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Learning Objectives

* Explore the immunology and roles of targeted cytokines in therapeutics
for rheumatic diseases



How do we break through the therapeutic ceiling in rheumatology...”
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The Boy, The Mole, The Fox and The Horse by Charlie Mackesy



Harnessing cytokine signatures?

* Cytokine Therapeutics
* Cytokines — Drivers and Regulators?

* To a “cytokine centric” future?




Reflecting on therapeutic interventions...we shared our new medicines?

(From 1998) (From 2005)
Broad spectrum Cytokine blockade | | Treatingto a Small molecule
immune modulators | | T cell-depleting | | opened the held: therapeutic drugs
e.g. gold and therapeutics first TNF inhibitor state improves | | introduced:
sulfasalazine unsuccessful approved outcomes JAK inhibitors

I
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1875

Methotrexate {(From 1995) {(From 2000) (From 2010) Target range
first approved Therapeutic Early intervention expanded: cytokines,
approaches refined. | | improves outcomes | | cytokine receptors and
(From 1992) Improved based on underlying cell receptors
trial design and adapted | | pathogenesis
composite outcomes

Mclnnes IB and Gravellese E Nature Reviews Immunology 2021 in press



Biologics: molecular scalpels exquisitely target specific immune pathways




Cytokine therapeutics — from mono to poly targeting...

Cytokine-targeting biologics

Anti-IL-17 / 23s Anti-TNFs Tocilizumab
o ! » !
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Blockade of TNF, IL-17, Blockade of IL-6R

IL-23 signaling classic and trans
pathways signaling pathways

CD, cluster of differentiation; IL, interleukin 1; MHC, major histocompatibility complex;

SMEs, small molecule entities; TNF, tumor necrosis factor

Cell-targeting biologics

Checkpoint modulators

-
MHC

O T-cell receptor

CD28

Blocks co-stimulatory signal

Inhibition of
T-cell activation

Cell depleters

i CD20

B-cell

v

Depletion
of B-cells

Cytokine-targeting
SMEs
Tofacitinib, baricitinib,

upaditicinib...Tyk2i, BTK,
RORg?

N\ n
(1)

NS

o
N
=
\\JJ\ O"“N\N ~
iy

1. McInnes IB et al. Lancet 2017;389:2328-37;
2. Schett G et al. Nature Med 2013;19:822-4



JAK family inhibitors — combination cytokine targeting

Type | cytokine receptors Type Il cytokine receptors
[ 1 |
© [ ] = Type linterf
Interleukins (IL-2, IL-4, 09 ¢ «GM-CSF o (0.9, IFNG, IFNB) e ©
IL-7,1L-9, IL-15 and IL-21) IL-6 e © P Erythropoietin O. « Interleukins ° ’. P
0% |eo © le (IL-10, IL-20, IL-22
° © ® O. and IL-28)

= Erythropoiesis
» Lymphocyte » T-cell « Myelopoiesis * Innate
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and = Inflammation production defense

homeostasis
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Transcription

Tofacitinib34
*  Small-molecule pan-JAK inhibitor

*  Oral dosing with or without MTX

Baricitinib®
4= *+ Small-molecule JAK 1/2 inhibitor
*  Oral dosing with or without MTX

Filgotinib%* and upadacitinib””
¢ Small-molecule selective JAK1 inhibitors

*  Oral dosing with
or without MTX w =

1. Westhovens R et al. Ann Rheum Dis 2017;76:998-1008; 2. Winthrop KL et al. Nat Rev Rheumatol 2017;13:234-43;
3. Fleischmann R et al. Lancet 2017;390:457—66; 4. Fleischmann R et al. New Engl J Med 2012;367:495-507;
5. Fleischmann R et al. Arthritis Rheumatol 2017;69:506—17; 6. Kavanaugh A et al. Ann Rheum Dis 2017;76:1009-19;

JAK, janus kinase; MTX, methotrexate; STAT, signal transducers and activators of transcription

7.Voss J. Arthritis Rheumatol 2013;65(Suppl10):2374.



Pathogenetic lessons from cytokine therapies & vice versa?

i
Genetic factors
(eg, HLA-DR4, PTPN22)
Environmental triggers Protein modifications —# Antigen presentation —  T-cell activation —  B-cell activation —p
= Smoking = Citrullination
= Periodonitis L = Carbamylation T cell B cell
= Dust exposure = Acetylation
» Microbiome alterations
Smoke cessation PAD inhibitor Tolergenic dendritic cells Abatacept Rituximab
First hit: break of tolerance JAK inhibitor Btk inhibitor
Treg Syk inhibitor
| ] L ] f

GM-C5F inhibitors

Mclnnes IB & Schett G Lancet 2017:389:2328-2337



However, we shared our new medicines, not always successfully!

