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Editors’' Message

Welcome to the 65th annual meeting of the American Society of Hematology. In addition
to meeting friends and colleagues old and new, forging collaborations, and learning of the
promising new advances in hematology, we hope you will discover that this year's meeting
will not just meet but exceed the high standards for education for which the ASH Education
Program is known. With a complete set of rigorously peer-reviewed, case-based, concise
articles for this year's education program replete with useful figures and tables, our stan-
dards for Hematology, the ASH Education Program have never been higher, and we hope
you will find that the quality of the content has never been better. We are also happy to
say to all the bookworms out there that your pleas have been heard: the print version of
Hematology is now once again available, this time for sale on an opt-in basis. This way,
everyone wins: those who prefer to read the content online can continue to do so, and
those who prefer a physical book can buy one if they wish. Best of all, no one needs to find
room in their luggage for the tome, as preordered printed copies will be shipped soon after
the meeting. In this volume, you will find articles for every session included in the education
program, as well as a series of thought-provoking evidence-based minireviews, all written
by international expert speaker-authors.

We must thank this year's education co-chairs, Dr. Jean Connors (classical hematology)
and Dr. Amy DeZern (malignant hematology), for crafting a state-of-the-art education pro-
gram on which this volume is based. Finally, Hematology is possible only thanks to the
efforts of hundreds of invaluable peer reviewers and the diligent efforts of the ASH publica-
tions staff, including Ebony Stewart, Alison Beale, Jeremiah Murphy, Dax Rodulfa-Blemberg,
Brian Cannon, Kenneth April, Keith Gigliello, Glenn Landis, and Nina Hoffman, among others.
We are thankful for all of their work.

Enjoy, from your Hematology Editors!

Hanny Al-Samkari, MD Alison R. Walker, Rakhi P. Naik, MD, MHS  Alex F. Herrera, MD Ang Li, MD, MS
MD, MPH, MBA
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Continuving Medical Education Information

The Hematology ASH Education Program is an annual publica-
tion that provides practicing hematologists with invaluable infor-
mation on the most important areas of clinical progress.

Hematology 2023 is a peer-reviewed collection of articles
written by the 2023 ASH Education Program speakers and the
Ham-Wasserman Lecturer. The papers showcase groundbreak-
ing advances and new concepts in 31 different fields. Every year,
the periodical provides an updated and comprehensive review
of each of the topics covered in the annual meeting education
sessions.

Educational objectives

1. Employ the knowledge gained regarding the diagnosis and
treatment of malignant and classical hematologic disorders
to improve patient care.

2. Discuss the state-of-the-art therapeutics in hematology.

3. Analyze the potential contribution of novel, not-yet-approved
modalities of therapy to current evidence-based manage-
ment of malignant and classical hematologic disorders.

Date of release
December 2023

Date of expiration

On December 31, 2024, the ability to earn Continuing Medical
Education (CME) credit and American Board of Internal Medicine
(ABIM) Maintenance of Certification (MOC) points for this prod-
uct expires. This is the last date for users to claim credit for this
product. For questions about credit, please contact the ASH Ed-
ucation Department at cme@hematology.org or call 866-828-
1231 (toll-free) within the United States only or 1-202-776-0544

internationally.

ACCME

ACCREDITED

Accreditation and credit designation

The American Society of Hematology (ASH) is
accredited by the Accreditation Council for Con-
tinuing Medical Education (ACCME) to provide
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HAM-WASSERMAN LECTURE

Thrombotic anti-PF4 immune disorders: HIT, VITT,
and beyond

Andreas Greinacher' and Theodore E. Warkentin?

