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Cell-Based Therapeutics
The Next Pillar of Medicine

small molecules
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Building New Sensing and Response Capabilities
into Therapeutic Cells with Synthetic Biology

SMART THERAPEUTIC CELL

CONTROLLED

THERAPEUTIC
RESPONSE

DISEASE &
CUSTOM INPUTS

§ INFO :
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How can we engineer cells that:
1. Reliably discriminate disease from healthy tissue”
2. Dynamically regulate their therapeutic activity”?

3. Tallor their therapeutic activity to the type of disease?
4. Drive a multi-pronged attack that is difficult to circumvent?




The Immune System as a Platform for Interfacing with Disease

SENSING RESPONSE
Infection

' ” Communicate
Injury » / » Eliminate disease

Tumor Cells Coordinate repair

IMMUNE CELLS |
Move through body
Monitor tissues
Conditionally activate
Display memory




T cell Activation Occurs Through a Cell-to-Cell Interaction

Dendritic cells/B cells/Macrophages
Antigen Presenting Cell (APC)

/

Targeted Release
of Cytotoxic Granules
(e.g. virally infected cells
or tumor cells)

Cytokine Production

B cell Help for
Antibody Production

Differentiation

/

/

Proliferation




Linear Motifs Mediate T cell Receptor
and Co-stimulatory Signaling

TCR

Grb2 or Ick
SH3 domain

N\

Regulation of T cell
Signaling and Function




Chimeric Antigen Receptors

Synthetic Receptors for Retargeting T cells to Disease



Chimeric Antigen Receptor T cells (CARTS)

Tumor Cell

| Tumor
@ Antigen

TCR Complex

Costlmulatory
Receptor Q’
! ll l' ]["

CAR

T Cell




Adding Signal 2 (Co-stimulation) into CARs
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Different Costimulatory Signals Can Affect the
Engineered T cell Response to Cancer

Population doublings
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T cell Therapy Treatment and Pitfalls

 Cross-reactivity with Normal Tissues
- Massive Life-threatening Inflammation
- Minimal Efficacy in Solid Tumors

\ Grow an army
\ of T-cells




Second Generation CAR T cell Trials in ALL

Table. Published Outcomes Using Second-Generation Anti-CD19 CART Cells

Signaling
Study Group/ Domalins Lymphodepleting Response Neurologic
Reference Targeted Agent(s) Population Rate CRS Rate Toxlclty Rate
Acute Lymphoblastic Leukemia (ALL)
Penn/CHOP CD3¢, Varied N =230 CR: 90% Total: 100%  Total: 43%
a
Maude et al[4] Sl 233:? trl(;l::(tjs 27% severe Encephalopathy, apha-
pa sia, seizures (1 patient)
MSKCC CD3¢, Cyclophosphamide N = 16 adults CR: 88% 43% severe  Grade 3/4: 26%
Davila et al[1] CD28 Encephalopathy,
seizures
NCI CD3¢, Fludarabine/ N=21 CR: 67% in Total: 6% Total: 29%
Lee et all3] CD28 cyclophosphamide gggli?trli'z;:?s in;ez};ttclgtr:eat 28% severe Hallucinations, dyspha-
pa Pop sia, encephalopathy
FHCRC CD3¢, Cyclophosphamide N = 29 adults CR: 83% Total: 83% Severe neurotoxicity:
4-1BB® and fludarabine/ 23% severe  50%
Turtle et all7] cyclophosphamide

TRM: 1 patient

Frey NV an Porter DL. 2016



Next-generation CAR Designs

Can we improve efficacy for solid tumors?




GOAL.:

. Gontrol/Improve persistence

Prevent T cell exhaustion

Optimize for particular T cell functions

Add non-natural capabillities

Improve sensitivity (activate at low antigen levels)
Reduce toxicity potential while maintaining efficacy

o O 2= ) N =




The Multiplicity of ITAMs Affects CAR Sensitivity
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Next-Generation CARs with New Signaling Properties

Tumor Cell

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

‘ " Tumor
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Tuning CAR Signaling Through Signaling Motif
Mutagenesis
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Balancing CAR Signaling Improve Therapeutic Efficacy

Wild type

1XX

H-(-=m
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ffector function

Effector-like

Memory-like

Naive-like

Feucht J et al. Nat Med. 2019



Adding New Signaling Capabilities to CARs
3 Signal CARs - TCR, Costimulation, and Cytokine

-2, 14, 1L-7,0L-9, 1115, 1L-21
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Adding New Signaling Capabilities to CARs
3 Signal CARs - TCR, Costimulation, and Cytokine
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Adding New Signaling Capabilities to CARs
3 Signal CARs - TCR, Costimulation, and Cytokine
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Exploring the Vast Landscape of CAR Design




General Domain Architecture of CARs

Ectodomain
{Antigen recognition)

Lipid bilayer ‘—]:

Endodomain
(Stimulation)

