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Outline

1- Immune related adverse events (irAE) clinical presentation overview
2- Challenges of mitigating irAEs

3- Proposed irAE mechanisms to-date

4- Defining key pillars for setting up irAE focused translational program

5- Pressing needs and gaps in the field



Immune Checkpoint Inhibitors (ICls):
over 80 FDA-approved indications in cancer
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Mechanism of action: “re-establish” T cells ability to attack tumor tissue”

Drake et al. (2014) Nat Rev Clin Oncol.



Immune Checkpoint Inhibitors (ICls):
How can we improve ICl therapeutic successes?
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Immune Checkpoint Inhibitors (ICls):
How can we improve ICl therapeutic successes?
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Bending the Survival Curve
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Bending the Survival Curve
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Immune Checkpoint Inhibitors (ICls):
How can we improve ICl therapeutic successes?
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Lifesaving potential ICI therapy is severely limited by

immune related adverse events (irAEs)
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Case 9-2020: A 64-Year-Old Man with Shortness of Breath,
Cough, and Hypoxemia

Reynolds KL, et al. N Engl J Med. 2020 ;382(12):1150-1159.



Case 9-2020 overview

12/28/2015: Brain metastasis discovered (1.7 cm), Lung Lesion (2 cm)
1/11/2016: Brain metastasis resected, melanoma

3/9/2016: First Dose of Combination Immunotherapy R, R, T RN
* Ipilimumab 3 mg/kg (CTLA-4 inhibitor) Q0P wie s %t TER =T
* Nivolumab 2 mg/kg (PD-1 inhibitor) WL T TSR NN

3/30/2016: Second Dose of Combination Immunotherapy
4/4/2016: Admitted with Pneumonitis
5/12/2016: Admitted with Colitis

5/25/2016: Immune System Started to Attack Nerves

5/27/16: Intubated in intensive care

6/5/16: Expired

Striking Findings at Autopsy:
* Histological evaluation of lung nodule = necrosis
* Neuropath Report =T cell (CD3) infiltrate causing sensory ganglionitis, loss of myelinated fibers, naked axons
* Fungal Pneumonia/Fungal Colitis = Aspergillus Terreus

Reynolds KL, et al. N Engl J Med. 2020 ;382(12):1150-1159.



irAEs incidence will continue rising with ICl becoming standard of care

MGH treats over 1,000 patients/year with ICI 30% of US cancer patients eligible for ICls
TOTAL ICI PATIENTS (MGH Boston)

1400 All Eligible Cancer
1200 patients in the US
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MGH inpatient irAE admissions

IrAE Admissions (No.)

160

140

=
=]
=

00
(=]

]
(=]

B
(=

2011 2012

Yearly Primary Inpatient irAEs by Toxicity Type

2013

B Gastrointestinal @ Pulmonary

W Dermatologic

B Cardiac

B Hepatic

M Renal

2014

2015
Year

m Meurologic

B Allergy

2016 2017 201a8*

B Endocrine ® Rheumatologic

B Hematologic

Molina GE, et al. Oncologist. 2021 Jun;26(6):514-522



Chronic irAE are more prevalent than previously recognized

* chronic irAEs: defined as those persisting for >12 weeks after discontinuation of an anti-PD-1/PD-L1

» chronic irAEs occur in 43.2% of patients (ref. below)

* Why the lack of irAE recognition?

—> acute irAEs will at least improve with steroids and often resolve altogether

—> irAE reporting in early clinical trials focus on most frequent irAE (occur in 210% participants).

Low-frequency events are under-reported/recognized regardless of their aggregate prevalence

—initial clinical trials enrolled patients with metastatic cancer; characterizing chronic and long-term
events is challenging because of limited life expectancy constraining long-term follow-up

- presence of multiple co-morbidities in cancer patients can impair the identification of chronic irAEs

Patrinely, J. R. Jr et al. JAMA Oncol. 7, 744-748 (2021).



[

Toxicity Grade

Kinetics of immune-related adverse events

Weeks Skin toxicity
— Liver toxicity
— Diarrhea,
~ Hypophysitis

v

* Most irAEs occur by week 24 (6 months)

* Combination therapy more toxic than monotherapy
e Skin most common

* Toxicity incidences vary across ICl used
—> Colitis and hypophysitis more common with anti- CTLA-4

- Thyroiditis more common with anti-PD1

Weber, J Clin Oncol, 2015




The distribution, severity, and frequency of irAEs is related

to the class of ICl used

Distribution of Grade 1-2 IRAEs

Distribution of Grade 3-5 IRAEs

IR

Michot et al. European Journal of Cancer (2016)



Are anti-CLTA-4 and anti-PD1/PDL1 irAE different?