TInstitut fur Transfusionsmedizin, Universitdtsmedizin Greifswald, Greifswald, Germany
2Department of Pathology and Molecular Medicine and Department of Medicine, McMaster University, Hamilton, Ontario, Canada

Antibodies against the chemokine platelet factor 4 (PF4) occur often, but only those that activate platelets induce
severe prothrombotic disorders with associated thrombocytopenia. Heparin-induced thrombocytopenia (HIT) is
the prototypic anti-PF4 disorder, mediated by strong activation of platelets through their Fcylla (immunoglobulin G
[IgG]) receptors (FcyRlla). Concomitant pancellular activation (monocytes, neutrophils, endothelium) triggers throm-
boinflammation with a high risk for venous and arterial thrombosis. The classic concept of HIT is that anti-PF4/heparin
IgG, recognizing antigen sites on (cationic) PF4 that form in the presence of (anionic) heparin, constitute the
heparin-dependent antibodies that cause HIT. Accordingly, HIT is managed by anticoagulation with a nonheparin anti-
coagulant. In 2021, adenovirus vector COVID-19 vaccines triggered the rare adverse effect “vaccine-induced immune
thrombotic thrombocytopenia” (VITT), also caused by anti-PF4 IgG. VITT is a predominantly heparin-independent
platelet-activating disorder that requires both therapeutic-dose anticoagulation and inhibition of FcyRlla-mediated
platelet activation by high-dose intravenous immunoglobulin (IVIG). HIT and VITT antibodies bind to different epi-
topes on PF4; new immunoassays can differentiate between these distinct HIT-like and VITT-like antibodies. These
studies indicate that (1) severe, atypical presentations of HIT ("autoimmune HIT") are associated with both HIT-
like (heparin-dependent) and VITT-like (heparin-independent) anti-PF4 antibodies; (2) in some patients with severe
acute (and sometimes chronic, recurrent) thrombosis, VITT-like antibodies can be identified independent of proxi-
mate heparin exposure or vaccination. We propose to classify anti-PF4 antibodies as type 1 (nonpathogenic, non-
platelet activating), type 2 (heparin dependent, platelet activating), and type 3 (heparin independent, platelet activat-
ing). A key concept is that type 3 antibodies (autoimmune HIT, VITT) require anticoagulation plus an adjunct treatment,
namely high-dose IVIG, to deescalate the severe anti-PF4 IgG-mediated hypercoagulability state.

LEARNING OBJECTIVES

« Classify the different prothrombotic disorders induced by platelet-activating anti-platelet factor 4 antibodies

» Define 3 types of anti-PF4 antibodies

» Review treatment for patients with anti-PF4 disorders and the requirement for therapeutic-dose anticoagulation
and high-dose intravenous immunoglobulin (IVIG)

Introduction
Anti-platelet factor 4 (PF4) antibodies are the underlying
cause of the prothrombotic disorders heparin-induced
thrombocytopenia (HIT) and vaccine-induced immune
thrombotic thrombocytopenia (VITT). It is increasingly
recognized that anti-PF4 antibodies can also cause severe
prothrombotic disease independent of ongoing heparin
treatment or adenovirus vector vaccination.! However, only
a subset of anti-PF4 antibodies are pathogenic.

Within the emerging concepts of thromboinflammation
and immunothrombosis,?> we describe the clinical presen-
tations, serological characteristics, and pathogenesis of

HIT and VITT and address the emerging evidence of pro-
thrombotic anti-PF4 antibody disorders beyond HIT and
VITT. We also propose a new nomenclature for anti-PF4
antibodies. Type 1 antibodies are non-platelet activat-
ing and usually of no pathological relevance. In contrast,
type 2 and type 3 antibodies are pathogenic and activate
platelets via Fcylla receptors (FcyRlla). Type 2 antibodies
cause classic HIT and require the concomitant presence
of PF4 and pharmacological concentrations of hepa-
rin (or another polyanion) to effect pathogenicity. Type
3 antibodies cause thromboinflammation by binding to
PF4 alone and have been identified to underlie VITT. An

HIT, VITT, and beyond

1

£20Z $9qW09Q 01 UO 81197 euljoied ‘WNILYOSNOD S3dVD AQ Jpd-ieyoeuraiBl /L 196/ 12/L/L/EZ0z/spd-ajoe/ABojojewsy/Bio-suoneolandyse//:dny woJy papeojumod


https://crossmark.crossref.org/dialog/?doi=10.1182/hematology.2023000503&domain=pdf&date_stamp=2023-12-08

important new development is that anti-PF4 type 2 and type 3
antibodies are increasingly identified as causes of severe, atyp-
ical HIT ("autoimmune HIT") as well as thrombotic disorders
beyond HIT and VITT.

