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Unravel the Mysteries of STING:

A Hub for Innate Immune Responses to Nucleic Acids
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Our bodies are constantly being exposed to infectious agents




Research in defense of infectious agents is lasting for centuries

Chinese began practicing a form
of immunization by drying and
inhaling powders derived from
the crusts of smallpox lesions in

1000 A.D.

Edward Jenner
developed the first
vaccine(Small pox
vaccine) in the world

in 1798.

Elie Metchnikoff
discovered phygocytes
in 1882, won the 1908
Nobel Prize in

Physiology or
Medicine
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Approaching the Asymptote?
Evolution and Revolution in Immunology In 1989 I

C.A. JANEWAY, JR.
Section of Immunology, Howard Hughes Medical Institute at Yale University School of Medicine

New Haven, Connecticut 06510
Cited by 3442 articles

Table 1. Effector Mechanisms in Immunity, Nonspecific and Specific

Nonspecific effector mechanism Specific effector mechanism
Alternative complement cascade antibody + classic complement cascade
Phagocytosis antibody + Fc-receptor-induced phagocytosis
C-reactive protein specific antibody to phosphocholine
Macrophage sequestration T-dependent macrophage activation
Natural killer cells cytolytic T cells

Innate Immune System Adaptive Immune System
"non specific =specific
=first line of defense ssecond line of defense
"immediate response "slow response

"memory is non-specific "long term memory
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Innate immune system active Adaptive Immune system: pathogen-associated molecular
patterns (PAMPs) are recognized by pattern recognition receptors (PRRs) , in turn trigger B7 (CD80/86)

signal and cytokines

PAMP ——a il Cytokines )
(interleukin-1, 6, 12) Quiescent T cell

Pathogen

¥

- gl » | Peptide
o e s, T-cell receptor

Endocytic pattern- ) = y &\__,J
recognition receptor D &g ( e i
Qs molecule

Antigen-
presenting cell

\
WY

-

-

Activation

Janeway, C.A. Jr.Approaching the asymptote? Evolution and revolution in immunology. Cold Spring Harb. Symp. Quant. Biol. 54, [-13 (1989).
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Innate immune system active Adaptive Immune system: pathogen-associated molecular
patterns (PAMPs) are recognized by pattern recognition receptors (PRRs) , in turn trigger B7 (CD80/86)

signal and cytokines

PAMP ——a il Cytokines )
(interleukin-1, 6, 12) Quiescent T cell

Toll-like
receptor

Pathogen

<, N

Activation

- gl » | Peptide
o e s, T-cell receptor

Endocytic pattern- & =2 y “\__,J
recognition receptor D &g ( e i
_ % molecule

Antigen-
presenting cell

\
WY

-

Janeway, C.A. Jr.Approaching the asymptote? Evolution and revolution in immunology. Cold Spring Harb. Symp. Quant. Biol. 54, [-13 (1989).

Ruslan Medzhitov. et al. A human homologue of the Drosophila Toll protein signals activation of adaptive immunity. Nature. 1 997
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Recognition of microbial
expressed highly conserved
associated molecular patterns (PAMPs) which could be specifically

pathogens:
structural motifs

Microbial pathogens
named pathogen-

recognized by pattern recognition receptors (PRRs).

DNA viruses RNA viruses Fungi Gram-positive bacteria ~ Gram-negative bacteria
Zymosan . Li tei
(TLR2 & Dectin-1) = hiry I
ﬁ—glu;ans ! Lipoteichoic acid
(Dectm- | )\ : (TLR'Z]
l-— Cc-mannans F
Bacterial DNA
l (Dectin-2) (TLR9)
— (-mannose
(Mincle) Lipopolysacchairde —55
0 (TLR4) e
Viral DNA Viral RNA Fungal DNA ‘g‘ —
(TLR9) (TLR7/8) (TLR9) Q Peptidoglycan

(TLRS)

(TLR2 & NOD/2)
= Flagellin > s



(27 InvivoGen

PRRs responses to PAMPs on cell surface and in endosome
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PRRs responses to
replicating microbes
in cytoplasm
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Interferon Product Box

Stimulatory DNA
(ISD)

Sendai Virus

l

:l'

l
IFN:

Product Cat. code
ISD Naked tlrl-isdn

STING - Stimulator of interferon
genes (also know as TMEMI73, ERIS,
MITA and MPYS) is essential for MITA
DNA sensing in cytosol, where in
turn induce type | interferon.
However, cytosolic DNA does not
directly bind with STING.

IRF3

Cytosol

IFNs

ER-Golgi §
membrane ¥

Ishikawa H. et al., Nature. 2008 Lumen Zhong B. et al., Immunity. 2008
Ishikawa H. et al., Nature. 2009 Guijun Shang, et al. Nature. 2019 Zhong B. et al., Immunity. 2009
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(Second
\ Messenger)

cyclic-di-GMP
cyclic-di-AMP

Product Box
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Product Cat. code Sensor
Poly(dA:dT) tlrl-patn DAl
Poly(dG:dC) tlrl-pgen DAI
HSV-60 tlrl-hsv60n |IFI16
VACV-70 tlrl-vav70n |IFI16
ISD Naked tlrl-isdn controversial
G3-YSD [NEW] [tIrl-ydna  [cGAS
c-di-GMP tlrl-cdg DDX41,STING
c-di-AMP tlrl-cda DDX41,STING
c-di-IMP tlrl-cdi DDX41,STING

Ishikawa H. et al., Nature. 2008
Takaoka,A. et al.,Nature. 2007

Upton. et al., Cell Host Microbe. 2012
Unterholzner,l., et al, Nat Immnol. 2010
Diner B.A,, et al., Mol syst Biol. 2015
Horan, KA., et al., J. Immunol. 2013

Kondo,T, et al, PNAS. 2013

Zhang, Z.Q., et al., Nat Immnol. 201 |
Burdette, D.L., et al., Nature. 201 |

Sun L. et al., Science. 2013
Wu |. et al,, Science. 2013
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cGAS is the only
cytosolic DNA
sensor that triggers

IFN

Elizabeth E. Gray. et al.,
Immunity. 2016

A Narrowing Field of Cytosolic DNA Sensors Triggering IFN Production
Genetic data now point to cyclic-GMP-AMP synthase (cGAS) as the only viable IFN-inducing
DNA sensor, depicted in this illustration as the last man standing. It remains unclear
whether other putative cytosolic DNA sensors, previously proposed to induce type | IFN
expression in response to dsDNA, are truly dead and buried or whether these proteins will
have roles in response to specific stimuli in certain cellular contexts.

Russell E.Vance. Immunity.2016
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K.L. Jansson et al. IFI | 6 is required for DNA sensing in human macrophages by promoting production and function of
c¢GAMP. Nature Communication.2017

1001

Fold change

50 1

0 2 4 6 8
HT DNA transfection (h)

IENB

200 8= [FI16 +/+
0= [FI16 —/~ (1)

150 1 =0= |FI16 =~ (2)

IFI16 is required for DNA
in HaCaT keratinocytes.

_CCL5

16 - [FI16 +/+
- IFI16 -/
18 o= IFI16 /-

Fold change
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Som w0
0 5 10 15 20 25
cGAMP transfection (h)
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@ H
£
- —— = - 64
COAS e S AR, S o
@
&
50
A ——

IFI16 is required for STING

response to cGAMP .

Interaction between endogenous IFI16 and cGAS
that was enhanced by stimulation with DNA

Jessica F.Almine et al. IFI1 6 and cGAS cooperate in the activation of STING during DNA sensing in human keratinocytes.
Nature Communication.2017
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l 3'3'-cGAMP [tIrl-nacga STING

2'3'-cGAMP [tIrl-nacga23 [STING
2'2'-cGAMP (tirl-nacga22 |STING

Cyclic GMP-AMP synthase
(cGAYS)

Sun L. et al., Science. 2013

Metazoan CDNs o
N
PR Gl
Cyclic guanosine o e 2
_ ; — OH 02
monophosphate-adenosine . MO-E’Q
€¢GAMP | monophosphate Nf’ﬂa = 0N
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Wu J. et al., Science. 2013
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cGAS is not cytosolic sensor

WT cGAS Mislocalized cGAS
SSESESEY SEEEEE85
cGAS VNN
Minimal oGRS
Recognition of
Self-DNA
tIFNB1 Nucleus
cGAMP ﬁ Pl(4,5)P,
’ﬁ:n Self-DNA Phospholipid

Phosphoinositide Interactions Position cGAS at the Plasma Membrane to

Ensure Efficient Distinction between Self-

and Viral DNA. Katherine C.