Immune-mediated inflammatory diseases
RA, IBD, axial SpA. psoriasis, JIA. vasculitits, SLE, asthma,
atopic dermatitis, MS and monogenic syndromes

IL-12/23p40,
IL-23p19,
IL-17A,

Extracellular
targets

Membrane
targets

Intracellular (]AKI:) [:JM{I:}
e (PoE)  (BTK)

[lmmune and stromal cell]

function normalised

Mclnnes IB and Gravellese E Nature Reviews Immunology 2021 in press



How do cytokine networks operate in IMIDs?

P=
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s 8. 8 8 8 & ¢S

Anti-inflammatory

L0, IL-1ra, solTNF-R
I systermn — TNFa . IL-1

!
I—- IL-6, IL-8, GM-CSF etc|

Pro-inflammatory
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Mcinnes IB et al Nature Rev RHewrmn 2016;
see also Barabasi AL et al Nature Rev Genetics 2011: 12:56-67; Feldmann M et al Cell 1996 85:307



How do cytokine networks operate in IMIDs?

Defence functional module
Gram-negative bacterial infection

IL-1 TNF

IL-23

OGM-C5F IL-6

GM-CSF GM-CSF? IL-6

Mclnnes IB et al Aature Rev Rheurmn 2016;
see also Barabasi AL et al Nature Rev Genetics 2011: 12:56-67; Feldmann M et al Cell 1996 85;307



Polling Question

* Where are cytokines involved across the disease
spectrum of RA?

A. Pre- disease

B. RA onset

C. Loss or maintenance of remission
D. All of the above



Over time does the immune system ‘adapt’ to the new scenario —

why is arthritis chronic?

Cytokines defining
endotypes with discrete
response capability (A vs B)

Cytokines reflecting
immune activation
mediating maintenance
or loss of remission
state (Cvs D)

Cytokines
mediating
transition to
Z chronicity ) )
= 1T /S N """
E
® Cytokines driving
o early immune
@ differentiation/
T breach of
=T
< tolerance
O
= 2 2

Pre-disease

Mclnnes IB, Isaacs J & Buckley C Nazure Rev Rheurn 2016

Arthritis onset

Tranczitinn

| oss or maintenance
of remission



Harnessing cytokine signatures?

* Cytokines — Drivers and Regulators?

* To a “cytokine centric” future?




From organ pathology to accepting and resolving molecular complexity?
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Does the tissue differentially define the pathology in disease?

PERSPECTIVES
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Matzinger & Kamala Nature Rev Immunology, 2011 11 221



Consider the decisions tissues make in response to challenge?
— cytokine pathways are central

--------------------
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Farber D Nature 593, May 27 2021
Weisberg SP et al Cell 184, March 18, 2021



Reimagining the structure of the synovium — FLS and macrophages to the fore

Sublining
layer
Lining
layer

Synovial
fluid

Wynn T Nature 2019 570; 169
Buckley C Nature 2019 572; 590
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Using RA as an example — how does chronicity occur?

Prostaglandins, proteases, and
reactive oxygen intermediates

. .
_.,:
T cnLs :
’
v - - X g

: TNF-a, interleukin-6, GM-CSF, IFN-a/8,
3  interleukin-15, interleukin-18, interleukin-32,
' VEGF, FGF, and CC and CXC chemokines
|
: Interleukin-17,
= ==——lpgenesis fnterleukin-l. and TNF-a
:
: Y == DAMPs, PAMPs,
£ ) d protea I .
’ { .c@e ) (o5, HSPs. tenascin, ift of Jean Michel-Dayer
: ate . - HA, fibronectin,
latrix enzymes and collagen)
B

(<) = |
*ml. A ~

!
' : Matrix / Vasoactive amines
atrx enzymes . NLR PAR2 Arachidonic acid
! 1] {Witysans ™ metabolites
S ( Proteases
' “:‘u"‘z. RANKL, Dkk-1, TNF-a and
Figwe 1. Pemible b | and interleukin-1 other cytokines
Bull Schweiz Akad Med Wiss. 1979 l Interleukin-6, interleukin-1,
Collagenase and prostaglandin in ¢ MMPs TNF-a, TGF-8, PDGF, and
Dayer JM, Goldring SR, Robinson D ADAMTS CC and CXC chemokines

Mclnnes IB & Schett G New.Eng.J.Med (2011)



What drives cytokine release in RA synovitis?

