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Word of Welcome

On behalf of the EHA Board and the Scientific Program Committee we are proud to introduce to you
the Education Program of the 18th Congress of EHA. The Education Program covers the whole spec-
trum of basic, translational and clinical research in the broad range of hematologic disorders. We have
assembled a series of presentations from a distinguished cast of internationally recognized individuals.
Their presentations form the basis for the manuscripts in this book.

To provide you, the congress delegate, with a program that better addresses your needs we asked the
authors to prepare for each manuscript a set of learning goals. These goals you can find in this book as
well as in the Final Program Book. We feel confident that these goals will provide more guidance for the
selection of sessions of interest for hematologists early and later in their career.

The program will provide the state-of-the-art and most recent developments in the biology, clinical
aspects and treatment of benign and neoplastic hematologic disorders, as well as in the field of hemo-
stasis, thrombosis, blood transfusion, transplantation and cell therapy. The impact of recent genetic dis-
coveries through next generation sequencing techniques; the research to identify cancer stem cells and
their interaction with the marrow niche; the relevance of neoplastic subclones; the efforts for identify-
ing novel biologic factors with impact on prognosis and the rationale and results of conventional and tar-
geted therapies will be highlighted in the next chapters.

All authors, chairs and reviewers are required to disclose their affiliations with pharmaceutical com-
panies. The overview of disclosures can be found in the back of the book.

We trust that, in addition to the spoken presentations, you find the peer-reviewed manuscripts in the
Education Book a valuable source of information and references.

C%M/L,Q__,
SN

Jorge Sierra
Chair Scientific Program Committee



EUROPEAN
HEMATOLOGY
ASSOCIATION

Raise the voice of European Hematology:
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The European Hematology Association is active in various fields of
hematology, aiming to enlarge the scope of education, science and advocacy
for all hematologists in Europe. EHA's projects include Continuing Medical
Education (CME]); Career development support through research
fellowships and training; Curriculum Passport, advocacy and lobbying;

and educational and scientific meetings within and outside of Europe.

Exclusive Membership Benefits are

m Subscription to Haematologica/The Hematology Journal
(impact factor 6.424 - monthly hard copy delivery)
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EHA-CME new system!

Continuing Medical Education (CME) is a means for hematologists to maintain
and develop professional knowledge and skills keeping up-to-date with latest
developments within the field.

When spending valuable time at training events and tutorials, it is essential to
ensure that you are attending a high quality program. The EHA-CME system has
been implemented as a service to European hematologists in response to this
need, as accredited events are strictly reviewed by an independent review
board and are of the highest quality standards.

In June 2013 at the EHA Congress in Stockholm a new platform will be launched
for the EHA-CME system. The process for collecting credit points gets easier
and quicker within the new system, current accounts are migrated to the new
system and account creating for new users is simple and straightforward.

The new EHA-CME system features:

o link to the European Hematology Curriculum per event
 advanced search for educational programs with certain themes
« individual EHA-CME status access

« automatic calculations following the EHA-CME regulations

« identification and registration of EHA-CME activities

» automatic reminders

« online distribution of certificates

Visit our new website and create an account for yourself, it is simple,
easy and free of cost: eha-cme.org

Stay on course with your professional development!

EHA-CME Unit TELEPHONE
Koninginnegracht 12b +31(0)70 3020 099
2514 AA The Hague EMAIL

The Netherlands www.eha-cme.org info@eha-cme.org
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The biology of T-cell acute lymphoblastic leukemia

A B S T R A C T

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive malignancy of immature thymocytes.
Central to the pathogenesis of T-ALL is the acquisition of activating NOTCHT mutations and chromo-
somal rearrangements leading to the aberrant expression of TAL, TLX, HOXA or NKX transcription fac-
tor family members. Additional mutations in transcription factors and tyrosine kinase signaling path-
ways have been identified, and the ability to carry out next-generation sequencing in conjunction with
functional screens has further increased our understanding of the genomic aberrations in T-ALL. In our
recent exome sequencing study, we identified on average 8 protein altering mutations in pediatric T-
ALL, while adult T-ALL cases harbored on average 21 mutations. A number of these mutations are likely
drivers of T-ALL initiation, whilst others may either contribute to the evolution of the leukemic clone(s)
or may just be passenger mutations. Here we provide an overview of some of the recent discoveries
that help us to understand how T-ALL can develop and how this information may aid decisions on

which novel treatment strategies could be explored for future therapeutic interventions.

Learning goals

On completion of this activity, participants should know that:
- NOTCHT mutations are drivers of T-ALL development;
- additional mutations accumulate, making T-ALL a genetically complex and heterogeneous malig-

nancy;

- JAK kinase inhibitors should be explored for the treatment of T-ALL with JAK1, JAK3 or IL7R muta-

tions or JAK2 fusion genes.

NOTCH1

The NOTCHI signaling pathway plays a
central role in normal T-cell development
where it is involved in the specification of T
cells and the proliferation and survival of com-
mitted T-cell progenitors.! NOTCHI is a trans-
membrane receptor protein that, when bound
by its ligand, undergoes a series of cleavage
events that ultimately leads to the y-secretase-
mediated cleavage and release of the intracel-
lular cytoplasmic domain (ICD). This ICD can
then travel to the cell nucleus where it acts as
a transcription factor to directly control the
expression of a number of genes including
HES1, MYC, IL7R, NFAT and NFxB sub-
units.! It is now well established that in over
60% of T-ALL cases, NOTCH]1 harbors muta-
tions that lead to either ligand independent
activation (HD domain mutations), or increase
its protein stability (PEST domain mutations),
both of which result in the sustained activation
of the NOTCHI signaling pathway.? This
ectopic activation of the NOTCHI signaling
pathway results in uncontrolled regulation of
the downstream genes as listed above as well
as the inactivation of tumor suppressor genes
including p53 and PTEN. The importance of
NOTCHLI in the pathogenesis of T-ALL is fur-
ther demonstrated by the detection of muta-

tions in genes that affect the NOTCHI signal-
ing pathway. An important example is the E3
ubiquitin ligase FBXW?7. This protein normal-
ly acts as a negative regulator of the NOTCH1
pathway by targeting the ICD for ubiquitin-
mediated degradation. Loss-of-function muta-
tions in FBXW7 are present in 25% of T-ALL
samples, and to some extent overlap with the
presence of NOTCH1 mutations.*# In addition
to NOTCH1, FBXW7 also targets other
important oncogenes for degradation includ-
ing JUN, Cyclin E, MYC and MYB, indicat-
ing that its loss may have broad oncogenic
effects.>$

NOTCHI has previously been described to
be important for leukemia initiating cells
(LICs) in T-ALL, but a clear link between
NOTCHI1 mutations and stem cell properties
is still to be resolved.”!3 Recently, two studies
have investigated the role of NOTCHI in
leukemic stem cells. In the first, Giambra and
colleagues identify NOTCHI as a repressor of
Protein Kinase C 0 (PKC-0) levels through a
RUNX3-RUNXI1 transcriptional network.!#
Here, low PKC-0 levels correlated with low
levels of reactive oxygen species (ROS) in
leukemia initiating T-ALL cells. This suggests
one of the functions of NOTCH1 mutations in
T-ALL is to maintain low ROS levels, thereby
maintaining the leukemia stem cell pool. This

Hematology Education: the education program for the annual congress of the European Hematology Association | 2013; 7(1) | 1|
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finding is in agreement with previous studies demonstrat-
ing an important role for NOTCHI1 in T-ALL initiating
cells, and with RUNXI to be a tumor suppressor gene in
T-ALL." In another study, Chiang and co-workers showed
that NOTCH1-induced LIC activity was enriched within
immature T-cell populations, but even in that population
leukemia initiating cells were uncommon (approx. 1 in
1000 cells).’> The same study also demonstrated that
expression of NOTCHI1 gain-of-function alleles abolished
long-term HSC activity by promoting T-cell differentia-
tion, thereby adding to the debate on whether NOTCH1
signaling has either a positive or negative effect on HSC
cells.

NOTCH1 may also aid cellular transformation by acting
at the epigenetic level. In this instance, NOTCHI1 activa-
tion was shown to antagonize the activity of the polycomb
repressive complex 2 (PRC2) leading to the loss of the
repressive Lysine27 trimethylation of histone 3
(H3K27me3)."* Loss of PRC2 activity in T-ALL, by
knockdown of its essential component EZH?2 increased the
in vivo tumorigenic potential of the leukemia cells, and
also in other models a co-operation between NOTCH1
activation and loss of PRC2 was observed. Moreover,
deletions and mutations of EZH2 and SUZ12, both crucial
proteins of the PRC2 complex, were found in 25% of T-
ALL samples, further demonstrating the tumor suppressor
role of PRC2.

Taken together, these studies continue to reveal that acti-
vation of NOTCHI results in the deregulation of several
important functions and downstream target genes, some of
which are themselves further modulated by mutations or
deletions. In this way, T-ALL cells escape the normal con-
trol mechanisms that would otherwise protect and guide
normal T-cell development.

Chromosomal rearrangements affecting
transcription factor expression

Historically, the identification and characterization of
chromosomal rearrangements has been extremely impor-
tant as these chromosomal defects were among the first
genomic lesions observed and characterized in T-ALL.
The majority of the chromosomal translocations in T-ALL
juxtapositions the promoter of T-cell receptor genes on
one chromosome with a transcription factor on another
chromosome (Table 1). Alternatively, chromosomal dele-
tions and duplications can target transcription factors such
as deletions generating the SIL-TAL1 fusion or duplica-
tions of MYB, respectively.'”!? Collectively, these genom-
ic aberrations lead to the overexpression of one particular
transcription factor that can then drive an entire transcrip-
tional program distinguished by gene expression
profiling.2-?? Clinically, the presence of these chromoso-
mal aberrations and the associated ectopic expression of
these transcription factors is used to classify T-ALL into
specific subgroups that can also be associated with specif-
ic stages of T-cell differentiation arrest (Figure 1).

Work on the TLX1 and TLX3 transcription factors has
revealed a clear link between the overexpression of these
proteins and their effect on T-cell differentiation. Dadi and
colleagues have shown that TLX proteins interact with
ETS1 and suppress TCRo rearrangement.”* Normally,
TCRa rearrangement is a highly regulated process in
which the TCRa enhancer (Ea), as well as the transcrip-
tion factors LEF1, RUNX1 and ETS1, play an important
role. The work by Dadi ef al. demonstrated that TLX1 and
TLX3 can bind ETS1 and thereby disturb Ea. activity, pre-
venting TCRa (but not TCRP) rearrangement. In agree-

Table 1. T-cell receptor genes and their involvement in chromosomal aberrations in T-ALL.

T-cell receptor genes Partner gene
Gene Gene symhol Chromosome location Gene symhol Chromosome location
T-cell receptor o TRA@ 14911 TLX1 10q24
TALL 1p32
LM0O1 11p15
LM02 11p13
NKX2-1 14913
T-cell receptor 3 TRB@ 7q34-35 TLX1 10q24
HOXA@ cluster 7p15
Lyt 19p13
TAL2 9932
LCK 1p34
NOTCH1 9q34
MYB 6923
NKX2-1 14913
T-cell receptor vy TRG@ 7p15 No known chromosomal aberrations
T-cell receptor & TRD@ 14q11 TIX1 10q24
TIX3 5q34
TALL 1p32
LM01 11p15
LM02 11p13
NKX2-2 20p11

Note 1: TLX3 is implicated in a translocation with the T-cell rece;Jtor delta locus but more freq7uent/y also rearranged in translocations involving the BCL11B locus.Note 2: A complete list of all rearrangements involving

T-cell receptor genes is available from: http;//atlasgeneticsoncology.org/Anomalies/TALLID1374.html
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ment with this, downregulation of TLX1 or TLX3 in T-
ALL cell lines caused restoration of Vo-Jo rearrangement
and massive apoptosis.” Other studies have also revealed
that RUNX1 and LEF1 are frequently mutated or deleted
in T-ALL cases.?*? Taken together, these data suggest that
several mechanisms that interfere with proper TCRa
rearrangement are implicated in the differentiation defects
of T-ALL cells.

In addition to the well known TLX1, TLX3, TAL1 and
HOXA subgroups, new molecular subgroups of T-ALL
were recently defined through the use of gene expression
profiling. In this way, Meijerink and colleagues have been
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Figure 1. Overview of the major subgroups of T-ALL defined
by the ectopic expression of the transcription factors. The
transcription factors TLX1, TLX3, LMO1, LMO2, HOXA, TAL1
(including SIL-TAL1), chimeric MLL and PICALM-MLLT10
(CALM-AF10) are major oncogenic drivers of T-ALL.
Additional oncogenes and tumor suppressor genes con-
tributing to T-ALL development are also indicated.
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able to identify two new subgroups based on transcription
factor expression.”? The first is based on NKX2-1 or
NKX2-2 expression, and the second is based on MEF2C
expression. In the majority of cases within these sub-
groups, the transcription factors were over-expressed as a
consequence of chromosomal rearrangements that had
been missed in the past due to the limitations of karyotyp-
ing and fluoresence in situ hybridization (FISH). The
expression of both NKX and MEF2C transcription factors
displayed oncogenic co-operation with RAS and MYC in
transformation assays in fibroblasts, whereas the expres-
sion of MEF2C transcription factor was also shown to up-
regulate genes found to be expressed in immature T-
ALL .2 This study demonstrates that additional subgroups
of T-ALL can be defined using combinations of gene
expression profiling and molecular analyses. Furthermore,
these additional subgroups will not only continue to be of
interest to study at the functional and molecular level, but
will also provide potential new prognostic markers or
identify potential targets for therapy for those specific sub-
groups.

Tyrosine kinase and cytokine receptor signaling

In 6% of T-ALL cases, there is expression of an
NUP214-ABL1 fusion,?® which is similar to the BCR-
ABLI1 fusion found so often in B-ALL but rarely found in
T-ALL. In T-ALL, the NUP214-ABL1 fusion gene is the
consequence of an unusual rearrangement that is often
detectable as an episomal amplification. In vitro experi-
ments confirmed that the NUP214-ABLI1 fusion protein is
an activated tyrosine kinase, but with weaker kinase activ-
ity and different substrate specificity compared to BCR-
ABL1.262¢ Nevertheless, both within cell-based models
and within mouse models, expression of NUP214-ABL1
could transform hematopoietic cells to cytokine independ-
ent growth. In more recent work, we have observed that
the NUP214-ABLI1 protein is localized at the nuclear
membrane where it interacts through the NUP214 moiety

Figure 2. Interleukin-7 receptor and TSLP receptor complexes. The normal interleukin-7 receptor is a heterodimer of the
IL7Rx and the common gamma chain (cy; also named IL2RY). JAK1 and JAK3 are the cytosolic tyrosine kinases asso-
ciated with this receptor. In the mutant cases, the IL7Rx is mutated so that additional amino acids are inserted close to
or within its transmembrane region. In some cases, a cysteine residue can be inserted, which could lead to the formation
of disulfide bridges between two adjacent IL7Rx proteins. In other cases, no such cysteine is present, but the insertion
of additional amino acids is believed to change the conformation of the proteins allowing them to form heterodimers

(and kinase activation) in the absence of the ligand.
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with other nuclear pore proteins such as NUP88, NUP358
(RANBP2), and this interaction is required for the activa-
tion of the NUP214-ABL1 kinase.”” The NUP214-ABL1
fusion has now also been identified in some cases of high-
risk B-ALL. Finally, in addition to the NUP214-ABL1
fusion, other ABL1 fusions have also been identified in T-
ALL, including EML1-ABL1.%*

Recently, a variety of small insertion mutations have
been identified in the alpha chain of the interleukin-7
receptor, encoded by the IL7R gene.*32 Most of these
mutations lead to the introduction of a cysteine amino acid
close to, or within, the transmembrane domain. These
amino acid insertions close to the transmembrane domain
are hypothesized to cause a conformational change in the
receptor enabling dimerization of the receptors in the
absence of ligand. The presence of the extra cysteine can
then lead to the formation of stable cysteine bridges
between two mutant IL7R proteins, resulting in the stable
homodimerization and activation of the associated JAK1
kinases (Figure 2).3°3! In a minority of cases, there are
mutations within the transmembrane domain of the IL7R
without cysteine insertion. It was hypothesized that such
mutations may lead to ligand independent heterodimeriza-
tion with the CRLF2 receptor or with the common gamma
chain.3® Again, this would lead to the constitutive activa-
tion of the JAK/STAT pathway through activation of
JAK1 and JAK2/JAK3 (Figure 2). In addition to muta-
tions in the IL7 receptors, activating mutations in the tyro-
sine kinase JAK1, JAK2, JAK3 have also been identified,
as well as rare fusion genes involving JAK2.323¢ Despite
the fact that all individual mutations are rare, the entire
group of T-ALL patients with either JAK kinase mutation
or IL7R mutation is estimated to be 20%-30% of all T-
ALL cases.

Interestingly, several JAK kinase inhibitors are currently
under development for the treatment of myeloproliferative
neoplasms and auto-immune diseases.*’-* Ruxolitinib has
been approved by the US Food and Drug Administration
(FDA) for the treatment of myelofibrosis, and tofacitinib
has received approval for the treatment of rheumatoid
arthritis. Most of these inhibitors are not very specific, and
JAK?2 inhibitors usually also target JAK1 and JAK3, and
so-called ‘selective JAK3 inhibitors’ often also target
JAK1. In addition to the JAK2 V617F mutation, ruxoli-
tinib was shown to have potent activity against JAK1
mutants in vitro.** Similarly, tofacitinib was shown to
inhibit leukemia-specific JAK3 mutants at low nanomolar
concentrations.*! These findings suggest these and other
JAK inhibitors that are being developed for myeloprolifer-
ative neoplasms and autoimmune diseases may also be of
value for the treatment of ALL with JAK1, JAK3 or IL7R
mutations. It will be of interest to test the efficacy of these
inhibitors in T-ALL models, and to set up exploratory tri-
als, for example, for relapsed T-ALL patients.

The genomics (r)evolution and its implications
for T-ALL

It is now possible to perform unbiased genome wide
searches for novel oncogenes and tumor suppressors in T-
ALL with the availability of novel genomics technologies.
High-resolution array comparative hybridization
(arrayCGH) has allowed the identification of copy number

alterations in the genome with an unprecedented resolu-
tion. Application of this technology in T-ALL has resulted
in the detection of previously unrecognized deletions in
tumor suppressors, such as PHF6,* WT1, PTPN2,*
LEFI% and BCLI11B,* or in the detection of cryptic dele-
tions resulting in LMO2 expression*’ or the generation of
the SET-NUP214 fusion.”® The research group of Jules
Meijerink, in collaboration with the research group of
Wouter de Laat, complemented arrayCGH approaches
with analysis of T-ALL gene expression profiles and with
the Chromosome Conformation Capture on Chip (4C)
technique® to characterize chromosomal rearrangements,
allowing them to identify NKX2-1, NKX2-2 and MEF2C
as novel oncogenes in T-ALL 224

The recent introduction of massively parallel sequenc-
ing technologies (also referred to as ‘next generation
sequencing‘) has further improved our capacity to charac-
terize the mutational landscape of T-ALL. Pieter Van
Vlierberghe and colleagues used this technology for the
resequencing of the entire X-chromosome in T-ALL
patients, and in this way, identified mutations in PHF6.42
Similarly, the team of Charles Mullighan performed whole
genome sequencing of 12 T-ALL patients of the immature
early T-cell precursor (ETP) T-ALL subtype. This study
underscored the high incidence of cytokine and RAS sig-
naling mutations, and lesions in regulators of hematopoi-
etic development and in epigenetic regulators in respec-
tively 67%, 58% and 48% of ETP T-ALLs. In addition,
and in agreement with the observations made by Adolfo
Ferrando and colleagues, the immature ETP leukemias
have a transcriptional profile that resembles that of
myeloid leukemias and hematopoietic stem cells.
Moreover, the mutational profile of these immature T-
ALL tumors is highly enriched for defects in typical
myeloid leukemia oncogenes and tumor suppressors, such
as IDHI, IDH2, DNMT3A, FLT3, NRAS and ETV6. It
remains to be determined if these findings will have clini-
cal implications, and whether patients with immature T-
lineage leukemias could benefit from therapies developed
for myeloid malignancies.

We used the power of next generation sequencing to fur-
ther characterize the genetics of both pediatric and adult T-
ALL. We performed exome sequencing on 67 T-ALL
cases representing all different molecular subgroups and
age groups.® Interestingly, we found that the number of
somatic mutations in T-ALL samples increases with age.
This positive correlation between patient age and mutation
number has also been found previously in AML using
whole genome sequencing approaches.> These observa-
tions are likely caused by the accumulation of random,
benign passenger mutations during the normal aging
process and underscore the need for thorough filtering
methods and functional follow-up experiments to distin-
guish random passenger mutations from cancer driving
mutations. Our study also identified CNOT3 as a novel
tumor suppressor gene that is mutated specifically in adult
T-ALL patients. The CNOTS3 protein is part of the CCR4-
NOT complex regulating gene expression transcriptional-
ly and post-transcriptionally.’? In addition, CNOT3 medi-
ates self-renewal in mouse embryonic stem cells, where
CNOTS3 shares many target genes with MYC,3 a known
oncogene in T-ALL. Another intriguing observation in our
study was the finding that 10% of pediatric T-ALL patients
carry mutations in RPLI10 or RPLS5, 2 genes encoding pro-
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teins of the large 60S ribosomal subunit. The exact role of
the RPLS and RPL10 defects in leukemogenesis are still
unknown, but mutations in other genes encoding proteins
of the 60S ribosomal subunit have been confirmed by
other groups, including Rao and colleagues who inde-
pendently reported that RPL22 is deleted or mutated in
10% of T-ALL cases.’* In this study, they also found that
loss of RPL22 leads to the upregulation of the stemness
factor Lin28B in T-ALL and can accelerate tumor devel-
opment in an established T-ALL mouse cancer model.>*

Additional layers of complexity: co-occurrence
of mutations and clonal evolution

The genomics studies described above illustrate the
complexity of mutations in T-ALL. However, yet another
layer of complexity is added by the multiplicity of geneti-
cally distinct leukemic subclones. Indeed, careful molecu-
lar analyses such as the mapping of genetic alterations by
multiplex FISH in individual cells of diagnostic ALL sam-
ples showed genetic heterogeneity in such samples with
the presence of multiple related leukemic subpopulations
carrying subclone specific lesions in addition to lesions
that are shared between subclones.> In addition, studies in
which careful genetic characterization was performed on
paired diagnosis-relapse samples illustrated that the clonal
architecture of these leukemias is dynamic and is subject
to continuous changes based on Darwinian natural selec-
tion >3-

Interestingly, evolution of leukemia cell clones with
selection and expansion of more aggressive malignant
cells also occurs during expansion of diagnostic leukemia
samples in immunodeficient mice (xenograft models).
This makes xenograft models very attractive as they reca-
pitulate the development of relapse clones as observed in
patients, thereby allowing the study of the Darwinian
clonal evolution process in several independent animals.
This led to interesting observations: the same diagnostic
leukemia sample, when injected in parallel into multiple
animals, could give rise to leukemias that showed distinct
genetic lesions targeting the same gene. One example was
the appearance of distinct deletions in the CDKN2A locus
in the different xenografts originating from injection of a
diagnostic tumor sample in which the bulk of the tumor
cells had an intact CDKN2A locus, indicating that the dis-
tinct CDKN2A lesions had been acquired independently
more than once.’® These observations suggest that the
presence of a particular lesion in a (pre-)leukemic cell can
put a high selective pressure on that cell to acquire a very
specific genomic lesion. The presence of such selective
pressure is likely to result from a synergistic co-operation
between the initiating lesion and the lesions that are
acquired later on.

In the context of T-ALL, it is known that particular
lesions tend to co-occur together. For example, deletions
of the phosphatase gene PTPN2 are frequently found in T
ALL cases with expression of either NUP214-ABL1 or
with JAK1 mutation, both of which are substrates of
PTPN2.457 In these cases, loss of the negative regulator
PTPN2 leads to increased activation of the JAKI1 or
NUP214-ABL1 signaling pathways. However, for other
combinations, the mechanism of co-operation between co-
occurring lesions is currently unknown. These include var-
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ious observations in T-ALL with RAS and JAK mutations
occurring frequently in ETP-ALL > WT1 mutations in
TLX1 and TLX3 T-ALL,® IL7R mutations in TLX3,
TLX1 and HOXA T-ALL;' and a higher incidence of
PTEN/AKT mutations in TAL/LMO positive T-ALL.%®
Another example is the frequent co-occurrence of appar-
ently totally different lesions such as overexpression of the
TLX1 or TLX3 transcription factors and of NUP214-
ABL1.26

In addition to the use of xenograft models, the study of
clonal complexity and clonal evolution of T-ALL is also
obtaining benefit from massive parallel deep sequencing
approaches. Ideally, one would perform whole genome
sequencing on a significant number of single cells isolated
from different samples collected over time to determine
clonal composition and evolution of the tumor. Although
such analyses are for the moment expensive and technical-
ly challenging, the first examples of such studies have
been reported in the context of JAK2-negative myelopro-
liferative neoplasms.> At this point, deep sequencing of
entire tumor cell populations followed by targeted deep
sequencing represents a more straightforward approach to
study clonal architecture.® Similar analyses in the context
of T-ALL will provide more insight into the clonal evolu-
tion of T-ALL.

Conclusions

T-ALL is a genetically complex leukemia, not only
because so many different lesions contribute to the devel-
opment of this type of leukemia, but also because T-ALL
at diagnosis is a mixture of multiple leukemia clones with
slightly different genomes that are under constant evolu-
tion. Therefore, it is difficult to identify all the changes
that are important to transform a normal thymocyte to a
leukemic cell. Similarly, despite our increasing knowledge
of the various oncogenic drivers in T-ALL, it remains
extremely difficult to predict the development of resist-
ance mechanisms that allow leukemic cells to escape tar-
geted therapies. Nonetheless, improvements in chemother-
apy regimens over the past 30 years have steadily
increased the cure rates of childhood T-ALL and these are
now over 70%. However, the treatment of adult T-ALL
remains more difficult, and this, therefore, continues to be
an area of intensive research in order to provide improved
and targeted treatments, and, ultimately, a cure.
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The challenges of incorporating novel biomarkers
in acute lymphoblastic leukemia

A B S T R A Cc T

An effective treatment of acute lymphoblastic leukemia (ALL) starts with risk-stratification guided
by well-established risk factors and rationally designed and well-controlled treatment protocols. To
further improve clinical outcome, both the failure rate (approx. 20% in children and approx. 70% in
adults) as well as the side effects should be reduced. The currently applied chemotherapeutic drugs
were largely discovered decades ago (1950-1970s) and have improved the clinical outcome tremen-
dously. However, the event-free survival has reached a plateau in recent years whereas, with a few
exceptions, contemporary therapies still use the same drugs as decades ago. Meanwhile, the molecular
knowledge has exploded in this last decade mainly driven by deciphering the human genome, charac-
terization of the epigenetic landscape of gene regulation, and the acceleration in the development of
new and often high-throughput molecular biological techniques. Our knowledge of the biology of ALL
is now beyond its infancy, and more and more studies are emerging that discover new (genetic) abnor-
malities in leukemic cells. Some of these features may serve as new diagnostic and/or prognostic
markers and some as a target for new drugs. The challenge is to identify, validate and functionally
prove the importance of new (genetic) lesions in the pathobiology of ALL in order to guide personalized

medicine by more optimized risk stratification and targeted drugs.

Learning goals

At the conclusion of this activity, participants should have learnt about:
- the clinical need for informative biomarkers in ALL;

- the different types of biomarkers;

- the challenges to discover and implement new biomarkers in the treatment of ALL.

The clinical need for informative
biomarkers in ALL

The prognosis of ALL heavily relies on the
effective stratification of patients into risk-
adapted treatment regimens. This risk stratifi-
cation is based on clinical features such as pre-
senting white blood cell count and age, as well
as pathobiological features such as immuno-
phenotype and genotype of the leukemic cells.
Monitoring the response to treatment revealed
that the presence of residual cells at given time
points (e.g. Day 33 and Day 79 in children
with newly diagnosed ALL) was a strong and
independent predictor for unfavorable out-
come in both children and adults with ALL,
and therefore minimal residual disease (MRD)
status is used as risk factor in contemporary
treatment protocols.'?> The current 5-year
event-free survival estimates for patients who
received risk-stratified treatment are 80% for
children (<18 years) and 30% for adults with
newly diagnosed ALL.>+

These event-free survival rates reflect the
average of the total group of patients.
However, ALL is a hetereogeneous disease
that comprises different genetic abnormalities
contributing to the leukemogenic process
and/or to maintenance of the leukemia.

Identical genetic lesions are found in children
and adults, although the frequency of these
abnormalities widely differs. Adult ALL is
characterized by a higher frequency of BCR-
ABLI-positive B-cell precursor (BCP) ALL
whereas in children, ETV6-RUNX1 (formerly
known as TEL-AMLI)-positive and hyper-
diploid (>50 chromosomes or a DNA-index
>=1.16) BCP-ALL are most prevalent (Figure
1).#¢ BCR-ABLI-positive ALL is linked to an
unfavorable prognosis and the higher inci-
dence in adults may, therefore, be one of the
explanations for the observed poorer clinical
outcome in adults compared to children with
ALL. Many relapses occur in the ‘apparent’
favorable risk groups like those with ETV6-
RUNXI-positive or hyperdiploid ALL, or
those with undefined genetic lesion (B-other).
For example, ETV6-RUNXI-positive and
hyperdiploid ALL accounts for approximately
50% of all pediatric ALL cases and approxi-
mately 10% of these cases relapse. Since both
types of ALL represent a large population in
size, the absolute number of patients who
relapse is high for this apparent good progno-
sis group (Table 1). Moreover, the highest
number of relapses occurs in the group of
BCP-ALL cases negative for BCR-ABLI and
ETV6-RUNX1, being non-hyperdiploid as well
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as MLL- and TCF3-wild type (defined here as B-other).
This exemplifies the need for more discriminative factors,
i.e. biomarkers, in the diagnosis and treatment of ALL.

Definition of a biomarker

A biomarker in the context of leukemia is a feature that
reflects a biological process that is predictive for the sus-
ceptibility to develop leukemia, the clinical manifestation
of disease (diagnosis), the subtype of disease, the re-
occurrence of disease (relapse), and the response to a
given treatment in an individual patient. Most ‘leukemic’
biomarkers are measured in blood, bone marrow and cere-
brospinal fluid samples taken from patients and can be
studied using a variety of sources such as specific cells,
DNA, protein-coding mRNAs, non-coding RNAs, (phos-
pho)proteins, lipids, hormones and other molecules (e.g.
drug metabolites). In medicine, both physiological bio-
markers (e.g. blood pressure, body temperature and white
blood cell count) and molecular biomarkers (e.g. gene
mutations, gene fusion products, change in phosphoryla-
tion state of proteins) are being used. In this educational
review, the emphasis will be on the challenge to incorpo-
rate molecular biomarkers in personalized medicine and
tailored therapies of ALL. Types of biomarkers commonly
used in leukemia are shown in Table 2.

Biomarkers related to the diagnosis and prognosis of the
disease in individual patients

Diagnostic biomarkers: are used to determine the pres-
ence and/or the subtype of leukemia. For example, ETV6-
RUNX1-positive ALL can be identified by fluorescence in
situ hybridization (FISH) assays with a green-labeled
ETV6 and a red-labeled RUNX1 probe using leukemic
cells captured on microscopic slides. Presence of a yellow
fusion signal indicates that the patient suffers from an
ETV6-RUNXI-positive leukemia. The information of this
diagnostic biomarker is taken forward to assign the patient
to the appropriate risk arm of a treatment protocol for
ALL, i.e. non-high risk treatment for an ETV6-RUNXI-
positive patient.

Prognostic biomarkers: are indicative for the risk of
patients to fail to respond to treatment (e.g. an induction
failure) or to develop a relapse. Prognostic biomarkers are

Stockholm, Sweden, June 13-16, 2013

not 100% predictive for the occurrence of an event but
give an estimate of the risk for an event. Deletions in the
Ikaros gene (IKZFI) are predictive for an unfavorable out-
come in both childhood and adult ALL, but not all /IKZFI-
deleted cases will suffer from a relapse, nor do 100% of
the wild-type cases survive without an event.

In ALL clinical practice, there is not a big difference
between diagnostic and prognostic biomarkers and most
often a lesion can be both diagnostic and prognostic.
Examples are BCR-ABLI and ETV6-RUNXI gene fusions
and genes affecting the biology of leukemic cells such as
IKZF1 deletions. In combination, these biomarkers may
further fine-tune the prediction for clinical outcome of
patients. Examples are the additive value of the IKZF]
deletion status to disseminate cases with highly favorable
and unfavorable prognosis among patients with BCR-
ABLI-positive ALL or the fact that IKZF1 deletions com-
bined with MRD status can identify more patients at high
risk of relapse than each of these features alone >

1 child
El adult

(7Y
[=X=]

Frequency of patients
(%)
N
(=]

BfTHdineage = BCP-ALL cytogenetics

Figure 1. Distribution of (cytogenetic) subtypes in children
and adults with newly diagnosed ALL. Estimated frequen-
cies were based on Kamps et al.,® Labar et al.,* Moorman
et al,® Pui et al.,” and Moricke et al.® MLL-r: MLL-
rearranged; TCF3-r: TCF3-rearranged.

Table 1. Frequency of events in (cytogenetic) subtypes of ALL in children.

ALL subtype Frequency in children 5-year event-free survival Estimated absolute number
(1-18 years) estimates in children of events in 1000 patients

BCR-ABL1 ~3% 25-30%* 20

MLL-rearranged ~2% 20-40% 15

ETV6-RUNX1 ~25% 90% 25

Hyperdiploid ~25% 90% 25

TCF3-rearranged ~4% 85% 5

B-other ~25% 70% 75

Tineage ~15% 75% 35

ALL total 100% 80% 200

*Event-free survival estimate of BCR-ABL1-positive ALL in the pre-tyrosine kinase inhibitor era (e.g. imatinib, dasatinib). Events are defined as relapse, non-response, death due to leukemia.*"¢

Hematology Education: the education program for the annual congress of the European Hematology Association | 2013; 7(1) | 9|



18" Congress of the European Hematology Association

Biomarkers used to prioritize drugs and new drug
development

Predictive biomarkers: are used to predict the response
to a particular drug or treatment in a patient. Positivity for
a predictive biomarker results in the use of a drug targeting
this feature to optimize treatment results for individual
patients (personalized medicine). Positivity for the BCR-
ABLI gene fusion predicts that the patient may benefit
from ABLI-tyrosine kinase inhibitors like imatinib
(Gleevec) or dasatinib (Sprycel). Therefore, the BCR-
ABLI fusion can, besides being diagnostic and prognostic,
also serve as predictive biomarker. In addition to BCR-
ABLI positivity, the mutation status of this fusion gene is
indicative for the actual clinical response to ABLI1-tyro-
sine kinase inhibitors. BCR-ABLI-positive cases harbor-
ing an ABLI T315I mutation are resistant to imatinib and
dasatinib, but are still sensitive to ponatinib.!! Well-
defined predictive biomarkers are, therefore, essential for
prioritizing the most optimal type of drugs used to treat the
patient.

Pharmacodynamic biomarkers: are used to study what a
drug does to the leukemic cells. Pharmacodynamic studies
determine which proteins and signaling pathways are
affected by a drug (proof-of-mechanism) and determine
the phenotypic effect of exposure to this drug in leukemic
cells (proof-of-concept). Changes in expression levels or
activation status (e.g. phosphorylation status of kinases) of
targeted proteins are often dose-dependent and provide a
tool to optimize drug dosages in clinical studies including
phase I/II early clinical trials.

Pharmacokinetic biomarkers: are used to monitor the
kinetics of a drug in the human body. The active drug level
in plasma depends on the type of drug and the (genetic)

Table 2. Examples of molecular biomarkers in ALL.

Type of molecular biomarker ~ Examples in ALL
Diagnostic and prognostic BCR-ABL1
ETV6-RUNX1

MLL-rearrangement

TCF3-rearrangement

IKZF1 deletions

BCR-ABL1-like gene expression signature
JAK2 mutations and translocations
deregulated CRLF2 expression

Minimal residual disease

BCR-ABL1 and mutation status

(imatinib, dasatinib, nilotinib, ponatinib)

FLT3 expression levels and mutation status

(midostaurin, lestaurtinib, sunitinib)

JAK2 mutations and translocations
(ruxolitinib)

RAS-MEK pathway activating mutations
(selumetinib, trametinib)

pABL1, pCRKL (ABL1 tyrosine kinase inhibitors)
pFLT3 (FLT3 inhibitors)
pSTATS (JAK inhibitors)
pERK (MEK inhibitors)

TPMT

Surrogate response

Predictive
(for selecting drugs)

Pharmacodynamic
(for monitoring response)

Pharmacokinetic

P: phosphorylated.

make up of individual patients, indicating the clinical need
for discriminative biomarkers. Genomic markers can be
used to identify patients who need pharmacokinetic mon-
itoring of achieved drug levels in plasma to enable dose-
reduction or increment. A classical example is the genetic
variation in thiopurine S-methyltransferase (TPMT) which
increases the bio-availability of thiopurine drugs (e.g. 6-
mercaptopurine), drugs frequently used in the treatment of
ALL. Polymorphisms in TPMT identify patients who may
benefit from a dose-reduction in order to avoid side-
effects caused by a prolonged presence of active thiop-
urine metabolites in the plasma.?

Surrogate response biomarkers: are dynamic biomarkers
used to monitor the effect of a given treatment. Surrogate
response biomarkers are used as alternative to a primary
end point of treatment that is undesired (death) or to avoid
repetitive invasive bone marrow punctures. A biomarker
can only serve as surrogate response marker if a change in
the biomarker also predicts the true clinical response to the
given therapy. A biomarker that only predicts prognosis at
the start of treatment without being dynamically affected
by the given treatment is not a surrogate response bio-
marker but a prognostic biomarker. An example of a sur-
rogate response marker in ALL is the monitoring of mini-
mal residual disease by patients’ unique T-cell receptor
and immunoglobulin-rearrangement signatures of
leukemic cells.!3!*

Biomarkers can be both diagnostic, prognostic, predictive,
pharmacodynamic, pharmacokinetic and/or a surrogate
marker for response to one or to a cocktail of drugs. Most
importantly for personalized medicine, biomarkers can be
used to identify the presence of drug targets and/or drug
metabolizing enzymes to tailor treatment in individual
patients. The challenge is to pick the winner(s)!

Recently discovered molecular biomarkers

In essence, the features that are currently being used for
risk-stratification of patients — immunophenotype and
genotype, as well as white blood cell count and age — are
all diagnostic and/or prognostic biomarkers in ALL. As
discussed above, these clinical and biological features fail
to predict the majority of relapses in pediatric ALL and
similar observations are found in adult ALL. This means
that the prognosis of a substantial part of apparent non-
high risk patients may increase by more intensified or
more targeted therapy whereas the prognosis of other
patients may remain similar using a reduction in the given
treatment but with the benefit of less treatment-related
toxicity (e.g. by leaving out hematopoietic stem cell trans-
plantation). In the next part we will discuss the identifica-
tion of molecular features that are of high interest to use as
biomarkers to guide new clinical trials in ALL.

The pathobiology of ALL and the discovery of
new biomarkers

BCR-ABL1-positive and BCR-ABL1-like ALL

The BCR-ABLI fusion is a key example of a biomarker
having diagnostic, prognostic and predictive value in both
childhood and adult ALL. The introduction of the tyrosine
kinase inhibitor imatinib (Gleevec/Glivec, STI571) in

| 10 | Hematology Education: the education program for the annual congress of the European Hematology Association | 2013; 7(1)



combination with conventional chemotherapy has
improved the event-free survival of BCR-ABLI-positive
patients significantly from 25%-30% in the pre-inhibitor
era to 50%-70% for children and from 10% to 35%-50%
for adults in contemporary protocols.>!® However, pro-
longed exposure to imatinib resulted in resistance to this
inhibitor, often caused by acquired mutations in ABLI. A
key mutation is the T315I-mutation resulting in a confor-
mational change of the ABL1 kinase domain that results in
loss of effective binding of the inhibitor, but also other
inactivating mutations have been identified (e.g. Y253H
and F317L)."” The unfavorable long-term prognosis
despite the use of tyrosine kinase inhibitors, as well as the
acquired resistance to imatinib, indicate that other BCR-
ABL]I-driven features and targeted drugs need to be
explored to cure these patients. New ABL1 kinase domain
directed drugs have been developed like dasatinib (BMS-
354825), nilotinib (AMN-107) and bosutinib (SKI-606).
These 2" generation drugs face the same drawback of
acquired resistance of leukemic cells or outgrowth of
resistant subclones in time and, moreover, these drugs also
do not overcome resistance associated with the ABLI
T3151 mutation.??! Recent studies show that ponatinib
(AP24534), a 3" generation tyrosine Kinase inhibitor, is
able to overcome resistance to many ABL1-kinase domain
mutations, including ABLI T3151.»2 This inhibitor may,
therefore, be used to salvage BCR-ABLI-positive patients
who are resistant to 1% and 2" generation tyrosine kinase
inhibitors as recently shown for chronic myeloid leukemia
and ALL.!

In addition to drugs targeting BCR-ABLI1 and its tyrosine
kinase domain, downstream activated genes may also
serve as candidates for new drugs. Intriguingly, BCR-
ABLI activates divergent signaling pathways in ALL and
chronic myeloid leukemia, stressing the importance of
studying the pathobiology in the correct cellular context.
BCR-ABLI in chronic myeloid leukemia triggers growth
factor-independent RAS-mediated proliferation and phos-
phoinositide 3-kinase (PI3K)/AKT-mediated survival

25000

—_ total Stats
b=
: 20000+ n
= .
& Ay
% 150004 & o
o L |
2 —Aphd, [ ] -..l
o &
= 10000 g ak "!i:=]1'
E uh (H
g 5000-
=8

1] T T

n A
v &
39 gg‘@'
& @
@

Stockholm, Sweden, June 13-16, 2013

pathways.?® In contrast, BCR-ABLI in ALL activates the
JAK/STAT pathway thereby deregulating the transcription
of genes involved in many different cellular processes.
This JAK/STAT pathway includes Janus kinase-family
members (JAKs) and signal transducer and activator of
transcription family members (STATs).>*2¢ Activating
mutations in JAK-family members (mainly JAK2) have
rarely been found in BCR-ABLI-positive ALL which
opposes the relative high frequency of approximately 10%
seen in other high-risk BCP-ALL patients.?’-2® STATS acti-
vation seems important in both the initiation and prolon-
gation of BCR-ABLI-positive ALL, whereas STAT3 main-
ly contributes to the initiation of BCR-ABLI-positive
ALL.% As shown in Figure 2, phosphorylated (and hence
activated) but not total STATS protein levels were signifi-
cantly raised in BCR-ABLI-positive ALL compared to
other precursor B-ALL cells taken from children with
newly diagnosed ALL. It is evident that STATS and its
associated JAK/STAT pathway need further exploration as
alternative strategy to circumvent resistance to tyrosine
kinase domain-directed inhibitors in ALL.

As mentioned in the introduction, there is especially a
need to improve outcome for those patients who are not
recognized as high-risk patients because their leukemic
cells do not harbor BCR-ABLI or MLL-fusion genes.
Recent genomic studies have identified an unfavorable
prognostic subtype of precursor B-ALL with a gene
expression signature resembling that of BCR-ABLI-posi-
tive ALL. These so-called BCR-ABLI-like ALL cases are
negative for the BCR-ABLI-translocation but have, like
BCR-ABLI-positive ALL, a high frequency (>80%) of
genomic lesions in genes involved in B-cell commitment
(PAXS5), B-cell differentiation and immunoglobulin
rearrangements (EBFI, TCF3, IKZFI) and pre-B cell
receptor formation (VPREBI).2** Intriguingly, RNA and
whole genome sequencing of 15 cases with BCR-ABLI-
like ALL revealed genomic lesions in cytokine receptors
genes (PDGFRB, EPOR, CRLF2, IL7R, FLT3) and non-
receptor effector genes (ABLI, JAK2, LNK) with deregu-
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Figure 2. Phosphorylated STAT5, but not total STAT5 protein levels, are higher in BCR-ABL1-positive leukemic cells com-
pared to a reference group of ETV6-RUNX1 positive cases (Den Boer et al., unpublished results, 2012)
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lated CRLF2, ABLI- and JAK2-translocations being most
recurrent.’! In an independent validation cohort, deregulat-
ed CRLF2 and the EBFI-PDGFRB translocation were
found in 50% and 8% of BCR-ABLI-like ALL cases,
respectively. The other lesions as reported in the discovery
cohort were not or only in single cases present.’!
Deregulated CRLF2 and concomitant JAK2 mutations
were reported in 50%-60% of BCR-ABLI-like cases (R8
cluster).’>3 JAK2 mutations and the EBFI-PDGFRB
fusion gene both induced interleukin 3 independent prolif-
eration of Ba/F3 cells, which illustrates their oncogenic
potential 283! In addition, the growth of leukemic cells
with JAK? activity affected by mutations or translocations
as well as that of NUP214-ABLI-positive ALL could be
inhibited by ruxolitinib and dasatinib, respectively, in
xenograft models of ALL.3!34 Irrespective of the frequen-
cy of these individual genomic lesions, these findings
show the potential of these lesions as predictive biomark-
ers to identify BCR-ABLI-negative patients who may ben-
efit from inhibitors directed against JAK2 and ABL1.
Interestingly, lesions affecting JAK/STAT signaling not
only associate with BCR-ABLI-positive and BCR-ABLI-
like ALL, but are also found in other types of BCP-ALL,
most often together with deregulated expression of the
cytokine receptor-like factor 2 (CRLF2). The high expres-
sion level is mediated by the translocation of CRLF?2 to the
IGH@ enhancer or by an interstitial deletion which posi-
tions CRLF2 next to the P2RY8 promoter, and, albeit
infrequently, by activating mutations.*>3° Deregulated
CRLF?2 expression might serve as prognostic biomarker
predictive for an unfavorable outcome in pediatric and
adult BCP-ALL although controversy remains as to
whether deregulated CRLF?2 is an independent prognostic
feature 2’4942 Deregulated CRLF2 often co-occurs with
JAK-family gene mutations (primarily JAK?2), IKZF 1 dele-
tions and a BCR-ABLI-like gene expression signa-
ture.?’37424 The inconsistent reports on the prognostic
value of deregulated CRLF2 may, therefore, largely rely
on the type(s) of genomic lesions affecting CRLF?2 expres-
sion levels (P2RYS8-CRLF2, IGH@-CRLF?2, others) that
were included and differences in the composition of
patients with the aforementioned adverse features. In addi-
tion, deregulated CRLF2 and mutations in JAK-family
genes were more frequently found in patients of Hispanic
and Latino ethnicity, suggesting that demographical differ-
ences affect the prognostic value ascribed to deregulated
CRLF2 . Another confounder in the discussion of dereg-
ulated CRLF2 as prognostic biomarker are Down syn-
drome patients with ALL who often have CRLF2-
rearrangements with concomitant JAK activating muta-
tions (primarily in JAK2) and deletions in IKZF] 27364547
Down syndrome ALL patients are at high risk of treat-
ment-related toxicity and, as such, inclusion/exclusion of
these patients will affect the prognostic value of deregulat-
ed CRLF2* Leukemic cells of patients with deregulated
CRLF2 expression were sensitive to the JAK1/2 inhibitor
ruxolitinib.3*4° This finding implies that JAK-inhibitors
may be effective in patients with deregulated CRLF2,
which would especially be of benefit to Down syndrome
patients to reduce the high morbidity caused by current
chemotherapeutic drugs.

IKZF1 deletions in precursor B-ALL

Deletions in the B-cell transcription factor Ikaros (IKZF1)
is one of the most frequently found genomic lesion in chil-
dren (approx.15%) and adults (approx. 50%) with BCP-
ALL, and is associated with a highly unfavorable progno-
sis across all ages.??37°0-5% Deletions in IKZF1 were fre-
quently found in newly diagnosed children with BCP-
ALL at high risk for relapse based on unfavorable age at
presentation (=10 years), gender (male), high white blood
cell count at presentation (=50x10°L), and presence of
extramedullary disease.?®?7 The frequency of IKZF1 dele-
tions in the unfavorable prognostic group of pediatric
MLL-rearranged ALL was rather low. In contrast, IKZF']
deletions were detected in 60%-80% of children and adult
BCR-ABLI-positive ALL cases.>?>45” Neonatal blood spot
analysis from BCR-ABLI-positive twins demonstrated that
deletions in /KZFI are not the primary leukemogenic
event, but facilitate the outgrowth of a pre-leukemic
clone.®® In correspondence, IKZF1 deletions were shown
to trigger SRC kinase mediated proliferation at the
expense of cell cycle exit mediated by a normal activation
of pre-B cell receptors.”

The prognosis of BCR-ABLI-positive cases with concomi-
tant deletions in JKZFI is highly unfavorable compared to
those with unaffected /KZF1, even upon treatment with
imatinib.” Given the fact that deletions in IKZF1 trigger
SRC kinases, also in the context of BCR-ABLI-positive
ALL, one may propose including dual SRC/ABLI kinase
inhibitors and more specific SRC kinase family inhibitors,
e.g. those targeting LYN, HCK or FGR.®® However, to
guide treatment more specifically, the biology of IKZF1-
deleted leukemic cells needs to be explored for drugable
genes downstream of an /KZF1 deletion. Wild-type Ikaros
has a pleiotrophic function in B-cell development since
studies in mice revealed a role for Ikaros in both pre B-cell
receptor signaling, cell cycle arrest/progression and
immunoglobulin V(D)J recombination processes.t!%2
Recent gene expression studies revealed many genes with
increased expression levels in IKZFI-deleted BCP-ALL
patients (e.g. ETV6, YESI and MCLI) that need further
functional studies to determine which may be suitable to
interfere with drugs in clinical practice.