Barnett, Julia M. Coronas-Serna, Wen Zhou, Michael J. Ernandes, Anh
Cao, | Philip J. Kranzusch and Jonathan C. Kagan. Cell. 2019
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Mislocalized cGAS mutants drive interferon responses to genotoxic stress
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Molecular mechanisms and cellular
functions of cGAS—STING signalling

Karl-Peter Hopfner(»'*™ and Veit Hornung(®'**=

Abstract | The cGAS-STING signalling axis. comprising the synthase for the second messenger
cyclic GMP-AMP (cGAS) and the cyclic GMP-AMP receptor stimulator of interferon genes
(STING), detects pathogenic DNA to trigger an innate immune reaction involving a strong type |
interferon response against microbial infections. Notably however, besides sensing microbial

DNA, the DNA sensor cGAS can also be activated by endogenous DNA, including extranuclear
chromatin resulting from genotoxic stress and DNA released from mitochondria, placing cGAS-
STING as an important axis in a nity, sterile infl yresponses and cellular
senescence. Initial models assumed that co-localization of cGAS and DNA in the cytosol defines
the specificity of the pathway for non-self, but recent work revealed that cGAS is also present

in the nucleus and at the plasma membrane, and such subcellular compartmentalization was
linked to signalling specificity of cGAS. Further confounding the simple view of cGAS-STING
signalling as a response mechanism to infectious agents, both cGAS and STING were shown

to have additional functions, independent of interferon response. These involve non-catalytic
roles of cGAS in requlating DNA repair and signalling via STING to NF-kB and MAPK as well as
STING-mediated induction of autophagy and lysosome-dependent cell death. We have also
learnt that cGAS dimers can multimerize and undergo liquid-liquid phase separation to form
biomolecular condensates that could importantly requlate cGAS activation. Here, we review the
molecular mechanisms and cellular functions underlying cGAS-STING activation and signalling,
particularly highlighting the newly emerging diversity of this signalling pathway and discussing

be achieved.

Cell intrinsic recognition and defence systems against
foreign genetic material encompass an ancient and fun-
damental feature of living systems. A first line of defence
in mammals is orchestrated by the innate immune system.
Germline-encoded pattem recognition receptors (PRRS)
detect various pathogen and damage-asseciated molecular
patterns (PAMPs and DAMPs). Their activation elic-
its signalling cascades that lead to the initiation of cell
autonomous defence mechanisms, as well as the produc-
tion of soluble mediators, such as type I interferons and

how the specificity towards normal, damage-induced and infection-associated DNA could

DNA is confined to the nucleus and mitochondria,
and is rapidly degraded by nucleases in the cytosol and
endolysosomal compartments. Following infections, for
example, increased amounts of intracellular DNA are
detected in a pathway that involves cyclic GMP-AMP
synthase (¢cGAS; also known as MB21D1), a member
of the nucleotidyl trareferase (NTase) enzyme family” that
functions upstream of stimulator of interferon genes
(STING). ¢cGAS normally resides as inactive protein
in lhe cell. Upon binding to DNA, ¢GAS undergoes a

pro-infl y cytokines (80X |1 Type I i

play a central role in impeding viral propagation, hence
their production is typically governed by PRRs that have
evolved losensevu'al lmecllon By inducing the expression

of i gencs type [ interferons boost
cell defence mech in an autocrine
manner, and furthermore can spread antiviral immunity
and activate the adaptive immune system.

Cytosolic DNA is a potent activator of a type [ inter-
feron response’” (FIG. 1). Under normal conditions,

ional change to an active state and produces
lhe second messenger cyclic GMP-AMP (cGAMP)
from ATP and GTP“’, which is subsequently detected
by the cyclic.dinucleotide sensor STING ', an ~40-kDa
dimeric transmembrane protein at the endoplasmic
reticulum (ER)". Binding of cGAMP activates STING,
which then translocates to the Golgi and activates
TANK-binding kinase 1 (TBK1). TBK1 then phos-
phorylates itself, STING and, subsequently, the inter-
feron regulatory factor 3 (IRF3) transcription factor.

NATURE REVIEWS | MOLECULAR CELL BIOLOGY
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Andrea Ablasser and Sun Hur. Nature Immunology. 2019
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cGAS/STING & Mycobacterium tuberculosis -
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THP1-Dual™ KO-STING Cells thpd-kocgas Activates ¢GAS- and Inflammasome-Dependent Intracellular Immune

THPI-Dual™ KO-cGAS Cells thpd-kostg Responses through ESX-1. Cell Host & Microbe. 2015
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STING & Mycobacterium tuberculosis

g " Mtb-CDC1551
: : ) = Mtb-disA-KO
M. tuberculosis genome encodes a di- 100 o p——
adenylate cyclase enzyme (disA) that =
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activates the cytosolic surveillance pathway and mediates
innate resistance to tuberculosis. Nature Medicine. 2015 RAW-Lucia™ ISG KO-STING Cells rawl-kostg
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STING & HIV Y
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STING & HIV
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Guo et al, NLRX| Sequesters STING to Negatively Regulate the Interferon Response,

Thereby Facilitating the Replication of HIV-1 and DNA Viruses. Cell Host & Microbe, 2016
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STING & HCMV
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Yu-Zhi Fu, et al. Human Cytomegalovirus Tegument
Protein UL82 Inhibits STING-Mediated Signaling to
Evade Antiviral Immunity. Cell Host & Microbe. 2017
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STING & Dengue
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[2] NS2B degrades cGAS

[1] Yu, C.Y. et al. Dengue virus targets the adaptor protein MITA to subvert host innate
immunity. PLoS Pathog. 201 2. Product at.code

Poly(dA:dT) tlrl-patn-|

[2] Sebastian Aguirre. et al. Dengue virus NS2B protein targets cGAS for degradation and
prevents mitochondrial DNA sensing during infection NATURE MICROBIOLOGY 2017. VACV-70 tlrl-vav70n
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STING & Poxvirus
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- Vaccinia virus(VACV) degrades 2’3’-cGAMP

- Poxin, a virus nuclease is identified

- Poxin specifically degrades 2’3’-cGAMP

3'3'-cGAMP | tlrl-nacga
2'3'-cGAMP | tlrl-nacga23

c-di-GMP tirl-cdg James B. eaglesham. et al.Viral and metazoan poxins are cGAMP-specific nucleases that restrict
c-di-AMP tlrl-cda cGAS-STING signalling. Nature. 2019.
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STING & Mycobacterium tuberculosis
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STING & Gasdermin D - Bacteria

Wildtype Macrophages GSDMD™"
Francisella novicida
Bacterial No
dsDNA K+ Efflux
K+ K+ K+ K+

ke K+ K¢
“ke @

GSOMD 1T %
Cytosol gor
O Bt K+ Tissue
amage
Pyroptosis K+ K+
Products Cat.
Ultrapure LPS E.coli Ol | 1:B4 tirl-3pelps
2’3’-cGAMP tirl-nacga23-|
Poly I:C tlrl-pic
Pam3CSK4 tlrl-pms
Nigericin tirl-nig
lonomycin Inh-ion

120 J LN
100

20

Infracellular K* (%)
588

o

W02 o0
\"f_o"”’\ \1%600"

=
a
o
[=]

(=]

Percent survival
N
ql (=1

1 [ X

23
-3

2 4 6 8
Days post-infection

(=}

=}
o
<
O

| -, WwT
. WT
2000 @ Mb21dt* B Gsdmd”
: :
51500 9 i
T & § &
51000 cB8 g4
@ ' Qo3
Z 500 . Bog
i i 2
0 ‘g§§ 1
AV FrnoviddaE e ovicida
DMEM
B KCI5mM KCI NoKCl
B KCI50 mM 150
— 2500 . 3 *
§ 2000 =3 100 g m
S 1500 =
< 1000 & 50
£ 500 © .
0 DNA:O 9 . 9
N N
e (ng)
?-054
o
100 —— Aim2" +Isotype Ab 1,
% = L —— Aim2*+aIFNARAD
- —s— WT +Isotype Ab
« 504 —=— WT + a-IFNAR Ab
g 254 l—c
& o+ —
0 2 4 6 8 10
Days post-infection

Ishita Banerjee, et al. Gasdermin D Restrains Type | Interferon Response to Cytosolic DNA by
Disrupting lonic Homeostasis. Immunity. 2018

Rebecca Feftham and James E. Vince. lon Man: GSDMD Punches Pores to Knock Out cGAS.

Immunity. 2018



Pyroptosis and Necroptosis Reporter Cell Lines

THPI-HMGBI-Lucia™ Cells

Cat. Code: thp-hmgluc
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STING mediates Autophagy
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STING and Autophagy

Autophagy

Autophagy is a pathway by which cytoplasmic constituents,
including organelles and intracellular pathogens, are
sequestred in a double-membrane-bound autophagosome - — D — - — i —
and delivered to the lysosome for degradation.

The role of autophagy is to eliminate unwanted constituents ..

SPRING 2017

SUMMARY :

from the cell and recycle cytoplasmic material allowing the
cell to maintain macromolecular synthesis and energy
stressful

Mitochondrial DNA in innate

immunity and autophagy

homeostatis during starvation and other

conditions.

Autophagy Reporter Cells

Autophagy Inducers & Inhibitors

AUTOPHAGY & INNATE IMMUNITY REVIEW -'__'-

Antimicrobial Agent for Primary Cells

http://www.invivogen.com/review-autophagy g
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Mitochondrial DNA in innate
immunity and autophagy

Mitochondria are unique mammakian organelies
known as the energy factories of the cell and
befieved to have evolved from aerobic bacteria,
They are important for cellular metabolism and
apoptosis. Growing evidence suggests that they
also play a central role in innate immunity and may
contribute to inflammatory diseases. Following
infection and stress, damaged mitochondria release
their constitu including mitochondrial DNA
(mtDNA), which acts as a potent danger-associated
malecular pattern (DAMP). It induces inflammatory
responses mediated by various pattern recognition
receptors (PRRs). The major  PRRs involved in
mMEDNA recognition are Tol-like receptor 9 (TLR9),
Nod-like receptor family, pyrin domain containing 3
(NLRP3) and cycic GMP-AMP (cGAMP) synthase
{cGAS).

tochondrial DNA resembles bacterial DNA, as
contains unmethylated CoG dinudeotide repeats,
which are recognized by the endosomal receptor
TLRY. Several studies have demonstrated that
mEDNA released in the circulation after injury directly
activates TLRY, causing the activation of NF-«8 and
the production of pro-inflammatory cytokines such
as TNF-a and IL-6'2. Blockade of TLR9, cither by
using TLRY inhibitory ODNs* ¥ o by deleting the T¥?
gene’, has been shown to attenuate the inflammatory
response, thus confirming the involvement of TLRY in
the recognition of IMDNA.

