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(57) Abrégée/Abstract:
The present invention provides biocircuit systems, effector modules and compositions for cancer immunotherapy. Methods for
Inducing antl-cancer iImmune responses In a subject are also provided.
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COMPOSITIONS AND METHODS FOR IMMUNOTHERAPY
CROSH REFERENCE TO RELATED APPLICATIONS

GG} This apphication claimms prionty to the US Provisional Patent Application No.
62/466,601, filed on March 3, 2017 entitlied Compositions and Methods for Immunotherapy, US
Provisional Patent Application No. 62/484,063, filed on Apnd 11, 2017 entitled Compositions
and Methods for Immunotherapy, and US Provisional Patent Application 62/342 402, filed on
August &, 2017 entitled Compositions and Methods for Immunotherapy, the contents of cach of
which are heremn mcorporated by reference m thewr entirety.

SEQUENCE LISTING

(G032 The present application 1s beimng filed along with a Sequence Listing 1n clectronic
tormat. The Sequence Listing 1s provided as a file entiticd 2095 1207PCT SLixt, created on
March 2, 2018, which 1s 1,566,189 bvies i size. The mformation mn the ¢lectronic format of the
sequence listing 1s incorporated herein by reference 1n 1fs entirety .

FIELD OF THE INVENRTION

G003 The present mvention relates to compositions and methods for immunotherapy .
Provided m the present mvention mchude polypeptides of biocircutt systems, effector modules,
stinnlus response clements {SREs) and immunotherapeutic agents, polynucicotides encoding the
same, vectors and cells contamning the polypeptides and/or polvnucleotides for use m cancer
vnmunotherapy. In one embodiment, the compositions comprise destabilizing domains (DDs)
which tune protem stability.

BACKGROUND OF THE INVENTION

10004]  Cancer mumunotherapy aims to eradicate cancer cells by rejuvenating the tumoncidal
functions of tumor-reactive immune celis, predomunantly T cells. Strategies of cancer
immunotherapy including the recent development of checkpoint blockade, adoptive cell transter
{ACT) and cancer vaccines which can increase the anti~tumor immune effector celis have
produced remarkable results m several tumors.

13003] The impact of host anti-tumor immumty and cancer tmmunotherapy 1s impeded by
three major hurdies: 1) low number of tumor antigen-specttic T cells due to ¢lonal deletion; 2)
poor activation of mnate vnnwne celis and accumulation of tolerogenic antigen-prescnting cells
in the himor microenvironment; and 3) formation of an IMMUNCSUPPICsSive tRMor
microenvironment. Particularly, 1in solid tumors the therapeutic efticacy of immunotherapeutic
regrmens remains unsatisfactorv due to lack of an effective an anti-tumor response mn the

unmunosuppressive tumor microecnvironment. Tumor cells ofien mduce wmmune tolerance or
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suppression and such folerance 1s acquired because even truly foreign tumor antigens will
become tolerated. Such tolerance 1s also active and dominant because cancer vaccines and
adoptive transier of pre~-activated mmmune effector cells {e.g., T cells), are subject {0 suppression
by mhibitory factors m the tumor mucroenvironment (TME},

[3306]  In addifion, admuustration of engincered T cells could resulf 1n on/off target toxacitics
as well as a cvtokine release syndrome (reviewed by Tey Clin Trans!. Immunol., 2014, 3. el7
10.1038).

130071 Development of a tunable switch that can turn on or off the transgenic
immunotherapeutic agent cxpression 1s needed m case of adverse cvents. For example, adoptive
cell therapies may have a very long and an indefinite hali-hife. Since toxucity can be progressive,
a safety switch 1s desired to ehnunate the nfused cells. Systems and methods that can tune the
transgenic protein level and expression window with high Hlexabiity can enhance therapeutic
benetit, and reduce potential side etiects.

13008]  To develop regulatable therapeutic agents for disease therapy, i particular cancer
immunotherapy, the present imnvention provides biocirewtt systems to controd the expression of
immunotherapeutic agents. The biocurcuit svstenm comprises a stimulus and at icast one eifecior
module that responds to the stimulus. The effector module may mclude a stimulus response
clement (SRE} that binds and 1s responsive to a stimulus and an immunotherapeutic agent
operably linked to the SRE. In onc cxample, a SRE 15 a destabilizing domain (D) which 1s
destabilized m the absence of its specific higand and can be stabilized by binding to its specific
tigand.

SUMMARY OF THE INVENTION

H3009]  'The present mvention provides compositions and methods for immunotherapy. The
compositions relate to tunable systems and agents that induce anti-cancer inunune responses n a
cell or 1n a subject. The tunable system and agent may be a biocireust system comprising at feast
one eifector module that 1s responsive to at least one stimuius. The brocircutt svstem may be, but
15 not inted 1o, a destabilizing domain {3} biocircuit system, a dimenization biocircuit sysiem,
a receptor biocurcuit svstent, and a cell biocircuit svstem. These systems are further taught in co-
owned U.S. Provisional Patent Application No. 62/320,864 filed April 11, 2016, 62/466,596
filed March 3, 2017 and the International Publication WO2017/180587 (the contents each of
which are heremn mcorporated by reference i thewr entirety).

G018 In some embodiments, the composiiion for mdacing an mmune response may

comprise a first eitector module. In some embodiments, the effector module may comprise a first
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stimmuhis response element {SRE) operably linked to at least one pavicad. In one aspect, the
paviocad may be an tmmunotherapeutic agent.

