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(57) Abstract: Polynucleotide constructs and multifunctional engineered natural killer (NK) cells expressing such constructs are pro-
vided for the treatment of cancer and, in particular, glioblastoma. The constructs are a fusion of a first binding domain that targets at
least one cognate ligand on a target cell, a second binding domain specific for an adenosine producing cell surface protein of the target
cell or an adenosine-intermediary producing cell surface protein of the target cell and a cleavable linker, and a third binding domain
specific for a cancer-associated antigen. Pharmaceutical compositions of the engineered NK cells are also provided, as well as methods
of treating glioblastoma using such pharmaceutical compositions alone and in addition to autophagy inhibitors.
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ENGINEERED NATURAL KILLER CELLS AND METHODS FOR USING THE SAME
INIMMUNOTHERAPY AND AUTOPHAGY INHIBITION TECHNIQUES

PRIORITY

This application 1s related to and claims priority benefit of U.S. Provisional Patent
Application Serial No. 62/923,644 to Matosevic et al. filed October 21, 2019. The content of the
aforementioned application 1s hereby incorporated by reference 1n 1ts entirety into this disclosure.
FIELD

This disclosure relates 1n general to the field of cancer therapies and treatments and, more
particularly, to multifunctional immunotherapies that utilize natural killer (NK) cells engineered
to bear multiple anti-tumor functions and address key drivers of cancer resistance, and 1in particular
glioblastoma resistance, to therapies.

BACKGROUND

Glioblastoma (GBM) 1s by far the most common and aggressive malignant type of primary
brain tumor 1n adults and children and one of the most difficult to treat. GBM patients tend to be
poorly responsive to traditional treatments and GBM has the worst prognosis of any central
nervous system malignancy. Even with advancing diagnostic modalities and aggressive single and
multimodal treatment options such as surgery, chemotherapy, radiation techniques, small
molecule inhibitors, and the use of multiple antineoplastic drugs, survival rates have only modestly
improved over the past several decades, with a median survival of approximately one year. Indeed,
of the conventional treatments tested to date, all have failed to improve GBM patient overall
survival in phase III clinical trials and a cure for GBM does not exist. Reasons for this failure are
multifactonal.

Primarily, GBM 1s highly infiltrative and invasive by nature, and therapy for GBM 1s
difficult due to 1ts biological location 1n the brain, the blood brain barrier, and neural parenchyma.
Further, the heterogeneity of GBM, along with the complex interactions among different cells
within as well as cells surround the tumor, have been appointed as one of the main causes of
therapeutic resistance and malignant relapse. Each of the known GBM subtypes (classical,
mesenchymal, neural and proneural) display diverse genetic and epigenetic signatures associated
with distinct and variable cell plasticities.

A subpopulation of GMB cells, glioma stem-like cells (GSCs) also contribute to treatment
resistance. GSCs are capable of demonstrating self-renewal capacity, multi-potency, and
induction of tumorigenesis, and are increasingly being recognized as a driving force supporting
glioma genesis, resistance to therapy and aggressive recurrence. This 1s at least in part due to the

failure of conventional therapies to eliminate specific GSC subpopulations. However, these cells
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are poorly recapitulated by conventional GBM model cell lines (including U87MG) which hinders
the study of GMB.

GBM progression 1s also promoted by autophagy — a highly controlled catabolic regulator
of cellular energetic balance. Under normal conditions, cells utilize basal levels of autophagy to
aid 1n the maintenance of biological function, homeostasis, quality-control of cell contents, and
elimination of old proteins and damaged organelles. In cancer cells, however, authophagy can
facilitate tumorigenesis by promoting cancer-cell proliferation and tumor growth. Indeed,
autophagy can support GBM metabolism, survival in hypoxia, progression and resistance to
therapy. Beclin-1, encoded by the BECN/ gene, has a central role in the promotion of autophagy .

Additionally, GBM expresses multiple immune checkpoints which can either participate
in antigen evasion or drive immunosuppression. One of these 1s ecto-5'-nucleotidase (CD73), a
surface enzyme expressed on multiple cells (including both infiltrating immune cells and tumor
cells) that mediates the gradual hydrolysis of ATP and ADP to anti-inflammatory adenosine and
1s upregulated in GBM. CD73, 1n association with CD39, induces the production of extracellular
adenosine from adenosine 5'-triphosphate (ATP). Adenosine, in turn, binds to adenosine receptors
on natural killer (NK) cells, resulting 1n significant immunometabolic dysregulation of NK cell
activity. In this manner, immune suppression mediated by adenosinergic pathways, which 1s very
important for maintaining immune system homeostasis, 1s hijacked in GBM.

In addition to the foregoing, treatment evasion by GBM 1s also fueled by a heavily
immunosuppressive, hypoxic tumor microenvironment (TME), which sets off both metabolic and
functional cascades that suppress important effectors of the body’s innate immune system. The
pathophysiologic conditions of hypoxia and 1schemuia, such as those found 1in tumors™ TMEs due
to 1nadequate vascularzation, also drive the significant metabolic changes in adenine nucleotides
such ATP and adenosine diphosphate (ADP). Under normal physiological conditions, ATP 1s
localized 1n the intracellular compartment; however, levels of extracellular ATP (and thus
adenosine) rise significantly 1n response to hypoxia, ischemma and the setting of malignancy,
defining features of the tumor environment. For example, intratumoral extracellular ATP
concentrations can be up to 1,000 times higher than those 1n normal tissues of the same origin cell.
These conditions contribute to the dysregulation of NK cells and, thus, suppression of NK cell
anti-tumor surveillance and immunity which fuels the tumor’s invasiveness.

As important effectors of innate immunity, NK cells are unique and play pivotal functions
1in cancer immunity surveillance. Unlike T cells that only detect major histocompatibility complex
(MHC) presented on infected cell surfaces, NK cell function 1s driven by a balance of activating

and 1nhibitory receptors through which they interact with pathogens and recognize MHC class 1
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molecules on cancer cells. NK cells can eliminate a variety of abnormal or stressed cells without
prior sensitization and even preferentially kill stem-like cells or cancer stem cells. Upon forming
immune synapses with target cells, NK cells release cytokines that induce cell lysis. However,
GBM employs various tactics to delay, alter, or even stop immune suppressive pathways to
prevent the malignant cells from being recognized as dangerous or foreign. These mechanisms
prevent the cancer from being eliminated by the immune system, leading to failures in the control
of tumor growth and allowing for disease to progress from a very early stage to a lethal state.

Alongside GBM-induced functional inhibition of NK cell responses, the downregulation
or mutation of target antigens 1s commonly observed in GBM and also contributes to immune
evasion and resistance to treatment. Though conventional adoptive transfer T cell therapy
strategies including dual antigen-targeting or programmable, tumor-sensing chimeric antigen
receptors (CARs) have been evaluated pre-clinically to combat such evasion, GBM employs
mechanisms beyond antigen escape to avoid targeting. Antigen escape results in decreased
efficacy of cell-based antigen-specific monotherapy and 1s triggered by mechanisms including
differential splicing, missense mutations, or lineage switch. Indeed, outgrowth of antigen escape
variants has been observed in all clinical studies to date with most GBM-specific and GBM-
assoclated antigens.

There 1s a dire need for new and effective GBM treatment options. While recapitulating
NK cell function lost to multiple complex mechanisms not only presents a significant challenge
to conventional therapies, 1t also requires a larger presence of NK cells specifically within the
tumor tissue so that a meaningful clinical response can be mounted. Conventional methods have
not been successful 1n these areas. Therefore, a need exists to develop a commercially viable and
safe method for effective GBM treatment options capable of enhanced GBM tumor targeting,
increased NK cell recruitment to the TME, and through which NK dysfunction can be rescued.
SUMMARY

The present disclosure describes the development of novel immunotherapies that target
multiple immune evasion mechanisms in GBM. The compositions, systems, and methods hereof
combine, for the first time, genetically-engineered natural killer (NK) cells designed to target two
or more GBM antigens at once, while also releasing an antibody to block CD73 activity. In at least
one embodiment, the present disclosure further combines this cell-based immunotherapy with a
small molecule autography inhibitor, for example and without limitation chloroquine. The use of
an autography inhibitor in this context results in further GBM 1nhibition, as well as the secretion
of chemokines that attract NK cells to further infiltrate GBM and enhance overall therapy

effectiveness. In this manner, the compositions, systems and methods of the present disclosure
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can restrict GBM escape from immune surveillance and promote recruitment of NK cells to the
tumor, thus resulting 1n sustained anti-GBM responses.