Favorable outcomes in thrombotic anti-PF4 antibody disor-
ders require early recognition and aggressive treatment. It is
increasingly being recognized that the often extreme hyperco-
agulability state of patients with predominant anti-PF4 type 3
antibodies will not abate with therapeutic-dose nonheparin anti-
coagulation. An adjunctive strategy to deescalate the prothrom-
botic state is paramount. This is currently achieved by high-dose
intravenous immunoglobulin (IVIG).

CLINICAL CASE

In 2015 a 35-year-old woman presented with severe head-
ache and thrombocytopenia (49x10%/L); D-dimer levels were
greatly elevated (>35000 pg/L fibrinogen equivalent units
[FEU]). Cerebral vein sinus thrombosis (CVST) was confirmed by
nuclear magnetic resonance. Her past medical history included
a recent upper respiratory tract infection about 2 weeks prior;
otherwise, she was healthy and did not take any medications
other than hormonal contraception. Heparin was started, but
the CVST progressed. The combination of unexplained throm-
bosis and thrombocytopenia prompted testing for anti-PF4
antibodies; a PF4/heparin immunoglobulin G (IgG) microti-
ter plate assay was strongly positive, but the confirmatory
heparin-dependent platelet activation test was negative.
Although platelet counts increased, the patient developed
fatal secondary intracerebral bleeding.

HIT and VITT

HIT

Fifty years ago (1973), HIT was recognized as a prothrombotic
disorder associated with heparin-dependent, platelet-activat-
ing antibodies. Later, the antigen target was identified as a mul-
timolecular complex of the cationic chemokine PF4 (also named
CXCL4) and negatively charged heparin. Until the early 1990s,
the predominant clinical presentation of HIT was believed to be
arterial thrombosis.®> But during the era of widespread heparin
thromboprophylaxis, it became evident that HIT was more often
associated with venous thrombosis and pulmonary embolism,
particularly after major surgery. HIT antibodies activate platelets
and leukocytes via FcyRlla and trigger massive thrombin gener-
ation. The classic view of HIT is that of a predominantly heparin-
dependent, platelet-activating disorder, managed by heparin
cessation and substitution with a nonheparin anticoagulant.
This includes direct thrombin inhibitors (argatroban, bivaliru-
din) and agents with exclusive (fondaparinux, rixaroxaban, apix-
aban) or predominant (danaparoid) anti-factor Xa activity.* In
addition, IVIG is emerging as an adjunct treatment to inhibit
FcyRlla-mediated platelet activation.® In contrast, warfarin
treatment during acute HIT increases the risk for limb ischemic
necrosis and amputation due to the progressive microvascular
thrombosis associated with severe protein C depletion.® A clin-
ical suspicion of HIT is based on clinical features, as reflected by
the 4Ts scoring system (Table 1).
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VITT

In 2021, recognition of a rare (1-2/100 000 vaccinations) adverse
effect of adenovirus vector-based COVID-19 vaccines, VITT,
greatly increased interest in anti-PF4 IgG-mediated disor-
ders.”? The characteristics of VITT are summarized in Table 2.
In comparison to HIT, the risk for CVST or splanchnic vein throm-
bosis seems to be especially increased in VITT. Anti-PF4 antibod-
ies in VITT differ substantially from HIT antibodies: they bind to an
epitope on PF4 distinct from the HIT heparin-dependent antigen
sites.’® Indeed, heparin usually inhibits VITT antibody-mediated
platelet activation. The current view of VITT is that of a predom-
inantly heparin-independent platelet-activating disorder that
requires high-dose IVIG to decrease FcyRlla-mediated plate-
let activation and associated hypercoagulability together with
therapeutic-dose anticoagulation.”

