 h. Specific lysis was determined using a standard °'Cr release assay. * indicates
P<0.05. (¢c) NK-92-CS1-CAR or NK-92-EV cells were co-cultured with an equal
number of U266-Vector or U266-CS1 myeloma cells for 24 h. Supernatants were then

harvested for measurement of IFN-y secretion using ELISA.
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Figures 17A to 17C show phenotypic characterization of CS1-CAR modified
NK cells. In Figure 17A, Mock- or CS1-CAR-transduced NK-92 cells (NK-92-EV
and NK-92-CS1-CAR, respectively) were either cultured alone, or cultured with IM9
MM cells for 4 h. Surface expression of NKp30, NKp46, NKG2C, NKG2D, CD69
and HLA-DR was assessed by flow cytometry following staining with the
corresponding mAbs, and the mean fluorescence intensity (MFI) was recorded. *
indicates P<0.05. In Figure 17B, NK-92-EV and NK-92-CS1-CAR cells were
permeabilized for intracellular staining with mAb specific for perforin or granzyme B,
and analyzed by flow cytometry. The dashed line represents staining the NK-92-EV
control cells with control IgG antibody, solid heavy line denotes staining NK-92-CS1-
CAR cells with either Perforin or Granzyme B antibody, and the solid light line
indicates staining the NK-92-EV control cells with either Perforin or Granzyme B
antibody. Figure 17C shows MFI for histograms shown in Figure 17B. * indicates
P<0.05.

Figures 18A to 18C show CS1-CAR-transduced NK-92 cells enhance killing
of primary human myeloma cells. Figure 18A shows flow cytometric staining for CS1
protein or IgG isotype control, demonstrating that CD138" primary myeloma cells
highly express CS1. The open and filled histograms represent staining with isotype-
matched control antibodies and anti-CS1 antibodies, respectively. Data shown are
representative of two out of six patient samples with similar results. Figure 18B shows
cytotoxic activity of mock- or CS1-CAR-transduced NK-92 cells (NK-92-EV and
NK-92-CS1-CAR, respectively) against CD138" primary myeloma cells from three of
six patients with similar results using a standard *'Cr release assay. E/T indicates the
effector cell/target cell ratio. * indicates P<0.05. Figure 18C shows IFN-y secretion by
CD138" primary myeloma cells co-cultured with NK-92-EV or NK-92-CS1-CAR
cells at an E/T ratio of 5:1 for 24 h. Data shown are representative of one out of three
patient samples with similar results.

Figures 19A to 19D show CS1-CAR NK cells suppress in vivo growth of
orthotopic human MM cells and prolong the survival of MM-bearing mice. Figure
19A (left) is an image showing massive infiltration of human IM9 cells, detected by
Hematoxylin-Eosin (H&E) staining, in the lumbar vertebrae bone lesions of one
representative mouse displaying hind leg paralyses after i.v. injected with IM9 cells.

Figure 19A (right) shows immunohistochemical staining of mouse lumbar vertebrae
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bone lesions with anti-human CD138 mAb. Figure 19B shows dorsal
bioluminescence imaging of mice bearing IM9 tumors. NSG mice were inoculated
with 5 x 10° luciferase-expressing IM9 cells via a tail vein injection (day 0). Seven
days after inoculation, mice were treated with mock-transduced NK-92 cells (NK-92-
EV), CS1-CAR transduced NK-92 cells (NK-92-CS1-CAR) or phosphate-buffered
saline (a negative control). Figure 19C is a bar graph showing quantification summary
of units of photons per second per mouse from Figure 19B. * indicates P<0.05; **
denotes P<0.01. Figure 19D shows Kaplan—Meier survival curves of IM9-bearing
mice treated with NK-92-CS1-CAR cells compared with the mice treated with NK-
92-EV cells. * indicates P<(0.05.

Figure 20 shows that introduction of CS1 CAR does not lead to substantial
apoptosis in NK cell lines. Mock- or CS1-CAR-transduced NK92 or NKL cells were
stained with 7AAD and Annexin V-V450, followed by a flow cytometric analysis.
NK-92-EV and NKL-EV indicate empty vector (EV) control-transduced NK-92 and
NKL cells, respectively. NK-92-CS1-CAR and NKL-CS1-CAR indicate transduction
of NK-92 and NKL cells, respectively, with a CS1-CAR construct.

DETAILED DESCRIPTION

Disclosed herein are chimeric antigen receptors (CAR) that can specifically
recognize tumor- associated antigens (TAA) on Multiple myeloma (MM) cells. Also
disclosed are immune effector cells, such as T cells or Natural Killer (NK) cells, that
are engineered to express these CARs. Therefore, also disclosed are methods for
providing an anti-tumor immunity in a subject with MM that involves adoptive
transfer of the disclosed immune effector cells engineered to express the disclosed
CS1-specific CARs.

CS1-specific chimeric antigen receptors (CAR)

CARs generally incorporate an antigen recognition domain from the single-
chain variable fragments (scFv) of a monoclonal antibody (mAb) with transmembrane
signaling motifs involved in lymphocyte activation (Sadelain M, et al. Nat Rev
Cancer 2003 3:35-45). The cell surface glycoprotein CS1 is highly and ubiquitously
expressed on the surface of myeloma cells (Hsi ED, et al. Clin Cancer Res 2008
14:2775-84). CS1 is expressed at very low levels in the majority of immune effector

cells, including natural killer (NK) cells, some subsets of T cells, and normal B cells,



10

15

20

25

30

WO 2014/179759 PCT/US2014/036684

and is almost undetectable on myeloid cells (Hsi ED, et al. Clin Cancer Res 2008
14:2775-84). Notably, CS1 is negligibly expressed in human hematopoietic stem cells
(Hsi ED, et al. Clin Cancer Res 2008 14:2775-84), which can be used for stem cell
transplantation to treat hematologic malignancies, including MM. The functions of
CS1 in MM remain incompletely understood, and it has been documented that CS1
may play a role in myeloma cell adhesion, clonogenic growth, and tumorigenicity
(Benson DM Jr, et al. J Clin Oncol 2012 30:2013-5; Tai YT, et al. Blood 2009
113:4309-18). Targeting CS1 with the humanized mAb elotuzumab has been
demonstrated to be safe in the clinic (Benson DM Jr, et al. J Clin Oncol 2012
30:2013-5; Tai YT, et al. Blood 2009 113:4309-18). Preclinical studies show that this
antibody inhibits myeloma cell adhesion to bone marrow stromal cells, induces NK
cell-mediated antibody-dependent cellular cytotoxicity, and eradicates the xenograft
tumors initiated by human myeloma cells in immunodeficient mice (Benson DM Jr, et
al. J Clin Oncol 2012 30:2013-5; Tai YT, ct al. Blood 2009 113:4309—18; Tai YT, ct
al. Blood 2008 112:1329-37). Therefore, disclosed herein is a CS1-specific chimeric
antigen receptor (CAR) that can be that can be expressed in immune effector cells to
enhance antitumor activity against human multiple myeloma.

The disclosed CAR is generally made up of three domains: an ectodomain, a
transmembrane domain, and an endodomain. The ectodomain comprises the CS1-
binding region and is responsible for antigen recognition. It also generally contains a
signal peptide (SP) so that the CAR can be glycosylated and anchored in the cell
membrane of the immune effector cell. The transmembrane domain (TD), is as its
name suggests, connects the ectodomain to the endodomain and resides within the cell
membrane when expressed by a cell. The endodomain is the business end of the CAR
that transmits an activation signal to the immune effector cell after antigen
recognition. For example, the endodomain can contain an intracellular signaling
domain (ISD) and optionally a co-stimulatory signaling region (CSR).

In some embodiments, the disclosed CAR is defined by the formula:

SP-CS1-HG-TM-CSR-ISD; or
SP-CS1- HG-TM-ISD-CSR
wherein “SP” represents a signal peptide,

wherein “CS1” represents a CS1-binding region,

wherein “HG” represents an optional hinge domain,

10
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wherein “TM” represents a transmembrane domain,
wherein “CSR” represents a co-stimulatory signaling region,
wherein “ISD” represents an intracellular signaling domain, and

I

wherein represents a bivalent linker.

The antigen recognition domain of the disclosed CAR is usually an scFv.
There are however many alternatives. An antigen recognition domain from native T-
cell receptor (TCR) alpha and beta single chains have been described, as have simple
ectodomains (e.g. CD4 ectodomain to recognize HIV infected cells) and more exotic
recognition components such as a linked cytokine (which leads to recognition of cells
bearing the cytokine receptor). In fact almost anything that binds a given target with
high affinity can be used as an antigen recognition region.

The endodomain is the business end of the CAR that after antigen recognition
(i.e., CS1) transmits a signal to the immune effector cell, activating at least one of the
normal effector functions of the immune effector cell. Effector function of a T cell,
for example, may be cytolytic activity or helper activity including the secretion of
cytokines. Therefore, the endodomain may comprise the “intracellular signaling
domain” of a T cell receptor (TCR) and optional co-receptors. While usually the
entire intracellular signaling domain can be employed, in many cases it is not
necessary to use the entire chain. To the extent that a truncated portion of the
intracellular signaling domain is used, such truncated portion may be used in place of
the intact chain as long as it transduces the effector function signal.

Cytoplasmic signaling sequences that regulate primary activation of the TCR
complex that act in a stimulatory manner may contain signaling motifs which are
known as immunoreceptor tyrosine-based activation motifs (ITAMs). Examples of
ITAM containing cytoplasmic signaling sequences include those derived from TCR
zeta, FcCR gamma, FcR beta, CD3 gamma, CD3 delta, CD3 epsilon, CDS5, CD22,
CD79a, CD79b, and CD66d. However, in preferred embodiments, the intracellular
signaling domain is derived from CD3 zeta (CD3{).

T-cell surface glycoprotein CD3 zeta (CD3{) chain, also known as T-cell
receptor T3 zeta chain or CD247 (Cluster of Differentiation 247), is a protein that in
humans is encoded by the CD247 gene.

First-generation CARSs typically had the intracellular domain from the CD3(

chain, which is the primary transmitter of signals from endogenous TCRs. Second-
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generation CARs add intracellular signaling domains from various costimulatory
protein receptors (e.g., CD28, 41BB, ICOS) to the endodomain of the CAR to provide
additional signals to the T cell. Preclinical studies have indicated that the second
generation of CAR designs improves the antitumor activity of T cells. More recent,
third-generation CARs combine multiple signaling domains to further augment
potency. T cells grafted with these CARs have demonstrated improved expansion,
activation, persistence, and tumor-eradicating efficiency independent of costimulatory
receptor/ligand interaction (Imai C, et al. Leukemia 2004 18:676—84; Maher J, et al.
Nat Biotechnol 2002 20:70-5).

For example, the endodomain of the CAR can be designed to comprise the
CD3( signaling domain by itself or combined with any other desired cytoplasmic
domain(s) useful in the context of the CAR of the invention. For example, the
cytoplasmic domain of the CAR can comprise a CD3 zeta chain portion and a
costimulatory signaling region. The costimulatory signaling region refers to a portion
of the CAR comprising the intracellular domain of a costimulatory molecule. A
costimulatory molecule is a cell surface molecule other than an antigen receptor or
their ligands that is required for an efficient response of lymphocytes to an antigen.
Examples of such molecules include CD27, CD28, 4-1BB (CD137), 0X40, CD30,
CDA40, ICOS, lymphocyte function-associated antigen-1 (LFA-1), CD2, CD7, LIGHT,
NKG2C, B7-H3, and a ligand that specifically binds with CDS83, and the like. Thus,
while the CAR is exemplified primarily with CD28 as the co-stimulatory signaling
element, other costimulatory elements can be used alone or in combination with other
co-stimulatory signaling elements.

In some embodiments, the CAR comprises a hinge sequence. A hinge
sequence is a short sequence of amino acids that facilitates antibody flexibility (see,
e.g., Woof et al., Nat. Rev. Immunol., 4(2): 89-99 (2004)). The hinge sequence may
be positioned between the antigen recognition moiety (e.g., an anti- CS1 scFv) and the
transmembrane domain. The hinge sequence can be any suitable sequence derived or
obtained from any suitable molecule. In some embodiments, for example, the hinge
sequence is derived from a CD8a molecule or a CD28 molecule.

The transmembrane domain may be derived either from a natural or from a
synthetic source. Where the source is natural, the domain may be derived from any

membrane-bound or transmembrane protein. For example, the transmembrane region
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may be derived from (i.e. comprise at least the transmembrane region(s) of) the alpha,
beta or zeta chain of the T-cell receptor, CD28, CD3 epsilon, CD45, CD4, CDS5, CDS,
CD9, CD16, CD22, CD33, CD37, CD64, CD80, CD86, CD134, CD137, or CD154.
Alternatively the transmembrane domain may be synthetic, in which case it will
comprise predominantly hydrophobic residues such as leucine and valine. In some
cases, a triplet of phenylalanine, tryptophan and valine will be found at each end of a
synthetic transmembrane domain. A short oligo- or polypeptide linker, such as
between 2 and 10 amino acids in length, may form the linkage between the
transmembrane domain and the endoplasmic domain of the CAR.

