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Program Goal

1. to help treat children from
SickKids and around the world

2. to develop genetic/omics/functional approaches
to treat patients

“PRECISION MEDICINE”

All images are used
with the permission of
the patient and family

B hORT  STUDY Patient Referral
Clinical Care

Basic Diagnostic
Screening

Next-generation
Sequencing Genetic
Characterization

Bioinformatics

Network
Analysis
= | Functional Studies

Knowledge Translation

Drug & Therapy
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Personalized Therapies
& Interventions



Precision IBD
Care

“approach for disease
treatment and prevention
that takes into account
individual variability in
genes, environment, and
lifestyle for each person.”

SickKids

Inflammatory Bowel
Disease Centre

garget discovery

Prognosis

Biomarker discovery

Constructionof Pharmacogenomic
polygenicrisk . T markers
scores

|dentification of £ Molecular
novel genetic  : profile-based
associations patient
and their clustering
mechanism

o
‘..i‘"
s

Discovery of diagnostic Discovery of novel factors

molecular profiles targeted by existing drugs
for other indications

Y,
egDOSis

Zeggini et al., Science 365, 1409-1413 (2019)




Some factors driving
Precision IBD Care in
Pediatrics
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Inflammatory Bowel
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What is driving the increase in IBD incidence:

ears of age
most likely

NOT

monogenic

Shift in Incidence to
Pediatric Age Group
lk.ds dx <6

Patients

IBD is NOW a Pediatric Disease

Onset of monogenic diseases

CD A 30%b increase in
iIncidence PIBD
UC over 10 yrs
Driven by children
<9 years of age

O 510 20 30 40 50 60 70 80

s, www.neopics.org Modified from Uhlig Gut, 2013
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Patient phenotype Genomics

Explanatory genomics

Patients with extreme phenotypes Multidisciplinary

after complications and repeat surgery | B taam sscecemant
| Disease * Phenotype
activity MJ’M]UL » Disease progression
e 1\ o Late * Prior tests
" d e intervention * Family history

* Candidate genes

;  Concelt
Our Approach (I B8

| > genetic results
"""""""""""" ' Disease
. ° ] S v
to P re C I S I O n g Sl L actthym Sequencing technology
Patients early after disease Time Early » Candidate gene
onset or before surgery intervention e Gene pane/
° b * Exome
edicine ~
Mechanistic Counselling  RNA sequencing
disease model Gene and pathway specific intervention !
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and treatment . Surgery Bioinformatics
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TR HSCT unlikely EPCAM i
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Uhlig and Muise — Trends in Genetic, 2017



Making the correct diagnosis —
Genetics diagnosis from ~ 100 kids from across Canada and around the world




SickKids

Disease Centre

mammetn Bt Next Generation Sequencing in IBD

WES - 1005 SickKids IBD Patients (all ages)

Trio based Whole Exome Sequencing with
Functional Validation

2
% 1% have genetic
© >
\ k damaging variants in genes

A EE
> «# > % > — YT —
b4 i:ﬁ mutations
@ amenable to HSCT
3% of pIBD patients have rare
da‘ | Reverse Phenotyping | linked to monogenic IBD
Gastroenterology

Monogenic IBD ~ 3-5% of all IBD
Crowley et al Gastroenterology, 2020

IBD biobank enroliment
(Pediatric IBD patients
and relatives)
n = 2309 (1097 with IBD)
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63% (639 of 1097) actionable genotypes

Pharmacogenomics ~ 63% of Patients
Mulder et al CTG, 2020



New Diseases: Novel Therapeutic Targets

Novel VEOIBD Genes — therapies



5-year Collaborative Project
Shanghai-Toronto-Oxford

collaborators in Canada, China, UK, Israel, Germany, Austria, Hungary, US, and Hong Kong

| A 1 -,
¥, |
- .