Mutations affecting MAPK/ERK-pathway
in ALL

Activation of the mitogen-activated protein kinase
(MAPK) and extracellular signal-regulated kinase (ERK)
pathway induces proliferation and reduces apoptosis of
cells. Leukemia-specific mutations that constitutively acti-
vate this MAPK/ERK (MEK) pathway have been reported
in the membrane-bound FLT3-receptor and downstream
effector genes including KRAS, NRAS, PTPNI1I, NFII,
BRAF and CBL in 10%-35% of BCP-ALL cases.®*%’
Mutations in these genes were most frequently found in
MLL-rearranged, hyperdiploid (>50 chromosomes) and
hypodiploid (<44 chromosomes) BCP-ALL.33:67-70
Mutations in RAS pathway genes were less frequently
found in BCR-ABLI-like ALL.*

RAS mutations itself are presumably not leukemogenic
and this is also underscored by the lack of RAS mutations
in neonatal blood spots and loss of some RAS mutations at
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relapse; but they do facilitate growth factor and cytokine-
independent proliferation.”"”? Intriguingly, mutated RAS
can down-regulate the signaling from a tyrosine kinase
receptor like the epidermal growth factor receptor
(EGFR). Inhibition of mutated RAS (by RNA interference)
abolished this negative feedback loop and activated the
EGFR and wild-type RAS signaling pathway which
resulted in proliferation of cancer cells.”® This important
finding indicates that inhibition of activating mutations in
the RAS pathway needs to be combined with inhibition of
more upstream receptor tyrosine kinases to be effective in
clinical trials. An in vitro study nicely demonstrated this
proof-of-concept for chronic myeloid leukemia in which a
SRC/ABLI kinase inhibitor (dasatinib) worked synergisti-
cally with a RAS-pathway MEK1/2 inhibitor (PD184352)
in inducing death of chronic myeloid leukemia cells.”* In
contrast to studies showing effective in vitro cell death
induced by MEK-inhibitors in chronic myeloid leukemia™
and diploid/hyperdiploid BCP-ALL,%% hypodiploid
BCP-ALL cells seem to be resistant to MEK inhibition but
are relatively sensitive to PI3K inhibitors.*’

The aforementioned mutations in RAS/MAPK/ERK path-
way genes may serve as predictive biomarker to identify
patients who may benefit from targeted drugs such as the
MEK inhibitors selumetinib and trametinib or the RAF-
kinase inhibitor sorafenib. The challenge, however, is to
choose the right drug given the fact that the pathobiologi-
cal effect of such mutations may depend on the cell type
and/or co-occurrence of other deregulated genes.

The challenge in biomarker discovery
and clinical implementation

An informative biomarker is preferably a genomic lesion
because DNA is more stable and less vulnerable to break-
down by wrong shipment conditions than RNA and pro-
teins. These lesions include gene mutations, gene fusions,
and copy number alterations (losses and gains) that direct-
ly affect the activity of their corresponding proteins, and
are a driving force for the altered more downstream sig-
naling cascade. In practice, biomarkers with diagnostic,
prognostic, predictive (for choice of targeted drugs) and
pharmacodynamic (for target-specificity and efficacy test-
ing of a drug) potency are hard to find in ALL, and are cur-
rently limited to the BCR-ABLI gene fusion. To optimize
treatment results for individual patients, predictive bio-
markers are needed to identify patients with a high likeli-
hood of responding to a selected drug. To predict progno-
sis and/or which drugs would be beneficial to a patient, the
technical procedure to detect biomarker-positive cells
needs to be highly sensitive. Moreover, the clonality of the
(genetic) lesion in the patient needs to be known. For
example, are all leukemic cells affected by the same
lesion, or is the mutation only present in a subclone of the
leukemic cell population? In the latter case, do we first
eradicate the bulk of leukemic cells and then target the
subclone more specifically with a targeted drug, or should
we perform an all-at-once strategy? The mutational land-
scape changes between initial diagnosis and relapse, some
mutations disappear (e.g. NRAS and NFI mutations)
whereas others become more prominent at the time of
relapse (e.g. CREBBP and ERG mutations).” The applica-
tion of mutated genes as biomarker, therefore, also largely
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depends on the sensitivity of techniques to detect sub-
clones at presentation of disease. The development of
molecular techniques such as next generation sequencing
with a high number of reads per amplicon (high read
depth) allows mutations in small subclones to be detected.
Sequencing of a selected panel of genes in high-risk pedi-
atric BCP-ALL revealed a high frequency of mutations in
genes representing four signaling pathways, i.e. B-cell
development (68%), TP53/RB (54%), RAS (50%) and
JAK (11%) pathways.** Despite the fact that these muta-
tions can be brought back to mutations affecting a few sig-
naling pathways, the identity of single genes that were
affected, as well as the site and functional consequence of
these mutations, varied per patient and per subtype of
ALL, illustrating the complexity of genomic lesions
underlying the pathobiology of ALL. The high frequency
of single gene mutations highlights another important
issue of biomarker discovery and drug development, i.e.
the fact that we need many well-established biomarkers
for the increasing number of genomic lesions that are
identified by genomics studies. The less frequently
patients are found positive for a given predictive biomark-
er, the more patients need to be screened for that biomark-
er, and the longer the accrual time before a study has suf-
ficient power to detect a difference in efficacy of a new
drug. Unfortunately, the speed with which new genomic
lesions are identified in the present “-omics” era, is not
reflected by an increased number of proof-of-concept pre-
clinical studies and subsequent early clinical trials. This is
mainly caused by the fact that the development of targeted
drugs lags behind and, moreover, by the limited number of
relapsed and refractory cases of the specific subtypes that
can be included in phase I/ clinical studies. High-quality
pre-clinical data of the pathobiology of leukemia subtypes
and identification of molecular biomarkers that predict
subtype, prognosis and/or responsiveness to (targeted)
drugs are, therefore, essential to re-design and optimize
treatment protocols for ALL. The challenge is to incorpo-
rate these biomarkers and (targeted) drugs not only at
relapse/refractory disease but also more upfront in thera-
pies for newly diagnosed patients.
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Novel treatment approaches for acute lymphoblastic
leukemia in childhood and adolescence

A B S T R A Cc T

Systematic enrollment of children and adolescents with acute lymphoblastic leukemia (ALL) into
clinical trials has greatly widened our knowledge of clinical and biological prognostic parameters.
Clinical trials have significantly reduced the risk of both disease recurrence and also that of acute and
late side effects. Some distinct unfavorable subgroups were identified in which treatment success is
less prevalent while others have been shown to benefit from novel strategies. High tumor load (white
blood cell count, WBC), lack of response, age under one year, or over ten years (more pronounced over
15 years), and (rare) cytogenetic subtypes, such as t(9;22), t(4;11), or presence of IKZF1 may charac-
terize a significant proportion of children and adolescents with high risk (HR-) ALL. However, these will
miss the patients in the intermediate-risk group who will eventually relapse as they lack specific risk
parameters. Recently, genetic signatures were developed which may characterize these new high
relapse risk patients. Careful response assessment, preferably by detection of minimal residual disease
(MRD), is mandatory to identify patients at risk for relapse but also those who can be spared intensive
therapy. MRD monitoring may also facilitate the evaluation of novel therapies, such as functionally
targeted or immunotherapeutic strategies, and allogeneic hematopoietic stem cell transplantation.

Learning goals

At completion of this activity, participants should know about:

- the clinical relevance of prognostic parameters to define risk-adapted treatment groups in child-
hood ALL;

- response to treatment. Exact and reproducible analysis is essential to define individual relapse risk;

- lack of treatment response or failure and possible alternative strategies.

achieved in the last two decades by most con-

Prognostic factors in acute temporary pediatric ALL study groups.

lymphoblastic leukemia of childhood
and adolescence: evolution

and consequences for risk-adapted
treatment stratification

Risk-adapted stratification in acute lym-
phoblastic leukemia (ALL) is first of all an
issue that is in permanent evolution towards
new systems. This may be heralded as
progress, but obviously the complexity of new
stratification systems will seriously hamper
the comparability of clinical trials. Any risk-
adapted stratification will depend heavily on
the availability of diagnostic tools (which in
turn depends on availability of resources for
health care),'? on the precise characterization
of all clinical data including the analysis of
treatment response and outcome, treatment
realisation, treatment-related toxicity, and on a
comprehensive data platform on which all
these findings are registered and appropriately
stored. Most importantly, any risk-adapted
stratification depends heavily on appropriate
application of chemotherapy resulting in at
least 75% overall 5-year event-free survival
for unselected cohorts of patients with ALL
(up to 18 years of age) which has been

Standard risk ALL (and its exceptions)

Most study groups would consider the fol-
lowing pediatric ALL patient groups as stan-
dard risk even though there is probably no
consensus if patients with T-ALL should be
excluded per se:

- WBC at diagnosis below 50x10°L

- age <10 years but > 1 year

- no central nervous system (CNS) involve-
ment

- ETV6/RUNX]I positivity

- MRD at Day 15 of induction therapy <0.1%

- MRD at end of induction negative (if sensi-
tivity reaches at least 10#)

There is some debate as to whether hyper-
diploid ALL can also be considered standard
risk as the exact definition of hyperdiploidy
varies between study groups. A large British
series underlined that patients with high-
hyperdiploidy (51-65 chromosomes) comprise
low-relapse risk and can be considered stan-
dard risk* A large prospective trial of the
AIEOP and BFM Study groups implemented
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MRD screening for all patients; it revealed that there are
high-risk patients (defined by high levels of MRD at end
of induction-consolidation which is approx. 12 weeks
from diagnosis) even among hyperdiploid cases as much
as among patients with ETV6/RUNXI positivity due to
their slow response to treatment. They are characterized
by residual disease at a level of 10~ or higher at 12 weeks
from diagnosis if treated on this regimen.® The authors
concluded that patients harboring these genetic aberrations
should be considered high-risk if a slow MRD response
has been diagnosed.

Intermediate-risk ALL

The following subgroups as such_(or any combination
of them) may be considered intermediate-risk as they do
not comprise standard risk features but also lack the prog-
nostically unfavorable high-risk features:

- T-precursor cell ALL®7

- t(1;19)48

- iIAMP21%10

- CNS involvement and/or traumatic lumbar puncture!'-
- WBC =50x10%/L"3

- age =10 years

- age <1 year

Obviously, the prognostic relevance of high WBC as
much as for the two age groups listed here depends largely
on the response to treatment as measured early by the pred-
nisone response in peripheral blood,'*!> or in bone marrow
Day 15,'¢ and the presence of MRD at the end of induction
and later at the end of induction-consolidation.'”"* Even in
patients with intrachromosomal amplification of chromo-
some 21 (1IAMP21) the response to treatment determines
the prognostic relevance of this genetic finding. The
prognosis in T-ALL depends on the subtype, additional
mutations, and the response to therapy.”?!?? In particular,
the early T-precursor cell ALL subtype (ETP-ALL) may
comprise a poor risk subtype® with very specific genetic
lesions which may provide a rationale for modified treat-
ment approaches.? It can be argued that those ETP-ALL
patients at high risk to relapse will be picked up by meas-
uring MRD at later time points.’

High-risk ALL

There is a rather large heterogeneity between study
groups on how to define high-risk patients. Some rely on
the NCI criteria (WBC = 50x10°/L, or age =10 years), oth-
ers use combinations, in particular with response to treat-
ment, or focus on genetic aberrations to define this impor-
tant subgroup. In 2010, major study groups re-analyzed
their results using the same risk criteria.>?3-32 This type of
comparative analysis has its limitations but it facilitates
direct outcome comparisons with regard to major but also
minor patient subsets.?

The comprehensive description of new genetic aberra-
tions in the past few years make the general consensus on
who should be considered high-risk even more challeng-
ing. Usually, any subgroup with an expected event-free
survival (EFS) of less than 50% (without hematopoietic
stem cell transplantation, hSCT) would qualify, given that
appropriate intensive chemotherapy has been applied. The
lack of general agreement is partly due to the fact that the
transition from basic research (detection of new genetic
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lesions) to clinical application (diagnostics) is demanding,
particularly in large multi-institutional study groups. In
addition, the approach to assess treatment response differs
between groups which implies that certain subsets of slow
responders (which are usually characterized by poor prog-
nosis) may be missed.>3367:19

There is wide agreement that the following subgroups
qualify as high-risk ALL despite some remarkable hetero-
geneity in some, and large improvements in others:

- 1(9;22) or BCR/ABLI present?’-4
- t(4;11) or MLL rearrangement present*#!42
- hypodiploidy (modal chromosome number below 45
chromosomes)*?
- induction failure*
- inadequate early response:
‘prednisone poor response’ >1000 blasts in peripheral
blood at Day 8 of therapy?®
M3 marrow at Day 7 or Day 14 of induction therapy!'¢#
by MRD detection on Day 8, Day 15, and Day 28-33
of induction therapy (this applies in particular for
pCB-ALL)19’33‘35’36’46‘47
- slow response: persisting high levels of MRD at the end
of induction-consolidation (week 12) or even later 77

Intrinsically refractory ALL, as defined by the lack of
complete remission at the end of induction therapy, has
recently been found to be a very heterogeneous subgroup
of ALL. It comprises, on the one hand, patients with an
overall survival (OS) at ten years of 71%=+6% but also
patients with an OS of less than 15%. The first group com-
prised patients with high-hyperdiploid ALL, whereas the
latter subgroup comprised patients who had MLL aberra-
tions or BCR/ABLI1 .** Obviously, the classical risk features
such as age and WBC have been partly overcome by our
growing knowledge about genetic subtypes. One example
is infant ALL, in which the large proportion of patients
with MLL rearrangements is the main reason for the fre-
quent treatment failure in this age group.*' In an earlier
analysis of ALL patients with chromosomal 11923 aberra-
tions, age and type of translocation were leading risk fac-
tors, but no clear benefit of treatment by allogeneic hSCT
could be demonstrated.*? In the context of the clinical trial
Interfant-99, the benefit of allogeneic hSCT for infants
with MLL positive ALL was shown.*®

In Philadelphia chromosome positive (Ph*) ALL, two
findings were remarkable. First, this subtype of ALL in
childhood has been shown to be very heterogeneous with
regard to treatment response in the era before tyrosine
kinase inhibitors (TKIs) were used on a larger scale.'?74°
The use of MRD monitoring in the AIEOP-BFM ALL
2000 trial revealed that there are Ph* ALL patients who are
fast responders, and so have already cleared residual dis-
ease at the end of the 5-week induction therapy, and they
have an excellent outcome. Clinically, this may imply that,
apart from therapy with a TKI, such patients would not
qualify for allogeneic SCT in first complete remission."”
Secondly, a COG study demonstrated large improvement
in outcome by the intensive use of imatinib on top of very
intensive chemotherapy which was the first time that this
subgroup showed major improvement.* A study by the
ESPhALL group used a different approach while introduc-
ing imatinib into the BFM-derived chemotherapy. It was
the first clinical trial in which a randomized evaluation of
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imatinib in pediatric ALL has been performed successful-
ly.# More recent approaches to identify additional critical
subsets in pediatric ALL have produced several interesting
insights. In precursor B-cell ALL, a large number of genes
involved in lymphoid development, cell-cycle control and
tumor suppression, signaling pathways, or transcriptional
regulation are affected by deletions, translocations, and
sequence mutations.’® This research may decipher
important mechanisms of disease development but it will
also prove clinically useful as until recently it has been
difficult to characterize the significant number of disease
recurrences which mostly occur in the large group of so-
called intermediate-risk patients.!3:19545

Gene expression profiles in precursor B-cell ALL have
been described which are reminiscent of that in Ph* ALL
and are associated with a poor prognosis.>'68 Ag it
appears that no single gene mutation or specific transloca-
tion is typical for this subset, however, it may be attractive
to define a robust genetic signature which is able to repro-
ducibly identify these patients. In a few of these so-called
Ph-like ALL genetic alterations activating kinase or
cytokine receptor signaling have been identified.” Among
them are rearrangements involving ABLI, JAK2,
PDGFRB, CRLF2, EPOR, and mutations of IL7R and
FLT3, as well as deletions of SH2B3, a negative regulator
of JAK2. As shown in vitro, tyrosine phosphorylation was
reduced by treating leukemic cells with ABLI, PDGFRB,
and JAK? rearrangements with tyrosine kinase or JAK2
inhibitors, respectively. Similar efficacy was demonstrated
in vivo in a xenograft model of BCR-JAK2 rearranged
ALL treated with the JAK?2 inhibitor ruxolitinib, and in a
xenograft model of NUP214-ABLI ALL treated with dasa-
tinib. A patient with EBF1-PDGFRB rearranged ALL who
was refractory to induction therapy entered remission after
exposure to imatinib.>

Deletions and mutations of the transcription factor
IKZFI, and gene rearrangements involving CRLF2 are
recurrent alterations in pcB-ALL.'061 Alterations of
CRLF?2 are often associated with activating mutations in
the Janus kinase genes JAKI and JAK2 33 The prognostic
impact may depend on some co-factors and the patient
population.’” Thus, the prognostic significance of CRLF2
rearrangements is being assessed differently.®'> The find-
ing that the presence of the fusion gene P2RYS/CRLF?2 is
associated with late relapses of intermediate risk pcB-ALL
(as determined by MRD) was the most striking finding.®*
This appeared to prove that such late disease recurrences
cannot be predicted by analysis of MRD, or that the driv-
ing leukemic clone escapes such disease monitoring. A
direct comparison of 114 patients with CRLF2-rearrange-
ments treated in two European trials (AIEOP-BFM ALL
2000 and MRC ALL97) indicated that differences in treat-
ment may modulate the prognostic impact as shown for
the fusion gene IGH@-CRLF2: None of the 9 patients
with this rearrangement treated in the AIEOP-BFM series
relapsed, but 5 of 6 with the identical aberration treated in
the MRC ALL-97 trial. Remarkably, while the adverse
prognostic impact of P2RYS/CRLF2 on EFS was con-
firmed, it was shown that the overall survival at six years
in the two cohorts (81% and 83%, respectively) was sur-
prisingly favorable.®

The presence of IKZF ] alterations has been described to
be associated with poor prognosis.’® This is most evident
in BCR/ABLI positive patients, where genetic alterations

of IKZFI are found in approximately 70% of the cases.”
In unselected groups of patients, /KZF1 deletions are
found in 12% of cases, and the adverse prognostic impact
was less pronounced but still significant (Sy-EFS 69% vs.
86%, respectively).5

The Ph-like ALL subgroup may comprise approximate-
ly 15% of all pcB-ALL cases, among these nearly 10%
present overexpression of CRLF2 and approximately 12%
present /L7R mutations.” The authors investigated an uns-
elected cohort of high-risk pcB-ALL patients for
rearrangements involving ABLI, JAK2, PDGFRB, genetic
alterations that are primary targets for multikinase
inhibitors such as dasatinib, or for JAK2 inhibitors like
ruxolitinib. Unfortunately, they were found in less than
3% of the patients. While these genetic alterations are rare,
the therapeutic efforts for this unfavorable subgroup must
reach beyond these first identified targets.”®

The clinical need for novel therapies

Most study groups that perform population-based clini-
cal trials for de novo ALL focus on the following general
aspects:

i) to improve risk stratification for better adaptation of
treatment intensity;

ii) to investigate if the previously established system of
early in vivo response analysis (by MRD detection)
can be further refined through panels of molecular
markers at time of diagnosis;

iii) to improve outcome by additional potentially more tar-
geted interventions in selected subgroups while reduc-
ing the risk of long-term side effects;

iv) to evaluate the therapeutic benefit of alternative
approaches such as immunotherapy and/or allogeneic
hematopoietic stem cell transplantation in patients
refractory to conventional treatment.

The first target group for new therapeutic interventions
is obviously high-risk ALL. If agents are used which have
not shown unique activity in other settings, it is most like-
ly that the first patients to be treated will be patients with
otherwise dismal prognosis, usually due to refractory or
relapsed ALL.% If agents are available which have truly
selective activity and do not impose additional toxicity it
is attractive to introduce them in those patient subsets in
which current treatment cannot achieve EFS rates compa-
rable to those of the overall ALL population in childhood
and adolescence. This has been the case for Ph* ALL .34
Unfortunately, there has been no attempt to replace toxic
chemotherapy elements with more targeted agents, as has
been shown for Ph* ALL in elderly patients.”

A wide range of known agents in new applications (e.g.
vorinostat as histone deacetylase inhibitor) or new agents
in better characterized subsets of ALL patients (obatoclax
for BCL-2 positive ALL; ruxolitinib for ALL with JAK2
rearrangements or mutations; bortezomib as proteasome
inhibitor) may open new therapeutic opportunities.
Induction of autophagy-dependent necroptosis, in particu-
lar in glucocorticoid resistant ALL with the use of
rapamycin and obatoclax in vitro and in vivo, was an
important finding due to the fact that resistance to gluco-
corticoids is a strong indicator of high relapse risk.”!
Activated Janus kinases as potential targets for ruxolitinib
have been described above and have been used in in vivo
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models of ALL as well**7> Development of bortezomib
for use in pediatric ALL has been ongoing for several
years, and the clinical activity in combination with cyto-
toxic agents is remarkable.”?’* Derivatives of nucleosid
analogs (clofabarine, nelarabine) have been successfully
used in refractory patients.®

Considering the heterogeneity of disease, the complexi-
ty of genetic alterations (see above), and the numerous
mechanisms of treatment resistance, it is very likely, how-
ever, that only combination therapies will result in sub-
stantial improvement in outcome. Refractory and maybe
even the slow responding leukemias may also be
approached by novel immunotherapeutic strategies. The
success story of the anti-CD20 antibody rituximab opened
a whole new area of activity.” The efficacy in pediatric
non-Hodgkin’s lymphoma was also remarkable.”® The
anti-CD22 antibody epratuzumab showed activity in pedi-
atric ALL which triggered interest by several study
groups.”” The activation of patients’ T cells for anti-
leukemic response towards CD19 positive ALL cells by
using the bi-specific chimeric tool blinatumomab showed
remarkable clinical activity in adult and pediatric ALL
patients.”®% While this approach was first planned to
bridge the time towards allogeneic hSCT in patients
refractory to chemotherapy (persistently MRD positive), it
was surprising to see that patients have also achieved
long-term remissions without hSCT.#' This may open up
interesting studies in which immunotherapy in addition to
allogeneic hSCT will fill the gap left by all patients who
are resistant to chemotherapy, or may even allow toxic ele-
ments to be replaced by agents which utilize different ther-
apeutic mechanisms. Certainly, all novel approaches must
be monitored for long-term activity towards disease recur-
rence in controlled prospective clinical trials. Importantly,
these new strategies must also be carefully monitored
towards any type of toxicity, which is a special responsi-
bility for anybody in charge for pediatric patients.®

Conclusion

Conventional methods of risk classification in child-
hood ALL including standard MRD analyses provide
excellent tools for clinical treatment stratification of child-
hood ALL. Both comprehensive molecular characteriza-
tion and early identification of these patients will be essen-
tial in future clinical trials to utilize the optimal therapy in
the first treatment cycles and, for those in need of it, to
secure the timely introduction of potential targeted treat-
ment based on individual molecular characteristics of
leukemic cells, and for allogeneic hematopoietic stem cell
transplantation. It is important that all future approaches
should be evaluated in the context of classical risk-adapted
treatment strategies and molecular monitoring of treat-
ment response.
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Subclonal architecture in acute myeloid leukemia

A B S T R A C T

Increasing evidence suggests that acute myeloid leukemia (AML) develops through a process of
branching evolution. Using single cell analysis, quantitative sequencing, and temporal analysis it is pos-
sible to identify the leukemic evolutionary architecture of specific mutations in individual patients:
founding mutations exist in all leukemic cells, while subclonal mutations exist in only a fraction of the
leukemia. Review of the current literature suggests that the balanced translocations (t(15;17), t(8;21),
inv(16), and MLL rearrangements) and nucleotide variants in DNMT3A and TET2 most commonly occur
in the founding clone at diagnosis, and are neither gained nor lost at relapse. In contrast, +8, +22, -X, -
Y, and nucleotide variants in FLT3, NRAS/KRAS, WTT and KIT frequently occur in subclones that either
emerge or are lost at relapse. Thus, understanding the subclonal architecture of individual patients will
be critical to predict individual response to therapy; drugs that target mutations that exist within a sub-

clone are unlikely to eliminate the founding clone, and will leave the patient at high risk of relapse.

Learning goals

At the conclusion of this activity, participants should be able to:

- describe the role of branching evolution in the acquisition of AML-associated mutations;

- describe the most common AML mutations that exist in founding clones versus in subclones;

- predict response to targeted therapy based on an understanding of a patient's subclonal architecture.

Introduction

The last decade of acute myeloid leukemia
(AML) study has resulted in an increased abil-
ity to detect pathogenic mutations and an
expanding pharmacopeia of agents that specif-
ically target many of these mutations. At the
same time, there is increased awareness that
cancer mutations are situated within a larger
genomic structure of branching evolution
(reviewed in').

Branching evolution was originally pro-
posed as a common oncogenic mechanism by
Peter Nowell, based on karyotypic evaluation
of diverse cancers.? Testa et al.> demonstrated
that metaphase karyotype could also identify
complex, branching evolution in select AML
cases.

The application of technologies with
increasing resolution has demonstrated that
most, if not all, cases of AML emerge through
a process of branching evolution. Southern
blot, spectral karyotyping (SKY), fluorescence
in situ hybridization (FISH), comparative
genomic hybridization/single nucleotide poly-
morphism (CGH/SNP) arrays, polymerase
chain reaction (PCR), and now next-genera-
tion sequencing have all improved our ability
to detect subclones and to integrate mutations
into a clonal hierarchy.*1°

In order to fully integrate patient-specific
mutations and targeted agents into clinical

care, it will be imperative to understand each-
mutation on three axes: 1) is it a ‘driver’ versus
‘passenger’; 2) is it an ‘initiation’ versus ‘pro-
gression’ event; and 3) is it situated in a ‘found-
ing clone’ versus a ‘subclone’. Figure 1 models
the relationship of leukemia-associated muta-
tions and evolution following selection pres-
sure applied by chemotherapy: initiation muta-
tions exist within the founding clone and are
found in all AML cells. Progression mutations
emerge later in leukemic evolution, can be
found in subclones, and exist in only a fraction
of AML cells. Thus, selection pressure in the
form of chemotherapy can favor the elimina-
tion or outgrowth of different branches within
the AML evolutionary tree; mutations within
the founding clones will be present in all
branches, while mutations found in sub-clones
can emerge or be eliminate at progression.
Mutation evolutionary hierarchy can be
either directly measured or can be inferred
based on temporal changes. Mutations that
were present at diagnosis and lost at relapse
must have existed in a subclone that was elim-
inated by therapy (Figure 1A). Mutations that
are absent at diagnosis and present at relapse
must have existed in a resistant subclone not
detected at diagnosis or have been acquired by
a cell that randomly escaped chemotherapy
(the latter cannot be distinguished from the
former if the subclone exists below the level of
detection at diagnosis) (Figure 1B). Therapy
that eradicates all leukemia cells must target a
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population of cells that share a set of susceptible mutations
(e.g. founding clone mutations) (Figure 1C). Thus, inter-
preting the outcomes of targeted therapies will require an
understanding of sequential mutations, evolution dynam-
ics, and selection pressures. This paper will review the
current understanding of AML mutations in the context of
subclonal architecture and of dynamic change at relapse,
with a focus on which mutations most frequently occur in
subclones versus in a founding clone.

Subclonal architecture assessed by karyotype

Subclonal architecture can be determined through a
variety of mechanisms. Karyotype analysis provides a sin-
gle cell, low-resolution analysis of genome-wide structur-
al variants. Because karyotype analysis routinely assesses
only a small number of metaphases (usually 20), this
approach is inadequate to determine if a variant exists in
‘all’ leukemia cells. However, when two variants co-occur,
the subclonal architecture (as related to these two genetic
changes) can be determined as both mutations are simul-
taneously evaluated in single cells.

The translocation t(15;17) occurs concurrently with +8
in 25-40% of cases.!"'* Combined data from t(15;17)-pos-
itive APL patients assessed in 6 separate studies identified
36 cases with concurrent +8 and information regarding the
frequency of these two mutations within the leukemia
cells.'*1 Of these, 16 cases presented with +8 in a sub-
clone (44%); in each case additional t(15;17) cells were
present that lacked +8, while all +8 positive cells carried
t(15;17). Loss of chromosome 7 co-occurs less frequently
with t(15;17), although this too is frequently observed in a
subclone, again suggesting the t(15;17) may be the found-
ing event.!” Consistent with these findings, APL patients
with additional cytogenetic abnormalities had similar out-
comes compared with patients presenting with isolated
t(15;17).11-131922 Collectively, these data suggest that
t(15;17) is likely to be the founding mutation in APL and
that +8 and -7 are more likely to occur in subclones. This
may explain why chemosensitivity in APL is predomi-
nantly determined by the presence of t(15;17).

Trisomy 8 also co-occurs frequently with the core bind-
ing factor (CBF) translocations t(8;21), t(16;16), and
inv(16).22* Within the CBF leukemias, co-occurring
structural variants show distinct patterns: +13, and +22 co-
occur with inv(16), while -X and -Y co-occur almost
exclusively with t(8;21).24? Regardless of this, all of these
additional structural variants are typically observed in sub-
clones by karyotype.?*? Also, the presence of additional
karyotypic abnormalities generally does not affect clinical
outcome?*?’ (the exceptions being KIT mutations and sec-
ondary CBF AML) %30 suggesting that the CBF transloca-
tion may be a critical sensitizer to high-dose cytarabine.

Paired analysis at diagnosis and relapse permits identifi-
cation of structural variants that are stable over time (like-
ly founding variants) and variants that are gained or lost
(subclonal variants). Four studies evaluating pair-wise
samples by metaphase karyotype found that half of all
patients demonstrated genomic evolution at relapse, and
half of the patients who presented initially with a normal
karyotype retained a normal karyotype.>3!-** This would
suggest that AML is fundamentally not a disease associat-
ed with an unstable genome, but it is rather a disease that

emerges through constrained clonal evolution.

Few cases have been reported that show balanced
translocations gained at relapse.’*** Some authors suggest
that gains at relapse were likely cases of false negatives, as
many were associated with M2 or M3 morphology at both
diagnosis and relapse, in t(8;21) and t(15;17)-positive

Subclone mutation lost at relapse
(subclone mutation confers sensitivity)

Mutation gained at relapse
% (subclone mutation confers resistance)

Leukemia eradicated
{founding clone confers sensitivity)

Figure 1. Model of AML mutational evolution. AML cells
contain both ‘driver’ (colored circles), and ‘passenger’
(open circles) mutations. There are many more ‘passenger’
mutations than ‘driver’ mutations. ‘Initiation’ mutations
occur within the founding clone and are found in all AML
cells. Branching evolution occurs as ‘progression’ muta-
tions give rise to new subclones with growth advantages.
The extrinsic pressure of chemotherapy results in different
outcomes depending on the sensitivities of mutations with-
in the founding versus subclones. (A) Subclone lost follow-
ing chemotherapy: consistent with a mutation in the sub-
clone conferring sensitivity to the therapy. At relapse, muta-
tions in the subclone will no longer be identified. (B)
Subclone gained following chemotherapy: consistent with
a mutation in the subclone conferring resistance to
chemotherapy. At relapse, new mutations will be identified.
These mutations may have been detected at low levels at
diagnosis, or may have existed below the level of detection
at diagnosis. (C) Clearance of all AML cells, consistent with
sensitivity of mutations in the founding clone. No cells
relapse because the initiation mutation was in all AML
cells and was sensitive to therapy.
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cases, respectively.’!32 Likewise, losses of the balanced
translocations are only rarely reported, but can recur at
relapse despite long remission intervals;*’ those cases with
loss of a balanced translocation may include new RUNXI
and MLL translocations at diagnosis, suggesting that these
relapses were treatment-related malignancies that may
have emerged independently from the initial leukemia.’®
Furthermore, in pediatric leukemias, these translocations
can occasionally be detected in Guthrie card smears
(although not as commonly as acute lymphocytic
leukemia balanced translocations), while other variants
(e.g. FLT3 mutations) are not detected .-+

Other cytogenetic abnormalities are frequently gained
or lost at relapse. Trisomy 8 is the most frequently
observed chromosomal gain at relapse (22 of 236 separate
cases).>323 This suggests that +8 is likely to be a co-oper-
ating event that tends to occur in subclones, rather than a
founding event. Likewise, the secondary structural vari-
ants that are observed in core binding factor (CBF)
leukemias are also more prevalent at relapse (+13, +22, -
X, and -Y).2*> Additional variants associated with kary-
otypic evolution at relapse include gains of 11q, and 17q,
although the number of assessable cases was not always
stated.*-*¢ Interestingly, studies focused on leukemic evo-
lution following stem cell transplantation have observed
recurrent losses in immunologically active regions includ-
ing the HLA-locus (6p), as well as recurrent losses at 5q,
9q, 12p13, 13q12.2, and 17p13, and gains at 15q.4+

Although it is possible for two independent karyotypic
clones to co-exist within the same patient, this has only
rarely been reported.?3!4648 The addition of spectral kary-
otyping was sufficient to identify a shared variant in what
otherwise appeared to be two independent leukemic
clones, suggesting that higher resolution analysis may be
able to identify shared founding variants in many such
cases, and that most of these cases are likely to represent
subclones of a founding clone associated with variants not
detected by standard karyotype, rather than two truly inde-
pendent clones.?

Subclonal architecture determined by
nucleotide variants

Nucleotide variants also have been assessed at diagnosis
and relapse. In addition to temporal analysis, two alterna-
tive approaches have been employed to determine the sub-
clonal architecture of individual cases at single time
points. First, digital sequencing quantifies the variant
allele frequency (VAF: how commonly a mutation occurs
within a population of cells); clusters of VAFs can then
identify mutations that occur in subclones versus in the
founding clone. However, mutations that occur in less than
5% of sampled cells are likely to be missed, and subclones
with overlapping average VAFs are indistinguishable.
Second, single cell analysis can be performed by FISH,
and recently by PCR.** However, FISH studies are limit-
ed to structural abnormalities, and single cell multiplexed
PCR remains technically challenging. To increase DNA
yield, colonies can be grown from single AML cells,
which are subsequently analyzed. However, this approach
may be biased toward subclones with augmented ex vivo
growth potential !0

Temporal analysis of nucleotide variants has been per-
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formed by many different groups, most of whom assessed
a single gene for gains and losses in paired samples at
diagnosis and at relapse.?>*%-62 Meta-analysis of these
results is summarized in Figure 2. The mutations most
commonly gained at relapse were: FLT3, KIT,
NRAS/KRAS, WT1 and CEBPA (Figure 2A). In contrast,
several other genes do not appear to gain mutations at
relapse: NPM1, DNMT3A, IDHI/2 and TET2. Similarly,
loss of a mutation at relapse has been observed in FLT3,
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Figure 2. Meta-analysis of nucleotide variants gained at
relapse. Pubmed was searched for reported cases of
paired diagnosis and relapse samples that were analyzed
for AML mutations. (A) Frequency of mutations that are
gained at relapse. These mutations are absent in the diag-
nosis sample and present in the relapse sample and are
consistent with being in an evolving subclone. (B)
Frequency of mutations that are lost at relapse. These
mutations are present in the diagnosis sample and absent
in the relapse sample, and are consistent with being in a
subclone that was eliminated.
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NRAS/KRAS, CEBPA, WTI and NPMI1 (Figure 2B).
Collectively, these data suggest that FLT3, KIT,
NRAS/KRAS and WT1 mutations frequently occur in sub-
clones (e.g. they are co-operating events) that may emerge
or disappear at relapse. These results are consistent with
the recent results of 440 paired AML cases, except that
loss of IDH1/2 was reported in 13 of 42 patients.3

Due to sampling limitations, it is impossible to know
whether a mutation that is gained at relapse existed below
the level of detection in a minor subclone at diagnosis or
whether the mutation was gained after therapy in a cell
that randomly survived chemotherapy (Figure 1B). Higher
sensitivity PCR-based platforms have detected KIT muta-
tions that were missed by Sanger sequencing.
Interestingly, in this analysis, Wakita et al. identified 3
patients with KIT mutations that were not detected at diag-
nosis by Sanger sequencing, but were detected at relapse
with this method. In all 3 cases, the mutation could be
detected at diagnosis by high sensitivity PCR methodolo-
gies, suggesting that these mutations pre-existed in rare
cells at diagnosis (e.g. minor subclones).” Likewise,
patients with new FLT3 variants at relapse tend to relapse
more quickly than patients without new FLT3 mutations
(6.6 vs. 13.5 months).®* This short window of time from
treatment to relapse suggests that FLT3 mutations that are
‘gained’ at relapse are likely to have pre-existed in an
undetected subclone, rather than to have been acquired
later in a cell from the founding clone that survived.
Similar analysis of other mutations that are gained at
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relapse has not yet been performed.

Our group has recently used deep-digital read-counts to
quantify somatic mutations in individual AML patients
identified during whole genome sequencing. We found
that half of the 24 cases of M1 and M3 AML had one or
more subclones, in addition to a founding clone.’ We iden-
tified cases with NRAS, FLT3, ETV6 and EWSRI muta-
tions clustering within distinct subclones, while NPM1,
IDHI and SMCIA variants were observed within the
founding clone of individual cases (Figure 3). This
approach remains expensive, and only a limited number of
cases have been studied. Subclonal architecture requires
multiple variants per subclone to accurately define the
subclone. Thus, exome sequencing is typically inadequate
in AML cases due to the small number of exome variants
per genome (typically 10-20). Furthermore, it remains
technically challenging to quantify the subclonal identity
of structural variants and indels (small insertions and dele-
tions) using this approach.

Paired whole genome sequencing at diagnosis and
relapse followed by deep digital sequencing improves
identification of variants within subclones. This approach
was applied to 7 cases of AML, and identified FLT3, IDHI
and ETV6 variants within leukemic subclones.t
Furthermore, variants in NPM1, DNMT3A, SMC3, WTI,
RUNXI and IDH?2 were identified in individual founding
clones at diagnosis and relapse. Similarly, paired analysis
of myelodysplastic syndromes (MDS) and subsequent sec-
ondary AML identified WT'I, PTPN11, RUNXI and SMC3
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Figure 3. Subclonal architecture in 4 AML cases determined by whole-genome sequencing. The variant allele frequency
(VAF: the number of reads with a mutation divided by the total number of reads at that nucleotide position) and total
read counts for each validated variant in the 4 cases are indicated. Variants that are likely to be ‘driver’ mutations are
indicated in color. Mutations in these genes are either recurrently observed in AML or in the Cosmic database. Note the
subclonal occurrence of the mutations in NRAS, FLT3 and ETV6.
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in subclones gained in at least one secondary AML case,
but absent in corresponding MDS sample.® Mutations in
STAG2, TP53 and U2AF 1 were observed in nearly all cells
in both the MDS cells and in the secondary AML cells in
3 separate patients, respectively, suggesting these muta-
tions existed in the founding MDS clone that gave rise to
the subsequent secondary AML.

Jan et al. recently combined exome sequencing of
leukemic cells with flow sorting of residual ‘normal’
hematopoietic stem cells (HSCs) to identify evolutionarily
early versus late variants.'” Five FLT3-positive cases were
assessed; in all 5 cases, the FLT3 variant was identified in
the leukemic sample but not in the HSC samples. In con-
trast, variants in NPM 1, TET2 and SMCIA were identified
in both the leukemic and HSC samples of at least one case
each, suggesting that these variants occurred early during
leukemic evolution and are likely to be founding events.

Two groups have looked at genetic changes associated
with mosaic hematopoiesis. X-inactivation ratios in
females have been known to develop age-associated skew-
ing, especially in the hematopoietic compartment.®®¢’
Furthermore, this phenomenon tends to be myeloid
biased.” Laurie ef al. retrospectively analyzed SNP arrays
obtained for non-hematologic genome-wide association
study (GWAS); since peripheral blood was used as the
source of genetic information in these cases, they could be
assessed for acquired, hematologic structural alterations if
these occurred in more that 5% of blood cells.®® They iden-
tified mosaic hematopoiesis in multiple cases, and noted
an increasing incidence that was proportional to age.
Furthermore, they observed recurrent deletions involving
DNMT3A, TET2 and RBI. Likewise, Busque et al.
sequenced TET2 in patients with X-inactivation skewing
and asymptomatic mosaic hematopoiesis.® They identi-
fied 10 of 182 cases with clonal mutations in TET2.

Finally, single cells can be grown ex vivo in clonogenic
assays, and individual colonies can be assessed for muta-
tion combinations. Because each colony is derived from a
single cell, this permits effective clustering of co-occur-
ring variants. Price et al. derived 26 colonies from a single
patient and evaluated these for trisomy 8 and for an NRAS
mutation. They found +8 in 25 of 26 colonies and an
NRAS variant in only 19 of 26 colonies, consistent with
sequential acquisition of the NRAS variant in a subclone
that already carried +8.7

Further data involving more cases will be required to
better understand the frequency with which each variant
occurs in subclones versus the founding clone. However,
at this time variants in FLT3, NRAS/KRAS, WTI and KIT
appear to be the most commonly occurring subclonal vari-
ants, with variants in NPM1, IDH1/2 and CEBPA occur-
ring less frequently, while mutations in DNMT3A, TET2
and cohesin genes rarely appear in subclones, and are
nearly always associated with the founding clone.

Mouse models

Diverse AML mutations and fusion genes have been
studied in mouse models using retroviral expression,
transgenic, and knock-in strategies (reviewed in’!7%).
Naturally, these experiments are limited in their ability to
predict the common subclonal architecture of AML muta-
tions. However, it is worth noting that, consistent with

Stockholm, Sweden, June 13-16, 2013

many of the findings in patients described above, several
models of t(15;17)/PML-RARA, t(8;21)/AMLI-ETO,
inv(16)/CBF -SMMHC, and t(11;19)/MLL-AF9 have
resulted in leukemia that phenocopies human AML. Many
of these have a long latency period (~8-15 months) which
can be decreased with N-ethyl-N-nitrosourea (ENU) treat-
ment, radiation treatment, or overexpression of additional
mutations, all consistent with the possibility that these
fusion genes act as founding mutations that require a sec-
ond hit. In contrast, models of FLT3-1TD, FLT3-TKD,
KIT and KRAS lead to myeloproliferation without overt
maturation arrest and leukemia, consistent with the possi-
bility that these mutations, typically commonly observed
in subclones, are more likely to be progression events
rather than founding events.

Subclonal architecture and therapy
implications

As modeled in Figure 1A, application of a targeted drug
to a patient whose mutation of interest exists in a subclone
is unlikely to eradicate the founding leukemic clone. In
contrast, the most successful targeted drugs must affect an
initiating event for that tumor, which will always be in the
founding clone. Acute promyelocytic leukemia is an
example of such a strategy. As described above, t(15;17) is
likely the initiating event for this disease, and is almost
universally observed in the founding clone; all-trans
retinoic acid (ATRA) and arsenic both target the resultant
fusion oncoprotein PML-RARA. The efficacy of these
agents probably relates to the fact that they abrogate the
initiating event, which defines the founding clone (Figure
1C). Based on this model, one would predict that cases
with low FLT3 mutant allelic burden (e.g. cases where the
mutation is likely in a subclone) would be less susceptible
to FLT3 inhibitors, and that resistance would emerge
through the selection of the founding clone (or alternative
subclones). Preliminary evidence for both of these out-
comes has been observed. First, Pratz et al.’ correlated ex
vivo cytotoxicity to 6 different FLT3 inhibitors and
observed that samples with low allelic burden (which sug-
gests that the mutation is in a subclone) were less sensitive
to these inhibitors than were cases with high allelic burden
(which suggests that mutations are in founding clones).
Second, all 9 of the patients clinically treated with AC220
who relapsed after achieving a complete response had
acquired AC220-resistant FLT3 D835 or F691 mutations
within the pre-existing FLT3-ITD allele, and one-third of
the patients who discontinued therapy for any reason also
had such mutations.”>”® Because concurrent FLT3-ITD
and FLT3-TKD mutations have been observed sponta-
neously in 1-2% of patients,””” it is possible that these
variants pre-existed in a minor (undetected) subclone that
was then selected by cytotoxic pressure against sensitive
subclones.

Conclusions

Multiple lines of evidence now suggest that leukemoge-
nesis involves a process of branching evolution, and that
these branch points can be delineated based on shared
genomic mutations within each subclone. To date, the bal-
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anced translocations (e.g. t(15;17), t(8;21), t(16;16),
inv(16), and MLL rearrangements) and nucleotide variants
in DNMT3A, and TET2 appear almost universally in the
founding clone, and are likely to be initiation events. In
contrast, +8, +22, -X, -Y, and variants in FLTS3,
NRAS/KRAS, WT1 and KIT appear frequently in subclones
and are, therefore, likely to be progression events. This
model of leukemogenesis, and the position of these muta-
tions within the AML subclonal architecture, has impor-
tant implications for the administration and interpretation
of response to targeted agents, especially because many of
the most promising small molecules in development target
mutations that may present in subclones rather than in the
founding clone.
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Genetics guided therapeutic approaches in acute
myeloid leukemia

A B S T R A Cc T

Over the past years the development of genomics technologies, such as single nucleotide polymor-
phism (SNP) microarray analysis and next generation sequencing (NGS), have made a significant con-
tribution to comprehensively deciphering the genetic changes underlying acute myeloid leukemia
(AML). An increasing number of genomic aberrations and gene mutations have been identified that
cause epigenetic changes and lead to deregulated gene expression. These recent insights further
unravel the enormous molecular heterogeneity of AML and show that each patient presents with a
distinct and almost individual combination of somatically acquired genetic alterations. While some of
these are known to perturb normal mechanisms of self-renewal, proliferation, and differentiation of
the hematopoietic progenitor cells, others most likely represent passenger mutations that do not sig-
nificantly contribute to the disease. Future challenges will be to not only discriminate driver from pas-
senger mutations, but also to evaluate the prognostic and predictive value of a specific mutation in
the concert of the various concurrent mutations. Nevertheless, first genetic markers started to trans-
late into the clinic and to impact treatment decisions, especially in case of availability of molecular
targeted therapies. To further improve the response to these drugs, that often do not show the expect-
ed effects as monotherapy, promising new compounds will need to be put into perspective of the
interplay of mutations and ultimately personalized combination treatment approaches might be able

to eradicate the disease.

Learning goals

At the completion of this activity, participants should be able to:
- interpret the value of currently available genetic markers with regard to their predictive and prog-

nostic value;

- gain an overview of genetics guided treatment approaches that have already been translated into

the clinic.

- better understand future challenges that will have to consider the interplay of genomic aberrations
and the network of deregulated cancer relevant pathways in order to design optimal effective novel

treatment strategies.

Introduction

Since cytogenetic markers have significant-
ly improved the risk stratification of acute
myeloid leukemia (AML),' the development
of genomics technologies, such as single
nucleotide polymorphism (SNP) microarray
analysis> and next generation sequencing
(NGS),? has made a significant contribution to
deciphering the AML-associated genetic
changes. An increasing number of genomic
aberrations and gene mutations have been
identified that cause epigenetic changes and
lead to deregulated gene expression. For
example, small genomic losses pointed to a
relevant role of the TET2 gene* and NGS
helped to identify IDHI and DNMT3A muta-
tions in AML.>¢

These recent insights further highlighted the
molecular heterogeneity of AML and showed
that individual patients present with a distinct
and almost unique combination of somatically
acquired genetic aberrations. While some of

these are known to perturb a variety of cellular
processes of the hematopoietic progenitor
cells, including mechanisms of self-renewal,
proliferation, differentiation, epigenetic regu-
lation, DNA repair, and RNA splicing, others
most likely represent passenger mutations that
do not significantly contribute to the disease.
In recent years, this growing genetic informa-
tion has started to translate into the clinic. The
current World Health Organization (WHO)
classification categorizes more than half of
AML cases on the basis of the underlying
genetic defects, which in part define distinct
entities of clinical importance.” First, cytoge-
netic and molecular genetic changes represent
powerful prognostic markers, and second
some genetic and epigenetic aberrations can
be targeted by novel therapeutic approaches,
such as tyrosine kinase inhibitors (TKIs) and
demethylating agents.?

However, there are still limitations regard-
ing the use of genomic biomarkers in clinical
practice as for many novel markers the prog-
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nostic impact so far has only been evaluated in retrospec-
tive studies. In addition, several new markers still need to
be interpreted cautiously as first studies did not take into
account interactions with other molecular markers, and
often the analysis was based on relatively low patient
numbers that might show a selection bias. Furthermore,
for improved clinical decision-making there is an unmet
need for predictive markers that can be attributed to the
clinical benefit of a specific treatment. This might con-
tribute significantly to an improvement in the treatment of
AML that has been slow over the past decade with a few
subgroups as exceptions, such as younger patients with
more favorable genetic disease.” Not only novel targeted
therapies, but also dose escalation of daunorubicin, the use
of alternative nucleoside analogs, antibody-directed
chemotherapy as well as allogeneic transplant concepts
will benefit from a biomarker guided personalized treat-
ment approach. Finally, a more detailed molecular charac-
terization will provide also the opportunity to more pre-
cisely monitor minimal residual disease (MRD) in all
AML patients.

In this review we will focus on genetic markers (dereg-
ulated gene expression and epigenetic changes will not be
discussed) that have already entered clinical practice and
affect diagnosis and guidance for therapeutic decisions in
adult AML. In addition, we will discuss the prognostic
value and potential clinical impact of novel markers that
remain investigational.