* Histopathologically, anti-CTLA4 irAEs are not distinguishable from anti-
PD1/PDL1 irAE

* Treatment of irAEs appears is dependent on the organ involved and the
severity of the inflammation, rather than on the class of checkpoint inhibitor
that was used



Limited understand of irAE mechanisms = limited tailored
treatment solutions

* Distinct immunopathogenic mechanisms result in irAEs, leading to distinct histopathological
phenotypes in each affected organs

 Example: immune- related nephritis or musculoskeletal adverse events can be:
—lymphocyte driven

-2 complement mediated

—antibody mediated

—caused by sterile inflammation (eg., pauci- immune glomerulonephritis) without any immune
infiltrates on histopathological analysis

* Should these different presentations be treated differently?

— Current guidelines do not make such a distinction.

Esfahani et al. Nat Rev Clin Oncol. 2020 Aug;17(8):504-515



Grade of Toxicity & General Guidelines for Management
Problem: everything is reactive NOT proactive

—>poor understanding of irAE pathogenesis = we don’t know what are we treating

Mild, asymptomatic

2 Moderate

3 Severe or medically
significant

4 Life threatening
consequences

Outpatient

Outpatient (close
monitoring)

Inpatient

ICU

Observation Continue
Steroids (0.5-1 mg/kg/day), oral Hold pending
resolution
Steroids (1-2 mg/kg/day), IV Hold
Steroids (1-2 mg/kg/day), Discontinue

Consider additional agents (i.e.
infliximab)

*ESMO: Haanen et al. Ann Oncol. 2017 Jul 1;28(suppl_4):iv119-iv142.
*SITC: Puzanov et al. J Immunother Cancer. 2017 Nov 21;5(1):95.
*ASCO/NCCN: Brahmer et al. J Clin Oncol. 2018 Jun 10;36(17):1714-1768.



Is it important to avoid steroids? Impact on survival

* faje et al. Cancer 2018: High-dose glucocorticoids for the treatment of ipilimumab-induced

hypophysitis is associated with reduced survival in patients with melanoma. Cancer
2018;124:3706-3714. (referring to high dose steroids)

A)

100.0% —¢
LD, median not
80.0% reached, p =0.002

% Metastatic melanoma treated with
z O ipilimumab monotherapy
E 40.0% HD, median 23.3 months COmplicated by hypOphySItIS
g
20.0%
0.0%
] 12 24 36 A8 60 72 84
Months after starting ipilimumab
No. at risk:
LD 14 14 13 1 8 3 2
HD 50 4 20 12 f 3 2 1

Horvat et al. . J Clin Oncol 2015,;33:3193-8.
Fajje AT, et al. Cancer 2018;124:3706-3714.
Arbour KC et al. J Clin Oncol 2018;36:2872-2878
Gourd E, et al. Lancer Oncol 2018; 19 (10).



Is it important to avoid steroids? Immunosuppression & efficacy

* Arbour KC, et al. J Clin Oncol 2018. Impact of baseline steroids on efficacy of programmed cell
death-1 and programmed death-ligand 1 blockade in patients with non-small-cell lung
cancer. (referring to baseline steroids)

* GourdE, et al. Lancer Oncol 2018: Baseline corticosteroids reduce activity of PD-L1
blockade (referring to baseline steroids)

« Bai X et al. Clin Cancer Res 2021: Early use of high-dose glucocorticoid for the management
of irAE is associated with poorer survival in patients with advanced melanoma treated with

anti-PD-1 monotherapy wl Ty ~ AE(-GCC()
5 5 _‘_ | ~ IrAE(+)-GCC(-)
3 e S
— The use of of high dose steroids during : — S —
. D 2 p<0.
PD1/PDL1 treatment can have potential

detrimental effect on anti-cancer response "

200 250 300 350 400
OS (weeks)

- 947 patients, 509 (54%) developed irAEs
Bai X et al. Clin Cancer Res. 2021 Nov 1,;27(21):5993-6000




Better treatment solutions start with understanding irAE mechanisms

¥4

Why study toxicities directly in patients?

