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EDITORIAL

Riddle: What Do Aplastic Anemia, Paroxysmal Nocturnal
Hemoglobinuria (PNH) and “Hypoplastic’’ Leukemia

Have in Common?

&

By WiLLiaAM DAMESHEK
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PERSPECTIVE
The Problem of Clonality in Aplastic Anemia: Dr Dameshek’s Riddle, Restated

By Neal S. Young
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Maciejewskiet al. Blood 2002; 19(9):31235.
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Morphology in Patients With Severe Aplastic Anemia Treated With
Antilymphocyte Globulin
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- Blood, Vol 80, No 2 (July 15), 1992: pp 337-345 f s e
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Clonal

Studies Period N (mggiean) Resp Evolutio Survival

0)

SEmEy 1986-1989 84 32 65% _ o8%
a 11 ans

0)

MiA 1991-1998 122 35 61% R 53%
a7 ans

0]

EGMBT 1991-1998 100 16 77% . 677
abans

0,

Japan 1992-1997 119 9 68% _ 88%
a3 ans

0,

Germany/Australia  1993-1997 114 9 7% . T
a4 ans

0,

Japan 1996-2000 101 54 74% _ 88%
a4 ans

(0)
NIH 1999-2003 104 30 62% R 80%
a4 ans

0)

NIH 2003-2005 77 26 57% . 93%
a3 ans

.s‘ Young et al. Blood 2006
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MALIGNANT TUMORS OCCURRING AFTER TREATMENT OF APLASTIC ANEMIA

Gerarp Socié, M.D., Micer Hesgv-Asar, M.D., M.Sc., Axprea Bacioarvro, M.D., Jit. Hows, M.D.,
AxprE Ticrerrr, M.D., Per Ljunoman, M.D., Suaun R. McCann, M.D_, Norsert Frickxoren, M.D.,
Erizasern Van't VEEr-KorTior, M.D., AND ELiANE GrLuckman, M.D., ror THE EurorPEAN BONE MARROW
TRANSPLANTATION—SEVERE APLASTIC ANAEMIA WORKING PARTY*

The NEW ENGLAND

JOURNAL of MEDICIN

Immunosuppressive Therapy Bone Marrow Transplantation
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Clonal evolution (morphology): ~ 15%
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'?sa. o Am. JHematol 89:57%574, 2014.
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G-CSF / MD&ML ?

Table 5. Relative risk of developing myelodysplastic syndrome in patients
with aplastic anemia by multivariate analysis

Variable Relative risk (95% CI) P
No. of days of G-C5F therapy® 1.003 (1.001-1.003) 001
No response to therapy at 6 mo 3.46 (1.10-10.9) 03

of MDS
=
Ed

Kojima; Blood 2002

Cumplative Incidence

o M 13.7£3.9% ‘.’ b 10 O d
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GCSF / MD&ML ?

G-CSF= yes
0.08 MDS . 5 ...?.0/0 AML  RRSRNRASDS
o i 0w s ™ G Socié et al.
ot Blood2007; 107:2794
g l_j_/ﬂ G-CSF= no
; 3.2%
Risk factors HR P
MDS Age > 45yr 2.9 0.01
% AML Age > 45yr 4.1 0.002
GCSF 2.5 0.003
MDS/AML Age > 45yr 2.9 0.001
r-MaRIH
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Association of Telomere Length of Peripheral Blood Leukocytes With Hematopoietic

Relapse, Malignant Transformation, and Survival in Severe Aplastic Anemia.
Scheinberg, Phillip; Cooper, James; Sloand, Elaine; Wu, Colin; Calado, Rodrigo; MD, PhD; Young, Neal
JAMA. 304(12):1358364, September 22/29, 2010.

Evolution rate by telomere length Evolution to monosomy 7 or complex
cytogenetics by telomere length
197 | Telomere length quartile 1.0 ——
§ 1 (shortest)
g 081 | ... 5.4 0.8
l% 0.6+ 0.6+
k]
’g e Log-rank P=.009 oA Log-rank P=.002
o 0.2-
o

1 46 42 30 28 17 14 9 1 46 43 33 28 20 18 10
2-4 137 124 120 94 73 62 42 2-4 137 128 124 99 78 66 45
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Skewed Xchromosome Inactivation
l.e., skewing from the expectddl ratiofor random Lionization