Another inflammatory pathway activated by mtONA
is the one triggered by formation of the NLRP3
inflammasome that results in caspase-1 lil‘r\t'r\\k"‘!
secretion of the inflammatory cytokines IL-18 and
IL-18, Recent data suggest that mONA released
in the cytosol induces the activation of the NLRP3
inflammasome. Depletion of mIONA resulted
in the inhibition of IL-1P and IL-18 secretion in
cells stimulated with inflimmasome inducers
Furthermore. axidized mtONA was found to directly
bind and activate NLRP3*

Mitochondrial DNA is also inflammatory by

the cGAS-STING pathway to initiate the

of type | interferons (IFNs). Recently,

osol of cells undergoing

aoom(ﬁ:s was shown to cGAS to recruit

tor of interferon genes (STING) through the

second messenger CGAMP™. STING induces type

| IFN transcription via the TBK1-IRF3 signaling

his pathway was akso recently found 1o be

activated in response to mtDNA stress induced by
herpesvitus infection”.

The inflammatory response triggered by mtDNA &
closely finked to autophagy. Autophagy is a potent
adaptive mechanism that protects cells from stress.

ed injury by removing unwanted cytosolic

(eg. DNA, prote mitochondria and
far pathogens) through thelr sequestration in

2 doubie-membraned vacuole, the autophagosome,
and their subsequent degradation following fusion
with lysosomes. In addition, autophagy can limit
excessive inflammatoey response by modulating
the activity of key immune mediators, such as
NF-x8'%nd STING, In pathological conditions such
as microbial infection or major trauma, dysfunctional
mitochondria and damaged mtDNA accumulate
in the ¢
capacity of autophagy, thus resultin

ive regulatory function. This results in increased
inflammatory responses, often accompanied by
chronic inflammation, due to aberrant regulation of
TLR9:4, NLRP3* and/or cGAS-STING signaiing®.
Further studies are required to better understand
the roke of mtDNA in mitochondria-related diseases,
inchuding infectious and autoimmune diseases a5 well
as cancer.

1. Zhang Q. et ol 2010. Cirous

Crariece of damaged nuckesr DNA via sutophagy. Ceb
Rerp. H1)160-92

http://www.invivogen.com/newsletters.php
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DMXAA in anti-tumor therapy Product Box
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DMXAA = 5,6-dimethylxanthenone-4-acetic acid

STING sequence DMXAA binding affinity
Mouse WT YeS Conlon et al., J Immunol, 2013
Huma n WT No Conlon et al., J Immunol, 2013
H uman binding_site mutant 5162A YeS Gao et al., Cell, 2013 ; Gao et al., Cell Reports, 2014
H uman blndlng'5|te m uta nt Q266| Yes Gao et al., Cell, 2013 ; Gao et al., Cell Reports, 2014
H uman Ild_reglon muta nt G230| Yes Gao et al., Cell, 2013 ; Gao et al., Cell Reports, 2014
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New STING ligand in anti-tumor therapy
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New STING ligand in anti-tumor therapy

Screened by ~ THPI-Blue™ ISG Cells
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. R23 2: is the most prevalent variant with an occurrence (homozygous allele) of

~45-58% in the human population. This isoform is preferentially activated by

2’5’linkage-containing cGAMP isomers.
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IRF INDUCTION (Lucia luciferase reporter)
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#THP1-Dual = THP1-Dual KO-cGAS

Human cell line

Products

Cat.
THPI[-Dual™ cells thpd-nfis

THP1-Dual™ KO-STING cells thpd-kostg

THP1-Dual™ KO-TREXI cells thpd-kotrex

THP1-Dual™ KO-IFI16 cells

thpd-koifil 6

THPI-Dual™ KO-cGAS cells

thpd-kocgas

THP1-Dual™ KO-IFNAR2 cells  (thpd-koifnar2

" RAW-Lucia™ ISG
®RAW-Lucia™ ISG-KO-IRF3

Murine cell line

& vﬂg

Products Cat.
RAW-Lucia™ ISG cells rawl-isg
RAW-Lucia™ ISG-KO-STING Cells |rawl-kostg
RAW-Lucia™ ISG-KO-cGAS Cells  |rawl-kocgas
RAW-Lucia™ ISG-KO-IFI16 Cells rawl-koifl 6
RAW-Lucia™ [SG-KO-TBKI Cells |rawl-kotbk
RAW-Lucia™ |SG-KO-IRF7 Cells rawl-koirf7
RAW-Lucia™ |SG-KO-IRF3 Cells rawl-koirf3
RAW-Lucia™ [SG-KO-TREXI Cells |rawl-kotrex
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ML RR-S2 CDA (ADU-S100) in anti-tumor therapy  [pMxaA a— t|,~|X .

2’3’-c-di-AM(PS)2 (Rp,Rp) |tIrl-nacda2r
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Leticia Corrales, et al. Cell Reports. 2015
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2'3'-c-di-AM(PS)2 (Rp,Rp)

Bisphosphorothioate analog of ¢-di-AMP, Rp isomers

PRODUCT INFORMATION
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wwinvvogen.com

wogen.

Cancer Company
NCT02675439 Mar-16 | ADUS100 + anti-CTLA4 IT CDN Multiple Tumors | Novartis/Aduro
NCT03172936 Sep-17 | ADUS100 + anti-PD1 IT CDN Multiple Tumors | Novartis/Aduro
NCT03937141 |  Aug-19 I ADUS100 + anti-PD1 IT CDN Heg:f‘c':ka Novartis/Aduro




@ §
STING and Cancer ! |nVI\/0

Clinical Trials

Start Phase Cancer Company
NCT02675439 Mar-16 | ADUS100 + anti-CTLA4 IT CDN Multiple Tumors | Novartis/Aduro
NCT03172936 Sep-17 I ADUS100 + anti-PD1 IT CDN Multiple Tumors | Novartis/Aduro
NCT03937141 Aug-19 1] ADUS100 + anti-PD1 IT CDN H&N Cancer Novartis/Aduro
NCT03010176 Feb-17 I MK-1454 + anti-PD1 IT. CDN Multiple Tumors Merk
NCT03249792 Sep-17 I MK-2118 + anti-PD1 IT. Small Molecule Multiple Tumors Merk
NCT04220866 Mar-20 Il MK-1454 + anti-PD1 IT. CDN H&N Cancer Merk
NCT03956680 May-19 I BMS-986301 + Anti-PD1 & anti-CTLA4 IT CDN Solid Tumors BMS
NCT04144140 Oct-19 I E7766 Intratumoral Solid Tumors Eisai
NCT04109092 Sep-19 I E7766 Intravesical Bladder Cancer Eisai
NCT03843359 Feb-19 I GSK3745417 * anti-PD1 v Solid Tumors GSK
NCT04096638 Sep-19 I SB 11285 + anti-PD1 v Solid Tumors Sprink Bank
NCT04167137 Nov-19 I SYNB1891 + anti-PD-L1 Intratumoral E. Coli Solid Tumors Synlogic
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- Intravenous administration
- A small molecule STING agonist that is not a cyclic dinucleotide

NCT03843359
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[ ]
10
o) _ —
Compound 3 (_ T T &~ ! 4 T 14
N E 1 E I'_E [=
2 2 > 0.1 2 o o
o s O © = @ iy
NH,, g o o - x 017
N / = 00149 9 £ oot :
o (8] v v
0.001 0.001 0.01-
2 P 2 P
Sy
N NH &
N7 & a“" ¢ & &Qb & @Q
N__O e Lo &° ~t~°
J c d
7. N 105 4 t,, 14h 2,500 =+ 30 ug compound 3/CD8 depletion_ s
=N = -1 1 k- - Vehicle/CD8 depletion
e AUC,, Bughmt  E ) 0 P | ¥
E Vss 0.4 1 kg = - 30 ug compound 3 75
o : - —~ 754
Species Haplotype  EC,, ("M) < 0] cl 17 mimin-' kg § 1 5004 ~* Vehicle ES
(] ° =
Human WT/WT 130 + 40 T & Z 50+
B 5 1,000 g
Human HAQ/HAQ 190 = 80 2 g " @
Human R232H/R232H 200 + 40 g g -
Mouse WT/WT* 186 + 60 8 = 5007 \_1
0 0 T T T T T T T T 1
o A3sA 6 A o 12 13 0 5 10 15 20 25 30 35 4043
Time (h) Days Days
CT-26 Colon Tumor ~%

Joshi M. ramanijulu, et al. Design of amidobenzimidazole STING receptor agonists with systemic activity. Nature. 2018
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Novel delivery system