The bivalent linker can be any molecule suitable to link a compound or
nucleic acid to a polynucleotide sequence. Methods and compositions for conjugating
biomolecules, such as polynucleotides, are disclosed in G.T. Hermanon, Bioconjugate

Techniques (2™ ed.), Academic Press (2008), which is incorporated by reference in its

entirety for the teaching of these techniques. In some cases, the bivalent linker

comprises one or more amino acids. However, it can also comprise a peptide bond

directly linking the disclosed domains.

In some embodiments, the disclosed CS1-specific CAR comprises one or
more of the SP, CS1, HG, TM, CSR, ISD, and/or linker components set forth in Table
1, or variants thereof having at least 65%, 70%, 71%, 72%, 73%, 74%, 75%, 76%,
77%, 78%, 79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%,
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% sequence identity to the sequences
set forth in Table 1.

Table 1: Exempla

sequences for the different CAR CS1 components

Functional Amino Acid Sequence/
domains SEQID # Nucleic Acid Sequence
SEQ ID NO:1 MGWSSIILFLVATATGVH
SP SEQ ID NO:2 ATGGGATGGAGCTCTATCATCCTCTTCTTGGTAGCAA
) CAGCTACAGGTGTCCAC
CD8a SP SEQ ID NO:3 MALPVTALLLPLALLLHAARP
Alternative SP SEQ ID NO:4 METDTLLLWVLLLWVPGSTG
SEQ ID NO:5 LEPKSCDKTHTCPPCP
Hinge domain SEQ ID NO:6 CTCGAGCCCAAATCTTGTGACAAAACTCACACATGC
) CCACCGTGCCCG
CD8a TM SEQ ID NO:7 IYIWAPLAGTCGVLLLSLVITLYC
41BB TM SEQ ID NO:8§ IISFFLALTSTALLFLLFFLTLRFSVV
SEQIDNO:9 |FWVLVVVGGVLACYSLLVTVAFIIFWV
CD28 TM SEQ ID NO:10 TTTTGGGTGCTGGTGGTGGTTGGTGGAGTCCTGGCTT
) GCTATAGCTTGCTAGTAACAGTGGCCTTTATTATTTT
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CTGGGTG

41BB CSR

SEQ ID NO:11

KRGRKKLLYIFKQPFMRPVQTTQEEDGCSCRFPEEEEG
GCEL

CD28 CSR

SEQ ID NO:12

RSKRSRLLHSDYMNMTPRRPGPTRKHYQPYAPPRDFA
AYRS

SEQ ID NO:13

AGGAGTAAGAGGAGCAGGCTCCTGCACAGTGACTAC
ATGAACATGACTCCCCGCCGCCCCGGGCCCACCCGC
AAGCATTACCAGCCCTATGCCCCACCACGCGACTTC
GCAGCCTATCGCTCC

CD3( 1SD

SEQ ID NO: 14

RVKFSRSADAPAYQQGONQLYNELNLGRREEYDVLDK
RRGRDPEMGGKPRRKNPQEGLYNELQKDKMAEAY SEI
GMKGERRRGKGHDGLYQGLSTATKDTYDALHMQALP
PR

SEQ ID NO:15

AGAGTGAAGTTCAGCAGGAGCGCAGACGCCCCCGCG
TACCAGCAGGGCCAGAACCAGCTCTATAACGAGCTC
AATCTAGGACGAAGAGAGGAGTACGATGTTTTGGAC
AAGAGACGTGGCCGGGACCCTGAGATGGGGGGAAA
GCCGAGAAGGAAGAACCCTCAGGAAGGCCTGTACA
ATGAACTGCAGAAAGATAAGATGGCGGAGGCCTACA
GTGAGATTGGGATGAAAGGCGAGCGCCGGAGGGGC
AAGGGGCACGATGGCCTTTACCAGGGTCTCAGTACA
GCCACCAAGGACACCTACGACGCCCTTCACATGCAG
GCCCTGCCCCCTCGCTAA

Linker

SEQ ID NO:16

GGGGSGGGGSGGGGS

Luc90 CS1 ScFv

SEQ ID NO:17

SQVQLQQPGAELVRPGASVKLSCKASGYSFTTYWMN
WVKQRPGQGLEWIGMIHPSDSETRLNQKFKDKATLTV
DKSSSTAYMQLSSPTSEDSAVYYCARSTMIATRAMDY
WGQGTSVTVSGGGGSGGGGSGGGGSDIVMTQSQKSM
STSVGDRVSITCKASQDVITGVAWYQQKPGQSPKLLIY
SASYRYTGVPDRFTGSGSGTDFTFTISNVQAEDLAVYY
CQQHYSTPLTFGAGTKLELK

SEQ ID NO:18

TCCCAGGTCCAACTGCAGCAGCCTGGGGCTGAGCTG
GTGAGGCCTGGAGCTTCAGTGAAGCTGTCCTGCAAG
GCTTCGGGGTACTCCTTCACCACCTACTGGATGAACT
GGGTGAAGCAGAGGCCTGGACAAGGCCTTGAGTGGA
TTGGCATGATTCATCCTTCCGATAGTGAAACTAGGTT
AAATCAGAAGTTCAAGGACAAGGCCACATTGACTGT
AGACAAATCCTCCAGCACAGCCTACATGCAACTCAG
CAGCCCGACATCTGAGGACTCTGCGGTCTATTACTGT
GCAAGATCTACTATGATTGCGACGAGGGCTATGGAC
TACTGGGGTCAAGGAACCTCAGTCACCGTCTCCGGC
GGTGGCGGTTCTGGTGGCGGTGGCTCCGGCGGTGGC
GGTTCTGACATTGTGATGACCCAGTCTCAGAAATCCA
TGTCCACATCAGTAGGAGACAGGGTCAGCATCACCT
GCAAGGCCAGTCAGGATGTTATTACTGGTGTAGCCT
GGTATCAACAGAAACCAGGGCAATCTCCTAAATTAC
TGATTTACTCGGCATCCTACCGGTACACTGGAGTCCC
TGATCGCTTCACTGGCAGTGGATCTGGGACGGATTTC
ACTTTCACCATCAGCAATGTGCAGGCTGAAGACCTG
GCAGTTTATTACTGTCAGCAACATTATAGTACTCCTC
TCACTTTCGGTGCTGGGACCAAGCTGGAGCTGAAA

Luc90 light chain
variable region

SEQ ID NO:19

DIVMTQSQKSMSTSVGDRVSITCKASQDVITGVAWYQ
QKPGQSPKLLIYSASYRYTGVPDRFTGSGSGTDFTFTIS
NVOQAEDLAVYYCQQHYSTPLTFGAGTKLELK
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Luc63 heavy chaiy

EVKLLESGGGLVQPGGSLKLSCAASGFDFSRY WMSWV
RQAPGKGLEWIGEINPDSSTINYTPSLKDKFIISRDNAKN

variable region | SPQ 1P NO20 | 01T OMSKVRSEDTALYYCARPDGNY WYFDVWGAGT
TVTVSS

Luc63 light chain DIVMTQSHKFMSTSVGDRVSITCKASQDVGIAVAWYQ

variable region | SEQ [P NO:21 | QKPGQSPKLLIY WASTRHTGVPDRFTGSGSGTDFTLTIS
NVQSEDLADYFCQQYSSYPYTFGGGTKLEIK
QVQLQQSGAELARPGASVKLSCKASGYTFTSYWMQW

Luc34 heavy chail gpo 11\ | VKQRPGQGLEWIGAIYPGDGDTRYTQKFKGKATLTAD

variable region 4% | KSSSTAYMQLSSLASEDSAVYYCARGKVYYGSNPFAY
WGQGTLVTVSA

Luc34 light chain DIQMTQSSSYLSVSLGGRVTITCKASDHINNWLAWYQQ

variable region | SEQ [P NO:23 | KPGNAPRLLISGATSLETGVPSRESGSGSGKDYTLSITSL
QTEDVATYYCQQYWSTPWTFGGGTKLEIK

LucX1 heavy QVQLQQSGPELVKPGASVKISCKASGYAFSSSWMNWYV

chain variable | SEQ IDNO:24 | KQRPGQGLEWIGRIYPGDGDTKYNGKFKGKATLTADK

region

SSSTAYMQLSSLTSVDSAVYFCARSTMIATGAMDYWG
QGTSVTVSS

LucX1 light chain

ETTVTQSPASLSMAIGEKVTIRCITSTDIDDDMNWYQQ

variable sowion | SEQIDNO:25 | KPGEPPKLLISEGNTLRPGVPSRFSSSGYGTDFVFTIENM
& LSEDVADYYCLQSDNLPLTFGGGTKLEIK

LucX? heavy QVQLQQSGPELVKPGASVKISCKASGYAFSSSWMNWYV

chain variable | SEQ ID NO26 | KQRPOQGLEWIGRIYPGDGDTKYNGKFKGKATLTADK

region

SSSTAYMQLSSLTSVDSAVYFCARSTMIATGAMDYWG
QGTSVTVS

LucX2 light chain
variable region

SEQ ID NO:27

DIVMTQSHKFMSTSVGDRVSITCKASQDVSTAVAWYQ
QKPGQSPKLLIYSASYRYTGVPDRFTGSGSGTDFTFTISS
VQAEDLAVYYCQQHYSTPPYTFGGGTKLEIK

Therefore, in some embodiments, the disclosed CS1-specific CAR comprises

the amino acid sequence SEQ ID NO:1 (shown below), or a variant thereof having at
least 65%, 70%, 71%, 72%, 73%, 74%., 75%, 76%, 77%, 78%, 79%, 80%, 81%, 82%,
83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98%, 99% sequence identity to SEQ ID NO:28.

CS1-CD28-CD3Z construct:

MGWSSITLFLVATATGVHSQVQLQQPGAELVRPGASVKLSCKASGYSFTTYW
MNWVKQRPGQGLEWIGMIHPSDSETRLNQKFKDKATLTVDKSSSTAYMQLS
SPTSEDSAVYYCARSTMIATRAMDYWGQGTSVTVSGGGGSGGGGSGGGGSD
IVMTQSQKSMSTSVGDRVSITCKASQDVITGVAWYQQKPGQSPKLLIYSASYR
YTGVPDRFTGSGSGTDFTFTISNVQAEDLAVYYCQQHYSTPLTFGAGTKLELK
LEPKSCDKTHTCPPCPDPKFWVLVVVGGVLACYSLLVTVAFITFWVRSKRSRL
LHSDYMNMTPRRPGPTRKHY QPYAPPRDFAAYRSRVKFSRSADAPAYQQGQ
NQLYNELNLGRREEYDVLDKRRGRDPEMGGKPRRKNPQEGLYNELQKDKM
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AEAYSEIGMKGERRRGKGHDGLYQGLSTATKDTYDALHMQALPPR (SEQ ID
NO:28).

Nucleic Acids and Vectors

Also disclosed are polynucleotides and polynucleotide vectors encoding the
disclosed CS1-specific CARs that allow expression of the CS1-specific CARs in the
disclosed immune effector cells.

For example, in some embodiments, the disclosed CS1-specific CAR are
encoded by the nucleic acid sequence SEQ ID NO:28 (shown below), or a variant
thereof having at least 65%, 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%,
80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, 99% sequence identity to SEQ ID NO:29.

PCDH-CS1-scFv-myc tag-CD28-CD3zeta (PCDH-CS1-CAR) construct:
ATGGGATGGAGCTCTATCATCCTCTTCTTGGTAGCAACAGCTACAGGTGTC
CACTCCCAGGTCCAACTGCAGCAGCCTGGGGCTGAGCTGGTGAGGCCTGG
AGCTTCAGTGAAGCTGTCCTGCAAGGCTTCGGGGTACTCCTTCACCACCTA
CTGGATGAACTGGGTGAAGCAGAGGCCTGGACAAGGCCTTGAGTGGATTG
GCATGATTCATCCTTCCGATAGTGAAACTAGGTTAAATCAGAAGTTCAAG
GACAAGGCCACATTGACTGTAGACAAATCCTCCAGCACAGCCTACATGCA
ACTCAGCAGCCCGACATCTGAGGACTCTGCGGTCTATTACTGTGCAAGAT
CTACTATGATTGCGACGAGGGCTATGGACTACTGGGGTCAAGGAACCTCA
GTCACCGTCTCCGGCGGTGGCGGTTCTGGTGGCGGTGGCTCCGGCGGTGG
CGGTTCTGACATTGTGATGACCCAGTCTCAGAAATCCATGTCCACATCAGT
AGGAGACAGGGTCAGCATCACCTGCAAGGCCAGTCAGGATGTTATTACTG
GTGTAGCCTGGTATCAACAGAAACCAGGGCAATCTCCTAAATTACTGATT
TACTCGGCATCCTACCGGTACACTGGAGTCCCTGATCGCTTCACTGGCAGT
GGATCTGGGACGGATTTCACTTTCACCATCAGCAATGTGCAGGCTGAAGA
CCTGGCAGTTTATTACTGTCAGCAACATTATAGTACTCCTCTCACTTTCGG
TGCTGGGACCAAGCTGGAGCTGAAACTCGAGCCCAAATCTTGTGACAAAA
CTCACACATGCCCACCGTGCCCGGATCCCAAATTTTGGGTGCTGGTGGTGG
TTGGTGGAGTCCTGGCTTGCTATAGCTTGCTAGTAACAGTGGCCTTTATTA
TTTTCTGGGTGAGGAGTAAGAGGAGCAGGCTCCTGCACAGTGACTACATG
AACATGACTCCCCGCCGCCCCGGGCCCACCCGCAAGCATTACCAGCCCTA
TGCCCCACCACGCGACTTCGCAGCCTATCGCTCCAGAGTGAAGTTCAGCA
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GGAGCGCAGACGCCCCCGCAGTACCAGCAGGGCCAGAACCAGCTCTATAAC
GAGCTCAATCTAGGACGAAGAGAGGAGTACGATGTTTTGGACAAGAGAC
GTGGCCGGGACCCTGAGATGGGGGGAAAGCCGAGAAGGAAGAACCCTCA
GGAAGGCCTGTACAATGAACTGCAGAAAGATAAGATGGCGGAGGCCTAC
AGTGAGATTGGGATGAAAGGCGAGCGCCGGAGGGGCAAGGGGCACGATG
GCCTTTACCAGGGTCTCAGTACAGCCACCAAGGACACCTACGACGCCCTT
CACATGCAGGCCCTGCCCCCTCGCTAA (SEQ ID NO:29).