- Many complications not-well (yet)
phenocopied in pre-clinical models



irAE presentation can phenocopy autoimmune disease presentation

 Autoimmune disease: evidence exists for T cell-

mediated or B cell- mediated immunity against Nervous system Pituitary
. . . . Guillain—Barré syndrome Hypophysitis
self- antigens, which is not the case for all irAEs. My%%tgggﬁaal ravis
. Lungs
Thyroid it
Hypo¥[hyroi_d Pneumonitis
. . . Hyperthyroid
* Auto-inflammatory component = activation of Heart Adrenal
innate immune cells = primary form of immune Myocarditis Insufficiency
dysregulation; little/no evidence for specific, self- Gastrgintestinal - "a?‘gf-egst
i - di i i olitis e 1 diabetes
antigen- directed adaptive immune responses Autoimmone hepatitis yp
Rheumatologic
Ski Vasculitis
o . . . Vltllllgo Arthritis
* Auto-inflammation theory - host-directed tissue . Poriasis
inflammation at anatomical sites; local factors teveSE{_Esosg‘;%rér%yrﬂemme

contributing to target organ damage

- Let’s explore potential biological mechanism driving irAE



Breach of self-tolerance

* T cells play a central to the immunopathogenesis
y [% of most irAEs

e T cells are involved in numerous self-directed
[ Naive immune processes can result from loss of T cell
lymphocyte tolerance
CX-;@ @ * Presence nascent autoreactive T and B cells
T cell B cell having escaped central tolerance (inefficient
S ER O ShuEEl Ee purging) = pathogenic autoantibody formation

@ * Autoreactive T / B cells might be generated during
ICI therapy as a result of diversification and sub-
Autoreactive T cells Autoantibody compartmental expansion of lymphocytes

formation

Esfahani et al. Nat Rev Clin Oncol. 2020 Aug;17(8):504-515



Cytokine & chemokine production

I I j * The release of inflammatory
Target cells mediators from immune cells can
Innate immune cells oXe) /

lead to immune-mediated damage
in tissues with an anatomic
predisposition

(e.g., interferon related signaling)

Adaptive immune cells

Esfahani et al. Nat Rev Clin Oncol. 2020 Aug;17(8):504-515



I — Limitation: all studies remain small
: - Need large validation cohort

Cytokine & chemokine production

Translational Cancer Mechanisms and Therapy

Circulating Cytokines Predict Immune-Related
Toxicity in Melanoma Patients Receiving
Anti-PD-1-Based Immunotherapy

Su Y. Lim"?, Jenny H. Lee'?, Tuba N. Gide?>, Alexander M. Menzies®>*
Alexander Guminski®~>%, Matteo S. Carlino®*°, Edmond J. Breen®,
Jean Y.H.Yang”®, Shila Ghazanfar’®, Richard F. Kefford"%?,

Richard A. Scolyer’*?, Georgina V. Long®>*, and Helen Rizos"?

Clin Cancer Res; 25(5) March 1, 2019

9 Other studies have highlighted the potential I
role of other cytokines, such as L17, IL6, TNF, IL- |
1B, IL-2, and GM-CSF, but not IL-6, IL-8, G-CSF, |
or MCP-1, IFN-y, IL-8, CXCL9, CXCL10, CCL19, |
and CXCL11 :

I

____________________ |

Review: Kang JH, et al. Trends Immunol. 2021;42(4):293-311.

Exploratory Cohort: 98 melanoma patients on ICl
Exploratory Cohort: 49 melanoma patients on ICl

Experiment: 65 cytokines profiled before and
during ICl therapy

Results:

1- 11 cytokines associated with high grade irAE at
baseline and during treatment

- G-CSF, GM-CSF, Fractalkine, FGF-2, IFNA2,
IL12p70, IL1a, IL1B, IL1Ra, IL2, IL13

2- Created a toxicity score — CYTOX — that they
validated in independent cohort




Potential antigenic targets in immune-related adverse events:
specialized proteins (endocrine organs), tissue restricted protein, microbiome
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Barrier organs - Colon

Shared Antigen site - skin melanocytes

Pancreatic B cells

Wang et al. Trends Cancer. 2023 Apr 26:52405-8033(23)00058-4



Off-target effects

* Off-target effects of ICls on non-
haematopoietic cell expressing the target
immune checkpoint ligand

* Hypophysitis secondary to anti-CTLA4
could be due to enhanced complement-
mediated inflammation due to direct
binding of an anti-CTLA4 antibody with
CTLA-4 expressed on normal hypothalamic
and pituitary tissue

\
Pituitar K
gland Y N * Does NOT explain hypophysitis in response
to anti-PD-1 (rarer)

Esfahani et al. Nat Rev Clin Oncol. 2020 Aug;17(8):504-515



Cross-antigen reactivity

* Release of host antigens from tumor cells
undergoing cytotoxic attack (e.g.,
vitiligo in melanoma patients on ICl)

Tumour
antigen

* Self-antigen might be released when non-
elefe transformed tissues around tumor
Skin ‘ microenvironment are damaged

‘ | ‘ | i collaterally by immune cells directed
against tumor

* Antigenic cross-presentation / bystander
activation can facilitate antigen
presentation and autoimmunity