Auxotrophic E. coli Nissle (EcN)
engineered to produce high levels of
the STING agonist c-di-AMP
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Daniel S. Leventhal, et al. Inmunotherapy with engineered bacteria by targeting
Synlogic Cooperate Presentation, 2019 the STING pathway for anti-tumor immunity. Nature Communication. 2020
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exoSTING (0.1 ng)
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*Exosomes have shown potential to carry STING agonists to antigen presenting cells
(APCs), resulting in an anti-tumor immune response.
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*ExoSTING™ is composed of engineered exosomes overexpressing PTGFRN and loaded
with a cyclic dinucleotide (CDN) small molecule STING agonist to leverage the inherent
ability of exosomes to deliver STING agonists selectively to APCs.
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*ExoSTING selectively activates the STING pathway in tumor-resident APCs, demonstrating
greater potency than free STING agonist (FSA) and without immune ablation. exoSTING {0_1 IJQ)
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Su Chul, Jiang. Selective Activation of Antigen Presenting Cells by exoSTING Enhances Tumor Antigen-Specific Inmune
Response. Presented at the 34thAnnual Meeting of the Society for Inmuno-Therapy of Cancer, November 6.
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ISAC: Immune Stimulating Antibody Conjugate
Start Phase Agent Target Company
2nd half of 2020 Discovery Immunosynthen | Multiple Tumors Mersana
- Discovery | SB11285 with ADC | Multiple Tumors }"
spring bank
- e - > CURADEV
2019 Discovery conjugated to Solid Tumors &L Lo soiins o e raing
Trastuzumab

* Patent application (WO2019129880) for an ADC with a proprietary CDN
(to be commercialised in 2020)
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Cathepsin sensitive self-immolating linker

o—p=0 &= Proprietary STING Agonist
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Patents
US9840533 US10011630 US9718848 US2017042106
2’3’ CDN InvivoGen GSK Spring Bank
04/2013 12/2014 12/2015 07/2016
US9695212 Uii;24408 US20170044206 US20190031708
Aduro ADUL;Too Merck IFV
3’3’ CDN o /é 13 08/2015 01/2016
12/2012

$500M raised on $300M from Novartis $300M from BMS for
the stock market ~ for Aduro Biotech IFM Therapeutics

by Aduro Biotech ($750M deal) ($2.3B deal)
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Novel Cyclic Adenosine-Inosine Monophosphate Analogs

Journal of

Medicinal

pubs.acs.org/jmec

Chemistry Modified

Nucleobase
Design, Synthesis, and Biological Evaluation of Novel Cyclic Y =NH, OH or H
Adenosine—Inosine Monophosphate (cAIMP) Analogs That Activate Linkage modifications ~ Linkage position -
Stimulator of Interferon Genes (STING) W = S (phosphorothioate) (3357 or (255 | Y1
Thierry Lioux,* Marc-Antoine Mauny, Alain Lamoureux, Nicolas Bascoul, Mathieu Hays, W = NH (phosphoramidate) N | \ N
Fabienne Vernejoul, Anne-Sophie Baudru, Cédric Boularan, Justine Lopes-Vicente, Gregory Qushair, a, . 9 /)\ e
and Gérard Tiraby R1—Z-\p_o N N™ Y5
InvivoGen, S Rue Jean Rodier, 31400 Toulouse, France Y dificati o
moadaiiication X
© Supporting Information X =OH, H, or FE> \\):(2 W2, Sugar modifications
27 ?3. == g.D-Xylofuranosyl
F'w ‘ f?ﬂ‘ L
. M‘ L2 7~ N R *x V.l N 0—-P~+Z=R,
| S M-F-0m o § N __ (\ I >z N 1N S--7
1 gL NNl T ) o i
— o N Rz/Nx ~ N mifél?;ggt?otis
N A X «M Ot / \
2‘3‘ e pa 1 © 7=0orS RiisNa NH4or
T ‘ . : Prodrug strategy : an
ABSTRACT: We describe novel STING-activating cydic dinucleotides whose constituent nucleosides are adenosine and . _lahi
inosine and that vary by ribose substitution, internucleotide linkage position, and phosphate modification. In mammalian cells in Prodrug §trateg¥ -an en%ym,e labile enzyme-labile group which
vitro, some of these cAIMP analogs induce greater STING-dependent IRF and NF-xB pathway signaling than do the reference group which provides NH in vivo provides OH or SH in vivo

agonists for murine (DMXAA) or human (2',3’-cGAMP) STING. In human blood ex vivo, they induce type I interferons (IFNs)
and proinflammatory cytokines: for the former, 3,3"-cAIMP (9; EC, of 64 uM) and analogs 52-56 (ECg, of 04—4.7 uM),
which contain one or two 2'-fluoro-2'-deoxyriboses and/or bis-phosphorothioate linkages, are more potent than 2',3"-cGAMP
(ECyy 0f 19.6 iM). Interestingly, 9 induces type I IFNs more strongly than do its linkage isomers 2',3"-cAIMP (10), 3' 2"-cAIMP
(23), and 2/,2"-cAIMP (27). Lastly, some of the cAIMP analogs are more resistant than 2',3"-cGAMP to enzymatic cleavage in
vitro. We hope to exploit our findings to develop STING-targeted immunotherapies.

Lioux et al., 2016, |. Med. Chem.
InvivoGen literature 10.1021/acs.jmedchem.6b01300
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NH,
cAIMP

Synonym: 3’3’-cAIMP sodium salt,
3’3’-c(Aplp) sodium salt
Formula: C,;H,;Ny,O;P, .2Na
Molecular weight: 659.4 (free acid)
703.4 (sodium salt)
Purity: =2 95% by LC/MS & NMR.
Solubility: 50 mg/ml in water

Cat Code:
tlrl-nacai  (500ug)

CL592 and CL656 is InvivoGen Patented CDN
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N
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NN O bo-prsH
AT » 0
XN [Rp/Sp]
NH,

cAIM(PS)2 Difluor (Rp/Sp)

Synonym: (Rp/Sp) c-[2’FAAM(PS)-

2’FdIM(PS]) sodium salt

Formula: C,oH, ,F,NyOyP,S, .2Na

Molecular weight: 695.5 (free acid)
739.5 (sodium salt)

Purity: 2 95% by LC/MS & NMR.

Solubility: 50 mg/ml in water

Cat Code:

tlrl-nacairs ~ (100ug)

InvivoGen Patent : US20160362441; US15535864, WO/2017/18671 |

N
e 5
NrA | /> S
X N Na
NH,

2'3’-c-di-AM(PS)2 (Rp,Rp)

Synonyms: (R,R)-(2',3")c-diAM(PS),,
(2',3")-Rp,Rp-c-diAMPSS.

Formula: C,yH,;N,,0,,P,S,; .2Na.

Molecular weight: 734.50.

Purity: 2 95% by LC/MS & NMR.
Solubility: 50 mg/ml in water.

Cat Code:
tlrl-nacda2r-01 (100ug)
tlrl-nacda2r ~ (500ug)

Aduro Biotech/Novartis
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Phosphorothiotate modified molecules (CL656 and CL695) are more inflammatory than
phosphodiester-based compounds
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CL656 treatment decreases CT26 tumor progression and improves survival

Survival (%)
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CL656 treatment leads to an adaptive immune response
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CL656 synergizes with anti PD-| regress tumor growth
Median Survival

days
__ CL656 / anti PD1 (J43) >60
10 animals per group .. CL656 / Vehicle 45.5
CDN 10ug i.t. .
ICl  Q3D4 200ug/i.p. —— NaCl/ anti PD1 (J43) 35
—~ NaCl/ vehicle 28
CL656
IT. 100
Anti-PD-1 ,
80- |
S 60- '
E | | ]
2
2 40-
=
v
204
0

0 10 20 30 40 50 60 70 80
Days

ICI = Immune Checkpoint Inhibitor IT = Intra-tumoral injection IP = Intra-peritoneal injection Anti-PD-1: Clone J43
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CL656 treatment leads to a better Bl16 tumor regression

2.10° B16 Cells s.c. implantation Treatment and monitoring period

on C57BI/6 mice
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“Marker’”’ in Tumor

C w
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Product Box Days Days
Products Cat. pssaf .\ .,

_ ™ i ssaf Marcus, Amy |. Mao, Monisha Lensink-Vasan, LeeAnn
THP1-Dual cells thpd nfis Wang, Russell E. Vance, David H. Raulet. Tumor-Derived cGAMP
THP1-Dual™ KO-STING cells thpd-kostg Triggers a STING-Mediated Interferon Response in Non-tumor
ISD Naked tirl-isdn Cells to Activate the NK Cell Response. Immunity. 2018
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Check Point & STING
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Product Box HER?2 protects cancer cells from STING-mediated antitumour immunity

Products Cat.
Poly(dA:dT) tlrl-patn-|
2'3’-cGAMP tlrl-nacga23-| Shiying Wu, et al. HER2 recruits AKT| to disrupt STING signalling and suppress

antiviral defence and antitumour immunity. Nature Cell Biology. 2019
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CD8+T cell independent

Other mediators

N

Type |
IFN

DCs and
others

MHC-I deficient
tumor

Product Box

Product

2'3"-c-di-AM(PS)2 (Rp,Rp)