Established genomic biomarkers

Acute myeloid leukemia with RUNX1-RUNX1T1 and CBFB-
MYH11

Acute myeloid leukemia patients who present with a
translocation or inversion affecting the core-binding-fac-
tor (CBF) complex components RUNX1 or CBFB belong
to the genetic favorable-risk category.®” Characterized by
either a t(8;21)(q22;q22), leading to a RUNXI-RUNXITI
fusion, or an inv(16)(p13.1q22) (or t(16;16)(p13.1;q22)),
leading to a CBFB-MYHII fusion, CBF-AML shows
response rates of approximately 90% to standard ‘3+7°
anthracycline and cytarabine induction chemotherapy in
younger adult patients. In this cohort, consolidation thera-
py with repetitive cycles of high-dose cytarabine (3 g/m?
every 12 hours on Days 1, 3, and 5) results in 60%-70%
long-term survival probabilities in younger adult patients
and thus has become a widely accepted standard therapy
for CBF-AML. Therefore, older CBF-AML patients have
been shown to also benefit from dose intensification of
standard chemotherapy (Table 1).8!!

Recently, there has also been evidence from the British
Medical Research Council (MRC) AMLI1S5 trial that CBF-
AML patients might also benefit from an antibody-direct-
ed chemotherapeutic approach. In this large trial compris-
ing all cytogenetic subgroups, 1113 patients were random-
ly assigned to receive a single dose of the anti-CD33
immunoconjugate gemtuzumab ozogamicin (GO) at a
dose of 3 mg/m? in induction course 1 and the first consol-
idation course.'? In the overall trial population there was
no difference in response and survival, but a pre-defined
subgroup analysis showed a significant survival benefit
for patients with CBF-AML. Unfortunately, market with-
drawal of GO currently prevents the conduction of a con-
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firmatory trial. However, other studies showing a similar
beneficial effect warrant reassessment of GO as front-line
therapy.!314

Secondary genetic changes in CBF-AML, mutations in
the v-kit Hardy-Zuckerman 4 feline sarcoma viral onco-
gene homolog (KIT) and FMS-like tyrosine kinase 3
(FLT3), have been associated with inferior outcome.!"-'5-7
While activating KIT mutations are found in approximate-
ly one-third of cases, the KIT receptor is expressed at sig-
nificantly higher levels in CBF-AML compared with other
subgroups. Recent efforts by the German-Austrian AML
Study Group (AMLSG) (www.ClinicalTrials.gov
Identifier n. NCT00850382) and Cancer and Leukemia
Group B (CALGB) (www.ClinicalTrials.gov Identifier n.
NCTO01238211) combining conventional induction and
consolidation therapy with dasatinib, a potent inhibitor of
mutated and wild-type KIT, followed by one year dasa-
tinib maintenance therapy, provided first promising
results. In the future, a more refined molecular characteri-
zation of CBF-AML based on whole genome approaches
might lead to additional molecular targeted approach-
es.lS,l‘)

Finally, MRD monitoring in CBF-AML showed that
persistence of molecular disease is a highly predictive fac-
tor for relapse-free survival (RFS) and overall survival
(0S).1620-22 Therefore, fusion transcript copy ratios should
be monitored in all CBF-AML cases to evaluate whether
allogeneic hematopoietic stem cell transplantation
(HSCT) or investigational agents can improve outcome as
early intervention for molecular relapse.

Acute myeloid leukemia with MLL-fusions

Rearrangements of the mixed lineage leukemia (MLL)
gene are found in approximately 10% of adult AML, espe-
cially in secondary acute leukemias that occur following
treatment with topoisomerase II inhibitors. Except for the
translocation t(9;11)(p22;q23), leading to a MLLT3-MLL
fusion (also known as MLL-AF9), which is a unique WHO
classification entity,’ and the translocation
t(11;19)(q23;p13),” the presence of an MLL rearrange-
ment generally confers a poorer prognosis, although the
analysis by MRC did not distinguish between the two dif-
ferent types of t(11;19),i.e. AML with t(11;19)(q23;p13.3)
(MLL-MLLTI) and AML with t(11;19)(q23;p13.1) (MLL-
ELL). While there are more than 60 known fusion partners
of MLL, MLL-rearranged leukemias display remarkable
genomic stability, with very few gains or losses of chro-
mosomal regions.”* Therefore, recent studies suggest that
MLL-rearranged leukemias are largely driven by epigenet-
ic deregulation as several epigenetic regulators that modi-
fy DNA or histones have been implicated in MLL-fusion
driven leukemogenesis.?

Given that MLL-fusion proteins transform cells via
aberrant epigenetic programs including aberrant DNA
methylation, modifying the DNA methylation state might
have therapeutic efficacy in MLL-rearranged leukemia.
Indeed, MLL-rearranged leukemia cell lines were shown
to be sensitive to hypomethylating agents.?> In addition,
epigenetic treatment approaches in MLL-rearranged
leukemia now also focus on the histone methyltransferase
DOTIL that recently has emerged as an important media-
tor of MLL-fusion mediated leukemic transformation via
the modification of histone H3 on lysine 79 (H3K79).2¢
There is a strong correlation between elevated H3K79
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Table 1. Prognostic value and impact on treatment decision of selected molecular markers in adult AML (adopted from Déhner

and Gaidzik).1°

Biomarker Prognostic significance Clinical relevance
AML with RUNX1-RUNX1T1 Favorable prognosis in younger and older patients ‘3 + 7" induction followed by repetitive cycles
and CBFB-MYH11 [additional trisomy 22 predicts superior RFS of high-dose cytarabine is the widely

in AML with inv(16)] accepted standard therapy (older patients with

High relapse probability in patients with molecular CBF-AML do also benefit from intensive
disease persistence conventional chemotherapy)

Secondary KIT and possibly also FLT3 mutations Allogeneic HSCT may be only considered
associated with inferior outcome in most in individual patients with high-risk factors
but not all studies (e.g. elevated WBC counts, molecular disease

persistence) and low transplantation-related mortality
KIT inhibitor dasatinib in combination with intensive
induction and consolidation therapy in phase Il clinical trials
Addition of GO significantly improved OS in the MRC15 trial
AML with MLL fusions Unfavorable prognosis, except for AML with (9;11) Allogeneic HSCT appears to improve outcome in younger adult
patients
Experimental therapeutic strategies within clinical trials (e.g.
hypomethylating agents, DOT1L inhibitors)
NPM1 Genotype “mutated NPM1 without FLT3-ITD” Standard induction therapy followed by repetitive cycles
(in CN-AML) associated with favorable outcome of high-dose cytarabine is the reasonable first-line

NPM1 mutations in older patients associated with treatment option in patients with the genotype
CR achievement and better outcome, “mutated NPM1 without FLT3-ITD” (CN-AML)

even in patients over 70 years of age Favorable-risk “mutated NPM1 without FLT3-ITD”

Impact of concurrent gene mutations e.g. in CN-AML may not benefit from allogeneic HSCT in first CR,
IDH1, IDH2, DNMT3A, and TET2 currently except in individual cases (e.g. those with molecular disease
under investigation persistence) with low transplantation-related risk

Older patients with NPM1-mutated AML benefit from intensive
conventional chemotherapy
Concurrent gene mutations other than FLT3 (IDH1, IDH2,
DNMT3A, etc.) should not yet be used for making treatment
decisions
CEBPA Only CEBPA®™ cases define this AML entity Standard induction and consolidation therapy
CEBPA™ (CN-AML) associated with favorable outcome is the reasonable first-line treatment option
Impact in older patients under investigation Patients may not benefit from allogeneic HSCT in first CR
FLT3-ITD Unfavorable prognosis Allogeneic HSCT appears to improve outcome in younger

Particular poor outcome in AML with high burden adult patients (no data available for elderly patients)
of mutated FLT3-ITD allele (high mutant to wild-type Patients should be entered on clinical trials with
allelic ratio as assessed by DNA fragment analysis) FLT3 tyrosine kinase inhibitors whenever possible;

AML with FLT3-ITD located outside the JM (non-JM ITD, 1-generation (e.g. midostaurin, lestaurtinib, sorafenib)
approximately 30% of cases) appear to do significantly and 2"-generation TKI (quizartinib) are currently being
worse than those with AML with JM-ITD evaluated in phase Il and IIl clinical trials

TP53 Unfavorable prognosis Allogeneic HSCT does not seem to improve outcome;

Mutations/deletions mostly in AML with complex experimental therapeutic approaches within clinical trials

karyotype (56%-78%) warranted
Wwr1 Prognostic significance somewhat controversial; Unknown
most studies report a negative prognostic impact

Additional studies, preferentially large intra-individual
patient meta-analyses, needed to explore the prognostic
impact by different post-remission therapies

WT1 SNP rs16754 located in mutational hot spot in exon 7 found

to be associated with favorable prognosis in patients with CN-AML

RUNX1 Unfavorable prognosis; all studies showed an association Unknown
of RUNX1 mutations with lower CR rate and adverse outcome One study (AMLSG) suggested that allogeneic HSCT may
improve outcome; finding needs to be confirmed
TET2 Prognostic significance unclear Unknown

CALGB study found a negative impact in the subset of molecular
favorable-risk (mutated NPM1 without FLT3-ITD) AML;
AMLSG study found no impact

Unknown
[DH inhibitors in pre-clinical development

IDH1 IDH1 mutations appear to confer higher risk of relapse and inferior
0S in CN-AML; however, the effect in the various molecular subsets
of CN-AML is controversial
IDH1 SNP rs11554137 (located in the same exon as the R132 mutation)
in one study found to be associated with inferior outcome in molecular
high-risk CN-AML (either NPM1 wild-type or FLT3-ITD positive)

IDH2 IDH2R172 mutations are only rarely found in concert with other known
recurring gene mutations (i.e. NPM1, CEBPA, FLT3-ITD);
they are associated with inferior CR rate; impact on outcome unclear
Prognostic impact of IDH2R140 mutations controversial, although some
studies reported an association with a better prognosis

(see above)

DNMT3A Associated with intermediate-risk cytogenetics (in particular CN-AML) Unknown
and with FLT3, NPM1, and IDH mutations
Prognostic significance under investigation

ASXL1 Unfavorable prognosis; Unknown

Mutation incidence increases with age
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methylation and abnormal gene expression in human
MLL-rearranged leukemia samples on a genome-wide
basis,”” and DOTI1L was shown to play an active role in
the maintenance of the MLL-fusion mediated gene expres-
sion programs important for transformation and leukemo-
genesis.? This supported DOT1L as a potential therapeu-
tic target and a first specific small-molecule inhibitor of
DOTIL showed promising anti-proliferative activity that
was remarkably selective for cell lines bearing MLL
rearrangements.”® Therefore, DOT1L inhibitors are cur-
rently further developed as targeted therapeutics for MLL-
rearranged leukemias, and a first phase I trial testing the
DOTIL inhibitor EPZ-5676 was initiated in September
2012 (www.ClinicalTrials.gov Identifier n. NCT0168
4150).

Acute myeloid leukemia with NPM1 mutations

Nucleophosmin 1 (NPM1) mutations are the most fre-
quent mutations found in 25%-35% of adult AML, espe-
cially in cytogenetically normal (CN)-AML (45%-64%)
(Figure 1).8 While the role of NPMI mutations in leuke-
mogenesis has largely remained elusive, in a mouse model
mutant Npml knock-in proved to be an AML-initiating
lesion leading to Hox gene overexpression, increased self-
renewal, and expanded myelopoiesis with one-third of
mice developing delayed-onset AML.? In human AML,
NPM 1 mutations were shown to be associated with FLT3
internal tandem duplications (FLT3-ITDs), and more
recently also with /DH and DNMT3A mutations >33

Patients with NPMI mutation usually present with high-
er bone marrow (BM) blast percentages, lactate dehydro-
genase serum levels, and white blood cell counts, and blast
cells typically show high CD33-antigen, but low or absent
CD34-antigen expression.”> As NPMI mutations without
concurrent FLT3-ITDs have been shown to confer a supe-
rior outcome,'* the genotype “mutated NPMI without
FLT3-ITD” (CN-AML only) has been incorporated into
the genetic favorable-risk category of the current AML
recommendations.® However, the prognostic value of the
NPM Imut/FLT3-ITDneg genotype has to be revisited in
the context of recently identified concomitant mutations,
such as IDH and DNMT3A mutations.”’

As younger adult patients with NPMImut/FLT3-
ITDneg AML have survival probabilities of approximately
60% following conventional induction and consolidation
treatment, this patient cohort might not benefit from allo-
geneic HSCT in first complete remission (CR).*® However,
allogeneic HSCT may be considered in patients with
molecular disease persistence,*® especially those with low
transplantation-related risk, or in case new transplantation
strategies are investigated within a clinical trial. As the
favorable prognostic impact of NPM] mutations in the
absence of FLT3-ITD is also seen in older adults, even in
those over 70 years of age,**** NPMI mutation screening
is clinically relevant in all age groups and helps to select
patients who might benefit from intensive conventional
chemotherapy.!

At present, there is no targeted molecular therapy avail-
able for NPMI mutated AML, but there are ongoing
efforts to target NPM1 mutation-associated altered trans-
port mechanisms.*> However, based on high CD33 expres-
sion levels, the anti-CD33 antibody GO appears to be an
attractive therapeutic strategy. While an MRC AMLI15
trial subset analysis showed no significant survival benefit
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for GO in NPM I mutant AML,'? other trials showed a ben-
efit for GO in the low- and intermediate-risk groups.*!
Thus, the GO impact needs to be revisited in the light of
concomitant mutations as well as SNPs in CD33 that
might impact treatment response.*> Similarly, based on
two controversial reports the potential benefit of all-trans
retinoic acid (ATRA) in NPM Imut/FLT3-ITDneg patients
remains elusive,**#3 but a recent AMLSG study in younger
AML patients confirms a beneficial effect.*

Acute myeloid leukemia with CEBPA mutations

CCAAT/enhancer binding protein alpha (CEBPA) muta-
tions are primarily found in CN-AML (10%-18%), and
can be d1v1ded into two subgroups: single mutation,
CEBPA (one third of cases), and double mutation cases,
CEBPA™" (two-thirds of cases).! Typically, in CEBPA™
AML both alleles are mutated, one showing a N-terminal
and one a C-terminal mutation.

Previously, CEBPA™ and CEBPA"™ were considered as
one group associated with a favorable outcome. ”However,
recent studies showed that only CEBPA™™ AML is an inde-
pendent prognostic factor for favorable outcome.*’
Therefore, the pattern of concurrent gene mutations is dif-
ferent in CEBPA™ (significantly hlgher frequency of
NPMI mutations and FLT3-ITDs than in CEBPA" ™, and
global gene expressmn studies revealed only a distinct sig-
nature for CEBPA" AML cases. ¥4 Consequently, only
AML with CEBPA™™ should be considered as a distinct
entity and prognostlc category that can be associated with
additional §enomlc alterations such as GATA2 mutations.*

CEBPA* patients may also not benefit from allogeneic
HSCT based on the assumption that, in general, this
approach may not improve outcome in favorable-risk
AML.2 While no specific targeted thg:rapies are yet avail-
able, molecular insights in CEBPA™ pathomechanisms
including the deregulation of small non-coding RNAs,

M favorable

MLL-PTD h—a 5-11

® unfavorable

wT1 =— 10-15
IDH2 _L - 15 ® controversial / no effect
NRAS = 9-14
RUNXT IR 10-13
IDH1 ] = 8-16
FLT3-TKD . e 11-14
CEBPA -——l 10-18
TET2 ] — 12-23

ASXLT I 9-40
DNMT3A

FLT34TD 28-34
NPM1 ;— 45-64

Percent mutated

Figure 1. Incidence and prognostic impact of aberrant
g?;ula mutations in CN-AML. (adopted from Marcucci et
al.).
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especially miR-181a, point to novel treatment strategies
such as lenalidomide .*

Acute myeloid leukemia with FLT3 mutations

As a member of the class III receptor tyrosine kinase
family, FLT3 plays an important role in proliferation, sur-
vival, and differentiation of hematopoietic progenitor
cells. FLT3 mutations are primarily located in the jux-
tamembrane (JM) domain and the activation loop of the
tyrosine kinase domain (TKD); however, other locations
are also possible.** FLT3-ITDs are found in approximately
20% of all AML (CN-AML 28%-34%) and mainly cluster
in the JM domain.! In CN-AML patients treated with con-
ventional chemotherapy, the presence of FLT3-ITDs con-
fers a significantly worse prognosis compared with ITD
negative cases.® A high mutant-to-wild-type allelic ratio
points to an even worse outcome, as it often reflects wild-
type allele loss due to uniparental disomy.! Occurring in
one-third of cases, non-JM ITD insertion is also associated
with a particularly poor outcome.® In addition, the activa-
tion loop of the TKD is affected by point mutations in
11%-14% of CN-AML.! However, the prognostic rele-
vance of FLT3-TKD mutations remains controversial.

This importance of FLT3-ITDs and the fact that the
FLT3 pathway is targetable have stimulated huge efforts to
develop therapeutic inhibitors of FLT3, e.g. midostaurin
(PKC412), lestaurtinib (CEP-701), sunitinib (SU-11248),
sorafenib (BAY-43-9006), and the 2" generation com-
pound quizartinib (AC220).5! Although these inhibitors
have shown promising anti-leukemic activity, efficacy as
single agents was limited and thus requires a combination
with cytotoxic chemotherapy. A large randomized trial
combining chemotherapy with midostaurin for first-line
treatment of younger adult patients will hopefully soon
provide important answers (www.ClinicalTrials.gov
Identifier n. NCT00651261). Notably, the optimized FLT3
inhibitor quizartinib led to high response rates in relapsed
and refractory FLT3-ITD AML, even if given as a single
agent. A phase II trial for relapsed FLT3-ITD patients has
recently been completed (www.ClinicalTrials.gov identifi-
er n. NCT00989261).°253 However, treatment resistance
due to acquired mutations is also seen for quizartinib,* but
ponatinib and crenolanib might be good alternatives in
these cases.>>-¢

Besides TKI-based targeted treatment approaches, there
is increasing evidence that FLT3-ITD positive AML
patients might benefit from allogeneic HSCT, especially
CN-AML and unfavorable genotypes with FLT3-
ITD.36,57,58

Acute myeloid leukemia with TP53 mutations

Recently, tumor protein p53 (TP53) mutation and/or
loss of the TP53 allele was detected in 69%-78% of AML
cases with a complex karyotype (CK-AML), whereas
TP53 mutations were very rare in non-complex karyotype
AML (2.1%).>° Based on an integrative TP53 mutational
screening analysis and array-based genomic profiling in
234 CK-AMLs, TP53 mutations were found in 60% and
TP53 losses in 40% of CK-AMLs with a total of 70%
TP53 altered cases.®

As TP53-altered CK-AMLs are characterized by a high-
er degree of genomic complexity, they more frequently
exhibit a monosomal karyotype (MK), which previously
was associated with poor AML outcome.®' TP53 alter-

ations are also associated with older age, specific DNA
copy number alterations, and dismal outcome.®® In multi-
variable analysis, TP53 alteration is the most important
prognostic factor in CK-AML, outweighing all other vari-
ables, including the MK category.® This very unfavorable
prognosis of TP53 mutation was recently confirmed in an
independent study showing an overall survival (OS) at
three years of 0%.%

Therefore, treatment approaches aimed at early allo-
geneic HSCT in TP53 altered AML cases, but recent stud-
ies showed no improvement in survival for patients with
abnl(17p) AML as compared to other adverse cytogenetic
risk abnormalities.®®> Thus, TP53 altered AML cases
should be treated within clinical trials evaluating novel
therapeutic approaches, e.g. combinations of hypomethy-
lating agents, mTOR (mammalian target of rapamycin)
inhibitors, and tosedostat, an orally available aminopepti-
dase inhibitor.** The latter has recently demonstrated sig-
nificant clinical activity in relapsed or primary refractory
AML, including high-risk AML cases.®%

Investigational genomic markers

Over the last years, novel gene mutations have been dis-
covered based on SNP array analysis in combination with
sequence analysis of candidate genes in commonly altered
regions,*%’ and NGS studies.>%® These biomarkers include
mutations in transcription factors like WT'l, RUNXI, and
GATA2, and in genes influencing transcriptional regula-
tion such as e.g. NRAS, KRAS, CBL, KIT, and RAD2] to
name some of the most recurrent ones. In addition, many
mutations were identified in genes impacting epigenetic
regulation, such as e.g. TET2, IDHI, IDH2, DNMT3A,
ASXLI, MLL, TETI, BCOR, NSDI, PHF6, DNMTI,
NSDI, EZH2, and MLL3.'37%° While most of these mark-
ers remain mainly investigational and are still a controver-
sial subject of debate, many studies are currently evaluat-
ing their prognostic and predictive impact on the back-
ground of other genomic aberrations. Here, we will focus
on mutations for which an important role in AML was sup-
ported by recent studies.

Gene mutations affecting transcription factors

WT1 mutations

Wilms’ Tumor 1 (WTI) gene mutations were among the
first of acute leukemias to be reported.” Since then, studies
of larger cohorts revealed mutations primarily in CN-AML
with a frequency of 10%-15%. However, the prognostic
impact of the mutation is still inconclusive as studies by the
MRC, CALGB, and Acute Leukemia French Association
(ALFA) groups showed a negative impact of the mutation
on OS, whereas no impact was found in a study of 617 CN-
AML by the AMLSG.™ Interestingly, located in the muta-
tional hot spot of WT'I in exon 7, a SNP rs16754 was shown
to be associated with favorable outcome in patients with
CN-AML.”" While future studies are warranted to validate
this finding, it will also be of interest to determine the mech-
anisms by which this SNP may alter WT1 function and con-
tribute to a more favorable prognosis.
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RUNX1 mutations

In AML the runt-related transcription factor 1 (RUNXI)
is not only targeted by chromosomal translocation (see
above), but also by intragenic mutations that have been
associated with inferior outcome in all studies.”*”> For
example, in the largest study by the AMLSG that reported
only 6% RUNXI mutations in 945 unselected younger
adult patients,”> RUNXI mutations clustered in the inter-
mediate-risk cytogenetic group and predicted for resist-
ance to chemotherapy as well as inferior event-free sur-
vival (EFS), relapse-free survival (RFS), and OS. In mul-
tivariable analysis, RUNXI mutation was an independent
prognostic marker for shorter EFS, and explorative sub-
group analysis suggested that allogeneic HSCT has a
favorable impact on RFS in RUNXI mutated patients.”

Gene mutations impacting epigenetic regulation

TET2 mutations

The identification of microdeletion and copy number
neutral loss of heterozygosity affecting the fet oncogene
Sfamily member 2 (TET2) gene locus on 4q24 pointed to
heterogeneous TET2 mutations,*’® that are found in 12%-
27% of patients with AML and in other myeloid diseases.!
Like TET1, the protein TET2 converts 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (ShmC). This a-
ketoglutarate (0-KG) dependent process plays an impor-
tant role in DNA demethylation.””’® In accordance, TET2-
mutated AML was shown to display uniformly low levels
of 5ShmC compared with normal controls. The functional
relevance of TET2 mutations was further supported by
mouse models demonstrating impaired hematopoietic dif-
ferentiation and increased self-renewal in vivo following
loss of Tet2.7%! Concerning the prognostic impact of
TET?2 mutations, results are still inconclusive. A first large
study reporting TET2 mutations in 23% of 427 CN-AML
cases (18-83 years of age) found an association with infe-
rior EFS and disease-free survival (DFS) in favorable-risk
CN-AML cases, i.e. FLT3-ITD negative AML with either
mutated CEBPA or NPM1 % In contrast, TET2 mutations
had no prognostic impact on survival in an AMLSG study
analyzing 783 AML cases, neither in the whole cohort, nor
in CN-AML or in AML with mutated NPM1 without
FLT3-ITDs.#* However, a recent Eastern Cooperative
Oncology Group (ECOG) trial studying 398 AML cases
found that TET2 mutations were associated with reduced
OS among patients with intermediate-risk AML .3

IDH1 and IDH2 mutations

First whole-genome sequencing efforts revealed recur-
rent isocitrate dehydrogenase 1 (IDHI) mutations in
AML  and later candidate gene screens identified /IDH?2 to
be recurrently mutated.’*3285 The combined frequency of
IDH mutations in unselected cohorts of AML varies
between 15% and 22%, and mutations typically affect
IDH] at codon R132 and IDH?2 at codons R140 or R172.!
Notably, both mutant IDH1 and IDH2 proteins acquire a
neomorphic enzymatic activity that converts o-ketoglu-
tarate (a-KG) to 2-hydroxyglutarate (2-HG). This putative
oncogenic metabolite 2-HG has been characterized as a
competitive inhibitor of a-KG-dependent dioxygenases,
including histone demethylases and TET family 5-methyl-
cytosine hydroxylases.® Therefore, there is a mutual
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exclusivity between IDH and TET2 mutations in AML and
consistent with a convergent mechanism of leukemic
transformation, expression of IDH mutants causes
increased expansion of hematopoietic stem cells and
impaired hematopoietic differentiation.®’

The prognostic impact of /DH mutations seems to
depend both on the context of concurrent mutations and
the IDH mutation type.! For example, R132 IDH] and
R140 IDH2 mutations are often associated with CN-AML
with NPM 1 mutations,**32 whereas R172 IDH?2 mutations
show no significant association with other known recur-
rent gene mutations.’?%5 Furthermore, similar to TET2
mutations, the prognostic effect of /DH mutations in CN-
AML is still controversial. CALGB® and AMLSG?? stud-
ies showed IDH I mutations to predict for inferior outcome
in favorable-risk (NPM Imut/FLT3-1TDneg) AML, where-
as MRC?' and Dutch-Belgian Hemato-Oncology
Cooperative Group (HOVON)* studies revealed inferior
outcome in FLT3-ITDneg and FLT3-ITDneg/NPM1 wild-
type AML, respectively. Similarly, AML with R172 IDH2
mutations have been associated with inferior survival
and R140 IDH?2 mutations predicted for inferior outcome
in molecular favorable-risk CN-AML 32 However, a recent
MRC study showed R140 /DH?2 mutations to be an inde-
pendent favorable prognostic factor for RFS and OS *® and
in accordance with this, a recent ECOG study found R140
IDH?2 mutations, but not R172 IDH2 mutations or /IDH/
mutations, associated with improved overall survival.34
These findings further highlight that cohort size, age, and
treatment approach have significant effects on prognosti-
cation in AML, and thus individual patient data meta-
analyses are needed to resolve these controversies and to
identify specific treatment effects.

DNMT3A mutations

Using targeted NGS somatic DNA (cytosine-5-)-methyl-
transferase 3 alpha (DNMT3A) mutations were first iden-
tified in the highly conserved R882 residue.*® and genome-
wide NGS approaches in AML then identified DNMT3A
mutations targeting the entire open reading frame.®%
DNMT3A encodes for a de novo methyltransferase that
methylates cytosines in CpG dinucleotides, thereby point-
ing to altered epigenetic patterns in DNMT3A mutant
AML. However, first analyses did not identify characteris-
tic methylation pattern alterations in DNMT3A mutant
AML, although more recent studies reported distinct
changes suggesting that DNMT3A mutation effects might
be site and context specific.”®! Functional studies in mice
proved an important pathogenic role as Dnmt3a deficiency
resulted in impaired hematopoietic cell differentiation,
increased self-renewal, and expansion of the hematopoiet-
ic stem cell pool.”?

A first analysis in 281 AMLs detected DNMT3A muta-
tions in 22% of cases and found an association with FLT3-
ITD, NPM1, and IDH mutations.® A second study con-
firmed mutations in 21% of cases and reported an associ-
ation with inferior survival.® Recently, a large study in
489 younger adult patients showed a mutation frequency
of 18% that was associated with NPM1,IDH]I, and FLT3-
ITD mutations.’* While DNMT3A mutations in this study
predicted for inferior OS, analysis of 1770 younger
AMLSG AML patients confirmed DNMT3A mutations in
21% of cases with a significant association with CN-AML
(Gaidzik et al., Blood in press, 2013). In the entire cohort,
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DNMT3A mutations showed no correlation with outcome;
however, exploratory subset analyses showed a negative
prognostic effect in the European LeukemiaNet (ELN)
unfavorable CN-AML group. In contrast to other studies,
only R882 mutations had an unfavorable prognosis,
whereas non-R882 mutations showed a favorable impact
on OS. While selection bias in other studies might in part
explain these differences, alternative treatment strategies
might also impact the observation. A recent study showed
that in DNMT3A mutated patients high-dose daunorubicin
can improve outcome.® In line with this, a recent study
suggested that DNMT3A mutant patients had improved
overall survival when treated with 12 mg/m? of
idarubicin,” which has been shown to be nearly equiva-
lent to high-dose daunorubicin, and which was also used
in the AMLSG trial.

ASXL1 mutations

Somatic nonsense or frameshift mutations of the poly-
comb family gene additional sex combs like 1 (ASXLI),
that result in loss of ASXL1 function, are found in a spec-
trum of myeloid malignancies including AML.%® ASXLI
mutations result in impaired polycomb repressive complex
2 (PRC2)-mediated histone H3 lysine 27 tri-methylation
(H3K27me3), which regulates the expression of the
HOXA gene cluster including HOXA9 that plays a known
role in myeloid transformation.’* Notably, impaired PRC2
function seems to be a common theme in myeloid patho-
genesis reflected by additional loss-of-function mutations
in other PRC2 complex members EZH2, SUZ12, EED and
JARID2 % While ASXLI mutations are relatively uncom-
mon in younger AML patients, their prevalence increases
with age and confers a poor impact on OS independent of
age, thereby showing that ASXL/ mutations mark a subset
of AML patients with adverse outcome.#%-7 Further stud-
ies are needed to better understand the mechanisms under-
lying the different epigenetic regulator mutations, includ-
ing those less common found in PHF6, TETI, BCOR,
NSDI1, DNMT]I, and MLL3, in order to develop novel ther-
apeutic strategies to restore epigenetic regulation in AML.

Conclusions

Recent progress in the molecular characterization of
AML has greatly improved our understanding of the dis-
ease and has started to translate into the clinical setting.
However, the growing number of molecular markers iden-
tified by genomics and NGS-based approaches provides a
considerable challenge to establish the prognostic signifi-
cance of particular constellations of mutations, thereby
demanding analysis of large numbers of homogeneously
treated patients in whom the effects of treatment on out-
come can be controlled and investigated. International col-
laborations of study groups are warranted to accelerate
this progress, and it will be of prime importance to study
these markers in the context of novel therapies, which
might impact predictive and prognostic relevance.

In addition, to further ‘personalize’ treatment approach-
es, we will not only have to consider the complex geno-
types, in which the presence and/or absence of other dis-
ease alleles have different effects on outcome, but we will
also have to examine the evolution and impact of subclon-
al mutations. These might contribute to the variations

observed in response to therapy and risk of relapse,”
especially subclonal driver mutations such as 7P53 muta-
tions.!'® Thus, it will be important to study how treatment
affects clonal evolution, as this information may help to
select therapies preventing the expansion of highly fit sub-
clones. Then, we will not only be able to target the most
prevalent drivers, but also the evolutionary landscape.

Finally, individual tailoring of AML treatment will also
depend on the next wave of clinical trials, which will need
to establish the most informative molecular markers to
guide therapy and to determine their clinical usefulness for
comprehensive MRD monitoring. Furthermore, personal-
ized combination therapies should be the goal, which will
require changing the paradigm for drug development and
study design. Today, many scientifically interesting and
potentially useful agents are discontinued early in devel-
opment because they fail to demonstrate efficacy as
monotherapy. Thus, pre-set efficacy benchmarks will have
to be redefined, and faster and better trial designs need to
be developed in order to accelerate drug development that
ultimately will lead to meaningful improvements in
patient survival.
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Acute myeloid leukemia in older patients: conventional
and new therapies

A B S T R A C T

Acute myeloid leukemia (AML) in older patients continues to pose significant treatment challenges.
In this age group, the benefit associated with intensive chemotherapy remains marginal and the
chance for cure continues to be below 10% overall. While treatment outcome is compromised by a
higher prevalence of comorbidities, it is now clear that AML in older patients is a biologically distinct
disease that is intrinsically less responsive to chemotherapy. Improving risk-assessment tools is critical
to identify those patients who are most likely to benefit from intensive chemotherapy, but optimal
induction and post-remission therapies have yet to be determined in this population. New strategies
and treatments are emerging and under current assessment. In particular, investigations of monoclon-
al antibodies, hypomethylating agents, signal transduction inhibitors, and novel cytotoxics hold prom-
ise for improving the outcome for older patients with AML, including those for whom traditional
chemotherapy is not considered appropriate, either because of anticipated lack of efficacy or unac-
ceptable mortality. Further progress in the care of elderly AML is largely dependent upon building a

critical mass of patients and physicians willing to participate in clinical trials.

Learning goals

At the conclusion of this activity, participants should be able to:

- describe current and emerging therapies for older patients with newly diagnosed AML;

- select appropriate up-front therapy based upon patient and disease characteristics;

- discuss treatment options for older patients who may or may not be candidates for intensive

chemotherapy;

Introduction

Acute myeloid leukemia (AML), a disease
affecting primarily older adults with a median
age at presentation of approximately 68 years,
continues to pose significant treatment chal-
lenges.! Although there have been improve-
ments in treatment outcomes for AML in recent
years, these have mostly benefited younger
patients under the age of 60 years.> Advanced
age is considered an adverse prognostic indica-
tor resulting from both a more aggressive
underlying disease biology and a decreased
capacity of patients to tolerate chemotherapy
due to the frequent presence of significant co-
morbidities and poor organ reserve. In clinical
trials, which typically exclude patients with
severe co-morbidities, complete remissions are
observed in 40-65% of patients treated inten-
sively, of whom almost 90% relapse within
three years.># Age continuously affects treat-
ment results, as do other independent prognos-
tic factors including performance status, organ
dysfunction, white blood cell count, cytogenet-
ics, molecular abnormalities, overexpression of
multidrug resistance proteins, and secondary
leukemia. Because of this, it is difficult to rec-

understand the importance of encouraging older patients to participate in clinical trials for AML.

ommend precise age cut offs for clinical deci-
sion-making >’ Much interest is currently being
directed at the development of multifactorial
risk scores to more accurately predict the out-
come for patients who may then be given the
choice of intensive or alternative treatment
approaches, including less intensive therapy,
investigational therapy or palliative care ®!! The
importance of patient selection is apparent in a
review of 2657 elderly patients with AML col-
lected by Medicare and the Surveillance,
Epidemiology, and End Results (SEER).!? Only
approximately 30% of patients underwent
induction chemotherapy and the median sur-
vival across all study population was 2.4
months with a 2-year survival of 6%. However,
the analysis also showed that patients who did
receive chemotherapy had a survival benefit,
even though this was modest. As the general
population lives longer, the number of patients
in this age group will increase. Therefore, there
is an urgent need to find new treatments that are
more effective and less toxic for these patients
who are traditionally not catered for in most tri-
als. In this review, we provide an outline of the
current and developing treatments for older
patients with newly diagnosed AML.
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Choice of treatment

Despite the reluctance to treat older patients with inten-
sive chemotherapy because of toxicity concerns, induction
of a complete remission (CR), even if short-lived, is an
appropriate goal for most AML patients over 60 years of
age. This concept was established in the late 1980s based
on the results of the EORTC AML-7 trial which prospec-
tively compared induction therapy with daunorubicin, vin-
cristine and cytarabine versus supportive care with pallia-
tive chemotherapy (hydroxyurea or low-dose cytarabine)
in patients over 65 years of age.”” The patients who
received induction chemotherapy had a higher CR rate
(58% vs. 0%), lower incidence of early mortality (3 of 31
vs. 18 of 29), longer median survival (21 vs. 11 weeks) and
greater chance of survival at 2.5 years (13% vs. 0%).
Importantly, there was no difference in the number of days
that patients were hospitalized. Furthermore, registry data
from nearly 3000 unselected older patients in Sweden
showed reduced rates of early mortality for those who
received intensive chemotherapy versus palliative care, as
well as improved long-term survival in geographical
regions where the use of intensive treatment approaches
was more common.'* Thus, achieving CR is a requisite
end point for better survival and improved quality of life
in elderly AML, and data from large population-based
studies have validated the use of intensive chemotherapy
over less intensive treatment approaches in patients up to
the age of 80 years.

Although it is clear that intensive chemotherapy pro-
duces the highest response and survival rates in selected
elderly patients with AML, it is ineffective and highly
toxic in many others. The challenge is to appropriately

identify which patients, based on their disease biology and
clinical characteristics, are likely to benefit more from
intensive chemotherapy and which require alternative
treatment approaches. Several risk scores are available
that account for age, performance status, cytogenetics,
secondary AML and other covariates to arrive at a progno-
sis for patients over 60 years of age treated with intensive
chemotherapy (Table 1). Despite the differences in vari-
ables and end points and methods used, these tools can be
used to more accurately individualize the treatment
prospects. Patients with the expectation of a low early
mortality, high CR rate, and a reasonable long-term sur-
vival should be treated with intensive chemotherapy,
while those with the expectation of a high risk of early
mortality or a poor chance of long-term survival should be
offered low-intensity investigational therapy.

Conventional remission induction therapy

For over 30 years, the “3+7” regimen combining
daunorubicin (45-50 mg/m? for 3 days) and cytarabine
(100-200 mg/m? by continuous infusion for 7 days) has
been the mainstay of induction therapy for older patients
with AML.! On average, this regimen offers older patients
a CR rate of 40-65% with an attendant treatment-related
mortality of 15-20%, a median survival of 8-12 months,
and a less than 15% probability of sustained remission for
three years. Multiple attempts have been made to improve
outcome by substituting newer anthracyclines (idarubicin
or mitoxantrone) for daunorubicin, escalating the dose of
cytarabine, adding other cytotoxic drugs, and priming with
growth factors, but none of these strategies has emerged as
convincingly superior to “3+7”.# However, a recent com-

Table 1. Selected prognostic risk scores in elderly AML.

Prognostic factors CR rate (%) Early death rate (%) Overall survival (%)
ALFA-9803° Poor cytogenetics (1-year)
(n=416) Age =75 P-CG or 2/3 factors: 19
PS =2 QOthers: 58
WBC =50x10°/L
MRCAML11/14° Cytogenetics (1-year)
(n=1071) Age
WBC Good: 53
PS Standard: 43
De novo vs. SAML Poor: 16
(2-year)
MDACC'® Age =80 #0: 57 #0:16 #0:30
(n=446) Complex karyotype #1:52 #1:31 #1:15
PS =2 #2:29 #2:55 #2:7
Creatinine >1.3 #2316 #=3:71 #=3:0
SALAML-96 Cytogenetics (3-years)
(n=909) Age >65
WBC > 20x10°/L F-CG: 39.5
LDH >700 I-CG (good): 30
(D34 >10% |-CG-(adverse): 10.6
NPM1 mutation P-CG: 3.3

P-CG: poor-risk cytogenetics; F-CG: favorable-risk cytogenetics; I-CG: intermediate-risk cytogenetics.
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bined analysis of two randomized ALFA trials (9801 and
9803), enrolling a total of 727 AML patients age 50 years
and over (median 67 years) showed a somewhat superior
long-term outcome with idarubicin compared to daunoru-
bicin (cure rate 16.6% vs. 9.8%; P=0.018). Interestingly,
the long-term impact of idarubicin was also evident in the
cohort of patients under 65 years of age, although all of the
younger patients in the control arm received daunorubicin
at higher doses (80 mg/m? x 3).1

Options for improvement

Most recently, efforts to improve the complete remis-
sion rate and long-term outcome beyond that which is
achieved with the traditional “3+47” regimen, have concen-
trated on anthracycline dose escalation, the addition of
novel agents, and alternatives to cytarabine. Lowenberg et
al. showed a higher CR rate when 813 patients over 60
years of age with newly diagnosed AML were randomized
to receive three days of daunorubicin 90 mg/m? versus 45
mg/m? in combination with cytarabine 200 mg/m? daily
for seven days (64% vs. 54%; P=0.002).'® The early death
rate was similar between the two groups. Although, over-
all, there was no difference in survival between patients
treated with the standard-dose versus the escalated-dose
regimen, patients aged 60-65 years gained advantage from
daunorubicin intensification with regards to all the major
clinical end points. In this subgroup, substantial improve-
ments in CR rate, event-free and overall survival were
observed, while patients with core binding factor abnor-
malities appeared to benefit from high-dose daunorubicin
irrespective of age. On the other hand, a randomized trial
by the French ALFA group failed to show any clinically
relevant superiority of high-dose daunorubicin (80 mg/m?
x 3 days) over three or four days of idarubicin (12 mg/m?)
when combined with cytarabine for remission induction in
468 patients aged 50-70 years, suggesting therapeutic
equivalence between these two drugs at these doses.!”
Whether these studies justify a higher anthracycline dose
as the standard of care for older patients with AML is not
clear, but they do convincingly demonstrate that there is
no increase in toxicity with these regimens.

Other agents with novel mechanisms of action and with
non-overlapping toxicity can potentially improve the out-
come when added to standard chemotherapy. One option
to improve the remission rate and overall outcome could
be to incorporate gemtuzumab ozogamicin (GO), an
immunoconjugate consisting of a humanized anti-CD33
monoclonal antibody linked to the toxin calicheamicin,
into treatment. This strategy has been investigated in three
large European studies, two of which show a significant
improvement in survival (Table 2). The French ALFA
group randomized 280 patients aged 50-70 years (median
62 years) with newly diagnosed AML to standard induc-
tion therapy (“3+7”) with or without GO given in a frac-
tionated schedule of 3 mg/m? on Days 1, 4 and 7."®
Although remission rates were much the same in the two
groups, patients given GO had lower relapse rates and sig-
nificantly longer event-free (40.8% vs. 17.1%; P=0.0003)
and overall survival (53.2% vs. 41.9%; P=0.03) at two
years than did controls. This benefit was mainly seen in
patients with better-risk disease, but not in those with
poor-risk cytogenetics. A more recent study reported by
Burnett and colleagues came to the same conclusion as the
previous trial.’” The United Kingdom NCRI AMLI16 trial

Stockholm, Sweden, June 13-16, 2013

Table 2. Randomized trials of gemtuzumab ozogamicin (GO)
in combination with conventional chemotherapy in older
patients with previously untreated AML.

Trial N. of patients GO dose/ Results
(age range schedule
in years)

ALFA-0701'® 278 (50-70) 3 mg/m? Similar response rate
Day 1/4/7 Longer EFS, RFS, 0S
with D +A No benefit

in pts with P-CG
NCRIAML16® 1.115 (51-84) 3 mg/m? Similar response rate
Day 1 Longer RFS, 0S
with D + Less benefit in pts
AorClo+A with P-CG
EORTC/GIMEMA 472 (61-75) 6 mg/m? Similar response rate
AML-17% Day 1/15 Higher induction mortality

with sequential No benefit in 0S, EFS, DFS
MICE Too toxic for pts aged > 70 years

D: daunorubicin; A: cytarabine; Clo: clofarabine; MICE: mitoxantrone+cytarabine+
etoposide; 0S: overall survival; EFS: event-free survival; DFS: disease-free survival; P-CG:
poor-risk cytogenetics; pts: patients.

randomly assigned 1115 patients (median age 67 years)
with newly diagnosed AML to receive induction therapy
with daunorubicin and either cytarabine or clofarabine,
with or without a single dose of GO 3 mg/m?. While there
was no difference in the rate of response between the two
arms, the cumulative incidence of relapse at three years
was significantly reduced with GO (68% vs. 76%;
P=0.007) and overall survival was improved (25% vs.
20%; P=0.05). Again, the benefit was more evident in
those subsets with favorable and intermediate-risk cytoge-
netics. Importantly, in none of these two trials was the
addition of GO associated with excess toxicity. Contrary
to the design of these two trials, a sequential rather than
concomitant administration of GO and chemotherapy was
investigated in a study reported by the EORTC/GIMEMA
consortium.?® This randomized trial compared pre-treat-
ment with GO (6 mg/m? on Days 1 and 15) before initiat-
ing induction chemotherapy with the MICE regimen
(mitoxantrone, etoposide and cytarabine) in 472 patients
aged 61-75 years with previously untreated AML.
However, when used in this way, there was no overall ben-
efit, but induction response and survival rates were signif-
icantly compromised with GO in patients aged 70 years or
older due to excess early mortality. A randomized study
from the Ulm group evaluated the effect of all-trans
retinoic acid (ATRA) administered in combination with
standard induction and consolidation therapy to 242 elder-
ly patients with AML. They showed that addition of ATRA
significantly improved CR rate, and event-free and overall
survival in these patients.?! A retrospective analysis of
three trials by the French GOELAMS group suggested
better response and survival outcomes when lomustine, an
alkylating agent, was added to conventional chemotherapy
for first-line treatment in older patients with de novo
AML.2 A confirmatory randomized study of lomustine in
elderly AML is currently ongoing. The already mentioned
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NCRI AML16 trial also compared the purine nucleoside
analog clofarabine (20 mg/m?x 5 days) against cytarabine,
both in combination with standard-dose daunorubicin, in
806 patients age 56-84 years (median 67 years), but there
was no evidence of clinical benefit in any risk subgroup.?

Postremission therapy

It is generally accepted that the ability to prolong remis-
sion and cure patients with AML depends heavily on the
administration of some form of postremission therapy.
Standard approaches in older patients typically involve
cytarabine, either alone or in combination with anthracy-
clines, for 1-2 cycles. However, there are no randomized
trials confirming the benefit of postremission therapy in
older patients. Studies of dose-escalated cytarabine in the
postremission setting did not produce therapeutic benefits
in these patients, and toxicity was prominent.?*?*> Some tri-
als have also failed to show a clinical benefit with
increased numbers of consolidation cycles.?¢?’ Indeed,
there is evidence from the French ALFA-9803 study that
multiple less intensive cycles delivered on an outpatient
basis may improve survival as compared to a single inten-
sive consolidation course.?® Randomized trials of postrem-
ission maintenance therapy with low-dose cytarabine or
attenuated multi-agent chemotherapy have produced
improvement of disease-free survival but not overall sur-
vival.®30 Recent studies of gemtuzumab ozogamicin or
interleukin-2 failed to show a benefit in favor of postrem-
ission therapy.3'3?

Allogeneic stem cell transplantation is a curative treat-
ment option for patients with AML, but its application to
the elderly population had previously been limited by
high rates of transplant-related mortality caused by toxic-
ities from traditional myeloablative conditioning regi-
mens. However, with the use of reduced-intensity condi-
tioning (RIC-SCT) regimens, allogeneic transplantation
has become a plausible option to consider for older
patients in first complete remission. As suggested by
recent reports, these transplants are feasible in selected
patients up to 75 years of age and may yield better out-
comes than consolidative chemotherapy, but prospective
trials are necessary.’3-3

Alternative treatment approaches

Given the limited success of intensive chemotherapy in
providing short- and long-term disease control, and in
consideration of the fact that a substantial proportion of
patients are deemed unlikely to benefit from traditional
regimens based on their disease and clinical characteris-
tics, more contemporary trials have focused on less inten-
sive treatment approaches that may have the potential of
preserving efficacy while reducing toxicity in older
patients with AML. Low-intensity chemotherapy, investi-
gational new agents, and palliative care represent the spec-
trum of current alternatives for these patients.