The iceberg model

A striking feature of the anti-PF4/heparin immune response is
that a high proportion of heparin-exposed patients form non-
pathogenic (anti-PF4 type 1) antibodies. Also, in 5% to 8% of
the normal population, nonpathogenic anti-PF4 type 1 antibod-
ies are found after COVID-19 vaccination.”? This has enormous
diagnostic relevance, given that anti-PF4 antibodies detect-
able by immunoassays do not necessarily indicate clinical dis-
ease. The "iceberg" model (graphical abstract) represents this
concept®: the "tip" of the iceberg represents the clinically evi-
dent manifestations (thrombocytopenia, thrombosis) of the
anti-PF4 response, in association with anti-PF4 type 2 and/or
type 3 antibodies.

"Functional” (platelet activation) tests detectanti-PF4 platelet-
activating antibodies (Table 3).” They differentiate between anti-
PF4 type 1, type 2, and type 3 antibodies. For detection of anti-
PF4 type 2 antibodies in HIT, heparin is added. First-generation
platelet-rich plasma assays were later supplanted by washed
platelet assays, with various readout modifications, mainly: the
serotonin-release assay (SRA), the heparin-induced platelet acti-
vation assay (HIPA), and flow cytometry-based assays. For the
detection of anti-PF4 type 3 antibodies in VITT, PF4 (instead of
heparin) is added. All functional assays are restricted to refer-
ence laboratories.

The seminal discovery by Jean Amiral that HIT antibodies tar-
get PF4 paved the way for developing widely applicable enzyme
immunoassays (ElAs) for detecting 1gG that recognize PF4/
heparin (polyanion) complexes. With widespread EIA availability,
HIT entered the diagnostic mainstream. Microtiter plate-based
HIT assays are also sensitive for anti-PF4 type 3 (VITT) antibodies,
while commercially available rapid immunoassays generally only
recognize anti-PF4 type 2 HIT antibodies (Table 3).

Pathogenesis of HIT and VITT

The clinical characteristics of HIT have long puzzled clinicians
and scientists. The notion that the 2 dominant anticoagulants
of the 1970s and 1980s—heparin and vitamin K antagonists—
induce or aggravate thrombotic complications, in the setting of
thrombocytopenia, was highly counterintuitive. Today, HIT and
VITT can be seen as prototypic examples of immunothrombo-
sis and thromboinflammation.? These 2 evolving concepts com-
bine immunity and hemostasis, especially the network between
coagulation and the innate immune system, involving platelets,
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Table 1. The 4Ts score for heparin-induced thrombocytopenia

Score=2

Score=1

Score=0

Thrombocytopenia
Compare the highest
platelet count within the
sequence of declining
platelet counts with the
lowest count to determine
the % of platelet fall

« >50% platelet fall AND a nadir of
>20x10°/L AND no surgery within
preceding 3 days

« >50% platelet fall but surgery
within preceding 3 days OR

« Any combination of platelet fall
and nadir that does not fit criteria
for score 2 or score 0 (eg, 30% to
50% platelet fall or nadir

« 10 to 19x10%/L

* <30% platelet fall
« Any platelet fall with nadir <10x10%/L

Timing (of platelet count
fall or thrombosis?)

Day O=first day of most
recent heparin exposure

« Platelet fall days 5 to 10 after
start of heparin

« Platelet fall within 1 day of
start of heparin AND exposure to
heparin within past 5 to 30 days

« Consistent with platelet fall days
5 to 10 but not clear (eg, missing
counts)

« Platelet fall within 1 day of start of
heparin AND exposure to
heparin in past 31 to 100 days

« Platelet fall after day 10

« Platelet fall <4 days without exposure to
heparin past 100 days

Thrombosis (or other
clinical sequelae)

« Confirmed new thrombosis
(venous or arterial)