Nucleic acid sequences encoding the disclosed CARs, and regions thereof, can
be obtained using recombinant methods known in the art, such as, for example by
screening libraries from cells expressing the gene, by deriving the gene from a vector
known to include the same, or by isolating directly from cells and tissues containing
the same, using standard techniques. Alternatively, the gene of interest can be
produced synthetically, rather than cloned.

Expression of nucleic acids encoding CARs is typically achieved by operably
linking a nucleic acid encoding the CAR polypeptide to a promoter, and incorporating
the construct into an expression vector. Typical cloning vectors contain transcription
and translation terminators, initiation sequences, and promoters useful for regulation
of the expression of the desired nucleic acid sequence.

The disclosed nucleic acid can be cloned into a number of types of vectors.
For example, the nucleic acid can be cloned into a vector including, but not limited to
a plasmid, a phagemid, a phage derivative, an animal virus, and a cosmid. Vectors of
particular interest include expression vectors, replication vectors, probe generation
vectors, and sequencing vectors.

Further, the expression vector may be provided to a cell in the form of a viral
vector. Viral vector technology is well known in the art and is described, for example,
in Sambrook et al. (2001, Molecular Cloning: A Laboratory Manual, Cold Spring
Harbor Laboratory, New York), and in other virology and molecular biology manuals.
Viruses, which are useful as vectors include, but are not limited to, retroviruses,
adenoviruses, adeno-associated viruses, herpes viruses, and lentiviruses. In general, a
suitable vector contains an origin of replication functional in at least one organism, a
promoter sequence, convenient restriction endonuclease sites, and one or more
selectable markers. In some embodimens, the polynucleotide vectors are lentiviral or

retroviral vectors.

17



10

15

20

25

30

WO 2014/179759 PCT/US2014/036684

A number of viral based systems have been developed for gene transfer into
mammalian cells. For example, retroviruses provide a convenient platform for gene
delivery systems. A selected gene can be inserted into a vector and packaged in
retroviral particles using techniques known in the art. The recombinant virus can then
be isolated and delivered to cells of the subject either in vivo or ex vivo.

One example of a suitable promoter is the immediate early cytomegalovirus
(CMV) promoter sequence. This promoter sequence is a strong constitutive promoter
sequence capable of driving high levels of expression of any polynucleotide sequence
operatively linked thereto. Another example of a suitable promoter is Elongation
Growth Factor-1a (EF-1a). However, other constitutive promoter sequences may also
be used, including, but not limited to the simian virus 40 (SV40) early promoter,
MND (myeloproliferative sarcoma virus) promoter, mouse mammary tumor virus
(MMTV), human immunodeficiency virus (HIV) long terminal repeat (LTR)
promoter, MoMuLV promoter, an avian leukemia virus promoter, an Epstein-Barr
virus immediate early promoter, a Rous sarcoma virus promoter, as well as human
gene promoters such as, but not limited to, the actin promoter, the myosin promoter,
the hemoglobin promoter, and the creatine kinase promoter. The promoter can
alternatively be an inducible promoter. Examples of inducible promoters include, but
are not limited to a metallothionine promoter, a glucocorticoid promoter, a
progesterone promoter, and a tetracycline promoter.

Additional promoter elements, ¢.g., enhancers, regulate the frequency of
transcriptional initiation. Typically, these are located in the region 30-110 bp upstream
of the start site, although a number of promoters have recently been shown to contain
functional elements downstream of the start site as well. The spacing between
promoter elements frequently is flexible, so that promoter function is preserved when
elements are inverted or moved relative to one another.

In order to assess the expression of a CAR polypeptide or portions thereof, the
expression vector to be introduced into a cell can also contain either a selectable
marker gene or a reporter gene or both to facilitate identification and selection of
expressing cells from the population of cells sought to be transfected or infected
through viral vectors. In other aspects, the selectable marker may be carried on a
separate piece of DNA and used in a co-transfection procedure. Both selectable

markers and reporter genes may be flanked with appropriate regulatory sequences to
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enable expression in the host cells. Useful selectable markers include, for example,
antibiotic-resistance genes.

Reporter genes are used for identifying potentially transfected cells and for
evaluating the functionality of regulatory sequences. In general, a reporter gene is a
gene that is not present in or expressed by the recipient organism or tissue and that
encodes a polypeptide whose expression is manifested by some easily detectable
property, ¢.g., enzymatic activity. Expression of the reporter gene is assayed at a
suitable time after the DNA has been introduced into the recipient cells. Suitable
reporter genes may include genes encoding luciferase, beta-galactosidase,
chloramphenicol acetyl transferase, secreted alkaline phosphatase, or the green
fluorescent protein gene. Suitable expression systems are well known and may be
prepared using known techniques or obtained commercially. In general, the construct
with the minimal 5’ flanking region showing the highest level of expression of
reporter gene 1s identified as the promoter. Such promoter regions may be linked to a
reporter gene and used to evaluate agents for the ability to modulate promoter-driven
transcription.

Methods of introducing and expressing genes into a cell are known in the art.
In the context of an expression vector, the vector can be readily introduced into a host
cell, e.g., mammalian, bacterial, yeast, or insect cell by any method in the art. For
example, the expression vector can be transferred into a host cell by physical,
chemical, or biological means.

Physical methods for introducing a polynucleotide into a host cell include
calcium phosphate precipitation, lipofection, particle bombardment, microinjection,
electroporation, and the like. Methods for producing cells comprising vectors and/or
exogenous nucleic acids are well-known in the art. See, for example, Sambrook et al.
(2001, Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory,
New York).

Biological methods for introducing a polynucleotide of interest into a host cell
include the use of DNA and RNA vectors. Viral vectors, and especially retroviral
vectors, have become the most widely used method for inserting genes into
mammalian, ¢.g., human cells.

Chemical means for introducing a polynucleotide into a host cell include

colloidal dispersion systems, such as macromolecule complexes, nanocapsules,
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microspheres, beads, and lipid-based systems including oil-in-water emulsions,
micelles, mixed micelles, and liposomes. An exemplary colloidal system for use as a
delivery vehicle in vitro and in vivo is a liposome (e.g., an artificial membrane
vesicle).

In the case where a non-viral delivery system is utilized, an exemplary
delivery vehicle is a liposome. In another aspect, the nucleic acid may be associated
with a lipid. The nucleic acid associated with a lipid may be encapsulated in the
aqueous interior of a liposome, interspersed within the lipid bilayer of a liposome,
attached to a liposome via a linking molecule that is associated with both the liposome
and the oligonucleotide, entrapped in a liposome, complexed with a liposome,
dispersed in a solution containing a lipid, mixed with a lipid, combined with a lipid,
contained as a suspension in a lipid, contained or complexed with a micelle, or
otherwise associated with a lipid. Lipid, lipid/DNA or lipid/expression vector
associated compositions are not limited to any particular structure in solution. For
example, they may be present in a bilayer structure, as micelles, or with a “collapsed”
structure. They may also simply be interspersed in a solution, possibly forming
aggregates that are not uniform in size or shape. Lipids are fatty substances which
may be naturally occurring or synthetic lipids. For example, lipids include the fatty
droplets that naturally occur in the cytoplasm as well as the class of compounds which
contain long-chain aliphatic hydrocarbons and their derivatives, such as fatty acids,
alcohols, amines, amino alcohols, and aldehydes. Lipids suitable for use can be
obtained from commercial sources. For example, dimyristyl phosphatidylcholine
(“DMPC”) can be obtained from Sigma, St. Louis, Mo.; dicetyl phosphate (“DCP”)
can be obtained from K & K Laboratories (Plainview, N.Y.); cholesterol (“Choi”) can
be obtained from Calbiochem-Behring; dimyristyl phosphatidylglycerol (“DMPG”)
and other lipids may be obtained from Avanti Polar Lipids, Inc, (Birmingham, Ala.).

Immune effector cells

Also disclosed are immune effector cells that are engineered to express the
disclosed CARs. These cells are preferably obtained from the subject to be treated
(i.e. are autologous). However, in some embodiments, immune effector cell lines or
donor effector cells (allogeneic) are used. Immune effector cells can be obtained from
a number of sources, including peripheral blood mononuclear cells, bone marrow,

lymph node tissue, cord blood, thymus tissue, tissue from a site of infection, ascites,
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pleural effusion, spleen tissue, and tumors. Immune effector cells can be obtained
from blood collected from a subject using any number of techniques known to the
skilled artisan, such as Ficoll™ separation. For example, cells from the circulating
blood of an individual may be obtained by apheresis. In some embodiments, immune
effector cells are isolated from peripheral blood lymphocytes by lysing the red blood
cells and depleting the monocytes, for example, by centrifugation through a
PERCOLL™ gradient or by counterflow centrifugal elutriation. A specific
subpopulation of immune effector cells can be further isolated by positive or negative
selection techniques. For example, immune effector cells can be isolated using a
combination of antibodies directed to surface markers unique to the positively
selected cells, e.g., by incubation with antibody-conjugated beads for a time period
sufficient for positive selection of the desired immune effector cells. Alternatively,
enrichment of immune effector cells population can be accomplished by negative
selection using a combination of antibodies directed to surface markers unique to the
negatively selected cells.

In some embodiments, the immune effector cells comprise any leukocyte
involved in defending the body against infectious disease and foreign materials. For
example, the immune effector cells can comprise lymphocytes, monocytes,
macrophages, dentritic cells, mast cells, neutrophils, basophils, eosinophils, or any
combinations thereof. For example, the the immune effector cells can comprise T
lymphocytes.

T cells or T lymphocytes can be distinguished from other lymphocytes, such
as B cells and natural killer cells (NK cells), by the presence of a T-cell receptor
(TCR) on the cell surface. They are called T cells because they mature in the thymus
(although some also mature in the tonsils). There are several subsets of T cells, each
with a distinct function.

T helper cells (Ty cells) assist other white blood cells in immunologic
processes, including maturation of B cells into plasma cells and memory B cells, and
activation of cytotoxic T cells and macrophages. These cells are also known as CD4+
T cells because they express the CD4 glycoprotein on their surface. Helper T cells
become activated when they are presented with peptide antigens by MHC class 11
molecules, which are expressed on the surface of antigen-presenting cells (APCs).

Once activated, they divide rapidly and secrete small proteins called cytokines that
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regulate or assist in the active immune response. These cells can differentiate into one
of several subtypes, including Tyl, Tu2, Tu3, Tul7, Tu9, or Try, which secrete
different cytokines to facilitate a different type of immune response.

Cytotoxic T cells (Tc cells, or CTLs) destroy virally infected cells and tumor
cells, and are also implicated in transplant rejection. These cells are also known as
CD8" T cells since they express the CD8 glycoprotein at their surface. These cells
recognize their targets by binding to antigen associated with MHC class I molecules,
which are present on the surface of all nucleated cells. Through IL-10, adenosine and
other molecules secreted by regulatory T cells, the CD8+ cells can be inactivated to
an anergic state, which prevents autoimmune diseases.

Memory T cells are a subset of antigen-specific T cells that persist long-term
after an infection has resolved. They quickly expand to large numbers of effector T
cells upon re-exposure to their cognate antigen, thus providing the immune system
with “memory” against past infections. Memory cells may be either CD4 " or CDS'".
Memory T cells typically express the cell surface protein CD45RO.

Regulatory T cells (Trg cells), formerly known as suppressor T cells, are
crucial for the maintenance of immunological tolerance. Their major role is to shut
down T cell-mediated immunity toward the end of an immune reaction and to
suppress auto-reactive T cells that escaped the process of negative selection in the
thymus. Two major classes of CD4" T cells have been described — naturally
occurring Ty, cells and adaptive Ty, cells.

Natural killer T (NKT) cells (not to be confused with natural killer (NK) cells)
bridge the adaptive immune system with the innate immune system. Unlike
conventional T cells that recognize peptide antigens presented by major
histocompatibility complex (MHC) molecules, NKT cells recognize glycolipid
antigen presented by a molecule called CD1d.

