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Molekularni patogenze
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1. Thalasemie



Thalasemie

- chyba v produkci globinového retézce
270 milidnu nosicu celosvétové

* nejcastéjSi monogenni onemocnéni

* nejvyssi frekvence mutantnich alel v
oblastech s vyskytem malarie

* ménici se epidemiologie vzhledem k
migraci (onemocnéni se vice a vice tyka
oblasti i bez malarie, napr. USA)

Podle retézce:

O Thalasemie
(Africa, Asia)

B Thalasemie

(Africa, Europe)

Z funkéniho hlediska:

0] uplna ztrata retézce

+ castecna ztrata retézce



Hemoglobin

Chrom 16

Chrom 11

Embryo Fetus Dospély
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Geneticka pri€éina onemocnéni

vice nez 1000 mutaci postihujici a a/nebo [ fetézec

a thalasemie:

2 geny =4 alely

1 mutovana alela - zadny projev

2 mutovane alely - heterozygot, minimum projevu, hraniéni anémie

3 mutovane alely - vede k tzv. hemoglobin H syndromu podle excesu 34
fetézce, mikrocytickad hypochromicka anémie, hypersplenomegalie

delece vSech 4 alel vede k hydrops fetalis

B thalasemie:

popsano asi 200 prevazne bodovych mutaci

1 gen/2 alely

1 mutovana alela — B thallasemia minor

2 mutované alely — B thalassemia major
specificky typ mutace - B thallasemia intermedia



Manifestace onemocneéni

nevyrovnana exprese a a B retézce, inefektivni
erytropoéza, hemolyza, rizné tézka anémie, velka
fenotypova variabilita, deformita lebky a kosti,
splenomegaélie, postizeni myokardu

v fadé pfipadd nutné opakované transfuze, které vedou k
pretizeni zelezem a k nutnosti IéCby

mortalita zpusobena u téZzkych forem sepsi a poSkozenim
myokardu

| pacienti bez transfuze mohou vyvinout hemochromatézu na
podklade zvySené absorpce zeleza ze streva



2. Srpkovita anémie (SCD)



Geneticka pricina onemocneéni

A normalni «Srpkovity”
f-globin t f-globin
mutace
DNAl—.CTC. -C!gI
L HCAGE — Rt 5T HE
RNA EGAGH BGUGEH
protein THGIHT] CHvalf
normalni protein mutantni protein
(B)
* CTGACTCCTGTGGAGAAGTCT
sonda pro normalini gen sonda pro ,srpkovity” gen
jednotlivi pacienti jednotlivi pacienti
1 2 3 1 2 3




Geneticka pricina onemocneéni

A normalni «Srpkovity”
fB-globin f-globin
. mutace
DNA‘ EBCTCH HCACE
L HCAGE — ) & GTGHE
RNA EGAGH BGUGEH
protein [“HGIHT CHvalf
normalni protein mutantni protein
(B)

\ 4 \ 4
'CTGACTCCTGAGGAGAAGTCT ~ CTGACTCCTGTGGAGAAGTCT

sonda pro normalini gen sonda pro ,srpkovity” gen
jednotlivi pacienti jednotlivi pacienti ZAVER
1 2 3 1 2 3 ® pacient 1 ma
2 normaélni geny
pro B-globin
— — — N— ® pacient 2 ma
2 ,srpkovité” geny
pro B-globin
® pacient 3 ma
1 normalni

a1 ,srpkovity” gen



Vyskyt SCD (Sickle Cell Disease)

genova frekvence — 0,14 zapadni ekvatorialni Afrika
— 0,1 Saudska Arabie a ¢ast Indie

— 0,04 Jizni a Severni Amerika
(USA 8% heterozygotu, 1 z 500 obyvatelu trpi onemocnénim)

percent of
population

that has the
sickle-cell allele
(Hemoglokin =)
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36 globin: Glu —Val

HbS oxy HbS deoxy polymer




Patofyziologie SCD

vytvoreni polymert HbS u deoxygennich erytrocytl

- formovani srpkovitych bunék

zvySena adheze erytrocytl k endotelu (valin)

V4

abnormalni kationtova homeostaza - bunécna
dehydratace

vasokonstrikce (via NO — uloha volného
. v 7 .y v ’ Increased platelet
hemoglobinu, uvolneni arginazy z porusenych Vasoconstriction aggregation

erytrocyttl vedouci k nedostatku substratu argininu  ypercoaguiation \ sicea et
adhesion
pro syntézu NO, endothelin-1) Pl