« Skin necrosis at injection site

« Anaphylactoid reaction to IV
heparin bolus

« Adrenal hemorrhage

« Recurrent venous thrombosis in
a patient receiving therapeutic
anticoagulants

« Suspected thrombosis (awaiting
confirmation with imaging)

« Erythematous skin lesions at
heparin injection sites

« Thrombosis not suspected

oTher cause for
thrombocytopenia

« No alternative explanation for
platelet fall is evident

« Possible other cause is evident:

« Sepsis without proven microbial
source

« Thrombocytopenia associated
with initiation of ventilator

« Other:

« Probable other cause is present:

« Within 72h of surgery

« Confirmed bacteremia/fungemia

« Chemotherapy or radiation within past
20 days

« DIC due to non-HIT cause

« Posttransfusion purpura

« Thrombotic thrombocytopenic purpura

« Platelet count <20x10?/L and given a
drug implicated in causing drug-induced
immune thrombocytopenia

« Nonnecrotizing skin lesions at LMWH
injection sites

aKey features of HIT are a platelet count decrease of more than 50% but, uncommonly, less than 20x10%/L; a typical onset in the second week of
heparin treatment (between days 5 and 10; first day of immunizing heparin exposure=day 0); the occurrence of new thrombotic complications
(arterial and/or venous); and the absence of another compelling explanation for the clinical features observed. Risk for HIT: score less than or equal
to 3=low; 4-5=intermediate; 6-8=high.

LMWH, low-molecular-weight heparin.

Data modified from Warkentin and Cuker.?”

monocytes, neutrophils, and—in the case of anti-PF4 antibody
disorders—anti-PF4 IgG antibodies as key players. Immuno-
thrombosis was originally designed through evolution to defend
against microbial infection. It locally confines an infection by
facilitating the recognition, containment, and destruction of
pathogens. When these defense mechanisms get out of control,
thromboinflammation develops. If misdirected, for example, by
anti-PF4 type 2 and especially type 3 antibodies, thromboinflam-
mation results in activation of the endothelium, complement,
and innate immune cells, particularly granulocytes and mono-
cytes, causing immunothrombosis.

Figure 1 summarizes the self-enhancing activation cascade
involving platelets, the coagulation cascade, and the innate
immune system by platelet-activating anti-PF4 antibody types
2 and 3.

While the downstream effects of thromboinflammation and
immunothrombosis are rather similar in HIT and VITT, the mech-
anisms triggering initial immunization differ. In HIT, PF4 binds to
the polyanion, heparin; PF4 thereby undergoes conformational

changes, expressing neoepitopes, which trigger the activation
of B cells and the production of anti-PF4/polyanion antibodies.
For VITT, the region on PF4 to which anti-PF4 type 3 antibodies
bind is well characterized.”® It overlaps with the binding site of
heparin to PF4 and is distinct from the binding site of HIT anti-
bodies. Which vaccine constituent(s) trigger(s) the anti-PF4
immune response and why tolerance is broken after vaccination,
resulting in anti-PF4 type 3 antibodies, remain(s) unresolved.
Patches of negative charge on the adenovirus vector have been
suggested as PF4 binding sites,” but it remains unclear whether
these or other vaccine constituents interact with PF4 to trig-
ger the aberrant immune response. The ChAdOx1-nCoV-19 vac-
cine contains more than 2000 different proteins, many derived
from the cell line in which the vaccine vector is propagated.”
The usual straightforward approach to identify the binding part-
ner of PF4 that causes the conformational changes inducing the
immune reaction would be to incubate PF4 in the presence and
absence of different potential binding partners and measure
the binding of anti-PF4 antibodies to putative complexes. This
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Table 2. Characteristics of VITT

Thrombocytopenia (<150x10°/L) or documented platelet count decrease by more than 50%

AND

D-dimer >8-fold the upper normal limit, in most assays corresponding to >4000 ug/mL (FEU)

AND

Presence of thrombosis OR typical headache that may precede CVST as described below:
« severe persistent headache starting 4 or more days after vaccination (in about 10% of VITT patients, severe headache precedes CVST).
Of note, headache during the first 2 days after vaccination is a common, harmless adverse event.