Cat. code

tirl-nacda2r
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on NK cells

Christopher J. Nicolai, et al. NK cells mediate clearance of CD8+ T cell-resistant tumors in response to STING agonists. Sci. Immunology. 2020
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Intratumoral accumulation of gut microbiota
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) Animal model/ Improved in  Improved in
pissew human data Eroposad trigger CGASKO?  STING KO?
Aeute panereatltls Cerulein model Unknown Yes Yes
Age dependent . Alu transcript |nduced Mitochondrial DNA Yes Yes

macular degeneration RPE death
Alcoholic liver disease Chronic ALD model Unknown Unknown Yes
TrexI /-, RnaseH2™"~,
Aicardi-Goutiéres syndrome* Samhd1™~ mice; Nuclear DNA Yes Yes
Human da‘ta
Cancer DMBAinduced skin Nuclear DNA Unknown Yes
cancer model
. ; . .
Liver fibrosis = : Unknown Unknown Yes
administration
Metastasis Distinct metastatlc models Nuclear DNA Unknown Yes
Myocardial infarction Permanent Ilgatlon model Extracellular DNA Yes Yes
Noztae::?:::e:a e G MCD, HFD Mitochondrial DNA Unknown Yes
Prkn"~, Pink1 ™~
Parkinson's disease upon exercise and Mitochondrial DNA Unknown Yes
Prkn™'~mutator mice
» Dnase2a~’~ model;
Pog::;::ﬁ;;e::i:nd biallelic mutations Extracellular and nuclear DNA Yes Yes
in DNASEZA in humans
LPS shock model
Sepsis cecal ligation and Unknown Unknown Yes
punc’ture (CLP) model
SAVI Human data . NA NA NA
Systemic lupus erythematosus Tomae CGAMP Unknown NA NA

levels in human SLE PBMCs

* Human data show an increased type | IFN signature.

Andrea Ablasser and Zhijian J. Chen. cGAS in action: Expanding roles in immunity and inflammation. Science. 2019
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SAMHD1 ‘

Product Cat. code
THPI1-Dual™ KO-TREXI Cells thpd-kotrex

THPI1-Dual™ KO-cGAS Cells thpd-kocgas

THPI-Dual™ KO-STING Cells thpd-kostg

THPI-Dual™ KI-hSTING-S154 Cells thpd-s|54

D GEED GIID Gl GEID GHED GIEDGID GHED GHED GIED GIEED GEED G o THPI1-Dual™ KI-hSTING-M155 Cells | thpd-m155

THPI-Dual™ KO-IRF3 Cells thpd-koirf3
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SAMHD| and Aicardi-Goutieres Syndrome (AGS)
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es 01 i B 3 % L
85 Lol . = = 2 90
3 PNEE e ¥ T 40;
0 - T T T E 201
L
& co@ N CD\S 0
RS ISG15  MX1
-HU +HU SAMHD| prevents accumulation of cytosolic ssDNA and

induction of type | IFNs mediated by cGAS-STING pathway.

Flavie Coquel, et. al. SAMHD | acts at stalled replication forks to prevent interferon induction. Nature. 2018
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DNasel I-- and Polyarthritis
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Ahn, J., Gutman, D., Saijo, S. & Barber, G. N. STING manifests self DNA-dependent inflammatory disease.
Proc. Natl Acad. Sci. USA 109, 19386—19391 (2012).
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Daxing Gao, et al. Proc Natl Acad Sci. 2015
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Those data suggest new drugs block cGAS at dose
dependent manner might be efficacious on

autoimmune disease, and avoid the immunodeficiency
induced by impaired responses to viral DNA
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cGAS inhibitor

0

100 [ pmso ) 150 unt *P<0.05 15 7BMDM
* No dsDNA . B pvso
80 |  Compounds 2~ [l RU.365 —
> S =
= o £ S 1.0-0RU332 <S8 1.0
= ® 9 RU.521 . T S
2 40 38 cE ;
g 55 08- £2051 M.
0 = il *
-20 0.0 ~ 0.0 -
-20 0 20 40 60 80 100 N S
Day 2 NPI (%) 0"‘&\
Trex1”~
cGAS + dsDNA
ATP + GTP » cGAMP Inhibition of cGAS activity in RAW macrophage and BMDM cells from
—|— an Aicardi-Goutiéres Syndrome mouse model.
Product Box

Putative
antagonist Product Cat. code
ISD Naked tlrl-isdn

Identification of cGAS inhibitors RAW-Lucia ISG

rawl-isg
RAW-Lucia ISG-KO- TREXI rawl-kotrex
RAW-Lucia ISG-KO-cGAS rawl-kocgas
RU.521 inh-ru521

Jessica Vincent, et al. Small molecule inhibition of cGAS reduces interferon expression in
primary macrophages from autoimmune mice. Nature Communication.2017
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Lodoe Lama, et al. Development of human cGAS-
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RAW-Lucia cells rawl-isg dsDNA triggered interferon expression .Nature
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Fehpepide
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Self-DNA-Induced Autoimmunity. Cell. 2019 - Aspirin suppresses autoimmunity in mice(left) and human patient cells(right)



STING and Autoimmunity (

Stimulator of Interferon Genes (STING)-Associated

Vasculopathy with Onset in Infancy (SAVI).
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a. IRF induction b. NF-kB induction
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STING inhibitor
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Simone M. Haag et al. Targeting STING with covalent small-molecule inhibitors. Nature. 2018
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STING inhibitor:The best STING inhibitor by far
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Simone M. Haag et al. Targeting STING with covalent small-molecule inhibitors. Nature. 2018
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Hiroyasu Konno, et al. Pro-inflammation Associated with a Gain-of-
Function Mutation (R284S) in the Innate Immune Sensor STING.
Cell Reports. 2018
AMPK Inhibitors: Doxorubicin and GSK 690693
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STING Variant
ODexo
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H2'3'-cGAMP 113'3'-cGAMP VUc-diGMP HEDMXAA

KO-STING cells transfected with WT or mutant STING and HEK-Blue™ ISG cells
(parental) were stimulated with 10 mg/ml of 2’3’-cGAMP, 3’3’-cGAMP, c-di-GMP or
DMXAA. After 24h incubation, the levels of IRF-induced SEAP were determined
using QUANTI-Blue™. Contents
STING variants are provided in the pUNOI
plasmid as 20 ug of lyophilized DNA. Each
plasmid is supplied with 4 pouches of Fast-
media® Blas and | ml blasticidin at 10 mg/ml.
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™
NATE Nucleic Acid Transfection Enhancer NEW

InvivoGen now offers the NATE™ reagent, a nucleic acid transfection enhancer, to boost both transient and stable

transfection efficiencies in hard-to-transfect cell lines such as monocytes(THP-1) and macrophages(RAVV 264.7).

Exogenous nucleic Upon transfection,

acids (e.g. plasmids)f“_«‘,«‘ ~\ """"w =T = exogenous nucleic acids
y”’j (& ""'\_‘/‘ ~ < make their way to the

i > o nucleus
l e * Exogenous nucleic acids are detected by
Inflammasome Al Autophagy cytosolic sensors such as cGAS/STING,
y CGAS 4 "\\ AIM2 inflammasome, and LC3 mediated
v & ﬁ ING \ autophagy.
STING > &3> \
! l \\ « The NATE™ reagent inhibits a number of
TBKY — : nucleic acid sensing pathways, thereby
l Qe | protecting  exogenous DNA  and
lL'ls@ @ IRE3 S iTophagasome. ! facilitating its expression.
pro-IL-18 e o !
IRF3 Nucleic acid
Pro-inflammatory response degradation by lysosomal fusion /,

Nucleus Production of type |l interferons Successful transfection
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NAT E ™ Increased DNA expression in NATE™ treated cells
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NATE™ enhances transient DNA expression in human THP-1 monocytes:
Transfection of a ~3 kb GFP-expressing plasmid into THP-I cells was performed using GeneXPlus without (a:top; b:yellow) or with
(a:bottom; b:green) the NATE™ reagent. After 48 hours, cells were visualized by fluorescence microscopy (a), and transfection efficiency was

measured using flow cytometry (b). Data are presented as a fold change normalized to the transfection efficiency without NATE™ reagent.
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NAT E ™ Increased rate of stably transfected cells with NATE™
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( Noclone ‘ ‘ ‘ Stable clone

NATE™ increases the number of stable SEAP-expressing clones in murine RAW 264.7 macrophages:
Transfection of a ~10 kb SEAP-expressing plasmid into RAW 264.7 cells was performed using Lipofectamine® LTX, without (left) or with

(right) the NATE™ reagent. After 10 days in selection with Blasticidin, the number of stables clones expressing SEAP (blue wells) was readily

visualized using QUANTI- Blue™ Solution detection reagent.
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| Do you realize that antibiotics can stimulate
Also W immune responses

Available

Molecular patterns of microorganisms can stimulate immune
cells is common wisdom. Antibiotics are produced from
microorganisms, therefore they may contain the component of
microorganisms. As an immune specialist, InvivoGen is the only
provider test microorganisms contamination in selective

antibiotics.
Eof:;u;&;a: InvivoGen Trademark
Blasticidin HEPES e f N |
Zeocin™ [|,2] HEPES - 7 “
Puromyecin HEPES
G418 H,O
Hygromycin B Gold™ HEPES
Phleomycin HEPES