In some embodiments, the T cells comprise a mixture of CD4+ cells. In other
embodiments, the T cells are enriched for one or more subsets based on cell surface
expression. For example, in some cases, the T comprise are cytotoxic CDS™ T
lymphocytes. In some embodiments, the T cells comprise v T cells, which possess a
distinct T-cell receptor (TCR) having one vy chain and one d chain instead of o and 3

chains.
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Natural-killer (NK) cells are CD56 'CD3" large granular lymphocytes that can
kill virally infected and transformed cells, and constitute a critical cellular subset of
the innate immune system (Godfrey J, et al. Leuk Lymphoma 2012 53:1666-1676).
Unlike cytotoxic CD8" T lymphocytes, NK cells launch cytotoxicity against tumor
cells without the requirement for prior sensitization, and can also eradicate MHC-I-
negative cells (Narni-Mancinelli E, et al. Int Immunol 2011 23:427-431). NK cells
are safer effector cells, as they may avoid the potentially lethal complications of
cytokine storms (Morgan RA, et al. Mol Ther 2010 18:843-851), tumor lysis
syndrome (Porter DL, et al. N Engl J Med 2011 365:725-733), and on-target, off-
tumor effects. Although NK cells have a well-known role as killers of cancer cells,
and NK cell impairment has been extensively documented as crucial for progression
of MM (Godfrey J, et al. Leuk Lymphoma 2012 53:1666—-1676; Fauriat C, et al.
Leukemia 2006 20:732-733), the means by which one might enhance NK cell-
mediated anti-MM activity has been largely unexplored prior to the disclosed CARs.

Therapeutic Methods

Immune effector cells expressing the disclosed CARs can elicit an anti-tumor
immune response against MM cells. The anti-tumor immune response elicited by the
disclosed CAR-modified immune effector cells may be an active or a passive immune
response. In addition, the CAR-mediated immune response may be part of an adoptive
immunotherapy approach in which CAR-modified immune effector cells induce an
immune response specific to CS1.

Adoptive transfer of immune effector cells expressing chimeric antigen
receptors is a promising anti-cancer therapeutic. Following the collection of a
patient’s immune effector cells, the cells may be genetically engineered to express the
disclosed CS1-specific CARs, then infused back into the patient.

The disclosed CAR-modified immune effector cells may be administered
cither alone, or as a pharmaceutical composition in combination with diluents and/or
with other components such as IL-2, IL-15, or other cytokines or cell populations.
Briefly, pharmaceutical compositions may comprise a target cell population as
described herein, in combination with one or more pharmaceutically or
physiologically acceptable carriers, diluents or excipients. Such compositions may
comprise buffers such as neutral buffered saline, phosphate buffered saline and the

like; carbohydrates such as glucose, mannose, sucrose or dextrans, mannitol; proteins;
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polypeptides or amino acids such as glycine; antioxidants; chelating agents such as
EDTA or glutathione; adjuvants (e.g., aluminum hydroxide); and preservatives.
Compositions for use in the disclosed methods are in some embodimetns formulated
for intravenous administration. Pharmaceutical compositions may be administered in
any manner appropriate treat MM. The quantity and frequency of administration will
be determined by such factors as the condition of the patient, and the severity of the
patient's disease, although appropriate dosages may be determined by clinical trials.

2% ¢

When “an immunologically effective amount”, “an anti-tumor effective

2% ¢

amount”, “an tumor-inhibiting effective amount”, or “therapeutic amount” is
indicated, the precise amount of the compositions of the present invention to be
administered can be determined by a physician with consideration of individual
differences in age, weight, tumor size, extent of infection or metastasis, and condition
of the patient (subject). It can generally be stated that a pharmaceutical composition
comprising the T cells described herein may be administered at a dosage of 10" to 10°
cells/kg body weight, such as 10° to 10° cells/kg body weight, including all integer
values within those ranges. T cell compositions may also be administered multiple
times at these dosages. The cells can be administered by using infusion techniques
that are commonly known in immunotherapy (see, ¢.g., Rosenberg et al., New Eng. J.
of Med. 319:1676, 1988). The optimal dosage and treatment regime for a particular
patient can readily be determined by one skilled in the art of medicine by monitoring
the patient for signs of disease and adjusting the treatment accordingly.

In certain embodiments, it may be desired to administer activated T cells to a
subject and then subsequently re-draw blood (or have an apheresis performed),
activate T cells therefrom according to the disclosed methods, and reinfuse the patient
with these activated and expanded T cells. This process can be carried out multiple
times every few weeks. In certain embodiments, T cells can be activated from blood
draws of from 10 cc to 400 cc. In certain embodiments, T cells are activated from
blood draws of 20 cc, 30 cc, 40 cc, 50 cc, 60 cc, 70 cc, 80 cc, 90 cc, or 100 cc. Using
this multiple blood draw/multiple reinfusion protocol may serve to select out certain
populations of T cells.

The administration of the disclosed compositions may be carried out in any
convenient manner, including by injection, transfusion, or implantation. The

compositions described herein may be administered to a patient subcutaneously,
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intradermally, intratumorally, intranodally, intramedullary, intramuscularly, by
intravenous (i.v.) injection, or intraperitoneally. In some embodiments, the disclosed
compositions are administered to a patient by intradermal or subcutaneous injection.
In some embodiments, the disclosed compositions are administered by i.v. injection.
The compositions may also be injected directly into a tumor, lymph node, or site of
infection.

In certain embodiments, the disclosed CAR-modified immune effector cells
are administered to a patient in conjunction with (e.g., before, simultaneously or
following) any number of relevant treatment modalities, including but not limited to
thalidomide, dexamethasone, bortezomib, and lenalidomide. In further embodiments,
the CAR-modified immune effector cells may be used in combination with
chemotherapy, radiation, immunosuppressive agents, such as cyclosporin,
azathioprine, methotrexate, mycophenolate, and FK506, antibodies, or other
immunoablative agents such as CAM PATH, anti-CD3 antibodies or other antibody
therapies, cytoxin, fludaribine, cyclosporin, FK506, rapamycin, mycophenolic acid,
steroids, FR901228, cytokines, and irradiation. In some embodiments, the CAR-
modified immune effector cells are administered to a patient in conjunction with (e.g.,
before, simultaneously or following) bone marrow transplantation, T cell ablative
therapy using either chemotherapy agents such as, fludarabine, external-beam
radiation therapy (XRT), cyclophosphamide, or antibodies such as OKT3 or
CAMPATH. In another embodiment, the cell compositions of the present invention
are administered following B-cell ablative therapy such as agents that react with
CD20, e.g., Rituxan. For example, in some embodiments, subjects may undergo
standard treatment with high dose chemotherapy followed by peripheral blood stem
cell transplantation. In certain embodiments, following the transplant, subjects receive
an infusion of the expanded immune cells of the present invention. In an additional
embodiment, expanded cells are administered before or following surgery.

Definitions

The term “amino acid sequence” refers to a list of abbreviations, letters,
characters or words representing amino acid residues. The amino acid abbreviations
used herein are conventional one letter codes for the amino acids and are expressed as
follows: A, alanine; B, asparagine or aspartic acid; C, cysteine; D aspartic acid; E,

glutamate, glutamic acid; F, phenylalanine; G, glycine; H histidine; I isoleucine; K,
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lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R,
arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine; Z, glutamine
or glutamic acid.

The term “antibody” refers to natural or synthetic antibodies that selectively
bind a target antigen. The term includes polyclonal and monoclonal antibodies. In
addition to intact immunoglobulin molecules, also included in the term “antibodies”
are fragments or polymers of those immunoglobulin molecules, and human or
humanized versions of immunoglobulin molecules that selectively bind the target
antigen.

The term “aptamer” refers to oligonucleic acid or peptide molecules that bind
to a specific target molecule. These molecules are generally selected from a random
sequence pool. The selected aptamers are capable of adapting unique tertiary
structures and recognizing target molecules with high affinity and specificity. A
“nucleic acid aptamer” is a DNA or RNA oligonucleic acid that binds to a target
molecule via its conformation, and thereby inhibits or suppresses functions of such
molecule. A nucleic acid aptamer may be constituted by DNA, RNA, or a
combination thercof. A “peptide aptamer” is a combinatorial protein molecule with a
variable peptide sequence inserted within a constant scaffold protein. Identification of
peptide aptamers is typically performed under stringent yeast dihybrid conditions,
which enhances the probability for the selected peptide aptamers to be stably
expressed and correctly folded in an intracellular context.

The term “carrier” means a compound, composition, substance, or structure
that, when in combination with a compound or composition, aids or facilitates
preparation, storage, administration, delivery, effectiveness, selectivity, or any other
feature of the compound or composition for its intended use or purpose. For example,
a carrier can be selected to minimize any degradation of the active ingredient and to
minimize any adverse side effects in the subject.

The term “chimeric molecule” refers to a single molecule created by joining
two or more molecules that exist separately in their native state. The single, chimeric
molecule has the desired functionality of all of its constituent molecules. One type of
chimeric molecules is a fusion protein.

The term “fusion protein” refers to a polypeptide formed by the joining of two

or more polypeptides through a peptide bond formed between the amino terminus of
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one polypeptide and the carboxyl terminus of another polypeptide. The fusion protein
can be formed by the chemical coupling of the constituent polypeptides or it can be
expressed as a single polypeptide from nucleic acid sequence encoding the single
contiguous fusion protein. A single chain fusion protein is a fusion protein having a
single contiguous polypeptide backbone. Fusion proteins can be prepared using
conventional techniques in molecular biology to join the two genes in frame into a
single nucleic acid, and then expressing the nucleic acid in an appropriate host cell
under conditions in which the fusion protein is produced.

The term “identity” refers to sequence identity between two nucleic acid
molecules or polypeptides. Identity can be determined by comparing a position in
each sequence which may be aligned for purposes of comparison. When a position in
the compared sequence is occupied by the same base, then the molecules are identical
at that position. A degree of similarity or identity between nucleic acid or amino acid
sequences is a function of the number of identical or matching nucleotides at positions
shared by the nucleic acid sequences. Various alignment algorithms and/or programs
may be used to calculate the identity between two sequences, including FASTA, or
BLAST which are available as a part of the GCG sequence analysis package
(University of Wisconsin, Madison, Wis.), and can be used with, ¢.g., default setting.
For example, polypeptides having at least 70%, 85%, 90%, 95%, 98% or 99% identity
to specific polypeptides described herein and preferably exhibiting substantially the
same functions, as well as polynucleotide encoding such polypeptides, are
contemplated. Unless otherwise indicated a similarity score will be based on use of
BLOSUMG62. When BLASTP is used, the percent similarity is based on the BLASTP
positives score and the percent sequence identity is based on the BLASTP identities
score. BLASTP “Identities” shows the number and fraction of total residues in the
high scoring sequence pairs which are identical; and BLASTP “Positives” shows the
number and fraction of residues for which the alignment scores have positive values
and which are similar to each other. Amino acid sequences having these degrees of
identity or similarity or any intermediate degree of identity of similarity to the amino
acid sequences disclosed herein are contemplated and encompassed by this disclosure.
The polynucleotide sequences of similar polypeptides are deduced using the genetic
code and may be obtained by conventional means, in particular by reverse translating

its amino acid sequence using the genetic code.
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The term “nucleic acid” refers to a natural or synthetic molecule comprising a
single nucleotide or two or more nucleotides linked by a phosphate group at the 3’
position of one nucleotide to the 5’ end of another nucleotide. The nucleic acid is not
limited by length, and thus the nucleic acid can include deoxyribonucleic acid (DNA)
or ribonucleic acid (RNA).

The term “operably linked to” refers to the functional relationship of a nucleic
acid with another nucleic acid sequence. Promoters, enhancers, transcriptional and
translational stop sites, and other signal sequences are examples of nucleic acid
sequences operably linked to other sequences. For example, operable linkage of DNA
to a transcriptional control element refers to the physical and functional relationship
between the DNA and promoter such that the transcription of such DNA is initiated
from the promoter by an RNA polymerase that specifically recognizes, binds to and
transcribes the DNA.

b NYS

The terms “peptide,” “protein,” and “polypeptide” are used interchangeably to
refer to a natural or synthetic molecule comprising two or more amino acids linked by
the carboxyl group of one amino acid to the alpha amino group of another.

The term “pharmaceutically acceptable” refers to those compounds, materials,
compositions, and/or dosage forms which are, within the scope of sound medical
judgment, suitable for use in contact with the tissues of human beings and animals
without excessive toxicity, irritation, allergic response, or other problems or
complications commensurate with a reasonable benefit/risk ratio.

The term “protein domain” refers to a portion of a protein, portions of a
protein, or an entire protein showing structural integrity; this determination may be
based on amino acid composition of a portion of a protein, portions of a protein, or the
entire protein.

A “spacer” as used herein refers to a peptide that joins the proteins comprising
a fusion protein. Generally a spacer has no specific biological activity other than to
join the proteins or to preserve some minimum distance or other spatial relationship
between them. However, the constituent amino acids of a spacer may be selected to
influence some property of the molecule such as the folding, net charge, or
hydrophobicity of the molecule.