DAMPs (PAMPSs)

DAMPs (PAMPs) | : Immune
ProteaseP roteases i COrfTT]{&lé?(eef com plexeS
\\\ \\ ¢ l’ : I’
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PAR2 @
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. 1
Anti-MICL cytokines e.g. TNF, IL-6, GM-CSF
autoantibodiesacrophages central to disease chronicity?

Firestein G & Mclnnes IB Immunity 2017



Why study active disease?

Glasgow ~ Newcastle Upon Tyne
United Kingdom United Kingdom




What about synovial tissue macrophages in distinct disease states?

Dr Alivernini and Prof Ferraccioli (Catholic
University of the Sacred Heart, Rome)

1.5 h, 37°C

Liberase (150 wg/ml)

>

Synovial lissue biopsy

Rugians of aynovial hyparkuphy am idend

RNAseq (Glasgow Polyomics) o _ _ _
Staining with the following antibody panel

P So Live Dead
IR IR ] /7' _
T TTI] //79 1 marker APC/Cy7
npmn 2 CD45 BV 711
3 Dump Channel FITC
4 CD64 BV 510
O T r—— . g 5 CDllb AF 700
R Phenotyp‘n 6 CD206 BV 421
i3 7 HLA-DR BV 785
- 8 MERTK R PE
o 9 CD163 PerCP/Cy5.5
L 10 IL-13Ra APC

11 IL-4Ra PE/CY7



Novel taxonomy of human synovial tissue macrophages

FOLR2/ICAM1+
= e - (63 genes)
x4 x4 || X6 || X6 || X7 o \z sreras -
Undifferentiated . . Treatment Resistant, : taai R e
Healthy Arthritis (UPA) Naive, Active RA Active RA RA in Remission (181 genes)

Normal DAS28 3.33 + 0.28 DAS28 5.27 + 0.92 DAS28 5.45+ 0.93 DAS28 1.86 + 0.49

5,043 cells 5,323 cells 10,350 cells 6,015 cells 7,488 cells TREM2HIGH
(276 genes)

CD52/S100A12+
(432 genes)

In total - 34,219 synovial macrophages profiled from 27
patients, across 5 conditions

CD52/SPP1
(176 genes)

TREM2LoW
(152 genes)
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Alivernini S et al. Nature Medicine 2020



MerTK positive clusters: TREM2Ps / LYVE1P°® dominate in health and remission
while MerTK negative clusters: SPP1P%s / S100A12P% dominate in active RA

TREM2/CD68/nuclei

[ Healthy
B Active RA .. MerTKP=TREM2Zros MerTKPsLYVE1P®
. =0.004 S
I Remission RA —~ 1007 24 P —~ 100, (=002
g § p=0.02
o 807 S 80+ T .
< Health/Remission 5 j 5
= 40— — A0
s b 5100A12+ = = E
& e '," E 20+ W apd
. \ > = L=
& 0O * 0 ® ol .
—
o <
~ ()
= A MerTK™:$100A 12008 MerTK™9SPP1P°®
-'_-' > (CDA48resCD9OsCLEC10as) ’ (CD482=CDYrosCLEC10
8 p=0.0001 *p=0.0001 p=0.02 p=0.01
T MerTK+ S L oot 12y
' | K 10-
Active RA ?;fa.~ h
2 "7 2 8l
& B i
Validated by flow cytometry S | & S] j
and immunohistochemistry E E g
5 ’ 5 27
® o R oA

Alivernini S et al. Nature Medicine 2020



MerTKn®8 STM populations produce pro-inflammatory mediators, while

MerTKrPos STMs produce inflammation resolving mediators

US-GUIDED
SYNOVIAL TISSUE BIOPSY

Remission RA

[ &
w Active RA
@

MerTK positive clusters

MerTK scRNAseq

+/-LPS (10 ng/ml)
1000 STMs/well
Sorting / +/- GAS6 (100 ng/ml)
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measurements
’ ‘ ’ ‘ ‘ \ 24hours
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Alivernini S et al. Nature Medicine 2020
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MerTKn®8 STM populations produce pro-inflammatory mediators, while
MerTKrPos STMs produce inflammation resolving mediators
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Alivernini S et al. Nature Medicine 2020 CD206