Low-intensity chemotherapy

Subcutaneous administration of low-dose cytarabine
(LDAC) is a practical treatment for older patients with
AML, and many uncontrolled trials have shown that use-

ful responses, including complete remissions, are achiev-
able with various dose schedules in approximately 15-
30% of patients.® As part of the United Kingdom NCRI
AMLI14 trial, 217 patients (median age 74 years) who
were felt to be unfit for intensive chemotherapy were ran-
domized to either 20 mg cytarabine twice daily subcuta-
neously for ten days every 4-6 weeks or hydroxyurea.”’
Treatment with LDAC did not increase toxicity and pro-
duced a higher CR rate (18% vs. 1%; P=0.00006) and bet-
ter overall survival (P=0.0009). This was accounted for by
the achievement of CR (median survival 19 months com-
pared with 2 months in non-responders). However,
patients with adverse cytogenetics did not benefit from
LDAC. While the overall survival in patients receiving
LDAC was still poor (median 5 months), this trial does
provide a simple and tolerable low-intensity regimen that
could be used as the standard comparator for randomized
trials of novel agents in this group of patients. Combining
LDAC with either arsenic trioxide, gemtuzumab ozogam-
icin, or the farnesyl transferase inhibitor tipifarnib pro-
duced no survival benefit in older patients unfit for inten-
sive chemotherapy entered into the randomized NCRI
AMLI16 trial (“Pick a Winner” design), although the
remission rate was almost doubled with the addition of
GO to LDAC (30% vs. 17%; P=0.006).38-40

Clofarabine, a 2" generation purine nucleoside analog,
has been shown to have activity in elderly AML as a single
agent or in combination with cytarabine. A multicenter
phase II study of clofarabine monotherapy (30 mg/m? daily
for 5 days) in 112 previously untreated AML patients aged
60 years and over with at least one adverse prognostic fea-
ture (aged 70 years or over, performance status 2,
antecedent hematologic disorder, or non-favorable cytoge-
netics) showed an overall response rate (ORR) of 46%, with
a CR rate of 38% and a 30-day all cause mortality of 10% *!
Interestingly, the ORR was 42% among patients with poor-
risk cytogenetics and 38% for patients presenting with mul-
tiple risk factors. Median disease-free survival was 37
weeks, and median survival was 41 weeks for all patients.
In two consecutive European studies of 106 untreated older
patients considered unfit for intensive chemotherapy,
patients were given four to six 5-day courses of single agent
clofarabine (30 mg/m? per day).*> Median age was 71 years
(range 60-84 years), 30% had adverse-risk cytogenetics,
36% had a WHO performance score of 2 or higher, and 46%
had Wheatley poor-risk disease. The ORR was 48% (32%
CR, 16% CRi) and 18% died within 30 days. The median
survival was 19 weeks for all and 45 weeks for those who
achieved a CR or a CRi. Importantly, the ORR was consis-
tently high in patients with adverse cytogenetics (44%),
patients with secondary AML (31%), and in patients over 70
years of age (49%). While these results suggest encouraging
activity in older patients with poor-risk AML, in a recently
reported randomized trial of 406 newly diagnosed older
patients considered unsuitable for intensive treatment, clo-
farabine (20 mg/m? daily for 5 days) has been shown to sig-
nificantly improve the response rate compared to LDAC
(CR+CRi 38% vs. 20%; P<0.0001). However, disappoint-
ingly, it did not result in a survival benefit overall, or iden-
tify any demographic or risk subgroup.*® Since clofarabine
can potentiate the intracellular metabolism of cytarabine, a
study of low-intensity therapy compared treatment with clo-
farabine (30 mg/m? daily for 5 days) with or without LDAC
in 70 patients aged over 60 years with untreated AML.* The
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CR rate was significantly higher in the combination therapy
group (63% vs. 31%; P=0.025), with a non-significant dif-
ference in induction mortality (19% vs. 31%). However,
there was no difference in overall survival. An alternative
approach is to take advantage of inhibiting the hypermethy-
lation of tumor suppressor genes thought to play a critical
role in the pathobiology of AML. Two hypomethylating
agents, azacitidine and decitabine, have been investigated in
older patients with AML who are considered not to be can-
didates for intensive chemotherapy. In a phase III interna-
tional trial (AZA-001) comparing azacitidine (75 mg/m?
subcutaneously for 7 days of each 28-day cycle) to conven-
tional care regimens (CCR: doctor’s choice of LDAC,
intensive chemotherapy or supportive care alone) in
patients with intermediate-2 and high-risk myelodysplasia,
113 patients (median age 70 years) had bone marrow blast
percentages of 20-29%, which reclassified them as having
AML according to the WHO criteria.* Although CR rates
were similar for azacitidine compared to CCR (18% vs.
16%), azacitidine was better tolerated and resulted in a sig-
nificant survival benefit (median 24.5 vs. 16.0 months;
P=0.005), including higher 2-year survival (38% vs. 0%) in
patients with adverse cytogenetics. In a phase II study of 55
older patients with untreated AML, intravenous decitabine
(20 mg/m? daily) was administered for five days monthly
until disease progression.*® An overall response rate of 24%
was reported with a 30-day mortality of 7% and a median
survival duration of 7.7 months. Notably, responses were
seen in all cytogenetic risk groups as well as in patients with
prior myelodysplasia. In another study, decitabine was
administered at a more myelosuppressive dose schedule (20
mg/m? daily for 10 days) to 53 patients (median age 74
years) who were unsuitable for standard chemotherapy.?’
The overall response rate was 64% (CR 47%, CRi 17%),
with a 30- and 60-day mortality of 2% and 15%, respective-
ly. Median overall and disease-free survival were 55 and 46
weeks, respectively. Responses occurred in all subgroups,
regardless of age, cytogenetics, leukocyte count, and prior
myelodysplasia. Recently, decitabine 20 mg/m? daily for
five days per cycle was compared with conventional care
(doctor’s choice of supportive care or LDAC) in a large
phase III trial of 485 AML patients aged 65 years or older
who were unfit for intensive chemotherapy*® Treatment
with decitabine resulted in a higher response rate (CR+CRp
17.8% vs. 7.8%; P=0.001) and a non-significant improve-
ment in overall survival (7.7 months vs. 5 months) which,
however, became significant (P=0.03) when more mature
survival data were analyzed. Combining decitabine and
azacitidine with other epigenetic modulators has been eval-
uated in several trials.**>! Generally, combined epigenetic
therapy appears safe and promising, but randomized trials
will be required to establish the incremental benefit of this
approach on response rates and duration of survival in older
patients with AML. Another strategy that is being explored
is the integration of epigenetic therapy with low-intensity
chemotherapy. Recently, a trial evaluating the combination
of clofarabine plus LDAC followed by a prolonged consol-
idation alternating with decitabine reported an overall
response rate of 66% including a CR rate of 58% with few
early relapses (median relapse-free survival 14.1 months,
median overall survival 12.7 months) in 59 older patients
(median age 70 years) with newly diagnosed AML.*> Based
on these promising results, strategies of improving survival
with epigenetic therapies without necessarily improving
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remission rates may be particularly suitable for older
patients, but larger studies and long-term follow up are
needed to better define the role of this treatment modality in
this challenging patient population.

Novel agents

A number of investigational agents that represent alter-
natives to conventional chemotherapy have shown prom-
ise as first-line treatment in older patients with AML. The
novel alkylating agent laromustine was reported to have
significant single agent activity in 85 previously untreated
older patients (median age 72 years) with poor-risk AML,
showing an ORR of 32% (CR 23%, CRp 9%) and a 30-
day mortality rate of 14%, following a single intravenous
infusion at 600 mg/m?. Response rates were consistent
across a spectrum of poor-risk features. The median over-
all survival was 3.2 months (12.4 months in responders),
with a 1-year survival of 21% (52% in responders).>
CPX-351 is a liposomal formulation of a 5:1 fixed molar
ratio of daunorubicin and cytarabine. Among 125 previ-
ously untreated patients aged 60-75 years who were ran-
domized between CPX-351 (100 units/m? on Days 1, 3
and 5) and standard daurorubicin plus cytarabine induc-
tion chemotherapy, the rate of response was increased with
CPX-351 (CR+CRp 66.7% vs. 51.2%), largely due to a
higher CRp rate. The 60-day mortality rate was reduced
compared to “3+7” regimen (4.7% vs. 14.6%).
Interestingly, the trend towards higher response rates was
observed particularly for patients with adverse cytogenet-
ics, aged over 70 years, and secondary AML .5* High-dose
lenalidomide (50 mg/day for 28 days for two cycles) for
remission induction followed by a lower dose (10 mg/day
for 28 days for 12 months) as maintenance was adminis-
tered to 33 untreated AML patients (median age 71 years)
with intermediate- or poor-risk cytogenetics. Responses
(CR/CRIi) occurred rapidly in 30% of patients, and in 53%
of those completing the two induction courses.
Importantly, a cytogenetic remission was achieved in 4 of
the 5 patients with clonal cytogenetic abnormalities at
diagnosis and, similar to the experience with hypomethy-
lating agents, no responses were noted in patients with
rapidly progressing, hyperproliferative AML.5 Sapaci-
tabine, a novel oral cytosine nucleoside analog, has been
investigated in a randomized phase II study of three differ-
ent dose schedules in 105 patients over 70 years of age
with AML (86 were previously untreated).® The dose
schedule with the best efficacy profile was 400 mg twice
daily for three days each week for two weeks (cycles
repeated every 28 days). Among the 20 patients allocated
to receive this schedule, responses were observed in 45%
(6 patients had CR or CRi and 3 hematologic improve-
ment), the 30-day mortality was 10%, and the 1-year over-
all survival was 30%. Randomized trials assessing sapac-
itabine against LDAC or decitabine are ongoing in elderly
AML.

New evidence of the pathobiology and molecular back-
ground of the disease has led to the development of a num-
ber of targeted agents, and their use, either as single agents
or in combination with cytotoxics, may provide us with
more effective, less toxic strategies for treating older
patients with AML. Tipifarnib, an orally active farnesyl
transferase inhibitor, has been assessed in elderly AML,
with one phase II study showing good tolerance and an
overall response rate of 23% (CR rate 14%) in 158 older
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Table 3. Selected targeted agents under investigation in
elderly AML.

Class Agent Trial status
Farnesyl transferase inhibitors Tipifarnib Phase I1/1ll
FLT3 inhibitors Lestaurtinib, Phase 11/11l
midostaurin,
sorafenib,
AC220
Polo-like kinase inhibitors Volasertib Phase 11/11l
Aminopeptidase inhibitors Tosedostat Phase I/l
Topoisomerase Il inhibitors Voreloxin Phase II/11l
NF-kB inhibitors Bortezomib Phase I/1I
PI3K/AKT/mTOR inhibitors Rapalogs, BKM120 Phase I/11
Hsp90 inhibitors Ganetespib Phase I/l
Hedgehog inhibitors PF-04449913 Phase I/11

patients (median age 74 years) with newly diagnosed,
poor-risk AML.>” However, in a randomized study that
compared tipifarnib (600 mg twice a day for the first 21
days, in 28-day cycles) with best supportive care (BSC)
for 457 older patients, there was no difference in overall
survival (median of 107 days for tipifarnib and 103 days
for BSC). In addition, the CR rate for tipifarnib was lower
than that previously reported at 8%.%% Activating muta-
tions of the receptor tyrosine kinase FLT3, in particular
internal tandem duplication, are identified in 20-30% of
all AML patients and are associated with poor outcome.*
Despite a strong biological rationale, studies targeting the
FLT3 mutations with a number of small-molecule
inhibitors (lestaurtinib, midostaurin, sorafenib) have
shown modest clinical activity as monotherapy, but trials
in combination with chemotherapy are underway.®!
Whether more selective and potent 2" generation
inhibitors will have better efficacy in FLT3 mutated AML
remains to be seen, but a recently reported phase II trial of
quizartinib (AC220) monotherapy in 132 patients aged 60
years or older with first relapse or primary refractory AML
showed a high degree of activity in FLT3 mutated patients
(n=90: CR+CRp+CRi 53%), suggesting activity also in
non-mutated patients (n=42: CR+CRp+CRi 36%).©
Further studies of quizartinib as monotherapy and in com-
bination with other agents are ongoing or being planned in
elderly AML. Volasertib is an inhibitor of Polo-like kinase
1 (PIk1) which is involved in spindle assembly during
mitosis. Preliminary results from a phase II study in which
87 newly diagnosed AML patients (median age 75 years)
ineligible for intensive chemotherapy were randomized to
treatment with LDAC alone or LDAC plus volasertib,
showed an improved complete remission rate with the
combination regimen compared to controls (CR+CRi 31%
vs. 11%; P=0.02). Responses with LDAC plus volasertib
were observed across genetic subgroups, including
patients with adverse cytogenetics.®* A randomized phase
III trial is about to start. A number of other agents that tar-
get various aspects of the leukemia cell machinery are cur-

rently under investigation, including tosedostat (an
aminopeptidase inhibitor), vosaroxin (a novel topoiso-
merase II inhibitor), bortezomib (a NF-kB inhibitor),
ganetespib (a Hsp90 inhibitor), PI3K/AKT/mTOR
inhibitors, and hedgehog inhibitors (Table 3).

Conclusion

Treatment of AML in the elderly remains a challenge. A
higher frequency of unfavorable biological and clinical
prognostic factors, rather than age per se, is the major
determinant for the poor outcome in this patient popula-
tion. Conventional intensive chemotherapy is frequently
inappropriate and unsuccessful for older patients with this
disease. Therefore, treatment approaches should be per-
sonalized to the individual patient. It is becoming critical-
ly important to appropriately define and select patients
who will benefit from intensive chemotherapy, and recent-
ly developed prognostic risk models can be used by physi-
cians to guide treatment decisions. Intensive chemothera-
py with curative intent should be offered to older patients
who are otherwise healthy and without adverse prognostic
factors, but current induction and postremission strategies
need to be optimized. Patients who are unlikely to benefit
from intensive chemotherapy should enter investigational
trials of lower intensity or targeted therapies. After so
many years of therapeutic nihilism, the development of
risk-adapted and more targeted treatment approaches has
introduced an era of personalized antileukemia therapy
that may bring new hope to older patients with AML. In
order to ensure progress continues, it is imperative that all
patients be offered the opportunity to participate in clinical
trials.
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PML/RARA as the master driver of acute promyelocytic
leukemia pathogenesis and basis for therapy response

A B S T R A C T

Acute promyelocytic leukemia (APL) is caused by a chromosomic translocation that always impli-
cates the retinoic acid receptor alpha (RARA) gene. The PML/RARA fusion is by far the most frequent,
present in 98% of patients. Over the past 20 years, multiple studies have outlined how PML/RARA
interferes with transcriptional regulation and also with assembly of PML nuclear bodies, domains
implicated in control of senescence and stem cell self-renewal. However, the respective contribution
of each of those defects to APL pathogenesis remains poorly characterized. APL is the model disease
for targeted cure of leukemia. Indeed, soon after the demonstration of their clinical activity, retinoic
acid (RA) and arsenic trioxide were found to directly target PML/RARA, RA through its RARA moiety,
arsenic through the PML one. Analysis of murine APL models has given us an unprecedented level of
understanding of the basis for therapy response, highlighting the key role of PML/RARA degradation
in the loss of APL self-renewal. Consequently, therapeutic strategies combining RA and arsenic have
shown an extraordinary potency in mice and were successfully transposed to patients. While the
molecular basis for loss of APL self-renewal remains under study, cure of most patients without any

chemotherapy is now clinically achievable.

Learning goals

At the conclusion of this activity, participants should know that:

- PML/RARA is the single APL driver;

- arsenic cures 70% of patients, and its front-line association with retinoic acid cures almost all

of them;

- PML/RARA degradation is closely associated with loss of self-renewal and definitive cures.

PML/RARA: the sole APL driver

APL was identified as a separate clinical
entity over 50 years ago.! One of the key steps
in unraveling the disease genetics was the
identification of the t(15,17) translocation
present in most patients.> The latter was char-
acterized at the molecular level in 1990, either
through chromosome walking® or by direct
exploration of the structure of the RARA gene *
based on the observation of the disease sensi-
tivity to retinoic acid (RA), the ligand of
RARA 5 More than 98% of APLs are associat-
ed with the fusion of the promyelocytic gene
(PML) with RARA®® resulting from the
t(15,17) translocation (Figure 1). Others are
APL patients who harbor alternative transloca-
tions involving RARA, the most common
being t(11;17) that involves the promyelocytic
leukemia zinc finger (PLZF) gene.>'° The con-
stant implication of RARA in these transloca-
tions points to a central role of the deregula-
tion of RARA (and nuclear receptor) signaling
in APL pathogenesis.

Cancers arise from the accumulation of
multiple genetic and epigenetic lesions co-
operating to enforce cellular transformation.!!
Leukemias or sarcomas associated with (or

defined by) specific translocations may con-
stitute an exception to this model. Indeed, in
APL, only rare lesions, often shared with
other leukemias or malignancies, have been
implicated in progression, such as MYC
amplification, Fms-like tyrosine kinase 3 acti-
vation, or RAS mutations,'>!* findings recent-
ly confirmed by pan-genomic approaches in
patients or APL mice.'*!> These do not radi-
cally change the presentation of the disease,
although activating FLT3 mutations are more
often observed in the APLs with hyper-leuko-
cytosis and are associated with a less favor-
able outcome.'® The possibility of obtaining
transplantable mouse models faithfully reca-
pitulating the human disease, by the mere
expression of the PML/RARA transgene in
myeloid precursors, provides additional evi-
dence that the fusion protein is the master
driver of APL leukemogenesis.'”'8 Human
APL has an almost constant incidence with
age, suggesting that it arises from a single
rate-limiting genetic event.!” Similarly, stud-
ies in APL that develop following chemother-
apy have all demonstrated a short (less than a
year) time interval between DNA-damaging
chemotherapy and disease onset.’ APL can
thus be considered as a quasi-monogenic,
X/RARA-driven, disease.?!
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RARA and PML: the constant and major
partners of the fusions

Retinoic acid is involved in a variety of physiological
regulatory mechanisms, in particular morphogenesis and
stem cell self-renewal or myeloid differentiation.????
RARA is a nuclear receptor for RA that exhibits a highly
conserved zinc finger-containing, sequence-specific,
DNA-binding domain and a complex ligand-binding
domain that enable heterodimerization and transcriptional
activation.”* Two other RA receptors have been character-
ized: RARB and RARG. But surprisingly these have never
been implicated in leukemia-associated oncogenic
fusions, although RARB was implicated in development
of an HBV-driven hepatocellular carcinoma.?

RARA is bound to a member of the RXR family of
nuclear receptors as an obligatory heterodimer (Figure 1).
The RAR and RXR DNA-binding domains each recog-
nize an AGGTCA core motif, in a direct repeat orientation
and separated by a spacing of 2 or 5 nucleotides.?® RARs
are versatile transcriptional switches that can either

Proteins
‘;:__% Cell death .
| ~Activation
[ ] . »Sequestration
|7 Control of

self-renewal |

S

Co-repressors

repress or activate transcription. RAR/RXR complexes
bind co-repressors in their unliganded state and recruit
co-activators in the presence of ligands. Interestingly,
RARA appears to be a stronger binder for co-repressors
than other RARs.?’

PML protein initiates the formation of nuclear bodies
(NBs), sub-nuclear spherical structures involved in the
fine-tuning of several biological processes, such as senes-
cence or stem cell self-renewal, at least in part through the
control of P53 signaling.?® A specific posttranslational
modification of PML, sumoylation, controls the recruit-
ment onto NBs of a wide variety of proteins. NBs then
modulate the posttranslational modification of these PML
partners, resulting in their sequestration or activation®
(Figure 1). Apart from senescence and stem cell self-
renewal, these partner proteins have been implicated in a
number of biological and biochemical processes, includ-
ing DNA repair, apoptosis, or more recently, lipid metab-
olism (Figure 2).2°3 Importantly, PML loss is associated
with changes in the self-renewal of tissue stem cells,
reduced apopotosis and senescence, as well as changes in
metabolism. 28:29-31-33

[ Myeloid
v | differentiation |

Co-activators

RARA specific
target genes

« Enlarged target gene repertoire
= Enhanced transcriptional repression

PML gene

* RXR sequestration
= PML sequestration

vt RARA gene

oA —

Chromosomal translocation t(15;17)

Figure 1. The PML/RARA fusion is a transcriptional repressor that also disrupts PML nuclear bodies. PML/RARA (P/A)
binds RXR (X), PML and is sumoylated (S). PML/RARA represses target genes through the recruitment of co-repressors.
This blocks RARA (A) targets that are implicated in myeloid differentiation. This also blocks the assembly of PML nuclear
bodies, domains that recruit a large number of partner proteins to promote their posttranslational modifications, allowing
their activation or sequestration. Defective nuclear bodies were associated to defects in apoptosis control or stem cell

self-renewal.
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PML/RARA: from a dominant negative to a
gain of function oncoprotein

PML/RARA behaves as an altered transcription factor
repressing its targets® (Figure 1). It was proposed that this
results from the ability of PML to impose homo-dimeriza-
tion to RARA, enhancing its binding to co-repressors and
hence the repression of its targets. Interestingly, this
capacity of the oncoprotein to self-dimerize is shared by
all RARA fusions.* In the specific case of PLZF, the most
studied RARA fusion partner apart from PML, an addi-
tional repression domain was identified in the N-terminus
and proposed to explain RA-resistance of this specific
subtype of APL.* Repression was primarily attributed to
recruitment of histone deacetylases, a proposal that was
supported by some pharmacological evidence.***” Thus, a
simple textbook model emerged whereby PML/RARA
behaves as a super-repressor explaining the differentiation
block. RA treatment could then release both the transcrip-
tional and differentiation blocks, yielding remissions
through induction of differentiation.*®

Yet, other properties were also demonstrated for
PML/RARA, including the ability to sequester PML,
RXR, or to regulate transcription from novel DNA-bind-
ing sites*“° (Figure 1). Further studies shifting from cell
lines to in vivo models, progressively strengthened the
hypothesis that these properties were also important, if not
essential, to APL pathogenesis. First, PML/RARA dimer-
izes with PML, leading to the replacement of the normal
speckled nuclear distribution of PML by a micro-speckled
one.*'*2 This alteration in nuclear architecture could par-
ticipate in APL pathogenesis, notably by fostering aberrant
self-renewal. Second, in APL cells, PML/RARA is con-
stantly bound to RXRA and RXR-binding is required for
in vivo transformation.*#*% This PML/RARA/RXRA
hetero-tetramer recognizes a wide range of DNA binding
sites consisting of 2-3 AGGTCA sites, in any orientation
and/or spacing, exemplifying a major gain of function of
this oncoprotein.*“¢ Importantly, some of the recognized
sequences are targets of other nuclear receptors (VDR,
TR, PPAR) controlling myeloid differentiation or stem
cell self-renewal. Relaxed binding site specificity through
dimerization is a common feature in deregulated onco-

DNA repair; telomere maintenance
C (TRF1/2; RAD51, BRCA1; SMC5/6

etc.)
KJ m Apoptosis; senescence

j (p53, HipK2; CBP; Daxx etc.)
Lipid metabolism

(PGC1)

HSC self-renewal
(SP100; PPARd)

Others?

Figure 2. PML nuclear bodies control multiple pathways
through modifications of partner proteins. Functions and
PML partner proteins associated with them are indicated.
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genic transcription factors, in particular in myeloid
leukemias.*’

Clarification of the respective contribution of all these
features to actual oncogenesis is ongoing. Yet, it should be
noted that while in cell lines forced RARA dimerization is
sufficient to confer strong repressive ability on RARA sig-
naling and some inhibition of differentiation, attempts to
induce APL in vivo with RARA dimers were largely
unsuccessful.*® These only succeeded when using the
PML dimerization domain,* suggesting a key contribution
to interference with PML function beyond providing a
dimerization interface. Finally, some studies found that the
PML moiety itself contributes to transcriptional repression
by PML/RARA, through its conjugation by SUMO, a
posttranscriptional modification that confers repression
ability to transcription factors.**3%3! Collectively, while it
is evident that deregulation of RARA transcriptional con-
trol is a key central feature of APL pathogenesis, the
molecular details and respective contributions of the mul-
tiple mechanisms proposed remain to be clarified.

Two drugs for one disease

The introduction of RA for APL treatment in 1985° con-
stituted the first example of differentiation therapy.” Ex
vivo and in vivo, RA triggers rapid APL cell differentiation
into granulocytes, which correlates with patient remis-
sions. With single-agent RA therapy, remissions are usual-
ly transient,”>>* suggesting that differentiation alone can-
not abolish cancer cell self-renewal 2”5 Yet, it should be
noted that single agent liposomal RA cured some patients,
implying that RA-triggered cure is possible under favor-
able dosage/pharmacokinetic conditions,’® in line with
mouse models®” (see below).

The other potent anti-APL agent, arsenic, is consider-
ably more efficient than RA as single agent.>8®!
Interestingly, while arsenic is primarily apoptotic ex vivo®
it induces both apoptosis and terminal differentiation in
vivo, in striking similarity to RA .2 Actually, both agents
trigger the so-called differentiation syndrome. As for RA,
clinical trials in non-APL cancer patients have been large-
ly disappointing, demonstrating that these compounds
exhibit a great specificity for APL cells.>% Such exquisite
sensitivity for APL of two completely unrelated agents
was puzzling, in particular because arsenic does not con-
trol RARA-mediated transcription!

Retinoic acid and arsenic are both
PML/RARA-targeted therapies!

Molecular studies performed after demonstration of
their clinical efficacy have revealed that both RA and
arsenic directly trigger the degradation of the PML/RARA
oncoprotein.”!%+% In a remarkable and unexpected sym-
metry, RA targets the RARA part of PML/RARA, while
arsenic directly targets its PML part* (Figure 3). Thus,
these two empirically discovered agents hit PML/RARA
through its two constitutive moieties, making them a pos-
teriori targeted therapies. This strongly suggested an
important, if not essential, contribution of PML/RARA
degradation to therapy response.>>>
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With respect to RA activity, this proposal raised two key
issues. What are the molecular mechanisms involved and
what are the respective contributions of RA-induced tran-
scriptional activation and degradation to clinical responses.
Mechanistically, RA: 1) releases co-repressor binding
from PML/RARA; 2) induces AF2-dependent transactiva-
tion through the PML/RARA-mediated recruitment of co-
activators; 3) induces proteasome-enforced PML/RARA
degradation (Figures 3 and 4). In contrast to transcription-
al activation, which is already very significant at 10M,
full degradation requires high RA concentration, presum-
ably because it constitutes a normal feedback mechanism
on activation.’” Accordingly, the therapeutic concentra-
tions of RA required for APL regression are several orders
of magnitudes higher than its physiological concentra-
tions, an important observation that was long overlooked.
With respect to arsenic, PML/RARA targeting is enforced
both by direct binding and by arsenic-induced reactive
oxygen species that elicit PML oxidation through the for-
mation of disulfide bridges.”!7*7! Arsenic targets both
PML and PML/RARA. Since these are tightly bound to
one another,” this dual targeting could enhance response.”
Therefore, the mechanistic analysis of arsenic activity on
APL was intimately linked to the analysis of nuclear body
biogenesis. Reformation of NBs and PML degradation
occur sequentially.®’7? As extensively reviewed elsewhere,
arsenic-binding and arsenic-triggered oxidation initiate
formation of a PML mesh, its hyper-sumoylation, then
allowing recruitment of the SUMO-dependent ubiquitin
ligase RNF4, which subsequently triggers PML or
PML/RARA degradation’>” (Figure 3). The role of
PML/RARA degradation in arsenic-based therapy is sup-
ported by significant genetic evidence. Mutation of the
arsenic-binding or arsenic-sensitive sumoylation site in
PML/RARA impairs degradation and ex vivo response to
treatment.’772 Mutations immediately adjacent to the
arsenic-binding site of PML/RARA were observed in
arsenic-resistant patients.’® Finally, vitamin E derivatives
with mitochondrial toxicity which, like arsenic, generate
oxidative stress, also induce prolonged remissions in
murine models of AP.”7 Importantly, arsenic does not
induce PLZF/RARA degradation and is accordingly inef-
ficient in PLZF/RARA APL models.”78

Analysis of therapy resistant patients strongly supported
these findings. Primary RA-resistance often reflects insuf-
ficient levels of RA in the blood, as the result of RA-
induced activation of the cytochrome that catabolizes the
hormone.”8° Then patient cells remain susceptible to RA-
induced differentiation ex vivo. Some cases of secondary
resistance were also linked to mutations in the RA-binding
domain in the RARA moiety of PML/RARA 3'$? They
exhibit resistance to RA ex vivo. These PML/RARA muta-
tions impede transcriptional activation and degradation,
precluding clarification of their respective contributions to
therapy response (Figures 2 and 4). Upregulation of cellu-
lar export or RA-trapping mechanisms, were proposed to
further contribute to decreased RA intra-cellular concen-
trations. That only pharmacological levels of RA elicit
therapy response and full PML/RARA degradation sup-
ports an important role for the latter in long-term disease
response.® With respect to arsenic, mutations adjacent to
the arsenic-binding site in the PML moiety of PML/RARA
were observed in 2 therapy-resistant patients,’® although
other mechanisms, notably pharmacogenomics, have not

been fully explored.®® Deciphering the respective roles of
PML/RARA degradation and transcriptional activation, in
an attempt to unify the modes of action of arsenic and RA,
was only possible through in vivo modeling in mice.

Differentiation and/or self-renewal?

At the cellular level, the concept of differentiation-based
therapy in APL primarily relies on the correlation between
clinical remissions and morphological maturation of
leukemia blasts.>> However, this cannot explain why only
few patients are cured by RA alone, nor why arsenic cures
70% of APL patients, although it does not induce differenti-
ation ex vivo. Accordingly, there have been recent controver-
sies as to the exact contribution of cell differentiation to APL
cure 3 Studies have addressed this issue by exhaustively
examining the effect of therapy, not only on tumor clearance
and leukemia cell differentiation, but also on the loss of self-
renewal 57 which can only be assessed in transplantation
experiments. While it was considered that the first two cel-
lular responses were tightly coupled, recent evidence has
dissociated these two end points, and only loss of self-
renewal predicts disease eradication in vivo.>>~7#385 Indeed,
in PML/RARA-driven APL, terminal differentiation of the
leukemia is achieved even at low RA doses, but complete
APL clearance only appears with treatments at the highest
concentrations.”” Similarly, complete loss of clonogenic
activity in vivo was observed in APL mice treated with the
RA/arsenic combination, although the combination actually
delays morphological differentiation.>”788687 Careful exami-
nation of PLZF/RARA-driven APLs revealed that they fully
differentiate upon RA treatment, while the latter has only
modest effects on self-renewal, explaining their clinical RA-
resistance and providing the most striking dissociation

Arsenic Retinoic acid

U g

- PML/RARA  RARA part
Abcs SUMO-E2 enzyme \

Sumoylation

AF2 activation
phosphorylation
iRNFd ubiquitin-E3 ligase l

Ubiquitination 19S proteasome recruitment

J

Proteasome-mediated degradation

Figure 3. Schematic representation of retinoic acid- and
arsenic-triggered PML/RARA catabolism. Note that retinoic
acid degrades RARA and arsenic degrades PML.
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between APL differentiation and eradication.”” The fortu-
itous identification of retinoids that activate RARA-depen-
dent transcription but fail to degrade RARA has provided
evidence that only PML/RARA degradation entails loss of
self-renewal ex vivo or in vivo, whereas transcriptional regu-
lation correlates with induction of differentiation® (Figure
4). In primary resistance, insufficient RA levels allow differ-
entiation, but not loss of clonogenic activity, resulting in con-
tinued APL development. While these observations unify the
molecular bases for the antileukemic activity of RA and
arsenic (and also explain the potency of their combination,
see below), they raise the issue of how arsenic, which does
not affect transcriptional regulation, actually induces in vivo
differentiation. Unpublished evidence from our laboratory
has demonstrated that excision of RXRA in APL cells elicits
ex vivo or in vivo differentiation, in the absence of any posi-
tive inducer of retinoid signaling. This unexpected result
suggests that transcriptional derepression is actually suffi-
cient to trigger differentiation (J Halftermeyer, unpublished
observations, 2012). It in turn explains the differentiating
effect of arsenic, which clears PML/RARA from promoters,
allowing RARA to perform its physiological action.®
Similarly, the artificial downregulation of PML/RARA (J
Ablain, unpublished observations, 2012) or the reversal of
histone deacetylation may restore cell maturation processes
through mere transcriptional derepression.®

) @ Arsenic
: \'- _____ /

NB reformation
SUMO-mediated
PML/RARA degradation

PM. ‘RAh. .

Stockholm, Sweden, June 13-16, 2013

What is the basis for loss of clonogenic activity?

PML/RARA degradation entails loss of self-renewal.®> In
principle, full PML/RARA loss should revert all of the pro-
posed effects of the fusion on survival or self-renewal path-
ways. One of these deserves a particular mention: interfer-
ence with PML nuclear bodies. Indeed, in normal progeni-
tors or in the context of other leukemic fusion proteins, PML
controls self-renewal '#? consistent with the proposal that
NBs tune several critical pathways involved in ‘stemness’
and self-renewal (Figures 2 and 4), such as P53,
AKT/PTEN, HIF1A. %!

The triumph of combined approaches

Initial studies performed ex vivo demonstrated that RA and
arsenic failed to synergize, and even actually antagonize, for
APL cell differentiation.52% Yet, as argued above, differenti-
ation is not the most relevant end point to predict clinical
efficacy.>#85 Studies performed in vivo using genetically
defined mouse models or human xenograft, all demonstrated
dramatic synergy between these two drugs for survival,
through the immediate (3-4 days) loss of self-renewal and
clonogenic activity.”’788792 In retrospect, this can now be

Co-activators
-l |
X

‘ﬁ_"

Transcriptional reactivation

AF2-mediated
PML/RARA degradation

Target gene promoter clearance
NB reformation

— Cell death
v Loss of self-renewal

APL cure

Myeloid
differentiation

¥

Transient remission

Figure 4. Uncoupling differentiation and cure. (Right) RA activates PML/RARA repressed genes, initiating myeloid differ-
entiation. AF2-mediated degradation also indirectly yields NB reformation. (Left) Arsenic enforces NB reformation,
through direct binding and oxidation. NB reformation is tightly linked to loss of self-renewal and apoptosis, correlating
with APL eradication. PML/RARA degradation by arsenic also clears promoter and could thus indirectly explain differen-
tiation through promoter clearance. Collectively, through their shared ability to degrade PML/RARA via different mecha-
nisms (Figure 3), both drugs clear target promoters and restore PML nuclear bodies, promoting in vivo differentiation and

varying degrees of APL clearance.
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attributed to the fact that RA and arsenic induce PML/RARA
degradation by different mechanisms, predicting accelerated
degradation and absence of cross-resistance in vivo. In addi-
tion, assuming that NB-reformation plays a role in loss of
‘stemness’, the direct targeting of the normal PML allele by
arsenic’’! to enforce reformation of NBs may be found to be
critical in the eradication process. Front-line combined regi-
mens were successfully transposed to patients, with over
95% of them definitively cured by the association of RA and
arsenic?'»*%3% (F Lo-Coco, personal communication, 2012),
providing a spectacular illustration of the power of mouse
models to optimize treatments in patients.!s

What are the specificities of APL that ensured
the success of targeted therapies?

As a paradigm for targeted therapies, APL underscores the
superiority of proteolysis over enzymatic inhibition. Indeed,
complete degradation abolishes all of the functions of onco-
proteins, including those linked to protein/protein interac-
tions, which may be very important in controlling self-
renewal.

In APL, the extraordinary clinical potency of RA and
arsenic reflects the fact that RARA and PML are both dis-
pensable (in mice), while APL cells are addicted to the con-
tinuous expression of PML/RARA. Thus, agents that fully
degrade RARA, PML and PML/RARA, exert maximal effi-
cacy on APL cells without any toxicity on normal cells,
explaining the high therapeutic index of these agents or their
association.'$2!% Another reason for the curative activity of
these drugs is the great stability of the APL genome, as
assessed by next generation sequencing studies.'*!> Indeed,
the APL genome does not seem to be globally instable, con-
trasting with chronic myeloid leukemias, where resistance to
kinase inhibitors gradually occurs as time progresses.”’
Because RA and arsenic degrade PML/RARA by non-over-
lapping mechanisms, combining RA and arsenic front line
reduces the risk of cross-resistance in APL patients.
Collectively, the stability of the APL genome, together with
rapid tumor debulking by differentiation and the immediate
abrogation of all properties of PML/RARA, particularly
self-renewal, all contributed to the success of the only exam-
ple of cancer cure without DNA-damaging therapies.

Diagnosis and monitoring

With the efficiency of the current treatment, the biggest
remaining challenge is to reverse the coagulation disorders
as early as possible to avoid sudden death through hemor-
rhage before or in the course of induction. Apart from
molecular typing (see below), diagnosis may also be
achieved through observation of the disruption of PML
NBs.#1%8 This highly efficient and straightforward proce-
dure is now used in many centers, as treatment with RA
and arsenic can then be started immediately. As in other
leukemias driven by fusion genes, PCR on the gene junc-
tion has allowed rapid molecular diagnosis, but also the
follow up of minimal residual disease. Pioneering studies
demonstrated that molecular relapses preceded clinical
ones, offering the possibility to re-treat the disease while
the leukemic clone remained small. Today, for

PML/RARA-driven APLs, the rates of complete remission
achieved with current treatments actually question the
clinical utility of monitoring the fusion during treatment.
This remains an option in the variant APLs for which tools
have been recently obtained that have clarified the issue of
RA-induced APL clearance in these conditions.”

The differentiation syndrome also remains an issue,
both with respect to its actual physiopathology and treat-
ment.!%-192 In particular, it is not currently known whether
the front-line association of RA and arsenic will decrease
its incidence or severity. Intriguingly, how RA reverses the
disorders of hemostasis remains to be understood.!®?
Finally, the specific issue of hyperleukocytosis at presen-
tation, which still indicates an unfavorable prognosis,
should be further evaluated.'*
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A B S T R A C T

The introduction of all-trans retinoic acid (ATRA) and arsenic trioxide (ATO) into the therapy of acute
promyelocytic leukemia (APL) has turned this hematologic malignancy into one of the first to receive
a targeted treatment. Using treatment strategies that include these agents in combination with cyto-
toxic agents have provided excellent therapeutic results in most patients. Nevertheless, there are some
special situations that require the implementation of changes from the conventional therapeutic
approach. We will review the management of APL in children, elderly patients, and pregnant women

among other singular situations.

Learning goals

At the conclusion of this activity, participants should be able to:
- know which are the special situations that require an alternative therapeutic approach;
- discuss the treatment approach in each of these special situations and, more specifically, why and

how it varies from conventional therapy;

- discuss the evidence-based management for elderly patients, children, pregnant women, therapy-
related APL, genetic variants, and extramedullary relapse;
- identify the specific issues that need to be addressed in future studies.

Introduction

The introduction of all-frans retinoic acid
(ATRA) and, more recently, arsenic trioxide
(ATO) into the therapy of acute promyelocytic
leukemia (APL) has revolutionized the man-
agement and outcome of this disease. Several
treatment strategies using these agents, usually
in combination with chemotherapy, have pro-
vided excellent therapeutic results. These
strategies are generally designed for patients
whose clinical situation does not generate spe-
cial difficulty for the administration of con-
ventional therapy. However, when a patient
with APL presents a special situation, and by
this we mean clinical circumstances that pre-
vent partially or completely the administration
of ATRA, ATO or chemotherapy, the manage-
ment of these patients is a bigger challenge
and has to be analyzed separately.

The present article aims to review some of
these clinical situations that differ from the
standard patient with APL. We will discuss the
management of APL in children, elderly
patients and pregnant women.

Management of special situations

Older patients

APL has a median age of around forty years
and is relatively uncommon in older patients,
in contrast to most cases of acute myeloid

leukemia (AML). The outcome in these
patients has been proven to be more favorable
if we compare it with other subtypes of AML.
Older patients with APL seem at least as
responsive to therapy as do younger patients,
maybe due to the fact that they are more likely
to present with low-risk features when com-
pared to younger patients.! This fact may, to
some extent, explain the relatively low relapse
rate observed in patients over 70 years of age
receiving ATRA and moderately reduced
anthracycline-based chemotherapy.'? A poten-
tial selection bias due to a higher proportion of
non-eligible patients among those of an older
age has been ruled out in a large series of
patients registered in the PETHEMA database
(M. Sanz et al., unpublished data, 2013).

On the other hand, it should be taken into
account that older patients are more vulnerable
to therapy-related toxicity, with higher rates of
neutropenic sepsis and increased treatment-
related mortality. Zhang et al.? found a signif-
icantly higher mortality in comparison with
younger patients during consolidation therapy,
mainly due to infections following chemother-
apy-induced myelosuppression. The reported
mortality rate in complete remission (CR)
ranges from less than 1% in patients under 60
years of age to 19% in patients over 70 years.!
Therefore, it seems reasonable to design less
intensive therapeutic strategies aiming to
reduce morbidity and mortality in this last
group. It should be taken into account that this
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population has a high rate of non-eligibility for treatment;*
this means that even though conventional treatment is
highly effective in this age group, only a small number of
patients will satisfy the rigorous selection criteria.

For those frail patients who are considered unfit for
chemotherapy, less toxic treatment approaches are needed
to allow a broader applicability. Today, ATO with or with-
out ATRA appears to be one of the best alternatives to the
standard ATRA plus chemotherapy approach, although
current supporting scientific data are still limited.> The
results reported by Zhang et al? indicate that a single-
agent ATO regimen is safe and effective with long-term
durable remission. Based on these results, ATO may be
considered to be an option for first-line treatment in elder-
ly patients with APL. Nevertheless, more data are needed
on this subject to turn it into the standard of care for
patients unfit for conventional therapy.

Patients with severe comorbidities

Similar to the outlined approach for older and frail
patients, in younger patients who are not candidates for
first-line intensive chemotherapy due to certain comor-
bidities (severe cardiac impairment or other organ dys-
function), there are several alternative treatment approach-
es to minimize the use of cytotoxic agents. These would be
based on the use of ATRA, ATO, and gemtuzumab
ozogamicin, with minimal or no chemotherapy.’

The outcome in this particular setting is not sufficiently
documented. It should be noted that any therapeutic strat-
egy used in these patients should aim to achieve molecular
remission, and guide the need for additional therapy with
monitoring of minimal residual disease (MRD).

Children

Compared with adults, children with APL have a higher
incidence of hyperleukocytosis (roughly 40% vs. 20-25%)
and M3v morphology.' It has been suggested that the dif-
ference in WBC count is mainly observed in children
under the age of 12 years.

Apart from two relatively small pediatric series from the
German-Austrian-Swiss group’ and the European APL
group,® as well as two larger series from the GIMEMA?
and PETHEMA'® groups, a recent analysis from the
European APL group® reports the outcome in different age
groups of children and adolescents. In this analysis, chil-
dren under 4 years of age presented the highest relapse
rate (52% vs. 18% in children aged 5-12 years old); this is
a new finding given the lack of studies of children in dif-
ferent age groups. This observation was not attributed to a
higher WBC count or other high-risk features.

Given the long life span in children cured from this dis-
ease, there is a wide concern about the potential cardiac
toxicity that high-dose anthracyclines can produce in the
long term. Therefore, there have been some attempts to
simply reduce the exposure to these agents without any
additional treatment modification. This therapeutic strate-
gy reported worse results in a clinical trial carried out by
the US Intergroup.!! Just as with older patients, other ther-
apeutic strategies are being sought after to reduce the dose
of cytotoxic agents; ATO is one of the new possibilities.
ATO appears to be effective in pediatric APL,'>13 just like
in adults, but as yet very limited data are available.

To reduce the frequency of some side effects associated
with induction therapy that appear more frequently in chil-

dren, particularly severe headache and pseudotumor cere-
bri (PTC), most trials use a reduced dose of ATRA (e.g. 25
mg/m? instead of 45 mg/m?) in the pediatric age group.’”'°
The study by Castaigne et al.'* showed no difference in
terms of pharmacokinetics, therapeutic efficacy, triggering
of hyperleukocytosis, or retinoic acid syndrome with
ATRA at 25 mg/m?/d as compared to the standard dose of
45 mg/m?/d. The apparently lower incidence of PTC and
headache, together with the excellent therapeutic results
obtained with this reduced dose has led to a recommended
25 mg/m? per day as the standard dose in children and ado-
lescents. Headache is a common complication during
ATRA therapy and it is, therefore, important to rule out
PTC, CNS leukemia or bleeding. The diagnosis of PTC is
based on increased intracranial pressure with normal cere-
brospinal fluid (CSF) composition and negative cerebral
imaging studies. It is usually accompanied by papillede-
ma, but this is not a requirement for the diagnosis of
PTC." In this situation, sustained elevations in CSF pres-
sure should be documented through successive lumbar
punctures or by intracranial pressure monitoring, if neces-
sary.'® Sometimes, the symptoms of PTC resolve with the
initial ‘diagnostic’ lumbar puncture. If this occurs, no fur-
ther medical treatment is required. If symptoms persist,
temporary discontinuation or dose reduction of ATRA,
analgesics, and administration of steroids and acetazo-
lamide are the mainstays of the medical treatment of this
neurological complication. Acetazolamide is administered
in an initial dose of 25 mg/kg/day and progressively
increased until clinical response is achieved (maximum
dose 100 mg/kg/day). Electrolytes must be monitored to
allow early detection of hypokalemia and acidosis (com-
mon side effects during acetazolamide treatment). If this
diuretic treatment is ineffective, then prednisone can be
given at a dose of 2 mg/kg/day for two weeks followed by
a 2-week taper.'’

Pregnant women

The diagnosis of APL during pregnancy is not frequent
and most reports are based on individual cases or very
small series. This is a challenging situation in which deci-
sion-making must be carried out with a multidisciplinary
perspective, involving the patient, hematologist, obstetri-
cian and neonatologist. With this approach, there is a high-
er chance of a successful outcome for both mother and
baby, as was highlighted in the guidelines on the manage-
ment of AML in the United Kingdom.!®

As with any other patient with APL, the start of treat-
ment should not be delayed or the chance of a successful
remission could be compromised; it must be considered a
medical emergency. The key problem in this special situa-
tion is the teratogenic potential of chemotherapy, ATRA
and arsenic trioxide on the fetus; the most important fac-
tors at the moment of taking a decision are the gestational
age and the attitude of the patient towards the risk to both
mother and fetus.

Management during the first trimester deserves a differ-
ent approach to that adopted for the second and third
trimesters of pregnancy. Both periods will, therefore, be
addressed separately.

Management of APL during the first trimester of pregnancy

The possibility of a conventional therapeutic approach
is not possible during the first trimester of pregnancy, due
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to the highly teratogenic side effects of ATRA." During
this period, the only option is anthracycline-based
chemotherapy. The use of daunorubicin is usually pre-
ferred over idarubicin. This is probably due to a wider
experience with the former drug, and because idarubicin
is more lipophilic and can favor an increased placental
transfer.’

It has to be taken into account that even with only
chemotherapy there is an increased risk of fetal malforma-
tions, abortion, and low birth weight.2! This is why the
first decision that should take place when APL is diag-
nosed in the first trimester is whether or not to continue
with the pregnancy. If the pregnancy is not interrupted, the
mother would receive anthracycline chemotherapy alone.
In the case of terminating the pregnancy, she would be
able to receive conventional treatment with ATRA and
cytotoxic agents. Using chemotherapy alone involves an
increased risk of hemorrhage due to release of procoagu-
lants and plasminogen activators from malignant promye-
locytes. If remission is achieved with chemotherapy and
the pregnancy is progressing normally, treatment with
ATRA could be administered during the second and third
trimesters.

Although ATO is an alternative treatment in other
groups of patients, it is not an option during pregnancy.
This agent has a high potential embryotoxicity and cannot
be recommended at any stage of pregnancy. Human data
are very limited and restricted to people exposed to arsenic
from drinking water, or working in or living near metal
smelters. Low birthweight, spontaneous abortion, and
stillbirth were reported in this population.??

Taking all this into account, female patients with APL
treated conventionally should be routinely advised against
conceiving while exposed to ATRA or ATO for consolida-
tion and maintenance therapy.

Management of APL during the second and third
trimesters of pregnancy

During the second and third trimester of pregnancy, con-
ventional treatment with ATRA and chemotherapy is a rea-
sonable option, although scientific literature on this sub-
ject is limited. The maternal outcome seems to be the same
as in non-pregnant women when conventional therapy is
used. If we analyze the therapeutic components separately,
ATRA does not seem to cause embryotoxicity past the first
trimester.?! This agent can be safely administered,
although it is advisable to monitor cardiac function, given
that there have been some reports of reversible fetal
arrhythmias and other cardiac complications at birth. On
the other hand, although chemotherapy does not seem to
cause congenital malformation, in some cases it increases
the risk of abortion, premature delivery, low birthweight,
neonatal neutropenia, and sepsis. This has recently been
reviewed by Culligan et al?' and leads to two different
possible approaches.

1) Sequential use of ATRA and chemotherapy. This
implies the administration of ATRA alone until CR, delay-
ing the administration of chemotherapy until elective
delivery is possible. A gestational age of at least 32 weeks
is considered relatively safe when appropriate neonatal
care is provided.” For deliveries before 36 weeks of ges-
tation, antenatal corticosteroids are recommended to
reduce the risk of respiratory distress syndrome.?*

Regarding maternal outcome, the expected response
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rate with ATRA alone is not significantly different to
ATRA plus chemotherapy in terms of CR rate, but it can
have an unfavorable impact on the risk of relapse.? This
theoretical disadvantage could be counteracted later with a
reinforcement of post-remission therapy. If this strategy is
followed, the administration of chemotherapy should not
be delayed excessively to avoid resistance and disease
recurrence. It has been suggested that molecular assess-
ment of response and subsequent RQ-PCR monitoring can
be used to indicate the need for chemotherapy.?! It should
also be noted that when using ATRA alone there is an
increased (approximately 25%) risk of APL differentiation
syndrome >

2) Simultaneous administration of ATRA and
chemotherapy. This approach provides the best chances of
cure for the mother and is a clear option for high-risk
patients with hyperleukocytosis and for those in whom
appropriate RQ-PCR monitoring is not possible. In this
case, daunorubicin is also preferred to idarubicin; this is
not so clear for patients with advanced gestational age
pregnancy.

Vaginal delivery is preferred due to its association with
a reduced risk of bleeding. Caesarean section should only
be performed if it is required for other reasons.?! After
delivery, breast-feeding is contraindicated if chemothera-
py or ATO is needed. Other aspects of management do not
differ from non-pregnant women with APL.

Therapy-related APL

There is little information available on the true inci-
dence of therapy-related APL (tAPL) since these patients
are less likely to be entered into clinical trials. In addition,
available estimates are subject to important methodologi-
cal limitations, being based on retrospective series?’?® or
the experience of single referral centers.?*° In these stud-
ies, tAPL cases ranged from less than 5% to 22% of all
APL cases. A growing incidence of tAPL has been report-
ed over the last few years paralleling the increased use of
topoisomerase II-targeted drugs in both malignant and
non-malignant diseases. Breast carcinoma is the most fre-
quent previous cancer, followed by lymphoma, with a
large predominance of non-Hodgkin’s lymphoma, where-
as other tumor types were found with lower incidence.?®
The drugs most commonly implicated in tAPL are epiru-
bicin and mitoxantrone, but a number of cases have been
reported to follow exposure to radiotherapy alone.’'-3+ Tt
has also been reported that some cases of secondary APL
(sAPL) have arisen in patients whose primary tumor was
treated by surgery, without chemotherapy or radiotherapy
exposure.?’?® Typically, the latency period between
chemotherapy exposure and onset of tAPL is relatively
short (<3 years) and occurs without a preceding myelodys-
plastic phase. Hematologic findings do not seem to differ
from those observed in de novo APL, as previously report-
ed for other tAML with specific karyotype.3>3¢

Regarding tAPL arising in patients treated for non-
malignant diseases, it should be noted that cases of t-APL
were increasingly reported during the period of time in
which mitoxantrone was approved for treating aggressive
forms of multiple sclerosis.?” The risk of developing this
complication was estimated to be approximately 1 in 400
patients with multiple sclerosis treated with
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mitoxantrone.*

Although current data would suggest that patients with
tAPL have a relatively favorable prognosis, a higher inci-
dence of early death during treatment has been reported.?
However, a more precise knowledge of the outcome of
patients with tAPL treated with state-of-the-art therapy
should be prospectively established; at present, there is no
clear reason to manage these patients in a different manner
to those with de novo APL. However, in a significant num-
ber of patients with tAPL, the use of anthracycline-based
regimens is limited by previous exposure to topoisomerase
II inhibitors. In such situations, ATO in combination with
ATRA provides an option for consolidation following
standard induction therapy or as first-line treatment using
schedules such as those published by the MD Anderson
group.>*?