10011]  In some embodiments, the immunotherapeutic agent may be selected from, but 15 not
limited to a cytokine, a satety switch, a regulatory switch, a chimenc antigen receptor and
combinations thercof.

13012]  In one aspect, the first SKRE of the composition may be responsive to or mteract with at
lcast one stumulus.

30131  In some embodiments, the first SRE may comprise a destabilizing domam {(DD). The
D1 mav be denived trom a parent protein or from a mutant protein having one, two, there, or
more amino acid mutations compared to the parent protein. In some embodiments, the parent
protein may be selected from, but 158 not hmted to, human protemn FKBP, compnsing the amino
actd sequence of SE(. ID NGO, 3; human DHFR (hDHFER), comprising the amino acid sequence
ot EQ. 1D NO. 2; E. Coli DHFR, comprising the amino acid sequence of SEQ. 1D NO. {;
PDES, compnising the amino acad sequence of SEQ. 1D NO. 4; PPAK, ganuima comprising the
aming acid seguence of SEQ. 1D NO. 5. CAZ, comprising the amino acid sequence of SEQ. 1D
NO. 6; or NQO2Z, compnsing the anuno acid scquence of SEQ. D NG 7.

10014] In one aspect, the parent protemn 15 hDHER and the DD comprises a mutant protein
having at lcast one mutation sclected from MidelL VZA, C7R, I8V, VOA, A10T, A10V, Q13R,
Nidxs, Gi6es, 7N, 117V, KI19E, N20D, G211, G21E, D225, L2358, P248, L28P, N30D, N30H,
N3OS, BE31G, E31D, F32M, R33G, R335, F350, Q36R, 365, Q36K, Q36F, R37G, M38V,
M38T, T40A, V44A, K47R, N4OS§, N4OD, MS3T, G54R, K56E, K56R, TS7A, FA395, 16171,
Ko64R, N65SA, N65S, N65D, N6SE, L6385, KeYE, K6OR, R71G, 17271, 172A, 172V, N73(, L74N,
V75F, R78G, L&0P, K&IR, E82G, HEBY, F8GL, ROZ2(, 8935, S93R, L94A, DO6G, A9TT,
L9988, K99(s, K9OR, LI100OP, 102G, QIO3R, P1045N, E103G, A107T, A107V, NIOSD, K109E,
KI09R, VIIOA, D1TIN, MEIZ2T, MEIZV, VII3A WIHI4R, 1153V, Viiel GHI7D, VI2IA,
Yi22C, Y 122D, Y1221 KI123R, K123E, A125F, M126f, N127R, Ni275 N127Y. HIZ3R,
HI28Y, HIZIR, L132P K133E, L134P, FI1335P, FI35L, FI1335, F133V, VI36M, TI37R,
RI38G, RISRL HISYE, 1139V, MI40EL M40V, QI41R, D426, F1435, FI43L, E1440, D146G
TI47A, F1486, FI148L, FI149L, PI50OL, E151G, 152V, DI53A, DIS3(G, E1S5G, KI156R,
YI57R, YI57C, K138E, KI38R, L1539P, L160P, E162G, Y163(, VI66A, 5168C, D169G,
VIT70A, QI7IR, EL72G, EI73G, E173A, KIT74R, T176A 1176F, 11767, KI1T7TE, K177R, Y178,
Y178H, FISOL, E181G, VIBZA, YI&3(, YI83H, EI184R, K184, KI1&3R, K135del, K183E,
Ni865, N136D, DIR7G, and DIRTN.

2

[3015]  In one aspect, the stimulus of the SRE mav be Trmethoprnim or Mcethotrexate.
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13016]  In some embodiments, the immunoctherapeutic agent may be a cytokine. In one aspect,
the cytokine mav be an micricukin, an mterferon, a tumor necrosis factor, a transfornung growth
factor B, a CU chemokine, a CXU chemokine, a CX3( chemoking or a growth factor. In some
cmbodiments, the cviokine 1s an mtericukin. In some embodiments, the mterleukin 1s selected
from a group consisting ot 1.1, {L.i-alpha, 1L 1~-beta, 1L 1-declta, 1L 1-cpsilon, 1L 1-cta, 1.1-zcta,
TE-RA,TL2, T3, 114 105, [he, IL7, L8, 1LY, TLIG, TLIGC, ILIOD, I 1ia, fL11b, 113, 114,
FLi6, HL17, B-17A ILYYB, ILI7C, ILL7E, ILI7F TLIS, IL19 IL20, 1200 121, 1122, 1123,
FL23A 24 1E25 1026, EL27, 1028, 1120, 130, 131, H.32, 1,33, 1134, 1L.36q, 11368, IL36v.
FL36RN, 11,37, 11.37a, 1137, 1L37¢, 1137d, IL.37¢, and {138

100171 In one aspect, the mtericukin may be 112, compnising the amuino acid sequence of SEQ
D NGO ST

[3018]  In one aspect, the immunotherapeutic agent may be a safety switch. In some
embodiments, the satety switch may be selected from a Caspase Y, an inducibic FAS (1FAS), an
inducible caspase 9 (icasp9), a CD20/anti~-CD20 antibody pair, a protein tag/anti~tag anfibody,
and a compact sutcide gene (RQRR). In one aspect, the safety swiich may be Caspase ©
comprising the ammno acid sequence ot SEQ 1D NO. 635

10018]  In one aspect, the immunotherapeutic agent mayv encode a regulatory switch. In some
cmbodiments, the regulatory switch may be selected from a FOXP3, a Nrda, a FOX(0, and a NE-
kB. in onc aspect, the regulatory switch may be a FOXP3, comprising the amino acid sequence
of SEQ ID NO. 103-106.