RA patients in disease remission who do not flare after treatment
cessation have high proportion of MerTKP® synovial macrophages

MerTKPC D206
R=-0.337 :
p<0.001 D163 /CD206™ 231.0% | | . !
100 - :
b ' ° ¢ [eas o - L ‘ ‘ |
80 - fo © CD163™ /CD2067 =34.5% I .
b “w e, °
= Y, ® * = neg e - | |
S8 60 4 .. MerTK"/CD206™= 217.0% —e |
) -——l -!“.. & &
5 T, hﬁ"’f: 13,5
f-_ﬁ 40 - ";-., > i T MerTkres/CD206m =47.5% A ——
X - . - | [2.26-80.79) p=0.004
= 20 - . 'c":“*u‘ MerTK*/CD206™ _ 5« | |_1f'2_|
e '.= L I MEI’"TK”EE}'ICDEDEHEg . E[Z.E]—]ﬂﬂ?.ﬂ-E] p‘=D.IﬂC|3 .
0 ‘ﬂ! o ® 001 0.1 1 10 100 1000
| ! ODDS RATIO

DAS28 value OCCURRENCE of FLARE

CD, cluster of differentiation; DAS28, Disease Activity Score based on 28-joints;

MerTK, MER proto-oncogene, tyrosine kinase; neg, negative; pos, positive; RA, Adapted from: Alivernini S, et al. Nat Med 2020:26(8):1295-306.
rheumatoid arthritis ' '



Looking to the future in IMID therapeutics to target cytokine networks?

Second hit: joint homing | Logal
“ . Synovial hyperplasia ‘ Cadherin 11, synoviolin, Tyro3
Autoantibodies Synovial inflammation
« AMIPA — = TNF. interleukin &
» fheumatoid factor Osteoclasts and bone RANKL, M
| | erosion TINF, interdeukin 6, ; in1f

FLS subsets.

AR @.\ -

o_ 0

Abatacept —\b\
Metaboli
Rituximab Interleukin-6 ligand and Liver function

New candidate SMEs

4

receptor inhibitors

Interleukin 23 inhibitors CNS: pain and depression
(early disease?) JAK inhibitor

GM-CSF inhibitors

Macrophage subsets

Adatped from Mclnnes IB & Schett G Lancet 2017:389:2328-2337



Cytokines regulate inflammation distinctively across different tissues...

Disease domain of SpA

Peripheral arthritis

Physical
Arthritis function X-ray damage Skin Axial disease
(ACR70)! (HAQ)! (PsA-mSvdHS)? (PASI 75)* Nails?-72 Enthesitis? Dactylitis1P (ASAS40)

TNF Axial PsA8c+ axSpA?

TNF/IL-17A

CD80/86

IL-6

IL-23-p19 Aol popize | RIS—AS®
JAK

PDE-4

agfficacy demonstrated in nail psoriasis or patients with PsA with nail psoriasis; PDifferent instruments used in studies; °As judged on evidence in axial SpA,;
dOpen-label study — no major clinical response observed; ¢éAssessed with BASDAI in patients with active PsA with imaging-confirmed sacroiliitis from
DISCOVER-1&2; 'No significant difference vs placebo (ASAS20)

1. Adapted from: Kerschbaumer A, et al. Ann Rheum Dis. 2020;E-pub ahead of print; 2. Adalimumab SmPC. Available at: https://www.medicines.org.uk/emc/product/2150/smpc. Accessed May 2020; 3. Secukinumab SmPC. Available at: https://www.medicines.org.uk/emc/product/3669/smpc. Accessed May 2020; 4. Guselkumab
SmPC. Available at: https://www.medicines.org.uk/emc/product/8662/smpc. Accessed May 2020; 5. Risankizumab SmPC Available at: https://www.medicines.org.uk/emc/product/10199/smpc. Accessed May 2020; 6. Merola J, et al. J Am Acad Dermatol. 2017;77:79-87; 7. Apremilast SmPC. Available at:
https://www.medicines.org.uk/emc/product/3648/smpc. Accessed May 2020; 8. Gossec L, et al. Ann Rheum Dis 2020;79:700-12; 9. Baraliakos X, et al. EULAR 2020. Oral OP0053; 10. Song H, et al. Ann Rheum Dis. 2011;70:1108-10; 11. Sieper J, et al. Ann Rheum Dis. 2015;74:1051-7; 12. Helliwell P, et al. EULAR 2020. Oral
OP0054; 13. Baeten D, et al. Ann Rheum Dis. 2018;77:1295-302; 14. van der Heijde D, et al. Ann Rheum Dis. 2017;76:1340-47; 15. Pathan E, et al. Ann Rheum Dis. 2013;72:1475-80.


