E e
? I i I INSTITUTE
FOR CANCER
IMMUNOTHERAPY
Skynthetlc Immunolog
rnessing the Tools of Synthetic Biology and Gene
Editing to Engineer Next-Generation Immune Cell
Justin Eyquem, PhD
Parker Fellow
Immunology & Microbiology SITC - Houston
UCSF

Jan 16t 2020



T Cell Receptor (TCR)

The TCR/CD3 complex and costimulatory constellation

ICOS CD28 o P 4-1BB OX40




Chimeric Antigen Receptor (CAR)

The TCR/CD3 complex and costimulatory constellation Monoclonal Antibody

ICOS CD28 o P 4-1BB OX40




Chimeric Antigen Receptors (CAR)

The TCR/CD3 complex and costimulatory constellation CARs

ICOS CD28 o P 4-1BB OX40

Maher, Nat Biotech 2002
Sadelain, Riviere & Brentjens, Nat Rev Cancer, 2003
Sadelain, AACR Education Program, 2014



Chimeric Antigen Receptors (CAR)

& ? - Recognize cell surface antigen

i H s . HLA independent

* T cell reprogramming

Maher, Nat Biotech 2002
Sadelain, Riviere & Brentjens, Nat Rev Cancer, 2003
Sadelain, AACR Education Program, 2014



A historical perspective: early CAR designs
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Iving, Romeo, Letoumeur,
Cell, 1991 Cell, 1991 PNAS, 1991
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Eshar,

PNAS, 1993

Adapted from Van der Stegen, Nat. Drug Discov 2015



CAR needs costimulation
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A historical perspective: second gen CAR designs

a b d
CD4 CDs8
CD25 scFv
scFv
CD3t CD3¢ CD3¢ CD3t CD28
CD3C
Iving, Romeo, Letoumeur, Eshar, Maher,

Cell, 1991 Cell, 1991 PNAS, 1991 PNAS, 1993 Nat Biotech., 2002

Adapted from Van der Stegen, Nat. Drug Discov 2015



CAR needs costimulation
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2"d and 3rd gen CAR family

CD28
CD3z

Maher et al,
Nat Biotech, 2002
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Imai et al,
Leukemia, 2004; Finney et al,
Finney et al, J Immunol, 2004

J Immunol, 2004

ICOS
CD3:z
Finney et al,
J Immunol, 2004
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Song et al,
Blood, 2012
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Pule et al,
Mol Ther, 2005

CD28
4-1BB
CD3z

Pule et al,
Hum Gene Ther, 2007



Selecting CD19 as a target for CAR therapy

B cell lymphomas
preB-ALL and leukemias myelomas

T
Stem Cell pro B pre B immature B mature B plasma cell
CD19

Cell surface CD19 and CD20 expression during B-cell development.
LeBien & Tedder, Blood, 2008.



Chimeric Antigen Receptors (CARSs)

CART cells are expanded
% and infused to patient
@ Conditioning

&
[

~ “‘1

T cells are isolated
Adapted from Sadelain et al. Nature 2017 from patients and activated

T cells are engineered
to express the CAR




Rapid Tumor elimination mediated by 1928z T cells In
patient with refractory relapsed ALL

Pre-treatment

Post-treatment

D24

D59

MSK-
ALLO4
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CD10
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0.01

CD19
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ALLO4
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Brentjens, Davila, Riviere et al, Science Transl Med, 2013
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CD19 targeting CAR for
Relapsed, Chemo-refractory ALL

Center Disease Vector Patients CR rate

MSKCC

Park, 2018 ALL (Ad.)

Upenn i
TRA ALL (Paed)  4-1BB LV 75 81%
NCI
AF | ALL(Paed)  CD28 YRV 21 68%
FHCRC
SR ALL (Ad) 4-1BB LV 29 93%
S ALL (Paed.)  4-1BB LV 2 100%

Qasim, 2015

Adapted from Sadelain et al. Nature 2017



Limits in CART cells

Relapse
Low / negative antigen
CAR not sensitive to low antigen
Poor T cell persistence

Toxicities
Cytokine Release Syndrome
Cerebral Edema

Moderate activity in solid tumor
Lack of ideal target
Inefficient T cell homing
T cell exhaustion/dysfunction

Manufacturing
Cost
Variability in the final product




Retroviral vectors: semirandom integration

Chimaera1 Chimaera 2 Chimaera 3

:;/;/ :

5 LTR EF1o 3’ LTR

TET2 vz /

cPPT =
Anti-CD19 CAR xon

Whole blood Whole blood CD8* CAR* cells
1 month post-infusion 2 2 months post-infusion 2 2 months post-infusion 2
TCRVBS5.1 TCRVpS5.1 TCRV5.1

