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STING
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Model: Micronuclear membrane rupture leads to cGAS sensing of DNA

MCAK dnMCAK

Expression of STING (Stimulator of IFN Genes),
red, in MCAK and dnMCAK 231 cells.

Samuel F. Bakhoum,...Lewis C. Cantley, et
al.
Nature. 2018 January 25; 553(7689): 467-72.
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Micronuclei are susceptible to nuclear envelope
collapse, which permits cytosolic cGAS access
to genomic dsDNA, initiating a cGAS-STING
dependent proinflammatory immune response
through production of the second messenger
eAMP: KJ, et al. Nature. 2017 August 24; 548(7668): 461-465.



cGAS -- Cyclic GMP-AMP synthase (AKA cGAMP synthase),

Chibinding, i iy Schematic and overview of the hcGAS—

DNA complex. hcGAS forms a 2:2
complex with DNA where each cGAS
monomer has two distinct DNA-binding
surfaces (DNA A-Site and DNA B-Site).
Stars in the schematic denote the enzyme
metal-coordinating active-site residues,
schematic not to scale. K187N and L195R
are regulatory adaptations in human
cGAS that balance enzymatic activity with
DNA-length sensitivity.

Human cGAS is encoded by the MB21D1 g
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Cryo-EM structures of hSTING reveal its mechanism of activation by cyclic GMP-AMP
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a, Side view of the cryo-EM 3D reconstruction. The two subunits in the dimer are
coloured
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Structure of human STING CTD bound to c-di-GMP. STING is shown by the red and cyan ribbon representation.
C-di- GMP is shown by the yellow ball and stick model.

Guijun Shang, et al. Nature. 2019 March ; 567(7748): 389-



Cryo-electron microscopy structure of human TBK1 in complex with
cGAMP-bound, full-length chicken STING
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Extended Data Fig. 7 |. Cartoon model of STING-mediated activation of TBK1 and the
downstream signalling pathway.

The cGAMP-induced oligomerization of STING leads to TBK1 clustering and trans-
autophosphorylation. Activated TBK1 phosphorylates STING C-terminal tails that are not
bound to the SDD-kinase domain groove in TBK1. Phosphorylated tails of STING recruit
IRF3, which is phosphorylated by TBK 1. Phosphorylated IRF3 forms a dimer and
translocates to the nucleus to initiate the transcription of IFN genes.

Conggang Zhang, et al. Nature. 2019 March ; 567(7748). 394



cGAS

Regulation of the cGAS-STING
pathway — importance of post-
translational events (post-
translational modifications
and protein-protein
interactions):

STING

Motwani M, et al. Nat Rev Genet. 2019.
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Primary tumour

<L =~  An essential link between innate and adaptive

regression

-\ff_) immunity is provided by dendritic cells
Primary turmour éell Uptake of dsDNA and tumor antigens by tumor-resident
N dendritic cells (DCs) elicits a complimentary cGAS-STING-
7Y Dy@diﬂja% dependent type | interferon-mediated activation of an antitumor
F v .\ immune response, for example, through activation of effector
e cGAS ‘w T cells such as tumor-associated, antigen-specific CD8+ T cells,
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Subtype-dependent prognostic relevance of an interferon-induced
pathway metagene in node-negative breast cancer
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Kaplan—Meier curves (DMFS) according to the IFN metagene status (33% of
patients with tumors with the highest IFN metagene expression were defined
as IFN+, the remaining patients were considered IFN-) in ESR1-/ERBB2-,

ERBB2+ and ESR1+/ERBB2- tumors.

Maurizio Callari, et al. Mol Oncol. 2014 Oct; 8(7): 1278-1289.




Disruption of IFN-I Signaling Promotes HER2/Neu Tumor Progression

Nonfunctional mutation IFNAR-neuT tumors show molecular signature shared with certain
Neu transgenic (neuT) in the IFNI receptor (IFNAR1) subtypes human breast cancer patients.
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STING expression in HER2+ breast cancer cells +/- trastuzumab
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HER2 recruits AKT1 to disrupt STING signalling
and suppress antiviral defence and antitumour

immunity

Shiying Wu'8, Qian Zhang"#%, Fei Zhang'®, Fansen Meng'?, Shengduo Liu', Ruyuan Zhou!',
Qingzhe Wu', Xinran Li, Li Shen’, Jun Huang®’, Jun Qin®?, Songying Ouyang ©*, Zongping Xia®%,