Polynucleotide constructs are provided herein. In at least one embodiment, such constructs
comprise: a first sequence encoding at least a first binding domain or fragment thereof operatively
linked to a second sequence encoding at least a second binding domain or fragment thereof. The
first binding domain or fragment thereof comprises a NK activating receptor or a first protein
specific for a first cancer-associated antigen, and the second binding domain or fragment thereof
1s specific for an adenosine producing cell surface protein of the target cell or an adenosine-
intermediary producing cell surface protein of the target cell. The first domain may optionally
further encode a hinge domain (e.g., and without limitation, a linker or a spacer), one or more self-
cleaving peptides (e.g., and without limitation, P2A, E2A, F2A, T2A), or both. The second binding
domain/fragment further comprises a cleavable linker operably linked to the first binding domain.
In certain embodiments, the cleavable linker 1s configured to be cleavable by one or more
proteases present 1n the target cell and/or tumor microenvironment (TME) (such proteases are
widely known and understood 1n the art including, without limitation, lysosomal cysteine
proteases, serine protease (such as trypsin), aspartate proteases, threonine proteases, and matrix
metalloproteases). In at least one exemplary embodiment, the second binding domain comprises
an antibody fragment specific for CD73, CD39, or CD38 and, optionally, may comprise a single
chain antibody fragment (scFv).

Exemplary embodiments of the construct further comprise a third sequence encoding at
least a third binding domain or fragment thereof. Such third binding domain/fragment comprises
a NK activating receptor or a second protein specific for a second cancer-associated antigen. For
example, the first binding domain or fragment thereof may comprise a first protein specific for a
cancer-associated antigen, and the third binding domain or fragment thereof may comprise an NK
activating receptor (e.g., and without limitation, natural killer group 2 member D receptor
(NKG2D), NKp30, NKp46, NKp40, or DNAM-1). In at least one exemplary embodiment, the
first sequence encodes a first amino acid that 1s at least 90% 1dentical to SEQ ID NO: 7 and the
third sequence encodes a second amino acid that 1s at least 90% 1dentical to SEQ ID NO: 6.

The cancer-associated antigens of the present disclosure (to which one or more of the
binding domains or fragments may be specific) may include one or more of, without limitation,
1sialoganglioside (GD2), ganglioside G3 (GD3), Her 2 (pl185), CD19, CD20, CD56, CD123,
CD22, CD30,CD33,CD171, CS-1, C-type lectin-like molecule-1; EpCAM, G250, proteoglycans,
GD3, GD2, MHC II, TAG-72, milk mucin core protein, Lewis A antigen, tyrosine-protein kinase
transmembrane receptor (ROR1), c-met, epidermal growth factor receptor (EGFR), EGFR variant
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I1I, and/or carcinoembryonic antigen (CEA). Furthermore, the first cancer-associated antigen may
comprise one type of antigen, whereas the second cancer-associated antigen may comprise the
same or a different type of antigen, as desired.

In at least one exemplary embodiment, the first and/or third binding domain or fragment
thereof comprises an extracellular ligand-binding domain comprising a NKG2D and the
respective sequence further encodes upregulated expression of the NKG2D as compared to
expression of NKG2D 1n a wild-type NK cell. Additionally or altematively, the second binding
domain or fragment thereof may comprise an anti-CD73, an anti-CD39, or an ant1-CD38 linked
with a scFv, and the first and/or third binding domain or fragment thereof may comprise an anti-
GD2 linked with a scFv.

Still further, the first sequence may be expressed 1n a first chimeric antigen receptor (CAR)
and the second sequence 1s expressed 1n a second CAR. Further, the target cell may be a cancer
cell, a malignant cell in a TME and, in at least one exemplary embodiment, the target cell 1s a
olioblastoma cell or a glioblastoma TME.

In at least one exemplary embodiment, one or both of the first and third sequences may
additionally encode one or more signaling domains for promoting cytotoxic or cytolytic activity
upon activation. There, such signaling domains are activated upon the binding domain or fragment
thereof operably linked thereto binding the target cell. The one or more signaling domains may be
selected from a group consisting of an immunoglobulin y-Fc region receptor III-A (FcyRIIIA), a
cluster of differentiation 28 (CD28), a tumor necrosis factor receptor superfamily member 9
(TNFRSF9 or 4-1BB), a tumor necrosis factor receptor superfamily member 4 (TNFRSF4 or
0X40), a Fas ligand (FasL), a TNF-related apoptosis-inducing ligand (TRAIL), DNAX-activating
protein 10 (DAP10), DNAX-activating protein 12 (DAP12), natural cytotoxicity receptor NKp46,
natural cytotoxicity receptor NKp44, natural cytotoxicity receptor NKp30, lymphocyte function-
associated antigen 1 (LFA-1), cluster of differentiation 244 (CD244), CD137, CD3 zeta (CD3()
and a NKG2D-DAP10 receptor complex. In at least one exemplary embodiment, one or more of
the signaling domains encoded by the first sequence 1s a DAP10 and one or more of the signaling
domains encoded by the second sequence 1s a CD3C.

Engineered cells or engineered cell lines are also provided herein. In at least one
embodiment, an engineered cell or engineered cell line 1s provided that expresses any one of the
polynucleotide constructs disclosed herein. Further, the engineered cell or engineered cell line
may comprise the first sequence that further encodes a hinge domain operably linked to and

positioned between the first binding domain or fragment thereof and a signaling domain encoded
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thereby. In at least one exemplary embodiment, the engineered cell or cell line expresses an amino
acid sequence that 1s at least 80%, 85% or 90% 1dentical to SEQ ID NO: 8.

Other embodiments provide for pharmaceutical compositions comprising a population of
the engineered cells of the present disclosure. In such embodiments, one or more signaling
domains may be activated upon the binding domain or fragment thereof operably linked thereto
binding the target cell, such as for example and without limitation, a cancer or glioblastoma tumor
cell. Here, the pharmaceutical composition may comprise a pharmaceutically acceptable carrier
and/or any pharmaceutically acceptable diluents, adjuvants, excipients, or vehicles, such as
preserving agents, fillers, disintegrating agents, wetting agents, emulsifying agents, suspending
agents, sweetening agents, flavoring agents, perfuming agents, antibacterial agents, antifungal
agents, lubricating agents, and dispensing agents (depending on the nature of the mode of
administration and dosage forms).

Methods are also provided for treating a subject suffering from a cancer using an
immunotherapy treatment. In at least one embodiment, such a method comprises administering,
or having administered, to a subject a therapeutically effective amount of a pharmaceutical
composition comprising a population of engineered NK cells expressing a polynucleotide
construct encoding at least: a first binding domain or fragment thereof comprising an NK
activating receptor or a first protein specific for a first cancer-associated antigen, and a second
binding domain or fragment thereof and a cleavable linker, the second binding domain specific
for an adenosine-producing or adenosine-intermediary-producing cell surface protein of a target
cell and the cleavable linker operably linked to the first binding domain. In certain embodiments,
the polynucleotide construct may further encode a third binding domain or fragment thereof
comprising a NK activating receptor or a second protein specific for a second cancer-associated
antigen. There, the first binding domain or fragment thereof may comprise a first protein specific
for a cancer-associated antigen and the third binding domain or fragment thereof comprises an
NK activating receptor and the third binding domain or fragment thereof (or vice versa). The
polynucleotide construct may additionally encode one or more signaling domains operably linked
to the first and/or third binding domain(s)/fragment(s) to promote cytotoxic or cytolytic activity
of the engineered NK cells upon activation.

The step of administering (or having administered) a therapeutically effective amount of
the pharmaceutical composition may be performed intravenously, intratumorally, parenterally, or
via infusion. Additionally or alternatively, the step of administering, or having administered, to a
subject a therapeutically effective amount of a pharmaceutical composition may comprise

performing, or having performed, adoptive cell therapy.
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Such methods may employ a population of engineered NK cells express an amino acid
sequence that 1s at least 80%, 85%., or 90% 1dentical to SEQ ID NO: 8.

In at least one embodiment, the cancer may be glioblastoma. Additionally or alternatively,
the first binding domain or fragment thereof may comprise a first protein specific for GD2, the
third binding domain or fragment thereof may comprise an extracellular ligand-binding domain
comprising a NKG2D, and the third binding domain or fragment thereof may be specific for
CD73, CD39, or CD38.

Other methods of a combination treatment are also provided. In at least one embodiment,
the method may further comprise administering, or having administered, to the subject an
additional therapeutic treatment comprising an autophagy inhibitor. Such autophagy inhibitor may
be, for example and without limitation, a therapeutically effective amount of a small molecule
inhibitor and/or the genetic downregulation of a gene in the autophagy pathway (such as, for
example, BECNI, p62, B-actin, ATGS, ATG7, LC3B, ATGI12, ATG16L1 PI3K-III, ULKI, ULK2,
FIP200, and/or LAMP?2). Non-limiting examples of such small molecule inhibitors may comprise
chloroquine, hydroxychloroquine, spautin-1, SAR405, vertoprofin, and any other pharmaceutical
autophagy inhibitor or down-regulator now known or heremnafter discovered. In at least one
exemplary embodiment, the autophagy inhibitor comprises chloroquine which, optionally, may
be administered at a concentration of between 0.01 uM and 200 uM.

Where the methods hereof comprise combination treatments, the steps of administering
(or having administered) to a subject a therapeutically effective amount of a pharmaceutical
composition may be performed intravenously, intratumorally, parenterally, or via infusion, and
the step of administering, or having administered, to the subject an additional therapeutic treatment
may be performed via systemic injection or infusion.