The term “specifically binds”, as used herein, when referring to a polypeptide

(including antibodies) or receptor, refers to a binding reaction which is determinative
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of the presence of the protein or polypeptide or receptor in a heterogeneous
population of proteins and other biologics. Thus, under designated conditions (e.g.
immunoassay conditions in the case of an antibody), a specified ligand or antibody
“specifically binds” to its particular “target” (e.g. an antibody specifically binds to an
endothelial antigen) when it does not bind in a significant amount to other proteins
present in the sample or to other proteins to which the ligand or antibody may come in
contact in an organism. Generally, a first molecule that “specifically binds” a second
molecule has an affinity constant (Ka) greater than about 10° M (e.g., 10° M ™', 10’
ML10° ML 10° MY, 10 M, 10" M, and 102 M or more) with that second
molecule.

The term “specifically deliver” as used herein refers to the preferential
association of a molecule with a cell or tissue bearing a particular target molecule or
marker and not to cells or tissues lacking that target molecule. It is, of course,
recognized that a certain degree of non-specific interaction may occur between a
molecule and a non- target cell or tissue. Nevertheless, specific delivery, may be
distinguished as mediated through specific recognition of the target molecule.
Typically specific delivery results in a much stronger association between the
delivered molecule and cells bearing the target molecule than between the delivered
molecule and cells lacking the target molecule.

The term “subject” refers to any individual who is the target of administration
or treatment. The subject can be a vertebrate, for example, a mammal. Thus, the
subject can be a human or veterinary patient. The term “patient” refers to a subject
under the treatment of a clinician, e.g., physician.

The term “therapeutically effective” refers to the amount of the composition
used is of sufficient quantity to ameliorate one or more causes or symptoms of a
disease or disorder. Such amelioration only requires a reduction or alteration, not
necessarily elimination.

The terms “transformation” and “transfection” mean the introduction of a
nucleic acid, e.g., an expression vector, into a recipient cell including introduction of a
nucleic acid to the chromosomal DNA of said cell.

The term “treatment” refers to the medical management of a patient with the
intent to cure, ameliorate, stabilize, or prevent a disease, pathological condition, or

disorder. This term includes active treatment, that is, treatment directed specifically
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toward the improvement of a disease, pathological condition, or disorder, and also
includes causal treatment, that is, treatment directed toward removal of the cause of
the associated disease, pathological condition, or disorder. In addition, this term
includes palliative treatment, that is, treatment designed for the relief of symptoms
rather than the curing of the disease, pathological condition, or disorder; preventative
treatment, that is, treatment directed to minimizing or partially or completely
inhibiting the development of the associated disease, pathological condition, or
disorder; and supportive treatment, that is, treatment employed to supplement another
specific therapy directed toward the improvement of the associated discase,
pathological condition, or disorder.

The term “variant” refers to an amino acid or peptide sequence having
conservative amino acid substitutions, non-conservative amino acid subsitutions (i.c. a
degenerate variant), substitutions within the wobble position of each codon (i.e. DNA
and RNA) encoding an amino acid, amino acids added to the C-terminus of a peptide,
or a peptide having 60%, 70%, 80%, 90%, 95%, 96%, 97%, 98%, 99% sequence
identity to a reference sequence.

The term “vector” refers to a nucleic acid sequence capable of transporting
into a cell another nucleic acid to which the vector sequence has been linked. The
term “expression vector” includes any vector, (e.g., a plasmid, cosmid or phage
chromosome) containing a gene construct in a form suitable for expression by a cell
(e.g., linked to a transcriptional control element).

A number of embodiments of the invention have been described.
Nevertheless, it will be understood that various modifications may be made without
departing from the spirit and scope of the invention. Accordingly, other embodiments

are within the scope of the following claims.

EXAMPLES
Example 1: Genetic Modification of T Cells Redirected towards CS1 Enhances
Eradication of Myeloma Cells
In the present study, T cells were manipulated to express a CS1-specific CAR
incorporating CD28-CD3( signaling moieties, demonstrating that CS1-specific CAR
T cells mediated enhanced cytokine release and cytotoxicity in response to CS1-

expressing myeloma cells, which occurred in a CS1-dependent manner. Moreover, in
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orthotopic MM xenograft mouse models, CS1-redirected T cells efficiently eradicated
human myeloma cells and significantly prolonged mouse survival. Together, these
data suggest that adoptive therapy with T cells armed with a CS1-specific CAR
represents a promising strategy against relapsed MM.

Materials and Methods

Cell culture

Human multiple myeloma cell lines IM9, NCI-H929, MM.1S and RPMI-8226
were obtained from the American Type Culture Collection (ATCC), and maintained
in RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen). 293T and phoenix packaging cells were cultivated in DMEM
medium (Invitrogen) with 10% FBS. Human peripheral blood mononuclear cells
(PBMCs) from healthy donors and multiple myeloma patients were isolated by Ficoll-
Paque Plus (GE Healthcare Bio-Sciences, Pittsburgh, PA) density gradient
centrifugation, and monocytes were depleted by plastic adherence. Primary CD138"
myeloma cells were positively selected from bone marrow aspirates of patients using
human anti-CD138 MicroBeads and magnet-assisted cell sorting (MACS, Miltenyi
Biotech), according to the manufacturer’s instructions. Informed consent was
obtained from myeloma patients according to a protocol approved by The Ohio State
University Institutional Review Board.

Mice

Six- to 8-week-old male NOD—scid IL-2Rgamma null (NSG) mice were
obtained from The Jackson Laboratory. Mice were monitored frequently for MM
disease progression, and sacrificed when they became moribund with the symptoms
of hind limb paralysis, lethargy, or obvious weight loss. All animal work was
approved by The Ohio State University Animal Care and Use Committee.

Generation of the CSI-specific CAR retroviral construct

The anti-CS1 scFv was derived from the hybridoma cell line Luc90. The
coding domain sequences for variable regions of heavy (Vy) and light (V1) chains
were amplified separately and recombined using a linker by overlapping PCR
reaction. The Vy-linker-Vy, fragment was incorporated in frame with the CD28-CD3(
portion. The entire anti-CS1-scFv-CD28-CD3( fragment was then ligated into a
retroviral vector designated Pinco (Yu J, et al. Immunity 2006 24:575-90; Becknell
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B, et al. J Immunol Methods 2005 296:115-23) to generate a Pinco-CS1-CAR
construct.

Retroviral transduction of T lymphocytes

Retroviral supernatants were collected from phoenix packaging cells
transiently transfected with the Pinco- or Pinco-CS1-CAR construct for 48 h, as
described previously (Becknell B, et al. J Immunol Methods. 2005 296(1-2):115-123;
Yu J, et al. Immunity. 2006 24(5):575-590). PBMCs were cultured in RPMI 1640
medium with 10% FBS and stimulated with Human T-Activator CD3/CD28
Dynabeads (Invitrogen) and 150 IU/mL human recombinant interleukin-2 (IL-2,
Hoffman-La Roche Inc.) for 2 days. Then cells were resuspended in infectious
supernatants and applied into RETRONECTIN (Clontech Laboratories)-coated non-
tissue culture-treated 6-well plates according to the manufacturer’s protocol. The
infection process was repeated once on the second day. Then cells were transferred
into tissue-culture-treated flasks and maintained in the presence of 150 IU/mL IL-2.
Transduced T cells were purified using a FACSARIA 11 cell sorter (BD Biosciences)
based on expression of a GFP marker on the cell surface encoded by the Pinco vector.

Flow cytometry analysis

For detection of CS1-CAR expression on the cell surface, transduced T cells
were washed with PBS containing 4% bovine serum albumin, and incubated with
biotin-labeled goat anti-mouse (Fab)2 polyclonal antibody or normal polyclonal goat
immunoglobulin G (IgG) antibody (Jackson ImmunoResearch) as an isotype control.
Then cells were stained with allophycocyanin (APC)-conjugated streptavidin (Jackson
ImmunoResearch) and anti-CD3 antibody conjugated to V450 (BD Biosciences). To
determine the expression of CS1 on the surface of myeloma cells, the cells were
stained with phycoerythrin (PE)-conjugated mouse anti-CS1 mAb (eBiosciences) and
APC-conjugated mouse anti-CD138 mAb (Miltenyi Biotec). Antibody staining was
monitored with a BD LSRII flow cytometer. Data analysis was carried out using
FLOWIJO software (Tree Star Inc.)

Immunoblotting

Cells were lysed in laemmli buffer. Lysates were separated by SDS-PAGE gel
and transferred to nitrocellulose membrane (Millipore). The membrane was probed

with mouse anti-human CD3( mAb (BD Pharmingen) and then with a horseradish
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peroxidase—conjugated goat anti-mouse IgG antibody. Antibody binding was revealed
by using an enhanced chemiluminescence reagent (GE Healthcare Biosciences).

Generation of RPMI-8226 cells stably expressing CS1

Full length human CS1 coding sequence was PCR-amplified from the IM9
cDNA, and inserted into a lentiviral vector designated PCDH-CMV-MCS-EF1-
copGFP (PCDH, System Biosciences), yielding PCDH-CS1. To produce lentivirus,
293T cells were co-transfected with the PCDH-CS1 plasmid or a PCDH empty vector
plasmid plus the packaging plasmids pCMV-VSVG and pCMV-dr9 using calcium
phosphate transfection reagent (Promega). Then, the lentiviral supernatants were
harvested and used to infect RPMI-8226 cells using a previously published protocol
(Becknell B, et al. J Immunol Methods. 2005 296(1-2):115-123; Yu J, et al.
Immunity. 2006 24(5):575-590).

Cytotoxicity assay

A standard 4-hour °'Cr release assay was performed as described previously
(YuJ, et al. Blood 2010 115:274-81). Briefly, target cells were labeled with *'Cr and
co-cultured with T cells at various effector/target ratios (E/T) in the wells of 96-well
V-bottom plate at 37°C for 4 hours. Supernatants were harvested and transferred into
scintillation vials containing a liquid scintillation cocktail (Fisher Scientific), and the
release of °'Cr was measured on TOPCOUNT counter (Canberra Packard). Target
cells incubated in complete medium or 1% SDS were used to determine spontancous
or maximal 'Cr release. The percentage of specific lysis was calculated using the
standard formula: 100 x (cpm experimental release — cpm spontancous release)/(cpm
maximal release — cpm spontaneous release).

Cytokine release assays

Target cells were co-cultured with an equal number of effector cells in 96-well
V-bottom plates at 37 °C for 24 hours. Cell-free supernatants were harvested and
assessed for IFN-g and interleukin (IL)-2 secretion by ELISA using corresponding
ELISA kits from R&D system according to the manufacturer’s protocol.

CD107a degranulation assay

CD107a assay was performed as described previously with some modification
(He S, et al. Blood 2013 121:4663-71). Briefly, MM target cells (2.5 x 10°) were co-
cultured with an equal number of effector cells in 0.2 mL per well in 96-well V-

bottom plates. Control cells are either mock- or CS1-CAR-transduced T cells
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incubated without target cells. Anti-CD107a or IgG1 isotype antibody conjugated to
APC (BD Biosciences) together with 1 mL monensin (BD Biosciences) was added
and incubated at 37 °C for 4 hours. Cells were further stained with PE-conjugated
CD69 and V450-conjugated CD3 antibodies, and analyzed using a LSRII flow
cytometer (BD Biosciences).

Intracellular staining of granzyme B and perforin

Mock- or CSI-CAR-transduced T cells were washed and stained with V450-
conjugated anti-human CD3 mAb. Subsequently, cells were fixed and permeabilized
using the Cytofix/Cytoperm Kit (BD Biosciences), labeled with APC-conjugated anti-
granzyme B (Invitrogen), APC-conjugated anti-perforin antibody (eBiosciences) or a
mouse APC-conjugated isotype antibody, and then analyzed on a BD LSRII flow
cytometer (BD Biosciences).

In vivo treatment of MM-bearing mice and bioluminescence imaging

MM.1S and IM9 myeloma cells were retrovirally transduced with Pinco-
pGL3-luc/GFP virus expressing firefly luciferase, and GFP-positive cells were sorted
using the aforementioned method, yielding MM.1S-GL3 and IM9-GL3 cells,
respectively. Male NSG mice were intravenously injected with 8 x 10° MM.1S-GL3
cells or 5 x 10° IM9-GL3 cells in 400 uL of PBS via tail vein on day 0 to establish a
xenograft orthotopic MM model. On days 7 and 14 (MM.1S) or 21 (IM-9), the mice
were intravenously administered with 10 x 10° effector cells, CS1-CAR-transduced T
cells or mock-transduced control cells, in 400 mL of PBS via tail vein. Five weeks
after inoculation with MM cells, the mice were intraperitoneally infused with D-
luciferin (150 mg/kg body weight; Gold Biotechnology), anesthetized with isoflurane,
and imaged using the In Vivo Imaging System (IVIS) with Living Image software
(PerkinElmer).

Statistical analysis

The unpaired Student t test was used to compare two independent groups for
continuous endpoints if normally distributed. One-way ANOV A was used when three
or more independent groups were compared. For survival data, Kaplan—-Meier curves
were plotted and compared using a log-rank test. All tests were two-sided. P values
were adjusted for multiple comparisons using the Bonferroni method. A P value of
less than 0.05 is considered statistically significant.