GC Fraietta et al. Nature. 2018
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Retroviral vectors: variegated expression

g-Retrovirus

1921 1928z 19BBz

Zhao et al. Cancer cell 2015

Lentivirus
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Milone et al. Molecular Therapy 2009



Ways to improve CART cells



Ways to improve CART cells

GOAL:

1. Control/Improve persistence

2. Prevent T cell exnaustion

3. Address tumor heterogeneity/target safety
4., Standardized manufacturing/reducing cost

Tools:

1. Gene editing
2. CARdesign
3. Logic gates
4. SynNotch




Gene edited CART cells



Genetic engineering

Zinc Finger Nuclease TAL Effector Nuclease
(ZFN) (TALEN)
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Meganuclease CRISPR/Cas9

N

Chandrasegaran, Carroll, Porteus, Stoddard, Dujon, Choulika, Belfort, Bonas,
Bogdanove,Voytas, Joung, Doudna, Charpentier, Barrangou, Zhang, Church



Adapted form Joung et al. Nat biotech 2013

Genome editing

Nuclease-induced
double-strand break

—




Adapted form Joung et al. Nat biotech 2013

Genome editing
Nuclease-induced
double-strand break
NHEJ K//
Deletions - __
Insertions —
_ Vlariable Ieng;h
indels
Gene disruption

e



Genome editing

Deletions

Insertions

Adapted form Joung et al. Nat biotech 2013

Nuclease-induced
double-strand break

L J
Variable length
indels

Gene disruption

Donor
template

HDR

\
v

Gene tageting or correction




Editing CAR T cells

> Gene disruption
Allogeneic:
TCR alpha/beta
B2M
Checkpoints: PD1
Cell death: Fas
Drug resistance:
CD52 (Alemtuzumab)
dCK (Clofarabine)
- Exhaustion
- NR4A
+ TOXand TOX2

Tonkai 2012, Berdien 2014, Poirot 2015
Ren 2017

Su 2016, Rupp 2017

Ren 2017

Poirot 2015
Valton 2016

Chen 2019
Seo 2019



Targeting the CAR transgene

TRAC
Nucl.ease
TRAV TRAJ ¢ Stop
TcRapha  —HHHHI 4 — -
LHA
AAVE o 1028, [TI—202
TRAV TRAJ Stop

TRAC-1928z —I'I'I'I—i —1T 2| 19287 Y 2 3 4

Eyquem, Mansilla-Soto et al., Nature 2017




Efficient CAR Kl

TRAC gRNA
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042 | *46.70 0.069 |14, 1. ., 80+ ¢
1 ] i o Eo

E 60

% 404

- o
. 0.'..12 * 20~
0

n=8

Eyquem, Mansilla-Soto et al., Nature 2017



Homogeneous and Predictable CAR expression

Clinical
R\/-19287 TRAC-1928z

12000
E [ |
g 5 8000-
S < : n=12
< 4000- i :
0

RV- TRAC-
1928z 1928z

Eyquem, Mansilla-Soto et al., Nature 2017



TRAC-CART cells display superior in vivo activity
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TRAC-CART cells are less exhausted

370.9 2.56

TRAC-1928z

TRAC-1928z RV-1928z TCR- RV-1928z

349.0 48.2

RV-1928z TCR-

1.62 1.24

RV-1928z

Exhaustion

Markers n=7 mice

Bone Marrow
D17




New Targeting constructs
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TRAC-CART cells outperform other loci and promoters
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Model
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Model

Drop

Relative CAR MFI
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Antigen dependent



Model

Drop Replenishment
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Relative CAR MFI
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Model

Drop Replenishment
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Model - CAR expression/ CAR T cells function

Differentiation-
No tumor control TRAC exhaustion

CAR expression

Killing Frequency

‘ Tonic signaling

Terminal effector
differentiation

Antitumor efficacy

Toxicity ?