{30287 In one aspect, the inmmunotbherapeutic agent may be a chimerne aptigen receptor {CAR),
In some embodiments, the CAR may be selected from a G2 CAR, a HerZ CAR, a BCMA
CAR, aCUD33 CAR, an ALK CAR a CD22 CAR and a CD276 CAK. The CAKRs descrnibed
hercin may comprise an extraceliular moicty, a transmembrane domain, an intraccliular signaling
domain, and ophionally, one or more co-stimulatory domains.

13021]  In one aspect, the CAR mav be selected from, but 18 not hnnted, to a standard CAR, a
sphit CAR an oft-switch CAR. an on-switch CAR, a first-generation CAR, a second-generation
CAR, athird-gencration CAR, or a fourth-gencration CAR.

10022]  In some embodiments, the extraceliular target moiety of the CAR may be selected
from, but 1s not limited (o an Ig NAR, a Fab fragment, a Fab' fragment, a F(ab)'2 fragment, a
F{ab}3 fragment, an Fv, a simgle chamn vartable fragment {sckv), a bis-sckv, a (sckviZ, a
nunibodv, a diabody, a tnabody, a tetrabody, an mntrabodv, a disuifide stabilized Fv protein

{dskv}, a unibody, a nanobody, and an antigen binding region derived from an antibody that may
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specifically bind to any of a protein of wterest, a ligand, a receptor. a receptor fragment ora
peptide aptamer.

130231 In some embodiments, the extraceliular target moiety may be selected from an ALK
target moicty, comprising the anmino acid sequence of SEQ 1D NQ. 242- 257 and 422-429, a
(1327 target moicty, comprising the amino acid sequence of SEQ 13 NO 238-262 and 430-432,
a CID276 target moiety, comprising the amuno acid sequence of SEQ ID NGO, 263-270 and 433~
436, a GD2 target moiety, comprisimg the ammo acid sequence of SEQ 1D NG .271-349 and 437-
463, a CD33 target moicty, comprising the amino acid sequence of SEQ ID NQO. 350-357. a
BUCMA target moiety, comprising the anuno acid sequence of SEQ IR NO. 358-3635, and a Her’
target motety, compnsing the amino acd sequence of SEQ 1D NQO. 366-421 and 466-473.
10024}  In some embodiments, the mitracehhilar signaling domam of the CAR may be derived
trom T cell receptor UD3zeta or a cell surface molecule selected trom the group consisting of
FcR gamma, FeR beta, CD32 gamma, CD3 delta, CD3 epsuon, CDS5, C322, CD7%9a, CI790, and
{166,

130251 In some embodiments, the CAR may comprise a co-stimulatory domain. The
costimulatory domain may be selected trom the group consisting of 28B4, HVEM, {CO5, LAGS,
DAPIO, DAPLZ, CD27, CD28, 4-1BB (CD137), OX40 (CD134), CD30, CD40, ICOS (CD278),
glucocoriicoid-indaced tumor necrosis factor receptor (GITR), bymphocvie function-associated
antigen- 1 (LFA-1), CD2, CD7, LIGHT, NKG2C, and B7-H3.

[3026] In onc embodiment, the transmembrane domain of the CARK may be dernved from a
transmembrane domam. In one aspect, the transmembrane domam may compnse the anuno acid
sequence sclected from, but not hnirted to SEQ 1D NO. 527-624

130271 In some embodiments, the CAR of the eftector module may further comprise a hinge

actd sequence selected from the group consisting of any of SE} 1D NOs. 628-694.

[3028]  In one aspect, the first eftector module may comprise an 1L2-DD, compnsing the
amino acid sequence of any ot SEQ {1 NOs. 32-54.

{B029]  In one aspect, the first ettector module mav comprise a Caspase Y-DD, comprising the
amino acid sequence of any of SEQ 1D NOs. 72-80.

13036 In one aspect, the first effector module mav comprise a FUOXP3-DD, comprising the
anuno acid sequence of anv of SEQ 1D NUs. 107-116.

10031} In one aspect, the first effector module may comprise a BCMA CAR-DD, comprising

the anuno acid sequence of any of SEQ 1D NOs. 775-777.
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130321  In ong aspect, the first effector module may comprise a HERZ-DD, comprising the
anino acid sequence of any of SEQ 1D NO. 906,

10U33]  The present mvention, also provides polynucleotides encoding the compositions of the
MVention.

{33341  In onc aspect, the polvoucleotides may be a DNA or RNA molecule. In one aspect, the
polynucleotides may comprise spatiotemporally selected codons. In some embodiments, the
polynucleotides may be an RNA molecule. In one aspect, the RNA molecule may be a
messenger molecule. In some embodiments, the RNA molecule may be chemically modified. In
some embodiments, the polynucicotides mav comprise spatiotemporaliy selected codons.

{0035] In some embodiments, the polynucleotides may further compnise, at least ong
additional feature selected from, but not limited to, a promoter, a hinker, a signal peptide, a tag, a
clcavage site and a targcting peplide.

{3036]  'The present mvention also provides vectors comprising polvnucleotides described
herein. In one aspect, the vector may be a viral vector. In some embodiments, the viral vector
may be a retroviral vector, a lentiviral vector, a gamma retroviral vector, a recombinant AAY
vector, an adeno viral vector, and an oncolviic viral vector.