Results
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Generation of primary T cells expressing CSI-specific CAR

A Pinco retroviral vector encoding a CS1-specific CAR (Pinco-CS1-CAR)
was constructed, which consisted of anti-CS1 scFv, the hinge and transmembrane
regions of the CD8 molecule, the CD28 costimulatory signaling moiety, and the
cytoplasmic component of CD3{ molecule (Fig. 1A). Anti-CD3/CD28 antibody-
activated primary T cells from a healthy donor were transduced with retroviral
particles encoding CS1-CAR or empty vector (mock) and sorted for expression of
GFP, which was encoded by the retroviral construct. To determine whether CS1-
CAR was successfully transferred, the sorted cells were lysed and subjected to
immunoblotting with an anti-CD3{ mAb. As shown in Fig. 1B, in contrast with the
mock-transduced T cells, which only expressed endogenous CD3( protein, CS1-
CAR-transduced T cells expressed the chimeric CS1-scFv—CD28-CD3{ fusion
protein at the predicted size in addition to native CD3{. Expression of CS1-CAR on
the cell surface was demonstrated by staining transduced T cells with a goat anti-
mouse Fab antibody that recognized the scFv portion of anti-CS1, which detected
expression of the scFV on 70.3% of CS1-CAR-transduced T cells, whereas
expression remained almost undetectable on mock-transduced T cells (Fig. 1C).

Recognition of CS1" myeloma cell lines by CSI-specific CAR T cells

Surface expression of CS1 was evaluated in four commonly used myeloma
cell lines NCI-H929, IM9, MM. 1S, and RPMI-8226 by flow cytometry, which
revealed that CS1 protein was variably expressed in these cell lines with much higher
expression in NCI-H929, IM9, and MM. 1S cells than RPMI-8226 cells with minimal
CS1 expression (Fig. 2A). As a negative control, the transformed human kidney cell
line, 293T, did not express CS1 on its surface (Fig. 7A). To determine the capacity of
CS1-CAR T cells for recognition of myeloma cells that endogenously expressed CS1,
IFN-y, and IL-2 secretion was measured via ELISA in supernatants from mock-
transduced T cells or CS1-CAR-transduced T cells in the presence or absence of each
myeloma cell line. Mock-transduced T cells and CS1-CAR-transduced T cells each
alone produced negligible levels of IFN-y and IL-2 (Fig. 2B and C); however, after
exposure to NCI-H929 and IM9 cells expressing high levels of CS1, significantly
greater amounts of IFN-y and IL-2 proteins were secreted by CSI-CAR T cells but
not by mock T cells. In response toMM.18S cells with high levels of CS1 expression,
CS1-CAR-transduced T cells also produced a higher amount of IFN-y than mock-
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transduced T cells (Fig. 2B) whereas, for unknown reasons, CS1-CAR-transduced T
cells could not be triggered by this cell line to secrete higher levels of IL-2 than mock-
transduced T cells (Fig. 2C). In addition, compared with corresponding mock-
transduced subsets of T cells, both CD4" (CD8") and CD8" CSI-CAR T cells
displayed increased IFN-g secretion in response to NCI-H929 or MM. 1S cells (Fig.
8A). For RPMI-8226 cells with very low levels of CS1 expression, both mock-
transduced T cells and CS1-CAR-transduced T cells produced low levels of IFN-g
and IL-2 that were comparable with background (Fig. 2B and C). These findings
suggest that, compared with mock-transduced T cells, CS1-CAR-transduced T cells
can more specifically recognize MM cells with high levels of endogenous CS1
expression, and become more activated after the recognition of these MM cells.

In vitro cytolytic potency against myeloma cells triggered by CS1-specific
CAR

To determine whether enhanced recognition of CS1” myeloma cells by CS1—
CAR T cells could lead to more efficient tumor cell lysis, a standard 4-hour
chromium-51 release assay was performed. NCI-H929, IM9, and MM. 1S cells, which
express high levels of CS1, were resistant to mock-transduced T-cell-mediated
killing, even at E/T ratios as high as 20:1; however, these cells were efficiently lysed
by CS1-CAR T cells at all E:T ratios tested (Fig. 3A, left three). However, compared
with mock-transduced T cells, the cytolytic activity of RPMI-8226 cells expressing
low levels of CS1 could only be slightly augmented upon co-incubation with CS1-
CAR-transduced T cells (Fig. 3A, right one). Degranulation and activation of T cells
was further characterized by assessing expression of CD107a andCD69 in mock-
transduced T cells and CS1-CAR-transduced T cells following incubation with or
without NCI-H929 myeloma cells which, as mentioned above, triggered a strong
response in CS1-CAR T cells with respect to cytokine release and cytolytic activity.
Consistent with the aforementioned data about cytokine release and cytolytic activity,
degranulation and activation occurred to a greater extent in CS1-CAR T cells than in
mock T cells in response to NCI-H929 cells, as evidenced by upregulation of surface
coexpression of mobilized CD107a and the activation marker, CD69 (Fig. 3B).

Moreover, compared with corresponding mock-transduced subsets of T cells,
both CD4" (CD8") and CD8" CS1-CAR T cells exhibited increased levels of
degranulation when stimulated by NCI-H929 or MM. 1S cells (Fig. 8B). In addition,
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using an intracellular staining approach, compared with mock-transduced T cells,
CS1-CAR-transduced T cells expressed significantly higher levels of granzyme B,
but not perforin, even in the absence of target cells (Fig. 3C and D), suggesting that
granzyme B may be predominantly involved in mediating the cytolytic activity of
CSl1-redirected T cells. This finding is in line with a previous report showing T cells
grafted with a carcinoembryonic antigen—specific CAR incorporating a combined
CD28-CD3( signaling moiety harbored elevated levels of granzyme B compared with
unmodified T cells (Koehler H, et al. Cancer Res 2007 67:2265-73).

Forced overexpression of CS1 in target cells enhances recognition and killing
by CSI-specific CAR T cells

The considerably stronger response in CS1-CAR T cells in terms of cytokine
release and cytotoxicity when stimulated by myeloma cells expressing high levels of
CS1 prompted investigation of whether ectopic expression of CS1 in myeloma cells
with endogenously low levels of CS1 expression could elicit an increase in cytokine
release and cytolysis. To this end, RPMI-8226 myeloma cells with low levels of
endogenous CS1 expression were transduced with lentiviruses encoding human CS1
or PCDH empty vector as a mock-transduced control. The transduction efficiency was
monitored by detection of GFP protein encoded by the lentiviruses, and the
percentage of GFP-positive cells was more than 90% by flow cytometric analysis.
Overexpression of CS1 was confirmed by staining the surface of the transduced cells
with a PE-conjugated anti-CS1 antibody (Fig. 4A). Chromium-51 release assay
indicated that forced CS1 expression resulted in a discernible increase in the
susceptibility of RPMI-8226 cells to lysis by CS1-CAR-transduced T cells as
opposed to mock-transduced T cells (Fig. 4B). Then, IFN-y and IL-2 production was
assessed via ELISA, showing that, compared with mock-transduced T cells, CS1-
CAR-transduced T cells produced significantly higher amounts of IFN-y and IL-2 in
response to RPMI-8226 cells overexpressing CS1; meanwhile, there was only a
moderate increase in IFN-y secretion and no change in IL-2 secretion when CS1-
CAR T cells were co-cultured with empty vector—-modified RPMI-8226 cells (Fig. 4C
and D). Likewise, overexpression of CS1 in CS17293T, a transformed cell line, also
triggered enhanced cytokine release and cytolysis by CS1-CAR T cells (Fig. 7B-7D).
This was consistent with other reports on CAR T cells targeting other tumor antigens

(Sanchez C, et al. Prostate Cancer Prostatic Dis 2013 16:123-31; Chinnasamy D, et
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al. J Clin Invest 2010 120:3953-68). These findings corroborated that increased
recognition and killing of target cells by CS1-CAR T cells occurred in a CS1-
dependent manner.

Improved recognition and killing of primary myeloma cells by autologous
CS1-specific CAR T cells

To study the effects of CS1-specific CAR T cells in a more clinically relevant
context, it was investigated whether CS1-CAR-transduced autologous T cells could
efficiently recognize and kill tumor cells freshly isolated from patients with myeloma.
Like T cells from healthy donors, T cells from patients with relapsed myeloma were
successfully expanded and manipulated to express CS1-CAR by retroviral infection,
as manifested by 60.7% of T cells staining positively with both anti-mouse Fab and
anti-human CD3 antibodies determined by flow cytometry (Fig. 5SA). Primary
CD138" myeloma cells from patients were isolated using positive magnetic selection,
and primary myeloma cells were observed to be uniformly positive for surface
expression of CS1 using flow cytometry (Fig. 5B). By chromium-51 release assay, it
was observed that myeloma cells from patients were highly resistant to lysis by
autologous mock-transduced T cells, but became susceptible to autologous CS1-
CAR-transduced T cells even at a low (2.5:1) (E/T) ratio (Fig. 5C). In agreement with
these cytotoxicity results, autologous CS1-CAR T cells produced significantly higher
amounts of IFN-y in response to myeloma cells compared with autologous mock-
transduced T cells (Fig. 5D). These findings demonstrate that CS1-CAR-equipped T
cells can efficiently recognize and eradicate myeloma cells in the autologous setting
ex vivo.

CSI-directed T cells suppress in vivo tumor growth and prolong survival of
tumor-bearing mice in orthotopic xenograft myeloma models

The therapeutic potential of CSI-CAR T cells was evaluated in an MM.1S-
grafted NSG mouse model. Intravenous injection of MM.1S cells has been widely
used to establish a mouse xenograft model of MM, because this can lead to the
engraftment in bone marrow and bone, as well as consistent establishment of
multifocal bone lesions, which closely recapitulates human MM (Mitsiades CS, et al.
Cancer Cell 2004 5:221-30; Runnels JM, et al. J Biomed Opt 2011 16:011006). To
facilitate monitoring of tumor growth, MM.1S cells were engineered to express both

GFP and firefly luciferase by retroviral infection, and GFP" cells were sorted and
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intravenously grafted into NSG mice to initiate tumor growth. These mice were then
intravenously infused with mock-transduced T cells, CS1-CAR-transduced T cells or
PBS. In agreement with the previous reports (Mitsiades CS, et al. Cancer Cell 2004
5:221-30; Runnels JM, et al. J Biomed Opt 2011 16:011006), bioluminescence
imaging using IVIS showed that MM.1S-bearing NSG mice in the PBS-treated group
developed disseminated tumor lesions in skulls, vertebrae, pelvis, and femurs (Fig.
6A), and the majority of the mice displayed hind leg paralyses 5 weeks after
inoculation of tumor cells. Infusion of CS1-CAR T cells remarkably reduced tumor
burden as determined by bioluminescence imaging as well as prolonged the overall
survival of MM.1S-bearing NSG mice, whereas infusion of mock-infected T cells
failed to result in efficient tumor eradication and improved survival of mice (Fig. 6A
and B).

To further validate the in vivo anti-MM capacity of CSI-CAR T cells, the
impact of CS1-CAR T cells was evaluated using an IM9-grafted NSG mouse model.
Similar data to those shown using MM.1S were observed. Bioluminescence imaging
indicated that infusion of CS1-CAR-transduced T cells could efficiently eradicate
tumors established in IM9-bearing mice, whereas infusion of mock-transduced T cells
failed to reduce tumor burden (Fig. 9A). Forty-four days after the initial treatment, a
100% survival rate was observed for IM9-bearing mice receiving CS1-CAR T-cell
infusion, whereas the survival rate was only 28.6% and 16.7%for control mice
receiving mock T cells and PBS, respectively (Fig. 9B).

Example 2: CS1-specific chimeric antigen receptor (CAR)-engineered natural
Kkiller cells enhance in vitro and in vivo antitumor activity against human
multiple myeloma

In this study, human NK cells were engineered to express a CAR that was CS1
specific, and incorporated a CD28-CD3( co-stimulatory signaling domain. The anti-
MM function of these cells was evaluated in vitro and in an in vivo orthotopic
xenograft mouse model of MM. The results showed that the expression of the CS1-
CAR could redirect NK cells to specifically and efficiently eradicate CS1-expressing
MM cells, both in vitro and in vivo, and this eradication was CS1 dependent. The data
suggest that this CAR strategy is suitable for the development of an effective NK cell-
based immunotherapy as a means to treat patients with refractory or relapsed MM. In

addition, in contrast to CAR T cells, CAR NK cells allow the use of allogeneic NK
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cell sources, which are less likely to cause and may even help to suppress graft-
versus-host disease (Olson JA, et al. Blood 2010 115:4293-4301), while also
potentiating an increase in cytotoxicity due to mismatched killer immunoglobulin-like
receptors (KIRs) (Ruggeri L, et al. Science 2002 295:2097-2100).

Materials and Methods

Cell culture

Human multiple myeloma cell lines L363 (German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germany), IM9 [American Type
Culture Collection (ATCC), Manassas, VA, USA] and U266 (ATCC) were
maintained in RPMI 1640 medium with 10% fetal bovine serum (FBS) (Life
Technologies, Grand Island, NY, USA). Human IL-2-dependent NK cell lines NK-92
(ATCC) and NKL were maintained in RPMI 1640 medium supplemented with 20%
FBS and 150 IU/mL rhIL-2 (Hoffman-LaRoche Inc., Nutley, NJ, USA). 293T
(ATCC), and the phoenix packaging cell line was maintained in DMEM medium with
10% FBS. Primary CD138" MM cells were isolated from bone marrow aspirate of
MM patients using the EASY SEP Human Whole Blood and Bone Marrow CD138
Positive Selection Kit (StemCell Technologies, Vancouver, BC, Canada) according to
the manufacturer’s protocol. All human work was approved by The Ohio State
University Institutional Review Board.