N VN

[ 3

Lin Wang (PhD - Muise Lab 2015-17) Lin and Uhlig Team — Oxford Ying Huang, Fudan Children’s
with Ying Huang, Fudan Hospital, Shanghai China



Patient 1 - Li Jiaying

Female patient of Chinese ancestry
Healthy non-consanguineous parents

Presented at 2 weeks of age with fever,
whole body rash, and non-bloody diarrhea
(5-8 times per day)

Upper and lower gastrointestinal endoscopy
at 2 months

— multiple ulcers in the descending colon,
sigmoid colon, and rectum

— histology showed a chronic non-specific
inflammation

At 17 months of age developed:
— perianal fistulas, severe colitis
— arthritis, joint pain, swelling on her hands
— recurrent pulmonary infections
— significant growth failure

Passed away before her 3™ birthday after
complications from an infection.

Lin Wang

All images are used with the permission of the patient and family



Patient 2 - MS wace

methylprednisolone
anakinra

* Term baby (SickKids) — no complications, parentsno  ,,
consanguineous, Ashkenazi (dad adopted) l tacoimus
* Presented at 2 weeks with intermittent fever, skin %07 v
rash, diarrhea, and elevated inflammatory marker §’2°'
e Ear Pits, Pustular rash 0.
 Macrophage activation Syndrome?
* Scope — showed mild colitis in cecum otherwise 0 Lo 3 4 s
normal — consistent with early onset IBD Age (months)
* Skin bx — consistent with vasculitis CRP
 Elevated CRP > 200, Low IgD oty
« Okay growth 07 ¥
* 15 mos - arthritis and persistent colitis 7 tacolimus
* Failed anakinra, tacrolimus, steroids, nystatin é:::_ \
e Started Vedo....? o
0
Allimages are o with the Sermission * NO FAMLY HISTORY.....! Delayed in identification of A1ge zm:m,:s)s

of the patient and family Ca usal ocene



» Severe illness beginning at 2 weeks of life
* oral ulcers, fever and rash treated with antibiotics

* progressed to prolonged diarrheal illness and anemia
leading to hypernatremia and hypoalbuminemia
requiring TPN, and prolonged hospitalization??
MONTHS

Patient 3—  Dx Immunodeficiency (1980s):

Father of e low T cell populations,
* low lymphocyte mitogen stimulation,
* low IgG levels

* Adult:

* bowel, skin, joint symptoms his whole life

* Fever with elevated CRP - monthly

MS

* repeated ear infections requiring surgical
intervention.

* Not normal but not severe enough for treatment



gain-of-
function
variants

Lin Wang and
Neil Warner

Compound
Heterozygous

F549 SSSD 5551

Inheritance Pattern
51,093 Unfiltered Total Variants

34249 High Quality Variants

2180  Rare Variants (MAF £0.01)

844 Predicted Damaging Variants

Increasing Stringency

Y
heterozygous

mherited

F549 5550 8551

c

i

Patient 1

Y550
_F&49 S550 ssst
T C H AGC

f\ l' 'o j\ \ (ﬁ
Ui
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p.SS50Y

Inheritance Pattern
2 | 163,446 Unfiltered Total Variants
c
g’ 102,490 High Quality Variants
2’ 7129  Rare Variants (MAF £0.01)
§ 471 Predicted Damaging Variants
c