AND

Positive anti-PF4 antibody EIA assay and positive functional assay for PF4 dependent antibodies:

« if no functional assay is available, a strong OD in the PF4 ELISA of >2.0 can be used as a surrogate marker, as this is associated with a >95%
probability for the presence of platelet-activating PF4-dependent antibodies.*

« Of note rapid assays for HIT are insensitive for VITT antibodies and a negative rapid test does not exclude VITT

AND

42 days after vaccination

Onset of symptoms 4 to 30 days after vaccination (day of vaccination=day 0) with the exception of isolated DVT/PE, which may occur up to

VITT should not be diagnosed

If an alternative diagnosis is more likely (eg, tumor, sepsis)

DVT, deep vein thrombosis; ELISA, enzyme-linked immunosorbent assay; OD, optical density; PE, pulmonary embolism.

Data modified from Pavord et al.*®

approach, however, cannot be used in VITT because the anti-
bodies became autoantibodies that bind to and cluster PF4 by
themselves with very high affinity.”” This phenomenon is also
seen in patients with atypical clinical presentations of HIT, such
as when thrombocytopenia begins, worsens, or persists in the
absence of heparin.

The anti-PF4 type 2 antibody immune response in HIT (and
most likely also the anti-PF4 type 3 antibody response in VITT) is
a secondary immune response. The onset of thrombocytopenia
in HIT occurs typically between days 5 and 10 (median, day 7),
even in patients who have never been treated with heparin and
without anti-PF4 IgM precedence. A primary immune response
would require considerably more time for B-cell activation, and
an immunoglobulin class switch from IgM to I1gG, before the pro-
duction of high-titer antibodies. One explanation for primary
immunization against PF4/polyanion complexes is PF4 binding
to bacteria. Gram-positive and gram-negative bacterial sur-
faces are strongly negatively charged, at least twice as much as
eukaryotic cells. Indeed, this charge difference represents a fun-
damental difference between prokaryotic and eukaryotic cells.
Strong negative charges are highly efficient activators of innate
immunity, including the complement system, the contact phase
of coagulation, and the granulocytes. However, the adaptive
immune system has no receptors for negative charges. We have
proposed that one of the biological roles of PF4 is to “translate”
negative charge into structure.? After binding to strong nega-
tively charged molecules on bacterial surfaces, PF4 undergoes
conformational changes that induce anti-PF4 antibodies. The
interesting evolutionary concept is that these anti-PF4/polyanion
IgG antibodies can opsonize any bacterium that binds PF4, even if
the immune system has never encountered that particular organ-
ism before. During treatment with heparin, this strongly charged
polyanion binds to cell surfaces, and subsequently, PF4 binds and
undergoes its conformational changes, exposing the "danger”
epitopes to which pathogenic anti-PF4 type 2 antibodies bind.
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Another unusual feature of the anti-PF4 immune response
is antibody transience (rapid seroreversion). In both HIT and
VITT, platelet-activating antibodies disappear in the majority
of patients within 3 to 6 months,??? and in some patients even
faster. This feature, however, does not fit a typical secondary
immune response. In addition, even PF4 knockout mice can
produce anti-PF4 antibodies upon microbial challenge despite
their immune system never having encountered PF4 before.
Furthermore, B cells that produce anti-PF4 antibodies after
nonspecific in vitro stimulation are found in the blood of nearly
all humans (including newborn cord blood). Thus, at least the
IgM immune response against PF4 is part of the innate immu-
noglobulin repertoire. Both the transience of the IgG response
and the antigen-independent production of antibodies indicate
that the involved B cells are most likely either B1 or marginal
zone B cells,® as they typically produce natural antibodies
that react with endogenous proteins. Many healthy individu-
als have natural, polyreactive IgM antibodies, which bind to
PF4/heparin complexes.?* This allows complement factor C3
binding to the natural IgM bound to PF4 complexes. B cells
express the receptor for C3, allowing binding of PF4/natural
IgM-C3 complexes to nearly all B cells. This also brings PF4 into
close proximity to the cognate receptor on anti-PF4 antibody-
producing B cells.?®