Kits for treating a subject experiencing glioblastoma are also provided. For example, and
without limitation, such kits may comprise a therapeutically effective amount of the
pharmaceutical composition of the present disclosure; and a therapeutically effective amount of
an autophagy inhibitor (whether a pharmaceutical inhibitor, such as a small molecule inhibitor or
otherwise) or a composition to achieve the genetic downregulation of the autophagy pathway).
Where the autophagy inhibitor in the kit comprises a small molecule inhibitor, in at least one
embodiment the inhibitor may be selected from a group consisting of chloroquine,
hydroxychloroquine, spautin-1, SAR405, and vertoprofin.

BRIEF DESCRIPTION OF THE DRAWINGS
The disclosed embodiments and other features, advantages, and aspects contained herein,

and the matter of attaining them, will become apparent in light of the following detailed
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description of various exemplary embodiments of the present disclosure. Such detailed description
will be better understood when taken in conjunction with the accompanying drawings, wherein:
Figure 1 results from the correlative analysis of gene expression 1n glioblastoma (GBM)
patient data, surface expression of CD73, GD2, and NKG2DL 1n patient-dernived GBM, and
1llustrate the design of the multifunctional NK-based GBM immunotherapy, with subpart A
showing the correlation between normalized expression (FPKM) of selected genes using data from
156 GBM patients (Pearson's correlation coefficients are shown with continuous gradient colors);
subpart B showing the correlation between normalized expression (FPKM) of the entire NK gene
set and 1individual genes (correlation expressed as normalized enrichment scores (NES); subpart
C showing a Venn diagram representing the number of GBM patients with high expression of at
least one of the 1dentified 4 genes: NT5E, BAGALNTI1, MICA and MICB; subpart D showing a
bar graph representing the patient distribution of gene expression in GBM tumors based on the
four genes 1n 1dentified 1n subpart C; subpart E showing data regarding surface expression of
CD73, GD2 and NKG2DL on different types of patient-derived GBM cells including SJ-GBM2
(pediatric), GBM43 (primary) and GBM10 (recurrent) determined by flow cytometry (with results

reported as fold-change (FC) over control; data shown as mean £ SEM; and subpart F showing a
schematic illustration representative of at least one embodiment of the multifunctional, tumor-
responsive engineered NK cells of the present disclosure and their working mechanisms (where
TAP stands for tumor associated protease; aCD73 scFv stands for anti-CD73 scFv; and aGD2
scFv stands for anti-GD2 scFv):

Figure 2 shows graphical data relating to the effects of adenosine on pNK cell viability
and activating marker expression, with subpart A showing graphical data related to cell viability
(%) of pNK cells after treatment with 1000 uM of adenosine for 24 h; and subpart B showing
ographical data related to NKG2D expression on pNK cells after treatment with 1000 uM of

adenosine for 24 h (data are shown as mean £ SEM);

Figure 3 shows in silico modeling of the structure of certain constructs of the present
disclosure, with subpart A showing a molecular model of tandem anti-GD2 and anti-CD73 scFv
extracellular domains linked together via a GS spacer and a cleavable peptide linker (1dentified
by the arrow), the model obtained based on vector sequences using RaptorX, and subpart B
showing the docking of extracellular scFv domains with GD2 (indicated by the dashed circle),
with docking performed using PatchDock and refined in FireDock using a model of the entire
extracellular region shown 1n subpart A and the cleavable peptide indicated by the arrow (1mages

generated in Chimera);
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Figure 4 shows a schematic representation of at least one embodiment of a multifunctional
construct according to at least one embodiment of the present disclosure;

Figure 5 shows graphical data related to the generation of multifunctional genetically-
engineered NK cells of the present disclosure, with subpart A shows a schematic representation
of a transgene for a NKG2D.DAP10.CD3(-CAR construct (Construct 1B) pursuant to the present
disclosure that targets NKG2D ligands (NKG2DL), and subpart B showing a schematic
representation of the structure of Construct 1B; subpart C shows graphical data related to cell
viability (%) of NK cells engineered to express Construct 1B pursuant to the present disclosure
(NKG2D.CAR-NK92), or non-engineered controls (NK92), 48 hours after transfection; subpart
D shows NKG2D expression determined by flow cytometry on transfected cells of subpart C;
subpart E shows data related to the in vitro cytotoxicity of the cells of subpart C (NKG2D.CAR-
NK92) and non-transfected NK-92 cells (NK92) against GBM43 cells at an E/T ratio of 5 over 4
h; subpart F shows a schematic representation of a transgene structure representing the anti-
GD2.CD28.CD3(-CAR construct (Construct 1A) pursuant to the present disclosure that targets
GD2 and subpart G showing a schematic representation of the structure of Construct 1A (anti-
GD2.CD28.CD3(-CAR); subpart H shows the cell viability (%) of NK-92 cells engineered to
express Construct 1A (GD2.CD28.CD3(-CAR), or non-engineered controls (NK92) after 48 h
transfection; subpart I shows anti-GD2 scFv expression determined by flow cytometry on
transfected cells of subpart H; subpart J showing data related to the in vifro cytotoxicity of the
cells of subpart H (anti-GD2.CD28.CD3(-CAR-NK92) and non-engineered NK-92 controls
against GBM43 cells at an E/T ratio of 5 over 4 h; subpart K shows a schematic representation of
transgene representing the complete multi-functional Construct 1 according to the present
disclosure, Construct 1 comprising two CARs separated by a P2A, the first CAR targeting GD2
with CD28 and CD3( signaling domains and linked by a tumor-associated protease cleavable
linker to anti-CD73 scFv, which inhibits or otherwise blocks the production of adenosine from
GBM once released locally, and the second CAR construct comprising NKG2D-DAP10-CD3(
and targeting NKG2D ligands an GBM tumor-responsive, subpart L shows a schematic
representation of tumor-responsive anti-CD73 scFv secreting dual-specific CAR (Construct 1);
subpart M shows data related to the cell viability (%) of NK-92 cells engineered to express the
full multi-functional Construct 1 after 48 h transfection; subpart N shows NKG2D expression
determined by flow cytometry after 48 h transfection; subpart O shows expression of anti-CD73
scFv and ant1-GD2 scFv on NK cells determined by flow cytometry following proteolytic cleavage
with uPA to release the anti-CD73 ScFv fragment; subpart P comprises flow cytometry data
showing the purity of isolated peripheral blood-derived NK (pNK) cells (CD56'CD3"); subpart Q
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shows data related to the cell viability (%) of pNK cells engineered to express the full construct
after two rounds of lentiviral transduction; subpart R shows NKG2D expression on engineered
pNK cells determined by flow cytometry after two rounds of lentiviral transduction; subpart S
shows graphical data related to the expression of ant1-CD73 scFv and anti-GD2 scFv on pNK cells
determined by flow cytometry after two rounds of lentiviral transduction; and subpart T depicts
data representative of the fold expansion of non-transduced pNK and CD73. mCAR-NK cells 1n
NK MACS® medium; (the data shown through subparts P-T is for isolated pNK cells in triplicates

from a representative donor; data in Figure 5 shown as mean £ SEM. *p <0.05, **p<0.0);
Figure 6 shows graphical data related to studies on primary NK cells, with subparts A-D
and E-H showing the data for the pNK cells 1solated from two separate donors, respectively, where

the characterization and expression measurements investigated as described 1n connection with

Example 1 (data shown as mean = SEM. *p <0.05, **p< 0.0);

Figure 7 shows graphical data related to in vitro effector activity of multifunctional
genetically-engineered NK cells according to at least one embodiment of the present disclosure
against patient-derived GBM, where subpart A shows the in vitro cytotoxicity of NK-92 (control)
and CD73. mCAR-NK92 cells (expressing Construct 1) against GBM43 cells at indicated E/T
ratios over 4 h; subpart B shows bar graphs representative of the degranulation of NK-92 and
CD73.mCAR-NK92 cells [% CD107 and (MFI) CD107] after 4 h coculture with GBM43 cells
(E/T ratio, 5:1) (NK cells were analyzed by flow cytometry for surface CD107a expression as a
marker of degranulation); subpart C shows IFN-y production by NK-92 and CD73.mCAR-NK92
cells (% IFN-y) after 4 h coculture with GBM43 cells (E/T ratio, 5:1); subpart D shows in vitro
cytotoxicity of CD73. mCAR-NK92 and CD73.mCAR-NK92 (following aCD73 scFv cleavage)
cells against GBM43 cells at indicated E/T ratios over 4 h; subpart E shows CD73 activity of
GBM43 cells after incubation with cleaved aCD73 scFv following release from uPA-treated
CD73.mCAR-NK92 cells; subparts F-H show in vitro cytotoxicity of pNK and CD73. mCAR-
pNK cells against different GBM cells, including SJ-GBM2, GBM43 and GBMI10 cells, at
indicated E/T ratios over 4 h; subpart I shows degranulation of pNK and CD73.mCAR-pNK cells
(% CD107) after 4 h coculture with GBM43 cells (E/T ratio, 5:1) (NK cells were analyzed by flow
cytometry for surface CD107a expression as a marker of degranulation); subpart J shows IFN-y
production of pNK and CD73. mCAR-pNK cells (% IFN-y) after 4 h coculture with GBM43 cells
(E/T ratio, 5:1); subpart K shows in vitro cytotoxicity of pNK and CD73. mCAR-pNK (following
aCD73 scFv cleavage) cells against GBM43 cells at indicated E/T ratios over 4 h; subpart L. shows
CD73 activity of GBMA43 cells after incubation with cleaved aCD73 scFv following cleavage from
uPA-treated CD73. mCAR-NK cells; subpart M shows the relative decrease in CD16 expression
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on pNK and CD73.mCAR-pNK cells (% of MFI) after 12 h coculture with GBM43 cells (E/T
ratio, 5:1); subpart N shows the relative increase in NKG2A expression on pNK and
CD73. mCAR-pNK cells (Y% of MFI) after 12 h coculture with GBM43 cells (E/T ratio, 5:1); and
subparts O and P show the in vitro cytotoxicity of pNK and CD73. mCAR-pNK cells against
nonmalignant neural cell lines hCMEC/D3 and HCN-2 at indicated E/T ratios over 4 h (data

shown through subparts F-P 1s for 1solated pNK cells 1n at least triplicates from a representative

donor; data shown as mean £ SEM; *p <0.05, **p <0.01);