Compound

Heterozygous 17

g

A homozygous

0 3 recessive

De Novo
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€1649C5T
PSS50F

Patient 3

Patient 2

F543
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3 additional
patients

Total: 6 patients

Immune dysregulation
Inflammation

All had colitis

Patient 1 Patient 2 Patient 3 Patient 4 Patient § Patient 6
p.S550Y p.S550F p.S550F p.P342T p-M4501 p.A353T
Variant Annotation
Chromosome 9 9 9 9 9 9
positon (GRCh38) 90887816 90887816 90887816 90874692 90877739 90874725
ntref C C C C G G
nt alt A i T A A A
dbSNPI151 i g : ; 151304839707 15200167353
pos (GRCh37) 93650098 93650098 93650098 93636974 93640021 93637007
1000Gp3_AF
ESP6500 AA AF ;
EXAC_AF ; 2.47E-05
gnomAD_exomes AF 7.95E-06 1.99E-05
COSMIC 8
CADD_phred 283 29.7 29.7 255 26.3 27.3
SIFT pred damaging damaging damaging damaging damaging tolerated
Polyphen2 HDIV pred damaging damaging damaging damaging tolerated damaging
LRT pred damaging damaging damaging damaging damaging damaging
MutationTaster_pred damaging damaging damaging damaging damaging damaging
PROVEAN _pred damaging damaging damaging damaging tolerated tolerated
MetaSVM _pred damaging damaging damaging damaging tolerated tolerated
M-CAP_pred damaging damaging damaging damaging damaging damaging
fathmm-MKL_coding pred damaging damaging damaging damaging damaging damaging
Clinical presentation
Age at sampling (years) 2 0.5 35 31 34 44
Age of diagnosis 2 weeks 2 weeks 2 weeks 12 years 34 years 44 years#
Intestinal inflammation + + + + + +
Skin inflammation + + + + + -
Joint inflammation + + + - - +
Lung inflammation - + - - + +
CNS inflammtion - - - - -
Liver inflammation - - - - - +
Recurrent infections + + + + +
Hypogammaglobineamia + + +* + + -
Diffuse large B cell lymphoma (DLBCL) - - - - + +
Therapy (in chronological order first used)
ABX ANAK ABX IVIG IVIG IVIG
SASA CSTD IVIG CSTD CSTD ABX
CSTD TACRO RITUX CYCA RITUX
IVIG RITUX AZA CHOP
THAL TRIAM RITUX ABX

VEDO




Spleen Tyrosine Kinase (SYK)

ITAM in adaptor chain ITAM in receptor tail HemITAM in receptor tail

° .
Ada ptlve I I I l I I I u n Ity For example, BCR, FeyRIIA CLEC2, CLEC7A or CLEC9A
a4

Immunoreceptor tyrosine-based [ L1
J

activation motifs (ITAMs) adtor

) adaptor

hemITAM \\(I_\L> '-\:ggir;ﬂTAM
— B and T cell receptors (BCR, TCR) &
— Fc receptors (FcRs) s -

SYK or ZAP70

Innate Immunity b -
— Innate recognition of fungal and other .

microbial pathogens v
— Dectin- SYK-CARD9-BCL10—-MALT1 fﬁ)

— NLRP3 inflammasome activation -

fungal infection orsctndng. ” @ @ 1 @ € -
%) ) @ormy) €D (GEc family) (LAT) | @"L%‘Sg;;?;(}

DRUGGABLE - allergic and autoimmune @ - Een) @D

L4 3 AN = == = e = = - T
d Ise a ses a n d ITP Cellular responses ( g{;ﬁ;‘;esle@ C;Sjjuc@ @fferentiatiqq) @oliferatiog) GUrViV@ \Ee);;:l;@

NATURE REVIEWS | IMMUNOLOGY

Other signalling
intermediates
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Dali Li
A CRISPR-Cas9-knockin mouse model of SYK GOF presents with spontaneous
arthritis and defective B cell function

East China
Normal
University,
Shanghai

SYK S550Y de
novo gain-of-

function
Knockin
Mouse




CRISPR-Cas9-
mediated knockin
mouse — SykS>44Y(HZ)
— Osteoclast
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;4007133200101 Rxonly i

- Tovalisse

fosfamatinib) tablefs

Fostamatinib (R406) Treatment
“small molecule Syk kinase inhibitor”

- N0C71332.002.01 R only

- Tovalisse
. lfostomatinib) foblef

MULTICHAIN IMMUNE RECOGNITION RECEPTORS (MIRRs)




Fostamatinib Treatment .
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Transplant of Bone Marrow From Syk>>44Y(HZ)

Bone marrow transplantation

Mouse model:

Syk(5544Y) BMs =™ WT mi g g
o) THER il Syk(SB44Y)HZ
WT BMs — WT mice \

X-Ray 7.56y

Alllllz
day O T T 1T T Time

Sacrifice mice
b months later

Transplant 3 million BM cells by tail vein

X-ray(7.56y) Wt mice model



O

Disease Transferred by Syk>>*#Y(H2) Bone Marrow

- GQyk(S544Y)_,Qyk(S544Y) = Qyk(S344Y)_, gyk(S344Y)
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e
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Syk>>44Y(H2) Mice “cured” by WT Bone Marrow
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ﬂ SYK — GOF — new autoinflammatory disorder
:. Hyperactivation of SYK
C

Systemic Inflammatory Disease and Immune Dysreguation

Immune Dysregulation — B-cells??