Tumour

Esfahani et al. Nat Rev Clin Oncol. 2020 Aug;17(8):504-515



Cross-antigen reactivity

Article

T cells specific for a-myosin drive
immunotherapy-related myocarditis
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Microbiome shaping host immune response

p o ?QZ ° The enrichment of the microbiome with

o %\ o certain bacterl'al spec.les can:'
% —> protect against or induce irAEs
(@] o o

00 —> influences immune lineage
og specifications towards pro-
®

® inflammatory or regulatory cell

— Regulate the production of pro-

inflammatory or anti- inflammatory
cytokines

* Pro-inflammatory lineage shifts
* Inflammatory cytokine production

Esfahani et al. Nat Rev Clin Oncol. 2020 Aug;17(8):504-515



Many toxicities occur at barrier organs including the skin,
gastrointestinal tract and liver, and lungs

PD-1 blockade CTLA-4b;I‘0ccokr:§(ienation
Sl r— Hypophysitis . . . .
E ; , h " o e irAE associated with barrier organs
-1 Hyperthyroidism ————————
: = . | may suggests that the antigenic
e ﬂf% N— N emants targets of the immune response may
6l tract e il Arthralgia = § } b h I . b-
i . — ot e the commensal microbiome
Q) diabetes Colitis
— not proven

Major barrier organs Most clinically important irAE

Wang et al. Trends Cancer. 2023 Apr 26:52405-8033(23)00058-4



Microbiome shaping host immune response
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Gut microbiota signatures are associated with
toxicity to combined CTLA-4 and PD-1 blockade
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Cohort: 77 patients with advanced melanoma
treated with ICl with a high rate of any >grade 3
iIrAE

Experiment: profiled the blood, tumor and gut
microbiome

Results:
1- toxicities associated with more diverse
peripheral T-cell repertoire;

2- significantly higher abundance of Bacteroides
intestinalis in patients with toxicity;

3- upregulation of mucosal IL-1B in patient
samples of colitis and in pre-clinical models




Tissue-resident memory (T,,) cells

Checkpoint Blockade-Induced Dermatitis and Colitis Interferon-Gamma—Producing CD8 ™ Tissue Resident Memory T ®
Are Dominated by Tissue-Resident Memory T Cells and Cells Are a Targetable Hallmark of Inmune Checkpoint
Th1/Tcl Cytokines Inhibitor-Colitis

1,2 : 1.2\ 1,2 i a3
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Gastroenterology 2021;161:1229-1244

Molecular Pathways of Colon Inflammation
Induced by Cancer Immunotherapy

Adrienne M. Luoma,’-%1® Shengbao Suo,%' Hannah L. Williams,* Tatyana Sharova,>¢ Keri Sullivan,” Michael Manos,*#
Peter Bowling,* F. Stephen Hodi,*2 Osama Rahma,*° Ryan J. Sullivan,'® Genevieve M. Boland,>¢ Jonathan A. Nowak, "
Stephanie K. Dougan,’-2 Michael Dougan,’-'4* Guo-Cheng Yuan,®'4 and Kai W. Wucherpfennig'2.12.14.15.*

Cell 182, 655-671, August 6, 2020 | - Several studies have highlighted
the potential role of tissue-resident

Myosin specific T, cells mediate increased severity of immune memory T cells in mediating/
checkpoint inhibitor myocarditis G contributing to irAE pathogenesis
Hannah Maryam Kalinoski; Taejoon Won; Vitali Rusinkevich; Monica V Talor; David M Hughes; Megan K Wood; Jody E Hooper; . .

Daniela Cihakova across different tissues

+ Author & Article Information
J Immunol (2021) 206 (1_Supplement): 98.52.

https://doi.org/10.4049/jimmunol.206.Supp.98.52




Tissue-resident memory (T,,) cells

* Trm T cells are long lived memory effectors that make up a
majority of T cells in most human organs

4 e Play an important role in tissue surveillance and recall

Epithelium
Macrophage  Dendritic cell responses to pathogens
( Q l'jl * Trm remain in tissue to expression of retention molecules
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Macrophages and DCs can produce CXCL9-11 that can recruit
additional circulating T cells



Genetically predisposed individuals to irAEs

 Germline genetic factors are strong determinants
of immune homeostasis

* Phenotypic similarities between irAEs and
autoimmunity - shared genetic factors?

 Association between toxicity and responses in
some cases =2 shared genetic factors

* Limitation: Majority of genetic association studies
to-date have small sample size (<200 patients),
and lump together all irAE types, limiting the
chance of identifying true associations

Chin Iset al. NP/ Genom Med. 2022;7(1):73.