Nitric oxide depletion

—> prodlouzeni mikrovaskularniho tranzitu erytrocytu / T \

Low arginine, Free plasma Increase reactive

snizena zivotnost erytrocytu 8 — 21 dni DigvargaERe:  TBDOGREDE.  SoXBeAREGoN
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Cilena Lécba



I'able L. HbF-inducing drugs in childhood SCD.

y Drug Mechanism of action
L e c b a Hydroxycarbamide Ribonucleotide inhibitor

(hvdroxyurea) HbF induction mainly due to

cytostatic effects
Decitabine Reduces DNA methylation of HBG
via inhibition of DNA

methyltransferases (DNMT)

Mavy also increase HbF via its

Klicovy cil — zvyseni syntézy HbF |...

Increases efficiency of HBG mRNA

translation
Exper |
Ve Ve Erythropoietin Increases F cells
tran Sfu Z n I p rog ram Thalidomide Regulate HBG and HBB transcription
lenalidomide, and synergise with hydroxycarbamide to
pomalidomide increase F cells
qyd roxyu rea Mithramycin and Increase HBG mRNA in cultured buman
angelicin erythroid cells

ecba bolesti
plokatory iontovych kanalu

anti-adhezivni a protizanetliva leCba

(anti-P-selectin, inhibitor NFkB)

Inhalace NO

transplantace kostni drene (zejmena pokud
je identicky sourozenec)

genova terapie




Fetalni hemoglobin

Inhibitor polymerizace deoxyhemoglobinu S
Hladina HbF predikuje klinickou zavaznost u
pacientu s SCD

Inverzni korelace mezi koncentraci HbF a frekvence
bolestivych krizi, acute chest syndrome a umrti

Cilem terapie je dosahnout zvyseni HbF v kazdeé
bunce SCD, ktera bude schopna nabourat
polymerizaci HbS



Cilena lecbal I.
Hydroxyurea — jedina latka schvalena FDA pro Iécbu SCD
VYHODY
— cytotoxicka latka; zvysuje koncentraci HbF
— zvySeni mnozstvi HbF a F bunék (brani i polymeraci HbS)
— inhibice kationtove deplece, adhezivity s endotelem
— FDA (USA): Ié€ba zlepsSuje vyskyt komplikaci je ,,cost
effective®
NEVYHODY

— —existuji non-respondefri, karcinogenni a leukemogenni efekt

pri dlouhodobé lécheé

— potencialni teratogen



CHROMOSOME

Cilena lécba Il.

Chromatin remodeling

EPIGENETIC MECHANISMS
are affected by these factors and processes:

» Development (in utero, childhood)
= Environmental chemicals

» Drugs/Pharmaceuticals
* Aging

(j) METHYL GROUP

' DNA methylation

| Methyl group (an epigenetic factor found
in some dietary sources) can tag DNA

HEALTH ENDPOINTS
+ Cancer

* Autoimmune disease

* Mental disorders

+ Diabetes

EPIGENETIC
. FACTOR

/
/

HISTONE TAIL

DNA accessible, gene active

Histone modification

The binding of epigenetic factors to histone “tails”
 alters the axtent to which DNA is wrapped around
- histones and the availability of genes in the DNA

1 to be activated.




Chromatin remodeling

Mechanisms —ll—b

Epigenetic proteins/RNAs —L-’ Effects

Epigenetics

Histone modifications:

Writers:EZH2. SETD2, ATM. MLL1

Readers:BRD1.CHD2,PHF6,ASXL1

—_—
Writers

—| Acetyl, Methyl . . Readers 5/. <2
Erasers:HDAC,UTX.JMJD3.BAP1 —
Erasers
" Transcription ON
| | DNA methylation: SUUIELS DM DS UG DA %_m
Methyl Erasers: TET1, TET2, TET3 .-
? ?? @ Transcription OFF
, miRNAs Splicing
—{ Non-coding RNA Editing
IncRNASs mRNA stability

Translationinitiation




DNA metylace

transkripCné aktivni chromatin

cytosine

@
o
@

transkripéné neaktivni chromatin

5-methyl cytosin
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promotorova oblast y-globinu po narozeni promotorova oblast y-globinu v dospélosti