Colitis - ? Mechanism? CARD9 — fungal..?

Focus of ongoing studies — many......
Understanding role in VEOIBD

SickKids Patient 2
now 18 months of age
How to treat???

Patient 2 — PRECISION TREATMENT — Rituximab — CD20 B-cells —
based on Patient 4 and Biology — Patient 2 and 3 “in remission”

ﬁ
: Druggable — small molecule inhibitors available
I

All images are used with the permission of the patient and family



What can we learn from VEOIBD Genes?

Novel Treatments for
severe |[BD?




Mechanism

of Disease

Jardine and Muise, CMGH 2019
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+ Cell survival
* Apicobasal polarity

* Polarized intestinal
epithelial cells

* Focal adhesion
* Cell-cell adhesion
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|dentified Rare Disease — 80% of Patients do not make it to their 2"? Birthday

TTC7A-deficiency
Severe and rare monogenic disease
. . - Medi ival . .
Disease modeling 221;;5 gr:ti i;g"mssnr;'r']\;a Clinical phenotypes

Cells

Mice
Zebrafish ’ Immune
Organoids p = defects
d Gastrointestinal

Functional validation disease

Auto-

- immune
Impaired 9 mutay; ) disorders
PI4KIlla 3
function EQ
\/

Loss of MIA oo o
intestinal Increased s
cell apoptosis ,& ,& é .
polstty 60% survival "..‘
S »
30% survival ™

All images are used with the permission of the patient and family



TTC7A- deflmency P

dlsease ) <
modellng '

Miller Family — Seth and Eliza
A repurposing drug screen identifies Leflunomide as a novel therapeutic for monogenic
inflammatory bowel disease caused by TTC7A-deficiency

Gastroenterology 2020;158:1000-1015

All images are used with the permission of the patient and family



How to treat TTC7A—deficiency?
FDA-Approved Small Molecule Screen

Morphology Adhesion Viability Apoptosis Peristalsis and growth
@ [
I I A %{ t’h’-. Proc;/p;ase — : -
Microscopy Metabolism Activated pathway Whole organism

HAP1 Caspase 3/7 Assay: 48 replicates
2 500004
3 I Control
€ o000 e TICTAKO
\ B HAP1. Control Calcein AM viability assay of HAP1 cells 2
800m g 300004
' Il Control ’f
ated = 600 TTC7A knockout & 200007
2 g
. i 8 10004
2 400 q
: - 5 o
i 't>E 200+ ) (\‘\0 /\?\LO
Sasha Jardine p—-— &g
[0
48 replicates, 24 hours , 10 000 cells seeded Untrea;ed 24hours (10 000.ce!|§ se?ded)
o Normalized to control cell viahility 2'=0.66
So @
N/ .\
'\'

NEOPICS Gastroenterology 2020;158:1000-1015




arec

22°C

&0

l 10 000 cells/well, 125 i total

1 Positive control, WT cells
[[] screening wells, TICTAXO cells

] Negative control, TTCTA-KO cells

l Seal and incubate; 24 hours
SuM

DMSO 7(on~oound5 DPMSO

@

Seal ardd incubate; 24 hours

Equilibrate to room temperature

+ B0 pl Caspase-Glo 3/7, 30 sec shake at 400rpm
1 hr incubation, kiminescence reading

@ B & 1 il Calkeein AM, flyorescence reading 495/5150m
v

Hits identified with wells having luminescent
readings (RLUs) € three standard deviations
of the positive control