[1] Gatignol,A., Durand, H. & Tiraby, G. Bleomycin resistance conferred by a drug-binding protein. FEBS Lett. 230: [ 71—-175. 1988.
[2] Mulsant P, Gatignol A, Dalens M, Tiraby G. Phleomycin resistance as a dominant selectable marker in CHO cells. Somatic Cell and Molecular
Genetics. 14 (3): 243-52. 1988.
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Drug developers switch gears to inhibit STING Phase Agent Company

Several biotechs are exploring STING inhibitors as a means to control innate immunity and inflammation. Inflammation
’
E li Lillyis the latest large pharma Discovery | cCAS inhibitor autoimmunity, IFM and Novartis
company to set its sights on ¢cGAS-
STING, the mechanism used by cells Bevovius Bacteria neuroi nﬂammation
to sense DNA danger signals and trigger -
the fast-acting innate immune response. In
December, Lilly entered a pact with Aduro H
Binl:dl to develop :(;AS TING inhibitors Inﬂammatlon'
as anti-inflammatory agents. The deal . . L . . .
involves a modest $12 million up frontbut a Discovery | STING inhibitor autoimmunity, IFM and Novartis
hefty $620 million per product in potential neuroi nﬂam mation

development and commercial milestones.
It reflects growing industry interest in the
therapeutic possibilities of shutting down
a signal cascade that leads to immune
activation. Such efforts complement existing
industry programs that seek to instead
upregulate STING as a means to potentiate
checkpoint inhibitor treatments in
cancer (Box 1).

The presence of DNA in the cytosol
is a warning signal to the innate immune
system. It indicates invasion by pathogens,
cancer, or cellular breakdown. That DNA is
sensed by the enzyme ¢GAS (cyclic GMP-
AMP synthase). Once ¢cGAS is activated
by binding DNA, it catalyzes the synthesis
of a cydic dinucleotide second messenger,

ine me 4 i

SB11736 (Orally Autoimmunity &
Preclinical | available STING Inflammatory Spring Bank
antagonist) Diseases

Discovery | STING inhibitor Inflammation CURADEV

;mnophusphalc ;o.(;.'\.MI’). from adenosine . . . Autoimmune . .
triphosphate (ATP) and guanosine Discovery | STING inhibitor . Nimbus Therapeutics
triphosphate (GTP), which in turn activates disorders

Reverse transcription

the adaptor protein STING (stimulator

of interferon genes) on the endoplasmic
reticulum. STING then transmits a signal
that ultimately leads to the production of
type | interferons and other inflammatory
cytokines, including tumor necrosis
factor-a (TNF-a).

essive signaling through cGAS-

is linked to a range of chronic and
rare discases, ranging from Parkinson’s
disease through certain forms of systemic
lupus erythematosus lupus
nephritis, and nonalcoholic steatohepatitis
(NASH) to interferonopathies, a set of

rare genetic conditions characterized The warning signal that rouses the innate immune system is out-of-place DNA. The sensor is cGAS-
by interferon overproduction. These STING, which, on detecting cytosolic DNA, ramps up interferon (IFN) production. Reprinted with
include a systemic vasculopathy with permission from Nature Immunology 17, 1142-1149, 2016, Springer Nature

NATURE BIOTECHNOLOGY | VOL 37 | MARCH 2019 | 199-208 | www nature.com/maturebiote 2y 199
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STING vs Influenza Vaccine Adjuvant

Intradermally (ID) / Intramuscularly (IM)
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-cGAMP shows superior adjuvant effect on
cutaneous vaccination
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-cGAMP augments intradermally H5N1 vaccine
immunization
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Product Box

Products Cat.
AddaVax™ vac-adx-10
c-di-GMP VacciGrade™ vac-cdg
2’3’-cGAMP VacciGrade™  |vac-nacga23
3'3’-cGAMP VacciGrade™  |vac-nacga
MPLA-SMVacciGrade™ vac-mpla
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JiWang, et al. The Journal of Investigative Dermatology. 2016
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STING vs Influenza Vaccine Adjuvant

) Ty cells Rapid and durable
x heterosubtypic immunity
Inactivated —\ ﬁ a *
HIN1 influenza
; \ Effector
| N2 CD8* T cells HIN1  H3N2  H5N1
() X- & G
e, HING 1BV
PS-GAMP — B e,
: J Cross- ™
@ L priming
® a Antlbodles
Plasma DC expansmn
cell 6 and maturation
4 . et L
Alveolar STING |
macrophage

AECs, alveolar epithelial cells; cGAMP, 2',3-cyclic guanosine monophosphate-adenosine monophosphate;
DC, dendritic cell; IBV, influenza B virus; PS-GAMP, pulmonary surfactant-cGAMP; STING, stimulator of
interferon genes; TRM cell, tissue-resident memory T cell.

Susanne Herold and Leif-Erik Sander. Toward a universal flu vaccine. Science. 2020

Product Box
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Ji Wang, et al. Pulmonary surfactant—biomimetic nanoparticles potentiate
heterosubtypic influenza immunity. Science. 2020
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STING & HSV

RESEARCH ARTICLE

STING agonists enable antiviral cross-talk
between human cells and confer protection
against genital herpes in mice

Morten K. Skouboe', Alice Knudsen', Line S. Reinert', Cedric Boularan?, Thierry Lioux®,
EricF 2, Martin K. Tt 3%+* Saren R.Paludan'*

1 Department of Bi ine, Aarhus Uni
b ;

i ity, Denmark, 2 InvivoGen, Toulouse France, 3 Department of
ine, Aarhus Uni

ity, Denmark

& These authors contributed equally to this work.
au,dk (MKT)

* srp @ biomed.au.dk (SRP); mkt @ clin

Funding: This work was funded by The Danish
Medical Research Council (grants no: 12-124330
and DFF —6110-00068), The Lundbeck Foundation
(grant no R198-2015-171) and an unrestricted
research grant from InvivoGen (all to SRP). MKT
was funded by a fellowship sponsored by
InvivoGen, Danish cancer society (R146-A9394-
16-S2) and AUFF NOVA (E-2015-FLS-9-8). AK is

Morten K. Skouboe, Alice Knudsen, Line S.
Reinert, Cedric Boularan, Thierry Lioux,
Eric Perouzel, Martin K. Thomsen, Seren R.

Paludan. STING agonists enable antiviral
cross-talk between human cells and confer

protection against genital herpes in mice.
PLOS Pathogens. 2018

2’3’-cGAM (PS): (Rp/Sp) (125 pg/mouse)
Cat Code: tlrl-nacga2srs
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Systemic administration of STING agonists improves the
survival of mice infected with HSV2
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STING vs Anti-tumor VYaccine
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CDN's induced potent STING-dependent CD4+, CD8+, and
T helper | (THI)-biased humoral immunity that was specific
for the coformulated ovalbumin (OVA) antigens

Product Box

2’'3’-c-di-AM(PS)2 (Rp,Rp) tlrl-nacda2r

Relative volume - cm?®

L .
@ InvivoGen

GM-vac + Anti-PD1 STINGVAX (RR-CDA)
+ Anti-PD1

2.50 4

2.00 A

1.50 -

1.00 -

0.50 4

No treatment

=== GM-vaccine
~———STINGVAX (R,R-S2-
CDA) + Anti-PD1
GM-vac + Anti-PD1

Anti-PD1

9 11 13 15 17 19 21 23
Days

ML RR-S2 CDA (ADU-S100) with PD-I blockade
cures mice bearing established tumors

Fu J, et al. STING agonist formulated cancer vaccines can cure established tumors resistant to PD-1 blockade. Sci Transl Med. 201 5.
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VacciGrade™ Ligands as adjuvants for Thl response

LPS
ODNs Imidazoquinolines CDNs Poly(l:C) MPLA Pam3CSK4  Flagellin N-Glycolyl-MDP  TDBs Chitosan
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InvivoGen Adjuvant
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VacciGrade™ cermipist
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endotoxins Pro-inflammatory cytokines (TNF-a, IL-6, etc.)

© Quil-A® adjuvant Saponim vaccine adjuvant
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cGAMP Transfer
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Retrovirus
entry

VWAF o
production
Viral RNA by cGAS

YN~ YAYRY

Viral DNA

Mucleus

r.
Integration and
W transcription of

Host cell DNA  viral genes

Viral

protein
production

Viral-mediated
transfer of
cGAMP

HIV-1-GFP

'
wio cGAS |

m<cGAS

biotin- '
ccamp @
h&

Antiviral
response
4

. signaling

STING
activation and
downstream

Interferon
production

Stowaway. Viral DNA generated during a viral infection is sensed by cGAS, which produces the cGAMP dinucleotide. cGAMP is incorporated as cargo into newly formed virions that exit the
cell andinfect nearby cells. cGAMP is released into the cytosol of the newly infected cell, binds STING, and triggers downstream antiviral signaling. IRF3, interferon regulatory factor 3.