Hai Song’, Xin-Hua Feng', Jian Zou’ and Pinglong Xu®"*

1. Screening of the tyrosine kinome cDNA library
revealed HER2 to be a strong suppressor of

STING signaling.
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2. Lapatinib potentiated poly(dA:dT) DNA analogue TpdAdT-
or cGAMP-induced STING signaling in the HER2-driven

tumor lines BT474 (left) and

SKBR-3 (right).
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3. siRNA-mediated HER?2
depletion in BT474 cells
enhanced cGAMP-
stimulated activation of
endogenous TBK1.

Wu et al. Nat Cell Biol 2019;20(8): 1027-40.



Table 1. STING expression in the tumor cell compartment of breast cancer patients by IHC

ER+/HER2- HER2+ TNBC
(N=102) (N=57) (N=39)
no. of patients (%)

0 53 38 28
(52.0%) (66.7%) (71.8%)

1+ 25 10 5
(24.5%) (17.5%) (5.1%)

ot 16 9 2
(15.7%) (15.8%) (5.1%)

8 4
3* (7.8%) 0 (10.3%)

N total = 198 P=055

Stanford University

Pegram Lab, preliminary data




Invasive Breast Cancer Patients: STING expression and pattern

Controls Immune Desert Margin/Stroma Restricted Inflamed

Negative
no primary

Stanford University
Pegram Lab, preliminary data




HERZ2 protects cancer cells from STING-mediated antitumour immunity
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» Cytosolic sensing of DNA not only leads to

pemegeimeser \ cGAMP production and the assembly of the
R 4~ - STING signalosome but also activates the
m HER2-AKT1 axis, which is recruited by STING
\ ) and modifies TBK1 directly at the S510 residue to
@3-@ impede the assembly of the STING signalosome.
~ AKT1
0"%"0\) TS. >, « HER2-mediated suppression of cytosolic DNA
/ $510 sensing is crucial to prevent cells from
(R GOl exacerbating their damage, suppress danger
-}Q responses to the production of IFNs, senescence
o or apoptosis and, in the tumour setting, to
Senescance. || siimor mmuniy enhance the tolerance of tumour cells to

antitumour immunity.

Wu et al. Nat Cell Biol 2019;20(8): 1027-40.




STING Activation and its Application in Immuno-Oncology

Disease
mmm (Route of Administration) Frimeny endpoint | Stan date

ADU-S100 Advanced/metastatic solid +/-Ipilimumab
NCT02675439 (MIW815) Aduro, Novartis tumors or lymphomas (IT) (CTLA4) AEs, RP2D Mar 2016
ADU-S100 . Advanced/metastatic solid + spartalizumab
NCT03172936 (MIW815) Novartis I tumors or lymphomas (IT) (PD1) DLTs Sept 2017
NCT03010176 MK-1454 Merck | Advanced/metastatic solid +/- Pembrolizumab DLTs, AEs Feb 2017
tumors or lymphomas (IT) (PD1)
Metastatic or unresectable, MK-1454+
NCT04220866  MK-1454 Merck I GG e i8S Pembrolizumab vs. ORR Mar 2020
squamous cell carcinoma Pembrolizumab
(HNSCC) (IT)
NCT03843359 GSK3745417 GSK I Advanced Solid Tumors (IV) +/- Pembrolizumab DLTs, AEs, ORR Mar 2019
BMS986301—
NCT03956680 BMS986301 BMS I Advanced Solid Tumors (IT) Nivolumab (PD1)+ DLTs, AEs Mar 2019
Ipilimumab (CTLA4)
Spring Bank ; .
NCT04096638 SB11285 . I Advanced Solid Tumors (1V) +/- Nivolumab DLTs, MTD, RP2D, AEs  Sept 2019
Pharmaceuticals
NCT04144140 E7766 Eisai | Advanced solid tumors or E7766 alone DLTs, AEs, ORR, DOR, 1 2020
lymphomas (IT) CBR
Non-muscle Invasive Bladder
. Cancer (NMIBC) DLTs, AEs, CRR at 3mo,
NCT04109092 E7766 Eisai I unresponsive to BCG Therapy E7766 alone 6mo. 12mo. 18mo, 24mo Feb 2020