3760 compounds

16 Hits

= mGlu5 receptor \
antagonist

« DMARD
» Stilbenoid
= Vitamin

= Black locust flavone

= Guanylyl cyclase activator
= p53 inhibitor

= Vanilloid anatognist

® Fungicide

Tiaprofenic acid

Tiabendazole

co

::::::

Cyanocobalamin

&giv
REAPY

&
&

ccccccccccccccc

nnnnnnnnnnnnnnnnn

Flurblprofen**

Indoprofen

Acacetin

xxxxxxxx

Resveratrol**

= NSAID

Top Hit —
96% rescue
of apoptosis
phenotype

1B 1893

S8 1757+

Ketorolac trs salt

uuuuuuuuuu

MPEP hydrochloride**

Pifithrin-a hydrobromide

High-Throughput Drug Screen

3 libraries of FDA approved compounds/drugs (3760)
16 candidates from 10 drug classes




Lead Candidate - Leflunomide

* FDA-approved drug TTC7A-deficiency

* Use commonly in rheumatological disease Prerepeteng S TS clinpeheneypes
o ®

 Pediatric approved drug (not really!)

Organoids

* Inhibits the mitochondrial enzyme w\/ - =,
dihydroorotate dehydrogenase (DHODH) —
required for DNA, RNA synthesis

» Off-patent — reduced SS
* Alternative mechanism of action
* Compassionate use possible

* [ssues: route of administration — oral -
severe intestinal disease, dosing......



Zebrafish: a model system to study intestinal disease

NEOPICS




DCFH-DA WT fish

Homozygous ttc7a fish

Peristalsis/Motility Assay

Apoptosis

ttc7a -/- zebrafish Phenotype

acridine orange

Sasha Jardine

10x

Toluidin Blue stain — zebrafish embryo WT day 5
x40

Gut Pathology

Toluidin Blue stain - zebrafish embryo ttc7a exon20 mut2 day 5
x40 g

o S ;' ;‘.;. |
.l M

L 2 LR T

| - ‘-;!l

Cornelia Theoni

x63

x63

Gastroenterology 2020;158:1000-1015




Drug treatment improves gut morphology ttc7a - zebrafish
Gastroenterology 2020;158:1000-1015

TTC7A-/- FEN Rl & (or/ NWAL'S TTC7A-/- 478

ROCK Inhibitor v" Open lumen
<o, v" Monolayer of simple columnar epithelial cells
;‘:,g%m WWW.Neopics.org v' Discernible villi



Human Organoids

Personalized Disease-Model

Rescue TTC7A—deficient Phenotypes (survival and function)
Jay Thiagarajah (BCH)

TPR- L304R
domains |
NH; :I] v =P COOH
Genotype confirmed oL | 71889l
TTC7A™" patient el S R A
E71K
Clinical . /
prgsenta}tlon Personalized disease-model
of intestinal NS S
disease ’ \ R
Therapy b _;".;.-.j-:.. v
QOQ . validation S MR
Intestinal biopsies > : ;
cultured into colonoids %7 ¥ SRR ) e, -
Control colonoid TFCTAmUt colonoid

Gastroenterology 2020;158:1000-1015



pAkt+ c £ PAkt+ pAkt+

T

pAkt

Alternate
Mechanism-
of-Action
PAKT

Normal control IBD control Patient 1 Patient 2

Vackea cumterstawing Reaot 2

Leflunomide
+ LY294002 D
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Relative densitometry (XIAP/GAPDH)
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NE:?STCS Series of N=1
Safety and Efficacy Trial

«Infection screen - consider

VZV IgG AB, CMV IgG AB,
EBV serology, Hep A IgG AB,
Hep B core total AB, Hep B
surface antigen, Hep C AB.
Mumps IgG AB, Measels IgG

Evaluation AB. Chest X ray, Mantoux +/-
prior to Quantiferon.

*Baseline hematology labs -
White cell count, hemoglobin,
platelets.

*Baseline liver screen - ALT, AST,
GGT, INR. Liver ultrasound.