A. Bridgeman, et al.Viruses transfer the antiviral second messenger cGAMP between cells. Science. 2015
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Cell-Cell Fusion

Bystander Target Cell
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Shuting Xu , et al. cGAS-Mediated Innate Immunity
Spreads Intercellularly through HIV-1 Env-Induced
Membrane Fusion Sites. Cell Host & Microbe.2016
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Cancer cell Astrocyte . .
- Gap-Junction - Connexin
dsDNA
\:GAS /’STING
cGAMP cGAMP TBK1 Qing chen, et al. Carcinoma—astrocyte gap
Growth J junctions promote brain metastasis by
Chemoregsfance _ cGAMP transfer. Nature. 2016
IRF3
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-Cancer cells transfer cGAMP to
astrocytes via CX43.
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Molecular Cell

SLC19A1 Is an Importer of the
Immunotransmitter cGAMP

C Ritchie, '+
"Department of Biochemistry, Stanford University, Standord, CA 94305, USA
*Department of Genetics, Stanford University, Stanford, CA 94305, USA

2019

y F. Cordova,' ™ Gaelen T. Hess,”* Michael C. Bassik,™* and Lingyin L'

Program in Chemistry, Enginesring, and Medicine for Human Health (ChEM-H), Stanford Unéversity, Stanford, CA 94305, USA

“These authors contributed equally
SLead Contact
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3'3-cGAMP
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2'3-cGAMP
2'3-cG°ASMP

STING
activation

High SLC19A1 cell

Product Box

Product Cat. code

3'3'-cGAMP tlrl-nacga

2'3'-cGAMP tlrl-nacga23

2'2'-cGAMP tlrl-nacga2?
2’3’-c-di-AM(PS)2 (Rp,Rp) tlrl-nacda2r

LETTER

7 InvivoGen

hitps://doi.org/10.1038/s41586-019-1¢

2019

SLCI9A1 transports immunoreactive cyclic

dinucleotides

Rutger D. Luteijn!?, Shivam A. Zaver?’, Benjamin G. Gowen?*, Stacia K. Wyman?, Nick E. Garelis!, Liberty Onia!,
Sarah M. McWhirter®, George E. Katibah®, Jacob E. Corn®*#, Joshua J. Woodward? & David H. Raulet'*
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Immunity
Blockade of the Phagocytic Receptor MerTK on Tumor- A B Medium E + 1 uM cGAMP
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Product Box

Product Cat. code

5’ppp-dsRNA tlrl-3prna-100
2'3'-cGAMP tlrl-nacga23
DMXAA tlrl-dmx
ATP tlrl-atpl
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” 1 . T . 1
2 3 q

10 i} 10
Fluorescein-cGAMP

The entry of tumor-cell-produced cGAMP into
host cells was facilitated by the ATP-gated P2X
purinoceptor 7 (P2X7) receptor (P2X7R).
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Immunity 2020

Transfer of cGAMP into Bystander Cells via LRRC8
Volume-Regulated Anion Channels Augments STING-
Mediated Interferon Responses and Anti-viral Imnmunity

cGAMP transmissionto distant bystander cells via VRACs

VRACs
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Genomic or mitochondrial
F'ath ogens DNA damage

DNA turnover

2'3'-cGAMP

Andrea Ablasser and Zhijian J. Chen. cGAS in action:
Expanding roles in immunity and inflammation. Science. 2019

Host defense

Antitumor immunity

Cellular senescence

Inflammatory disease
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Evaluation of IRF induction

100
G3-YSD/LyoVec™ G3-YSD is a 26-mer DNA sequence derived from the HIV-1 RNA genome. This

| EC, =113 ng/ml

short DNA displays a Y-shape arising from its palindromic sequence flanked by

~J
(%]

unpaired guanosine trimers (G3). The guanosine overhangs in this Y-form DNA have
been identified as minimal recognition motifs for cGAS (cyclic GMP-AMP synthase,

251
W cGAMP synthase), a critical cytosolic DNA sensor.
0= = e ————

10 100 1000 Herzner AM. et al., 2015. Sequence-specific activation of the DNA sensor cGAS by Y-form DNA structures as found in
Concentration (ng/ml) primary HIV-1 cDNA. Nat Immunol. 16(10):1025-33.
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Evaluation of signaling pathway

100 A
VACV-70 is a 70 bp oligonucleotides containing poxviral genome DNA motifs.

VACV-70 derives from the vaccinia virus DNA. Transfected VACV-70 was shown to

~J
L
1

potently induce IFN-B in a TLR-, DAI- and RNA Pol lll-independent, but STING-,

% Activity
wun
(@]

TBKI- and IRF3-dependent manner.

251
0- . Unterholzner L. et al., 2010. IFI1 6 is an innate immune sensor for intracellular DNA. Nat Immunol. 11(11):997-1004.
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Endotoxin Free Ligands

IMMUNOLOGY

Sensing Endotoxins from Within

Junathan L. Kagan

be human innate immane system
identifies Gram-negative bacteria
by recognizing lipapolysaccharides

cellular responses, such

autophagy. endocylosis, phagocylosis, and
ocidasive bursts (8- Ihnrﬂ‘-n’ and Kay-
Tist

(LPS), of the 1l wall
(1. This detoction triggers massive inflam-
matory respanses that help cradicate .m«_
Eions, bt may also result in

thalogy if regulated improperty. Hence,

LIPS is nlso referred 10 0s endotomin. < "2

More than & century afler its dis-
covery, the molccular basis for the
inflsmmatory activity of endo-
toin was finally revealed by the
discovery that Toll-like receptor 4
(TLR4) induces innate and sdageive immsame
rosponses 1o LPS (). TLRA is the founding
member of the mammalian Toll-like receptor
fiamily, and its discovery heralded a new age
i the study of howi-microbe imeractions. On
pages 1290 s 1246 of this fsmse, Hagae ot al.
() nd Kayagaki er al. {4, respectively, reveal
the exmience of cellular sesponses 1 LPS that
da not depend on TLR4, The search for the
rew LIPS recepeor can now begin.

For yoars, i was assumed that TLRS was
solely responsible for cellulsr respomses.
induced by LPS (%, ). TLR4-deficient cells.
are defective for all clissically defined tran-
scripticeal resposses to LPS, including the
expression of inflammatory cytokines and
Emserfierons (7). Howeves, LPS can also induce.

agaki er al, add o this
o LPS, by showing that LPS activates the
ion of sn atypical i X

Macrophages respand 1o bacteria through

a protels comples that prestes inflammation
when activated by intersalized bacterial
endotoxin.

Inflammasames are protein complexes that
are asserniblod in the cytosol of macrophages.
[ response o 8 varcty of extracellular stimull
(22). The best-defined function of inflarmma-
mummmmﬁ\swm

v
‘erned by the cnryme caspasc-1 1.

kim-| (TL-1) family. Alﬂ!oﬂﬂuofﬂrhﬂi
characterized is the
enzyme caspase-1, which cleaves
the precursar of IL-1 i the cytosol
of macrophages. Cleaved [IL-1 fam-
ily members are then secreted 1o
induce

{/3). These noncanonical inflamma-
somes are activned by inracellular
bacteria and contribute to the phe-
motypes ausocisted with sepais. How
©  these noncanonical mflammasomes
ace activated resmains unclear,
Hagar et al. aod Kayagaki ef al.
recogaized that several spesics of

Dk
|
=

Endocytesn  Ciskine

can activate

p—— caspase-11-dependent IL-1 secre-

[ ] +

tion (17). Thus, » molecule com-

eprewion  canerical canpae-11
Infunesome  |uanseicl)

[rn—— wtivaton

smlq lipopolysaccharider. Macreghages reposd to

Gram-negative hacteria by Activasng iasscrigmionsl and hen
Iummw-uul immune responses. Some of these responmes
a0t handied by protein compheses called inflammasomes. A Cell buhﬂﬂs“d from Giram-peg-

be respoasible for activating cas-
pase-11, Both rescarch grougs show
that LPS i the molecule of interest.
For example, Hagar ef i, show that
when transfectad imta macrophages,
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Innate immune sensing and its roots:
the story of endotoxin

Bruce Beutler and Ernst Th. Rietschel

How does tha host sanse pathogans?
Our prasent concepls graw drectly

the host, what molecules am sensed and,
utimataly, the nature of the receptors that
the host uses. The discovery af tha host
sansors — the Toll-ike recepions — was
rootod in chomical, and gonetic
analyses

biclogicnl
that centred on a bacterial paison,

tarmed endoioedn.

formed the conceptual framework within
which early workers sought to identify it

Ty the malodorous exhalations
of patients suffering from plague and their
similarity to the foul vapours emanating from
marshes, phpidnm came 1o believe that the
putative poison was generated by putrefac-
tion (from the Greek for sepsis) ol'nrpnw

a0t 5 ot Eatlad b

such effects. In anunpuwwhumddww
terize the poisonous material, Peter L. Panum
(1820-1885) could be considered a pioneer.
He showed that putrid fluids contained a
luble. but alcohol-insoluble, heat-
resistant, non-volatile substance, which was
lethal to dogs’. Also, Ernst von Bergmann
(1836-1906) believed that a chemically
defined substance was responsible for putrid
intexcication, which be termed sepsin®,

OF course, the contagionists could not
explain how a single contact with putrid flu-
ids or a sick patient could transmit so much
pouou that not only the affected person, but

1 s of other people, would die. 1t
mm{m.m,nmhcmd breakthrough
to postulate that the putrid venom commu-
nicated by missma or contagion could

muatter present in sick people or i

such as swamps. The bad air of the marshes.
(mowadays still present in the term malaria =
mal‘aris) was named miasma (from the