- Light (or heavy) chain

Linker

Heavy (or light) chain
Derived from an scFv of
known specificity

Hinge region
Derived from CD8 or IgG4

Transmembrane domain

Co-stimulatory molecule(s)
None, one, or more of;
CD27, D28, ICOS, 4-188, OX40

Stimulatory molecule
CD3 { chain or FcRy chain




Coregulatory Receptors of the Immune System

of T cell
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PD-1 CD27
=
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Zhu' Y. Immunity. 2011

Costimulators assoc. w/:
 PI3K

o Grb2

* Vav

 TRAF proteins

« Src family kinases

« Adaptor (e.g. LAT)

« PLCs

« STATs

Coinhibitors assoc wr/:
SHP1 and 2

Csk

EAT-2

Inhibitory Fc Receptors



Automated Cytoplasmic Domain Feature Annotation

CD28 cytoplasmic tail

kskeng.LQSDYVNMTPRePsexrK:Y2eYAPZRDEAAYRS

. predicted predicted predicted
linear motif phospho site ubiquitination site




Exploring the Vast Landscape of CAR Signaling

2

Library Construction

Natural Co-regulatory Cytotoxic Granule
Domains \ / Release
Fragmented Co-regulatory Differentiation
/
——— Proliferation & Survival
Synthetic Domains / \
(Combined Linear Motifs) Cytokine Production

Identify CAR variants that:
e have high proliferative potential
e resist T cell exhaustion
e exhibit specific cytokine production profiles
e skew T cells towards specific fate choices
e resist specific fate choices (e.g. Th2 or Treg)
e exhibit different sensitivities to antigen density




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

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




Drug Controlled CAR Activation
Remote Control of Adoptive T cell Therapies

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

Conventional CAR-T Technology vs. GoCAR-T

Inactive, Standard CAR
{ |
Turmar ' | Lel \‘lim.(‘u-
| | Sarfate
‘ e { ot rimiducid =
Wiy A w o
L T Coll Surface T Cell Sur face A
. X POST-A Ct L s
X J x?’. . ; FCr X 2 S® .VI 'l
" [ t(‘ AL ] NEcB PO
f CDX8or | - 2
4188 o é 418
AC aLior
' Pralifgeating
{rar :
@
HERT
BPX-601 BPX-601
IL-2 production T cell expansion Days post T-cell injection ~_ Control norimiducid  Smg/kg rimiducid
‘4. )
=T colis + tumor
T 71 WTcalls « tumer + vim ducid
E Day +1
© _0 -
. E
E i d 4 :
E = ; - - 4
— 8 ~) - .
[5] 9 N - : e
D = Day +7 g e L &
2. ! ~R
8 4
3 . : .
'._ ’ . . : - - "V_ - ¥ ',-9
a Day +14 . , | A o -
NT BPX-6C NT EPX-62L ~ J J Qb P> 2
. > “{:", ' - \\ / y

http://www.bellicum.com/technology/gocart/ | T cell Prolieraio



Universal CAR T cells
Changing Antigen Specificity During Treatment
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CAR T-cell activation
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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

,

Cancer Bystander




AND Gate CAR T cells

Separating Signal 1 (TCR) and Signal 2 (Costimulation)
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NK cell-like Activation Paradigm for Engineered T cells
with Inhibitory CARs (ICARs)
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The Notch Receptor

A Natural Environmental Sensor that Regulates Cells

Through DIRECT Transcriptional Regulation

regulation of
cell behavior

notch

wild-type Notch

delta

cleavage

intracell.
domain

; factor novel

synNotch
target
l molecule novel |
. environmenta
) recognition
b comain INPUT
<«cleavage i
. txn

transcriptional
OUTPUT

Roybal and Morsut et al. Cell. 2016



Synthetic Notch Receptors

Customizable Cellular Sensing and Response Programs

regulated cleavage

ligand binding W intracellular domain

wild-type Contro ; \_membrane
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transcriptional
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SynNotch Receptors Drive Custom Transcriptional
Circuits in Response to Tumor Antigens

scFyv affinity MCF7
anti-Her2 0.6 nM Her2+
Her2 synNotch L
> Y@
3.9 uyM 1
MCF7 i
Mammary Primary Human no antigen
Ad ] CDS8 T cell W i~ b
enocarcinoma 0 10° 105
BFP Reporter




SynNotch Receptors are Versatile Regulators of
Cellular Function in Response to Environmental Cues

-f'
target cell u J

or niche
:__’v:_:‘__“_,;:‘:v
Y
synNotch ;
” immune cells
ce ? neurons
e stem cells, etc.

engineer customized cell responses

R

sense induce multicellular Boolean
contacts differentiation patterning decisions




Precision Tumor Recognition with

SynNotch:CAR Circuits

antigens
A B
T cell
activation
bystander
tissues
normal ’
tissue 1 o /.
o ‘/‘
« confined T cell activity
normal precision tumor killing
tissue 2

Roybal et al. Cell. 2016a




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

SINGLE ANTIGEN DUAL ANTIGEN
antigen B antigen A/B
Target ALIVE DEAD.
- TUMOR o i
CELLS ']"
T Cell . V4
GCAR SCARp

unarmed T cell activated T cell




SynNotch/CAR T cells Exclusively Target Dual Antigen
Tumors In vivo
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Enhancing and Sculpting the Immune Response