Genetic variants of APL

There are no specific guidelines for rare genetic variants
of APL because the available evidence is mostly based on
single case reports. Nevertheless, it is a general rule that
patients with ATRA-sensitive variants (NuMA-RARA,
NPMI-RARA and FIPILI-RARA) should be treated with
standard protocols involving ATRA combined with anthra-
cycline-based chemotherapy, while those with ATRA-
resistant variants (STAT5b-RARA) should be managed
with AML-like approaches. For those relatively ATRA
resistant (PLZF-RARA), or with unknown sensitivity to
ATRA (PRKARIA-RARA), it is reasonable to combine
ATRA with AML-like chemotherapy. Sensitivity to ATO
has not been documented outside PML-RARA positive
APL, except for PLZF-RARA positive APL that has been
shown to be resistant.*’

Central nervous system and other
extramedullary relapses

Central nervous system (CNS) and other extramedullary
relapses are uncommon in APL. CNS involvement can
occur as an isolated event or associated with bone marrow
involvement as a first relapse, but also after one or more
hematologic relapses. The majority of CNS relapses occur
in patients with hyperleukocytosis at presentation, and the
optimal management of such patients is still controversial.

Even though the contemporary literature on the subject
is scarce, it seems pragmatic to pursue an approach
derived from experience of the management of
extramedullary relapse in acute lymphoblastic leukemia
and other subtypes of AML. In this regard, induction treat-
ment of CNS relapse would consist of weekly triple
intrathecal therapy (ITT) with methotrexate, hydrocorti-
sone, and cytarabine until complete clearance of blasts in
the CSF, followed by 6-10 more spaced out ITT treatments
as consolidation. Since CNS disease is almost invariably
accompanied by hematologic or molecular relapse in the
marrow, systemic treatment should also be given. The tim-
ing of this may be dictated by clinical circumstances. One
approach could be to give ATO and ATRA as a non-mye-
loablative treatment approach whilst ITT is being deliv-
ered. Chemotherapy regimens with high CNS penetrance
(e.g. high-dose cytarabine) have been used in this situa-

tion, and in patients responding to treatment, allogeneic or
autologous transplant should be the consolidation
approach of choice with appropriate craniospinal irradia-
tion. In case of granulocytic sarcoma, wherever it is local-
ized, radiation and intensive systemic therapy may be con-
sidered.
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The evolving role of stem cell transplantation in acute
promyelocytic leukemia

A B S T R A Cc T

The availability of several highly effective agents in acute promyelocytic leukemia (APL) including
all-trans retinoic acid (ATRA), arsenic trioxide (ATO) and anthracyclines, has transformed this once
highly fatal disease into the most frequently curable acute leukemia. While it is firmly established that
neither autologous nor allogeneic stem cell transplantation (SCT) are indicated in first remission of the
disease, and that patients relapsing after ATRA-containing regimens should be treated with ATO, con-
troversy remains on the selection of the most appropriate consolidation therapy, and in particular on
indications for transplantation after second remission. Owing to the lack of randomized comparative
studies and the very limited number of relapses, consolidation strategies should be based on several
clinical and biological criteria and rely on both available reported experience and published recom-
mendations. These criteria include age and performance status, first remission duration, donor avail-
ability, and minimal residual disease status. In this article, we review current recommendations and

controversial issues related to use of SCT in APL.

Learning goals

At the conclusion of this activity, participants should be able to:
- describe the available treatment options for patients with acute promyelocytic leukemia in first

relapse;

- define the clinical and biological criteria for selecting autologous or allogeneic stem cell transplan-

tation in APL in second remission or beyond;

- describe the available therapeutic consolidation options for patients in second remission or beyond

who are ineligible for transplantation.

APL, from highly fatal to highly curable

Over the past two decades, modern treat-
ment with simultaneous all-trans-retinoic acid
(ATRA) and anthracycline-based chemothera-
py (CHT) has transformed acute promyelocyt-
ic leukemia (APL) from a rapidly fatal into a
highly curable disease. In fact, more than 80%
of patients receiving this combination have
been reported to become long-term survivors
in large multicenter studies.! In addition,
excellent outcome results have been reported
in APL using arsenic trioxide (ATO) combined
or not with ATRA and CHT. Initially shown to
be very active in patients relapsing after
ATRA-containing regimens, ATO has been
tested in several pilot studies in the front-line
management of the disease with promising
results.”> Moreover, very recent results of a
prospective randomized study indicated that
combined ATO and ATRA is at least as effec-
tive as ATRA and CHT for patients with non-
high risk disease (commonly defined as those
with  WBC at diagnosis <10x10%L, and
accounting for approximately 75% of cases).®
While the latter trial results will likely change
the standard of care in front-line therapy (i.e.
favoring the use of ATO+ATRA instead of
ATRA+CHT), they also help reinforce the

concept that APL is a highly curable disease in
which targeted drugs and/or limited use of
conventional CHT are likely to eradicate the
disease.

No role for stem cell transplantation
in APL patients in first remission

Based on the availability of the aforemen-
tioned highly effective agents in the front-line
management, there is a general expert consen-
sus on recommending the use of stem cell
transplantation (SCT) in APL only after sec-
ond or subsequent remission.! In this respect,
it is worth emphasizing that no particular sin-
gle (or even combined) features associated to
slightly inferior prognosis in patients treated
with standard ATRA and CHT should justify
the use of SCT in first remission. In fact, out-
comes in patients showing these reportedly
unfavorable features, including elevated WBC
counts at diagnosis.” CD56 expression,® or
FLT3-ITD mutation,’ still remain considerably
good. In addition, the chances of achieving
second remission with ATO in relapsed APL
are extremely high (approximately 85-90%)
and repeated ATO given for re-induction and
consolidation is able to induce molecular
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remission in almost 80% of patients treated at relapse.!®!!
Based on these considerations, it should be firmly restated
that neither allogeneic SCT (ASCT) nor autologous SCT
(AuSCT) have any role in APL in first remission. In the
following paragraphs, we will review the current recom-
mendations for transplantation as a consolidation strategy
for APL patients in second remission or beyond.

Consolidation options for APL patients
in second complete remission

Although most patients relapsing after front-line therapy
reported to date had received the standard ATRA and CHT,
it is likely that this scenario will change in the near future.
In fact, an increasing number of relapses are expected to
be reported in patients treated with CHT-free approaches
such as ATO +/- ATRA. This is due to a growing interest
in the use of the latter approach. In principle, relapsing
patients who have never been exposed to CHT should
receive the standard ATRA plus CHT for re-induction and
consolidation, in parallel with investigating their trans-
plantation options. However, data on the outcome of
patients relapsing after ATO who are rescued with ATRA-
CHT followed by SCT are not currently available. For
patients who relapse after the standard front-line treatment
of ATRA plus chemotherapy, re-induction with ATO is
recommended followed by one consolidation cycle of the
same agent combined with ATRA .I'I:12 There is no current
consensus on the best option to further consolidate remis-
sion after ATO. The very low number of relapsing patients
treated with the current standard treatment has made ran-
domized studies comparing different strategies including
ASCT, AuSCT, prolonged ATO with or without ATRA or
chemotherapy unfeasible. In addition, patients in most
reported studies were not systematically monitored for
molecular status pre- and post-SCT. Consequently, it is
difficult to establish recommendations based on the
impact of SCT and other consolidation options in patients
included in these studies.

Selection of the successive consolidation strategy after
ATO and ATRA will depend on a number of variables
including patient’s age and performance status, duration of
first remission, donor availability and minimal residual
disease (MRD) status after salvage therapy.!!!12 It is wide-
ly recognized that AuSCT is considered for patients
achieving second molecular remission, i.e. those who test
PCR-negative for the disease-specific PML/RARA fusion
gene in their marrow after consolidation, with such tests
being performed in highly specialized reference laborato-
ries. Autologous SCT is notoriously associated with lower
morbidity and mortality as compared to ASCT and can
represent a convenient and effective option for patients
with late relapse who achieve second molecular remission.
As to the definition of early versus late relapse, and con-
sequently of short versus prolonged first remission dura-
tion, here again there is no definitive consensus. Because
most standard ATRA plus chemotherapy regimens include
prolonged maintenance for two years, we propose that
early relapse is considered as that occurring within two
years of achieving remission, although this definition may
be somewhat arbitrary.

Allogeneic transplant is still an effective therapy and a
valid treatment option, especially in fit patients at higher
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risk of subsequent relapse who have a suitable donor.
These include patients with short first remission duration
(<2 years) and patients who do not achieve a second
molecular remission after 2 cycles of ATO+/-ATRA.
Prolonged ATO is a viable alternative for patients unfit for
a transplantation procedure, or as a bridge during donor
identification.!'® It remains uncertain as to whether pro-
longed ATO +/- ATRA can produce long-term remission in
APL patients with late relapse, although a single experi-
ence of a limited series suggested that a high proportion of
patients receiving this treatment strategy may achieve
another long-term remission.'* An algorithm with recom-
mended consolidation options after second CR and criteria
for selecting them is illustrated in Figure 1.

The following review is organized in sections based on
reports comparing results of consolidation with and with-
out stem cell transplantation, consolidation with autolo-
gous versus allogeneic transplantation, and reports of con-
solidation with ATO alone or in combination regimens in
patients not eligible for transplant.

Reports comparing results of consolidation
with and without stem cell transplantation

An early report from China on 47 relapsed APL patients
treated with ATO suggested that disease-free survival
(DFS) was significantly better with more intensified con-
solidation therapy of combined ATO and chemotherapy as
compared to ATO or chemotherapy alone after second
CR.'" There is also considerable evidence that consolida-
tion with SCT may improve the outcome of patients in
second remission after ATO treatment and is better than
consolidation with ATO or ATRA alone or with
chemotherapy.'>'7 Both the updated results of a pivotal US
multicenter trial and the European APL group study
showed higher overall survival (OS) and DFS rates in
patients who received SCT as consolidation compared to
those who did not receive transplantation.!>!¢ In the latter
study, 7-year event-free survival (EFS) and OS were
30.4%, and 39.5% in patients who received no SCT com-
pared to 61% and 60%, and 52.2% and 51.8%, in patients
treated with autologous and allogeneic transplants, respec-
tively.!® Similar results were observed in a more recent
series of 37 relapsed patients. In this series, 5-year OS was
100% for patients who underwent autologous transplanta-
tion compared to 39% in patients treated with ATO plus
ATRA.7

Reports of consolidation with autologous and
allogeneic stem cell transplantation

Although no prospective randomized trials have been
reported, a number of studies compared the role of autol-
ogous or allogeneic SCT in APL patients in second remis-
sion. Some of these studies documented a similar or even
better outcome with autologous than with ASCT. A recur-
rent observation reported in these retrospective analyses is
that transplant-related mortality (TRM) of ASCT ham-
pered a possible OS benefit related to the graft-versus-
leukemia effect in reducing subsequent relapses.

Among these studies, the European Bone and Marrow
Transplant (EBMT) group evaluated the role of either
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AuSCT or ASCT in a large number of patients treated in
the ATRA era. In this registry study, patients in CR2
achieved a better leukemia-free survival after ASCT com-
pared to those receiving AuSCT (59% vs. 51%). However
this benefit was at the expense of increased TRM (24% vs.
16%)."® This study lacked information about MRD prior to
and following transplant. We reported a single center
study on the outcome after ASCT in 17 patients treated
after second or subsequent CR for whom pre-transplant
MRD assessment was available. We documented a signif-
icant anti-leukemic effect of ASCT even in patients with
advanced disease including those with pre-transplant evi-
dence of MRD.! All patients with MRD positive disease
prior to transplant achieved molecular remission after
transplant, although the response was less prolonged in
more advanced cases. The 10-year actuarial probabilities
of OS and DFS were 53% and 46%, respectively; howev-
er, TRM was high (32%)."°

Studies that evaluated prognostic factors for subsequent
relapse after SCT showed that the duration of first remis-
sion and the achievement of second molecular remission
prior to transplant are associated with post-transplant out-
come.'®1%22 The relevance of pre-SCT MRD status is well

established in the autologous transplant setting. Meloni et
al. prospectively monitored MRD status of 15 patients
who received autologous transplantation in second remis-
sion. Six of 8 patients who received PML/RARA-negative
marrow achieved prolonged clinical and molecular remis-
sions (median 28 months; range 15-60 months). In con-
trast, all the 7 patients transplanted with positive MRD
relapsed at a median time of five months (range 2-9
months) from transplant.?!

Similarly, the European APL group retrospectively eval-
uated the outcome of patients who underwent autologous
or allogeneic SCT after second complete remission.'® EFS
and OS were significantly better in the autologous setting.
Moreover, when the analysis was limited to patients in
molecular remission, the 7-year EFS and OS improved to
77% and 75%, respectively, compared to 52.2% and
51.8% in the allogeneic group. Transplant-related mortal-
ity was 7% compared to 39% in the autologous and allo-
geneic settings, respectively.'® The results from using
AuSCT were comparable to those reported by a CALGB
study on AML that included 12 APL patients in second
complete remission. The 5-year DFS and OS were both
67% %> Two other small studies support the use of autolo-

APL relapse after standard ATRA plus CHT

|
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Figure 1. Therapeutic options for APL patients in second CR. Molecular status for PML/RARA after consolidation and CR1
duration are important factors for the choice of successive options. These may include autologous or allogeneic SCT and
prolonged ATO+/-ATRA cycles for patients unfit for an SCT procedure. For patients with molecular CR and CR1 duration
under two years, the choice between autologous or allogeneic SCT may also vary based on the type of available donor

and clinical parameters (e.g. age, PS) with impact on TRM.
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gous transplant in patients who achieve a second molecu-
lar complete remission.?*>* The earlier one reported that
long-term remission after either allograft or autograft is
associated with eradication of PML-RARA positive cells,
and that continued positivity predicts subsequent relapse.?
The more recent one showed that 11 of 13 patients who
received autologous transplants while in second molecular
remission were alive.?* Ten patients in this latter study
were in sustained molecular remission after a median fol-
low up of 25 months with no TRM.?® Together these stud-
ies suggest that, for APL patients who had a long first
remission duration and are in second molecular remission,
autologous transplantation is an effective approach for a
second lengthy remission.!6-18:2021.23

We recently evaluated the role of allogeneic transplant
in patients with advanced disease (CR2 or beyond) treated
in the era of ATO. This study included 31 patients (15
CR2, 16= CR3) transplanted in 4 Italian institutions. At
time of transplant, 16 patients were MRD positive and 15
were negative. The 4-year overall survival was higher for
patients transplanted in CR2 and for MRD negative
patients (62% and 64%, respectively) compared to
patients transplanted in CR3 or over and positive for MRD
(31% and 27%, respectively). MRD status prior to trans-
plant was associated with significantly better DFS and the
rate of relapse was higher in patients transplanted with RT-
PCR-positive disease.>* The 4-year cumulative incidence
of TRM was 19.6% in this series including advanced dis-
ease cases and 7 haploidentical transplants.?* This
improvement may reflect recent advances in transplant
supportive measures, wider use of peripheral blood stem
cells as well as better haploidentical transplant
modalities.? In conjunction with other reported series, this
study confirms that allogeneic transplant continues to be
an effective therapeutic option in relapsed APL patients
who are eligible for this treatment policy.

Consolidation reports of ATO alone or in com-
bination regimens in patients not eligible for
transplant

Given the exquisite efficacy of ATO in APL and the pos-
sibility of accurately monitoring response to therapy and
re-emerging MRD through PCR analysis, prolonged ther-
apy with ATO-based regimens with or without ATRA may
be considered in patients unfit for transplant. Durable
molecular remissions were reported in 8 of 9 patients
(median CR duration, 25 months) treated with prolonged
post-remission therapy consisting of four courses of ATO
and seven shorter courses of ATRA. All patients in this
recent report had late relapses prior to SCT rescue (at a
median time of 1.9 years; range 1-7 years), all except one
were treated for molecular relapse, and all were closely
monitored for MRD.!3 However, this experience was lim-
ited to only a few patients, and the identification of
patients with low risk of subsequent relapse after first dis-
ease recurrence remains challenging.

Conclusion

Recommendations and indications for remission re-
induction and consolidation in APL patients with APL

Stockholm, Sweden, June 13-16, 2013

relapse are evolving because of the changing scenario in
front-line therapy. ATRA-ATO or ATRA-CHT are the
standard approach for patients relapsing after chemothera-
py-based or ATO-based treatment, respectively. First con-
solidation after re-induction with further ATO or CHT is
recommended with the aim of achieving second molecular
remission. All patients must be tested after consolidation
for MRD status in experienced laboratories of reference.
The choice for further consolidation will be taken in con-
sideration of first remission duration, the quality of remis-
sion (molecular vs. hematologic only), patient age and per-
formance status, and donor availability. Autologous SCT
can be recommended for patients with prolonged (>2
years) first remission who test negative for MRD after 2
cycles of ATO-based therapy, while patients ineligible for
SCT can continue ATO for consolidation and maintenance
with close monitoring of MRD. Patients who fail to
achieve first complete molecular remission, those who had
short first remission, or those who test positive for MRD
after ATO induction and consolidation, should be consid-
ered for allogeneic SCT if a suitable donor is available.
Patients who are candidates for allogeneic SCT should be
sent to transplant without delay once they achieve molec-
ular remission.
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Genetics of inherited disorders of platelets

A B S T R A C T

Genetic defects of platelets constitute a group of rare diseases that give rise to bleeding syndromes
of autosomal dominant or recessive inheritance. They affect platelet production, giving rise to a low
circulating platelet count and changes in platelet morphology, platelet function, or a combination of
both an altered megakaryopoiesis and a defective platelet response. As a result, blood platelets fail to
fulfill their hemostatic function. The most studied are deficiencies of glycoprotein mediators of adhe-
sion and aggregation while defects of primary receptors for stimuli include that of the P2Y12 ADP
receptor. Inherited defects of secretion from storage organelles (dense granules, a-granules) and of
the generation of procoagulant activity have led to the identification of many genes involved in
megakaryocyte biology. Signaling pathway defects leading to agonist-specific modifications of
platelet aggregation are the current target of exome-sequencing strategies. In familial thrombocy-
topenia, changes in megakaryocyte maturation within the bone marrow mostly lead to a deficient pro-
platelet formation and an altered timing of platelet release; sometimes defects extend to other cells
and in some cases interfere with development. We now review recent advances in the field and high-
light genes responsible for inherited diseases of platelets.

Learning goals

At the conclusion of this activity, participants should be able to assess:

- how a wide variety of molecular defects of surface and intracellular constituents of platelets lead
to defective platelet function and bleeding;

- how pathologies within each of a series of major gene families put inherited disorders of platelets
to the forefront of research into rare diseases;

- how genetic defects of transcription factors and of cytoskeletal proteins can affect megakaryocyte
biology leading to an altered platelet morphology and number;

- how the use of modern gene screening procedures including whole exome or genome sequencing
will transform practice in a routine hematology laboratory.

The Human Genome Variation Society (HGVS) numbering and nomenclature as used in this review
(available from://www.Hgvs.org/mutnomen) is recommended to describe mutations. Since amino
acid numbering within each protein is now recommended to start with the initiating methionine,
while it was variably used before, current numbering is often different from the one used in the
original publications. In cases in which the HGVS numbering is different from the original publica-
tions, the original nomenclature is provided in parentheses.

Introduction association and genome-wide association
studies should also be born in mind for they

This review of inherited disorders of platelet can cumulatively lead to hypo-reactive

function and platelet production will empha-
size recent advances and the identification of
genes whose defects are at the origin of a
bleeding syndrome.!* Spontaneous bleeding is
mostly mucocutaneous in nature; excessive
trauma-related bleeding is another feature of
milder forms. Treatment has been reviewed
elsewhere.® Figure 1 illustrates disorders
affecting platelet surface constituents, while
Figure 2 shows those affecting intracellular
components. Tables 1 and 2 summarize gene
defects giving familial thrombocytopenia (FT)
with or without defects of platelet function and
grouped according to platelet morphology.
Gene variants identified by candidate gene

platelets and affect such parameters as platelet
size or count. They include novel gene vari-
ants such as PEARI (platelet endothelial
aggregation receptor 1) that modulate platelet
reactivity and bleeding tendency.*-8

Defects of platelet function

Defects of platelet adhesion

Abnormalities  of GPIb-IX function.
Bernard-Soulier syndrome (BSS) associates a
moderate to severe macrothrombocytopenia
with a decreased von Willebrand factor
(VWF)-dependent platelet adhesion under
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flow caused by quantitative or qualitative defects of GPIb-
IX-V (Table 1). GPIba contains VWF and thrombin-bind-
ing sites within the N-terminal domain. The additional
absence of extracellular binding sites on GPIba for P-
selectin, TSP1, coagulation factors (F) XI and XII, aMp2
and high molecular weight kininogen may extend the phe-
notype.® The products of four genes (GPIBA, GPIBB, GP9
and GPS5) assemble in a 2:4:2:1 ratio within maturing
megakaryocytes (MK) in the bone marrow to form GPIb-
IX-V as present in the platelet membrane.® Mutations
within GPIBA, GPIBB and GP9 in BSS prevent the com-
position and/or trafficking of the complex through the
endoplasmic reticulum (ER) and Golgi apparatus by
changing the quaternary organization of GPIb-IX.” The
absence of the interaction between GPIba and filamin A in

the membrane cytoskeleton may account for the giant
platelets. In rare variant BSS, platelets express non-func-
tional GPIba.'?¢ A common heterozygous p.Alal72Val
(formerly Alal56Val) mutation is the cause of inherited
thrombocytopenia alone in Southern Italy.® Heterozygous
mutations in GPIBB cause BSS when associated with the
DiGeorge/velocardiofacial syndrome, a developmental
disorder given by a heterozygous microdeletion at 22q11,
the site of localization of GPIBB. Correction of murine
BSS by lentivirus-mediated gene therapy suggests a prom-
ising strategy for gene therapy.*

Upregulated VWF-binding to GPIbo.. Platelet-type von
Willebrand disease (platelet-type VWD) is characterized
by thrombocytopenia and increased platelet agglutination
by low-dose ristocetin in the presence of normal plasma.

Table 1. Inherited thrombocytopenia with large-sized platelets.

Group of Syndrome Platelet count Platelet Associated Associated biological Gene defect and Ref
abnormalities and morphology function phenotype abnormalities transmission
Platelet adhesion BSS Moderate to severe decrease  Loss of platelet Occasionally Impaired platelet GPIBA (17p13)  6-8
Giant platelets adhesion to VWF Di-George syndrome production GPIBB (22q11)
GP9 (3921)
AR
Platelet-type VWD  Decreased Enhanced VWF/GPIb. Blocked GPIb GPIBA (17p13)  2,9,10
Some large platelets Abnormal vessel-wall Loss of large AD
interaction VWF multimers from plasma
\WD2B Variable, Enhanced VWF/GPIb Abnomal VWF Exon 28 of VWF 2,11
+/- enlarged, sometimes Abnormal vessel-wall Loss of large (12p133)
agglutinated platelets interaction VWF multimers from plasma ~ AD
Transcription factors  GATA-1 Decreased Aggregation impaired,  Dyserythropoietic anemia, Decreased protein GATA-1 212,13
Enlarged platelets [3-thalassemia (e.g. GPIb-IX) and (Xp11)
o-granule expression X-linked
Paris-Trousseau Decreased with giant Psychomotor retardation, Immature MK predominate ~ FLIZ (11g23.3) 2,12,14,15
syndrome fused granules facial, cardiac defects ~ in marrow microdeletion
AD
o-granule defects  Gray platelet Decreased with enlarged Variable aggregation Myelofibrosis Occasional loss of GPVI NBEAL2 16-20
syndrome platelets lacking response Enlarged spleen Increased Vitamin B12 (3p21)
o-granules mostly AR
Quebec syndrome  Sometimes decreased Abnormal response Excessive fibrinolysis Proteolytic degradation PLAU 21,22
Platelet aniscocytosis to epinephrine of a-granule proteins (10g24)
tandem duplication
Cytoskeleton defects MYH9-RD Decreased Abnormal NMMHC-IA - Deafness, Presence of Déhle MYH9 2,12,
Presence of giant platelets  distribution and function ~ cataract, bodies in leukocytes (22912-13) 23,24
renal dysfunction AD
Filaminopathia Decreased Abnormal thrombus Neurological, Abnormal distribution FLNA 2,25,26
Variable presence formation gastro-intestinal, of FLNA in platelets (Xq28)
of large platelets cardiologic X-linked
Tubulin 1 Decreased Normal aggregation Platelets with TBB1 12,21
Presence of large, decreased microtubules (6p21.3)
round, platelets AD
Defects of allbB3  Isolated Decreased Variable aggregation Altered platelet production [TGA2B 2831
thrombocytopenia  Presence of large platelets  response [TGB3
(1721.32)
AD or AR
Lipid metabolic Hyperabsorption and Normal at hirth, Reduced Premature coronary Increased plant sterols, ABCGS orABCG8 12,32
disorder defect of metabolism rapidly artery disease and hypercholesterolemia (2p21)
of sterols macrothrombocytopenic atherosclerotic disease AR
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p.Gly249Val (or Ser), p.Asp251Tyr, p.Met255Val (previ-
ously Gly233Val/Ser, Asp235Tyr, Met239Val) substitu-
tions provoke changes in the conformation of the GPIba
N-terminal domain that binds soluble VWF directly as
does a p.Pro449_Ser457 deletion in the macroglycopep-
tide-coding region of GPIBA.*%'° This clinical condition
resembles type 2B VWD and diagnosis requires care.’
Giant platelets, thrombocytopenia and even circulating
platelet aggregates can occur in type 2B VWD given by
mutations in exon 28 of the VWF gene. Culture of CD34*
cells from the peripheral blood of patients with type 2B
VWD showed early association of the up-regulated VWF
with GPIb, an altered megakaryopoiesis and modified pro-
platelet production.!! Mouse models have confirmed a
marked reduction in thrombus formation in vivo with
modulation of disease severity by ADAMTS13 (a disinte-
grin and metalloprotease with thrombospondin type I
motif, 13); platelet-bound large VWF multimers are par-
ticularly susceptible to cleavage by this enzyme.3?°
Deficient collagen receptor function. Platelet-collagen
interaction in flowing blood is a multistep process involv-
ing both integrin a2f1 and GPVI that signals through the
FcRy-chain, a process negatively regulated by PECAM-1
(platelet-endothelial adhesion molecule-1). a21 is shared
with a variety of cell types whereas GPVI is megakary-
ocyte (MK)-specific. Specific haplotypes in GP6 and
ITGA?2 can account for variations in a wide range of den-
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sity of both receptors and affect the collagen response.*’
Patients with FT linked to heterozygous mutations in the
ANKRD26 (ankyrin repeat domain 26) gene variably
express a2f31, otherwise there is no clear pathology of this
integrin.! In contrast, individuals in two families with a
life-long but mild bleeding syndrome and severely defi-
cient collagen-induced platelet aggregation are compound
heterozygotes for mutations of GP6.525% Note that
acquired antibodies, extracellular proteases and even shear
can induce sheddase activity by members of the ADAMTS
family and loss of GPVI, a factor to take into account in
diagnosis.** Sheddase is a name given to cell-bound pro-
teases that cleave membrane receptors close to the trans-
membrane domain with release of the extracellular
domain.

Inherited variants of receptors for soluble
agonists and of signaling pathways

Pathology of ADP and T A, (thromboxane A,) receptors
Inherited defects of platelet aggregation to specific ago-
nists are a frequent source of bleeding with many patients
having as yet undefined abnormalities affecting Gi-recep-
tor signaling, the TXA, pathway or dense granule secre-
tion.> Platelets possess 2 classes of purinergic receptor for
ADP: P2Y, that mediates Ca’*-mobilization and shape

Table 2. Inherited thrombocytopenia with normal sized or small platelets.

Group of Syndrome Platelet count Platelet Associated Associated biological Gene defectand ~ Ref
abnormalities and morphology function phenotype abnormalities transmission
Associated with ~ TAR Decreased Abnormal Orthopedic abnormality. Decreased Y14 protein RBM8 2,33-35
orthopedic Normalization possible Malformations of the and defective mRNA 1921.1
abnormalities heart and kidneys. processing AR
Normal hands Deletion of one allele,
SNP in the other
RUS Decreased Orthopedic abnormality. Amegakaryocytosis HOXA11 2,12
Hand abnormality (7p15-14)
AD
Transcription FPD/AML1  Decreased. Impaired Hematological malignant  Abnormal PCK-6, RUNX1 2,12,36-38
factor RUNX1 Variable platelet Aspirin-like syndrome platelet type 12-LOX (21922.3)
morphology among others AD
Role of the ANKRD26  Decreased Impaired Leukemia? Decreased ox-granule ANKRD26 12,39,40
corresponding number. 10p.12
protein unknown Increased TPO levels AD
Congenital CAMT Severely decreased Normal Possible development Increased TPO levels. MPL 212,41
amegakaryopoiesis of aplasia Decreased number of MK (1p34)
AD
Cytoskeleton/ WAS Decreased Impaired Cellular and humoral Decreased WASP. WAS 2,42-44
signaling defect  Small discoid aggregation,  immunodeficiency, Low granule number. (Xp11.23)
platelets reduced increased risk of Altered platelet production X-linked
secretion autoimmune disease
and hematologic malignancy
X-linked XLT Mild Impaired Decreased WASP. WAS 2,42-44
Thrombocytopenia thrombocytopenia. aggregation, Low granule number. (Xp11.23)
Small discoid platelets defect in secretion Altered platelet production X-linked

Hematology Education: the education program for the annual congress of the European Hematology Association | 2013; 7(1) | 69 |



18" Congress of the European Hematology Association

change; and P2Y,, responsible for macroscopic platelet
aggregation.”® Only patients with quantitative or qualita-
tive abnormalities of P2Y,, have been characterized so far.
Their phenotype includes a much decreased and reversible
platelet aggregation to high-dose ADP and an inability of
ADP to inhibit adenylate cyclase. A specific receptor
defect was confirmed when analysis of PCR products
from genomic DNA of a French patient revealed a mutant
allele at the P2RY12 locus.’” Mutations in other patients
include nucleotide deletions in the open-reading frame,
frameshifts resulting in premature protein truncation, and
missense mutations affecting ADP binding and even
receptor trafficking 3558

A defective platelet aggregation to TXA, in Japanese
families linked to a p.Arg60Leu substitution in the TXA,
receptor o-subunit (TPXA2R, TPa) results in impaired
signal transmission and a loss of aggregation induced by
arachidonic acid and U46619, a TXA, receptor agonist.”
Mutations that disrupt both TPa function and receptor
cycling have been reported.® An absent platelet response
to adrenaline is frequent in routine screening but its con-
tribution as a cause of bleeding remains uncertain.

GG

SNPs control density
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TGAZR, TGRS : Eh
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no ageregation with
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CDag
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Defects in intracellular signaling pathways

Pathologies of signal transduction pathways also con-
cern patients with defects of platelet aggregation that
affect some stimuli more than others.'# Early studies high-
lighted patients with abnormalities of: a) phospholipase C;
b) protein kinase C; and c) Gai and Gogq, although gene
mutations were not reported. Likewise, patients with con-
genital deficiencies of cyclooxygenase-1, prostaglandin H
synthase-1, thromboxane synthase, phospholipase A,,
lipoxygenase, glycogen synthase and ATP metabolism
were all the object of reports largely based on platelet
function testing.'* Such defects may directly interfere with
alIbp3 activation and Fg binding, or intervene secondarily
by preventing secretion of ADP or TXA,. A special cate-
gory of patients with defects in the G-protein cascade
involve second messengers or RGS proteins that affect
cAMP levels.® Gsa is regulated by the complex imprinted
gene cluster GNASI; direct genetic and epigenetic defects
of GNAS1 have been reported and include both Gso. hypo-
function and a thrombotic phenotype associated with more
generalized hormonal, skeletal defects and sometimes
mental retardation.®*-¢? Isolated reports of signaling mole-
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Figure 1. Disorders that principally affect surface components of platelets.
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cules involved in platelet dysfunction include human
gp91phox (phagocyte oxidase) deficiency with impaired
isoprostane formation and decreased thrombus formation,
while mutations in the OCRL (Lowe oculocerebrorenal
syndrome protein) gene encoding an inositol polyphos-
phate 5-phosphatase characterize the Lowe syndrome. %36+
A major effort is underway to uncover the mutations
responsible for signaling defects either by a phenotypic
approach or by whole exome sequencing.'®4¢ Signaling
defects can be specific for MKs and platelets, or extend to
other cell types and be secondary to genetic defects of
transcription factors, as we will show in later sections.

Defects of secretion (storage pool disease)

Defects of a-granules

These are the storage sites for many proteins either syn-
thesized in MK or endocytosed from plasma. Most are
biologically active and after secretion account for non-
hemostatic roles of platelets as well as participating in
hemostasis.®> The organelle membranes contain a vari-
ety of glycoproteins (e.g. P-selectin, CD40L and CDG63)
that are translocated to the plasma membrane during
secretion. Specific deficiencies of a-granule-stored pro-
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teins also occur in inherited deficiencies of the correspon-
ding plasma proteins (e.g. factor V deficiency, fibrinogen
(Fg) in afibrinogenemia, VWF in type 3 VWD) #

Gray platelet syndrome (GPS) is a mild bleeding disor-
der characterized by a severe deficiency of a-granules and
their contents.'* The molecular defect involves packaging
of proteins and o-granule biogenesis in MK. Clinical fea-
tures include modest macrothrombocytopenia, an early
onset of myelofibrosis and enlarged spleens. Secretion-
dependent platelet aggregation is abnormal, as is platelet
spreading and thrombus formation under flow.**” A low
platelet expression of GPVI due to increased sheddase
activity by members of the ADAMTS family has been
reported in isolated cases.* Electron microscopy shows
only vestigial o-granules in platelets and MKs, vacuoles
are abundant in MKs and a-granule proteins seen in the
surface-connected canalicular system. Emperipolesis (pas-
sage of other blood cells through MKs5) is a feature. Small
vesicles containing tissue inhibitors of metalloproteases
(TIMPs) are present in GPS platelets and may represent
the T-granules described by others.'7% In 2011, three
groups using new generation sequencing technologies
showed mutations in NBEAL2 (neurobeachin-like 2) in
GPS.161819 NBEAL? belongs to a gene family that includes
LYST (see below). The protein encoded by this gene con-

“Mutations in fumilial hemophagocytic
Iymphohistiocytosis

(types 2, 3, 5) muy have a general
effect om exocytosts and scoretion

METABOLISM:
Gilycogen storage disease
(elycogen synthase)
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Figure 2. Disorders that affect intracellular organelles or cytosolic proteins of platelets.
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tains a beige and Chediak-Higashi (BEACH) domain and
multiple WD40 domains (domains terminating in trypto-
phan (W) and aspartic acid (D)) and appears directly
implicated in o-granule biogenesis in MKs. It has been
speculated that genetically GPS is a heterogeneous trait
whose severity depends on the basis of the a-granule defi-
ciency.”

Mutations of VPS33B, encoding a regulator of soluble
N-ethylmaleimide-sensitive factor activating receptor
(SNARE)-dependent membrane fusion and of VIPAS39
encoding VPS33B-interacting protein, cause the arthro-
gryposis-renal dysfunction-cholestasis (ARC) syndrome.*
Mostly lethal for young children, ARC associates platelet
dysfunction and low granule content with a multisystem
disorder featuring renal tubular and other dysfunctions.
The platelet defect extends to stored and membrane com-
ponents of a-granules.” Other variant disorders affecting
a-granules include the Medich giant platelet disorder
where platelets feature scroll-like membranous
inclusions.!'#

The autosomal dominant Quebec platelet syndrome
(QPS) is unique to French-Canadian families.?’ Here,
platelets show protease-related degradation of many o-
granule proteins (including P-selectin) despite a normal -
granule ultrastructure. Thrombocytopenia is sometimes
observed and there is a characteristic platelet aggregation
deficiency with epinephrine. Fibrinolytic inhibitors not
platelet transfusions reduce bleeding due to the fact that
platelets in QPS possess unusually large amounts of uroki-
nase-type plasminogen activator (u-PA). This promotes
intra-granular plasminogen generation and excessive fibri-
nolysis upon platelet secretion. The genetic basis of QPS
is a tandem duplication of the u-PA gene, PLAU .22

Defects of dense (d) granules

These are storage sites for serotonin, ADP and ATP.
Storage pool disease (SPD) affecting dense granules is a
common cause of defects of secretion-dependent platelet
aggregation. Secretion deficiency may be severe or par-
tial, in some patients it also extends to a-granules. It may
concern granule biogenesis and storage of constituents or
the signaling pathways responsible for exocytosis. When
dense granules deficiencies are associated with general-
ized abnormalities of lysosome-related organelles, they
lead to clearly defined phenotypes. This is so for the
Hermansky-Pudlak (HP), Chediak-Higashi (CH) and
Griscelli syndromes where heterogeneous disorders of
vesicle biogenesis and melanosomal defects also cause a
lack of pigmentation of the skin and hair.”!

In HPS, oculocutaneous albinism is an additional fea-
ture as is ceroid-lipofuchsin storage in the reticulo-
endothelial system; granulomatous colitis, interstitial lung
disease and fatal pulmonary fibrosis occur in some sub-
types. Defects in nine genes (HPS! through HPS9) cause
distinct HPS subtypes in man.”'> A pathological 16-base
duplication in exon 15 of the HPSI gene predominates in
Puerto Rican patients. HPS proteins interact with each
other in complexes called BLOCS (biogenesis of lyso-
some related organelles complexes). Genetic defects dis-
rupt processing of these and SLC35D3 (a member of the
solute carrier family) during dense granule biogenesis.”
HPS2 is associated with innate immunity defects.”! The
beta3A subunit of the adaptor protein-3 (AP-3) complex
encoded by AP3BI is abnormal in HPS2, although

homozygosity mapping and whole-exome sequencing
have revealed candidate mutations in SLC45A2 and
G6PC3 (glucose-6-phosphatase 3) as potential causes of
HPS2 in a patient who associated oculocutaneous albinism
with neutropenia.” Next generation sequencing has also
allowed the rapid identification of a ¢.597-2 A>T transver-
sion in the intron 7 splice acceptor site of HPS4 leading to
abnormal splicing and a premature stop codon in exon
10.73

In CHS, bleeding is associated with severe immunolog-
ical defects with life-threatening infections and progres-
sive neurological dysfunction if the patient survives to
adulthood.”’ The immunodeficiency leads to the develop-
ment of a lymphoproliferative syndrome and an accelerat-
ed phase in approximately 85% of patients. The hallmark
of CHS is the presence of giant inclusion bodies in a vari-
ety of granule-containing cells. The CHS gene (LYST,
lysosomal trafficking regulator) has been cloned and a
series of frameshift and nonsense mutations described that
result in truncated CHS protein and a severe phenotype.
Rare missense mutations can be associated with a milder
form of the disease. LYST is a large protein with distinct
structural domains including ‘BEACH’ and ‘ARM/HEAT’
suggestive as for NEABL2 of a function in membrane
contact interactions and organelle protein trafficking.

Patients in Griscelli syndrome have partial albinism and
silver hair; different subtypes associate neurological
defects and/or severe immunodeficiency with a defective
cytotoxic lymphocyte activity but no obvious bleeding
tendency. Mutations in the genes encoding myosin Va,
Rab27a (a small GTPase), or melanophilin cause 3 sub-
types of Griscelli syndrome. Differential diagnosis with
HPS type II can be difficult, as shown for a child with both
heterozygous Rab27a and homozygous AP3B] mutations,
bleeding and an impaired secretion-dependent platelet
aggregation.’® Defective platelet secretion (dense and o-
granules) despite normal granule cargo in familial hemo-
phagocytic lymphohistiocytosis (FHL) types 3,4 and 5 are
caused by defects in Munc (mammalian uncoordinated)
13-4, syntaxin-11 and the Muncl8b coding genes;
Munc18b may be a key regulator of syntaxin-11 in platelet
exocytosis.””7 This review highlights how platelets use
similar secretory machinery as cytotoxic T lymphocytes
and NK (natural killer) cells.

Glanzmann thrombasthenia

Glanzmann thrombasthenia (GT) is the classic inherited
platelet disorder; platelets fail to aggregate to all physio-
logical agonists due to quantitative or qualitative defects
of the integrin, allbPB3. In normal hemostasis, allbB3 on
activated platelets binds Fg and other adhesive proteins
that link platelets together during aggregation. Other man-
ifestations of GT include a defective platelet spreading on
collagen, while clot retraction and allbf3-dependent Fg
storage in o-granules are variably defective depending on
the nature of the mutation. GT has been comprehensively
dealt with in two recent reviews and only essential details
will be repeated here .28

Direct sequencing of the ITGA2B and ITGB3 genes
allows the detection of most mutations in GT which has
autosomal recessive inheritance, so compound heterozy-
gosity is common except for certain ethnic groups, such as
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the French Manouche gypsies in whom consanguinity is
widespread.®® Genetic defects occur across both genes that
are closely located at 17q21-23. Nonsense mutations,
splice site mutations resulting in frameshifts and missense
mutations are all common. They mostly prevent subunit
biosynthesis in MKs or inhibit transport of pro-allbf3
complexes from the ER to the Golgi apparatus and/or their
export to the cell surface. Particularly abundant are muta-
tions within the B-propeller region of allb and within the
epithelial growth factor (EGF)-domains of 33 (for specific
examples see Mansour ef al. and Mor-Cohen et al.’3!$?).
Analysis of GT is now advanced and population studies
have started.®*# 33 also forms part of the vitronectin
receptor (avP3) expressed in many tissues. It has but a
minor presence in platelets. In GT, avf3 is absent if the
genetic lesion affects B3 production. Yet patients with 33
gene defects do not have a distinctive phenotype because,
unlike $3-/- mouse models, clear evidence for abnormal
vessel development, bone thickening, increased rates of
abortion or of tumor development has not been forthcom-
ing.® An unusually high number of reports of deep vein
thrombosis leaves the question open as to whether it may
be an unexpected risk factor in GT.% In variant GT,
platelets express non-functional integrin. Mostly the muta-
tions affect ITGB3 and amino acid substitutions (e.g.
p.Aspl45Tyr or p.Arg240GIn or Trp - formerly
Aspl119Tyr and Arg214GIn/Trp) affecting MIDAS (metal
ion dependent adhesion site), ADMIDAS (adjacent to
MIDAS) or SyMBS (synergistic metal ion binding site)
domains; these helped identify ligand binding sites in the
activated integrin.?®?° Likewise, a p.Ser778Pro (previously
Ser752Pro) substitution in the cytoplasmic domain of (33,
or stop codons leading to B3 truncated within the cytoplas-
mic tail, have helped identify domains involved in ‘inside-
out’ signaling and activation of allbf33 through the bind-
ing of kindlin-3 and talin.?®* A p.Cys586Arg (formerly
Cys560Arg) in 33 unexpectedly led to platelets expressing
residual surface allbB3 able to spontaneously bind Fg; a
situation recalling platelet-type VWD where normal VWF
multimers spontaneously bind to mutated GPIbof3 and
block its function.*? In fact, mutations within many of the
disulfides in the EGF domains of (33 both severely inter-
fere with allbp3 expression and lead to partially activated
integrin.®? Correction of dog GT by lentivirus-mediated
gene therapy suggests a promising strategy for the future
treatment of patients with classic GT.%

An interesting new variant-type in GT was identified by
mutations within /TGA2B and ITGB3, which, while affect-
ing allbf3 function also lead to moderate thrombocytope-
nia and platelet anisocytosis.?®*® These mostly affect
either cytoplasmic domains of both allb and $3 and espe-
cially the salt-bridge linking allb p.Arg1026 (previously
Arg995) and B3 p.Asp749 (formerly Asp723) or mem-
brane proximal residues in extracellular domains and also
favor allbp3 activation.’*3' One recent study has shown
how such mutations modify MK interaction with matrix
proteins and interfere with proplatelet production.’!

Also to be mentioned is leukocyte adhesion deficiency-
IIT (LAD-III) syndrome in which life-threatening bleeding
is associated with a high susceptibility for infections and
poor wound healing in early life. The complex clinical fea-
tures result from mutations in the kindlin-3 coding gene
(FERMT3) that abolish ‘inside-out’ integrin activation in
platelets, white blood and endothelial cells.?-%
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Scott syndrome

The Scott syndrome is a rare inherited disorder caused
by defective scrambling of phospholipids on blood cells.”
It manifests by a decreased fibrin formation during shear-
dependent adhesion of platelets to subendothelium. Scott
platelets when activated are unable to translocate phos-
phatidylserine (PS) to the outer phospholipid leaflet of the
membrane bilayer; factors Va and Xa fail to bind leading
to a decreased capacity of platelets to convert prothrombin
into thrombin. This lack of thrombin generation is suffi-
cient to induce a bleeding syndrome. Physiological stimuli
that induce PS translocation include a thrombin and colla-
gen mixture and complement C5b-9. Microvesiculation, a
process that can be quantified by flow cytometry using
FITC-annexin V, accompanies PS expression and is also
defective in Scott syndrome. The disease is given by muta-
tions in TMEM16F (also known as ANOG6, anoctamin 6)
that encodes transmembrane protein 16F, a Ca?*-activated
channel essential for Ca**-dependent PS exposure.0-

Familial thrombocytopenias

Inherited defects of platelet production constitute a het-
erogeneous group of diseases often autosomal dominant in
inheritance."*!? In Tables 1 and 2 we group the disorders
according to the presence or not of platelet size changes,
in the text we discuss them in terms of their genotype.
Some disorders associate low circulating platelet counts
with well characterized platelet functional and morpholog-
ical abnormalities and have been dealt with in preceding
sections. In others, while platelet dysfunction is also often
present, it has historically been considered as secondary to
the low platelet count or little studied.

Defects in transcription factors

An altered megakaryopoiesis resulting from transcrip-
tion factor defects is a common cause of familial thrombo-
cytopenias (FT). Abnormalities can extend to other mar-
row cells and interfere with development, e.g. the associa-
tion of pancytopenia and radio-ulnar synostosis (RUS)
attributed to homeobox gene (HOXA1I) mutations.? In the
Paris-Trousseau syndrome, a decreased platelet produc-
tion and a mild hemorrhagic tendency are associated most-
ly with de novo deletions at 11g23.3 and a heterozygous
loss of FLII (Friend leukemia virus integration 1).2!2
Platelets are often large and feature giant o-granules
formed by fusion after MK maturation. The phenotype is
given by pathologically low Flil protein levels during
what, in normal conditions, is transient monoallelic FLI!
expression at an early stage of MK differentiation.!* The
result is a subpopulation of immature MKs that fail to
reach the platelet production stage. Flil forms a complex
with RUNXT1 to regulate megakaryopoiesis. A characteris-
tic of deficiencies of both genes is a persistance of
MYHI1O0 protein in platelets.!” Paris-Trousseau is a variant
of Jacobsen’s syndrome in which patients have congenital
heart defects, trigonocephaly, facial dysmorphism, mental
retardation and multiple organ malfunction.

X-linked familial thrombocytopenia (XLT) or XLT with
thalassemia (XLTT) result from mutations in the GATA
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(GATA-binding protein 1 or globin transcription factor 1)
gene.>!® The often enlarged platelets aggregate poorly to
collagen. GATA-1 protein has domains that account for
sequence-specific DNA binding and for the interaction of
its co-factor, FOG-1 (Friend of GATA-1 protein). It co-
ordinates hematopoietic cell differentiation by activating
lineage specific genes. Erythrocytes are abnormal in size
and shape. XLT without anemia is given by amino acid
substitutions in GATA-1 (e.g. p.Asp218Tyr, p.Gly208Ser,
p-Val205Met) that affect its interaction with FOG-1 but
which allow GATA-1 binding to DNA. In contrast, a
recurrent Arg216Gln substitution in the N-terminal finger
of GATA-1 that destabilizes binding to DNA without
affecting its interaction with FOG-1 gives red cell abnor-
malities and XLTT."3 A low transcription of GATA-1 target
genes, GPIBB and GP9 is a characteristic of GATA-1
defects and platelets may have few a-granules. GATA-1
mutations are also seen in Down syndrome and related
disorders.

Autosomal dominant mutations in the gene encoding the
hematopoietic transcription factor RUNX1 (Runt related
transcription factor) (previously known as CBFA2,
AML1) give rise to haploinsufficiency and FT with a pre-
disposition to hematological malignancies.>* Inactivating
(p- Argl39Ala) or dominant-negative p.Argl74Phe muta-
tions interfering with DNA binding by RUNXT1, lead to an
arrest of MK maturation and an expanded population of
progenitor cells. RUNXI is a master regulatory gene in
hematopoiesis. The propensity to develop leukemia is
accompanied by downregulation of NR4A3, a gene impli-
cated in leukemia development; a process facilitated by
the expanded population of progenitor cells susceptible to
be hit by secondary pro-leukemic genetic events.*
Impaired platelet aggregation and secretion are associated
with a deficiency of protein kinase C-0(PKC-60) and defec-
tive phosphorylation of pleckstrin and myosin light
chain.’” Platelet expression profiling revealed a decreased
expression of the genes encoding platelet 12-lipoxygenase
(ALOX12) and myosin regulatory light chain polypeptide
(MYL9) among other transcriptional targets of
RUNX1 3738

Defects in megakaryocyte production

In congenital amegakaryocytic thrombocytopenia
(CAMT), severe thrombocytopenia at birth rapidly devel-
ops into a pancytopenia in most affected children. Patients
have low numbers of MKs in their marrow; thrombopoi-
etin (TPO) is unable to fulfill its normal thrombopoietic
role due to homozygous or compound heterozygous muta-
tions in the MPL (myeloproliferative leukemia virus onco-
gene) gene encoding the TPO receptor (c-MPL).*! Only
rarely are skeletal and central nervous system anomalies
present.” Patients with early development into aplasia are
more likely to have frameshift or nonsense mutations and
a complete loss of c-MPL. Missense mutations leading to
residual c-MPL result in a slower progression of the dis-
ease. Mutations in MPL giving rise to an activated form of
c-MPL are seen in familial essential thrombocythemia
with an overproduction of platelets.?#4!