Bacterial Exotoxins and the
Inflammasome

Allison J. Greaney, Stephen H. Leppla and Mahtab Moayeri®

Microbind Pathogenssis Section, Labonton of Pamsiie Diseases. National instituf of Aorgy and Infoctious Diseasas,

Nationa! Insttutes of Healh, Bethasd, (4D, LSA

The inflammasomes are intracelilar protein complexes that play an important role in
innate immune sensing. Activation of inflammasomes leads to activation of caspase-1 and
maturation and secration of the pro-inflammatory cytokines intereukin (IL)-1p and IL-18. In
certain myeloid celis, this activation can also lead to an inflammatory cell death (pyroptosis).
Inflammasome sensor proteins have evolved 1o detect a range of microbial kigands and
bacterial exctoxns either through direct interaction or by detection of host cell changes

duce in the affected individual, thereby
hlwugilln‘bulﬁ of a living organism. This
revolutionary idea was formulated by Jacob
Henle (1809-1885), who without knowing

Inflammasome

IFN-B. Pro-inflammatory cytokines
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Product Box
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Product Cat. code Sensor

2'3'-cGAMP  (tlrl-cga23 STING

Certificate of Analysis

PRODUCT INFORMATION

Product: 2’-3"-cGAMP
Cat. code: tlrl-cga23-s

Lot number: GA3-36-09

Quunti:Shug TLR2,TLR4 Negative:
Recommended Retest Date: Dec. 2016 . . .
Avoid the contamination of

QUALITY CONTROL Bacteria, Mycoplasma, Fungi

Specificati Results
Physico-chemical characteristics
® Appearance White lyophilizate Conform
® _Solubility (in physiological water) I mg/ml Conform
Biological assay*
o TLR2 activity at 30 ug / ml Negative Conform
o TLR4 activity at 30 ug / ml Negative Conform
o ISG activity at 1 ug /ml Positive Conform

* TLR activity tested on HEK-Blue™ TLR cells and ISG tested on THP1-Blue™ ISG cells

TLR4 Negative:
Endotoxin Free

Date: 22 Dec. 2014 Reviewed by QA department:
Nicolas RICARD
2. od. 2014.08.01

THPI-Blue™ Positive:
Biological activity confirmed

Caution — Not fully tested. For research use only. Not for human use.

3950 Sorrento Valley Blvd, Suite 100, San Diego, CA 92121, USA
Phone : (858) 457.5873 Fax : (858) 457.5843 Website : www.invivogen.com Email : info@invivogen.com




Anti-Contamination — Detection

SCIENTIFIC REPg}RTS

OFEN . Cell based assay identifies TLR2
and TLR4 stimulating impurities in
Interferon beta

Received: 15 March 2017
Accepied: 1 August 2017
Published oaling: 03 %

embor 2017

LLydia Asrat Haile, Swamy Kumar Polumuri, Roshni Rao, Logan Kelley-Baker, Dimitri
Kryndushkin, Rajesh Rajaiah, Tomer Israely, V. Ashutosh Rao & DanielaVerthelyi

FDA tested TLR2/TLR4 contamination in
commercial IFNb products
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0.005

EU/mL

Standards

Product

Betaseron (1x 10°1U/ml)
Extavia (1x 10°I1U/ml)
Rebif (1x 108 1U/ml)
Avonex (1x 10° IU/ml)

Betaseron (Stock)

Extavia (Stock)
Rebif (Stock)

Avonex (Stock)

0.0000 I 5385.7100

Commercial LAL-based tests showed no
endotoxin (TLR4) contamination

& InvivoGen
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InvivoGen reporter cells suggest Betaseron contains
TLR2/4 impurities
a b c
IL-6 ccLs IL-1B
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]
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Mice experiments suggest InvivoGen cell lines
are accurate

InvivoGen cell lines detect low levels of
impurities that are not evident in LAL assay
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. BACTERIA, MYCOPLASMA&FUNGI:
Prevent V@ Deadly threats to cell cultures

e Since 1980s

Application Product

Mycoplasmas

bl . Plasmocin™ prophylactic

Yeast

Danger is hiding everywhere Normocin™
Be vigilant to keep your cells safe. R Prevetion . I
| Primocin

Microbial contamination of cell cultures is a constant and serious threat to your
research. Invasive mycoplasmas, bacteria, yeast and fungi can kill or drastically alter .
your precious cells, leading to erroneous results, lost time and wasted resources. F un g| n ™
InvivoGen offers a wide range of highly specific products to help you prevent,
detect and eliminate microbial contamination.
Detection PlasmoTest™

* Potent, fast-acting antimicrobial agents

in TM
* Highly selective: non-toxic to eukaryotic cells Plasmocin treatment

* Validated through strict quality control Plasmocure™

Elimination
Normocure™

[+ )
/' i T +8523622 3480 F +852 3622 3483 E info.hk@invivogen.com
7 InvivoGen

www.invivogen.com

Fungin™




Anti-Contamination — Prevention

Normocin™

Mycoplasma Bacteria Fungi

Normocin™ (4 v 74

Pen/Strep X v X

PROTOCOL |

Genome engineering using the CRISPR-Cas9 system

F Ann Ran!-5:8, Patrick D Hsu!-5:8, Jason Wright!, Vineeta Agarwalal-6.7, David A Scott!-4 & Feng Zhang!—4

IBroad Institute of Massachusetts Institute of Technology (MIT) and Harvard, Cambridge, Massachusetts, USA. 2McGovern Institute for Brain Research, Cambridge,
Massachusetts, USA. *Department of Brain and Cognitive Sciences, MIT, Cambridge, Massachusetts, USA. Department of Biological Engineering, MIT, Cambridge,
Massachusetts, USA. SDepartment of Molecular and Cellular Biology, Harvard University, Cambridge, Massachusetts, USA. 6Program in Biophysics, Harvard University,
MIT, Cambridge, Massachusetts, USA. 7Harvard-MIT Division of Health Sciences and Technology, MIT, Cambridge, Massachusetts, USA. 8These authors contributed
equally to this work. Correspondence should be addressed to F.Z. (zhang@broadinstitute.org).

Published online 24 October 2013; doi:10.1038/nprot.2013.143
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cfu/m!
Normocure™ Wy

1.E+06

Anti - Bacteria 1.E+08
1.E+07 *

1.E+08 4

NORMOCURE™ 1.E+05°
Bacterial i ‘ 1_E+04 |

attack?

Fight back! I 1.E+03°
1.E+02°
1.E+01°

1.E+00~ . . L ——

Untreated  +Pen/Strep + Normocure

The Antibacterial Super Agent

Save Your Valuable Cell Lines from Invaders

HEK293 cells (3x10° cells/ml) were spiked with a mixture of
Gram- non-fermenting bacilli  (Pseudomonas aeruginosa,
Alcaligenes xylosodans, Achromobacter sp. and Stenotrophomonas
maltophilia) at the concentration of 10° colony forming units

# Highly potent antibiotic cocktail

, : ‘iji;!*# . (cfu)/ml, and were then either left untreated, or treated with
—= 100 U/ml penicillin and 100 pg/ml streptomycin or with 100
& InvivoGen R e

ug/ml Normocure™, After 4 days at 37° C, 5% CO,, the
bacteria were quantified (cfu per ml).
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SARS-CoV-2 Related Products 7 InvivoGen

#% COVID-19

SARS-CoV-2 (2019-nCoV) Research - Latest Insights & Products

The ongoing coronavirus disease-19 (COVID-19) pandemic is caused by the severe acute respiratory syndrome coronavirus-2, SARS-CoV-2 (or 2019-nCaoV), a
B-coronavirus that has crossed species barriers to infect humans [1, 2]. A similar disease was provoked in the past by two other B-coronaviruses, SARS-CoV in
2002 [3] and MERS-CoV in 2012 [4]. SARS-CoV-2 exhibits a high infectious rate and provokes a wide-array of symptoms (no clinical signs, mild, acute, or life-
threatening ). Today it represents a real burden not only for human health, but also for civil societies, and the global economy.

This is the third outbreak due to a highly-pathogenic B-coronavirus in only two decades. This points towards the tremendous need to acquire in-depth
knowledge of the virus infectious cycle among species, the cellular pathways involved in the viral replication, and the mounting of innate and adaptive immune
responses. Answers to these fundamental guestions shall help in the design of safe and efficient therapeutics, as well as prophylactic vaccines.

InvivoGen offers an expanding set of tools to foster research on SARS-CoV-2 infection and immune responses:

COVID-19-RELATED GENES nrw COVID-19-RELATED INHIBITORS
o SARS-CoV-2 Cellular Receptor Genes e Viral RdRp Inhibitor 100
o SARS-CoV-2 Structural Genes - Remdesivir
o JAK/STAT Signaling Inhibitors
- Ruxolitinib

COVID-19-RELATED ANTIBODIES 10w # Endosomal Acidification Inhibitors

5 A - Chloroguine
# Anti-SARS-CoV-2 Antibodies - Bafilomycin A1

OTHER COVID-19-RELATED PRODUCTS
& Typel IFN Inducers

COVID-19-RELATED PROTEINS 1r,

® Spike - Poly(l:C)
# HumanACE2 - 3p-hpRNA
# Fc-Fusion

- pFUSE-Fc plasmids
o Antibody Generation
- pFUSE
- pTRIOZ
& Vaccine Adjuvants
- Alum, emulsions, and PRR agonists
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