Common Pitfalls of Cell-based Therapeutics

UNCONTROLLED
RESPONSE

LOW
ACTIVITY

Target
Cell Cytotoxicity
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CAR T cells that Express Chemokine Receptors for

Enhanced Trafficking to Tumors

TABLE 1. Neuroblastoma Cell Line Characteristics

Cell Line CCL2 (pg/mL) GD2%/MFI Myc-N Status CAR
A, Established cell lines
IMR-32 36 £3 79/75 Amplified
JF 40+ 1 82/89.8 Amplified
LA-N-1 79+£5 85/97.3 Amplified
SK-N-AS > 2000 47/7.5 Nonamplified
SK-N-SH > 2000 6/0.1 Nonamplified
B, Primary cell lines
P142 1393 60/29.2 Nonamplified
P175 457 39/4.9 Mixed
P246 1600 ND ND
P247 932 34 ND
P275 5929 ND Nonamplified
P283 1530 8/0.1 Nonamplified

MFT indicates mean fluorescence intensity; ND, not determined.

Ganglioside GD2 is found in overexpressed among o L.

o N i
pediatric and adult solid tumors, including ( NP e |
neuroblastoma, glioma, retinoblastoma, Ewing's HO AL oo b
family of tumors, rhabdomyosarcoma, " wo ™ \r’ Yo7y YoM
osteosarcoma, leiomyosarcoma, liposarcoma, SO SRR
fibrosarcoma, small cell lung cancer and melanoma. b L4

CAR-CCR2b

C

Luminescence (p/s/cm?/sr)

-O- CAR-CCR2b
4.0E+06 -

3.0E+06 -+

2.0E+06

1.0E+06

0.0E+00 +— T T ! T

0 6 8 1 13 18
Days post CTL injection

Craddock JA. J. Immunotherapy. 2010



CAR T cells that Express Cytokines that Enhance Anti-

tumor Immunity
Macrophage ° IL-12. ]
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The Potential to Engineer Customized Therapeutic T cell
Response Programs with SynNotch Receptors

synNotch T cell
E X! \ {
* ®
¥\ ~'s
¥ | \Bb
”“ * ©
remodel local
_ microenvironment
native T cell custom output
output program program
native engineer
program a la carte
trlg?ere_d by T cell
custom input responses

Roybal et al. Cell. 2016b




Customized T cell Responses with Synthetic Notch Receptors

Custom Cytokine Production
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SynNotch Receptors Drive the Local Production of Therapeutic

Antibodies In vivo
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Custom T cell Response Programs

with SynNotch Receptors

Cancer  SynNotch Custom Responses
Cell T Cell

A7) 2 ala carte cytokines
437 (eq.IL-12)

= 4\ cytotoxic agents (TRAIL)
# < adjuvants (flagellin)

, cell fate control

custom . ) )
transcriptional - therapeutic antibodes

program (a-PD-1/CTLAA4, BIiTES)

remodel local
microenvironment




SYNTHETIC REGULATION OF IMMUNE CELL THERAPEUTICS

LOCAL
MODULATION OF TUMOR  HIGH-THROUGHPUT CONTROL THE DYNAMICS
MICROENVIRONMENT RECEPTOR DESIGN OF THERAPEUTIC

RESPONSE PROGRAMS

/

)& 7
o
5
SENSING H o =
o+ = v %
ol +
CELL AUTONOMOUS
: DECISION LOGIC
| (enhanced disease recognition)
ENHANCE

INFILTRATION
& RETENTION




R

UCsF

Axel Wittsten, PhD
Raymond Liu, PhD
Daniel Goodman, PhD
Casey Burnett
Camillia Azimi

lowis Zhu

Kiavash Garakani
Garrett Montgomery
Emily Park

Kendall Kearns
Jaehoon Shin, MD, PhD

Collaborators:

Bin Liu, PhD - UCSF

Wendell Lim, PhD - UCSF
Hideho Okada, MD PhD - UCSF
Jeff Bluestone, PhD - UCSF
Qizhi Tang, PhD - UCSF

Lewis Lanier, PhD - UCSF
Andrei Goga, MD PhD - UCSF
Tudor Fulga, PhD - Oxford
Matthew Krummel, PhD - UCSF
James Rubenstein, MD PhD - UCSF

YTLAL Nega o
,® _ LAB

Synthet|c |mmunology

Funding:

PARKER
INSTITUTE

for CANCER IMMUNOTHERAPY
» GRAND

m) CHALLENGE

‘ Robert J. Kleberg, Jr.

CHAN ZUCKERBERG

BIOHUB

CANCER
RESEARCH UK

NIH DIRECTOR'S

NEW INNOVATOR

AWARD

\]
el

Helen C. Kleberg Foundation

Emerson
Collective

Program for Breakthrough
Bicmedical Research (FBBR)

UCSF Helen Diller Family
Comprehensive
Cancer Center

Multiple Myeloma Translational
Initiative (MMTI)


https://www.roybal-lab.org/