Figure 8 shows a schematic diagram of the reaction employed to detect phosphate
formation by CD73 (subpart A), and a phosphate standard curve in a 96-well plate, where the OD
value at 620 nm was read after a 30 min incubation (subpart B);

Figure 9 shows live imaging micrograph images (taken using an IncuCyte S3) of co-culture
of GBM43 cells with pNK or CD73.mCAR-pNK cells (pNK cells expressing Construct 1 of the
present disclosure), with the small, irregularly-shaped circular dots in the images representing NK
cells and the large fusiform cells representing GBM43 cells (scale bar = 200 um);

Figure 10 shows data relating to the surface expression of CD73, GD2, and NKG2DL on
hCMEC/D3 and HCN-2 cells, with expression levels of the three markers on normal brain cell

lines determined by flow cytometry and reported as fold-change (FC) overcontrol; data shown as

mean + SEM;

Figure 11 shows graphical data related to the inhibition of autophagy in GBM cells either
through BECNI gene knockdown or pharmacological treatment with CQ, where subpart A shows
data from GBM43 cells transfected with BECN1 shRNA (h) lentiviral particles or treated with 50
uM of CQ for 24 h and, thereafter, the cells were lysed and expression levels of BECNI, LC3B,
and p62 were analyzed via flow cytometry (with B-actin used as the loading control), and subpart
B shows the quantification of relative expression levels of BECNI (BECNI/B-actin), LC3B
(LC3B/B-actin), and p62 (p62/P-actin) (noting that Beclin 1 (BECNI), LC3-1I (LC3B) and p62 are
the three primary markers of autophagy):

Figure 12 shows data relating to the effects of targeting autophagy in GBM on NK cell
function and homing, where subpart A represents the viability of GBM43 cells after treatment
with various concentrations of CQ for 24 h in vitro; subpart B shows cell viabilities (%)plotted
versus the Log |CQ concentration (uM)]| with the ICso computed using Prism 5 (GraphPad
Software Inc., California); subparts C and D show expression of CCL5 and CXCL10 mRNA 1n
GBMA43 cells transfected with BECN/ shRNA lentivirus (BECNI- GBM43) or1n cells treated with
CQ (results reported as a fold-change (FC) compared to non-transfected controls; subparts E and
F show quantification by ELISA of CCL5 and CXCL10 1n the supematant of GBM43 cells
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following treatment with CQ for 24 h 1n the presence or absence of various inhibitors, including
LY294002, BAY11-7082 and SP600125; subpart G shows a schematic of in viftro experimental
bilayer BBB model representing the experimental setup used to evaluate the effects of CCL5 or
CXCL10 on pNK cell migration across the BBB; subpart H shows the transmigration of pNK cells
through experimental BBB; subpart I shows data regarding the in vifro viability of GBM43 and
BECNI- GBMA43 cells as determined by CCK-8 assay; subpart J shows a schematic of the
experimental design to evaluate the effects of targeting autophagy through BELCN/ knockdown on
tumor growth and NK cell infiltration (1.e. GBM43 cells were injected into right flank and BECN I
GBM43 cells were injected into the left flank of Ragl™”™ mice); subpart K shows data from tumor
orowth being monitored and recorded on the indicated days; subpart L shows images of
immunohistochemical (IHC) staining of NK cells (top row), CCL5 (middle row) or CXCL10
(bottom row) performed on indicated tumor sections using anti-NKp46, anti-CCL5 and anti-
CXCL10 antibodies, respectively (Bar = 50 um; 200x magnification); subpart M shows a
quantification of NK cells infiltrating control and BECN/  tumors, with cell counts were recorded
in 4 consecutive high-power fields (HPFs) at 200x magnification; subparts N and O graph the
ITHC scores of CCL5 and CXCL10 in control and BECN/  tumors (Note: the data shown 1n subpart
H 1s for 1solated pNK cells from one representative donor 1n at least triplicates); data are shown

as mean £ SEM; *p <0.05, **p<0.01;

Figure 13 shows graphical data relating to chemokine expression in response to inhibition
of autophagy on GBM, where expression of CCL2 and CXCL12 mRNA in BECNI- GBM43 or
CQ-treated GBM43 cells determined by RT-PCR, GAPDH used as the reference gene (control)

and results reported as a FC over control; data shown as mean £ SEM; *p <0.05, **p<0.01;

Figure 14 relates to the use of ELISA array to test concentrations of different types of
chemokines in GBM43 cultured medium, with subpart A showing a schematic diagram of the
whole experimental process and subpart B showing the determined concentrations of each tested
chemokine;

Figure 15, subpart A shows immunohistochemical (IHC) staining of mouse (Ragl™") NK
cells performed on indicated GBM43 (control) subcutaneous xenograft tumor sections, and
subpart B shows IHC staining of mouse (Ragl™) NK cells performed on indicated BECNI-
GBM43 subcutaneous xenograft tumor sections, with the IHC staining indicating an enhanced
infiltration of NK cells into both peripheral and internal regions of the tumor tissues of BECNI
GBM43 subcutaneous xenograft tumors;

Figure 16 1s graphical data related to the sensitization of GBM cells to NK cell-mediated
killing following targeting of autophagy, where subpart shows NKG2DL expression (MFI and %)
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on GBM43 cells after 24 h treatment with various concentrations of CQ; subpart B shows CD73
expression (MFI and %) on GBM43 cells after 24 h treatment with various concentrations of CQ;
subpart C shows CD73 activity of GBM43 cells after treatment with various concentrations of CQ
for 24 h; subpart D shows GD2 expression (MFI and %) on GBM43 cells after 24 h treatment
with various concentrations of CQ; subpart E shows killing activity of pNK cells against GBM43
cells after treatment with different concentrations of CQ for 24 h; subpart F shows killing activity
of NK92 cells and pNK cells against BECNI GBMA43 cells after 4 h co-incubation at an E/T ratio

of 5; all data in Figure 16 are shown 1n at least triplicates from one representative donor; data are

shown as mean = SEM; *p <0.05, **p<0.01;

Figure 17 relates to the anti-GBM activity of multifunctional engineered NK cells of the
present disclosure 1n a GMB43 xenograft model, with subpart A showing a schematic diagram
that 1llustrates the in vivo treatment program; subpart B showing graphical data relating to tumor
orowth of individual treatment groups, including PBS, CQ, pNK cells and CD73. mCAR-pNK
cells expressing Construct 1 of the present disclosure (tumor size determuned by caliper
measurements); subpart C showing graphical data related to average tumor weight of the mice 1n
each treatment group after necropsy on day 28 post-start of treatment; subpart D graphing changes
in the body weight of the mice in each group during the treatment period; subpart E showing
1mages of immunofluorescence (IF) staining of NK cells (light spots) and cleaved anti-CD73 scFv
(indicated by arrows) performed on indicated tumor sections 1n each treatment group using anti-
NKp46 antibody and Protein L (Bar = 50 um; 200 x magnification); subpart F showing IHC
staining of CD73 performed on indicated tumor sections using anti-CD73 antibody 1n different
treatment groups (Bar = 100 um; 200 x magnification; subpart G graphing IHC scores of CD73
expression performed on indicated tumor sections 1n different treatment groups; subparts H and I
showing IHC staining of CCL5 (subpart H) and CXCL10 (subpart I) performed on indicated tumor
sections 1n different treatment groups using anti-CCL5 and anti-CXCL10 antibodies, respectively
(Bar = 50 um; 200 x magnification), subpart J showing IHC scores of CCLS5S or CXCL10
performed on indicated tumor sections 1n different treatment groups (noting: the data illustrated

in this study are for 1solated pNK cells from one representative donor 1n at least triplicates; data

shown as mean £ SEM; *p <0.03, **p<0.01;