V Small series from70%(vanKamp et al) to 10%

V Interpretation of NRXI extremskewing £3:1) in
normal females

V Acquired duringhormal aging

Abnormalcytogeneticin AA

V 4> t m af AAcases
V difficulty in obtaining sufficient numbersf metaphases
V Predominant lesionsty =  tdel(®q) 9
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¢ blood

Maciejewski, Blood 2001

oNo risk factors

cdel7/7q, +8, 11¢ +21, +6, complex
karyotypes most common

100 © 189 patients treated with IS at the NIH
e total prevalence 12%
e actuarial risk at 5 years 15%
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Could AA be considered a pre-pre-leukemic disorder ?
| Eur.J. Haematol. 1996; 60 (Suppl.): 60663.

HSC (or Com Myeloid Progenitor ?)
@ cD8
Intrinsic block
HSC abnormal; \G /
Quantitatively and/or qualitatively

Clonal hematopoiesis; PNH +++; SAA + or ?

Telomere loss; aglr(g of residual HSC

Chromosomal abnormality; —7,
MDS/Leukemia @
N-Ras mutation
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SNP arragbased karyotypingdifferences and similarities between

aplastic anemia and hypo cellular MDSaroslaw P. Maciejewski
AA (N=93) and hypo cellular MDS (N24)
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copy numier RRSTRR e e v cryptic clonal genomic
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€ blood Austin G Kulasekararaj et aD14

Evolved to MDS with somatic
mutations (N=11)

Aplastic

Anaemia
(n=150) No evolution to MDS but have

mutations (N=18)

Evolution to MDS but no
mutations (N=6)

Somatic mutations identify a suigroup of aplastic
anemia patients that progress to
myelodysplasticsyndrome

Detected pre evolution
-7 associated with
DNMT3A/ASXL1

<10% clones in 10
Longer F/U needed

Mutated in other genes
Undetectable low level
clones
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& bl()od Austin G Kulasekararaj et 4014

SOMATIC MUTATIONS AT PRESENTATION ARE PREDICTIVE
SUBSEQUENT RISK OF PROGRESSION

Mutations Detection of somatic mutations N _
detected by [y I Initial unbiased search
WES
Targeted Whole
© deep NGS Sl
< P ATG Sequencing
U b
>
e
5) AA presentation MDS
C
@) Detection of mutations Somatic mutations
-1 .
at presentation 8/18 18/18
(30 events)
7 ING’'S
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{ O blOOd Austin G Kulasekararaj et 4014

YARS
GNL3

YARS
ABCA10
SHROOM3
IST
— ! >
0 1 24.5 (months)
Diagnosis AA SAML
Karyotype  46,XY Complex
SETBP1
IST
= i >
01 54.6 (months)
Diagnosis AA CMML
Karyotype 46,XY Monosomy 7

ERBB4

CSMD1

ERBB4 ATP2C2
LRRC31
IST MYRIP
! .l !
! | T
o 1 40 (months)
Diagnosis AA SAML
Karyotype n/a Complex
—
CBL
IST
| ! ! !
T | |
01 22 38 (months)
Diagnosis AA AA SAML
Karyotype — 46,XX -7 by SNP-A 45,XX,-7[20]



ORIGINAL ARTICLI

Somatic Mutations and Clonal
Hematopoiesis in Aplastic Anemia

The NEW ENGLAND

JOURNAL o MEDICINE

nextgeneration sequencing and arraased karyotyping
using 668 blood samples obtained freh39 patients

Clonalhematopoliesis; il 7%

mutations INDNMT3Aand ASXLZ1 worseoutcomes.
dHoweverclonal dynamics were highly varialdad might not
necessarily have predicted the response to therapy andtimng
survival among individugdatients

N Engl J Med
3\* v 373(1):3547; 2015
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B Multiple M Missense Nonsense [l Frameshift Splice-site I Other

mutations mutation mutation mutation mutation mutation
U.S. Cohorts Japanese Cohort
== -2 BCOR or BCORL1 | epp—|
= PIGA =
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— ASXL1  ———
B Patient NIHO075, 74-Yr-Old Man
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3 E E —~ F150,000 3 —
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§ TSC22D: 373(1):3547; 2015
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e NEW ENGLAND N Engl J Med
JOURNAL of MEDICINE 373(1):3547; 2015
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A Aplastic Anemia and Its Evolution with and without Immunosuppressive Therapy