1G037]  The present mvention also provides immune celis for adoptive cell transfer (ACT)
which may express the compositions of the mvention, the polynucicotides descenbed herein. In
one aspect, the immune cells may be infected or transtected with the vectors described herem.
The mmmune cells for ACT may be selected from, but not hmated to a CDE+ T cell, a CD4+T

cell, a helper T cell, a natural kaller (NK} cell, a NK'T cell,

A

a cviotoxic T tyvmphocyte (CTL), a
tumor mfiltrating lymphocyte (TIL), a memory T ¢cll, a regulatory T (Treg) ccll, a cyvtokineg-
wduced kaller (CIK) cell, a dendnitic cell, 3 human embryonic stem cell, a mesenchymal stem
cell, a hematopoietic stem cell, or a nuxture thereof.

10038]  In one aspect, the immune cell may compnse a destabilizing doman DD, wherein the
D) 1s dentved from human protein FKBP compnising the amino acid sequence of SEQ 1D NQO. 3,
DHFR comprising the ammno acid sequence of SEQ 1D NG, 1-2, PDES comprising the anmuno
actd sequence of SEQ 1D NQO. 4, PPAR gamma comprisimg the amino acid sequence of SEQ D
NGO S, CA2 comprising the amimno acid sequence of SEQ 1D NO. 6 and NQO2Z comprising the
amino acid sequence of SEQ 1D NO. 7.

{30391 In one aspect, the DD may be dernved from a parent protein and the parent protein 15
hDHER and the DD comprises a mutant protein having at least one mutation selected from
Midel VZA, K C7R, I8V, VYA, AIOT, A1OV, QI3R, N14§, Gl6s, 117N, 117V, K19E, N20D,
G211, G2Z1E, D228, L238, P248, L28P, N30D, N30H, N30S, E31G, E31D. F32M, R33G,
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R335, F350, Q36R, Q368 Q36K, Q36F, R37G, M38V, M3RT, T40A, V44A, K47R, N49§,
N49D, MS3T, G54R, KA36E, K36R, T37A, F395, 16171, K64R, N63A, Nods, N6dD, N65E,
L68S, K6OE, Ko9R, R71G, 17271, 172A, 172V, N73(, L74N, V73F, R780, L80P, K8IR, E82(,
HEBY, F8YL, RY2(, 5930, S93R, LU4A, D96(s, A9TT, LU¥S, KU9(, K99KR, L100P, E102¢,
(103K, P104s, E103G, A1G7T, A1G7V, NIO8D, KI09E, KI09R, VIIOA, DITIN, MI12T,
MIIZY, VIIZA WIHH4R, TSV, VoL GEHITD, VIZ21A, Y122C, Y1220, Y1221 KI1Z23R,
KI23E, A125F, M126l, NI127R, N1275, Ni27Y, HIZ8R, HI128Y HI3IR, Li132P, K133E,
E134P FI133P, Fi350, FI1355, FI35V, V1i36M, T137R, R138G, R1381, 39T, 1139V, M1401,
M40V, QI41R, DI142G, F1438, F1431L, E144G, D146G, TH47A, F1485, FI4RL, V1401,
PI5OL, E151G, 1152V, DIS3A, DIS3G, EI35G, KI156R, YISTR, YIST7C, KI58E, KI38KR,
EI59P, L160P, E162G, Y163(C, VI166A, S168(C, D169, VIT70A, Q17IR, E1720, E173(0,
E173A, K174R [1176A, 1176F, 11761, KI177E, KI77R. Y 178C, Y178H, FiIS0L, E181G, VI8ZA,
YI83C, YI43H, E184R, E184G, KI85R, K185del, KI85E, NI86&S, N186D, D1876, and
DI8TN.

130406] In some embodiments, the immune cells mayv be autologous, allogeneic, syngeneic, or
xenogenelc wn relation 1o a particular wmdividual subject.

10041}  The present mvention provides methods for reducing a tumor volume or burden i a
sabject comprising contacting the subject with the mmmune cells of the mvention. Also provided
hercin, 15 a method for inducing an anti-tuMmor IMMUNE response 10 a subject, Comprising
administering the immmune cells of the system to the subject.

13042  Also provided herein, 15 a method for imducing an immune response m a subject,
admimstenng the compositions of the mvention, the polyvnacicotides of the mvention, and/or the
immune cclis of the mvention to the subject.

13043}  The present imvention also provides methods for preventmg or reversing T cell
exhaustion m a subject in need thereot. Such methods may comprise administering to the
subiect, a therapeutically eftective amount of compositions described herein, the polynucleotides
of the mvention, the vectors of the mvention, or the mmnmune celis described herem. Such
methods mav comprise an SRE that responds 1o a stimulus and tunes the expression and/or
function of the mmmunotherapeutic agent, thereby preventing or reversing T cell exhaustion.
13044}  In some aspects, the immunotherapeutic agent 15 a chimeric anfigen receptor. In some
cmbodiments, the chumenc antigen receptor may be a G2 CAR, a BUMA CAR, a CD33 CAR,
a Her? CAR an ALK CAR, a CD22 CAR, ora CD276 CAR

13045] Also provided heremn, 1s a method for detecting cancer m a mammal. comprising the

steps of {(a) contacting a sample comprising one or more cells from the mammal with the
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compositions, the polvnucleotides, the vector or the immune cells of the mvention, and (b)
detecting the complex, wherein the detection of the complex may be mdicative of the presence of
cancer in the mammal.

[3046]  In some embodiments, the effector module comprises a stimulus response element
(SRE) and at least onc payload comprising a protein of mierest (POI).