Figure 18 shows data relating to the generation of luciferase-expressing GBM43 (GBM43-
Luc) cells, where GBM43 cells were transfected with commercial luciferase (Luc) lentiviral
particles expressing a firefly luciferase 3 gene under an inducible suCMYV promoter, puromy cin-
resistant cells were collected following transduction, and luciferase expression was detected by

bioluminescence measurement using an IVIS spectrum, with subpart A showing a representative
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bioluminescence 1mage indicating the ability of GBM43-Luc cells to express luciferase (signal
intensity as a function of cells seeded 1s shown); subpart B shows graphical data representative of
fluorescence intensity as a function of GBM43-Luc cell number (Total flux (photons/sec)

quantified using AURA software); subpart C showing growth curves of the GBM43-Luc and

parental control GBM43 cells (Data shown as mean £ SEM); and

Figure 19 shows data relating to the in vivo activity of CD73.mCAR-pNK cells 1n
combination with the inhibition of autophagy in an orthotopic GBM43 xenograft model with
subpart A showing a schematic diagram 1llustrating the in vivo treatment program; subparts B and
C showing tumor volumes in individual mice of each group over time monitored using
bioluminescent imaging; subpart D showing a line graph depicting average tumor size of the mice
1in each treatment group after necropsy on day 28 post-start of treatment; subpart E showing a line
oraph of changes 1n the body weight of the mice in each group during the treatment period; subpart
F showing images of IHC staining of CCL5 (left two panels) and CXCL10 (right two panels)
performed on indicated tumor sections 1n different treatment groups using anti-CCL5 and anti-
CXCLI10 antibodies, respectively (Bar = 50 um; 200 X magnification); subpart G showing images
of IHC staining of NK cells performed on indicated tumor sections using anti-NKp46 antibody
(Bar = 50 um; 200 x magnification); subpart H showing a bar graph depicting the quantification
of NK cell infiltration into intracranial tumors treated with CD73. mCAR-pNK or CQ +
CD73. mCAR-pNK (here, cell counts were recorded in 4 consecutive high-power fields (HPFs) at
200 x magnification; subpart I showing images of IHC staining for CD73 performed on indicated
tumor sections using ant1-CD73 antibody in different treatment groups (Bar = 50 um; 200 X
magnification); subpart J showing graphical data depicting IHC scores of CD73 expression
performed on indicated tumor sections 1n different treatment groups; subpart K showing a
schematic diagram illustrating extracellular adenosine production in the GBM TME; and subpart
L. showing graphical data depicting adenosine concentration 1n local brain tissues of mice in each

treated group (Note: the data shown 1n Figure 19 are for 1solated pNK cells 1n at least triplicates;

Data shown as mean £ SEM; *p <0.05, **p<0.01).

While the present disclosure 1s susceptible to various modifications and altermnative forms,
exemplary embodiments thereof are shown by way of example in the drawings and are herein
described 1n detail.

BRIEF DESCRIPTION OF THE SEQUENCE LISTINGS

SEQ ID NO: 1 1s an amino acid sequence of a protease-sensitive linker as follows:

GGOGGGSGOGGGSGGGGS:
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SEQ ID NO: 2 1s an amino acid sequence of a cleavable peptide fragment as follows:
LSGRSDNH;

SEQ ID NO: 3 1s an amino acid sequence of a “self-cleaving™ P2 A peptide as follows:
GSGATNFSLLKQAGDVEENPGP:;

SEQ ID NO: 4 1s a nucleic acid sequence of a primer as follows:
ACATCGCTCAGACACCATG;

SEQ ID NO: 5 1s a nucleic acid sequence of a primer as follows:
TGTAGTTGAGGTCAATGAAGGG; and

SEQ ID NO: 61s an artificial amino acid sequence of at least one embodiment of an antigen
binding domain or fragment thereof of the present disclosure that comprises a natural killer group
2 member D receptor (NKG2D) (hCD3zeta-hNKG2D-P2A-hDAP10/Flag):
MRVKFSRSADAPAYQQGOQONQLYNELNLGRREEYDVLDKRRGRDPEMGGKPQRRKNP
QEGLYNELQKDKMAEAYSEIGMKGERRRGKGHDGLYQGLSTATKDTYDALHMQALP
PRGWIRGRRSRHSWEMSEFHNYNLDLKKSDFSTRWQKQRCPVVKSKCRENASPFFFCC
FIAVAMGIRFIIMVTIWSAVFLNSLFNQEVQIPLTESYCGPCPKNWICYKNNCYQFFDESK
NWYESQASCMSQNASLLKVYSKEDQDLLKLVKSYHWMGLVHIPTNGSWQWEDGSILS
PNLLTIHEMQKGDCALYASSFKGYIENCSTPNTYICMQRTVGSGATNFSLLKQAGDVEE
NPGPMIHLGHILFLLLLPVAAADYKDDDDKQTTPGERSSLPAFYPGTSGSCSGCGSLSLP
LLAGLVAADAVASLLIVGAVFLCARPRRSPAQDGKVYINMPGRG:;

SEQ ID NO: 7 1s an artificial amino acid sequence of at least one embodiment of an antigen
binding domain or fragment thereof of the present disclosure that specifically binds the cancer-
associated antigen disialoganglioside (GD2) and comprises a scFv (anti-GD2 scFv-CD8H-
hCD28-hCD3zeta):
EVQLLQSGPELEKPGASVMISCKASGSSFTGYNMNWVROQNIGKSLEWIGAIDPYYGGTS
YNQKFKGRATLTVDKSSSTAYMHLKSLTSEDSAVYYCVSGMEYWGQGTSVTVSSGGG
GSGGGGSGGGGSDVVMTQTPLSLPVSLGDQASISCRSSQSLVHRNGNTYLHWYLQKPG
QSPKLLIHKVSNRFSGVPDRFSGSGSGTDFTLKISRVEAEDLGVYFCSQSTHVPPLTFGA
GTKLELKTTTPAPRPPTPAPTIASQPLSLRPEACRPAAGGAVHTRGLDFACDIFWVLVVV
GGVLACYSLLVTVAFIIFWVRSKRSRLLHSDYMNMTPRRPGPTRKHYQPYAPPRDFAA
YRSMRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDPEMGGKPQRR
KNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGHDGLYQGLSTATKDTYDALHMQ
ALPPR; and

SEQ ID NO: 8 1s an artificial amino acid sequence of at least one embodiment of a CAR

construct of the present disclosure comprising a first antigen binding domain or fragment thereof
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that specifically binds the cancer-associated antigen GD2 (SEQ ID NO: 7) operably linked to a
second binding domain or fragment thereof specific for CD73 via a cleavable linker, and a third
antigen binding domain or fragment thereof comprising NKG2D (SEQ ID NO: 6) (ant1-CD73
scFv-linker-cleavable peptide-linker-GD2. CAR-NKG2D.CAR):
EVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAYSWVRQAPGKGLEWVSAISGSGGRT
YYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCARLGYGRVDEWGRGTLVTV
SSGGGGSGGGGSGGGGSQSVLTQPPSASGTPGQRVTISCSGSLSNIGRNPVNWY QQLPG
TAPKLLIYLDNLRLSGVPDRFSGSKSGTSASLAISGLQSEDEADYYCATWDDSHPGWTF
GGGTKLTVLGGGGSGGGGSGGGGSLSGRSDNHGSSGTEVQLLQSGPELEKPGASVMIS
CKASGSSFTGYNMNWVROQNIGKSLEWIGAIDPYYGGTSYNQKFKGRATLTVDKSSSTA
YMHLKSLTSEDSAVYYCVSGMEYWGQGTSVTVSSGGGGSGGGGSGGGGSDVVMTQT
PLSLPVSLGDQASISCRSSQSLVHRNGNTYLHWYLQKPGQSPKLLIHKVSNRFSGVPDRF
SGSGSGTDFTLKISRVEAEDLGVYFCSQSTHVPPLTFGAGTKLELKTTTPAPRPPTPAPTI
ASQPLSLRPEACRPAAGGAVHTRGLDFACDIFWVLVVVGGVLACYSLLVTVAFIIFWVR
SKRSRLLHSDYMNMTPRRPGPTRKHYQPYAPPRDFAAYRSMRVKFSRSADAPAYQQG
QONQLYNELNLGRREEYDVLDKRRGRDPEMGGKPQRRKNPQEGLYNELQKDKMAEAY
SEIGMKGERRRGKGHDGLYQGLSTATKDTYDALHMQALPPRGSGATNFSLLKQAGDV
EENPGPMRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDPEMGGKPQ
RRKNPQEGLYNELQKDKMAEAY SEIGMKGERRRGKGHDGLYQGLSTATKDTYDALH
MQALPPRGWIRGRRSRHSWEMSEFHNYNLDLKKSDFSTRWQKQRCPVVKSKCRENAS
PFFFCCFIAVAMGIRFIIMVTIWSAVFLNSLFNQEVQIPLTESYCGPCPKNWICYKNNCYQ
FFDESKNWYESQASCMSQNASLLKVYSKEDQDLLKLVKSYHWMGLVHIPTNGSWQW
EDGSILSPNLLTIHIEMQKGDCALYASSFKGYIENCSTPNTYICMQRTVGSGATNFSLLKQ
AGDVEENPGPMIHLGHILFLLLLPVAAADYKDDDDKQTTPGERSSLPAFYPGTSGSCSG
CGSLSLPLLAGLVAADAVASLLIVGAVFLCARPRRSPAQDGKVYINMPGRG.