Genetically predisposed individuals to irAEs — IL7
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- Cohort: 1,751 patients treated with ICl across 12 cancer types
High grade irAE: 259 cases 1,375 controls
All irAEs: 339 cases 1,412 controls

- Results — 3 genome-wide significant results
—2rs16906115 near IL7 was replicated in 3 independent studies
—1L7, a critical regulator of lymphocyte homeostasis

= Patients carrying the IL7 germline variant exhibited significantly
increased lymphocyte stability after ICl initiation, which may be
predictive of downstream irAEs and improved survival

- Study design — to validate the IL7 association specifically

- Cohort: 214 melanoma patients on ICI
- Results — association with rs16906115 near IL7 was replicated

- Patients carrying the risk allele demonstrated:
- increased pre-treatment B cell IL7 expression;
- increased irAE risk;
- divergent immunoglobulin expression;
- more B cell receptor mutations;
- distinct ICB-induced CD8+ T cell subset responses;
- skewing of T cell clonality




Genetically predisposed individuals to irAEs — NLRC5 & HLA

< amsemsee  Germline genetic variants are associated
with development of insulin-dependent
diabetes in cancer patients treated with
immune checkpoint inhibitors

Jasmine | Caulfield," Lilach Aizenbud,' Ana Luisa Perdigoto,? Eric Meffre,?
Lucia Jilaveanu,' Dominika A Michalek,* Stephen S Rich,* Yariv Aizenbud,®

Adebowale Adeniran,® Kevan C Herold,? Matthew R Austin,' Harriet Kluger ©

—> Cohort: 13 patients with ICl-diabetes & 13 controls
- Experiment: RNA and whole exome sequencing on tumors
- Results: missense mutation in NLRC5 in 9/13 ICl-diabetes

Cancer Immunology, Immunotherapy (2021) 70:1939-1949
https://doi.org/10.1007/500262-020-02797-0
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Genetic determinants of immune-related adverse events in patients
with melanoma receiving immune checkpoint inhibitors
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Ramona Dadu’ - Vickie Shannon® - Sanjay S. Shete*® . Maria E. Suarez-Almazor''°

Several different HLA alleles associated with irAEs across
multiple small studies > larger studies are needed

European Journal of Cancer 172 (2022) 98—106

Human leucocyte antigen genotype association with the
development of immune-related adverse events in patients
with non-small cell lung cancer treated with single agent
immunotherapy

Afaf Abed “"“%* Ngie Law °, Leslie Calapre *°, Johnny Lo "2,
Vikas Bhat ¢, Samantha Bowyer ¢de Michael Millward 4,
Elin S. Gray *"#*

European Journal of Cancer 107 (2019) 8—14
Human leukocyte antigen variation is associated with
adverse events of checkpoint inhibitors
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Christoph Driessen ¢, Tobias L. Lenz "', Lukas Flatz "¢

Frontiers in Immunoloay

10.3389/fimmu.2022.952099
Association between germ-line
HLA and immune-related
adverse events

Ning Jiang™, Yue Yu", Min Zhang?®, Yu Tang®, Dawei Wu",
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Why do some irAE fail to resolve: acute vs. chronic irAE

Smoldering inflammation scenario

Burnout / irreversible scenario
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» off-target T cell activation that may wax Phy 5 : v(e.g,
. hormone-secreting cells
and wane over time
[ J

Johnson D. Nat Rev Clin Oncol. 2022 Apr;19(4):254-267

Require permanent hormone replacement therapy



Possible frequencies of chronic immune-checkpoint inhibitor-induced toxicities

Myasthenia gravis . - Hypophysitis

Guillain-Barreé Possible incidence of

Mucositis

. development into
Ocular toxicity - subacute/chronic toxicity
Dermatitis - Xerostomia 80-100% Percentages expressed are the percentages of

Pruritus

o Thyroiditis/
Vitiligo - . hypothyroidism

Oesophagitis

60-80% acute toxicities that become chronic (defined as
40-60% those that persist for at least 12 weeks following
ICI discontinuation)

20-40%

0-20%

Myocarditis

- Adrenal insufficiency

Pneumonitis

i Unknown/<5 cases
Persistent

wheezing/coughing Pancreatic insufficiency *<5 cases in our series but
. % reportedly high rates of
o Diabetes chronicity in other series
Hepatitis

Colitis/diarrhoea

Coeliac disease

mrthritis

Neuropathy -

-> The exact risks of acute toxicities becoming chronic (defined as persisting for
at least 12 weeks beyond treatment cessation) are currently unknown

Johnson D. Nat Rev Clin Oncol. 2022 Apr;19(4):254-267



Time course and potential importance of key issues throughout the course of
treatment with immune-checkpoint inhibitors

Acute toxicities
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Johnson D. Nat Rev Clin Oncol. 2022 Apr;19(4):254-267



Key challenge: de-coupling tumor-specific versus

non-tumor triggers associated with irAEs

Tumour-specific

Neoantigen/host
antigen homology
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Multiple mechanisms have been proposed for irAEs — complex picture