(Intravesical)

Abbr.: IT, intratumoral; IV, intravenous; AEs, adverse events; RP2D, recommended phase 2 dose; DLTs, dose-limiting toxicity; ORR, Stanford University
objective response rate; CRR, complete response rate; MTD, maximum tolerated dose




STING agonist combined with check-point inhibitor

* Phase | Study of MK-1454 Alone or in Combination With Pembrolizumab in Participants
With Advanced/Metastatic Solid Tumors or Lymphomas (MK-1454-001)

Figure 3. Maximum Percentage Change From Baseline in Target Injected (Enestic)
vs Non-injected (Anenestic) Lesions (Investigator Review, RECIST 1.1)
A. Monotherapy

100

B Anenestic ieskmns
Table 4. Summary of Best Overall Response With Confirmation Based on 75 B Enestc leskns
Investigator Assessment per RECIST 1.1 (FAS Population) % i
Arm 1 Monotherapy Arm 2 Combination Therapy % ]
Response n (%) Total N=20a Total N=25a.b [l
Complete response 0(0.0) 0(0.0) E = 30% tumor reduction
=
Partial response 0(0.0) 6 (24.0) * =
Stable disease 4(20.0) 6 (24.0) Al
h&’@e?-?:i‘d‘d‘&a?&'g&
Disease control 4 (20.0) 12 (48.0)
£ 7 & ¢ Fe7 Y87 fi é
Progressive disease 9 (45.0) 9 (36.0)
Nonevaluables 1(5.0) 0(00) B oty e ol Flwarmpyy
No assessmentd 6 (30.0) 4 (16.0) 7

]

Only response evaluation after crossover is included in the calculation of best overall response in Arm 2. aBFAS=full
analysis set; bincludes 9 patients who crossed over from monotherapy (Arm 1); <Nonevaluable includes patients with
insufficient data for assessment of response per RECIST 1.1; dNo assessment includes patients without post-baseline
assessment as of data cutoff date. Only patients who were first-dosed by May 1, 2018, are included.
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[=]

Harrington, et al. ESMO 2018




STING agonist combined with check-point inhibitor

* Phase Ib study of MIW815 (ADU-S100) in combination with spartalizumab (PDR001) in
patients with advanced/metastatic solid tumors or lymphomas (NCT03172936)

MIW815 weekly (3-weeks-on/1-week-off)
+ spartalizumab

100

Ln
=
1

oW
o o
1

Percentage change from baseline
=]
1

-100 =

r 1 1 1 1. 1 1 °7T17
0 2 4 6 8 10 12 14 16 18

Time (months)

Meric-Bernstam et al. ASCO 2019

- Ongoing

Response
+ (R
4 PR
m 50D
e D

MIWS15 Dose Level (ug)
w50
w100
200
=400
800
1600

Percentage change from baseline

-100 4

MIW815 monthly + spartalizumab
100

50+

-30
.50 =

T T T T T T T T
0 2 - 6 8 10 12 14

Time (months)

Stanford University



AT-rich STING activating 90bp dsDNA ligand (STING-dependent adjuvants,
STAVs) activate cGAS-STING-TBK1-IRF3 signaling; phagocytosis of STAV-
transduced, UV-irradiated tumor cells by macrophages stimulates cytokine
No DNA STAVs-FAM . (hr) 0051 3 6 9 ression in trans
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~ STAVs B16 o
Figure 2. (A) Confocal analysis of B16 OVA cells (B16) transfected with FAM-

labeled STAVs (green). DAPI (blue), and anti-calreticulin (red) as counter c OMock
staining. (B, left) Western blot analysis of STING, p65 NF-xB, and IRF3 in B16 A R ETave)
cells transfected with 3 mg/mL STAVs and incubated for time courses s g,jggg I
indicated. (B, right) Immunofluorescent microscopy analysis using anti-STING S § 1200
and anti-p65 in B16 cells at 3 hr after STAV transfection (3 mg/mL) 10 ym 10 ym S° 388
demonstrates STING re-localization from the cytoplasm to peri-nuclear Golgi, — 0

MG engulfing M@ engulfing B16 WTM@  SKO M@

and nuclear localization of p65 NF-xB following STAV transduction. s (STAVs)