In addition to the foregoing, the above-described sequences are provided in computer
readable form encoded 1n a file filed herewith and herein incorporated by reference. The
information recorded in computer readable form 1s 1dentical to the written Sequence Listings
provided above, pursuant to 37 C.F.R. § 1.821(1).

DETAILED DESCRIPTION

For the purposes of promoting an understanding of the principles of the present disclosure,
reference will now be made to the embodiments 1llustrated in the drawings and specific language
will be used to describe the same. It will nevertheless be understood that no limitation of scope 1s

intended by the description of these embodiments. On the contrary, this disclosure 1s intended to
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cover alternatives, modifications, and equivalents as may be included within the spirit and scope
of this application as defined by the appended claims. As previously noted, while this technology
may be 1llustrated and described in one or more preferred embodiments, the compositions, systems
and methods hereof may comprise many different configurations, forms, maternals, and
acCessories.

In the following description, numerous specific details are set forth in order to provide a
thorough understanding of the present disclosure. Particular examples may be implemented
without some or all of these specific details and 1t 1s to be understood that this disclosure 1s not
limited to particular biological systems, which can, of course, vary.

Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of skill in the relevant arts. Although any methods and
materials similar to or equivalent to those described herein can be used 1n the practice or testing
of the subject of the present application, the preferred methods and materials are described herein.
Additionally, as used 1n this specification and the appended claims, the singular forms “a”, “an”
and “the” include plural referents unless the content clearly dictates otherwise. Furthermore,
unless specifically stated otherwise, the term “about™ can allow for a degree of variability 1n a
value or range, including a range of values plus or minus 10% for percentages and plus or minus
1.0 unit for unit values, for example, about 1.0 refers to a range of values from 0.9to 1.1, or of a
stated limit of a range. The term “substantially” can allow for a degree of variability 1n a value or
range as well, for example, within 90%, within 95%, or within 99% of a stated value or of a stated
limit of a range.

A “subject” or “patient” as the terms are used herein 1s a mammal, preferably a human,
and 1s inclusive of male, female, adults, and children.

“Nucleic acid” refers to deoxyribonucleotides or ribonucleotides and polymers thereof in
either single- or double-stranded form and complements thereof. The term encompasses nucleic
acids containing known nucleotide analogs or modified backbone residues or linkages, that are
synthetic, naturally occurring, and non-naturally occurring, have stmilar binding properties as the
reference nucleic acid, and metabolized i1n a manner similar to the reference nucleotides.

22 <¢

The terms “polypeptide,” “peptide,” and “protein” are used interchangeably herein (unless
expressly stated otherwise) to refer to a polymer of amino acid residues, a polypeptide, or a
fragment of a polypeptide, peptide, or fusion polypeptide. The terms apply to amino acid polymers
in which one or more amino acid residue 1s an artificial chemical mimetic of a corresponding
naturally occurring amino acid, as well as to naturally occurring amino acid polymers and non-

naturally occurring amino acid polymers.
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As used herein, “adenosinergic” means working on adenosine.

An “antibody fragment™ as used herein means a portion of an intact antibody, preferably
the antigen-binding or variable region of the intact antibody. Examples of antibody fragments
include, for example, single-chain antibody molecules (scFv), nanobodies, F(ab'),, F(ab),, Fab',
Fab, Fv, or dAb. Regardless of structure, an antibody fragment as used herein binds with the same
antigen that 1s recognized by the full-length antibody. For example, antibody fragments include
1solated fragments consisting of the variable regions, such as the “Fv” fragments consisting of the
variable regions of the heavy and light chains or recombinant single chain polypeptide molecules
in which light and heavy variable regions are connected by a peptide linker (“scFv proteins™).
“Single-chain antibodies,” often abbreviated as “scFv™ consist of a polypeptide chain that
comprises both a Vi and a VL domain which interact to form an antigen-binding site. The Vy and
VL domains are usually linked by a peptide of 1 to 25 amino acid residues. Antibody fragments
also include diabodies, triabodies, and single domain antibodies (dAb). While in the present
disclosure reference 1s made to antibodies and various properties of antibodies, the disclosure
applies to functional antibody fragments as well unless expressly noted to the contrary.

“Chimeric antigen receptors” (CARs, also known as chimeric T cell receptors) are
synthetic constructs designed to be expressed in host T cells or NK cells and to induce an immune
response against a specific target antigen (e.g., CD39/CD79) and cells expressing that antigen.
The CAR typically comprises an antibody fragment, such as a single chain antibody (scFv) or Fab
fragment, incorporated 1n a fusion protein that also comprises additional components, such as a
CD3-C or CD28 transmembrane domain and selective T-cell activating moieties, including the
endodomains of CD3-(, CD28, 0X40, 4-1BB, Lck, and/or ICOS. Various combinations of such
elements may also be used. Accordingly, CARs may also be designed to transduce activation
signals via co-stimulatory domains such as those utilizing immunoreceptor activation motifs
(ITAMs) present in the cytoplasmic tails. Gene constructs utilizing an antigen-binding moiety
afford the additional advantage of being “universal” in that they bind native antigen on the target
cell surface in an human leukocyte antigen (HL A)-1independent fashion and therefore do not need
to be collected from a patient or a specific HL A-matched donor.

A CAR according to the embodiments of the present disclosure can be produced by any
means known 1n the art, though preferably 1t 1s produced using recombinant DNA techniques. A
nucleic acid sequence encoding the several regions of the CAR can be prepared and assembled
into a complete coding sequence by standard techniques of molecular cloning (genomic library
screening, PCR, primer-assisted ligation, scFv libraries from yeast and bacteria, site-directed

mutagenesis, etc.). The resulting coding region can be inserted into an expression vector and used
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to transform a suitable expression host allogeneic or autologous NK cells. In other words,
transduction or transfection can be performed to introduce the CAR expression constructs into NK
cells, which may then be used to induce an 1mmune response in the subject. Additionally or
alternatively, the CRISPR/Cas9 genome editing technology and the like may also be employed to
knockdown particular genes. Techniques for genetic manipulation of NK cells for cancer
immunotherapy are generally known 1n the art.

Further, as noted above, CAR-NK cells may contain a targeting molecule, such as a scFV
or Fab, that binds to a disease associated antigen (TAA) or to a hapten on a targetable construct.
This avoids the problem that NK cells, unlike T cells, lack antigen specificity for targeting cells
to be killed. The cell-targeting scFv or Fab may be linked via a transmembrane domain to one or
more intracellular signaling domains to effect lymphocyte activation. Signaling domains used with
CAR-NK cells may include, for example, CD3-{, CD28, and the like. The CAR constructs of the
present disclosure may include any such constructs known 1n the art. A wide variety of CAR
constructs have been reported and are commercially available.

An “antigen binding domain or fragment thereof” or a “binding domain or fragment
thereof™ of the present disclosure “that binds™ a target of interest 1s one that binds the antigen/target
with sufficient affinity such that the protein, binding domain, or engineered cell 1s useful as a
diagnostic and/or therapeutic agent in targeting a protein or a cell or tissue expressing the antigen.
With regard to the binding of a protein, binding domain, and/or engineered cell to a target
molecule, the term “specific binding™ or “*specifically binds to” or 1s “specific for” a particular
polypeptide or an epitope on a particular polypeptide target means binding that 1s measurably
different from a non-specific interaction. Specific binding can be measured, for example, by
determining by competition with a control molecule that 1s similar to the target. In at least one
embodiment, “specifically binds” refers to binding of the antigen binding domain to 1ts specified
adenosine-producing enzyme target receptors (e.g., CD73 or CD39) and not other specified non-
target receptors.

Nucleic acid 1s “operably linked” when 1t 1s placed into a functional relationship with
another nucleic acid sequence. For example, DNA for a presequence or secretory leader 1s
operably linked to DNA for a polypeptide if 1t 1s expressed as a preprotein that participates in the
secretion of the polypeptide; a promoter or enhancer 1s operably linked to a coding sequence 1f 1t
1s positioned so as to facilitate translation. Generally, “operably linked” means that the DNA
sequences being linked are contiguous and, in the case of leader, contiguous and 1n a reading
phase. However, enhancers do not necessarily have to be contiguous. Linking may be

accomplished by ligation at convenient restriction sites. If such sites do not exist, synthetic
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oligonucleotide adaptors or linkers may be used 1n accordance with conventional practice.

“Percent (%) amino acid sequence 1dentity” with respect to a reference to a polypeptide
sequence 1S defined as the percentage of amino acid residues 1n a candidate sequence that are
1dentical with the amino acid residues 1n the reference polypeptide sequence, after aligning the
sequences and introducing gaps, 1f necessary, to achieve the maximum percent sequence 1dentity
and not considering any conservative substitutions as part of the sequence 1dentity. Alignment for
purposes of determining percent amino acid sequence identity can be achieve din various ways
that are within the skill of the art, for instance, using publicly available computer software. Those
skilled 1n the art can determine appropriate parameters for aligning sequences, including any
algorithms needed to achieve maximal alignment over the full length of the sequences being
compared.