Breach of self-tolerance & Microbiome shaping

increase level of pre-existing host immune response
circulating autoantibodies
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Importance of pursuing translational effort to improve clinical care

* Understand spectrum of presentations would enable developing:

— Biomarkers: identify patients at risk to (stop treatment b/f irAE become irreversible)

—> Rapid diagnostic tools: irAE presentations are hard to diagnose

— Better targeted therapies to treat irAE while maintaining anti-tumor immunity



Key elements to succeed in solving irAEs assembled

1- Infrastructure and expert knowledge for patient identification

2- Gathering experts across division of Medicine for developing best practice for clinical
care and optimal phenotyping

3- Platform for oncologist, medicine experts and scientists to connect
4- Champions and infrastructure for sample collection (inpatient / outpatient)
5- Collecting the right tissue samples at clinically relevant time points

6- Access to optimal technologies to test biological hypotheses



Gathering experts & champions across division of medicine:
Severe Immunotherapy Complication Service p

Translational Research

Clinical Research
51 members
across 6
department
and 10
divisions of
Medicine

Steering
Committee

20 members
actively
bridging
between
clinical and
laboratory
work

SIC Service
e

S




A patient centric approach:
Overview of the champions and infrastructure for sample collection

Leveraging MGH unique multi-disciplinary environment to empower our
bedside-bench-bedside SIC translational research program

SIC Service Team &
Oncology -~
y

Nursing team
Clinical research
coordinators
Administrative support

Surgery team
IR team

Clinician
Specialist

Translational
Team

Ss -
“~-_- Melanoma =

Biobank Group
Rapid Autopsy




MGH patient cohort across irAE types (n=306):

Colitis Arthritis Hepatitis Myocarditis

N=101 N=56 N=43 N=35
Cases ||Controls|| Cases [[Controls|| Cases [[Controls|| Cases ||Controls
N=55 N=45 || N=45 N=11 (| N=29 N=14 || N=19 N=16

Pneumonitis Nephritis Encephalitis | |Thyroiditis
N=16 N=36 N=9 N=20
Cases ||Controls| Cases |[Controls| | Cases ||Controls Ti1DM
N=7 N=9 N=15 N=6 N=2 N=7 N=12

Cases Controls

Patients on anti-PD-1 and/or anti- - Patients on anti-PD-1 and/or
CTLA-4 with histologically proven

irAEs

— 1873 samples biobanked:

anti-CTLA-4 without irAEs

biopsies, blood, serum, plasma, body fluids, autopsy specimens




Solving irAEs requires collecting the right tissue samples at clinically relevant time points:
exploration of scale, time, and modalities

Different scales

ORGAN
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ICl-associated myocarditis is highly morbid

* |ICI-Myocarditis occurs in ~1% of patients but is often Colitist
1 0,
fatal in up to 40% of cases Bneumonitis
Hepatitis
Hypophysitis
* Major adverse cardiac events (MACE) Neurologic
* including arrhythmias, sudden cardiac death, Adrenal
heart failure, or cardiogenic shock Myositis
. M diti
* occurin ~25-50% | Mvocardits
Hematologic
Nephritis
. . . o 1500 1000 500 0 25 50
* Diagnosed by MRI or a biopsy showing T-cell infiltrates Number of irAEs Reported Fatality Rate, %
High Grade Low Grade
H&E
Staining

Wang DY, Johnson DB et al. JAMA Oncol, 2018



irMyocarditis Study Design

Heart tissue:
Control heart tissue (n=8)

(A
Q' Heart

irMyocarditis (n=13)

7 PD-1/PD-L1 inhibitors
6 PD-1/CTLA-4 blockade
8 tumor histologies

Paired tumor tissue (n=4)
Tumor

Blood specimens (n = 26) o
Matched to heart
All pre-steroid samples

Blood

Heart single-cell RNA + TCRseq

UMAP2

(n=84,576 cells)
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Approach Overview

Control heart and blood
- No ICl exposure
- On-ICl, no myocarditis

Compare cell populations
Compare gene expression
Compare TCR repertoire
Compare circulating factors

Myocarditis heart and blood
- Dx by MRI or histology




1. What cellular and molecular perturbations define irAEs? (tissue ecosystem)

Strategy: Single-cell genomlc dlssectlon of tissue lesions

1. Biopsy

coIIectﬁJngle cell RiNA Gequieacing

2. Yngle cell

3. Distinct

profiles

Dimension 2

Cell populations
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Dimension 1
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in “disease” patients
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2 3.0.0