Mice

Six- to eight-week-old NOD.Cg-prkdescid IL2rgtm1Wjl/szJ (NSG) mice were
obtained from Jackson Laboratories (Bar Harbor, ME, USA). All animal work was
approved by The Ohio State University Animal Care and Use Committee. Mice were
monitored frequently for MM disease progression, and killed when they were
moribund with the symptoms of hindlimb paralysis, lethargy, and obvious weight
loss.

Generation of anti-CSI1 CAR lentiviral construct

The CS1-scFv fragment, amplified from the hybridoma cell line Luc90, was
fused with a sequence encoding a Myc tag immediately following the CS1-VL-
encoding sequence. The fused DNA sequences were incorporated with CD28-CD3(
that was incised from a retroviral vector. The entire CS1-scFv-myc tag-CD28-CD3(

fragment was ligated into a lentiviral vector designated as PCDH-CMV-MCS-EF1-
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copGFP (PCDH, System Biosciences, Mountain View, CA, USA) to generate a
PCDH-CS1-scFv-myc tag-CD28-CD3( (PCDH-CS1-CAR) construct.

Lentivirus production and transduction of NK cells

To produce VSVG-pseudotyped lentiviral supernatant, 293T cells cultured in
DMEM media (Invitrogen) were co-transfected with PCDH-CS1-scFv-CD28-CD3(
or the PCDH control vector (to generate virus for mock infection with the empty
vector) together with the packaging constructs, pCMV-VSVG and pCMV-dr9, using
calcium phosphate transfection reagent (Promega, Madison, WI, USA). After 24 h,
the DMEM media was replaced with RPMI-1640 media containing 20% FBS. 48 h
after transfection, conditioned medium containing lentivirus was harvested and
filtered through a 0.45 pm filter unit (Milliopore, Billerica, MA, USA) to remove cell
debris. Viral infection was performed in 6-well plates using 2 x 10° NK-92 or NKL
cells in a total volume of 2 mL of lentiviral supernatant containing 8 pg/mL polybrene
(Sigma-Aldrich, St. Louis, MO, USA) and 450 TU/mL rhIL-2. Cells were centrifuged
at 1,800 rpm at 32 °C for 45 min, then plates were placed in an incubator at 37 °C for
2 h. Infection was then repeated a second time on the same day, and one additional
time the following day. After the third transduction, cells were maintained in RPMI
1640 media supplemented with 20% FBS and 150 IU/mL rhIL-2 at 37 °C. Transduced
NK cells were enriched by two rounds of cell sorting using a FACS Aria Il cell sorter
(BD Biosciences, San Jose, CA, USA). Positive cells were selected based on
expression of green fluorescence protein (GFP) surface marker, which was encoded in
the PCDH vector

Generation of a U266 cell line stably expressing CS1

Human CS1 coding sequences were amplified from ¢cDNA isolated from IM9
cells via PCR, then subcloned into a PCDH lentiviral vector to generate a PCDH-CS1
construct. Lentivirus production and infection of U266 cells were performed using the
methods described above. GFP-positive cells were then sorted using an FACS Aria 11
cell sorter (BD Biosciences, San Jose, CA, USA).

Immunoblotting analysis

Cells were washed with PBS and directly lysed in laemmli buffer. Lysates
were electrophoretically separated on a 4% to 15% gradient SDS-PAGE gel (Bio-Rad
Laboratories, Hercules, CA, USA) and transferred to a nitrocellulose membrane

EMD Millipore, Billerica, MA, USA). The membrane was blocked with 5% milk in
( p
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Tris Buffered Saline (TBS) supplemented with 0.1% Tween 20. Mouse anti-human
CD3( chain monoclonal antibody (BD Pharmingen, San Diego, CA, USA) was
diluted 1:1,000 with 5% milk in TBS supplemented with 0.1% Tween 20, and this
antibody solution was added to react with the membrane overnight. The membrane
was then washed three times in TBS supplemented with Tween 20. The HRP-
conjugated secondary antibody (GE Healthcare Biosciences, Pittsburgh, PA, USA)
was diluted 1:5,000 with 5% milk in TBS supplemented with 0.1% Tween 20 and
added to the membrane to stand for 1 h. The membrane was again washed four times
in TBS supplemented with Tween 20, and an enhanced chemiluminescence reagent
(ECL; GE Healthcare Biosciences) was added for 1 min. The blot was then exposed
to film for various lengths of time to generate a properly exposed image.

Flow cytometry

To analyze surface expression of CS1-CAR, a single cell suspension of
transduced NK cells was incubated for 1 h at 4°C with an anti-Myc tag mouse mAb
9E10 (Sigma-Aldrich). Cells were washed twice with PBS and then incubated for 30
min at 4°C with PE-conjugated rat anti-mouse IgG1 secondary antibody (BD
Pharmingen). Surface expression of CS1 and CD138 on myeloma cells was examined
by FACS analysis using a BD LSRII analyzer after cells were stained with PE-
conjugated mouse anti-CS1 mADb (eBiosciences, San Diego, CA, USA) and APC-
conjugated mouse anti-CD138 mAb (BD Pharmingen). Data analysis was carried out
using FLOWJO software (Tree Star Inc., Ashland, OR, USA).

Cytotoxicity assay

For detection of NK cell-mediated lysis, MM target cells were labeled for 1.5
h with 100 mCi chromium-51 (°'Cr), washed four times with regular RPMI media,
and adjusted to a concentration of 5,000 cells per well in 100 ul volume of a 96-well
V-bottom microtiter plate. FACS-enriched mock- or CS1-CAR-transduced NK cells
were added in 100 pl volume into triplicate wells at various effector to target (E:T)
ratios. After 4 h of incubation at 37 °C, 100 ul of supernatant was harvested from
cach well, and transferred to scintillation vials containing a liquid scintillation cocktail
(Fisher scientific, Pittsburgh, PA, USA) so that release of °'Cr could be measured on a
TOPCOUNT counter (Canberra Packard, Meriden, CT, USA). To determine maximal
*1Cr release, target cell suspension was incubated with 100 ul of SDS. Percentage of

specific lysis was calculated using the standard formula: 100 x (cpm experimental
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release - cpm spontancous release) / (cpm maximum release - cpm spontaneous
release).

Interferon-y release assay

Myeloma target cells were co-cultured with NK effector cells in 96-well V
bottom plates for 24 h. In all, 2.5 x 10° myeloma cell line cells or 1.0 x 10° primary
myeloma cells were incubated with 2.5 x 10° or 5.0 x 10° NK cells, respectively.
Cell-free supernatants were assayed for interferon-y (IFN-y) secretion by enzyme-
linked immunosorbent assay (ELISA) using a kit from R&D Systems (Minneapolis,
MN, USA) according to the manufacturer’s protocol. Data depicted in Figures
represent mean values of triplicate wells from one of three representative experiments
with similar results.

An orthotopic MM mouse model and in vivo treatment of MM-bearing mice
and bioluminescence imaging

IMO cells were retrovirally transduced with Pinco-pGL3-luc/GFP virus
expressing firefly luciferase as previously described (He S, et al. Blood 2013
121:4663-4671). GFP-positive cells were sorted using an FACS Aria II cell sorter
(BD Biosciences), and were designated as ‘IM9-Luc’ cells. Then, six- to eight-week-
old male NSG mice were intravenously (i.v.) injected with 0.5 x 10° IM9-Luc MM
cells in 400 ul of phosphate-buffered saline via tail vein on day 0 to establish a
xenograft orthotopic MM model. Beginning on day 7, the mice were i.v. injected with
5 x 10° effector cells, that is, CS1-CAR NK-92 cells or mock-transduced control cells,
in 400 ul of phosphate-buffered saline once every 5 days (five times in total). Four
weeks after IM9-Luc inoculation, the mice were intraperitoneally (i.p.) infused with
D-luciferin (150 mg/kg body weight; Gold Biotechnology, St. Louis, MO, USA),
anesthetized with isoflurane, and imaged using an In Vivo Imaging System (IVIS-
100, Perkin-Elmer, Waltham, MA, USA) with the Living Image software (Perkin-
Elmer).

Immunohistochemical analysis

Spinal vertebrae were fixed in 10% buffered formalin phosphate and
decalcified in saturated EDTA, and then embedded in paraffin. Five-micron thick
sections were stained with hematoxylin and eosin (H&E) for histological
examination. The sections were immunostained for identification of human MM cells

with mouse anti-human CD138 mAD (1:50 dilution; Thermo-Scientific, Waltham,
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MA, USA) following standard immunohistochemistry staining procedures.
Horseradish peroxidase-conjugated anti-mouse IgG was used as a secondary antibody,
followed by a peroxidase enzymatic reaction.

Statistics

Unpaired Student’s ¢ test was utilized to compare two independent groups for
continuous end points if normally distributed. One-way ANOVA was used when three
or more independent groups were compared. For non-normally distributed end points,
such as in vivo bioluminescence intensity, a Kruskal-Wallis test was utilized to
compare the median of NK-92-CS1-CAR to NK-92-EV and phosphate-buffered
saline groups. For survival data, Kaplan—Meier curves were plotted and compared
using a log-rank test. All tests are two-sided. P-values were adjusted for multiple
comparisons by the Bonferroni method. A P-value of <0.05 is considered as
statistically significant.

Results

Generation of NK-92 and NKL NK cells expressing CS1-CAR

A specific CS1-CAR construct was generated with a PCDH lentiviral vector
backbone, sequentially containing a signal peptide (SP), a heavy chain variable region
(VH), a linker, a light chain variable region (VL), a Myc tag, a hinge, CD28 and
CD3( (Figure 13A). NK-92 and NKL NK cell lines were transduced with the CAR
construct and then sorted for expression of GFP, a marker expressed by the vector.
Western blotting of the sorted cells demonstrated that CS1-CAR was successfully
introduced and expressed, as evidenced by the expression of the chimeric CS1-scFv
receptor containing CD3{ in both NK-92 and NKL cell lines transduced with the CAR
construct rather than with the control vector (Figure 13B). Moreover, a flow
cytometric analysis after anti-Myc Ab surface staining indicated that CS1-CAR was
expressed on the surface of both NK-92 and NKL cells transduced with the CS1-CAR
construct (Figure 13C).

CS1-CAR-modified NK cells more effectively eradicate CSI" MM cells, but
not CSI™ cells, in vitro in comparison with mock-transduced NK cells

After generating the CS1-CAR NK cells, it was determined whether they
selectively kill CS1" better than CS1~ MM cells. For this purpose, it was first
confirmed that IM9 and L363 MM cell lines constitutively expressed CS1 protein on
their surface, while expression of CS1 was negligible in U266 MM cells (Figure
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14A). Next, a 4-h chromium-51 release assay indicated that, compared with mock-
transduced NK-92 cells, NK-92 cells transduced with CS1-CAR were significantly
enhanced in their ability to kill CS1"IM9 and 1363 cells (Figures 14B and 14C, left
panels). Similar data were observed in experiments repeated using NKL cells
transduced with CS1-CAR (Figures 14B and 14C, right panels). However, both the
CS1-CAR- and mock-transduced NK-92 or NKL cells were similar in their low levels
of cytotoxicity against CS1U266 myeloma cells (Figure 14D). In addition, forced
expression of CS1-CAR did not induce obvious apoptosis in NK-92 or NKL cells as
determined by analyses of 7AAD/Annexin V-staining using flow cytometry (Figure
20), suggesting that CS1-CAR expression did not cause cytotoxicity to the NK-92 or
NKL cells themselves. Similarly, CS1-CAR expression in purified primary human
NK cells augmented their cytotoxicity against CS1™ IM9 myeloma cells.

CS1-CAR-modified NK cells secrete more IFN-y than mock-transduced NK
cells do after exposure to CSI" MM cells

The signaling domain of the CD28 co-stimulatory molecule, which was
included in the CAR construct, may enhance activation after recognition of the CS1
scFv with the CS1 antigen on the surface of MM cells. Therefore, the inclusion of this
signaling domain may have the capacity to activate NK cells not only to have higher
cytotoxicity, but also to produce more IFN-y, the latter of which is also important for
tumor surveillance and activation of CD8" T cells and macrophages (Martin-Fontecha
A, et al. Nat Immunol 2004 5:1260-1265; Tu SP, et al. Cancer Res 2011 71:4247—-
4259; Ma J, et al. Cell Mol Life Sci 2003 60:2334-2346). To test this, CS1-CAR-
modified or control-engineered effector NK cells were either cultured alone or co-
cultured with CS1" myeloma cells including the IM9 and 1363 MM cell lines. After
24 h, the IFN-y production was measured by ELISA. As shown in Figure 15, both
CS1-CAR-modified and mock-transduced NK-92 or NKL cells spontancously
produced low or negligible levels of IFN-y when incubated alone. Co-culture with
CS1" MM tumor cells (IM9 or L363) induced IFN-y in both CS1-CAR and mock-
transduced NK-92 or NKL cell lines; however, significantly higher levels of IFN-y
were produced by CAR-modified NK-92 or NKL cells than by mock-transduced NK-
92 (Figures 15A and 15B, left panels) or NKL cells (Figures 15A and 15B, right
panels). When co-cultured with the CS1™ MM cell line, U266, both mock-transduced
and CS1-CAR-transduced NK-92 cells but not the transduced NKL cells produced
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higher levels of IFN-y than corresponding cells that had not been co-cultured with
U266 cells (Figure 15C). This suggests that a unique interaction between NK cell
receptors on NK-92 cells and their ligands on U266 cells may induce CS1-
independent IFN-y production by NK-92 cells. Moreover, CS1-CAR-transduced NK-
92 and NKL cells failed to produce more IFN-y than corresponding mock-transduced
NK-92 and NKL cells when they were co-cultured with U266 cells (Figure 15C).
These results are in agreement with the aforementioned cytotoxicity data, and together
indicate that modification with CS1-CAR can dramatically enhance NK cell effector
functions, in terms of both cytotoxicity and IFN-y production, in response to CS1" but
not to CS1™ myeloma cells.