https://www.medicines.org.uk/emc/product/2150/smpc
https://www.medicines.org.uk/emc/product/3669/smpc.%20Accessed%20May%202020
https://www.medicines.org.uk/emc/product/3669/smpc
https://www.medicines.org.uk/emc/product/3669/smpc
https://www.medicines.org.uk/emc/product/3648/smpc

Cytokines in different tissues:
Interconnectivity of the brain and peripheral inflammation?

Pretreatment

Post-treatment

7

Figure 2: Representative image of changes in brainstem [1231]-B-CIT uptake,
used to measure SERT availability, before and after etanercept treatment

Nerurkar L et al (2019) Lancet Psychiatry. 6:164-174
See also Hess et al. PNAS (2011);108:9:3731-6



Multi-modal MRI study of the central response to inflammation in RA —
giving up the brain’s secrets?
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“higher levels of inflammation are
associated with more positive
connections between the inferior
parietal lobule (IPL), medial prefrontal
cortex, and multiple brain networks, as
well as reduced IPL grey matter, and that
these patterns of connectivity predicted
fatigue, pain and cognitive dysfunction “

Schrepf A et al. Nature Comms 2018 DOI: 10.1038/s41467-018-04648-0



Increased Connectivity is Associated With Symptoms of RA

pain
SLN — DMN - DAN

DAN — attention
» | pain
fatigue

“x SLN - importance
pain
cognitive
performance

Schrepf A, et al. Nat Commun. 2018;9:2243.



DMN-Insula Connectivity Correlates With FMness Among RA Patients

Seed: Left Mid Insula

Default Mode Network

30

N
(=

FMness Score
o

0

-02 01 00 01 02 03
DMN - L Mid Insula Connectivity

Basu N, et al. Arthritis Rheumatol. 2018;70:1000-7.



Critical role for myeloid lineage cells in the brain?

Choroid plexus (CP)
Dura mater (D)
Subdural meninges (SD)

CP microglia

Utz SG, et al (2019) Nature Neuroscience. 22:843-850.



Beyond synovitis

Critical role for myeloid lineage cells in the brain?

Chronic
peripheral inflammation
e.g. rheumatoid arthritis

Inflammatory * Homeostatic
microglia ‘ microglia

C3,C1pc,  Ferls, P2ry12
Cxcl13, Ccl2, r(3')(3,(rr1y .
Apoe, Cd9

Cerrrel

&

)

!
PIRI2 e DRt el e
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« TNF Tg mice: inflammatory myeloid
subpopulations in cortex, striatum, and
thalamus

 Human RA post mortem brain slices —
macrophages dysregulated

SulR P et al. Cell Reports 30, 4082—-4095, March 24, 2020



Harnessing cytokine signatures?

* Cytokine Therapeutics
* Cytokines — Drivers and Regulators

* To a “cytokine centric” future?




Reflecting on the tissue pathogenesis across IMIDs — organ based therapeutics

Ulcerative colitis Crohn's disease Axial spondyloarthritis

/

ce el
I Interleukin-17A l :

Schett G, Mclnnes IB Neurath MF. N Engl J Med 2021;385:628-39



From organ pathology to accepting and resolving molecular complexity?
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Reframing Immune-Mediated Inflammatory Diseases through Signature Cytokine Hubs?

Organ-Based Concept

Signature Cytokine—Based Concept

Interleukin-17A
Interleukin-1

Interleukin-23

Interleukin-6

Interleukin-174

- Interleukin-1

TMF-a

Schett G, Mclnnes IB Neurath MF. N Engl J Med 2021;385:628-39



Cytokine therapeutics — what will future drug discovery look like?

“Scottish Water Kelpies”



How do we break through the therapeutic ceiling...
cytokine signatures per tissue level?

4 N

Strategic revolution?

— immune homeostasis, aiming for
remission and cure

\ /

/" Therapeutic application
trialled?

— rational combination, strategic
\_ utilisation Y,

Underlying pathogenesis
sufficiently defined?

— defining disease by mechanism
and not organ involved

\ /
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