3. Distinct

1. Biopsy
collection

2. Single-cell
sequencing

1. What cellular and molecular perturbations define irAEs? (tissue ecosystem)

Strategy: Single-cell genomic dissection of tissue lesions

scRNAseq

*single cell TCR & BCR
CITEseq, ATACseq

Analyses: mapping cell types, states, regulatory programs
and neighborhoods of cells

“Control”

Dimension 2

In situ cell neighbors Transcriptional program



Question: Which cell populations are more abundant in irMyocarditis?
f T cells, myeloid cells, dendritic cells, fibroblasts all shift in abundance

T cell subsets spanning effector and exhaustion programs enriched in cases

10 broad cellular

6 T/NK CELL SUBSET IN HEART T ABUNDANCE ANALYSIS
populations |dent|f|ed by

CD8 T2: CCL5, CXCL13 - , P =5-1ZE'°§
CD4 T1:IL7R, LTB | (&2 . P=0.009

CD8 T1: CD27, LAG3 E,__. P=0.034

CD8 T4: STMN1, TOP2A E P=0.050

NK: KLRF1, KLRB1 | S"8EREe © P=0.074

Plasma cells: JCHAIN P=0.102
CD8 T3: KLRG1, CX3CR1 P=0.123
B cells | foe o .. P=0767
1 10 100
Conditions:

& control fF myocarditis

= Should not be any T cells in the heart
= Are these the same T cells fighting the tumor?



2. Defining phenotypic spectrum of T-cell clones in irAE lesions, blood, and tumor

Strategy: TCR analyses in paired samples

Analyses: deriving principles across tissues and irAEs

{UI 77

irAE lesion

Same T cell clone?

Same T cell state?
Tumor Blood

e /

Questions:

How does TCR repertoire diversity
correlate with irAEs and with response to
treatment?

Can we identify the same TCR clones in
tumor, blood and irAE tissue lesions?

Are T cells recognizing the same antigens?




Can we identify shared T-cell receptor clones between heart and tumor?
Shared TCR clones could help identify (1) important biology or (2) non-invasive biomarkers

TCRs) serve as barcodes for Autopsy cases (n = 4) Inflammation in Microdissection strategy
T cells in heart or tissue myocarditis tissue to analyze ONLY affected tissue

QUL Heart
-

pTumor > ! \
i /’

\}

T-Cell Receptor
(TCR)

Tumor invading
Adjacent normal
tiséue > ‘ normal parenchyma

Bulk TCR
repertoire
analysis




Question: Can we identify share TCR clones between paired heart and tumor?

Most expanded TCR clones in tumors and heart are NOT shared, suggesting distinct
biology between anti-tumor immune response and irMyocarditis

5041 ©0©
'O 40-
S
© 30+ ©
<0 o @ myo enriched
.. © 9 ® tumor enriched
= @ @ enriched in both
= 20 - @ not enriched
> :Q ..
- O
X101 &
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0 10 20 30

% Myocarditis : % control



3. Does blood mirror tissue? Identifying biomarkers for patients at higher risk for irAEs

Strategy: secreted factor monitoring and blood analysis
Analyses #1: can blood mirror tissue?

Biomarkers could be:
—> particular TCR /BCR clone
— cell subset
—> gene signature
- secreted factors

__Immunophenotyping, - cell surface protein marker
single-cell RNAseq analyses

(scRNAseq+TCR+BCR+204 proteins) 2 germline susceptibility variant

Analyses #2: cytokines and autoantibodies levels driving break of immune tolerance

! =\ /]
Cytokines
| g K% Q\f
£Y) g

&, Activated
cells

Different scales Different measuremer

Time course



Question: Can we identify share TCR clones between paired heart and blood?
Yes! TCR sharing between heart and blood, with fatality association

Blood CD8+T/NK Cell UMAP: Fatal irMyocarditis TCR sharing is distinct _ __ _ ___ _ _
13 subsets, 75,480 Cells e : : sio.232 1
— g sic_17
| 5 SIC_175 SIC_264 P 2 s |
I E ; . 1 I g sceee |
I bl o T e
e I o I o SIC_258
No TCR & : : sIc.48 (o OR
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Shaﬂ;ng- _ SIC_48 SIC_177 — sic 177 %- Igg
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< & B * sic217 o 10
! (- (% 0
g » “-, % o SIC_153
UMAPL c o c SIC_171
*
Cluster 12

Red = TCR clones found in heart and blood Cluster 12: Cycling, CXCR3" CD8 T cells
MKI67 - CXCR3

Ve @ heartclone

@® not heart clone

UMAP2
uo|ssasdxg pasesiou|

9,025 (12.0%) cells

2,119 (2.8%) cells

UMAP1



Question: Are there secreted factors associated with ICI-myocarditis? /

CXCR3 ligands and other factors involved in T cell recruitment elevated in patient blood

CXCL10 CXCL9

L ] -] . s
10000- 10000- *
. B
1000+ 1000+
Y L
1001 ﬁ. 1004

10+ 10+

Log10 (pg/mL+1)

1 11

B3 control B myocarditis p<0.05

= Can these factors predict irMyocarditis? Are these factors also associated with anti-tumor response?