13047]  In some embodiments, the SRE may be a destabilizing domain (DD}, In some
examples, the BD 15 a mutant domain denved from a protemn such as FKBP (FK506 binding
protem}, E. coli BHFR (Dibvdrofolate reductase) {(ecDHFR), human DHFR (hDHFR)}, or any
protemn of mierest. In this context, the biocircuit system 1s a B biocircut svstem.

10348]  'The pavioad may be any immunotherapeutic agent used for cancer immunotherapy
such as a cvtokine such as 1L2, a safety swiich such as Caspase 9, a regulatory switch encoding
FOXP3, a chimerte antigen receptor such as BUCMA CAR, CD33 CAR, GD2 CAR, HerZ CAR,
ALK CAR, CD2Z2 CAR, C3276 CAR or any agent that can induce an immune response. 'The
SRE and pavioad may be operably hinked through one or more lmkers and the positions of
components may vary within the effector module.

133491  In some embodiments, the effector module may further comprise of one or more

additional features such as linker sequences (with specific sequences and lengths), cleavage sites,

regulatory elements (that regulate expression of the protein of mnterest such as microRNA
targeting sifes). signal sequences that lead the effector module to a specific cellular or subcellular
location, penctrating sequences, or tags and biomarkers for tracking the effector module.

130506]  'The invenhion provides 1solated biocurcuit polvpeptides, eftector modules, stimulus
response elements (SREsS) and pavioads, as well as polynucicotides encoding any of the
toregomg: vectors comprising polynucicotides of the mvention; and cells expressing
polvpeptides, polynuclicotides and vectors of the mnvention. The polvpeptides, polynucleotides,
viral vectors and cells are usetul for inducing anti-Rimor Immune responsces i a subject.

100511 In some embodiments, the vector of the mvention 15 a viral vector. The viral vector may
mclude, but 15 not luntted to a retroviral vector, an adenoviral vector, an adeno-associated viral
vector, or a lentiviral vector.

003521 In some embodunents, the vector of the mvention may be a non-viral vector, such as a
nanoparticies and liposomes.

{33331 'The present mvention also provides unmune cells engmeered to mclude onc or more
polypeptides, polynucicotides, or vectors of the present invention. The cells may be immune
citector cells, mcluding 1 cells such as cytotoxic T cells, helper T cells, memory T cells,

regulatory T cells, natural kaller (NK} cells, NK T cells, cvtokine-mduced killer (CIK) cells,
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cytotoxic T lvmphocovtes (CTLs), and tumor mtiltrating lvmphocvtes (T1Ls}. The engmeered cell
may be used for adoptive cell transfer for treating a discase {¢.g., a cancer).

10054]  The present invention also provides methods for inducing immune responses m a
subject using the composittions of the mvention. Also provided are methods for reducing a tumor
burden n a subject using the compostiions of the mvention and methods for preventmg or
reversing T cell exhaustion.

BRIEF BDESCRIPTION OF THE DRAWINGS

{3055]  Figure 1 shows an overview diagram of a biocircutt system of the invention. The
brocircurt comprises a stimulus and at ieast one effector module responsive to a stimuius, where
the response to the stimulus produces a signal or outcome. The effector module comprises at
least one stimulus response element (SRE) and one payload.

(3356 Figure 2 shows representative ettector modules carrving one pavioad. The signal
sequence (25}, SRE and pavioad may be located or posttioned m various arrangements without
(A to F}or with {(G to Z, and AA to D) a cleavage site. An ophional linker mav be mnseried
between cach component of the cftector module.

{30577 Figure 3 shows representative efiector modules carrving two pavioads without a
cleavage site. The two payloads mayv be either durectly linked to each other or separated.

[3058] Figure 4 shows representative effector modules carrying two payloads with a cleavage
site. In one embodiment, an 8§ 1s postitoned at the N-termunus of the construct, while other
components: SRE, two payioads and the cleavage site may be located at different positions (A to
L.}, In another embodiment, the cleavage site 1s positioned at the N-termunus of the construct (M
io X). An optional hinker mav be mserted between each component of the effector module.
130391 Figure 3 shows etfector modules of the mnvention carrving two paviocads, where an SRE
18 positioned at the N-tcrounus of the construct (A to L), while S5, two pavicads and the
cleavage site can be m anvy configuration. An optional linker may be mserted between each
component of the eftector module.

{3060 Figure 6 shows effector modules of the mvention carrving two pavloads, where cither
the two pavioads (A to I} or one of the two pavicads (G to X} 1s posttioned at the N-termnus of
the construct (A to L}, while 8§, SRE and the cleavage sile can be m any configuration. An
optional hnker may be mserted between each component of the effector module.

30611 Figure 7 depicts representative configurations of the stimulus and cttector module
within a biocircut system. A trans-membrane effector module 1 activated either by a free

stinnilus (Figure 7A} or @ membrane bound stimulus (Figure 7B) which binds to SKRE. The
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response to the stimulus causes the cleavage of the intracellular signal/payload, which activates
down-stream c¢ifector/payload.

100621  Figure 8 depicts a dual stimulus-dual presenter brocireutt system, where two bound
stiminils {A and B} from two ditferent presenters {e.g., different cells) bind to two difterent
erfectior modules m a simgie receiver {¢.¢.. another single cell) stmultancousty and create a dual-
stgnal to downstream pavioads.

13063}  Figure 9 depicts a dual stimuhus-single presenter biocircuit system, where two bound
stimull {A and B) from the same presenter {€.2., a single cell} bind to two ditferent effector
moduics m another single cell simultancouslty and create a dual-signal.