[]
hypometylaé€ni latky

=

iR

DNA

promotorova oblast y-globinu u dospélého
po podani hypometylacnich latek




Hypometylacni latky

5-azacytidine
iInkorporace do DNA a RNA, kovalentni vazba s DNA

metyltransferasou a jeji nasledna degradace enzymu —
vysledkem je re-exprese y-globinu

(DNMT; udrzuje metylaCni pattern behem replikace)
ucinek: u pavianu 40-70 nasobné zvySeni exprese y-globinového
genu

5-aza-2’-deoxycytidine(decitabine)

inkorporace do DNA, uCinngjsi nez 5-azacytidin

hypometylace y-globinu; zvyseni acetylovaného H3 a H4
asociovaného s y-globinovym promotorem



Prvni studie na pacientech

8 pacientu lIéCenych intravenézné decitabinem 2 tydny

(5 pacientu nezvySovalo hladiny HbF, 2 pacienti neodpovidali
na lecbu HU a 1 nebyl IéCeny HU)

3,5% 213,5%HbF

21% >55% F bunky

sledovani toxicity 63 tydnu — bez toxickych pfiznaku,

vyskyt neutropenie

8 pacientu léCenych subkutanné decitabinem 6 tydna
(pacienti neodpovidali na IéCbu HU)

6,5%->20,4% HbF

38%-2>71% F bunky



Table I. Clinical status before and during decitabine therapy.

Significant clinical events and overall clinical status

In the 12 months before decitabine administration

During decitabine administration

Patient 1: 22 years old,
female, HbSS

Patient 2: 36 years old,
female, HbSS

Patient 3:63 years old,
female, HbSS

Patient 4: 22 years old,
female, HbSS

>16 ER visits, >290 hospital in-patient days

Life-threatening hyperhaemolysis, life-threatening
hepatic crisis, severe pain on long-acting opiates
and regular IV opiates

Transfusion x7

ECOG PS 3*

>11 ER visits, >150 hospital in-patient days in 180-d
period prior to decitabine initiation

CHF, severe pain requiring intravenous narcotics
Transfusion x4
ECOG PS 3*

89-d hospital admission for intractable and
life-threatening CHF

Transfusion x4

ECOG PS 4*
>10 ER visits, 111 hospital in-patient days

Life-threatening CHF and severe pain

Transfusion x5
ECOG PS 3-4*

(12 months follow-up)
7 ER visits, <30 hospital in-patient days
No life-threatening crises, mostly out-patient

pain-management without need for long-acting opiates

No transfusions
ECOG PS 1-2
(8 months follow-up)
3 ER visits, >60 d at home without ER visits,
longest period without admission in preceding 20 months

No CHF, out-patient pain management with oral meds

No transfusions

ECOG PS 1-2

(7 months follow-up)

Resolution of CHF and discharge to home

Transfusion x4 (triggered by attempts to discontinue
decitabine or darbopoietin and a gastrointestinal bleed)
(no transfusion required in latest 8-week period)

ECOG PS 2

(4 months follow-up)

>60 d at home without ER visits, longest period without
admission in preceding 16 months

Stabilization and improvement in CHF and pain allowing
discharge to home

Transfusion x6 (no transfusion required in latest 8-week period)

ECOG PS 2



Genova terapie



ProcC a kdy...

»wreplacing a faulty gene with a functional copy can cure a disease*

1960s —
1970s

1980s —
1990s

2000s —
nyni

1966 — prvni zminka o genoveé terapii pro dedi¢ni choroby

1966 — vlozeni geny do viru

nezdary...
genotoxicita

skepticizmus a znepokojeni

renesance genové terapie

Vahad

klinické studie — schvalené léCebné produkty

GENOVA EDITACE!!!



Definice...