New TRAC-CAR cassettes

TRAC

Rearranged '
TCRa gRNA

v R o TR -]

TRAV TRAJ ! Stop

Eyquem et al., Unpublished



New TRAC-CAR cassettes

TRAC

Rearranged '
TCRa gRNA

v R o TR -]

TRAV TRAJ ! Stop

Eyquem et al., Unpublished



Different baseline level

TRAC

Rearranged '
TCRa gRNA

v R o TR -]

TRAV TRAJ ! Stop

T cells

New
TRAC-CARs

o

CAR >

Eyquem et al., Unpublished




Different baseline level - similar regulation

T cells

New
TRAC-CARs

CAR MFI

New
TRAC-CARs

= Teels

48 72
Hours

Eyquem et al., Unpublished



TRAC: An optimal locus for CARs and TCRs

« Safer: targeted and promoter-less

TRAC

Standardized: Homogeneous, predictable expression

Nucl'ease
TRAV TRAJ
Stop

!
— -

Controlled: Improves therapeutic activity

Flexible: cassette design, expression levels
LHA m pA 1 RHA

Scalable: Large clinical grade production on going

Adaptable to every editing platform



Next-generation CAR Designs




Next-Generation CARs with New Signaling Properties

Tumor Cell

Tuning of CAR 3 Signal CAR
Signaling (TCR, Costimulation, Cytokine)

" Tumor
¢ Antigen
, I 4 I
~ CAR 1XX JAK-STAT
CAR CAR
CAR T Cell
Added JAK/STAT
3 ITAMs 2 ITAMs Binding Motifs

in CD3¢ mutated




Tuning CAR Signaling Through Signaling Motif
Mutagenesis

Tumor Cell

Tqmor‘ =3l 0 Il BN ]
Antlgen/ [T Tl KR [ e
o o T NN [v <[]
o ITIT NN NRY[ [ ]
xes [ [ I | 1
e H B B A ] ZZ
CD28 CD28  ITAM1  ITAM2  ITAM3 Point-mutated
YMNM  PYAP ITAM
motif motif
3 ITAMs
in CD3¢
NALM-6 (CD19+ Tumor)
5 CD8"PD1*TIM3*LAG3*
1x 10° CAR" T cells 60 - : 0.0079 :
100 P =0.0003 _ —2.0079
—_ \o .
< 80 - — T-1928¢ = 401 -
g o0 o 8 - :
(% 40 — Control — _:.E
< *
20 1 0 | A
0 -
0 T T T T ! I i

T T
0O 10 20 30 40 50 6
Days post tumor injection

Feucht J et al. Nat Med. 2019



Balancing CAR Signaling Improve Therapeutic Efficacy

Effector-like Memory-like Naive-like




Adding New Signaling Capabilities to CARs

IL-2, IL-4,1L-7,1L-9, 1115, 121

anti-CD19 scFv CD28 1ODBZ

E Box 1 motif
anti-CD19scFv | cosa | 488 |:iicoseiii] 7] soxzmort
anti-CD19 scFv CD28

Enhanced proliferation and efficacy?

Kagoya Y et al. Nat Med. 2018



Adding New Signaling Capabilities to CARs

282 anti-CD19scFv| cos  }iicom:i|
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Kagoya Y et al. Nat Med. 2018



Adding New Signaling Capabilities to CARs

282 ant-CD19scFv| cpes  |iiiicoa:|
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28-AIL2RB- . TR
ZOYXXQ) anti-CD19 scFv co2s H T [ CH3Z::ii L
LHMQ
v
YRHQ
P < 0.001
P =0.002
— Bam 100 —
10 = .
c * * \O
s 84— — % =
2 . s 7 P =0.019
c 6 Y ° ° C;S
o o ol
5 a42 3 S _ P =0.0015
© s [ ] > 50
£ 2] w "% % 5
0 T T T a—, 25 —
N N Og >
& 8 5 o
° ; =l 0 ' '
@ " 0 4 8 12
X Time after leukemia infusion (weeks)
cbD4* —L— No T Tcell —Ll— BB-z
—— 28-z —L1— 28-AIL2RB-

z(YXXQ)

Kagoya Y et al. Nat Med. 2018



Controlling Engineered T cell Activity and Specificity



NextGen T cell Therapies

IMPROVING ENGINEERED T CELLS

Controlling T cell Activity/Specificity
e Small molecule control
» Antigen switching

Logic Gating

e Multi-receptor systems
o AND logic CARs
e CAR/inhibitory CARs
» synNotch/CAR circuits

Enhancing & Sculpting T cell Activity
 cytokine/chemokine production
e customization of responses




Drug Controlled CAR Activation

Remote Control of Adoptive T cell Therapies

Cancer cell Small

i Antigen . slecule

o , U Heterodimerizer
Conditional user-controlled switches modules: W

&
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Small molecule T cell
T cell p response
e ‘ costim. &Oa
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PROLIFERATION
CYTOKINE PRODUCTION | — cyroroxicrry
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£, ]CAR ~ CAR = H ,
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T cell proliferation

G — Wu C et al. Science 2015



Drug Controlled Costimulation
An Approach to Titrate Engineered T cell Effector Function