Figure 3. (A) Schematic representation of the phagocytosis of B16 cells
by macrophages (M@). B16 cells were transfected by 3 mg/mL of

Jeonghyun Ahn,...GI.en N_- Barber- Extrinsic Phagocyte.— _ STAVs for 3 hr and irradiated by UV (120 mJ/cm). The irradiated B16 cells
Dependent STING Signaling Dictates the Immunogenicity were fed to macrophages (M@) at 24 hr after UV irradiation. (B) Confocal
of Dying Cells. 2018, Cancer Cell 33, 1-12 microscopy analysis of macrophages following cellular engulfment of B16

cells transfected with FAM-labeled STAV. (C) gRT-PCR analysis of Cxcl10 in
WT and STING knock out macrophages (WT M@ and SKO M@) following
engulfment of B16 cells in presence or absence of STAVs.



STAVs are an effective cell-based therapy for breast cancer

A B 120 --- PBS

-=  TS/A
, v STAVs ? g o AR We hypothesize that UV-irradiated, STAV-

ol B . 3 transduced, autol breast tumor cells m
©) () a ransduced, autologous breast tumor cells may
O™ 82 T e+ ®® g 40 | provide effective cell-based immunotherapy for

TS/A injection by IV L e the treatment of breast cancer.
9 o o e 100 Aim 1 — Elucidate the mechanism(s) responsible for
¢ UV- TS/A luc W-TSACSTAV o o attenuation of cGAS-STING signaling by

constitutive HER2 kinase activation resulting from
gene amplification/overexpression.

Aim 2 -- To confirm the efficacy and safety of
parenteral administration of UV-irradiated, STAV-
transduced syngeneic breast carcinoma cells in a
g 0 syngeneic immunocompetent orthotopic (4T1-luc,
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Reconstituting cGAS-STING signaling in HER2+ breast cancer: Summary
/ _—

09 5 camo . 4 \ /
— Antitumour | | Teell \ / APC
AR 2( GMP )5 CGANE |immune response | \ /
amage/invasion / (oxa0 oy Wox-m
TCR == 7 AN LA CD27L
B AT~ i r . EDlW"\}w €D137L
@ 2 Tumour antigen ‘,‘; |Gross-priming Costimulatary - | |
I s AR . L
MHC rl.n.-...._ o ’ B7RPL
A\
N r 2 S o
@ = ETNGD—(EON_ / : ‘
A Rk | | | -
o AN T L ~sCom/coss
R, \\, S S ash . o
U TeKi 8 Type |IFN; g SSEEs N PO1 N A D-L1/PDAL2
(;:r;‘}‘/ 8510 L, t ! y Coinhibitary < CDBO0 ;/ 7 PO
(&) (ER and Golgi) b FTOT ,/ TN NP —r
¥ Immune cell )  CDsa'DC 4 t o / {
; éi_.__._._._m recruitment | ; y — :\J(} 4N\ nM:WW GAL
1 S I 4 Sy e N | \
IFNs g‘—'AnN’mimmww 1 . Lysosome \
Senascence | e—p 0 — 1A e -
\Apoptos | Antitumor immunity H Engulfment | 4 >
= /__ TAENDS in Molecuiar Medicine

1. The detection of pathogens through nucleic acid sensors is a defining principle of innate immunity.
DNA-sensing receptors sample subcellular compartments for foreign nucleic acids and, upon recognition,
trigger immune signaling pathways for host defense.

2. Aberrant DNA fragments are ubiquitous in cancer cells due to abnormal chromosome structure, genome
instability and post-radiation/chemo effects, which can be sensed by cGAS-STING. It is hypothesized
evading damage surveillance is therefore necessary in tumorigenesis and tumor progression.

3. HER2 kinase inhibits cGAS-STING signaling, and prevents breast cancer cells from producing cytokines;

cGAS-STING signaling may be reconstituted by anti-HER2 treatment.

4. Defects in STING signaling may enable HER2+ cells to escape cytokine production triggered by catastrophic
DNA damaging events which would otherwise facilitate their eradication via the immune-surveillance

system.

A corollary to this hypothesis is that pharmacologic STING activation in concert with HER2 blockade will
reconstitute the cGAS-STING innate immune signaling, setting the stage for thgﬁgﬂ.ﬁiﬁ.&l@ﬁmmﬁd at
amplifying effective adaptive anti-tumor responses.
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