[- Gene addition ] g functioning
o gene
=~ dodani genu
- prototyp genove
terapie cell with cell functioning
non-functioning normally
- vneseni plné gene
funkéni cDNA
[° Gene editing ] gene -editing tools
* specificky
navrzené nukleazy
(CRISPRs...)
cell with cell functioning
3 non-functioning normally
« opravny donor gene




Zpusob podani

- . .. .. ™
In vivo: prima administrace

A

DNA

* méneé pracné
» vhodné pro ,highthroughput”
= komercni vyuziti

-

-

DNA

EX vivo:

fibroblasty/CD34+
buriky —

selekcet+expanze

 pracne pro provedeni
* individualni pristup

Ve &l




Vektory v genoveé terapil

- virove
- vysoce ucinné
- upravené
- adenovirus, retrovirus/lentivirus,
adeno-associated virus (AAV)
herpes-simples virus

- nevirove
- fyzikalni— microinjekce, electroporace, ultrazvuk, gene gun
- chemické — lipoplexy, polyplexy

-

=




ADA-SCID — imunodeficit

1971 — David Vetter - ,the boy in the bubble“
tézka kombinovana imunodeficience

mutace v adenosin deaminaze
1/58 000 porodu

2016 — Genova terapie — Strimvelis®
700K USD

Hematopoietické @
kmenové burnky e =
3" 12
@ 3
P,
(7 - LA
- ADA @ @
Jen 2 ®— oo
; - B — < P




Genova terapie — Thalasemie a SCD

LentiGlobin BB305
- obsahuje anti-sickling aminokyselinu v sekvenci globinu

& INE e > o ©
Ko 3 T
e

Transfect AR ° ' ¥ . “
293T Cell [(*) ‘ Engraftment of
' @ modified cells
=
2 | Bone . ?
. yheresi nsductior
¥ marrow Apheresis ik
¢ SEE (~48 hrs)
. harvest
2 (SCD)

LS ' (g > o ®
a,, Lentivirus 0 € 9.
o =
em cells (CD34+) Gene Modified Cells
2 weeks <1 week
Produce virus with Isolate target cells Transduce target cells Test & re-infuse gene
therapeutic payload from patient ex vivo modified cells
Produce Lentiviral vector carrying Mobilize, extract and isolate Insert target gene sequence into Prepare patient & re-infuse
a functional gene sequence. patient's HSCs or T cells. the patients HSCs or T cells. patient’s correct HSCs or T cells.

- stabilni chimerismus 10-30% HSCs nesoucich BB305 staci na
dramatické zlepSeni projevu jak B-thalasemie tak i SCD



Genova editace

- Mistneé-specificka zména v DNA sekvenci
- ,custom-designed nucleases” (ZNF, TALENs, CRISPR/Cas9)

Double-Strand Break

F } = V4 | Donor DNA
e 4 - vl eeveteren i i) eececcesce
TITTTITN 'I 'Tl! /’ IN Non-homologous end joining (NHEJ) Homology directed repair (HDR)
K i V A ! ! ! T T PPy P Y TITITITITITT IOy
LLL LULLL“ 1 " LU AL UL

Insertion/deletion mutations (indels) Precise alteration/correction

Knock-out Knock-in

- Terapeuticka aplikace:
1) Knock-out vadného genu

- HIV infekce (CCR5), Hungtingtonova chorea, Duchennova svalova
dystrofie, SCD (BCL11A)

2) Dokonala oprava kauzalni mutace
- Epidermolysis bullosa, Fanconiho anemie, SCD, B-thalasemie



Molekularni diagnostika



Sekvenovani noveé generace (NGS)

CeI\'/ genom (3 miliardy nukleotidu, 98% nekddujici DNA, 99,9% shoda
mezi lidmi)

Exom: pouze geny kddujici proteiny (méné nez 2% DNA)

vétsina klinicky relevantnich odchylek, setri kapacitu
stroju a vypocetni techniky

Amplikonové NGS (napt. 400 vybranych genu)

Transkriptom (RNA-seq)-RNA

Metagenomika-napr. strevni mikroflora, virom
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Analyzacni proces

1. Vylouceny geny vytipované na zakladeé klinickych
priznakut (~30)

2. Filtrovani a prioritizace nalezenych zmen:
odchylky od referencniho genomu:

‘ ~ 28 000

varianty s nizkou frekvenci v populaci (< 1-3%):

j, ~ 4000

poskozujici funkci proteinu:

j, ~500

v genech asociovanych s konkrétni tkani/bunécnou drahou...:
5



Co dal??

- WES odhali mutace jiz drive popsané a validované jako
kauzalni

X

- WES nové mutace doposud nepopsané a neasociovane s
zadnym onemocnénim

Il pouze noveé objevenych mutaci je opravdu patogenni !!!

\ 4

-> vS§echny nové objevené mutace musi byt ovéren
experimentalne!!



Molekularni hematologie nemalignich
ohnemocneni

http://clip.lf2.cuni.cz/en/
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