13364]  Figure 10 depicts a smgle-stimulus-bridged receiver biocircut svstem. In thas
configuration, a bound stimulus {A) binds to an ettector module 1 the bndge cell and creates a
signal to activate a payload which s a stimulus {B) for another effector module 1n the final
receiver (¢.g., another cell ),

13065]  Figure 11 depicts a single stmulus-smgle receiver biocircuit system, wherein the single
recetver contains the two cttector modules which are seqguentially activated by a single stimulus.
{3066]  Figure 12 depicts a biocircuit system which requires a dual activation. Int this
embodiment, one stimulus must bind the transmembrane effector module first to prime the
receiver cell being activated by the other stimulus. The recerver only activates when it senses
both stimuli {(B).

{3067]  Figure 13 15 a line graph depicting the effect of Shield-1 on D112 levels.

{3068]  Figure 14 denotes the frequency of IFNgamma positive T cells.

3069]  Figure 15A depicts IFN gamma production m T cells. Figure 15B depicts T cell

expansion with 1L.15/1115Ra treatment. Figure 15C 15 a dot plot depicting percentage human

cells atier i vivo cell transter. Figure 150 15 scatter plot depicting CD4+HCDE+ T cells,

13078] Figure 16A 15 a western blot depicting luciferase levels m BD-luciferase expressing
cells. Figure 16B depicts luciferase activity.

{G071]  Figure 17A and Figure 178 are western blot depicting DD regulated expression ot
FOXP3,

3072]  Figure 18 15 a bar graph representing the effect of promoters on transgene expression.
130731 Figure 19 represents Shield-1 regulation of BD-IL2 secretion from HUT116 cells i
VIva.

10074} Egure 20 depicts the viability of T cells cultured with difterent ratios of CD3/CD3
beads.

{GU75]  Figure 21 represents the percentage BCMA CAR positive T cells with higand treatment.

10
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DETAILED DESCRIPTION OF THE INVENTION

{(3#)76] 'The details of one or more embodiments of the invention are sct forth 1o the
accompanving description below. Although any matenals and methods similar or equivalent to
those described herein can be used mn the practice or testing of the present invention, the
preferred matenals and methods are now described. Other features, objects and advantages of the
imvention will be apparent from the description. In the description, the singular forms also
imclude the plural unless the context clearly dictates otherwise. Unless defined otherwise, all
technical and scientific terms used herein have the same meaning as commaonly understood by
one of ordinary skiil in the art to which this mvention belongs. In the case of contlict, the present
description will control.

LEINTRODUCTION

13077 (Cancer mmmunotherapy aims’ at the induction or restoration of the reactivity of the
ynmune system towards cancer. Significant advances o immunotberapy research have led to the
development of varous strategies which may broadly be classified mto active immunotherapy
and passive mmmunotherapy. In general, these strategies may be utthized to directly kil cancer
cells or 1o counter the immunosuppressive tumor microenvironment. Active inmumnunotherapy
aims at mduction of an endogenous, long-lasting tumor-antigen specific immune response. The
response can further be enhanced by non-specitic stimulation of imnane response modifiers
such as cvtokines. In contrast, passive mmumunotherapy includes approaches where timmune
etrfector moiecules such as tumor-antigen specific cytotoxic T celis or antibodics are
admiumstered to the host. This approach 1s short hived and requires multiple applications.

3078]  Despite significant advances, the efficacy of current immumotherapy strategies 1s
iimited by associated toxacities. These are often related to the narrow therapeutic window
associated with immumnotherapy, which m part, emerges from the need to push therapy dose to
the edge of potentially fatal toxacity to get a chnically meamnghul treatment effect. Further, dosc
expands /n vivo smee adoptively transterred tmmune cells continue to proliferate within the
paticnt, often unpredictably

130791 A major nisk involved m immunotherapy 1s the on-target but oftf tumor side effects
resulting trom T-cell activation 1 response to normal tssue expression of the tumor associated
antigen {FAA). Clinwcal trials utdizing T cells expressing T-cell receptor against specific TAA
reported skin rash, colitis and hearnng loss i response to mumunotherapy.

[3088]  Inmununotherapy may also produce on target, on-tumor toxicitics that emerge when
tumor cells are kilied 1n response to the immunotherapy. The adverse effects include tumor lysis

syndrome, cytokine reicase svndrome and the relatcd macrophage activation syndrome.

11
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Emportantly, these adverse eftects may occur during the destruction of tumors, and thus even a
successiud on-tumor immunotherapy nught result in toxicity. Approaches to regulatably control
immunotherapy are thus hughly desirable smce they have the potential to reduce toxacity and
maximize etficacy.

{3081] '{The present invention provides svstems, compositions, imnwunotherapeutic agents and
methods for cancer immunotherapy. These compostitions provide tunable regulation of gene
expression and function i mmunotherapy. The present invention also provides biocircuit
systems, ettector modules, stinmilus response clements (SREs) and pavloads. as well as
polvnucicotides encoding anv of the foregoing. In one aspect. the systems, compositions,
immunotherapeutic agents and other components of the mvention can be controlied by a
separately added stimulus, which provides a significant tlexability to regulate cancer
immunotherapy. Further, the systems, compositions and the methods of the present invention
may aiso be combimed with therapeutic agents such as chemaotherapeutic agents, small
molecules, gene therapy, and antibodies.

[3082] 'The tunable nature of the systems and compositions of the invention has the potential to
improve the potency and duration of the efficacy of immunotherapies. Reversibly silencing the
biclogical activity of adoptively transferred cells usmg compositions of the present invention
allows maximizing the potential of cell therapy without irretnevably killing and terminating the
therapy.