*Blood pressure

*Pregnancy test

*ALT, AST, = ALT, AST,
GGT, INR Therealter, WAL

*White cell monitor *White cell
count, every 6-8 count,
hemoglobin, weeks hemoglobin,
platelets platelets

Leflunomide
start

If concomitant If ALT>3ULN at
If ALT>2. ULN immunosuppressive any time;
D<LJ :0T Inl_t;a‘e therapy, continue Interrupt therapy
eflunomide monthly monitoring & investigate

Aleixo.muise@utoronto.ca



Patient  Hospital

BCH
Boston, OLL
Baton
Rouge

GOSH,
London, UK

St. Justine,
Montreal

Responsible MD Mutation Type
A. Stricturing

B. Non-
stricturing
+/- PID
Karam, Lina p.L478P B+
Boujaoude p.A832V
Ibkaram@bcm.edu;
Kellermayer,

Richard
kellerma@bcm.edu

Haddad Elie p.G173D A+
elie.haddad@umont  (paternal)
real.ca

Marchand, Valerie ¢.1000_100
valerie.marchand.hs  1+2delAAG

j@ssss.gouv.gc.ca T
(maternal)

p.Q724K
(paternal)

Thiagarajah, Jay p.E71K B+
Jay.Thiagarajah@chi  p.L301R

Idrens.harvard.edu
Elizabeth
McDonough
Elizabeth.McDonou
gh@fmolhs.org

Ed Gaynor c.1204- A+
Edward.Gaynor@go  3_1204-80

sh.nhs.uk deletion

Age, presentation
SSx, Pathology, Anatomy.
Tubes

Age of treatment

Infant: Male. Severe diarrhea, vomiting, Abdo pain,
recurrent infections

Immune:

hypogammaglobulinemia and low NK cell number
and function

Intestinal: colitis

Path: colon had eosinophilic infiltration with some
areas of crypt loss/destruction, mild architectural
distortion and mild, focal apoptosis

Treated — 7 mos of age via Gtube

Age of presentation: 13 days of life

Age of starting Leflunomide: 7 mos (2/27/2020)
Number of weeks on treatment: 26 weeks to date
Infant:

-Meconium ileus and intestinal obstruction
-Severe apoptotic colitis with dense eosinophilic
infiltrations

-Intravenous alimentation

-Recurrence of intestinal obstructions

-Multiple bowel stricture

4 years old:

-Higher eosinophilic infiltration and high level of
inflammation

-Completely dependent of intravenous alimentation

Immune deficiency with Lymphopenia, Monocytosis,
Hypereosinophilia, Reduced memory B cell,
Hypogammaglobulinemia

Recurrent infections (lines sepsis, pneumonias,
Pneumocystis jiroveci)

Severe ichthyosis with hyperorthokeratosis on skin
biopsy

Age of starting Leflunomide:

5 years (January 2020)

2yoF with pyloric web (resected), colitis (severe crypt
architectural distortion, focal apoptosis), persistent
upper and lower Gl bleeding, vomiting, PN
dependent for growth, immunodeficiency

Age of presentation: 1 month
Age of starting Leflunomide: 2.5 years
Number of weeks on treatment: 20 weeks

laparotomy at 3 days of age which documented
pyloric atresia, microcolon between the descending
colon and the rectum with probable atretic sections,
and areas of necrotic gut.

CD8 and CD19 lymphopenia

Ladd's procedure, a gastro-duodenostomy and an
ileostomy formation

moa e

Series of N=1
Safety and Efficacy Trial

Safety: No drug related adverse events including
increase in LFTs (all 7 patients).

Efficacy (5 study patients):

2 - infant patients with non-stricturing disease had
improvement with resolution of clinical symptoms
including diarrhea and vomiting, reduction in fecal
calprotectin, and feeding improvement from TPN to
enteral or G-tube feeds

1 —12-month old patient with stricturing disease had
reduction of strictures based on imaging
(subsequently had BMT)

1 — five-year old patient with stricturing disease has
not had any clinical improvement but is still on
leflunomide treatment

1 - infant with stricturing disease “palliative” - started
1 month ago and showed improvement?
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