Thrombocytopenia with absent radii (TAR syndrome)

associates CAMT-like thrombocytopenia and osteodysge-
nesis with shortened (or absent) forearms due to bilateral
radial aplasia. Although other skeletal anomalies can be
present, hands and fingers are unaffected. Serum TPO lev-
els are elevated, and platelets of TAR patients fail to
respond to recombinant TPO when added in combination
with suboptimal amounts of platelet activators. A deletion
at 1g21.1 was first associated with the disease.** Albers et
al. then reported that TAR was given by compound inher-
itance of a null allele and one of two low-frequency SNPs
in the regulatory regions of RBM8A encoding the Y 14 sub-
unit of the exon-junction complex (EJC) essential for
RNA processing.3* Platelet function can also be affected
with an unexplained restoration of TPO signaling as
patients age.®

Defects of the cytoskeleton and thrombocy-
topenia with increased platelet size

Macrothrombocytopenia occurs in MYH9-related dis-
ease (MYHO9-RD; myosin heavy chain 9-related disease)
affecting non-muscle myosin heavy-chain IIA (or myosin-
9) (Table 1).223 Platelets can be truly giant and ultrastruc-
tural modifications are seen in MKs taken from the mar-
row. Phenotypic heterogeneity extends to variable combi-
nations of Dohle bodies in neutrophils, nephritis, hearing
loss and cataracts. Diagnostic immunofluorescence pat-
terns are seen for myosin-9 aggregates in leukocytes.
Mutations in the head domain (affecting Ca?*-ATPase
activity) favor deafness and renal disease in later life,
while those affecting the rod (and myosin-IIA assembly)
may only have a hematologic consequence. Mutation
hotspots characterize the disease. Haploinsufficiency and
a dominant-negative effect can influence phenotype
although other genetic or environmental factors can also
intervene even in the same family. Decreased myosin light
chain (MLC) phosphorylation and myosin-9 function in
MKSs slow MK migration towards the sinusoids as well as
blurring the signaling mechanism for proplatelet forma-
tion.2* Blebbistatin, an inhibitor of myosin-9 and inhibitors
of Rho-associated kinase-1 (ROCK1) or MLC kinase res-
cue proplatelet formation in MKs in culture suggesting
that treatment reducing myosin contractility, strangely
augmented in MYHO-platelets, may offer therapeutic
potential in MYH9-RD (N Debili et al., submitted manu-
script, 2013).

X-linked mutations in FLNA encoding filamin A give a
variety of developmental defects with abnormal neuronal
migration resulting in periventricular nodular heterotopia
(PNH). Filamin A is an attachment site for GPIba in the
platelet cytoskeleton (see section on BSS above) and we
have described that FLNA mutations can also give rise to
bleeding and macrothrombocytopenia, including in a
patient originally diagnosed as having ITP.> Significantly,
FLNA mutation heterogeneity was associated with differ-
ent functional impacts especially with regard to thrombus
growth under flow.2° TBBI mutations affecting {31-tubulin
are also associated with thrombocytopenia and platelet
anisocytosis (variable size) with enlarged forms having
defects of microtubule assembly.?’
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Thrombocytopenia with small or normal-sized
platelets

Wiskott-Aldrich syndrome (WAS) is an X-linked reces-
sive disease combining thrombocytopenia and small
platelets with eczema, recurrent infections, an increased
risk for autoimmunity and malignancy.>#>#* A milder form
without immune problems is known as hereditary X-
linked thrombocytopenia (XLT). The small platelets
aggregate poorly and have a low granule number. T lym-
phocytes show defective function. The WAS gene is com-
posed of 12 exons, genetic defects result either in the
decreased expression of WASP (WAS protein) or its
absence, the latter being predictive of a more severe dis-
ease.* Missense mutations affecting the N-terminal Ena
Vasp homology 1 domains predominate in hereditary XLT
probably because of residual protein expression.*
Deficiency in the WASP-interacting protein (WIP) also
results in a block of WASP expression.”* WASP is a key
regulator of actin polymerization in hematopoietic cells; it
is involved in signal transduction with tyrosine phospho-
rylation sites and adapter protein function. WASP induces
premature proplatelet formation in the marrow where a
lack of actin-rich podosomes retards MK migration to the
vascular sinus. Mutations in WAS giving spontaneously
activated WASP with increased actin polymerizing activi-
ty are responsible for an X-linked form of neutropenia.*?
One of the first disorders to be treated with hematopoietic
stem cell transplantation, WAS is now the subject of sev-
eral phase I/Il gene therapy trials.”

ANKRD26-related thrombocytopenia (thrombocytope-
nia 2, THC?2) is an autosomal dominant disease with most-
ly a moderate fall in platelet count, normal-sized platelets
and mild bleeding.!>"! Bone marrow examination revealed
an evident dysmegakaryopoiesis. Platelets are often defi-
cient in o231 and have a reduced number of a-granules. A
high incidence of leukemia is suspected. Recently discov-
ered features are ubiquitin/proteasome-rich particulate
cytoplasmic structures (PaCSs) in both platelets and MKs;
their presence suggests a link with oncogenesis.*

Conclusions

We have provided an up-to-date assessment of the
genetics of inherited disorders of platelets and MKs. Due
to space restrictions, single case reports have mostly been
omitted, as have historical reports with no recent update.
We have also minimized discussion of disorders arising
indirectly, such as the macrothrombocytopenia arising
rapidly after birth in the lipid metabolic disorder linked to
an inability to metabolize plant sterols (sitosterolemia) due
to mutations in ABCGS5 or ABCGS8.">*2 A major question
concerns the true abundance of inherited diseases with a
low platelet count. Many patients with FTs are first falsely
diagnosed as immune thrombocytopenic purpura (ITP).%
Even now a high percentage of patients with a low platelet
count do not fall into the categories covered by Tables 1
and 2 suggesting that other molecular causes are frequent.
It may well be that ITP will require a new classification
and that patients with MK gene mutations account for a
significant number of cases, with perhaps the secondary
formation of autoimmune antibodies aggravating the
thrombocytopenia. Whole exome sequencing and other
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new generation technologies will help fill in the missing
pieces of the puZZIe.l6,34,46—48
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Inhibitor development in mild hemophilia A

A B S T R A C T

The most challenging complication in the treatment of hemophilia is the formation of inhibiting
antibodies (inhibitors). In contrast to severe hemophilia A, many patients with mild hemophilia A
(MHA) will have a lifelong risk of new inhibitor formation. Inhibitors may change the clinical pheno-
type dramatically, as the inhibitor frequently cross-reacts with the patient's endogenous FVIII, reduc-
ing the endogenous FVIII plasma levels below 0.01 IU/mL. Specific F8 missense mutations predispose
for inhibitor development. Inhibitors are frequently provoked by intensive treatment with therapeutic
FVIII concentrates (more than 5 consecutive exposure days). Specific immunological characteristics,
associated with the underlying F8 missense mutation, have been demonstrated in experimental stud-
ies. The lifelong inhibitor risk in MHA requires lifelong vigilance by the hemophilia team to minimize

risk of inhibitor formation and to ensure early detection to optimize subsequent management.

Learning goals

At the conclusion of this activity, participants should be able to:

- describe the morbidity and risk factor for inhibitors in mild hemophilia A;

- describe the immunological characteristics of inhibitors in mild hemophilia A;

- discuss treatment options for mild hemophilia inhibitor patients, both for the treatment of bleeding

episodes and for inhibitor eradication.

What is mild hemophilia and how is
it treated?

Hemophilia A is an inherited clotting disor-
der that occurs in 1:4000 men, caused by a
deficiency of clotting factor VIII (FVIII), due
to molecular genetic defects in the F§ gene.'
The severity of bleeding symptoms in patients
with hemophilia depends on the residual, func-
tional FVIII plasma concentration, which is
expressed in international units (IU). The
FVIII plasma concentration varies between
0.50 and 1.50 IU/mL in healthy individuals.
Patients with hemophilia are classified into
three severity groups according to the residual
FVIII plasma concentration: severe (<0.01
IU/mL), moderate (0.02-0.05 TU/mL) and mild
(0.06-0.40 IU/mL). Patients with severe hemo-
philia may bleed spontaneously in their joints,
muscles or other locations without preceding
trauma. Spontaneous bleeding is less likely in
moderate hemophilia and increasingly unusual
in mild hemophilia. In patients with moderate
and mild hemophilia, excessive bleeding
rather takes place after minor trauma, dental or
surgical procedures.

Bleeding is treated by intravenous adminis-
tration of FVIII concentrates.> FVIII concen-
trates are dosed in IU/kg body weight; 1.0
IU/kg body weight of factor VIII concentrate
increases the plasma concentration by about
0.02 IU/mL. In case of a life threatening

bleed, the target plasma concentration is 1.00
IU/mL. This can be achieved by infusion of 50
IU/kg FVIII concentrate. The short half-life of
FVIII (6-12 hours) requires repeated adminis-
tration of FVIII concentrate to maintain plas-
ma concentrations of FVIII above the hemo-
static threshold of 0.40-0.50 TU/mL. For joint
bleeds, one or two infusions are often enough,
whereas intracranial bleeds may need treat-
ment for up to two weeks.

In mild hemophilia A (MHA) small bleeds
may be managed by infusion of DDAVP
(desmopressin).*> This analog of the physio-
logical pituitary hormone vasopressin increas-
es the FVIII plasma concentration 3-5 fold by
releasing FVIII from an unidentified
releasable pool and von Willebrand Factor
(VWEF) from the Weibel-Palade bodies where
it is stored in endothelial cells. VWF serves as
a carrier protein for FVIII in plasma and pro-
tects it from proteolytic degradation.® The
effect of DDAVP decreases after 2-3 consecu-
tive administrations, due to depletion of stor-
age pools for VWF in the endothelium.

In patients with severe hemophilia, DDAVP
cannot be used since there is none or extreme-
ly little endogenous FVIII synthesis. Patients
with severe hemophilia A need frequent treat-
ment with FVIII concentrates. They receive
regular prophylactic treatment to prevent joint
bleedings, as recurrent joint bleeds may lead to
arthropathy, i.e. painful joint deformation with
limited function, especially located in elbows,
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knees and ankles.” By prophylactic administration of
FVIII concentrate 3-4 times per week, FVIII plasma levels
are kept above 0.01 IU/mL. This is generally sufficient to
prevent spontaneous joint hemorrhage.

Incidence of inhibitors in mild hemophilia

The most challenging complication in the treatment of
hemophilia is the formation of inhibiting antibodies
(inhibitors) directed against active parts of the FVIII pro-
tein. FVIII concentrates are no longer effective in patients
with inhibitors, as the administered FVIII is swiftly inac-
tivated (neutralized) by the circulating inhibitors.
Bypassing therapies such as recombinant FVIla
(Novoseven®, NovoNordisk) or activated prothrombin
complex concentrate (FEIBA®, Baxter) are necessary to
control bleeds in these patients, with accompanying clini-
cal challenges and financial expense. The management of
bleeding in patients with inhibitors will be discussed fur-
ther on in this article. The cumulative incidence of
inhibitor development is approximately 30% in severe
hemophilia A% and historically reported at lower inci-
dences of 3%-13% in patients with moderate or mild
hemophilia A.°12 As inhibitor development is elicited by
exposure to therapeutic FVIII concentrates, the risk
increases with every new exposure day (ED). Therefore,
the incidence of inhibitors in a specific population is
dependent on the cumulative number of EDs that these
patients have received. From studies in severe hemophilia
A, it has become clear that the risk of inhibitor develop-
ment is highest during the first 10-20 ED and decreases to
less than 1% after 50 ED."* In contrast, data on MHA
inhibitor rates have been derived from cross-sectional
studies and do not take the cumulative number of ED into
account. Moreover, information about FVIII concentrate
exposure in MHA patients is especially important as they
receive factor VIII replacement therapy on an irregular,
‘on demand’ basis and much less frequently than severe
hemophilia A patients, as their bleeding phenotypes are
milder. Some adult patients with MHA may still have had
less than 50 EDs to therapeutic factor VIII and be at risk
of developing inhibitors, in contrast to patients with severe
hemophilia who generally reach 50 ED within the first
years of life.

In order to account for EDs in the analysis of incidence
and risk factors for inhibitor development in MHA, the
INSIGHT study (International Study on etiology of
inhibitors in patients with moderate/mild hemophilia A:
influences of Immuno Genetic and Hemophilia Treatment
factors) was initiated. This observational study included
2711 moderate and MHA patients (FVIII 0.02-0.40
IU/mL) from 34 hemophilia treatment centers in Europe
and Australia who received at least one exposure to factor
VIII concentrate between 1980 and 2011. The risk of
inhibitor development was calculated adjusting for the
number of ED and appeared to be 6.7% (95%CI: 4.5-8.9)
at SOED and further increased to 13.3% (95%CI: 9.6-
17.0) at 100 ED, with greater risk for particular
genotypes.'* Thus, in contrast to severe hemophilia A, the
risk of inhibitor development in MHA does not seem to
decrease below 1% after 50 ED.

Presenting symptoms and morbidity of
inhibitors in mild hemophilia

In the first case series of 26 moderate and MHA
inhibitor patients described by Hay et al., the median age
at inhibitor development was 33 years and inhibitors were
detected after a median of 5.5 bleeding episodes.! In the
INSIGHT cohort, inhibitors developed at a median age of
37 years (interquartile range, IQR, 15-60) after a median
of 29 ED (IQR 14-70).'° An even higher median age at
inhibitor development of 66 years was reported in a recent
study of 14 MHA inhibitor patients from a single center.!”

In patients with MHA, inhibitor development may
change the clinical phenotype dramatically, as the
inhibitor frequently cross-reacts with the patient’s endoge-
nous FVIII, reducing the endogenous FVIII plasma levels
below 0.01 TU/mL. This occurred in 23 of the 26 MHA
inhibitor patients described by Hay and was associated
with spontaneous bleeding.!> The bleeding pattern was
similar to acquired hemophilia in 17 patients, often severe
and caused deaths in 2 patients due to uncontrollable GI
and retroperitoneal hemorrhage. Extensive mucocuta-
neous bleeding was common, whereas joint bleeding
occurred relatively rarely. A reduction in FVIII plasma
levels was confirmed in the unselected cohort of MHA
inhibitor patients from in the INSIGHT study. In 58 of 101
(57%) inhibitor patients, FVIII plasma level fell below
0.01 TU/mL.'* In those patients who maintain their
endogenous FVIII level despite the presence of an
inhibitor, the inhibitor seems to be exclusively directed
against the exogenous therapeutic FVIII concentrate.

What causes inhibitors in mild hemophilia?

Risk factors for inhibitor development have been exten-
sively studied in severe hemophilia A and may be environ-
mental or genetic.'®? Most studies on risk factors for
inhibitors were conducted in severe hemophilia A patients.
These studies indicated the following host-related factors
to increase the risk of inhibitor development in severe
hemophilia A: null mutations and large deletions in the F8
gene, non-Caucasian ethnicity, positive family history for
inhibitor development.!*?* Treatment-related factors
reported to increase the risk of inhibitor development in
severe hemophilia A are: intensive exposure (5 or more
EDs) to FVIII concentrates at first treatment and surgery
combined with an intensive first exposure (> 4 ED) 232527

Clinical risk factors

Relatively few studies have addressed risk factors for
inhibitor development in MHA. Most of our knowledge
on risk factors for inhibitor development in patients with
MHA is derived from small, uncontrolled observational
studies or case series. Inhibitors in patients with MHA fre-
quently arise following a period of intensive treatment
when therapeutic FVIII concentrates are given for several
consecutive days, e.g. for surgery. In the largest case series
of MHA inhibitor patients reported up to now, 16 of 26
inhibitors arose following intensive treatment.!’> In a
Canadian study, four of seven inhibitors arose within six
weeks of FVIII administration for at least six consecutive
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days.?® In a recent single center cohort study of 14 MHA
inhibitor patients, the inhibitor arose in 13 patients follow-
ing intensive treatment (at least 5 consecutive ED)."”
Similarly, in a Dutch cohort, inhibitor development was
preceded by intensive treatment with therapeutic FVIII
concentrates in 7 of 10 inhibitor patients.” The latter
cohort study included 138 MHA patients of whom 41
received perioperative FVIII replacement. Surgery as the
reason for first intensive exposure was associated with a
186-fold (95%CI: 25-1403) increased risk of inhibitor
development in the three months after the surgical proce-
dure as compared to any other 3-month period during the
observation period of the study. This extremely high rela-
tive risk is explained by the low exposure to therapeutic
factor concentrates during the time period to which the
post-operative period of three months was compared.
Patients with MHA do not need frequent therapeutic FVIII
concentrates and months may pass without any exposure
to FVIII concentrate. Thus, the analysis of clinical risk
factors in MHA inhibitor development requires a careful
methodological approach. The difference between the
groups to be compared should be carefully defined (e.g.
intensive FVIII treatment for surgery vs. FVIII treatment
for other reasons), and efforts should be made to compare
patients with a similar likelihood of developing inhibitors.
Especially the number of previous FVIII exposure days
should be as similar as possible. In a case-control study of
36 inhibitor cases and 62 controls, half of the inhibitor
cases (18 of 36; 50%) and 18% (11 of 62) of the controls
received intensive FVIII treatment (defined as 6 or more
consecutive days of FVIII replacement) during the prior
year.’® Intensive treatment in the prior year was only asso-
ciated with inhibitor development in those 30 years of age
or older (OR 12.6; 95%CI: 2.8-57.8), when multivariate
analysis was adjusted for less than 50 previous days of
FVIII, the p.Arg612Cys genotype, Caucasian ethnicity
and baseline FVIII from 0.01 to less than 0.02 IU/mL. The
association between surgery and inhibitor development
could not be further analyzed because information on sur-
gery was only available in subjects who received intensive
treatment. The authors observed an interaction between
intensive treatment and age that persisted after adjustment
for a cumulative lifetime exposure to FVIII of less than 50
days. Therefore, the authors concluded that the impact of
intensive treatment in adults does not appear to be the
result of less FVIII exposure prior to adulthood. This
seems to contrast with the findings of Mauser-Bunschoten
et al. who found in the above-mentioned cohort study of
14 MHA inhibitor patients that age at first treatment (43
vs. 6.7 years) and age at intensive treatment (53 vs. 21
years) were significantly higher in the inhibitor patients
than in the patients who did not develop an inhibitor.!” The
interesting observations of these studies should be inter-
preted with caution, as not all potential confounders may
have been addressed. The most important of these is prior
exposure to FVIII. In the study by Kempton et al., this was
accounted for by classifying patients into two categories:
those with and without a cumulative lifetime exposure to
FVIII of less than 50 days. However, this classification
does not take into account differences that may exist with-
in these groups. Both among patients with fewer than 50
ED and among patients with more than 50 ED there
remains substantial variation in the numbers of EDs and
consequently the likelihood to develop inhibitors. Ideally,
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control patients should be matched to the case patients
based on their cumulative number of EDs. Without this
matching on EDs, the study result may be confounded by
differences in exposure histories.

The effect of continuous infusion on inhibitor develop-
ment has been the subject of intense debate, as inhibitors
frequently occur following intensive treatment adminis-
tered by continuous infusion. In the Canadian study men-
tioned above, four inhibitors occurred after continuous
infusion.? In the Dutch cohort study, an adjusted RR of 13
(95%CI: 1.9-86) was calculated for the three months fol-
lowing surgery covered by continuous infusion.?
However, as stated above, this was inadvertently com-
pared to periods in which exposure to FVIII concentrates
may have been very low. In the studies by Kempton and
Mauser-Bunschoten, no significant association was found
between continuous infusion and inhibitor develop-
ment.'7 A large European cohort study analyzing a total
of 1079 continuous infusions given peri-operatively or for
major bleeds in 742 patients with severe, moderate or mild
hemophilia A, confirmed that the absolute inhibitor risk of
continuous infusion is limited, as only 9 patients (1.2%)
developed an inhibitor.?' In a cohort study of 46 consecu-
tive surgical procedures in MHA patients, of whom 57%
received continuous infusion, the inhibitor incidence was
4% (95%CI: 0.5-14.8). Both inhibitors that occurred in
this study were of low titer (< 5 BU/mL).%

Genetic risk factors

Inhibitor development in MHA is associated with a pos-
itive family history for inhibitor development, pointing at
a genetic predisposition for this. The genetic susceptibility
may be largely due to the underlying F'§ genotype. MHA
is generally caused by missense mutations of which there
are over 500 reported causative mutations on the
Haemophilia A database (http://hadb.org.uk/).3* Missense
mutations confer a low risk of inhibitor development in
comparison to null mutations or large deletions of the F§
gene, which are associated with a complete absence of
FVIII protein. In patients with missense mutations, the
presence of circulating endogenous, albeit aberrant FVIII
protein maintains a state of immunological tolerance
towards FVIIIL. In contrast, in patients without any circu-
lating endogenous F VIII, the complete therapeutic FVIII
protein that is administered will be seen as ‘foreign’ by the
immune system. However, there are certain missense
mutations that predispose to inhibitor development in
MHA. An overview of reported associations between spe-
cific missense mutations and inhibitor development is
available from the Haemophilia A Mutation Structure, Test
and Resource Site (HAMSTeRs) database??
(http://hadb.org.uk/) or on the CDC Hemophilia A
Mutation Project (CHAMP) database (http://www.
cdc.gov/ncbddd/hemophilia/champs.html).>*  Missense
mutations associated with inhibitor development are clus-
tered in the A2 domain and the C1-C2 domains. Mutations
in the C1-C2 domains may lead to changes in the 3-dimen-
sional structure of FVIII, influencing binding to VWF and
phospholipid membranes. The change in 3-dimensional
structure may also affect the antigenic characteristics of
the endogenous FVIII protein. Specific missense muta-
tions that are associated with inhibitors in MHA are:
p-Arg612Cys, p-Tyr2124Cys, p.-Arg2169Cys,
p-Trp2248Cys, p.Pro2319Leu.”” Amino acid numbering
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for point mutations is given in the format recommended
by the Human Genome Variation Society, HGVS
(http://www.hgvs.org), as this format is now recognized as
the standard way to report mutations. HGVS universally
uses the first A of the initiation ATG codon to start amino
acid numbering; however, most original FVIII studies
started numbering from the beginning of the mature
processed protein. To convert to the classical-type num-
bering found in the literature, subtract 19 from the HGVS
number (e.g. p.Arg612Cys used to be referred to as
Arg593Cys).» Not only does the position of the missense
mutation determine inhibitor risk, but the risk is also influ-
enced by the type of substitution. Amino acids can be
divided into 4 classes according to their chemico-physical
properties: small/hydrophobic, neutral, acidic and basic. A
recent study in 36 inhibitors that occurred in 720 patients
with missense mutations (46% mild and 22% moderate
hemophilia A) found that the risk of inhibitor formation is
significantly higher if the substituted amino acid in FVIII
belongs to another physical-chemical class than the origi-
nal residue.*

Immunological characteristics of antibody
formation in MHA patients

In patients with severe hemophilia, the characteristics of
inhibitory  antibodies have been  extensively
characterized.”’* Immuno-dominant B-cell epitopes are
located in specific regions of the FVIII protein: the A2
domain, A3 and C2 domain.***? In contrast to patients with
severe hemophilia A, the epitopes of inhibitory antibodies
in patients with MHA may also be associated with the mis-
sense mutation underlying MHA. An early study by
Santagostino and co-workers reported a discrepant
response to DDAVP and therapeutic FVIII concentrate in
2 MHA patients carrying the p.Arg2169His mutation.*?
Despite the presence of the inhibitor, a rise in endogenous
FVIII was observed after DDAVP administration, whereas
plasma FVIII levels did not increase in response to infused
therapeutic FVIII concentrate. This suggested that anti-
FVIII antibodies bound to infused wild-type FVIIIL, but not
to the patient’s endogenously synthesized FVIII.
Characterization of anti-FVIII antibodies in a patient with
the missense mutation p.Arg612Cys, located in the A2
domain, unambiguously demonstrated this phenomenon:
anti-FVIII antibodies bound specifically to wild-type
recombinant A2 domain, but not to a recombinant A2
domain containing the p.Arg612Cys substitution.*
Similarly, anti-FVIII antibodies from patients with the
p.Arg2169His mutation were shown to bind exclusively to
wild-type p.Arg2169-FVIII and not to p.His2169-
FVIII.*##¢ Together these findings support the concept that
the immunological response to FVIII in MHA is linked to
the underlying F§ missense mutation.

The immunological knowledge on the development of
tolerance to endogenous or ‘self’ proteins provides an
explanation for the differential response to wild-type and
endogenous FVIII in MHA patients with inhibitors. CD4+
T-cell responses play a central role in the regulation of the
immune response through their ability to support the gen-
eration of B cells producing high affinity antibodies. The
repertoire of circulating T cells is shaped by positive and
negative selection in the thymus.*” Positive selection

processes control the propensity of T cells to recognize
foreign antigen-derived peptides in the context of MHC
class I or II. Negative selection ensures that T cells that
bind with high affinity to peptides derived from self-anti-
gens are efficiently eliminated in the thymus. 7 In severe
hemophilia A, potential FVIII-reactive CD4* T cells are
not efficiently eliminated due to the absence of FVIIL.
Exposure to FVIII concentrate may then readily elicit
CD4+ T-cell responses, explaining the high frequency of
FVIII inhibitors in patients with severe hemophilia A. In
contrast, in patients with MHA, the endogenously
expressed aberrant FVIII protein is expected to promote
elimination of potential FVIII-reactive CD4* T cells. This
tolerance is only established for peptides derived from the
endogenously expressed FVIII protein and not for
sequence-mismatched wild-type FVIIIL. Therefore, CD4*
T-cell responses directed towards peptides that do not con-
tain the amino acid substitutions dictated by the underly-
ing missense mutation will provoke an immune response
after exposure to infused ‘wild-type’ FVIIL. The proof of
this concept was demonstrated in a pioneering study by
Jacquemin and co-workers.* From an MHA inhibitor
patient with the p.Arg2169His substitution, they isolated
three FVIII specific CD4+ T-cell clones that were directed
towards a synthetic peptide encompassing p.Arg2169.
Thus, a CD4+ T-cell response directed towards a single
amino acid mismatch with endogenously expressed FVIII
can provoke a CD4+ T-cell response in patients with MHA.
Subsequent analyses of CD4+ T-cell responses in patients
with p.Arg612Cys and p.Ala2220Pro substitutions have
confirmed that CD4+ T-cell responses in MHA patients are
directed towards wild-type factor VIII-derived peptides
containing a single amino acid mismatch with endoge-
nously expressed FVIII (Figure 1).4%-!

Interestingly, synthetic p.Arg612, p.Arg2169 and
p-Ala2220-containing peptides can bind to multiple MHC
class IT molecules,**5! suggesting that inhibitor develop-
ment in mild hemophilia A is not strictly dependent on
HLA class II profile. Indeed, a study in a small group of
patients with the p.Arg612Cys mutation did not yield a
clear association with a particular MHC class II allele.®
Future studies using large numbers of patients are needed
to further substantiate these findings but our current data
suggest that at least for patients with the p.Arg612Cys,
p-Arg2169His and p.Ala2220Pro mutations inhibitor for-
mation is unlikely to be strongly linked to HLA class II
profile.

Further studies are needed to obtain greater insight into
genetic risk factors and immunological mechanisms lead-
ing to inhibitor development in MHA. The following crit-
ical questions need to be addressed. Which specific F§
missense mutations predispose to inhibitor development?
By what mechanism do patients with these missense muta-
tions confer an increased susceptibility for inhibitor devel-
opment? Why does a minority of patients develop antibod-
ies that do not cross-react with their endogenous FVIII?
Further analyses need to confirm whether restricted CD4+
T-cell responses to mismatched FVIII are a common path-
ogenic mechanism for inhibitor formation in MHA.

Prevention of inhibitors

Treatment intent in MHA should primarily aim at secur-
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ing hemostasis and, secondly, at minimizing risk of
inhibitor formation if possible. The majority of treatment
episodes are likely to be ‘on demand’ in response to trau-
ma or for a surgical procedure. In addition to the type of
injury or surgery, the personal and family history of the
patient should be taken into account when the treatment
regimen is decided on. Particular information is needed on
previous treatment episodes, follow up and timing of
inhibitor screening, and any personal or family history of
inhibitor detection. Knowledge of the causative F§ geno-
type is of increasing interest to pre-emptively identify
those patients with a mutation that carries an increased
inhibitor risk. The recent UKHCDO inhibitor guidelines
advise clinicians to consult existing databases in order to
check if a specific F8 genotype has been reported to be
associated with an inhibitors.?! Recommended frequency
of inhibitor testing is annual in MHA (if they have been
exposed to FVIII), after intensive exposure (>5 EDs), or
after surgery. Patients with MHA and a F§ genotype with

Elimination of self-reactive T
cells in the thymus

Apoptosis .“l.
5 -

FVIIl-p.Cys612

MHAFVIII
(endogenous)

FVIII peptide containing p.Cys612
ENIQCFLNPNPAGVQLEDPEF

Stockholm, Sweden, June 13-16, 2013

high inhibitor prevalence and/or a family history of
inhibitors should undergo inhibitor testing after all expo-
sures.

In the context of significant trauma or major surgery, par-
ticularly involving the head, the decision to treat with FVIII
concentrate is uncontroversial in the context of a patient
without an inhibitor history, regardless of family history of
inhibitors or F'8 genotype. Vigilance is required, however,
for a re-emerging (but previously missed) or de novo
inhibitor, both during the treatment and in a ‘convalescent’
inhibitor screen a number of weeks post exposure.
Prevention of inhibitor development assumes greater signif-
icance in the context of a mild injury or minor surgical
episode in which hemostatic compromise would be neither
life nor limb threatening. As such, treatment with DDAVP
should always be considered, with tranexamic acid used as
an adjunct (except in the context of urogenital bleeding). By
maximizing the availability of endogenous FVIII without
exposure to allogeneic therapeutic FVIII concentrates,

T-cell response to mismatched
FVIILin MHA

Proliferation
Immune
response

FVIIl product
(exogenous)

FVIII peptide containing p.Argb12
| ENIQRFLNPNPAGVQLEDPEF

Figure 1. T-cell responses to mismatched FVIII in MHA. (A) T cells that bind with high affinity to peptides derived of self-
antigens are efficiently eliminated in the thymus. Peptides derived from endogenously expressed FVIII in patients with
MHA are presented on MHC class Il on the surface of thymic epithelial cells (TEC). T cells that bind with high affinity to
the presented peptides undergo apoptosis and are eliminated from the T-cell repertoire. MHA patients carrying an
p.Arg612Cys substitution can present a p.Cys612 containing peptide (indicated in green) on MHC class Il. T cells reactive
with this peptide are eliminated from the repertoire. (B) Following treatment, peptides derived from the infused exoge-
nous FVIII are presented on the surface of antigen presenting cells (APC). Peptides harboring p.Arg612 (indicated in red)
can be recognized by CD4* T cells that specifically recognize this p.Arg612 containing peptide in the context of MHC class
Il. Subsequent T-cell proliferation provides the initial event in the development of an immune response. The sequence of
the two peptides is shown below the panels. MHC class Il binding motifs are depicted in bold. The left peptide is derived
from endogenous FVIII and contains an Cys at position 612 (indicated in green). The right peptide is derived from infused
therapeutic FVIIl and contains an Arg at position 612 (indicated in red). A single mismatch between these peptides
Lesylts in CD4I'£-9ceII response to the red peptide that originates from infused FVIII. This figure is based on data reported
y James et al.
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DDAVP carries no risk of inhibitor formation. Other hemo-
static adjuncts, e.g. fibrin glue, topical tranexamic acid,
vasoconstrictive local anesthetic agents and fine bore nee-
dles in dental work should also enhance a conservative
approach when appropriate, further minimizing FVIII con-
centrate exposure. In case of musculoskeletal injury, protec-
tion, rest, ice, compression and elevation (PRICE) maneu-
vers should be re-emphasized to the patient as these con-
tribute to optimal recovery, whilst minimizing FVIII con-
centrate use.

How are bleeds in inhibitor patients treated?

Once inhibitory antibodies are detected, treatment can
be challenging depending on the personal circumstances
of the patient, inhibitor titer and whether the inhibitor
cross-reacts with endogenous FVIIL. In general, bleeding
episodes in inhibitor patients can be prevented or treated
with FVIII bypassing agents, such as recombinant FVIla
(Novoseven®) or activated prothrombin complex concen-
trate (FEIBA®). A recent randomized cross-over trial in 26
inhibitor patients with severe hemophilia A demonstrated
a 61% reduction in hemarthrosis during prophylactic treat-
ment with activated prothrombin complex as compared
with ‘on demand’ therapy.>

Detection of an inhibitor within an ongoing treatment
episode with hemostatic requirement will either need esca-
lation of FVIII concentrate dosing and frequency to over-
come the inhibitory activity in the case of a low titer
inhibitor or conversion to conventional bypassing agent
treatment for higher titer antibodies. The former strategy
risks provoking an anamnestic response and eliciting a
cross-reacting antibody that compromises the patient’s
endogenous baseline FVIII level with a worsening bleed-
ing phenotype that may then persist. For new bleeding
episodes in MHA inhibitor patients, bypassing agents are
the first choice for significant trauma or major surgery.

More challenging is the situation when hemostatic treat-
ment is needed for significant trauma or major surgery in
an individual with a history of an inhibitor that has
become undetectable since the last treatment episode. If
time allows, the patient should be counseled about the
risks of the various therapeutic options. Indeed, if major
surgery is truly elective, one such option would be not to
proceed with the surgery at all. In an emergency situation,
FVIII concentrate may be used for major bleeding for its
optimal efficacy during the window of opportunity of no
detectable inhibitory activity. In that case, surveillance for
re-emergence of the inhibitor should be robust with a low
threshold for change to bypassing agents. For mild trauma
or minor surgery in MHA inhibitor patients that have cir-
culating endogenous FVIII levels, desmopressin
(DDAVP) is an important treatment option. The treatment
decision becomes more complex in the aging individual
with emergent co-morbidities (e.g. cardiac) and a past his-
tory but currently undetectable inhibitor (particularly if
there had been cross-reactive anti-FVIII activity). Each
scenario that might require hemostatic cover then needs
careful assessment of the necessity for treatment at all, the
likely intensity of required treatment, the likelihood of
more intense treatment being required if immediate treat-
ment is avoided (e.g. dental complications), and the poten-
tial risks of either re-challenge with FVIII concentrate, or

use of DDAVP or a bypassing agent.

The complexities of treating aging MHA inhibitor
patients exemplify the need to maintain regular contact
with all individuals with hemophilia, regardless of severi-
ty. The annual review is an important opportunity to pro-
vide educational reminders that might change behavior to
minimize future bleed risk or prevent avoidable surgical
interventions e.g. optimizing primary dental care, avoid-
ance of aspirin and non-steroid anti-inflammatory drugs
(NSAIDs), counseling adolescents about avoidance of
violence/moderation of high-risk activities, cardiovascular
risk stratification in the middle-aged and risk reduction
strategies including smoking cessation and weight reduc-
tion measures.

Inhibitor eradication

In contrast to the recently published International
immune tolerance induction (ITI) data for severe hemo-
philia A >* there is a recognized lack of equivalent data to
support any evidence-based guidance in MHA .3 In
MHA patients, avoidance of FVIII concentrate will often
allow the inhibitor titer to decline. However, tolerance is
not likely and re-exposure to FVIII concentrates will often
result in a return of the inhibitor.

Small ITT case series reporting high-risk MHA patients
with severe bleeding suggest traditional ITI regimens used
in severe HA are less efficacious in mild HA, with a less
than 30% ‘success’ rate.!>1757 In the recently reported,
largest single-center experience,'”” only a minority of
patients (3 of 14) with inhibitors actually proceeded to
attempt I'TI eradication, with only one reported success. A
single patient was treated with rituximab alone with suc-
cess, although the authors do not confirm that he was suc-
cessfully re-challenged with FVIII without anamnesis
occurring. Of the remaining 10 patients, 3 died of unrelat-
ed causes and the remaining 7 all experienced anamnesis.

Further case reports of rituximab use alone have been
reported®>? and a literature review® suggests higher than
expected success rates (12 of 16, 75%) with rituximab
either alone or with/after other immunomodulatory thera-
py. This figure should be treated with caution as there may
be reporting bias of successful cases and there is no analy-
sis of the number of cases re-challenged with FVIII to
establish true tolerance. However, it does illustrate an
important difference between MHA and severe hemophil-
ia A. This was recently supported by the case series of 36
MHA inhibitor patients reported by Kempton.®® The
inhibitor persisted in 11 patients and 8 subjects cleared the
inhibitor spontaneously. The other 17 subjects cleared
their inhibitor following eradication treatment. Rituximab
alone (n=6) and other immunomodulating treatments
alone (n=2) were associated with an increased likelihood
of inhibitor clearance (adjusted HR 4.4; 95%CI: 1.06-
20.03 and 10.21; 95%CI: 1.17-78.28), whereas ITI alone
(n=9) was not (adjusted HR 1.35; 95%CI: 0.44-4.07) in a
multivariate analysis adjusted for race, age, base-line
FVIII and inhibitor peak titer. Unfortunately, it is not clear
how many of the patients that were classified as ‘inhibitor
clearance’ withstood a re-challenge with FVIIIL.
Preliminary results from a French-Belgium study suggest
that immune tolerance induction could be more effective
than no specific treatment or immunomodulating drugs in
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preventing further risk of anamnesis.’

In the face of a reduced baseline FVIII and severe bleed-
ing phenotype, it is an acceptable and clinically important
goal in MHA to reduce the antibody titer more rapidly
than might occur naturally, as re-achieving baseline FVIII
levels mitigates the bleeding phenotype without recourse
to treatment with a bypassing agent or prophylaxis.
Importantly, unless re-challenged with FVIII, investiga-
tors should avoid denoting cases as ‘complete remissions’
or ‘successful tolerization’ as is often the case in the liter-
ature. Equally, perceived ‘spontaneous disappearance’ of
antibody should not necessarily be reassuring to the clini-
cian. A high proportion experience anamnesis upon re-
challenge'>'7 and, as alluded to, ‘spontaneous disappear-
ance’ of antibody coincident with an attempt to tolerize an
individual, e.g. with immunosuppression, may lead to the
potentially false assumption of success or tolerization.
Other case reports describe use of other immunosuppres-
sive regimens used in acquired hemophilia A .6>64

In conclusion, in contrast to severe hemophilia A, many
patients with MHA will have a lifelong risk of new
inhibitor formation, with life changing consequences to
the patients in whom they occur, adding a substantial risk
of morbidity and mortality. This lifelong risk requires life-
long vigilance by the hemophilia team to minimize risk of
inhibitor formation and to ensure early detection to opti-
mize subsequent management. Further understanding of
the causative missense F8 mutations and underlying
immunological processes will help personalize inhibitor-
risk prediction. In high-risk patients who need surgery or
intensive treatment, alternative treatment options such as
DDAVP or bypassing agents may be considered.
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Immune tolerance induction: current status

A B S T R A C T

Factor VIII or IX inhibitors render patients with hemophilia A and B resistant to conventional
replacement therapy and therefore cause considerable morbidity and increase treatment cost. All such
patients should be considered for some form of immune tolerance (ITI) regimen to attempt inhibitor
eradication. Established predictors of successful ITl include severe hemophilia A, peak historical
inhibitor titer less than 200 and starting titer less than 10 BU/mL, young age at the start of [Tl and
minimum delay in starting ITl. Interruption in ITl and infection reduce the chance of achieving toler-
ance, especially in poor risk patients. Tolerance is defined by restoration of the patient's normal factor
VIII pharmacokinetics. Since this will usually be unknown, population norms and high-sensitivity
inhibitor assay tests must be used.High-dose ITl is associated with reduced intercurrent bleeding and
may achieve tolerance more rapidly compared with low-dose ITl, but has not been shown to have a
superior ITl response-rate, except perhaps in poor risk patients. There is no conclusive evidence that
the response to ITl is affected by the type of factor VIII concentrate used. Immunosuppression has a
very limited place in rescue therapy for patients with severe hemophilia failing to respond to ITI.
Immunosuppression may be more helpful as part of an ITI regimen for patients with mild or moderate
severity hemophilia A and in hemophilia B, groups that have a very disappointing response to conven-

tional ITI.

Learning goals

At the end of this activity, the participant will be able to:
- identify patients suitable for immune tolerance induction (ITl);

- evaluate the likelihood of successful ITl;

- know how to select the most appropriate regimen of ITl;
- know how to conduct ITI and monitor response to treatment;

- manage the morbidity associated with ITI.

Introduction

Factor VIII or IX inhibitors are now the
commonest treatment-related complication of
hemophilia. Given the therapeutic limitations
of the hemostatic treatment options for
patients with persistent inhibitors, and the
increased morbidity and treatment cost associ-
ated with persistent inhibitors, inhibitor elimi-
nation through immune tolerance induction is
the ideal solution for many inhibitor patients.
Although described first over 30 years ago,!
and widely practiced since, our knowledge of
immune tolerance induction (ITI) is largely
derived from case histories, single center case
series>” and retrospective registries.®!!
Commonly used regimens are summarized in
Table 1. Due to the rarity of the condition and
prohibitive logistical difficulties involved,
only a single randomized study of ITI has been
published.”? This International Immune toler-
ance Study (I-ITI study) was a randomized
controlled comparison of high (200
IU/kg/day) and low-dose ITI (50 IU/kg/day).
These studies have identified what are proba-

bly the most important host factors affecting
the outcome of ITI. Treatment factors are still
hotly debated however, and the optimal
approach to ITI is unresolved,

The conduct and outcome of ITI

Immune tolerance induction for factor VIII
inhibitors is generally conducted by the admin-
istration of factor VIII regularly in doses rang-
ing from 50 IU/kg three times weekly to 100
IU/kg administered twice daily (Table 1)
Progress of ITI is monitored by checking the
inhibitor titer monthly until the titer has fallen
below the level of detection and then checking
factor VIII recovery until this has normalized
(>66%), and then confirming tolerance by
demonstrating a normal factor VIII half-life
(>7 h) after a 3-day washout.'>!*1¢ An alterna-
tive, pragmatic equivalent of a more than 7 h
half-life has recently been proposed, which is
a measurable FVIII trough level 48 h after
administration of standard prophylaxis (20-50
IU/kg).'® The attraction of such an approach is
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that it avoids the need for difficult pharmacokinetic (PK)
studies in very small children.

Normal half-life (taken as =7h) is considered an indica-
tor of tolerance because, up to now, it has been the most
sensitive indicator available. This end point has serious
limitations, however, since 7 h is the lower limit of the
normal range in a pediatric population rather than the indi-
vidual’s normal half-life, which is generally unknown.
Normal factor VIII half-life varies considerably between
individuals!”!® so that a patient considered tolerant with a
half-life of 7 h may still have a persistent low-level
inhibitor and a normal half-life significantly in excess of 7
h. This suspicion derives support from the ITI study, in
which it has been shown that at least 4 patients with a fac-
tor VIII half-life of more than 7 h had persisting inhibitors
measured using a low titer inhibitor assay with a sensitiv-
ity of 0.04 BU/mL (M Dardikh et al., submitted manu-
script, 2013)." Furthermore, patients with a past inhibitor
history, but thought to be inhibitor free, use significantly
more (P=0.005) factor VIII than patients with no such his-
tory implying that low level residual inhibitor activity may
commonly persist following IT1.2° This low level inhibitor
activity may be abolished by prolonged ITI or by regular
prophylaxis with doses of factor VIII similar to those
employed in low-dose ITL.* It is not known whether
patients with residual low level inhibitor activity are more
prone to frank relapse. A proportion of patients will suffer
obvious relapse with recurrence of an inhibitor measurable
using the Bethesda assay and loss of clinical responsive-
ness to factor VIII. Estimates of the risk of relapse follow-
ing ITI vary, depending on the length of follow up and the
definitions used. Mariani reported gross relapse following
ITI in 15% after 25 years follow up'® and DiMichele
reported 12% relapse after eight months.!! The I-ITI study
reported 8% relapse within 12 months, using a sensitive
pharmacokinetic definition of success but none of these
patients had gross relapse with loss of responsiveness to
factor VIIL."?> Most patients achieve normal PK within 6-
12 months though a minority may take 1-3 years or more.>
49-11 The International ITI Study, however, found that, in
good risk patients, the median time on ITI in the low-dose
arm was 164 months and in the high-dose arm 14.2
months."? Response rates to ITI have been variously
reported at 50-90% and depend on patient selection, the
end points used, and whether an intention to treat analysis
is used.>!? The use of intenion to treat analysis will result
in lower reported response rates will tend to have lower
response rates because they include patients who stopped
early for logistical reasons and could be judged not to have
had a fair trial of therapy. The omission of such patients
from many reports amounts to reporting bias. Although
not immunological failures, these patients are therapeutic
failures and should always be included. ITI is demanding
and may be discontinued because of line infection, loss of
venous access, lack of commitment, and a host of reasons
not directly related to poor clinical response. The immuno-
logical response is determined by a number of host and
treatment factors and these are described below.

Host factors and the outcome of ITI

Factors that potentially affect the outcome of ITI are

listed in Table 2. The starting inhibitor titer is the most
powerful predictor of ITI success.!®!12122 These include:
patient age at the start of ITI, peak historical inhibitor titer,
titre at the start of ITI and peak titer after starting ITI, eth-
nic origin, and factor VIII genotype.?

Inhibitor titer

Both the North American and International Immune
Tolerance registries identified a starting inhibitor titer less
than 10 Bu/mL as the most powerful predictor of success-
ful ITL.''12 Peak historical titer, reflecting the strength of
the secondary immune response to factor VIII, also corre-
lated with success, though less powerfully.!”!! Based on
these data and a meta-analysis of the two registries, good
risk patients are commonly defined as having an inhibitor
titer of more than 10 BU/mL at the start of ITI and a his-
toric peak titer of less than 200 BU/mL.!>22# The peak

Table 1. Commonly used ITI protocols.

Protocol Terapeutic regimen

Phase 1:

VIII:C 100 1U/Kg twice daily.

FEIBA 100 1U/Kg twice daily.

Until the inhibitor is undetectable by the Bethesda method.
Phase 2:

VIII:C 100 1U/kg twice daily.

Tail off over 3 months when VIl half-life is normal.

Bonn'#

Van Creveld? VIIIC 25-50 IU/kg twice daily for 1-2 weeks.

VIIIC 25-50 1U/kg every 2™ day or 3 times/week until tolerant.

Other variants™%t  VIIIC 100-200 1U/kg once daily is commonly used.

Malmg® Neutralizing continuous infusion of VIII:C to maintain 0.3 [U/mL
VIIIC for 10-14 days.

Cyclophosphamide 12-15 mg/kg iv on Days 1 and 2.
Cyclophosphamide 2-3 mg/kg orally on Days 3-10.

[V immunoglobulin 2.5-5¢ on Day 1 and 0.4 g/kg/day on days
4 and 5.

Protein A adsorption if the inhibitor titer is >10 BU/mL

before the start of treatment to reduce to <10 BU/mL.

Table 2. Determinants of successful ITI.

Host factors Treatment factors

Historical peak inhibitor titer. >b years delay starting [Tl

Inhibitor titer at start of ITI. Interruption of ITl

Peak inhibitor titer on ITI. Dose of VIIl/IX
Age at start of ITI. CVAD infection
Hemophilia A or B. Type of concentrate?

Hemophilia A severity.

Ethnicity?

Factor VIII genotype?
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inhibitor titer after starting immune tolerance correlated
more strongly than historical titer both in data from the
North American Immune Tolerance registry and the
International Immune Tolerance Study (I-ITT study).!-'
Indeed, patients who are super-high responders (inhibitor
rises rapidly to >500 BU/mL after starting ITI) usually
have a poor outcome.!!\!? It has, therefore, been argued that
ITI can be abandoned in such patients after 6-9 months
and rescue therapy considered unless there is evidence of
a significant ongoing decline in inhibitor titer.!>16

Ethnic origin, factor VIl genotype and patient age
Although ethnic origin has a very significant influence
on the risk of developing an inhibitor, no convincing evi-
dence has so far emerged that it influences the outcome of
ITI. Attempts to investigate this have been hampered by
low subject numbers and so the possibility that ethnicity
may affect the outcome of ITI cannot be excluded.!®122324
The effect of factor VIII genotype on the outcome of ITI
has been investigated in the PROFIT study.> A higher suc-
cess rate of 81% was observed amongst 16 of 86 high
responders with low inhibitor risk mutations when com-
pared with the 47% success rate observed in the 70 of 86
subjects with a high inhibitor risk mutation (P=0.01).
Older patients are less successfully tolerized.?3:10:11.26
This is probably partly because delay in starting I'TI has an
adverse effect on the outcome of ITI>*!' but is also
because inhibitors arising later in life may be more diffi-
cult to tolerize, however quickly ITI is started.>?® For most
patients presenting with inhibitors early in life, this is no
longer a practical problem. The universal use of prophy-
laxis causes inhibitors to present very early in life and ITI
is generally considered immediately. Even after deferring
the start of ITT until the inhibitor titer had fallen below 10
BU/mL, the average age at which ITI started in the I-ITI
study was 24 months.'? For that reason, we were unable to
demonstrate an effect of age on outcome in the very
restricted age group recruited to the I-ITI study.”?