{G383] The present mmvention provides methods for fine tuning of immunotherapy after
admumstration to patients. This m tumn improves the safety and efficacy of immunotherapy and
mgcreases the subject population that may benefit from tmmunoctherapy.

B, COMPOSITIONS OF THE INVENTION

10084]  According to the present invention, biocircuit svstems are provided whach compnse, at
therr core, at least one etfcctor module system. Such effector module systems comprise at lcast
one effector module having associated, or infegral therewith, one or more stimulus response
clements (SKEs). The overall architecture of a biocircuit system of the mvention 1s tllustrated in
Figure 1. In general, a stimulus response clement (SRE) mayv be operably linked to a payload
construct which could be any protein of interest (PO1) (e.g., an immunotherapeatic agent), o
form an ¢ifector module. The SRE. when activated by a particular stumulus, ¢.g., a small
molccule, can produce a signal or cuicome, to regulate transcription and/or protemn levels of the
linked payload cither up or down by perpetuating a stabihzing signal or destabilizing signal, or
any other types of regulation. A much-detatled description of a biocireut system are taught i

co-owned U.S. Provisional Patent Application No. 62/320.864 filed Apnil 11, 2416, 62/466,596
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filed March 3, 2017 and the International Publication WO2017/180587 (the contents each of
which are herein mcorporated by refercnce i thewr enturety ). In accordance with the present
invention, biocircuit systems, etfcctor modules, SKREs and components that tune expression
levels and activities of any agents used for immunotherapy are provided.

H3085]  As used heremn, a “biocircuit” or Tbiocircuit svstem 18 defined as a curcuit within or
usetul m biologic systems comprising a stimulus and at least one effector module responsive to a
stimmulus, where the response to the stimulus produces at least one signal or outcome withun,
between, as an mdicator of, or on a biologic system. Biclogic systems are generally understood
to be any cell, tissue, organ, organ system or organism, whether animal, plant, fungi, bactenial, or
viral. It 15 also understood that biocircuits may be artificial circuuts whach employ the stimuli or
cttector modules taught by the present mvention and cttect signals or outcomes m aceliular
environments such as with diagnostic, reporter sysiems, devices, assavs or kits. The artificial
circuits may be associated with one or more electronic, magnetic, or radioactive components or
parts.

13086]  In accordance with the present mvention, a biocircuit system may be a destabiizing
domam {E}}) biocircuit svstem, a dimernization biocircuit sysicm, a receptor biocircuit systen,
and a cell biocircuit systemm. Any of these systems may act as a signal to any other of these

biocircut systems.

Effector modules and SREs tor immunotherapy

{30871 In accordance with the present invenfion, biocircuit svstems, cffector modules, SREs,
and components that tune expression levels and activities of anv agents used for immunotherapy
are provided. As non-limuting examples, an immunotherapeutic agent may be an antibody and
fragments and vanants thereof, a cancer specific T cell receptor (T'CR) and vanants thereof, an
anti-tumor specific chimernic antigen receptor {CAR), a chimenc switch receptor, an inhibitor of
a co-inhbitory receptor or higand, an agomst of a co-stinnulatory receptor and hgand, a cytokine,
chemokine, a cytokine recepior, a chemokine recepior, a scluble growth factor. a metabolic
factor, a suicide gene, a honung receptor, or any agent that induces an mmmune response in a cell
and a subject.

H3088] Ag stated, the brocircuits of the mvention mclude at least one effector module as a
component of an eftector module system. As used herein, an “etfecior module ™ 1s a single or
mulfi-component construct or complex comprising at icast {a} onc or more stimuiius response
clements (1.¢. proteins of miterest (POMs). As used heremn a “stimulus response element (SRE) 18
a component of an effector module which s joined, attached, linked to or associated with one or

miore pavioads of the eftector module and 1 some mstances, is responsibie for the responsive

13
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nature of the effector module to one or more stimuli. As used heremn, the “responsive’ nature of
an BRE to a stumulus may be charactenized by a covalent or non-~covalent mtcraction, a direct oy
indirect association or a structural or chemaical reaction to the stimulus. Further, the response of
any dRE to a stirnuhus may be a matter of degree or kind. The response may be a parhal
response. 1The response may be a reversible response. The response may ultimatelv lcad to a
regulated signal or output. Such output signal may be of a relative nature to the stumulus, ¢.g.,
producing a modulatory etfect of between 1% and 100% or a factored mncrease or decrease such
as Z2-told, 3-fold, 4-fold, 5-fold, 10-told or more.

{3089 In some embodiments, the present invention provides methods for modulating protemn
expression, function or level. In some aspects, the modulation of protein expression, function or
level refers to modulation of expression, tunction or level by at least about 20%, such as by at
least about 30%, 40%. 50%, 60%, 70%. 80%, 85%, 90%. 95% and 1009, or at least 20-30%, 20-
4%, 20-50%, 20~-60%, 20~-70%, 20-80%, 20-90%, 20-95%, 20-100%. 30-40%, 30-50%, 30-
60%, 30-70%, 30-80%, 30-90%, 30-95%, 30-100%, 40-50%, 40-60%, 40-70%, 40-80%, 40-
90%., 40-93%. 40-100%, 50-60%, 56-70%, 36-80%, 50-90%, 530-95%, 30-100%, 60-70%, 60-
80%., 60-90%. 60-93%,. 60-100%, 70-80%, 70-90%, 70-95%, 70-100%, 80-90%, 80-95%, 80-
100%, 90-93%, 90-100% or 95-1009%

l.)