Working towards unraveling the underpinnings of irAEs and
identifying drug targets through 3 complementary strategies

(1) What are the cell populations & (3) Can we identify circulating

transcriptional programs enriched in
the hearts of myocarditis patients?

(2) Are T cell clones shared between

biomarkers associated with
myocarditis and outcome?

tumor, heart and blood?

irAE lesion

e 0";&1 ) - * ‘
£ ~®
Inferring Same T cell clone? Immunophenotyping,

secreted factors
Same T cell state? single-cell RNAseq analyses
Tumor -« > Blood (scRNAseq+TCR+BCR+204 proteins)

biology

In situ cell neighbors Transcriptional program




Overview of different ongoing single-cell multi-omics’ efforts across organ systems

Myocarditis Colitis
(Daniel Zlotoff, Steven Blum, (Molly Thomas &
Neal Smith, Swetha Ramesh, Isabela  Kamil Slowikowski)

Hepatitis
(Molly Thomas,
TosChan, Neal Smith)

Arthritis
(Mazen Nasrallah
& Gary Reynolds)

Neurotoxicity
(Hoang Tran
& Amanda Guidon)

@

UMAP2

Colored by predicted
populations

Daniel Zlotoff

e

Mazen Nasrallah Gary Reynolds Michelle ngarajan Tos Chan

: L [
Rachelly Normand Yash Sonthelia Hoang Tran

Fibroblasts
» Cycling
) D4~ cyclin
[or Ol
CcD8

™ o3
4 CXCL13

W Naive CD4
Platglets Memory CD8

CD16+ mono Memory CD4

Memory B cell

Nephritis
(Meghan Sise
Isabela Kernin)
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20

Endocrinopathies
(Michelle Rengarajan
Rachelly Normand)
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Where do we go from here?

Myocarditis Colitis Hepatitis Arthritis Neurotoxicity Nephritis Endocrinopathies

Fibroblasts

, Cycling R
\ GD4” Cycling &
/ Cl
<3
3

/ CD4
ac § %, | CcD8
. 4 CXCL13 oxXai3

irAE meta-analysis to guide follow-up studies:

 Are all irAE presentations created equal biologically?

 What are the shared and distinct populations/pathways involved?

UMAP2

e  Which biological programs are distinct from tumor response?

2 vasteels | o Should irAE all be therapeutically modulated the same way?




Working towards unraveling irAE underpinnings and
identifying drug targets through multi-modal approaches

g Single cell RNA
DNA mutations R analysis ~ o :
and modification Mapping cell

(TCR repertoire) 1 activation states

Prediction model
Culprit cell types
Activated molecular
circuitry
Disease diagnosis
and prognosis
Treatment response

Detailed clinical

variables
Epigenomics of

infiltrating cells

Tissue organization
& cell-cell comm.

Secreted factors

Comparison Ligand-receptor

between tissues _ _
from same indiv. FU“Ct'Or] and -
mechanisms




Pressing needs and gaps in the field of irAE biomarker &
mechanisms discovery

 Larger irAE cohorts needed — cross institutional collaborations required for gathering
enough samples to identify biomarkers for rarer irAE presentations

* Serial time point collection — tracking factors over time to define biomarkers
(e.g., pre-ICl, post-ICl/pre-irAE, at irAE diagnosis pre-steroid, post-steroid)

* Distinguishing signature of ICl-treatment response vs. irAE presentations
* Developing consensus annotations — irAE presentation & ICl-treatment response

* ICl controls — Analyzing the right types of controls to define irAE biomarkers
(e.g., matching demographics, tumor, treatment, time points, no irAE)

* Funding — Currently few opportunities to study the underpinnings of irAE in patients



There is a critical need to work together to solve irAE &
improve patient care

Multi-Disciplinary
Expertise Network

Standardized
Biospecimen
Biobanking and
Processing
Procedures

Standardized irAE
Definitions

Standardized Multi-Omics,

Clinical Data ' Proteomics,

Capture and Immunophenopying,
Sharing Data Integration

irAE Disease Pathogenesis Modeling

Privacy Preserving Data Integration and Storage
Novel Data Analysis Strategies

Risk Factors, Biomarkers,
Diagnostics, Therapeutics

Targeted Clinical Studies and Care Targeted Preclinical Models
Bayless et al. J Immunother Cancer. 2021 Sep;9(9):e002627
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