Treatment factors and the outcome of ITI

Immediate or deferred start to ITI?

Opinion is divided on whether ITI should start as soon
as the inhibitor is detected or whether it should be deferred
until the titer has fallen below 10 BU/mL. Many clinicians
start immediately because they argue that this avoids a fur-
ther anamnestic increase in inhibitor and minimizes the
risk of morbidity whilst waiting to start ITI. Anamnesis
can be avoided, however, by the use of recombinant acti-
vator factor VII (NovoSeven, Novo Nordisk, Denmark) to
treat bleeding whilst waiting to start ITL.'*'¢ They also
argue that a delayed start may adversely affect the out-
come of ITI. This seems unlikely, however, since the
response to ITI did not decline for five years from the time
of diagnosis in the NAITR!! and it took a median of only
five months from inhibitor diagnosis for the titer to decline
to less than 10 BU/mL in the I-ITI study."

However, a starting titer less than 10 BU is the most
powerful predictor of a good outcome and deliberately
deferring the start of ITI until the titer has fallen to this
level may improve the outcome. Certainly, case-series
where ITI was deferred until the inhibitor has fallen below
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10 BU/mL report very high success-rates®” and ITI does
not usually have to be deferred for very long. This hypoth-
esis has not been tested in a clinical trial, however, and so,
although deferring the start of ITI is recommended by
some, there is no consensus.!?'¢ Inhibitors that fail to fall
to less than 10 BU/mL over 12-24 months have usually
been observed to respond poorly to ITI.

The ITI regimen

The choice of ITI regimen remains problematic.
Common regimens are summarized in Table 1.

Patients with very low titer inhibitors peaking at less
than 5 BU/mL are usually successfully tolerized using
low-dose regimens (50 IU/kg three times weekly.!®?” Even
very low titer inhibitors should be eliminated by ITI, if
possible, since they may prevent effective prophylaxis and
be associated with increased morbidity and treatment cost
even if the patient remains responsive to factor VIII to
some degree.

At the other extreme, the IITR and NAITR and various
case-series suggest that poor-risk patients (peak titer >200,
starting titer >10 BU/mL) are best tolerized using a high-
dose regimen .>#10-1121.22.28 Hjgh level high-responders have
a lower overall response rate but appear to respond better
to high-dose ITI using doses of 100-200 [U/kg/day.

Meta-analysis of these registries suggested, and the I-
ITI study showed, that high-dose and low-dose (50 IU/Kg
3 times/week) regimens are equally effective in inducing
tolerance in good risk patients.>!*!228 By implication,
therefore, 200 IU/Kg/day and the commonly used 100
IU/kg/day can assumed to be equally efficacious for
inducing tolerance in good risk patients.'>!3

Low-dose ITI (50 IU/kg three times/week) takes longer
to achieve a negative Bethesda titer'!'? and slightly longer
overall to achieve tolerance than high-dose regimens (200
IU/kg/day). Low-dose ITI was also associated with more
intercurrent bleeding than high-dose ITI (Odds Ratio 2.2;
P=0.0019). Eighty-five percent of bleeds occurred in the
early phase of ITI, before the Bethesda titer became nega-
tive. There were 72 hospitalizations for bleeding in the
low-dose arm and 39 in the high-dose arm. Almost one-
third of subjects remained bleed-free throughout ITT (8 of
58 low-dose and 21 of 57 high-dose).'> There was a sug-
gestion that low-dose patients may have developed more
arthropathy as a consequence of their relative excess of
intercurrent bleeding on ITI, since their bleed rate was still
greater than high-dose patients even after they had become
tolerant and when patients in both arms were using the
same regimen of prophylaxis.'?

Developing countries with limited resources have
derived reassurance that low-dose and high-dose ITI
appear to be equally effective in inducing tolerance and
have adopted low-dose therapy. Where resources are less
limited, clinicians have tended to opt for high-dose ITI to
minimize intercurrent bleeding. Although high-dose ITT is
associated with less morbidity, the difference is not dra-
matic and high-dose may not be very cost-efficient. A pre-
liminary pharmaco-economic analysis of the I-ITI study
shows a median of 6 bleeds in high-dose versus12 in low-
dose patients and estimated a cost of more than £100,000
per averted bleed using the high-dose regimen. Overall,
high-dose ITI costs four times as much per ITI success
than low-dose ITI. The bleeding phenotype varies between
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patients, with bleed-free patients in both treatment arms.
Furthermore, 85% of bleeding occurred in the first phase
of ITI, before the Bethesda titer became negative. Perhaps
the optimal regimen is that tailored to the patient and the
natural history of ITI itself.

The choice of FVIII

Uncontrolled data have been used to suggest that toler-
ance may be more readily achieved using low-purity
pdFVIII than with rFVIII.22?°30 Kreuz observed that 6
patients regarded as failing to respond to ITI using rFVIII
responded when changed to intermediate-purity plasma
derived concentrate rich in von Willebrand factor.??> This
group also reported a far lower (29%) response to high-
purity factor VIII concentrate when compared with the
91% success rate observed in a historical group treated
with intermediate purity plasma derived factor VIII.
Gringeri also reported a surprisingly good response-rate
amongst a series of poor risk patients treated with von
Willebrand containing concentrate.*® Neither the II'TR nor
the NAITR could corroborate this observation, due to the
skewed distribution of products used in the reported
patients,!!! though data from the NAITR appeared to
show greater success using monoclonally purified factor
VIII than observed with rEVIIL.3!' Other case series using a
variety of products report much higher ITI success-rates
amongst patients using high purity products than those
reported by the Frankfurt group and success rates for ITI
apparently unaffected by product type.>36731-3 Although
the I-ITI study showed no difference in ITI success rate
between patients using plasma-derived or recombinant
factor VIII, this study was underpowered for this compar-
ison and most patients using pdFVIII were also using high
purity products.'? A randomized comparison of the effica-
cy of high-dose pdFVIII or rFVIII for ITI in poor risk
patients is in progress.** However, product choice was left
to the discretion of the managing clinician in the I-ITI
study and 102 of 115 randomized patients used recombi-
nant products.'? Clearly, the current consensus is that first-
line ITI should be conducted using rFVIII usually with the
product used by the patient at the time of inhibitor devel-
opment, unless as part of a clinical trial.

Venous access

A central venous access device (CVAD) is commonly
inserted to facilitate ITI though the frequency with which
CVADs are used varies from country to country. Some
authorities attempt to avoid the use of CVADs during ITI
to minimize the risk of infection. CVAD infection is sig-
nificantly more common in inhibitor than non-inhibitor
patients (RR3.5; P=0.00).% Infection has been observed to
have a very marked adverse affect on the outcome of ITI,
especially in poor risk patients. The I-ITI study observed
that, in good risk patients, infection or CVAD placement
had no effect on either the proportion achieving tolerance
or the time taken to achieve tolerance.”> Implantable
CVADs are significantly less likely to become infected
during ITI than external lines such as Hickman or Broviac
catheter.'?3 Careful attention to the details of optimal line
management are important to minimize the risk of infec-
tion.*® An alternative approach to facilitate venous access,
which is largely free from the risk of infection, is the sur-

gical creation of an arteriovenous fistula.’” Very careful
attention to surgical detail and deliberate restriction of the
flow rate through the fistula is required, however, if
increased growth of the limb used for the fistula is to be
avoided.”’

Dose adjustment during ITI

Most published ITI regimens, with occasional excep-
tions,” maintain the same dose of FVIII until the patient is
considered tolerant. Dose tailoring, however, has been
used on an empirical basis by some clinicians, and the pat-
tern of response and morbidity in the I-ITI study suggests
a dose tailoring regimen that may be suitable for further
study. High-dose ITI is associated with a statistically sig-
nificant reduction in bleeding only in the early phase of
ITI, following which factor VIII dose could be reduced
without seriously affecting the rate of intercurrent bleed-
ing.!? Furthermore; although high-dose patients achieve a
negative Bethesda titer three times faster than low-dose,
the time taken to achieve the subsequent milestones of
normal recovery and half-life were similar.!> This implies
that it may be possible, having started with high-dose ITI,
to reduce the dose of FVIII during the course of ITI with-
out affecting the time taken to achieve tolerance. This may
be associated with a risk that some patients may lose
ground when the dose is reduced. This risk may be higher
in poor risk patients, since these patients are more depend-
ent on high-dose therapy than good risk patients to achieve
successful ITI. It is planned to investigate this approach
further in the UK.!¢

It is important to avoid interruption to ITI because inter-
ruptions of a few weeks to several months markedly
reduce the likelihood of successful ITI.

Inadequate response to ITI, failed first-line therapy and
relapse

If first-line therapy is considered not to be effective or to
have failed, the strategy should be reviewed without inter-
rupting ITI. Options to be considered include abandoning
ITI, increasing the dose of FVIII to 200 IU/kg/day, chang-
ing to a pdFVIII of high VWF content, adding immuno-
suppression or both. pdFVIII with a high VWF content has
been associated with anecdotal reports of success and the
risks associated with the presence of a long-term inhibitor
are likely to outweigh the very small potential risk of
transfusion-transmitted disease. Rituximab has also been
used in patients who have failed conventional ITI, but with
mixed responses.*** A consecutive cohort of 15 patients
treated with rituximab as rescue therapy demonstrated that
it probably can be used in combination with standard ITI
regimens. Few (14%) achieved a complete and stable
remission with rituximab alone but 58% of those treated
with rituximab combined with FVIII obtained at least a
stable partial response.** A systematic review from
Franchini reported similar findings and durable remission
in 53% of cases.*!

Inhibitor eradication in mild hemophilia

About 25% of factor VIII inhibitors are reported from
kindreds with mild hemophilia, often with high-risk-muta-
tions.?® The appearance of an inhibitor in mild hemophilia
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is usually accompanied by a severe decline in endogenous
factor VIII level and the development of a pattern of soft
tissue bleeding similar to that observed in acquired hemo-
philia. These inhibitors disappeared in approximately 50%
of patients after a median nine months. If factor VIII ther-
apy can be avoided, though, they often return when the
patient is challenged again. The distinctive bleeding pat-
tern and the poor, 25% response reported to conventional
approaches to ITI? has encouraged a number of investiga-
tors to attempt ITI using rituximab or other immunosup-
pressive agents alone or in combination with factor VIII.#-
43 This appears to be successful in at least 50% of such
patients, although the number of subjects is small and the
response rate was, in some cases, no different from the
spontaneous disappearance time, making an accurate eval-
uation of the efficacy of this approach impossible.
Masterly inactivity may still be the first-line approach to
inhibitors in mild hemophilia, unless recurrent sponta-
neous bleeding makes this impossible.

Immune tolerance induction in hemophilia B

Conventional ITI using regimens analogous to those
used in severe hemophilia A are notably unsuccessful in
hemophilia B, particularly in those patients whose
inhibitors present with severe reactions to factor IX. The
NAITR reported 31% success (5 of 16) success using a
median dose of 100 U/kg/day.!" There were insufficient
data to differentiate outcome between differing dose regi-
mens, but patients with an allergic phenotype and a family
history of inhibitors had a poorer outcome.'''* ITI in
hemophilia B may also be complicated by anaphylaxis
and, sometimes irreversible, nephrotic syndrome.!!#4-46

Successful ITI using the Malmo protocol has been
reported in 6 of 7 patients, although 2 required two or
more ITI courses and one relapsed after six months.’> The
Malmo ITI regimen has been used historically for both
factor VIII and IX inhibitors, and involves intensive factor
VIII or IX infusion to maintain a circulating level of 0.3
IU/mL combined with immunosuppression using
cyclophosphamide, high-dose immunoglobulin and extra-
corporeal immunoadsorption (for details see Table 1)
Although very intensive, the regimen had the advantage
that when it was successful, tolerance was achieved within
as little as three weeks. It has largely fallen into disuse,
however, because the overall success rate was relatively
low (62.5%) in hemophilia A and there was a growing
reluctance to administer cyclophosphamide to small chil-
dren. A number of individual case reports offer further
support for a role for immunosuppression as a component
of the ITI regimen used in patients with hemophilia B.
Success was reported in a patient with an allergic pheno-
type using initial desensitization with steroids, intravenous
immunoglobulin and escalating doses of FIX, followed by
the Malmo regimen.’>#’ Others have reported successful
desensitization to FIX using a combination of rituximab
and factor XI infusions as part of ITL.#84° Mycophenolate
combined with dexamethasone, intravenous immunoglob-
ulin and high-dose FIX has also been used in a few
patients with success®® and rituximab has been used as
part of the treatment regimen with variable outcomes in
single case reports or small series.38484951-53

Stockholm, Sweden, June 13-16, 2013

Conclusion

Progress in the practice of ITI has been hampered by the
small number of patients available for study and the diffi-
culty in conducting well designed clinical trials.
Nevertheless the principle determinants of successful ITI
are reasonably well understood, though further investiga-
tion of the effect of ethnicity and factor VIII genotype are
required.

All patients with factor VIII/IX inhibitors should be
considered for ITT although the family’s ability to comply
with this demanding treatment and the likelihood of a suc-
cessful outcome and morbidity should all be evaluated
before a final decision is taken. The relative merits of
high- and low-dose ITI appear reasonably well established
and clinicians will choose one or the other based on the
patient’s inhibitor titer, age, an evaluation of the impor-
tance of intercurrent bleeding, and the resources available
to them.

The optimal approach to patients with severe hemophil-
ia who are resistant to ITI has not been established. Von
Willebrand containing concentrates may have a part to
play here, though the evidence for this is not strong and
the combination of high-dose ITI with immunosuppres-
sion with rituximab appears more promising. Similarly,
there is growing, though fragmentary evidence that
immunosuppression is an important modality of ITI in
mild hemophilia and hemophilia B, improving the dismal
success rates observed for conventional ITI in those con-
ditions.

References

1. Brackmann HH, Gormsen J. Massive factor VIII infusion in
haemophiliac with factor VIII inhibitor, high responder.
Lancet. 1977;2:933.

2. Mauser-Bunschoten E.P, Niewenhuis HK, Roosendaal G, van
den Berg HM. Low-dose immune tolerance induction in
haemophilia A patients with inhibitors. Blood 1995;86:983-8.

3. Kreuz W, Ehrenforth, S, Funk M, Auerswald D, Mentzer J,
Joseph-Steiner J, et al. Immune tolerance therapy in paediatric
haemophiliacs with factor VIII inhibitors: 14 years follow-up.
Haemophilia 1995;1:24-32.

4. Brackmann HH, Oldenburg J, Swaab R. Immune tolerance for
the treatment of factor VIII inhibitors - twenty years of the
Bonn protocol. Vox Sanguinis. 1996;70:30-5.

5. Freiburghaus C, Berntorp E, Ekman M, Gunnarsson M,
Kjellberg B, Nilsson IM. Tolerance induction using the
Malmé treatment model 1982-1995. Haemophilia 1999;5:32-
9

6. Rocino A, de Biasi R. Successful immune tolerance treatment
with monoclonal or recombinant factor VIII concentrates in
high responding inhibitor patients. Vox Sanguinis. 1999;
81:35-8.

7. Smith MP, Spence KJ, Waters EL, Berresford-Webb R,
Mitchell MJ, Cuttler J, et al. Immune tolerance therapy for
haemophilia A patients with acquired factor VIII antibodies:
comprehensive analysis of experience at a single institution.
Thrombosis and Haemostasis. 1999;81:35-8.

8. Kroner BL. Comparison of the international immune tolerance
registry and the North American Immune tolerance registry.
Vox Sanguinis. 1999;77:33-7.

9. Lenk H. The German National Immune Tolerance Registry
1997 update. Vox Sanguinis. 1999;77(Suppl 1):28-30.

10. Mariani G, Ghirardini A, Belloco R. Immunetolerance in
hemophilia. Principal results from the international registry.
Thrombosis and Haemostasis. 1994;72:155-8.

11. DiMichele DM, Kroner B; and the North American Immune
Tolerance Study Group. The North American Immune
Tolerance registry: practices, outcomes, outcome predictors.

Hematology Education: the education program for the annual congress of the European Hematology Association | 2013; 7(1) | 91 |



18" Congress of the European Hematology Association

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Thrombosis and Haemostasis. 2002;87:52-7.

Hay CRM, DiMichele DM; the ITI Study Group. The princi-
pal Results of the International Immune Tolerance Study.
Blood. 2012;119(6):1335-44.

Hay CRM, Brown S, Collins PW, Keeling DM, Liesner R. The
diagnosis and management of factor VIII and IX inhibitors: a
guideline from the UKHCDO. Brit J Haematol. 2006;133:
591-605.

DiMichele DM, Hoots WK, Pipe SW, Rivar GE, Santagostino
E. International Workshop on immune tolerance induction:
consensus recommendations. Haemophilia. 2007;13 (Suppl
1):1-22.

Astermark J, Morado M, Rocino A, Vandenberg HM, von
Depka M, Gringeri A, et al. Current European practice in
immune tolerance induction: consensus recommendations.
Haemophilia. 2006;12:363-71.

. Collins P, Liesner Ri, Chalmers E, Hart DP, Liesner R,

Rangarajan S, et al. Guidelines on the diagnosis and manage-
ment of factor VIII and IX inhibitors 4th ed. Brit ] Haematol.
2013;160:153-70.

Bjorkman S, Oh M, Spotts G, Schroth P, Fritsch S, Ewenstein
BM, et al. Population pharmacokinetics of recombinant factor
VIII: the relationships of pharmacokinetics to age and body
weight. Blood. 2012;119:612-8.

Blanchette VS, Shapiro AD, Liesner RJ, Hernandez Navarro
F, Warrier I, Schroth PC, et al; rAHF-PFM Clinical Study
Group. Plasma and albumin-free recombinant factor VIII:
pharmacokinetics, efficacy and safety in previously treated
pediatric patients. J Thromb Haemost. 2008;6:1319-26.
Dardikh M, Albert T, Masereeuw R, Oldenburg J, Novakova I,
van Heerde WL, et al. Low-titre inhibitors, undetectable by the
Nijmegen assay, reduce factor VIII half-life after immune tol-
erance induction. J Thromb Haemost. 2012;10(4):706-8.
Hay CRM. UKHCDO Annual Report 2012 and Bleeding
Disorder Statistics for the financial year 2011/12. UKHCDO
2012. ISBN  978-1-901787-16-0. Available from:
WWW.UKHCDO .org

Mariani G, Kroner B. Immune tolerance in hemophilia with
factor VIII inhibitors: predictors of success. Haematologica.
2001;86:1186-993.

Kreuz, W, Mentzer D, Auerswald G, Becker S. Joseph-Steiner
J. Successful immunetolerance therapy of FVIII inhibitor in
children after changing from high to intermediate purity FVIII
concentrate. Haemophilia. 1996;2(Supple 1):19.

DiMichele DM. Immune tolerance induction in haemophilia:
evidence and the way forward. J Thrombosis and
Haemostasis. 2011;9(Suppl 1):216-25.

Callaghan MU, Rajpurkar M, Chitlur M, Warrier I, Lusher J.
Immune Tolerance in 31 children with haemophilia a: is ITI
less successful in African Americans? Haemophilia.
2011;17:483-9.

Coppola A, Margaglione M, Santagostino E, Rocino A,
Grandone E, Mannucci PM, et al. Factor VIII gene mutations
as predictors of outcome in immune tolerance induction of
haemophilia A patients with high responding inhibitors. J
Thrombosis and Haemostasis. 2009;7:1809-15.

Hay CRM, Ludlam CA, Colvin BT, Hill FGH, Preston FE; for
the UKHCDO Inhibitor Working Party. Factor VIII inhibitors
in mild and moderate-severity haemophilia A. Thrombosis
and Haemostasis. 1998;79:762-6.

Ter Avest PC, Fischer K, Gouw SC, Van Dijk K, Mauser-
Bunschoten EP. Successful low dose immune tolerance induc-
tion in severe haemophilia A with inhibitors below 40
Bethesda Units. Haemophilia. 2010;16:71-9.

Kroner BL. Comparison of the International Immune
Tolerance Registry and the North American Immune
Tolerance Registry. Vox Sang. 1999;77(Suppl.1):33-37.
Ettinhausen CE, Kreuz W. Role of von Willebrand factor in
immune tolerance induction. Blood Coagulation Fibrinolysis.
2005;16:27-31.

Gringeri A, Musso R, Mazzucconi MG, Piseddu G, Schiavoni
M, Pignoloni P, et al; RITS-FITNHES Study Group. Immune
tolerance induction with a high purity von Willebrand factor
VIII complex concentrate in haemophilia A patients with
inhibitors at high risk of poor response. Haemophilia.
2007;13:373-9.

DiMichele DM, Kroner B. Higher immune tolerance success
rate with monoclonal FVIII (mFVIII) when compared with
recombinant (rFVIII): an analysis of the North American
Immune Tolerance Registry (NAITR). Blood. 2000;96:
266a(Abstract).

Franchini M, Lippi G. Von Willebrand factor factor VIII con-

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

centrates and inhibitors in haemophilia A: a critical literature
review. Thrombosis and Haemostasis. 2010;104:931-40.
Batlle J, Lopez MF, Brackmann HH. Induction of immune tol-
erance with recombinant factor VIII in haemophilia A patients
with inhibitors. Haemophilia. 1999;5:31-5.

Gringeri A. VWF/FVIII concentrates in high-risk immunotol-
erance: the RESIST Study. Haemophilia. 2007;13(Suppl
5):73-7.

Valentino LA, Ewenstein B, Navickis RJ, Wilkes MM. Central
venous access devices in haemophilia. Haemophilia.
2004:10(2):134-46.

Ewenstein BM, Valentino LA, Journeycake JM, Tarantino
MD, Shapiro AD, Blanchette VS, et al. Conmsensus recom-
mendations for the use of central venous access devices in
hemophilia. Haemophilia. 2004;10:629-48.

Mancuso ME, Berardinelli L. Arteriovenous fistula as stable
venous access in children with severe haemophilia.
Haemophilia. 2010;16(Suppl 1):25-8.

Mathias M, Khair K, Hann I, Liesner R. Rituximab in the
treatment of alloimmune factor VIII and IX antibodies in two
children with severe haemophilia. Br J Haematol. 2004;125
(3):366-8.

Carcao M, St Louis J, Poon MC, Grunebaum E, Lacroix S,
Stain AM, et al; Inhibitor Subcommittee of Association of
Hemophilia Clinic Directors of Canada. Rituximab for con-
genital haemophiliacs with inhibitors: a Canadian experience.
Haemophilia. 2006;12:7-18.

Collins PW, Mathias M, Hanley J, Keeling D, Keenan R,
Laffan M, et al; UK Haemophilia Centre Doctors’
Organisation. Rituximab and immune tolerance in severe
hemophilia A: a consecutive national cohort. J Thromb
Haemost. 2009;7:787-94.

Franchini M, Mengoli C, Lippi G, Targher G, Montagnana M,
Salvagno GL, et al. Immune tolerance with Rituximab in con-
genital haemophilia with inhibitors: a systematic review based
on individual patients analysis. Haemophilia. 2008;14(5):903-

12.

Dunkley S, Kershaw G, Young G, Warburton P, Lindeman R,
Mathews S, et al. Rituximab treatment of mild haemophilia A
with inhibitors: a proposed treatment protocol. Haemophilia.
2006;12(6):663-7.

Kempton CL, Allen G, Hord J, Krus-Jarres R, Pruthi RK,
Walsh C, et al. Am J Hematol. 2012;87(9):933-6.

Ewenstein BM, Takemoto C, Warrier I, Lusher J, Saidi P,
Eisele J, et al. Nephrotic syndrome as a complication of
immune tolerance in hemophilia B. Blood. 1997;89;1115-6.
Warrier I, Ewenstein BM, Koerper MA, Shapiro A, Key N,
DiMichele D, et al. Factor IX inhibitors and anaphylaxis in
hemophilia B. J Pediatr Hematol Oncol. 1997;19:23-7.
Warrier I, Lusher JM. Development of anaphylactic shock in
haemophilia B patients with inhibitors. Blood Coagul
Fibrinolysis. 1998;9(Suppl 1):S125-8.

Curry NS, Misbah SA, Giangrande PL, Keeling DM.
Achievement of immune tolerance in a patient with
haemophilia B and inhibitory antibodies, complicated by an
anaphylactoid reaction. Haemophilia. 2007;13:328-30.
Alexander S, Hopewell S, Hunter S, Chouksey A. Rituximab
and desensitization for a patient with severe factor IX defi-
ciency, inhibitors, and history of anaphylaxis. J Pediatr
Hematol Oncol. 2008;30:93-5.

Chuansumrit A, Moonsup Y, Sirachainan N, Benjaponpitak S,
Suebsangad A, Wongwerawattanakoon P. The use of ritux-
imab as an adjuvant for immune tolerance therapy in a hemo-
philia B boy with inhibitor and anaphylaxis to factor IX con-
centrate. Blood Coagulation Fibrinolysis. 2008;19:208-11.
Klarmann D, Martinez Saguer I, Funk MB, Knoefler R, von
Hentig N, Heller C, et al. Immune tolerance induction with
mycophenolate-mofetil in two children with haemophilia B
and inhibitor. Haemophilia. 2008;14(1):44-9.

Beutel K, Hauch H, Rischewski J, Kordes U, Schneppenheim
J, Schneppenheim R. ITI with high-dose FIX and combined
immunosuppressive therapy in a patient with severe
haemophilia B and inhibitor. Hamostaseologie. 2009;29:155-
7.

Barnes C, Davis A, Furmedge J, Egan B, Donnan L, Monagle
P. Induction of immune tolerance using rituximab in a child
with severe haemophilia B with inhibitors and anaphylaxis to
factor IX. Haemophilia. 1995;16:840-1.

Fox RA, Neufeld EJ, Bennett CM. Rituximab for adolescents
with haemophilia and high titre inhibitors. Haemophilia 2006;
12:218-22.

| 92 | Hematology Education: the education program for the annual congress of the European Hematology Association | 2013; 7(1)



Bone marrow failure

J. Soulier

Hapital Saint-Louis, Paris, France

Correspondence:
Jean Soulier
E-mail: jean.soulier@sls.aphp.fr

Acknowledgments:

Thanks to the patients and families,
the French Association AFMF, the
physicians who take care of the
patients and sent samples, the
Centre de Référence “Aplasies
Médullaires Constitutionnelles”
Saint-Louis-Robert Debré, and to
present and past members of the
“Genome and Cancer” team at
Saint-Louis Hospital, Paris, France,
especially Raphael Ceccaldi, Nadia
Vasquez and Wendy Cuccuini.

Hematology Education:

the education program for the
annual congress of the European
Hematology Association

2013;7:93-100

Pathogenesis of bone marrow failure and leukemia
progression in Fanconi anemia

A B S T R A C T

Fanconi anemia (FA) is the most frequent inherited cause of bone marrow failure (BMF), myelodys-
plastic syndrome (MDS) and acute myeloid leukemia (AML). Cells deficient in the FA DNA repair path-
ways, i.e. the FA cells, are highly sensitive to DNA damage, especially DNA interstrand crosslinks that
can be triggered by naturally produced reactive aldehydes. Hematopoietic progenitor cells (HPCs) are
impaired in patients, largely due to p53/p21 activation, cell cycle arrest and cell death related to the
accumulation of damaged DNA and cell stress. Loss of quiescence of the hematopoietic stem cells
(HSCs) has been evidenced in young Fanc-deficient mice and likely contributes to the accelerated
aging and BM attrition. Remarkably, the hematopoietic alterations begin during prenatal life and the
HSC pool can be already limited at birth. While many patients develop an overt BMF in childhood, the
stem cell defect and genomic instability favor clonal evolution and frequent emergence of MDS or
AML with a specific pattern of somatic lesions, e.g. unbalanced chromosomal translocations resulting
in 19+, 3g+, 79-, and 21q/RUNX1 alterations. A better understanding of the multistep progression
towards MDS/AML in FA patients should be relevant for complex-karyotype or secondary MDS/AML in

older, non-FA, patients, for whom FA represents a model genetic condition.

Learning goals

At the conclusion of this activity, participants should:

- be aware that FA is a major predisposing cause of MDS and AML in young patients;

- be able to describe the natural history of the disease through life;

- be able to describe the main characteristics of MDS and AML occurring in FA patients;

- understand the pathogenesis bases of a DNA damage repair syndrome that leads to HSC deficiency

and clonal evolution.

Fanconi anemia: clinical signs
throughout life

Fanconi anemia (FA) is the most frequent
inherited cause of bone marrow failure (BMF),
myelodysplastic syndrome (MDS) and, beside
Down syndrome, of acute myeloid leukemia
(AML).! There are typically several clinical
stages in FA that are related to age.'#¢ At birth
and early childhood, only physical signs are
present, and these range from discreet to
extensive. Many patients then experience bone
marrow failure (BMF) between 5 and 15 years
of age, and the diagnosis is often made at this
stage. Still later, during their teens or young
adulthood, the risk of AML and MDS/AML
becomes very high. Still later, in adult patients,
arange of solid cancers can be seen, especially
oropharyngeal cancer.” A significant and prob-
ably underestimated fraction of older patients
have no family history of the disease nor any
physical signs, and they do not develop bone
marrow failure; but they still have an increased
risk of malignancies. Throughout life, the
hematopoietic situation can change sponta-
neously by genetic reversion or by clonal evo-
lution including progression to MDS or

AML #13 New insights have recently emerged
regarding disease pathophysiology from new
mouse models and from clinical studies in
patients. These help provide a better under-
standing of the natural history of the disease.

FA clinical and laboratory diagnosis

Except for the very rare FANCB, which is
located on the X chromosome,'* all other
FANC genes are autosomic and the disease is
recessive. FA patients often, but not always,
present with a combination of various congen-
ital abnormalities such as a short stature,
Fanconi facies and microphthalmia, thumb
and radius deformities, and/or other malforma-
tions (reviewed in Shimamura and Alter').
Many FA patients develop a progressive BMF
during the course of the disease, usually dur-
ing the first and second decades of life,** and,
for the majority of patients, the suspicion of
FA will only be made after the onset of pancy-
topenia. In some patients, the underlying diag-
nosis of FA is not known until MDS/AML
occurs, and it is safe to screen children and
young adults with MDS or AML with physical
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signs and/or FA-associated chromosomal abnormalities in
the bone marrow such as 1q+ or 3q+ (see below).
Increases in HbF, serum alpha-fetoprotein and macrocyto-
sis are commonly noted in FA but their absence does not
rule out the disease; although not specific for FA, they
may help to distinguish an inherited from an acquired
BME.! The biological diagnosis of FA is primarily based
on the hypersensitivity of FA cells to DNA interstrand
crosslink (ICL) chemicals such as diepoxybutane (DEB)
or mitomycin C (MMC). The chromosomal breakage test
with these agents is the technique of reference for diagnos-
ing FA.'516 In the majority of cases, a precise diagnosis
can be made with careful analysis of case history, physical
examination and a positive chromosomal breakage blood
test (breaks and radials). Other blood tests, available in
research laboratories, include cell-cycle analysis!'” and
evaluation of FANCD2 mono-ubiquitination, which can
positively diagnose FA core patients.!® However, all these
tests can be ambiguous or even give false negative results
in patients who develop hematopoietic reversion and
somatic mosaicism. Hematopoietic reversion occurs
when, after a spontaneous genetic event in a hematopoietic
stem cell (i.e. a reverse point mutation or intragenic
recombination), one FA allele is corrected, with a conse-
quent recovery of a normal or subnormal protein activity
and cellular phenotype.®!° Because there has been no evi-
dence that this same phenomenon could occur in primary
skin fibroblasts, these cells have been used to overcome
misleading results in blood due to somatic mosaicism.!*2>-
2 Once the FA diagnosis is established at the cellular level,
FANC gene mutations can be screened. To date, 15 FANC
genes (genes that have been found to be mutated in FA
patients) have been identified (FANCA, FANCB, FANCC,
FANCDI/BRCA2, FANCD2, FANCE, FANCFE FANCG,
FANCI, FANCJ/BRIP1, FANCL, FANCM, FANCN/PALB2,
FANCO/RADSIC, and FANCP/SLX4), the most frequent
in patients being FANCA, FANCC, FANCG and
FANCD2 2?2 FA mutations are listed in the Fanconi
Anemia Mutation Database (www.rockefeller.edu/fan-
coni). There are few clear genetic-phenotype correlations
in the classical ‘FA core’ patients, although ‘hypomorphic’
mutations might be associated with milder phenotypes and
could give time to develop to clonal evolution and late
onset solid cancer.”’?° In contrast, FA-D2 patients usually
experience a more severe phenotype,”® and FA-
D1/BRCA2 patients develop an early and rapidly lethal
cancer-prone syndrome .33

The FA pathway is involved in DNA repair and
counteracts the genotoxic effects of naturally
produced aldehydes

Products of the 15 FA genes function in a common DNA
repair signaling pathway, the FA pathway, which closely
co-operates with other DNA repair proteins for resolving
DNA ICLs during replication (reviewed by Kee et al.®
and Kottemann er al.?®). Until recently, the nature of the
endogenous cross-linking agent remained unknown, but a
breakthrough came when Patel’s group discovered that
endogenous reactive aldehydes are the genotoxins that are
probably largely responsible for the pathophysiology of
FA 343 Reactive aldehydes, such as acetaldehyde, are
naturally produced by-products of metabolism that can

trigger protein and DNA lesions, particularly ICLs.
Therefore, an intact FA pathway is necessary to counteract
the genotoxic effects of reactive aldehydes.?* Upon DNA
damage, a central event in the FA pathway is the mono-
ubiquitination of FANCD?2 and FANCI, which is mediated
by a group of upstream FA proteins (FANCA, FANCB,
FANCC, FANCE, FANCF, FANCG, FANCL, and
FANCM) that are assembled into a large nuclear E3 ubi-
quitin ligase complex called the FA core complex. The
mono-ubiquitinated FANCD2 and FANCI heterodimer
functionally interacts with downstream FA proteins such
as FANCDI1/BRCA2, FANCN/PALB2, FANCIJ/BRIP1,
FANCP/SLX4, RADSIC and their associated protein,
BRCAI1. FANI, an FA-associated protein, provides a
nuclease activity during the ICL repair. The FA pathway is
also involved in the regulation of mitosis and cytokinesis
to prevent micro-nucleation and chromosome abnormali-
ties.33% Moreover, FA cells are uniquely hypersensitive to
oxidative stress and apoptotic cytokine cues including
IFN-v and TNF-a that could be related to additional func-
tion of the FA proteins.?*+

Pathogenesis of the bone marrow failure:
genotoxicity impairs HSCs

The efficiency of allogeneic HSC transplant in FA
patients shows that BMF is primarily related to an intrinsic
defect of hematopoietic cells. Progressive medullary
hypoplasia during childhood suggests cumulative deleteri-
ous effects in HSCs. Attempts to uncover the mechanisms
leading to BMF have been hampered by practical difficul-
ties associated with studying a rare human disorder with
low bone marrow cells in patients, and because the initial
murine Fanc™”~ models, although extremely useful, did not
fully recapitulate the phenotype of human FA (reviewed
by Parmar et al.**). Indeed, mice with a single genetic defi-
ciency in the FA pathway are generally small, have
reduced fertility with abnormal germ cell development,
and exhibit cellular hypersensitivity to ICL agents; but
they do not develop spontaneous BMF despite stem cell
dysfunction upon transplantation,** with the exception
of the S1x4~- and double-mutant Fancc”-Fancg~-.50"!

Using new genetic mouse models, the Patel team recent-
ly showed that the deficiency in the Aldehyde dehydroge-
nase gene Aldh2 (leading to impaired aldehyde detoxifica-
tion) in combination with Fancd2 deficiency severely
impacts the hematopoietic cells.’> While most of the dou-
ble KO animals succumbed to T-cell leukemia as they
aged, the mice which did not develop leukemia sponta-
neously developed aplastic anemia, with the concomitant
accumulation of damaged DNA and apoptosis within the
HSPC pool. Moreover, the analysis of the bone marrow
cells in young Fancd2”-Aldh2” mice before the onset of
leukemia or aplasia showed a marked reduction in the
HSPC and long-term HSC (LT-HSC) populations, along
with less quiescent and more actively cycling LT-HSCs.
Interestingly, only the HSPCs, but not the more mature
blood precursors, require Aldh2 for protection against
acetaldehyde toxicity. These studies suggest that the emer-
gence of BMF in Fanconi anemia is probably due to alde-
hyde-mediated genotoxicity restricted to the HSPC
pool 3 35

By analyzing a large series of primary bone marrow
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samples from FA patients, in collaboration with the
D’ Andrea team, we observed a strong reduction in CD34+
BM cells that worsened with age, along with an accumu-
lation of DNA damage (marked by H2AX foci), induction
of p53 and p21, and cell cycle arrest in GO/G1 with a
senescence gene expression profile.> The depletion of p53
or p21 in CD34* BM cells using short hairpin RNAs
resulted in a dramatic increase in the number of clono-
genic progenitors in vitro. Moreover, the HSPC defects
and clonogenic ability were rescued in several in vivo
models, including Fancd2”p537 mice, and in a new
xenograft model involving transfer of human FA-like cord
blood cells into NOD/scid/IL2Ry” (NSG) immunodefi-
cient mice.”> Taken together, these data show that an exag-
gerated physiological stress response results from the
accumulation of DNA damage, underlying progressive
aging and HSC depletion in FA patients (Figure 1).
Interestingly, such response to accumulation of DNA dam-
age and cellular stress has been previously involved in the
hematopoietic aging occurring throughout life, both under
physiological conditions in healthy subjects and in some
DNA repair defects in mice.”*>¢ Further analyses are need-
ed to decipher precisely how protein and DNA damage
accumulates in the HSCs and in the more differentiated
progenitor cells, how each cell type responds to damage,
and how this response changes in the several stages of the
disease throughout the patient’s life. Collectively, these
and previous studies*' 44495759 support the view that DNA
damage and cell stress in the HSPCs trigger cell cycle
abnormalities, senescence and cell death, leading to
impaired HSPCs, accelerated aging and BM exhaustion.
Interestingly, common signaling downstream mechanisms
including p53/p21 activation and senescence could partic-
ipate in the pathogenesis of several inherited BMF syn-
dromes, triggered by unresolved cellular conflicts, i.e.
DNA damage accumulation in Fanconi anemia, abnormal
telomeres in dyskeratosis congenita, and defective riboso-
mal function in Diamond-Blackfan anemia.>20!

Prenatal beginning of the HSC defect

Hematologic signs are not present at birth in FA sub-
jects; instead, they generally occur during childhood.'-

Endogeneous aldehydes == DNA damage
cellular stress,

Stockholm, Sweden, June 13-16, 2013

Intriguingly, we observed low CD34* BM counts in very
young FA patients who were diagnosed soon after birth,
before the onset of any peripheral hematologic signs.”
This raised the possibility of an early beginning of the
HSC defect in FA, i.e. during fetal life. Consistent with
this hypothesis, the analysis of human FA fetal liver sam-
ples obtained from medical abortions showed increased
expression of the cell cycle inhibitor CDKN1A/p21, at a
developmental stage (14-18 weeks) at which the liver is
mainly hematopoietic, suggesting the early onset of cell
cycle abnormalities and stress response in fetal
hematopoiesis.>? In Fancc”- mouse, quantitative and quali-
tative deficiencies were observed in the fetal HSPCs
pool.®2 Moreover, FA pathway silencing in human embry-
onic stem cells (hESCs) leads to early hematopoietic
development defects in vitro.5* Collectively, these data
suggest that the hematopoietic development is impaired
early in life in FA, during the expansion of the HSC pool
(a stage with high replication stress), leading to an altered
HSC pool at birth (Figure 2).

Clonal evolution towards myelodysplastic
syndromes and acute myeloid leukemia

In such a context of deficient HSPCs, bone marrow cells
experience a strong selective advantage upon clonal evolu-
tion, probably also facilitated by the constitutive genomic
instability of FA (Figure 3).°64%> Clinically, FA patients
develop MDS and AML with the highest frequency during
their teens or young adulthood.! 3% These are often, but not
always, preceded by a hypoplastic or aplastic phase. MDS
in FA often presents as refractory cytopenia with multilin-
eage dysplasia (RCMD, according to the World Health
Organization (WHO) 2008 classification), with or without
excess of blasts (RAEB)."¢7 A certain level of dyserythro-
poiesis is almost constant in FA, and a mild dyserythro-
poiesis is not considered as an MDS criteria in this popula-
tion. Acute leukemia can be diagnosed primarily (in
approx. 30% of the AML in FA patients) or after an MDS
phase with an increasing fraction of blast cells in the bone
marrow. Karyotypic abnormalities are frequently found,
and translocations of chromosome 1q, monosomy 7, and
gains of 3q have been reported.'' %7 In contrast, classic de

TNFa, ROS \ HSC loss of
Aldh quiescence and
Qi Hematopoietic stem and attrition
! progenitor cells (HSPCs)
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i
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DNA repair

HPC cell-cycle arrest Figure 1. Accumulation

apoptosis, of cell stress and DNA
senescence damage impairs HSPCs
BM aging in FA.
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novo translocations like t(8;21), inv(16) and 11g23-t/MLL
are not seen in FA. Using array-based high-density chro-
mosomal profiling and oncogene sequencing, we analyzed
bone marrow samples from a large series of FA patients at
various stages of the disease (hypoplasia/aplastic anemia,
MDS and AML, normal BM).!! We found a highly recur-
rent pattern of somatic abnormalities that were related to
unbalanced chromosomal translocations and led to partial
chromosomal arm duplications or losses (Figure 4). In con-
trast to what is seen in non-FA MDS/AML patients,”!
somatic copy-neutral loss of heterozygosity (uniparental
disomy, UPD) were rarely found in FA, which is consistent
with a constitutive defect of homologous recombination
repair in FA. Regions of homozygosity were found using

Replicative stress

/ aldehydes
Fetal liver + Impairmentof HSC
! poolexpansion
W
Poor HSC pool DNAdamage
/ cellular stress
Childhood v
Aging, Bone
marrow failure

Figure 2. Prenatal beginning of the hematopoietic involve-
ment in FA.
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SNP arrays in some patients but these were related to con-
sanguinity, as was demonstrated by paired fibroblast analy-
sis. The most frequent somatic lesion was partial duplica-
tion of chromosome 1q (1q+, 44.8% of 29 MDS/AML),
following by 3q+ (41.3%), RUNX1/21q- (20.7%), mono-
somy 7/7q- (17.2%), and 11qg- (13.8%). Mutations of
MDS/AML oncogenes and tumor suppressor genes were
rarely found (isolated FLT3-ITD, NRAS, MLL-PTD, but no
TP53, CBL, TET2, CEBPa, NPM1, and FLT3-TKD muta-
tions in this series).

Therefore, it appears that myeloid oncogenesis in FA
shares common lesions with non-FA patients (7q-, 59-, 21q-
/RUNXI lesions, PRDM16 translocations, MLL-PTD), but
lacks frequent TP53 deletion/mutation, maybe suggesting
alternative inactivation of tumor suppressor pathways. In
addition, FA-specific chromosomal lesions are very often
present, especially 1g+ and 3q+. The molecular targets of
these two lesions are not known, although the EVII onco-
gene at 3q26 is a strong candidate and, indeed, is strongly
expressed in 3g+ cases.’? It might be that EVI1 is preferen-
tially deregulated in FA through unbalanced chromosomal
translocations resulting in copy-number gain, rather than by
direct balanced translocation as usually seen in a subset of
non-FA MDS/AML. Whereas the lesions 7q, 3q+, and
RUNXI abnormalities were found at the MDS and AML
stages only, translocation/duplication 1q+ can be seen at all
stages in the bone marrow, including ‘normal’ or hypoplas-
tic bone marrow without apparent transformation signs
(Figure 4), suggesting that 1q+ could rescue FA cells with-
out necessarily transforming them into MDS/AML.!
Clonal evolution with acquired attenuation of the FA-proto-
typical G2 checkpoint and resistance to TNFa have been
described in human and mouse, respectively.!7 It is like-
ly that these and other cellular phenotypes rescue FA HSPC
by conferring them a selective advantage, but also predis-
pose patients to develop malignancies. Thorough longitudi-
nal characterization of the molecular and cellular features
associated with bone marrow progression should lead to a
better understanding of the step-wise mechanisms of trans-
formation. With this aim in mind, chromosomal profiling
and next-generation sequencing (NGS) in sequential BM
samples will allow information to be obtained as to the
architecture of clonal evolution and tumor progression in
FA, as was performed in secondary or relapsing AML in
non-FA patients or in inherited severe congenital neutrope-
nia progressing to AML.7+7

MDS RAEB/AML

o0
000

Genomiclesions (1g+, 3q+, 7q-, RUNX1)

DDR attenuation, self-renewal,
survival, proliferation,
final differentiation block

Figure 3. Frequent evolution in the bone marrow of FA patients.
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Myelodysplastic syndromes and acute myeloid
leukemia monitoring in FA patients

Hematopoietic stem cell transplantation (HSCT) is cur-
rently the best treatment to cure FA aplastic anemia or
MDS/AML.”7 However, great care has to be taken when
considering HSCT, and decision-making should be based
upon clinical and biological criteria including age, severi-
ty of the cytopenia, significant bone marrow dysplasia,
excess of blast cells, cytogenetic/molecular abnormalities,
and immunological compatibility with the donor. Because
MDS/AML is a frequent and severe occurrence in FA, it is

NL = Hypoplasia/aplasia
[ (] ]]

Stockholm, Sweden, June 13-16, 2013

necessary to follow up patients with regular bone marrow
aspirate tests with expert morphological and karyotype
evaluation to detect transformation before the onset of an
overt MDS/AML.''5 Conventional karyotype appears to
be sensitive for the early detection of discreet subclones,
due to the possibility of observing large unbalanced
translocations in individual cells and probably a clonal
advantage in culture. Systematic interphase fluorescence
in situ hybridization (FISH) screening using probes for
chromosome 7q, 3q, and break-apart RUNXI1 might
increase the sensitivity of detection of clonal cells.
MDS/AML cases can have an apparently normal kary-

Prdm16
1g+

9-
+8

11g-
MLL-PTD

20g-

21g-/Runx1

Figure 4. A recurrent profile of chromosomal abnormalities in bone marrow samples of FA patients. Samples are grouped
by bone marrow stages (hormal, medullary hypoplasia/aplasia, MDS, AML). The 1q+ and 3q+ lesions are specific from
FA compared to MDS/AML of non-FA patients, other abnormalities including 7g- and RUNX1 mutations can be found in
non-FA patients. 1q+ is found at all stages of the bone marrow progression, whereas most other lesions are found at
most advanced MDS/AML stages. (This research was originally published in Blood. Quentin S, Cuccuini W, Ceccaldi R, et
al. Myelodysplasia and leukemia of Fanconi anemia are associated with a specific pattern of genomic abnormalities that
includes cryptic RUNX1/AML1 lesions. Blood. 2011;117(15):e161-70. ©the American Society of Hematology?).
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otype but cryptic chromosomal or genomic abnormalities
detected by FISH and/or array analysis.!' Therefore, when
abnormal cells are observed with a bone marrow smear in
FA patients, we now implement the karyotype analysis
using high-density DNA arrays and RUNXI FISH. This
approach is useful in detecting short cryptic lesions and in
characterizing the abnormal karyotypes precisely, fre-
quently highlighting meaningful chromosomal lesions.!!
Whether a systematic screen by high-throughput genomic
tools could usefully improve the early detection of
genome abnormalities is under investigation. The predic-
tive value of the various chromosomal/genomic abnormal-
ities in patients with or without MDS/AML will have to be
carefully evaluated in the long term in large cohorts of FA
patients with respect to the therapeutic options and clinical
benefits. For example, a sole clonal abnormality like 1q+
can be present in a ‘normal’ or non-MDS hypoplastic bone
marrow, and may not necessarily predict a progression
into AML in the following years. By contrast, abnormali-
ties like 7q-, 3q+, RUNXI or complex karyotype may
encourage a decision to proceed to HSCT.

Conclusions

Recent studies have revealed insights in the pathophys-
iology of the BMF and MDS/AML in Fanconi anemia,
drawing a picture from which emerge genomic instability,
cellular stress, balance of HSC quiescence versus prolifer-
ation/differentiation and senescence, accelerated aging,
and predisposition to clonal evolution. A better under-
standing of the multistep progression towards MDS/AML
in FA patients should be relevant for complex-karyotype
or secondary MDS/AML in older, non-FA patients, for
whom close physiopathological cellular mechanisms are
likely involved.”®7

At the therapeutic level, in addition to prevention from
exposure to exogenous DNA insults, FA patients might
benefit from new treatments aiming to enhance patients’
capacity for detoxifying aldehydes,** or to inhibit proin-
flammatory cytokines or oxidative stress.”* While devel-
opment of gene therapy and IPS cells in FA are still ham-
pered by practical issues,® the recently acquired insights
into disease pathogenesis also reinforce the view that allo-
geneic HSCT is a radical and curative therapy for severe
BMF and predisposition to MDS/AML in FA patients by
replacing defective cells.””#! The utility of transplant is
increasing with the use of unrelated and mismatched
donors and improvements in the management of compli-
cations.”7782
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Diamond-Blackfan anemia: pathogenesis, management
and development of future therapies

A B S T R A C T

Diamond-Blackfan anemia (DBA) is an inherited bone marrow failure syndrome characterized by a
macrocytic anemia, reticulocytopenia and reduction in erythroid precursors in an otherwise normocel-
lular bone marrow. The disease usually presents before one year of age. Fifty percent of the patients
have congenital anomalies. The mainstay of current therapy is corticosteroids and if the patients do
not respond to steroids, chronic blood transfusion therapy is needed. The disease can be cured by allo-
geneic bone marrow transplantation. DBA is a genetic disorder and is inherited in an autosomal dom-
inant manner with variable penetrance in 50% of cases while the remainders represent new muta-
tions. To date, mutations have been identified in 60-70% of DBA patients. Practically all of these
patients have a mutation in or a deletion of, a ribosomal protein gene. Ten different ribosomal protein
genes have now been identified as DBA genes and recently a handful of patients have been found with
mutations in GATAT. Abnormal ribosome biogenesis and ribosomal stress leads to activation of the
tumor suppressor p53. The p53 response appears to be particularly prominent in erythroid progenitors

and may explain many features of the DBA phenotype and symptoms.