“Downregulation” or “down-regulated” may be used interchangeably and refer to a
decrease 1n the level of a marker, such as a gene, nucleic acid, metabolite, transcript, enzyme,
protein, or polypeptide, as compared to an established level (e.g., that of a healthy cohort or the
subject of interest). “Upregulation™ or “up-regulated™ or “overexpressed” may also be used
interchangeably and refer to an increase 1n the level of a marker, such as a gene, nucleic acid,
metabolite, transcript, protein, enzyme, or polypeptide, as compared to an established level (e.g..
that of a healthy control or the subject of interest). For example, relevant in the present application,
CD73 may be overexpressed 1n a patient experiencing a solid tumor or other cancer as compared
to a healthy control. Additionally or alternatively, a NK T cell may be engineered to upregulate
the expression of NKG2D of the engineered T cell.

A “marker” or “biomarker” as the terms are used herein may be described as being
differentially expressed when the level of expression in a subject who 1s experiencing an active
disease state 1s significantly different from that of a subject or sample taken from a healthy subject.
A differentially expressed marker may be overexpressed or underexpressed as compared to the
expression level of a normal or control sample or subjects” baseline (1.e. downregulated). The
increase or decrease, or quantification of the markers 1n a biological sample may be determined
by any of the several methods known 1n the art for measuring the presence and/or relative
abundance of a gene product or transcript. The level of markers may be determuned as an absolute
value, or relative to a baseline value, and the level of the subject’s markers compared to a cutoff
index. Alternatively, the relative abundance of the marker or markers may be determined relative
to a control, which may be a clinically normal subject.

The terms “treatment™ or “therapy” as used herein (and grammatical vanations thereof

such as “treat, “treating,” and “therapeutic™) include curative and/or prophylactic interventions in
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an attempt to alter the natural course of the individual being treated. More particularly, curative
treatment refers to any of the alleviation, amelioration and/or elimination, reduction and/or
stabilization (e.g., failure to progress to more advanced stages) of a symptom, as well as delay 1n
progression of a symptom of a particular disorder. Prophylactic treatment refers to any of the
following: halting the onset, reducing the risk of development, reducing the incidence, delaying
the onset, reducing the development, and increasing the time to onset of symptoms of a particular
disorder. Desirable effects of treatment include, but are not limited to, preventing occurrence or
recurrence of a disease, alleviation of symptoms, diminishment of any direct or indirect
pathological consequences of the disease, preventing metastasis, decreasing the rate of disease
progression, amelioration or palliation of the disease state, and remission or improved prognosis.
In some embodiments, compositions of the present disclosure are used to delay development of a
disease and/or tumor, or to slow (or even halt) the progression of a disease and/or tumor growth.

As used herein, the term “anti-tumor effective amount” refers to an effective amount of
construct-expressing NK cells to reduce cancer cell or tumor growth or to decrease tumor volume
or number of tumor cells 1n a subject. “An anti-tumor effective amount™ can also refer to an
effective amount of engineered NK cells or an engineered NK cell line to increase life expectancy
or to alleviate physiological effects associated with the tumor or cancer.

2% <¢

As used herein, the phrases “therapeutically effective dose,” “therapeutically effective
amount,” and “effective amount”™ means (unless specifically stated otherwise) a quantity of a
polypeptide and/or engineered cells of the present disclosure which, when administered either one
time or over the course of a treatment cycle, affects the health, wellbeing or mortality of a subject
(e.g.. and without lIimitation, a diminishment or prevention of effects associated with a cancerous
condition). The a appropriate dosage or amount of a polypeptide, engineered cells, or other
compound to be administered to a subject for treating a disease, condition, or disorder (including,
without limitation, a cancerous condition such as a solid state tumor) as described herein will vary
according to several factors including the type and severnity of condition being treated, how
advanced the disease pathology 1s, the formulation of the composition, patient response, the
judgment of the prescribing physician or healthcare provider, whether one or more constructs are
being administered, the route of administration, and the characteristics of the patient or subject
being treated (such as general health, age, sex, body weight, and tolerance to drugs). Thus, the
absolute amount of engineered cells included 1n a given unit dosage form can vary widely, and

depends upon factors such as the age, weight and physical condition of the subject, as well as the

method of administration.
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A therapeutically effective amount 1s also one 1n which any toxic or detrimental effects of
the therapeutic agent are outweighed by the therapeutically beneficial effects. In at least one
embodiment, an anti-tumor effective amount may be a therapeutically effective dose.

Administered dosages for the engineered cells as described herein for treating cancer, a
cancerous tumor, or other disease or disorder are in accordance with dosages and scheduling
regimens practiced by those of skill in the art. Typically, doses > 10” cells/patient are administered
to patients receirving adoptive cell transfer therapy. Determining an effective amount or dose 1s
well within the capability of those skilled 1n the art, especially 1n light of the detailed disclosure
provided herein.

The term “pharmaceutical composition™ means a composition comprising one or more of
engineered cells or engineered NK cell lines as described herein and at least one component
comprising pharmaceutically acceptable carriers, diluents, adjuvants, excipients, or vehicles, such
as preserving agents, fillers, disintegrating agents, wetting agents, emulsifying agents, suspending
agents, sweetening agents, flavoring agents, perfuming agents, antibacterial agents, antifungal
agents, lubricating agents, and dispensing agents (depending on the nature of the mode of
administration and dosage forms).

The term “pharmaceutically acceptable™ and grammatical variations thereof, as they refer
to compositions, carriers, diluents, reagents, and the like, are used interchangeably and represent
that the maternials are capable of administration to or upon a mammal without undue toxicity,
irritation, allergic response, and/or the production of undesirable physiological effects such as
nausea, dizziness, gastric upset, and the like as 1s commensurate with a reasonable benefit/risk
rat10. In other words, 1t 1s a material that 1s not biologically or otherwise undesirable — 1.e. the
material may be administered to an individual along with NK cells (and/or stem cells or iIPSCs)
modified to express the constructs of the present disclosure without causing any undesirable
biological effects or interacting in a significantly deleterious manner with any of the other
components of the pharmaceutical composition in which 1t 1s contained.

The term “1solated” means that the material 1s removed from 1ts original environment, e.g.,
the natural environment 1if 1t 1s naturally occurring. For example, a naturally occurring NK cell
present within a living organism 1s not 1solated, but the same NK cell separated from some or all
of the coexisting materials 1n the natural system 1s 1solated.

Conventional treatments for glioblastoma (GBM), including without limitation surgery,
radiation, and chemotherapy), have proven 1neffective largely due to the severe
immunosuppression characteristic of GBM. GBM 1s a particularly challenging tumor to treat due

to 1ts intratumor heterogeneity, whereby cells with varying molecular, genetic and epigenetic
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characteristics contribute to 1ts ability to evade conventional treatments. Further, GBM 1s
characterized by antigen escape variants that resist single antigen-targeting monotherapies.

The limitations of single antigen-based therapies have been recognized in clinical studies
through tumor outgrowth variants. To date, CAR-NK cells that target single GBM antigens —
EGRF., EGRFVIII, or ErbB2/HER2 — have been limited to the use of NK cell lines, and the overall
response rates have been disappointingly low and inconsistent. These results appear to mirror the
clinical hurdles of single antigen targeted CAR-T therapies for GBM.

The stringent requirements for target selection place constraints on the targeting strategies.
While combinatorial antigenic targeting with multi-targeted CAR-engineered cells have
demonstrated some ability to address antigen escape in GBM, poor immune cell infiltration and
immunometabolic reprogramming caused by the primarily hypoxic GBM TME has stymied
durable responses. Further, and unsurprisingly, outgrowth of antigen escape variants has been
recorded clinically with most GBM-associated antigens to date, resulting in immune evasion and
resistance to treatment. The nonsustainable response has resulted in a lack of improvement in the
overall survival (OS) of GBM patients treated with CAR-T therapies in Phase III trials.

While dual antigen-targeting or programmable, tumor-sensing CARs have been evaluated
pre-clinically for GBM treatment solely 1n the context of adoptive T cell therapy, GBM employs
mechanisms beyond antigen escape to avord immune surveillance that such approaches do not
address. Accordingly, dual-antigen programming alone 1s not sufficient for a clinically effective
treatment. Indeed, treatment evasion by GBM 1s additionally fueled by a heavily
immunosuppressive, hypoxic TME which provides a niche unfavorable to NK cell effector
function. Further, the highly hypoxic nature of many tumors (like GBM, for example) also fuels
the activity of ectonucleoside triphosphate diphosphohydrolase-1 (CD39), ecto-3'-nucleotidase
(CD73) and other adenosinergic signaling variants (e.g., CD38, etc.) to produce the
immunosuppressive metabolite adenosine, which leads to significant purinergic signaling-
mediated impairment of NK cell activity.

In addition, GBM cells utilize autophagy to promote their growth, progression, and
resistance to therapy. Finally, a subset of GBM cells, glioma stem-like cells (GSCs) also contribute
to treatment resistance and are poorly recapitulated by convention GBM model cell lines,
including US7MG. This complexity results in the need for varying therapeutic strategies that can
act 1n concert or synergy to mount meaningful therapeutic responses.