[G098]  In some embodiments, the present mvention provides methods for modulating protein,
expression, function or level by measuring the stabilization ratio and destabulization ratio. As
used herein, the stabilization ratio mav be defined as the ratio of expression, function or level of
a protein of mnterest n response 1o the stimulus to the expression, function or level of the protein
of interest 1n the absence of the stimulus specific to the SRE. In some aspects, the stabilization
ratio 1s at least I, such as by at feast 1-10, 1-20, 1 -30, 1-40, 1-50, 1- 60, 1-70. 1-80, 1- 90, 1-100,
20-30, 20-40, 20-50, 20-60, 20-70, 20-80, 20-90, 20-95, 20-100, 30-40, 30-30, 30-60, 30-70, 30-
80, 30-90, 3(-95, 30-100, 40-30, 40-60, 40-70, 40-80, 40-90, 40-93, 40-100, 50-60_ 30-70, 50-
80, 50-90, 5(-95, 50-100, 60-70, 60-80, 64-90, 60-95, 6(-100, 70-80, 70-90, 70-95, 70-100, 80-
90, 80-93, R0-100, 90-935, 90-100 or 95-100. As used hercin, the destabilization ratio mav be
defined as the ratio of expression, function or level of a protem of mterest in the absence of the
stimulus specitic (o the effector module 1o the expression, function or level of the proten of
wterest, that 1s expressed constitutively and in the absence of the stimulus spectfic to the SRE.
As used heremn “constitutively ' refers to the expression, function or level of a protein of mterest
that 15 not linked to an SRE, and 15 therefore expressed both m the presence and absence of the
stimubus. In some aspects. the destabiiization ratio 1s at least 0, such as by at least .1, 0.2, 0.3,

04.05.06.07 08 09 oratleast, 0-0.1.0-0.2.0-03. 0-0.4. 0-0.5, 0-0.6, 0-0.7. 0-0.8. 0-0.9,
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0.1-0.2,0.1-03,01-04,0.1-05,01-06,0.1-0.7,0.1-0.8,0.1-09,02-03,02-04, 02-035, 02-
0.6,0.2-0.7, 02-08,02-09,03-04, 063-05,03-06,03-07,03-08,03-09,04-05,04-0.6,
0.4-0.7, 04-0.8, §.4-09, 0.5-0.6, 0.5-0.7, 0.5-0.8, 0.5-0.9, 0.6-0.7, 0.6-0.8,06-090.7-08, 0.7~
0.9 or 4.8-0.9.

[3391]  The SRE of the effector module may be selected from, but ts not himited to, a peptide,
peptide complex, peptide-protem complex, protein, fusion protemn, protein complex, protemn-
protein complex. The SKRE may comprise one or more regions derived from any natural or
mutated protemn, or antibody. In this aspect, the SRE 1s an element, when responding to a
stimulus, can tune mitracclivlar localization, intramolecular activation, and/or degradation of
pavicads.

100921 In some embodiments, effector modules of the present mvention may comprise
additional features that facilitate the expression and regulation of the eftector module, such as
on¢ or more signal sequences {35s), one or more clcavage and/or processing sites, One or more
targeting and/or penetrating peptides, one or more tags, and/or one or more bnkers. Additionally,
cttector modules of the present ivention may further comprise other regulatory moieties such as
inductbic promoters, enhancer sequences, microRNA sites, and/or microRNA targeting siies.
Each aspect or tuned modality may bring (o the etfector module or biocircuit a ditferentially
tuned feature. For example, an SRE may represent a destabihzing domain, while mutations in the
protein payioad may alter its cleavage sites or dimerization propertics or halt-life and the
mclusion of onc or more microRNA or microRNA binding site mav umpart cellular detargeting
or trafficking features. Consequently, the present invention embraces biocircuits which are
muititactonal 1 their tenability . Such blocircuils may be engmecred (o contain one, two, three,
four or more tuned features.

13093] In some embodiments, etfcctor modules of the present invention may mclude one or
more degrons to tune expression. As used herein, a "degron’” refers to a munimal sequence within
a protein that 1s sutficient for the recognition and the degradation by the proteolviic system. An
unportant property of degrons s that they are transierrable, that 1s, appending a degron to a
seguence confers degradation upon the sequence. In some embodiments, the degron may be
appended to the destabilizing domains, the payload or both. Incorporation of the degron within
the effector module of the mvention, confers additional protem instability to the effector module
and mayv be used to nunumize basal cxpression. In some embodiments, the degron may be an N-
degron, a phospho degron, a heat mducible degron, a photosensitive degron, an oxygen
dependent degron. As a non-himuting exampie, the degron may be an Ornithine decarboxyiase

degron as described by Takeuchi et al. (Takeuchi § et al. (2008). Biochem . 2008 Mar
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1:410(2):401-7; the contents of which are incorporated by reference m thetr entirety). Other
cxamples of degrons usctul in the present invention mnclude degrons described m Intemational
patent publication Nos. WOZ2017004022, WO2016210343, and WO201 1062962 the contents of
cach of which are incorporated by reference m thewr entirety.

{3394]  As shown in Figure 2, representative eifecior module embodiments comprising one
payload, 1.¢. one mmmunotherapeutic agent are illustrated. Each components of the eftector
module may be located or posttioned n vanous arrangements without (A to ) or with (G to Z,
and AA to DD} a cleavage siic. An optional <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>