Learning goals

At the conclusion of this activity, participants should have:
- learnt the key clinical manifestations, diagnostic criteria and current treatment options for

Diamond-Blackfan anemia;

- got an insight into the molecular and cellular pathogenesis of Diamond-Blackfan anemia and how
mechanism-based therapies may be developed to reduce side effects or cure the disease.

Introduction

Bone marrow failure syndromes consist of
diverse disorders characterized by the dys-
function of bone marrow to produce cells of
one or more blood lineages. In one-third of the
pediatric marrow failure cases the disease is
inherited involving a genetic component caus-
ing the bone marrow dysfunction'. Inherited
bone marrow failure syndromes (IBMFES) usu-
ally present in childhood and are associated
with physical abnormalities and cancer predis-
position. Recent progress in genetics and
molecular biology investigations has revolu-
tionized the understanding of IBMFS patho-
physiology. Many of the genes mutated in
these disorders encode components of funda-
mental cellular processes such as DNA dam-
age repair (Fanconi anemia) or telomere main-
tenance (Dyskeratosis congenita). Diamond-
Blackfan anemia (DBA) is a congenital bone
marrow failure syndrome that is emerging as a
paradigm for diseases associated with defects
in ribosome biogenesis and function. Similarly
to other IBMFS, physical abnormalities and
cancer predisposition are both characteristic
for DBA. However, why defects in ribosome
biogenesis result in anemia, a relatively tissue-
specific phenotype, is intriguing and not per-
fectly understood.

Clinical symptoms and diagnosis

Diamond-Blackfan anemia is a congenital
bone marrow failure syndrome that manifests
early in life. It classically presents at 2-3
months of age, and the majority of patients
(approx. 90%) are diagnosed during their first
year of life. However, in some rare cases DBA
may present in adulthood.?? The main hema-
tology findings at presentation include macro-
cytic anemia, reticulocytopenia and selective
absence of erythroid precursors in an other-
wise normocellular bone marrow.* Together
with the early onset of symptoms (<1 year),
these criteria have remained the accepted stan-
dard for DBA diagnosis. As a supporting
hematologic feature, the vast majority of
patients have elevated erythrocyte adenosine
deaminase (eADA) activity.* Elevated fetal
hemoglobin is also often observed. Although
DBA is sometimes referred to as pure red cell
aplasia, this term may be misleading since
other hematopoietic lineages may be affected.
Some patients present with a modest neutrope-
nia, thrombocytosis or thrombocytopenia.’
Furthermore, neutropenia and thrombocytope-
nia become increasingly common during the
course of the disease.’

Similarly to other IBMFS, physical defects
and cancer predisposition are characteristic of
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DBA. Congenital abnormalities are present in approxi-
mately 40-50% of the patients.>*# The majority of these
involve head and eyes, upper limbs, heart and the geni-
tourinary system. Furthermore, one-third of cases show
retarded growth. Patients with DBA have an increased risk
of developing cancer.!” The mechanism of increased car-
cinogenesis is unknown. The observed-to-expected ratio
of all cancers combined is 5.4-fold higher than in the gen-
eral population with the highest risk for myelodysplastic
syndrome (MDS, 287-fold), acute myeloid leukemia
(AML, 28-fold), colon carcinoma (36-fold) and
osteogenic sarcoma (33-fold). The cancer risks appear
lower than in Fanconi anemia and dyskeratosis
congenital.!! Specific cancer screening approaches may be
difficult to design in practice due to diversity of the can-
cers that develop in DBA.

For diagnosis, laboratory blood analysis, bone marrow
analysis (aspiration and biopsy) and genotyping are
required (Table 1). The differential diagnosis of DBA
includes other IBMFS and several acquired disorders, for
example, transient erythroblastopenia of childhood and
infections by parvovirus B19.!? Findings from National
Patient Registries in North America and Europe have pro-
vided extensive clinical data and, together with the recent
advances in gene discovery, have provided key clinical
insights.238913 Detailed and extensive descriptions of the
recommended approach to clinical diagnosis and manage-
ment of DBA have recently been described in the report
from the DBA Clinical Consensus Conference and a
scholarly written “How I Treat Diamond Blackfan ane-
mia” overview.'>!3

Current treatment

Corticosteroids form the main therapeutic regimen in
DBA and approximately 80% of the patients initially
respond to this treatment. However, because of the pro-
gressive loss of response or unacceptable side effects, only
half of these patients (40% of total) can be sustained on
corticosteroids.>!* If the patient responds to corticos-
teroids, an attempt is made to reduce the dose gradually to
reduce side effects that include slow growth rate, cataracts
and demineralization of bone leading to pathological frac-
tures. It is recommended to treat congenital anomalies by
surgery before steroid treatment starts to facilitate wound
healing."® The remaining patients require chronic transfu-
sion therapy every 3-5 weeks to maintain sufficient hemo-
globin levels (>8 g/dL) that allows for adequate growth
and development, while not suppressing the endogenous
red blood cell production. Chronic transfusion therapy
must be combined with iron chelation to avoid the accu-
mulation of iron in the liver, heart and other organs.
Approximately 20% of the patients enter spontaneous
remission in which physiologically acceptable hemoglo-
bin level is maintained without therapeutic interventions.

Allogeneic bone marrow transplantation is the only cur-
ative treatment for the hematopoietic manifestation of
DBA, and it is normally considered among the young
patients (<10 years) who are transfusion-dependent and
have access to a matched sibling donor.3'?> However,
although matched sibling donor bone marrow transplanta-
tions have been reported with satisfactory results, trans-
plantation using a matched alternative donor is associated

with a poor outcome.

Numerous alternative therapies (growth factors, pro-
lactin, immunosuppressants) have been applied in the
treatment of DBA but these are not routinely used since
they have either been ineffective or only found to be effec-
tive in rare cases.'>!* Of special interest is the recent case
report demonstrating a complete remission in response the
amino acid L-leucine.'* Supporting this report, therapeutic
experiments with L-leucine improved the erythroid defect
in zebrafish and mouse models for DBA.'>!¢ With the cur-
rent therapies, the overall survival at over 40 years is
75.1% 3 A high proportion of deaths are treatment-related
and corticosteroid-responsive patients have a significant
survival advantage compared to transfusion-dependent
patients.

Inheritance and genetics of DBA

The incidence of DBA is estimated to be 5-7 cases per
million live births without ethnic predilection or biased
sex ratio.?®? Almost 50% of DBA cases are familial and
inherited as an autosomal dominant trait with variable
penetrance. Family members who share a common genet-
ic alteration may show dramatic variation in the severity
of anemia and treatment response.

Mutations in or deletions of genes encoding ribosomal
protein (RP) S19,RPS24, RPS17,RPL35a, RPL5,RPLI11,
RPS7,RPS10, RPS26 and RPL26 collectively explain the
genetic basis for approximately 60-70% of DBA cases'”
(Figure 1). Furthermore, alterations in additional RP genes
have been identified in isolated patients, although the
pathogenic significance of these rare variants is not
clear.?!> All reported mutations are heterozygous, which

Table 1. Diagnostic criteria, genetic analysis and current ther-
apeutic approaches for Diamond-Blackfan anemia. This is a
simplified overview based on the report from the DBA Clinical
Consensus Conference®? and a recent clinical review.*®

Main diagnostic criteria
Age less than one year
Macrocytic anemia with no significant cytopenias
Reticulocytopenia
Normal marrow cellularity with a relatively low number of erythroid precursors

Minor diagnostic criteria
Elevated erythrocyte adenosine deaminase activity
Elevated fetal hemoglobin (HbF)
Congenital anomalies described in classical DBA

Inheritance and genetic analysis
Gene mutation in one of the ribosomal protein genes described in classical DBA
Positive family history (found in 50% of cases)

Differential diagnosis
QOther IBMFS: Fanconi anemia, Schwachman Diamond Syndrome, Dyskeratosis congenita
Acquired disorders: transient erythroblastopenia of childhood, Pearson syndrome
Viral infections, e.g. B19 parvovirus

Current therapies
The natural therapy: remission (20%)
Corticosteroids
Blood transfusion
Allogeneic transplantation (relatively rare, see text)
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is consistent with the dominant inheritance pattern.
Twenty-five percent of the patients have mutations in
the gene coding for RPS19 making it the most common
DBA gene. More than 120 unique alterations have been
identified (Available from: www.dbagenes.unito.it
Accessed January 2013%¢). The mutations may completely
disrupt the expression of RPS19, or interfere with the fold-
ing of RPS19 or its assembly into the 40S ribosomal sub-
unit, and thus result in a functional haploinsufficiency.

Unknown

' Other RPs

Frequency (%)

RPS19

Figure 1. The ribosomal proteins mutated in DBA, their fre-
quency and distribution within the ribosomal subunits. The
figure shows the two ribosomal subunits, the large 60S
and the small 40S subunit. Approximately half of the ribo-
somal mass consists of the ribosomal RNA and the other
half of the ribosomal proteins, which are referred to as the
RPL when they are found in the large 60S subunit and RPS
in the small 40S subunit. In approximately 30-40% of
patients the mutation is unknown. RPS19 is by far the
most common disease gene and it is found mutated in
25% of patients. GATA1 mutations are not shown here
since GATAL is a transcription factor and these mutations
are rare.

Transplantation
Corticosteroids
l(?)
BFU-E CFU-E Pro EB
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Nearly all mutations in the other DBA genes are predicted
to cause premature termination, splicing disruption, frame
shifting or complete deletion of one allele, supporting
functional haploinsufficiency as the basis for the disease
pathology.?7-%

Recently, patients with GATA! mutations were identi-
fied in two unrelated families.®® However, the identifica-
tion and phenotypic characterization of additional DBA
patients with GATAI mutations will eventually determine
whether these patients present ‘classical’ DBA.

Erythropoiesis

The erythrocyte is the most common cell type in blood.
Mature erythrocytes have a limited life span, approximate-
ly 120 days in humans and 40 days in mice, and they must
be continuously produced in order to renew the red cell
mass. The erythroid lineage consists of erythroid progeni-
tor and precursor cell compartments (Figure 2). Erythroid
progenitor cells are relatively infrequent and can be divid-
ed into the early and late progenitor cells based on their
colony-forming potential in vitro. The early progenitor
cells (burst-forming unit-erythroid, BFU-E) are the first
solely erythroid-restricted cells and give rise to large
multi-clustered colonies.?> BFU-Es also possess a limited
self-renewal capacity. The late progenitor cells (colony-
forming unit-erythroid, CFU-E) give rise to smaller
colonies than BFU-Es. The proliferation and survival of
BFU-Es is mainly dependent on stem cell factor (SCF)
and interleukin-3 (IL-3) signaling, while erythropoietin
(Epo) alone is sufficient to support CFU-Es. CFU-Es dif-
ferentiate into morphologically distinguishable erythroid
precursor cells. The first recognizable precursor, proery-
throblast, undergoes 3-5 cell divisions giving rise to
basophilic, polychromatic and orthochromatic erythrob-
lasts. These differentiation divisions are characterized by a

Transfusion

}

Baso EB Poly EB Ortho EB Erythrocyte

O—-0-0<@-0-0-6- o

Progemtors

Precursors

Figure 2. Erythroid development and differentiation. Cells of the erythroid lineage can be divided into erythroid progenitor
and precursor cells. Erythroid progenitor cells are distinguished based on their differential growth factor requirements
and colony-forming capacity in vitro. BFU-E progenitor cells are dependent on SCF and IL-3 signaling, while CFU-E progen-
itor cells are solely dependent on Epo. In contrast to the erythroid progenitor cells, erythroid precursor cells are recognized
based on their morphology, which reflects the accumulation of erythroid-specific proteins, decrease in size and nuclear
condensation. Scientific evidence suggests that although there is a proliferation deficiency throughout the hierarchy
including at the level of hematopoietic stem cells and early progenitors, the main deficiency is at the level of the CFU-E
- proerythroblast transition. The arrows indicate at which level of the hierarchy the different treatment modalities act.
Blood and marrow transplantation rebuilds the hematopoietic system from the level of the stem cells and is curative if
successful whereas chronic red cell transfusions just treat the anemia temporarily. It is known that corticosteroids
increase the self-renewal of BFU-Es and thereby increase the total erythroid output but they may also have additional
DBA-specific mechanisms of action. More detailed knowledge about the mechanism of action may allow a reduction in
the corticosteroid dose by using other drugs that synergize with corticosteroids in combination.3*
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rapid G1 cell cycle phase, which results in a progressive
decrease in the cell size.3 Simultaneously, maturating pre-
cursor cells undergo alterations in morphology that reflect
the accumulation of erythroid-specific proteins and
nuclear condensation. Orthochromatic erythroblasts with-
draw from the cell cycle and form reticulocytes by extrud-
ing their nuclei. Reticulocytes loose their mitochondria
and ribosomes within a couple of days and mature into
erythrocytes.?> The main intrinsic regulator of erythro-
poiesis apart from the Epo receptor and c-Kit (SCF recep-
tor) is the transcription factor GATA-1 343

The hematopoietic defect and cellular
mechanisms in DBA

The success of bone marrow transplantation and studies
using cultured cells from patients demonstrate the intrinsic
cell nature of the hematopoietic defect in DBA. Erythroid
progenitor cells are usually present, often in normal num-
bers, in the marrow of young patients suggesting that the
main erythroid failure of DBA results from impaired ter-
minal differentiation of erythroid progenitor cells rather
than from their absence.*37 Consistent with these studies,
Ohene-Abuakwa et al. used a liquid erythroid culture sys-
tem in order to locate the erythroid defect at the onset of
Epo-dependent terminal erythroid differentiation.’®
Furthermore, recent studies using mouse models for
RPS19-deficient DBA located the most severe erythroid
defect at the CFU-E-proerythroblast transition, corrobo-
rating the previous findings.* Some patients develop
hypocellular bone marrow over time and this is often asso-
ciated with neutropenia and thrombocytopenia.” Although
the frequency of immature hematopoietic stem and pro-
genitor cells in patients appears normal, their proliferative
capacity is significantly lower compared to controls.”#!
These findings suggest that the hematopoietic defect in
DBA involves hematopoietic progenitors or even
hematopoietic stem cells (HSCs) resulting in bone marrow
failure. Supporting these conclusions are recent findings
from an inducible Rps19-deficient mouse model.* In this
study, transplantation of HSCs derived from mice that had
been transiently exposed to Rps19 deficiency led to signif-
icantly reduced engraftment in the peripheral blood,
demonstrating the irreversible exhaustion of HSCs.*

Disease severity and spontaneous remission

Despite recent advances in understanding the molecular
basis of DBA, the natural course of the disease remains
largely unpredictable. Approximately 20% of the patients
enter spontaneous remission, often during the first decade
of life, in which physiologically acceptable hemoglobin
level is maintained without therapeutic intervention.
Interestingly, there appears to be no clear correlation
between the chance of remission and the type and duration
of the therapy. The failure of the genotype to predict the
hematopoietic phenotype is highlighted by the variable
penetrance of genetic lesions in DBA pedigrees. However,
there is a genotype-phenotype relationship when it comes
to orofacial clefts since these are found in patients with
RPLS5 and RPLI11 mutations and not in patients with mutat-

ed RPS19.13%

It is of interest that the vast majority of patients in remis-
sion continue to exhibit elevated eADA and
macrocytosis.>® These findings suggest a continuous pres-
ence of the erythroid defect, which is compensated
through extrinsic factors that stimulate the hematopoietic
stem and progenitor cells, leading to increased influx of
cells into the Epo-responsive stage. Indeed, Ohene-
Abuakwa et al. demonstrated a consistent erythroid defect
of patient cells in vitro regardless of the clinical severity.®
Intriguingly, a similar defect was observed when culturing
cells from asymptomatic first-degree relatives who shared
the genetic lesion. Relapses tend to occur under conditions
of hematopoietic stress, such as pregnancy, indicating the
importance of the dynamics of the hematopoietic system
in determining whether the patient is symptomatic or not.*!
Presentation of anemia in DBA normally coincides with
the neonatal decline in HSC turnover.*> Dynamics of the
hematopoietic system could also directly influence the
severity of the cellular defect of DBA. This is supported
by the fact that the chance of relapse in remitted patients
appears low, except during stress conditions.

5q minus syndrome

MDS comprise a heterogeneous group of clonal disor-
ders characterized by dysplastic bone marrow and periph-
eral cytopenia. The 5q- syndrome is a distinct subtype of
MDS, defined by an isolated interstitial deletion of chro-
mosome 5q, and is characterized by macrocytic anemia,
normal or elevated platelet counts, dysplastic megakary-
ocytes and elevated risk of AML.* Most patients respond
to the treatment with lenalidomide, resulting in reduced
transfusion requirement that is often combined with a
complete cytogenetic response.* The 5q- common deleted
region encompasses forty protein-coding genes.* By a
systematic targeting of each gene using the short hairpin
RNA (shRNA) technology, Ebert et al. identified RPS14
as the critical gene for the erythroid phenotype.*
Therefore, a similar mechanism underlies the erythroid
phenotype in both 5q minus syndrome and DBA.

The molecular pathology in DBA

With the exception of a few DBA patients with GATAI
mutations, all the identified mutations in DBA are found
in ribosomal proteins. Therefore, defects in ribosome bio-
genesis are considered the key pathogenic mechanism in
DBA. However, it is still not yet fully understood why the
main phenotype, ineffective erythropoiesis, is relatively
tissue-specific since ribosomal proteins have a generic
function in all cell types. Below, we will discuss ribosomal
stress, a possible role for p53, and the regulation of protein
translation as possible molecular mechanisms causing the
DBA phenotype.

Ribosome biogenesis and ribosomal stress

Ribosome biogenesis takes place in a specialized
nuclear compartment, the nucleolus, which is formed
around the actively transcribed rRNA genes. Transcription
of rRNA genes by RNA polymerase I gives rise to a 47S
precursor rRNA (pre-rRNA), which simultaneously asso-
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ciates with trans-acting factors to form the 90S pre-ribo-
some. After a series of remodeling and pre-rRNA process-
ing, 90S pre-ribosome splits into pre-40S and pre-60S
subunits that are exported into the cytoplasm where the
final maturation steps occur.#’4% The modified pre-rRNA
undergoes hierarchical endonucleolytic and exonucleolyt-
ic cleavages, eventually giving rise to 18S, 28S and 5.8S
mature TRNAs.#” Ribosomal proteins assemble with pre-
rRNA in a hierarchical manner and facilitate its process-
ing, nuclear export and cytoplasmic maturation, and defi-
ciency of ribosomal proteins impairs the rRNA processing
at distinct stages.*->! Perturbations to the dynamics and
flow of this process have been associated with alterations
in the regulation of cell size and cell cycle progression,
leading to developmental defects and increased cancer
susceptibility.’> Pharmacological or genetic disruption of
rRNA transcription and processing has shown to result in
the activation of the tumor suppressor p53.3*¢ Similarly,
numerous studies have demonstrated the activation of p53
in response to ribosomal protein deficiencies.’’*® During
normal growth conditions, the activity of p53 is kept low
by the oncoprotein mouse double minute 2 (Mdm?2). In the
absence of stress, Mdm?2 binds to p53 and functions as an
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ubiquitin ligase, targeting p53 for proteosomal degrada-
tion. Various cellular stresses disrupt the interaction
between Mdm?2 and p53, resulting in the stabilization and
activation of p53. In case of ribosomal stress, impaired
rRNA synthesis or processing leads to nuclear accumula-
tion of free ribosomal proteins, which are able to bind to
Mdm?2 and inhibit its ubiquitin ligase function, resulting in
the accumulation of p53 (Figure 3). Although multiple
ribosomal proteins have been shown to interact with
Mdm?2, the recent evidence suggests that only RPLS5 and
RPL11, in a mutually dependent manner, are required for
Mdm?2 inhibition.>®

Disease models suggest a role for p53

Several animal models with reduced expression of ribo-
somal proteins have been generated to define the role of
ribosomal proteins in hematopoiesis and generate model
systems for DBA (reviewed in McGowan and Mason®).
rps19-deficient zebrafish models were generated using
morpholino technology.®’¢! These models showed devel-
opmental and hematologic abnormalities. Furthermore,
the loss of p53 rescued the phenotypic abnormalities
observed upon rpsl9 haploinsufficiency.®® In 2008,
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Figure 3. Ribosome biogenesis, ribosomal stress and development of possible mechanism-based therapies. Transcription
of rDNA by RNA polymerase | gives rise to a 47S rRNA precursor, which associates with trans-acting factors that mediate
a series of chemical modifications and nucleolytic cleavages. This results in the formation of pre-40S and pre-60S ribo-
somal subunits that are exported into the cytoplasm where the final maturation takes place. Ribosomal proteins asso-
ciate with pre-rRNA in a hierarchical manner and facilitate its processing, nuclear export and maturation. Deficiency of
ribosomal proteins impairs rRNA processing (indicated by the red X). Ribosomal stress is believed to be a key pathogenic
mechanism in DBA. During steady state conditions, the levels of p53 are kept low through proteosomal degradation by
Mdm2. Impaired rRNA synthesis or processing leads to nuclear accumulation of free ribosomal proteins, which are able
to bind to Mdm2 and inhibit its ubiquitin ligase function, resulting in the accumulation of p53.58 The figure also shows
three possible mechanistic approaches to treat DBA. Gene replacement therapy will cure the hematologic disease.
Reduction in p53 activity will improve erythropoiesis in DBA although p53 reduction is not without risks. L-Leucine can
activate the mTORC1 pathway. mTORC1 regulates ribosome biogenesis by promoting rRNA and ribosomal protein syn-
thesis and enhancing translation initiation and elongation. Of these three possible approaches, L-Leucine therapy is least
likely to cause severe side effects. Clinical trials using L-Leucine are under way.
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McGowan et al. reported a novel mouse model for RPS19-
deficient DBA that presents a missense mutation resulting
in a single amino acid substitution in the Rps19 protein.®?
This mutation was embryonic lethal in a homozygous set-
ting. However, the heterozygous mice exhibited dark skin,
retarded growth and a mild macrocytic anemia with a
reduction in erythrocyte number. Importantly, all of these
features were rescued in a p53-deficient background.
RPS19 can be down-regulated in hematopoietic cells
using knockdown technology to generate a DBA-like phe-
notype in vitro.%% This approach was taken to generate
mouse models with inducible and graded downregulation
of Rps19.38 Depending on the level of Rps19 downregula-
tion, mice with mild to lethal macrocytic anemia could be
generated. Strikingly, crossing these mice into p53-defi-
cient background almost fully corrected the lethal
hematopoietic phenotype.*®

As the studies using DBA animal models demonstrate
an activation of p53 in response to ribosomal protein defi-
ciencies, it is tempting to speculate that the erythroid fail-
ure in DBA patients is caused through p53-dependent
mechanisms. Recently, downregulation of RPS19 or
RPS14 in primary human bone marrow cells was shown to
result in the erythroid-pronounced activation of p53.5
Furthermore, the treatment of bone marrow cells with nut-
lin-3, a compound that activates p53 by preventing its
interaction with Mdmz2, led to an erythroid-biased activa-
tion of p53. Finally, inhibition of p53 with a small mole-
cule pifithrin alpha rescued the erythroid defect in RPS19-
deficient and RPS14-deficient human bone marrow cell
cultures. Immunohistochemistry for p53 in the bone mar-
row biopsies from DBA patients demonstrated elevated
levels of p53, although variation was observed in terms of
the intensity and cell type-specificity of p53 staining.5
However, a generic defect in ribosomal biogenesis may
influence the translational apparatus in cells and influence
other regulatory pathways than just p53.

Translational defects

Ribosomal protein haploinsufficiency has been shown
to result in reduced rate of protein synthesis.’” However,
whether the global reduction in translation contributes to
the severe anemia of DBA is not known. Studies in mice
deficient for Flvcr, a heme exporter protein, have led to a
hypothesis that defective globin synthesis contributes to
the erythroid defect of DBA . These findings suggest that
the accumulation of free heme in proerythroblasts is toxic,
raising a hypothesis that the dysregulation of heme synthe-
sis and globin translation, resulting in a transient excess of
free heme, could in part explain the erythroid defect of
DBA.

Development of future therapies

Lenalidomide

Lenalidomide has proven to be highly effective in the
treatment of patients with 5q- syndrome, causing both
hematologic and cytogenetic responses.** Although the
underlying mechanism remains elusive, lenalidomide has
been reported to promote the erythroid differentiation of
human CD34-positive bone marrow cells and the produc-
tion of fetal hemoglobin.® This is due to its ability to stim-
ulate CFU-E progenitor cells, possibly through the modu-

lation the Epo receptor turnover.”7! As corticosteroids and
lenalidomide promote erythropoiesis at distinct stages, use
of these agents in combination could provide a more pro-
found therapeutic effect in DBA.”

L-Leucine

Recently, based on the theory of inefficient translation
as the underlying cause for the severe anemia in DBA,
Pospisilova et al. reported one patient who became trans-
fusion-independent in response to treatment with the
amino acid L-leucine."* Similarly, L-leucine administra-
tion alleviated the developmental defects and in some
cases also the anemia of rps19-deficient and rps14-defi-
cient zebrafish models.” Furthermore, dietary L-leucine
was shown to improve the anemia of Rps19-deficient
mice.' L-leucine is an essential branched chain amino
acid that plays an important role in the regulation of pro-
tein synthesis, and this response involves the mam-
malian/mechanistic target of rapamycin complex 1
(mTORC1) pathway.”> Thus the enhanced translation of
ribosomal proteins could underlie the therapeutic effect of
L-leucine. Irrespective of the mechanism, several large
clinical trials are now ongoing or about to start. The future
outcome of these trials could be exciting since the side
effects of L-Leucine, if used in the correct dose, are
expected to be relatively modest compared to the potential
toxic effects of corticosteroids.

Targeting the p53 pathway

Based on the current experimental findings, it is tempt-
ing to speculate that the erythroid defect in DBA is largely
caused through a p53-dependent mechanism. The identifi-
cation of p53 could provide a novel therapeutic avenue for
the treatment of DBA and related disorders. Inhibition of
p53 with a small molecule pifithrin alpha rescues the ery-
throid defect of RPS19-deficient and RPSI14-deficient
human bone marrow cell cultures.®® Indeed, a transient
dampening of the p53 pathway could provide a therapeutic
benefit in patients. However, direct interference with p53
raises concerns because of its role as a tumor suppressor.
Strategies targeting disease-specific factors either
upstream or downstream of p53 could provide a more
promising alternative.

Gene therapy

Gene therapy is the only approach apart from allogeneic
transplantation that can cure the hematopoietic defect in
DBA. In a recent proof-of-principle experiment, the lethal
bone marrow failure in Rps19-deficient mice could be cured
by gene therapy.”” However, as the current therapies, espe-
cially those with corticosteroids, have a relatively good out-
come, moving gene therapy to the clinic will require a care-
ful assessment of the risk-benefit ratio for this approach. We
envisage that the first clinical trials could be applied to
patients with a chronic transfusion-dependent DBA.
Lentiviral vectors, in which the potent spleen focus-forming
vector (SFFV) promoter drives the expression of codon-
optimized human RPS19 cDNA, were used to correct the
DBA phenotype in mice.”> However, for future clinical
application, more moderate cellular promoters must be vali-
dated, as they are potentially safer with regards to the prob-
ability of insertional mutagenesis. Clinical trials for Fanconi
anemia employing similar lentiviral vectors, in which the
PGK promoter drives the expression of FANCA cDNA, are
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being conducted.” However, the elongation factor la
(EF10) short promoter may prove to be an even more viable
alternative.”” Furthermore, a lentiviral vector utilizing the
EF1la promoter combined with the locus control region of 3-
globin has been shown to allow a constitutive but erythroid-
pronounced transgene expression.” The safety and efficacy
of ongoing clinical trials using lentiviral vectors to treat dis-
orders other than DBA will largely determine the future of
DBA gene therapy. Although the follow-up time for these tri-
als is still relatively short, no severe genotoxic side effects
have been reported.”” The development of a human gene
therapy protocol for RPS19-deficient DBA is estimated to
take approximately five years
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Optimizing hematopoetic stem cell transplantation
for bone marrow failure syndromes

A B S T R A C T

Hematopoietic stem cell transplantation for marrow failure is overall a huge success story of mod-
ern medicine with 70%-90% long-term survival achieved in these patients. First-line treatment for
acquired marrow failure includes immunosuppression with antithymocyte globulin and cyclosporine
as well as marrow transplantation, and decision algorithms are useful to determine appropriate
approaches. A series of prospective and observational studies have determined current standards for
transplantation in patients with an HLA-identical sibling donor, and it is against these standards that
all future progress has to be measured. In recent years, availability of well-matched unrelated donors
has increased dramatically and results of unrelated donor transplantation are approaching those with
sibling donor transplantation. This is in sharp contrast to results in the 1990s. In patients without a
matched sibling or unrelated donor, alternative approaches, including cord blood transplants and

transplants from haploidentical donors, are discussed.

Learning goals

At the conclusion of this activity, participants should be able to:
- describe standard indications and procedures for allogeneic stem cell transplantation in aplastic

anemia;

- determine the appropriate timing to start an unrelated donor search for patients with marrow fail-

ure;

- discuss choice of stem cell source for transplantation in patients with marrow failure.

Introduction

Marrow failures include aplastic anemia
(AA), generally considered an autoimmune
disease. This needs to be differentiated from
hypoplastic MDS and PNH with aplasia. A
number of congenital diseases are part of the
marrow failure world. Most prominent are
failures of DNA repair such as Fanconi anemia
and much rarer failure of ribosomal apparatus
e.g. Diamond Blackfan anemia and
Schwachman-Diamond anemia, or of telomere
elongation such as dyskeratosis congenita. In
the latter congenital disorders, hematopoietic
stem cell transplantation (HSCT) is often a
consideration. HSCT will not correct the
underlying congenital disease but can correct
the marrow failure. Indications to transplant
patients with congenital marrow failure and
use of transplant technology should be
reserved for specialized centers because of
susceptibilities to toxicity and secondary can-
cers. This review will, therefore, focus on
acquired marrow failure. Figure 1A and B
shows the absolute numbers of allogeneic
HSCT for marrow failure as reported in the
activity survey of the European Group for

Blood and Marrow Transplantation (EBMT).
Separate lines are drawn for HSCT from sib-
ling and unrelated donors, and separate graphs
for AA and other marrow failure syndromes,
the most important of these being Fanconi
anemia. As is evident, in Europe, there has
been a continuous increase in HSCT for these
indications in the period 2004-2011.

Aplastic anemia (AA) is defined as pancy-
topenia with a hypocellular marrow. The inci-
dence of acquired aplastic anemia in the Western
hemisphere is around 1-2 per million of the pop-
ulation per year, and this is higher in East Asia.
Age distribution shows peaks in children and
young adults, and in patients over 60 years of
age. Patients with AA commonly present with
anemia and hemorrhage, or neutropenic infec-
tion. Diagnosis may not be very clear at the out-
set. Treatment decisions are complex, a watch
and wait strategy is often used initially in cases
of unexplained pancytopenia, but a prolonged
interval from diagnosis to treatment is associat-
ed with worse outcome.! Prior to treatment, the
patient should be stable in terms of controlling
bleeding and treating infection. Once disease is
confirmed, disease severity has been assessed,
and family typing performed, it is time to initiate
treatment.
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First-line treatment

The decision for first-line treatment will depend on
patient age, availability of an HLA-identical sibling donor,
and, in part, on the severity of the disease.”> Family HLA
typing is, therefore, recommended at first suspicion of the
disease. The standard first-line treatment for a newly diag-
nosed patient with AA is either allogeneic bone marrow
transplantation (BMT) from an HLA-identical sibling
donor or immunosuppressive therapy (IST) with a combi-
nation of ATG and cyclosporine A (ATG+CSA), with
younger age and more severe disease favoring HSCT, and
older age and less severe disease favoring IST as first-line
treatment. Allogeneic BMT from an HLA-identical sibling
donor is recommended as first-line treatment if the disease
is severe or very severe, and if the patient is younger than
40-50 years of age.

HLA-identical sibling donor transplantation:

Transplantation for AA from an HLA-identical sibling
donor has improved considerably over the years with a
75%-80% chance of long-term cure in more recent
cohorts. Unresolved issues are: graft failure rates of 4%-
14% including late graft failure, and graft-versus-host dis-
ease (GvHD), severe acute GvHD (grade III-IV) (which
appears to occur less commonly now) and chronic GVHD,
which still occurs in 3%-40% of patients.

There is controversy concerning the upper age limit for
BMT as a first-line treatment as results vary in different
case series. In more recent cohorts of patients reported to
the EBMT, outcome of patients in the 20-30, 30-40 and
40-50 year age groups tend to be similar. The advantage of
treating a patient with IST and transplanting only in case
of IST failure is appealing, but outcome in patients under-
going transplantation after failing IST is worse than under-
going transplantation upfront.? In this study, the hazard
ratio for mortality was 1.7 in patients receiving a trans-
plant as part of a second-line treatment as compared to
patients with up-front transplantation. For patients with an
HLA-identical sibling donor in whom transplantation is
not used as first-line treatment, BMT remains an option as
second-line treatment in the case of IST failure.

Optimal transplantation strategies for HLA-identical
sibling BMT are defined. It is recommended to use bone
marrow stem cells rather than G-CSF mobilized peripheral
blood stem cells. In retrospective studies, earlier engraft-
ment occurred with peripheral blood but survival was
worse with more chronic GVHD, using peripheral blood
compared with bone marrow.'# Figure 2 shows acute and
chronic GvHD in recipients of peripheral blood and mar-
row transplants from sibling donors.! The effect of sex-
mismatch between donor and recipient has been evaluated
and shows better survival in patients with donors from the
same gender. Male patients with female donors had risks
of acute GVHD increased by 33% as compared to male-
into-male transplant patients; female patients with male
donors had increased risks of graft rejection.’ The condi-
tioning regimens and GVHD prophylaxis described below
refer specifically to patients with acquired AA. In younger
patients with AA, the standard conditioning proposed is
cyclophosphamide 50 mg/kg x 4 + antithymocyte globulin
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Figure 1. Data from the Activity Survey of the European
Group of Blood and Marrow Transplantation. Frequencies
of allogeneic Transplants for (A) severe aplastic anemia
(SAA) and (B) other marrow failure syndromes (BMF-other)
most of which are Fanconi Anemia.
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Figure 2. Sibling donor transplantation, differences in
acute and chronic graft-versus-host (GvHD) disease by
stem celllsource comparing bone marrow versus peripher-
al blood.
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Figure 3. Survival of patients receiving sibling donor trans-
plantation for aplastic anemia by disease duration prior to
transplant, and use of conditioning regimens with

cyclophosphamide and antithymocyte globulin.*
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(ATG). This regimen is highly immunosuppressive to pre-
vent graft rejection and GVHD. The benefit of adding
ATG to cyclophosphamide is unclear, but a retrospective
study showed better survival in recipients of ATG' (Figure
3). The recommended post-transplant immunosuppression
is cyclosporine A (CSA) continued for at least 12 months
with slow tapering and short course methotrexate, the
superiority of the combination having been confirmed in a
randomized controlled trial (RCT). Because of unsatisfac-
tory results with older patients (e.g. >30 or >40 years of
age) with sibling donor transplantation, and the fact that
most of these patients received a transplant not as first- but
as second-line treatment having a longer interval from
diagnosis to transplantation and a higher transfusional
load, several groups have tried to modify conditioning by
adding, for example, fludarabine and by reducing the
cyclophosphamide dose. Some interesting series have
been published’ but data are limited.

Unrelated donor transplantation

The outcome of unrelated donor transplants for patients
with AA has improved in the last decade.®® Improved selec-
tion of better HLA-matched donors most likely played a
major role. Since this progress in high-resolution typing,
with greater availability of HLA-A, B-, C-, DRB1-, DQB1-
matched donors, the number of unrelated donor transplants
for marrow failure has increased (Figure 1A and B).
Outcomes after unrelated donor transplantation for AA con-
tinue to improve, as shown by the results from the EBMT
database (Figure 4) with 72% S5-year survival in patients
transplanted in the period 2006-2011. Slightly higher sur-
vival rates are reported in phase II studies (73%-80%'*!!) as
is often seen when comparing phase II single center data to
data obtained from large observational registries.

Appropriate timing to start the search for an unrelated
donor is an important issue. In patients who may become
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Figure 4. Survival after allogeneic Transplantation from
unrelated donors in 2000-2205 and 2006-2011.
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candidates for unrelated donor transplantation, donor
search should start at diagnosis as response to immune
suppressive treatment may require an appropriate time
interval that will be used to identify an appropriate donor.
Pediatric groups, in particular, discuss up-front unrelated
donor transplantation'? because with the increasing size of
the donor pool, and the increasing proportion of unrelated
donor typed at high-resolution level, the donor search may
take much less time. Indeed, outcomes after unrelated
donor transplantation in children are now similar to those
after matched sibling donor transplantation.

Similar to sibling transplants, outcomes are improved if
marrow is used rather than peripheral blood'? as marrow
failure patients derive little, if any benefit from the higher
T-cell dose found in peripheral blood with the associated
higher risks of chronic GYHD. Optimal conditioning regi-
mens in unrelated donor transplantation are not known.
Increasingly, regimens incorporating fludarabine, ATG or
campath and small doses of total body irradiation (e.g. 2
Gy of TBI) are being used!®!*!¢ with variable doses of
cyclosphosphamide. An interesting study tested
cyclophosphamide de-escalation!® with toxicity at doses of
over 100 mg/kg and graft failure with doses under 50
mg/kg when used in combination with fludarabine, ATG
and TBI. Similar regimens are used successfully in
patients with congenital marrow failure.!’

Transplants from alternative donors

Umbilical cord blood as an alternative source of stem
cells for transplantation has been used in a small number
of patients with AA,'® Umbilical cord blood transplanta-
tion (UCBT) has extended the availability of hematopoiet-
ic stem cell transplantation (HSCT) in the absence of a
suitable donor. Outcome is excellent in the case of identi-
cal sibling cord (a situation that is rare, i.e. child with the
disease of a mother who is pregnant) but less so with unre-
lated cord blood units. Double unrelated cord blood trans-
plantation has been reported in only a few patients with
marrow failure. In a study of 14 patients with congenital
and acquired marrow failure who received double cord
blood transplantation after a median follow up of 23
months, the estimated 2-year overall survival was 80+17%
and 33+16% for patients with acquired and inherited mar-
row failure. Transplantation of two partially HLA-
matched cord blood units thus enables salvage treatment
of high-risk patients. In a series of 71 patients reported as
an observational study,' with a median age of 13 years,
the cumulative incidence of neutrophil recovery at Day 60
was 51+6% with a shorter time to engraftment with higher
nucleated cell counts (>3.9x107/kg); the incidence of acute
GVHD was 20+5% and chronic GVHD was 18+5%.
Three year overall survival was 38+6%. Therefore, cord
blood transplantation results are currently not equivalent
to sibling or unrelated donor transplantation and further
studies are needed. Interestingly, however, there is no
direct comparison and it is likely that alternative donor
transplant recipients are not comparable to patients receiv-
ing standard treatment.

In parallel to cord blood transplantation, haploidentical
stem cell transplantation has undergone major modifica-
tions and progress. The advantage of haploidentical stem

cell transplantation is the rapid availability of a one-haplo-
type mismatched donor for almost all patients. The most
commonly used transplant technology is T-cell depleted
grafts with high dose of CD34+ cells.** More recently,
unmanipulated haploidentical bone transplantation with
post-transplant cyclophosphamide as GvHD prophylaxis
has been reported,?' although few patients with aplastic
anemia have been treated. Problems of haploidentical
stem cell transplantation include non-engraftment, poor
immune reconstitution, and high rates of relapse in
patients with active malignancy at the time of transplanta-
tion. Haploidentical transplants have been used only on an
individual basis in AA and no large studies have been per-
formed. In a series of 19 Chinese patients receiving a com-
bination of G-CSF-primed marrow and G-CSF-mobilized
peripheral blood stem cells from haploidentical family
donors using a conditioning regimen with busulphan,
cyclophosphamide and ATG, all patients engrafted.
Survival was 64% with 56% reported with chronic
GVHD.? Alternative donor transplantation will continue
to be difficult to study in marrow failure as this is for
patients with rare diseases, and of these, a minority fail
strategies of conventional treatment or transplants using
the more established techniques with matched sibling or
unrelated donors.

Paroxysmal nocturnal hemoglobinuria

Paroxysmal nocturnal hemoglobinuria (PNH) is a dis-
ease with highly variable clinical manifestations and may
resemble aplastic anemia. It is, however, more commonly
a disease with the classical hemolytic or thromboembolic
presentation. A recent comparative study? in which trans-
planted patients from the EBMT registry have been
matched to patients without transplantation from the
cohort of the French hematologic society, 5-year survival
of transplanted patients was 68+3% in the transplanted
group (54+7% in patients with thromboembolic presenta-
tion, 69+5% in patients with aplastic anemia presentation
and 86+6% in patients with hemolytic presentation).
Patients with thromboembolic presentation did not benefit
from transplantation, whereas in patients presenting with
aplastic anemia, a matched pair analysis could not be per-
formed. The outcome of these patients is, however, similar
to other patients reported to the registries. Interestingly,
most of these patients were treated prior to the availability
of complement inhibitors.

Congenital marrow failure

A considerable number of transplants are performed for
marrow failure other than AA. In the 2011 European
Group for Blood and Marrow Transplantation (EBMT)
activity survey, 499 allogeneic HSCT were for AA and
177 for other marrow failure syndromes. Most of these
include the congenital marrow failure of Fanconi anemia,
a DNA repair defect disease associated with increased
cancer risks and other congenital defects. The EBMT data-
base contains over a 1000 cases transplanted for Fanconi
anemia. Other diseases are much rarer and include the
Dyskeratosis congenita (a defect of telomere elongation),
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Shwachman-Diamond syndrome, and pure red cell apla-
sia, mainly Diamond Blackfan anemia and few cases of
congenital neutropenia, amegakaryocytic thrombocytope-
nia and others. It is beyond the scope of this paper to
address details of transplantation of these diseases, as each
of these entails particular considerations and transplants
should be performed in specialized centers.

In a recent survey of patients with Fanconi anemia® ana-
lyzed 795 patients. Survival at 20 years was 49%; more
recent year of transplant, younger age and marrow as a stem
cell source was associated with better outcome. Chronic
GVvHD and secondary tumors were deleterious. In patients
with Fanconi anemia, the choice of conditioning is of par-
ticular importance because of sensitivity to toxicity, chronic
GVHD is poorly tolerated, and secondary tumors, in partic-
ular of the oral cavity problematic. Timing of HSCT for
Fanconi anemia is crucial, particularly in patients with mod-
erately severe marrow failure. Once transformation to MDS
or leukemia has occurred outcome is impaired.? The choice
of conditioning avoiding TBI, of preferable marrow stem
cell source and of a well-matched donor have been dis-
cussed above. Cord blood transplantation from mismatched
unrelated donors has been used with varying results?’?® in
patients with congenital marrow failure.
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Immune signaling in chronic lymphocytic leukemia

A B S T R A C T

Surface Ig (slg), the key receptor for normal B cells, is retained by the majority of B-cell malignancies.
In CLL, slgM appears to influence tumor cell behavior via transient engagement with antigen in lymphoid
tissue. Importantly, inhibitors of slgM-activated intracellular pathways are showing clinical promise.
However, CLL includes two major prognostic subsets that differ in mutational status of the Ig V-genes.
The slgM of unmutated (U) CLL is less down-regulated by antigen, with cells remaining more responsive
to stimulation in vitro, and possibly in vivo. Downstream effects of slgM signaling include upregulation
of MYC proto-oncoprotein expression and induction of MYC-regulated targets, including cyclin D2, with
both proteins detected in proliferation centers. Cell survival is also promoted, with inactivation of the
pro-apoptotic activity of BIM(EL) via enhanced phosphorylation. The ability to phosphorylate BIM(EL) was
highly correlated with mutational status and with requirement for treatment. U-CLL also preferentially
expresses CXCR4 and CD49d, both important in migration to tissue. Intraclonal analysis of individual CLL
cases reveals small subgroups with high slgM/CXCR4, apparently dangerously primed for tissue-based
proliferative stimulation. Unlike normal B cells, this is an iterative process exposing proliferating CLL cells,

especially U-CLL but some M-CLL cases, to further genetic change.

Learning goals

At the conclusion of this activity, participants should be able to:
- understand the role of the B-cell receptor in CLL and to gain insight into the signals mediated via

engagement of surface Ig;

- use that knowledge to interpret the clinical outcome of BCR pathway inhibitors.

Introduction

CLL is a relatively indolent B-cell tumor
with a variable clinical course. It may be pre-
ceded by B-cell expansions, termed mono-
clonal B-cell lymphocytosis (MBL), a finding
difficult to define, since it includes patients
with early disease and also those who do not
develop overt tumors.! Even clear cases of
CLL can occasionally regress.>* This range of
features. and the fact that many patients
remain untreated, at least for some time,
allows investigation of the pathogenetic steps.
Chromosomal changes are quite limited in
early disease, the most common being deletion
at 13q14, a region which encodes two micro-
RNASs, miR-15a/miR-16-1.* This deletion can
be detected at the stage of MBL and, since the
miRNAs are apparently negative regulators of
BCL-2, the consequence is to up-regulate
BCL2 expression.” There may be an analogy
here with follicular lymphoma, where the first
step toward tumor development, insufficient
by itself, is the t(14;18) translocation which
also up-regulates BCL-2 expression.>$

A further advantage of CLL for the investi-
gator is that, although cases look similar by
routine hematologic investigation, the disease
can be divided into two major subsets. These
are distinguished by the level of somatic

hypermutation (SHM) in the Ig variable (V)
region genes, into so-called unmutated CLL
(U-CLL) (approx. 40% of cases) and mutated
CLL (M-CLL) (approx. 60%).”1° This feature
indicates that the B cells of origin of the two
subsets had reached distinct points of differen-
tiation. U-CLL is likely to derive from a pre-
germinal center (GC) B cell, whereas M-CLL
appears to have undergone the normal process
of SHM and antigen selection in the GC prior
to transformation. This is not just a biological
curiosity but has profound effects on clinical
behavior, with U-CLL being more aggressive.
Although this is proving clinically useful,
there are some exceptions, such as the relative-
ly rarely used IGHV3-21 gene. Usage of this
gene seems to mark an aggressive tumor even
when classified as M-CLL; however, the
mutational frequency does tend to be quite
low, falling at the border between the two sub-
sets.!!

The two subsets are not interconvertible and
use different IGV genes, indicating separate
development. There is differential asymmetry
of IGV (H and L) gene usage, with the most
dramatic being the increased level (20-30%)
of IGHV1-69'? in U-CLL.*!° Conservation of
HCDR3 sequences is also evident, especially
in U-CLL, and the various conserved
sequences, suggestive of common antigen
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recognition, have been defined as ‘stereotypes’.!*!* We
used the conserved sequences of the IGHV1-69 gene to
probe for the potential B cells of origin of U-CLL, and
detected them in the normal naive B-cell population in
blood."” This has been confirmed by recent gene expres-
sion profiling data, which also found that the cells are
CD5*CD27-.'% The origin of M-CLL is more difficult to
track by V-gene analysis, but GEP suggests that this subset
may be derived from a circulating CD5*CD27+ B-cell pop-
ulation.!® Further differences between the two subsets
have emerged, with ZAP-70 expression detected mainly in
U-CLL.” The function of this protein in CLL cells
remains unclear but it has potential effects on signaling,'
sIgM endocytosis'® and migration. CD38 is also more
often expressed in U-CLL and tends to be up-regulated in
tissue sites, appearing as a marker of cell division and
growth in vivo.2! While these two proteins are useful prog-
nostic indicators, their association with U-CLL underlines
the differential biology of the two subsets. Understanding
this biology, and the changes that occur during circulation
through tissue sites, should reveal new ways of specific
drug targeting of CLL cells.

CLL in tissue sites

CLL cells of both subsets proliferate in tissue sites,
mainly lymph nodes, and migration from blood to tissue is
clearly required. For normal B cells, this involves first,
extravasation from blood vessels via interaction with L-
selectin, chemokines and adhesion molecules, and second,
following chemokine gradients along the fibroblastic
reticular cell network to the follicle (reviewed in 22). If
antigen and CD4* T cells are engaged, a GC will be
formed and B cells will undergo antigen selection and dif-
ferentiation. The picture for CLL cells indicates exclusion
from follicles, a likely outcome in the absence of cognate
T-cell help. Exposure to antigen can still occur in the
extrafollicular site, and proliferating CLL cells efface fol-
licular structures, forming loose aggregates containing Ki-
67+ cells together with stromal cells and T cells, termed
proliferation centers.?

The antigens recognized by CLL cells are probably not
a single entity but, from the pattern of follicular exclusion
of tumor cells and from the apparently persistent stimula-
tory effects, they are most likely to be autoantigens, with
several candidates already identified.>*?5 One possibility is
that they are not the antigens which stimulated the B cells
of origin, but are cross-reactive substitutes of lower affin-
ity. However, specificity for the initiating antigen may be
retained, as ill