Enforced CS1 expression in U266 cells enhances cytotoxicity and IFN-y
production of NK-92-CS1-CAR cells

It was next explored whether this enhanced activity of CS1-CAR NK cells
relies on CS1 antigen expression on MM cells. The aforementioned observation—that
the introduction of CS1-CAR conferred NK-92 cells with increased cytotoxic activity
and enhanced IFN-g production in response to CS1" myeloma cells, but not to CS1~
U266 myeloma cells—prompted investigation of whether CS1 overexpression in
U266 cells is sufficient to change the sensitivity of U266 cells to NK-92-CS1-CAR
cells. For this purpose, CS1 was ectopically expressed in U266 cells by lentiviral
infection. Flow cytometric analysis confirmed that CS1 protein was successfully
expressed on the surface of the U266-CS1 cells (Figure 16A). Chromium-51 release
assay indicated that, when compared with mock-transduced NK-92 cells, there was a
significant increase in the cytotoxic activity of CS1-CAR-transduced NK-92 cells
toward U266 cells overexpressing CS1 (Figure 16B). Likewise, compared with
parallel co-cultures containing mocktransduced NK-92 cells, NK-92-CS1-CAR cells
co-cultured with U266 cells overexpressing CS1 secreted significantly higher levels
of IFN-g (Figure 16C). However, consistent with data in Figures 14D and 15C, there
was no difference in cytotoxicity and IFN-y secretion between NK-92-CS1-CAR cells
and mock-transduced NK-92 cells when they were incubated with U266 cells
transduced with an empty vector control (Figures 16B and 16C). These results
suggested that the increased recognition and killing of myeloma cells by NK-92-CS1-
CAR cells occurs in a CS1-dependent manner.

Phenotypic characterization of NK-92-CSI1-CAR cells
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It wa next investigated whether the expression of a CS1-specific CAR could
change the NK cell phenotype. Flow cytometry was used to compare expression of
antigens on the surface of CS1-CAR-transduced and mock-transduced NK-92 cells,
following culture in the presence or absence of IM9 myeloma cells. As shown in
Figure 17A, there was no difference between CS1-CAR- and mock-transduced NK-92
cells, whether cultured in the presence or absence of IM9 cells, in the expression of
NK cell receptors including NKp30, NKp46, NKG2C and NKG2D. Expression of the
NK cell activation markers, CD6928 and HLA-DR (Phillips JH, et al. J Exp Med
1984 159:993-1008; Spits H, et al. Immunity 2007 26:11-16) was also assessed.
Recognition of IM9 cells did not elicit CD69 expression on mock-transduced NK-92
cells, yet induced a moderate, but significant, increase in CD69 expression on the
surface of CS1-CAR-transduced NK-92 cells (Figure 17A). Interestingly, co-
incubation with IM9 cells caused a dramatic increase in the expression of HLA-DR in
both CS1-CAR-transduced and mock-transduced NK-92 cells. In the absence of IM9
target cells, there was no obvious difference in HLA-DR expression between CS1-
CAR-transduced and mock-transduced NK-92 cells; however, upon stimulation with
IMO cells, the expression of HLA-DR became significantly higher in NK-92-CS1-
CAR cells than in mock-transduced NK-92 cells. Thus, the increase in the activation
markers, especially HLA-DR, expressed on NK-92-CS1-CAR cells may have
occurred in connection with the enhanced cytotoxicity and IFN-y production by these
cells when they are exposed to CS1 MM cells. Using intracellular staining, when
compared with mock-transduced NK cells, NK-92-CS1-CAR cells had significantly
higher levels of perforin and granzyme B expression, even in the absence of MM
tumor cells (Figures 17B and 17C). This is consistent with a previous report regarding
the elevated expression of granzyme B in CAR T cells (Koehler H, et al. Cancer Res
2007 67:2265-2273), and also consistent with the fact that perforin and granzyme B
expression are generally correlated with cytotoxic activity of NK cells (Krzewski K,
et al. Front Immunol 2012 3:335).

CSI1-CAR-transduced NK-92 cells more effectively recognize and kill NK-
resistant primary MM cells ex vivo

To make the findings more clinically relevant, it was investigated whether
CS1-CAR-modified NK-92 cells also harbored enhanced cytolytic activity and IFN-y

production when recognizing primary MM cells ex vivo. Flow cytometry was used to
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assess surface expression of CS1 on primary CD138" magnetic bead-selected MM
cells from MM patients (Figure 18A). In accordance with the previous report,
showing that CS1 protein was highly expressed on CD138 magnetic bead-purified
MM patient cells (Hsi ED, et al. Clin Cancer Res 2008 14:2775-2784; Tai YT, et al.
Blood 2008 112:1329-1337), CS1 protein was indeed uniformly expressed on the
surface of primary MM cells (Figure 18A). By chromium-51 release assay, primary
myeloma cells freshly isolated from MM patients were shown to be highly resistant to
NK-92 cell-mediated lysis even at E:T ratios as high as 40:1 and 20:1; however, this
resistance could be partially overcome by NK-92 cell expression of CS1-CAR, which
resulted in a dramatic increase in eradication of primary myeloma cells (Figure 18B).
In line with the cytotoxicity result, after 24 h co-culture with primary myeloma cells,
CS1-CAR-transduced NK-92 cells also secreted significantly higher levels of IFN-y
than mock-transduced NK-92 cells (Figure 18C).

CS1-CAR-transduced NK-92 cells inhibit MM tumor growth and prolong
survival of tumor-bearing mice in an orthotopic xenograft MM model

To further address the potential therapeutic application of NK-92-CS1-CAR
cells, their antitumor activity was examined in IM9-xenografted NSG mice. An IM9
cell line expressing firefly luciferase (IM9-Luc) was generated by retrovirally
transducing IM9 cells with virus expressing firefly luciferase, then performing GFP-
based cell sorting. The expression of full-length firefly luciferase mRNA was
confirmed by RT-PCR. Like typical myeloma cells, IM9-Luc cells expressed CD138
protein on their surface. In agreement with a previous report (Francisco JA, et al.
Cancer Res 2000 60:3225-3231), IM9-Luc-bearing NSG mice displayed
disseminated disease, manifested by hindlimb paralysis and motor ataxia. Histological
examination of spinal vertebrae in a mouse displaying hindlimb paralysis showed the
presence of numerous tumor cells and osteolytic lesions in bone tissue (Figure 19A,
left). Immunohistochemical staining with human-specific anti-CD138 antibody
further confirmed the presence of tumor cells (Figure 19A, right). Bioluminescence
imaging was used to monitor the IM9-Luc tumor growth. As shown in Figures 19B
and 19C, and in agreement with the in vitro cytotoxicity data, comparing the mice
who later received injections with mock-transduced control cells, IM9-Luc tumors
were significantly suppressed in mice who instead later were administered NK-92-

CS1-CAR cells. Moreover, treatment with NK-92-CS1-CAR cells significantly
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prolonged the survival of mice bearing IM9-Luc tumors as compared with treatment
with the mock-transduced NK-92 control cells (Figure 19D). Of note, when NK-92-
CS1-CAR cells or mock-transduced NK-92 cells were similarly administered, but
without i.v. injection of IM9-Luc cells, mice did not develop disseminated disease or
die.

Unless defined otherwise, all technical and scientific terms used herein have
the same meanings as commonly understood by one of skill in the art to which the
disclosed invention belongs. Publications cited herein and the materials for which
they are cited are specifically incorporated by reference.

Those skilled in the art will recognize, or be able to ascertain using no more
than routine experimentation, many equivalents to the specific embodiments of the
invention described herein. Such equivalents are intended to be encompassed by the

following claims.
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WHAT IS CLAIMED IS:

1. A chimeric antigen receptor (CAR) polypeptide, comprising a CS1 antigen
binding domain, a transmembrane domain, an intracellular signaling domain, and a
co-stimulatory signaling region.
2. The polypeptide of claim 1, wherein the antigen binding domain is an
antibody fragment or an antigen-binding fragment that specifically binds CS1.
3. The polypeptide of claim 2, wherein the antigen binding domain is a Fab or a
single-chain variable fragment (scFv) of an antibody that specifically binds CS1.
4. The polypeptide of any one of claims 1 to 3, wherein the costimulatory
signaling region comprises the cytoplasmic domain of a costimulatory molecule
selected from the group consisting of CD27, CD28, 4-1BB, 0X40, CD30, CD40, PD-
1, ICOS, lymphocyte function-associated antigen-1 (LFA-1), CD2, CD7, LIGHT,
NKG2C, B7-H3, a ligand that specifically binds with CD83, and any combination
thereof
5. The polypeptide of any one of claims 1 to 4, wherein the CAR polypeptide is
defined by the formula:
SP-CS1-HG-TM-CSR-ISD; or
SP-CS1- HG-TM-ISD-CSR

wherein “SP” represents a signal peptide,

wherein “CS1” represents a CS1-binding region,

wherein “HG” represents and optional hinge domain,

wherein “TM” represents a transmembrane domain,

wherein “CSR” represents a co-stimulatory signaling region,

wherein “ISD” represents an intracellular signaling domain, and

6

wherein represents a bivalent linker.

6. The polypeptide of any one of claims 1 to 5, wherein the a CS1-binding region
is an Fab or a single-chain variable fragment (scFv) of an antibody that specifically
binds CSI1.

7. The polypeptide of any one of claims 1 to 6, wherein the intracellular
signaling domain comprises a CD3 zeta (CD3() signaling domain.

8. An isolated nucleic acid sequence encoding the recombinant polypeptide of

anv one of claims 1 to 7.
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10. A cell comprising the vector of claim 9.
11.  The cell of claim 10, wherein the cell is selected from the group consisting of
an ofiT cell, yoT cell, a Natural Killer (NK) cell, a cytotoxic T lymphocyte (CTL), a
regulatory T cell, or any combination thereof.
12. The cell of claim 11, wherein the cell exhibits an anti-tumor immunity when
the antigen binding domain of the CAR binds to CS1.
13. A method of providing an anti-tumor immunity in a subject with multiple
myeloma (MM), the method comprising administering to the subject an effective
amount of an immune effector cell genetically modified to express a chimeric antigen
receptor (CAR) wherein the CAR comprises a CS1 antigen binding domain, a
costimulatory signaling region, and a CD3 zeta signaling domain, thereby providing
an anti-tumor immunity in the mammal.
14. The method of claim 13, wherein the immune effector cell is selected from the
group consisting of a T cell, a Natural Killer (NK) cell, a cytotoxic T lymphocyte
(CTL), and a regulatory T cell.
15.  The method of claim 13 or 14, wherein the antigen binding domain is an
antibody fragment or an antigen-binding fragment that specifically binds CS1.
16.  The method of claim 15, wherein the antigen binding domain is a Fab or a
single-chain variable fragment (scFv) of an antibody that specifically binds CS1.
17.  The method of any one of claims 13 to 16, wherein the costimulatory signaling
region comprises the cytoplasmic domain of a costimulatory molecule selected from
the group consisting of CD27, CD28, 4-1BB, 0X40, CD30, CD40, PD-1, ICOS,
lymphocyte function-associated antigen-1 (LFA-1), CD2, CD7, LIGHT, NKG2C, B7-
H3, a ligand that specifically binds with CD83, and any combination thercof
18. The method of any one of claims 13 to 17, wherein the CAR polypeptide is
defined by the formula:
SP-CS1-HG-TM-CSR-ISD; or
SP-CS1- HG-TM-ISD-CSR

wherein “SP” represents a signal peptide,

wherein “CS1” represents a CS1-binding region,

wherein “HG” represents and optional hinge domain,

wherein “TM” represents a transmembrane domain,

wherein “CSR” represents a co-stimulatory signaling region,

51



WO 2014/179759 PCT/US2014/036684

wherein “ISD” represents an intracellular signaling domain, and

wherein “=” represents a bivalent linker.
19.  The method of any one of claims 13 to 18, wherein the anti-CS1 antigen

binding domain is an Fab or a single-chain variable fragment (scFv) of an antibody

that specifically binds CS1.

20.  The method of any one of claims 13 to 19, wherein the intracellular signaling

domain comprises a CD3 zeta (CD3() signaling domain.
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