IL-2 production T cell expansion
600 4 14 -
. l$ cells only o uT cells + tumor
Conventional CAR-T Technology vs. GOCAR-T oo | ETCEls * rimiduci 5 12] w7 cells+ tumor + imicucia
m T cells + tumor + rimiducid 2
e 10 A
E 400 4 §
. o £ 8 -
Inactive, Standard CAR Active CAR, Uncontrolled B0 z
3 £
v = ] 8
» 200 S 4 -
Tumor =
Cell Surface
Cell Surface 100+ E 2 4
rimiducid
scFv Target 0- 0-
{ AgE NT BPX-601 NT BPX-601
T Cell Surface
BPX-601 BPX-601
Days post T-cell injection Control no rimiducid  5mg/kg rimiducid
NF-xB
CD28 or — CD28 or g
4-1BB { e
Activation
Proliferation Day +1 .
CD3t D3t
Activation
mc Proliferation Day +7 B
Day +14

http://www.belicum.com/technology/gocart/



Universal CAR T cells

Changing Antigen Specificity During Treatment

Switch-mediated
CAR T-cell activation

‘5019 Ag

anti-PNE Anti-PNE
sCAR T-cell
CcD8

' Jtransmembrane
4-1BB

costimulus

CD83-{chain

% Cytotoxicity

80 A

60 -

40 A

20 A

Raji (cD19"'%" cp22"'e")

- CD19 AB-FITC EC,,=1.8 £+ 0.1 pM
~®- CD22 EF-FITC EC,,=3.7 + 0.1 pM

102 10" 10° 10" 102 10%® 10*

Concentration (pM)

Ma JSY. PNAS. 2016



Universal CAR T cells
Changing Antigen Specificity During Treatment

Switch-mediated
CAR T-cell activation

6D19Ag
ae high high
Raji (cD19"'9" ¢cD22""")
Antibody- 80 A
Ve switch (Fab)
CD19 A
P 2 601
Fab switch L
X
. o
anti-PNE Anti-PNE o 40-
sCAR T-cell heg
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transmembrane < 20- ~®- CD22 EF-FITC EC,,=3.7 + 0.1 pM
4-1BB °
costimulus
CD83-{chain

1
102 10" 10° 10" 102 10%® 10*
Concentration (pM)

Ma JSY. PNAS. 2016



Logic-gated Immune Cell Therapeutics

Enhancing Specificity and Safety



Redirecting the Specificity of T cells to Cancer
The Pitfalls of Single Antigen Targeting

Conventional CAR T cell

KILLS
ON AND OFF l \
TARGET CELLS

, O

Cancer Bystander




Limiting Fraticide Killing

Targeting T cell leukemia

Neg. Ctrl
Cas9/gRNA-85 - 72h
48h
Cas9/gRNA-72 24h
Cas9 only Oh
o1 10° 10* 10°
CD7 —— —
D
- CcD7Xk0
CD7 CD7 CAR
A _ | 1°o 3
D 2 D 1 5 1 6
aly 0 Daly aIY 5 10" 1 | 10° i 10" ¢
> ] 4 ] R
| | | ] § o'y g 104
Initial T cell CD7 disruption Transduction < o4
activation  CRISPR/Cas9 with CD7 CAR 10;]' ; —= ol 86 |
0 ! * 110" 4 ‘ 0 ¥ o |
B L0 S 194 % 10" 4
8 T vy ey o 10‘ B B B e e | - A o ‘
0 10" 10 10° 10' 10° 10° 10° 10° 10° 0 10° 10°
CAR >

Gomez-Silva et. al Blood 2017



AND Gate CART cells

Separating Signal 1 (TCR) and Signal 2 (Costimulation)

T cell-activating
signaling domain

1

Low-affinity
CAR or TCR

Antigen A

T cell-co-stimulatory
domain

CCR

Off-target cells,
such as normal tissue

On-target cells,
such as tumor tissue

PSMA

PSCA PSCA-PSMA

' Day 0 | Day 35| Day 66! ! Day 0| Day 35| Day 66' ! Day 0 | Day 35 [Day 66'

2e8

5e5
Lz1 + P28BB T cells

-®- PSMA tumor
4 PSCA tumor
-4 PSCA + PSMA tumor

7 14 21 28 35 42 49 56 63
Days post T-cell injection

Kloss CC. Nat Biotech. 2013



NK celldike Activation Paradigm for Engineered T cells
with Inhibitory CARs (ICARs)