The inventive concepts of the present disclosure generally relate to methods, compositions,
and engineered peptides for the treatment of cancers, particularly GBM, through multifunctional

engineered NK cells that not only target one or more cancer-specific antigens, but also, 1n at least
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one embodiment, inhibit autophagy such that the GBM 1s sensitized for the therapeutic treatment.
Furthermore, certain embodiments of the present disclosure directly 1nhibit adenosinergic
signaling. Accordingly, the compositions, systems, and methods of the present disclosure are the
first multifunctional, engineered NK cell-based therapy for GBM that simultaneously targets
multiple clinically relevant pathways of GBM progression including, for example, antigen escape,
immunometabolic suppression, and/or poor intratumoral NK cell presence, using the novel
engineered NK cells described herein. While the data of the present disclosure relates to GBM 1n
particular, 1t will be understood by those of ordinary skill in the art that the inventive concepts
hereof related to any cancer that expresses cancer-associated antigens and adenosine or an
adenosine-intermediary.

In at least one exemplary embodiment, for example, a single NK-cell construct 1s provided
that comprises at least bifunctional constructs (e.g., CARs), namely, at least a first construct for
encoding a protein specific to a cancer-associated antigen (for example, and without limitation,
disialoganglioside (GD2)) and at least a second construct for targeting cognate ligands to a NK
activating receptor (for example, and without limitation, the potent activating NK cell receptor
natural killer group 2D (NKG2D)). When expressed in a NK cell, these two binding domains may
be coupled with one or more stimulatory or costtmulatory domains (i.e. signaling domains) of the
NK cell, which may comprise a transmembrane domain and/or an intracellular domain. One or
more of such constructs may be expressed in a single NK cell as desired. Use of at least two
different CARSs 1n this context avoids antigen escape of the cancer cells seen with conventional
treatments.

Furthermore, at least one of the constructs may further be engineered to 1mpair
Immunosuppressive purinergic/adenosinergic signaling, for example and without limitation,
through the inclusion of one or more CD73-, CD39-, or CD38-blocking antibody fragments
operably linked with the construct via a cleavable linker. For example, 1n at least one embodiment,
the first CAR may be coupled with anti-CD73scFv via a cleavable linker. In this manner, 1n
operation, the antibody and/or fragment 1s released wholly independently of the CAR-based
signaling and/or activation. The released antibody/fragment then functions to inhibit the activity
of the adenosine producing cell surface protein or adenosine-intermediary producing cell surface
protein of the cancer cells thereby decreasing the local concentration of extracellular adenosine
which, 1n turn, impairs immunosuppressive purinergic signaling. In at least one exemplary
embodiment, the release of the linker 1s tumor-sensitive and, thus, cleavable by the activity of
proteases that are upregulated in the TME. This results in the localized release of the adenosine-

blocking antibody fragment in the TME and, thus, avoids systemic toxicities.
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Still further, to address the insufficient homing of NK cells into the tumor bed caused by
GBM 1n particular, and to sensitize the cancer cells to immune cell treatment, embodiments of the
present disclosure may also impair and/or disable autophagy through administration of at least one
additional therapeutic treatment. In at least one embodiment, the additional therapeutic treatment
comprises administering to the patient one or more pharmacological autophagy inhibitors such as
chloroquine (CQ) and the like. Additionally or alternatively, the at least one additional therapeutic
treatment comprises targeting one or more genes of the patient associated with the autophagy
pathway through generating genetic knockdown patient-derived GBM cells. Especially when used
in conjunction with the engineered NK cells of the present disclosure, the additional therapeutic
treatment can achieve a potent reorganization of the GBM milieu and, thus, substantially enhance
NK cell infiltration through the engagement of the CCL5 and CXCL10 chemokine axes.

Brief descriptions of the relevant cellular pathways and mechanisms will be provided to
aid 1n understanding of the inventive concepts hereof, followed by a detailed description of the
present constructs, compositions, and novel methods provided herein.

Adenosine

Contributing to the pathogenesis of solid tumors are elevated concentrations of adenosine,
a consequence of anaerobic glycolysis in hypoxic solid tumor cores. In solid tumors, ATP 1s
abundantly released 1n the extracellular space where 1ts concentration can reach a few hundred
micromole per liter, a concentration more than a thousand times higher than 1n healthy tissues.
This phenomenon 1s mainly due to cell death in the tumor core and to metabolic or hypoxic stress
and pro-inflammatory signals that stimulate active export of ATP. In the TME, extracellular ATP
acts as a danger signal involved 1n the recruitment of innate immune cells and 1n the priming of
anti-tumor activity; however, at the same time the extracellular ATP 1s degraded into
immunosuppressive adenosine via the concerted enzymatic activity of at least CD39 and CD73,
as well as CD38. As a consequence, 1n various solid tumors, accumulation of extracellular
adenosine followed by engagement of the adenosine receptors on tumor-reactive NK cells 1s a
highly immunosuppressive mechanism that drives tumor growth.

CD39 and CD73 are ecto-nucleoside triphosphoate diphosphohydrolases, which are
anchored cell surface proteins, and exhibit a catalytic site facing the extracellular space. CD38
and CD157 are alternative pathways that are also surface molecules with an extracellular catalytic
domain, except theirs consists of ADP rnibosyl-cyclases. Expression of these ectoenzymes by solid
tumors such as GBM and 1n the TME results in the production of extracellular adenosine.

CD38 and CD157 are part of the same family of NADase/ADPR cyclase enzymes. CD38

1S a surface glycoprotein characterized by a relatively large extracellular domain that harbors the

25



WO 2021/081133 PCT/US2020/056723

catalytic site. CDI157, on the contrary, 1s attached to the membrane via a
olycosylphosphatidylinositol anchor. The extracellular domain of both molecules contains
conserved critical residues. They both metabolize nicotinamide dinucleotide (NAD™), which also
affects purinergic receptors and converge on adenosine generation with profound effects
generating immune effectors cells (e.g., NK cells) towards tolerance. Indeed, extracellular NAD"
can be degraded by an integrated network of ectonucleotidases, including CD38 and CD157,
which generate intermediates that modulate signaling and activate immunoregulatory circuits.
Extracellular adenosine can be generated from NAD+ through to the coordinated action of CD38,
which generates ADP ribose (ADPR) and PC-1 (ectonucleotide
pyrophosphatase/phosphodiesterase family member 1), which generates AMP. Similar CD38,
CD157 generates cADPR and subsequent ADPR when incubated with NAD".

In human peripheral blood, both CD39 and CD73 are typically expressed on about 2-5%
of NK cells within non-malignant blood cells. As such, expression of both CD39 and CD73 1s
virtually absent from circulating human NK cells in healthy individuals. However, significant
expression of CD39 by human tumors and infiltrating immune cells has been widely described,
which 1s associated with generation of adenosine that has an inhibitory role on effector anti-tumor
immunity and exposure to proinflammatory cytokines, oxidative stress and hypoxia. Likewise,
expression of CD73 remains at constitutively high levels on many types of cancer cells. High
CD73 expression has been shown to be correlated with unfavorable clinical outcomes, which 1s
consistent with the immunosuppressive role of adenosine. The expression of CD38, CD73, and/or
CD157 may also be upregulated, especially in a TME that 1s hypoxic.

Accordingly, CD39 and CD73 are overexpressed on many solid tumor cells — GBM 1n
particular — and implicated in the promotion of cancer progression through upregulation of
adenosine signaling following dephosphorylation of extracellular AMP. As described herein,
adenosinergic signaling interferes with the trafficking and activities of NK cells due to the
heterologous desensitization of chemokine receptors and reduced proinflammatory cytokines and
inhibits the exocytosis of cytotoxic NK granules. This creates a pro-angiogenic niche supporting
tumor development.

Adenosine-induced immunosuppression can be alleviated by antibody-mediated blockade
of CD73 or the vanants thereof;: however, this alone relies on the recruitment of NK cells to
hypoxic tumor niches. Conventional efforts have not targeted adenosinergic signaling in

conjunction with NK-based immunotherapy.

NK Activity
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NK cells, specialized effectors of the innate immune system, can respond rapidly to cancer
cells due to expression of germline-encoded activating receptors capable of directly binding to
pathogen-derived or stress-induced self-antigens. The activity of NK cells 1s controlled by a
balance of signals from a repertoire of activating and inhibitory receptors. Activating receptors
include, without limitation, natural cytotoxic receptors (NCRSs), natural killer group 2 member D
(NKG2D), CD16 (FcyRIITA), FasL, TRAIL, and co-stimulatory receptors such as LFA-1, CD244
(2B4), and CD137 (41BB). These activating cell surface receptors have the capacity to trigger
cytolytic programs, as well as cytokine and chemokine secretion via intra-cytoplasmic I'TAMs
such as 2B4, 41BB, and/or via other transmembrane signaling adaptors. As used herein, the term
“signaling domain™ means and includes stimulatory and costimulatory domains unless otherwise
specified.

Conversely, inhibitory NK cell receptors predominantly recognize cognate MHC class 1
protein and provide self-tolerance toward healthy cells. Cells with absent or reduced expression
of MHC class I protein, as often observed after transformation or viral infection, are unable to
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