Normal hematopoietic stem cell (HSC) @ Dysplastic HSC with single or multiple mutations
@ Dysplastic HSC without identifiable mutation @ Expansion of dysplastic HSC with single or multiple mutations
1 . 4Mps
E < Clinical Significance
3| = Overlap, | 4 ooplastic MDS lap AA/MDS
g i AA/MDS ypoplastic or overlap AA/
[ - Progression to MDS
= v
c ~— ’ \ ==
s | 2 ;_ ") .~~~ DNMT3A and ASXL1 CHIP
~N | i ’
) a |IST
© < =
5 ,_-i.-,——r’ . = :ecoveryofnocmal
VG- R G ‘\ ematopoiesis
) D) ‘\ L)
Time and Disease Course
N Engl J Med 2015;373:162%76.
B Frequency of Four Commonly Mutated Genes in Aplastic Anemia in the Two Studies
Top 4 Genes Kulasekararaj et al. Yoshizato et al.
DNMT3A 8.3% 8.4%
ASXL1 8.0% 6.2% =" The NEW ENGLAND
BCOR/BCORL1 4.0% 9.3% 9 JOURNAL of MEDICINE
PIGA NA 7.5%
Median VAF 20.0% 9.3%




Step 2
Immunologic

Step 1 Step 3
SomaticdMutation Growth
Attack

of PIGA Selective Damagy Advantage

Selected Cells

Expanded Cells

GPiDeficientCell

Normal GPYANnchor Immunologic Expansion

Hematopoietic Deficiency Selection
StemCells

A Expansion may be due to another somatic mutation
A The need for both selection and expansion may explain the rarity of PNH
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MaciejewskiBlood 2001 @ blood

Clonal expansion ) _
-Mutations present at presentatlon

. o -Trigger immune surveillance
-Subsequent clonal evolution
Immune

;25;;:: ‘ . escape VS.

-True late clonal event

Immune selection

N1 pressure
K}%T/SZO‘? SinglePIGAmutation (n=7)
LONDON Clone >10%

(n=17)

PIGA DoublePIGAmutation(n=6)

PNH clone(n=65) sequencing

(n=23) PIGAwith other somatic
mutation(n=4)

large (>50%): 15 Clone <10%
moderate (1650%): 14 (n=6)
subclinical (<10%): 36

L N Kulasekararagt al.
'?Mam H Blood2014



Maciejewski,JCI 2014

PNH patient

Normal cells

PNH cells

CD59 negative
fraction

(PNH +)

CD59 rich
fraction

(PNH-)

Targeted

deep NGS +——

(N=58)
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Whole exome
sequencing
(N=12)

Single
cell
colony

»

culture

!

Colony sequencing

Whole cohort

Variable (N=58)

WES (n=12)

Age
Median,y 38

43.5

PNH
clone size

Median,% 86

Range,% 5.0~99.8

94
63~99.6

PNH bone
marrow




Clonal architecture

PIGA cllorf34

Deep sequencing of
PNH sorted cells
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Maciejewski,JCI 2014

MUC7(R358X)

cllorf34

Single cell colony sequencing
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N=2 /
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Additional mutation events
PN

“

Following PIGA mutation as
secondary events

R2,
3,

—*\

Preceding?IGA mutation Clonogenic mutation both in PIGA mutant
and wild-type cells
followed by PIGA mutation

- I

PIGA mutation detection

100% ~
80% H

60% H

Maciejewski,JCI 2014 1 PIGA mutation
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The journal of Clinical Investigation

The mutational landscape of paroxysmal
nocturnal hemoglobinuria revealed:
new insights into clonal dominance

Stanley Chun-Wei Lee' and Omar Abdel-Wahab™

mutation

mutation

Founder Acquisition of cooperating/
mutations secondary mutations

Additional
PIGA mutation

P\ Secondary
mutation

Clonal expansion and
PNH progression

PNH clone size

Disease progression

Malignant transformation
(MDS/AML)




Clonal hematopoiesis in acquired aplastic anemia

S. OGAWA; Blood 2016, in press
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CBL

RUNX1Y 5 10

Splicing ;
facotrs ~ 4.9%

DNMT3A
61.9%

ASXL1
12.9%

DNMT3A
16.9%

Cohesin

AA MDS

X T PN
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Clonal hematopoiesis in acquired aplastic anemia

S. OGAWA; Blood 2016, in press
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