Days: 7 20
Target
NALM-6
cD19 ‘ l
Off-target
1 2 NALM-6
CD19
Activation No activation PSMA
T cell-activating T cell-inhibiting
signaling domain signaling domain Untreated
CAR or TCR iCAR
Antigen A 1 P Antigen B
LE310%, # CD19 (Target)
arge
On-target cells, Off-target cells, - *
such as tumor tissue such as normal tissue ﬁ ® CD19/PSMA (Off target)
€ — @ Untreated
iICARS _g '
use ICDs from T cell inhibitory receptors % ,
(e.g. CTLA4 and PD1) T 20197
kS
0.0

Days post-tumor injection

Fedorov VD. Sci Trans Med. 2013



The Notch Receptor

A Natural Environmental Sensor that Regulates Cells
Through DIRECT Transcriptional Regulation

wild-type Notch synNotch
SENDER
CELL 1 target
delta molecule _novel »
notch et 2ognon | INRUT
cleavage < cleavage i
intracell. - txn
RECEIVER ) domain i factor novel
CELL Y : transcriptional
Y OUTPUT
regulation of _' ?’L_ .._;_-_
cell behavior

Roybal and Morsut et al. Cell. 2016



Synthetic Notch Receptors

Customizable Cellular Sensing and Response Programs

Iigand binding

regulated cleavage

intracellular domain

wild-type / o
Notch Clomiaole
extracellular notch core intracellular
c transcriptional
anti-CD19 repressors
<cFv %\ _____ \2 / @ (69, Gald KRAB)
synNotch Heo . - IDDEENEE t tional
anti-He .- .y ranscriptiona
modules ey minimal . activatoil?s
(e.g. Gal4-VP64)
—>
SENEEE | N

response custom
elements transcriptional
program




SynNotch Receptors Drive Custom Transcriptional
Circuits in Response to Tumor Antigens

scFv affinity MCF7
anti-Her2 06 “‘ Her2+
Her2 synNotch

39uM ‘
MCF7
M Primary Human "o antigen
ammary CD8 T cell 0 antige
Adenocarcinoma ' 0' ! 10' Y 10' 5

BFP Reporter




SynNotch/CAR T cells Exclusively Target Dual Antigen
Tumors Invivo

SINGLE ANTIGEN DUAL ANTIGEN
antigen B antigen A/B
J ’,

Target ALI 'DEAD,

L TUMOR o

. CELLS

T Cell | | | -

G Eos

unarmed T cell activated T cell




SynNotch/CAR T cells Exclusively Target Dual Antigen
Tumors In vivo

(0713 ression
Control T cells . Exp °
(Luciferase Reporter)
>0004 Day 7 Post T cell Injecti
single antigen ay 7 Fost T cell Injection
4000 - tun%or 9
l Teell dual antigen
3000 Injection { tumor g
2000 - & DUAL
— l ANTIGEN
T 1000{ ¥ . (right
é 0 SINGLE
o ANTIGEN
& (left)
- SynNotch/CAR T cells Cumingscance
> (p/sec/cm?/sr) 1.0 2.0 3.0 4.0x108
» 5000 - *%
g 4000 - l single antigen Luminescence in Tumors
~ltumor
= > 6x1097 _. .
+ 3000 - Ik e 8 single antigen tumor
_I 8 q:, dual antigen tumor
2000 - 59 4x105
1000 - dual antigen EE 2405
0 tumor |
10 15 20 ] A 11
days after tumor injection time (davs)




Enhancing and Sculpting the Imnmune Response




CART cells that Express Cytokines that Enhance Anti-
tumor Immunity

CAR engineered T cell

—&— P NFAT.mIL12.PA2, 0.1 x 10°

—>¢— No treatment —©6— P NFAT.mIL12.PA2, 0.5 x 10°
; —&— P GFP, 1x10° 6
TRUCK engineered T cell G x10 —&— P NFAT.mIL12.PA2, 1 x 10
—F— P GFP,3x10° —@— P NFAT.mIL12.PA2, 3 x 10°

a 400

w
o
o

CAR mediated

TRUCKT cell activation 200

Tumor area (mmz)
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Hijacking physiological transcriptional control to

express therapeutic payload
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Hijacking physiological transcriptional control to
express therapeutic payload
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The Potential to Engineer Customized Therapeutic T cell

Response Programs with SynNotch Receptors
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Roybal et al. Cell. 2016b




Customized T cell Responses with Synthetic Notch
Receptors
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SynNotch Receptors Drive the Local Production of
Therapeutic Antibodies in vivo
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Custom T cell Response Programs Don’ t forget

with synthetic immunology
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