Despite the many similarities, there is a striking difference
between HIT and VITT anti-PF4 antibodies. Anti-PF4 IgG anti-
bodies in HIT are polyclonal?; in VITT, the resulting antibodies
appear to be mono- or oligoclonal, with a unique restriction to
one haplotype of the hypervariable IgG light chain region.” This
may hint toward a genetic predisposition for VITT, while in HIT
no genetic predisposition has been identified.

Beyond HIT and VITT
The classic picture of HIT as a primarily heparin-dependent dis-
order was challenged over 20 years ago when patients were
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Table 3. Platelet antigen and activation assays for detecting HIT and VITT antibodies

Assay

Comment

Enzyme-immunoassays (ElAs)

(None of the ElAs detect all HIT and/or all VITT antibodies)

PF4/heparin (in-house and commercial)

Sensitive (299%) for HIT and VITT

PF4/polyvinylsulfonate

Sensitive (299%) for HIT and VITT

Platelet lysate/heparin

Sensitive for HIT (>99%), slightly reduced sensitivity for VITT in comparison to other ElAs

Aeskulisa HIT I

Sensitive for HIT; slightly reduced sensitivity for VITT in comparison to other ElAs

Rapid immunoassays

Particle gel immunoassay

Sensitivity for HIT >95%, but ~45% sensitivity for VITT

Lateral flow assay

Sensitivity for HIT ~90%, but ~10% sensitivity for VITT

Latex enhanced immunoturbidimetric assay

Sensitivity for HIT ~95%, but <5% sensitivity for VITT

Chemiluminescence immunoassay for
anti-PF4/heparin antibodies

Sensitivity for HIT ~95%, but <5% sensitivity for VITT

Chemiluminescence immunoassay for
anti-PF4 antibodies™

(only available as research assay; status
October 2023)

Sensitivity for VITT ~95%, but ~30% sensitivity for HIT (possible marker for autoimmune
HIT [aHIT])

Washed platelet activation assays

SRA

Sensitivity for HIT antibodies ~95%; ~50% sensitivity for VITT antibodies
Read out: measurement of “C-radiolabeled serotonin (or other methods of serotonin
measurement) released from platelets

PF4-SRA

PF4-SRA more sensitive than SRA for detecting HIT and VITT antibodies
Read out: measurement of “C-radiolabeled serotonin (or other methods of serotonin
measurement) released from platelets™

PFL4/H-SRA

PF4/H-SRA is more sensitive than SRA for detecting HIT antibodies and less sensitive for VITT
antibodies than PF4-SRA

Read out: measurement of “C-radiolabeled serotonin (or other methods of serotonin
measurement) released from platelets

HIPA

Sensitive for HIT antibodies (>95%); ~50% sensitivity for VITT antibodies
Read out: platelet aggregation, assessed visually on microtiter plates

PIPA

PIPA more sensitive than HIPA for detecting VITT antibodies; sensitivity of PIPA increases
when sera are tested undiluted and 1:4 diluted
Read out: platelet aggregation, assessed visually on microtiter plates

PEA

PEA is more sensitive than SRA for detecting VITT antibodies
Read out: flow cytometry (detection of P-selectin as platelet activation marker)

Whole-blood platelet activation assays

PIFPA PIFPA has high sensitivity and specificity for VITT
Read out: flow cytometry (detection of P-selectin as platelet activation marker)
Multiplate Minimal experience reported to date for diagnosis of VITT

Read out: impedance aggregometry performing using multiplate instrument

Platelet procoagulant assay

Exploits synergistic platelet activation by PAR-1 agonist and HIT/VITT antibodies
Read out: flow cytometry (detection of P-selectin as platelet activation marker and annexin V
binding)

Platelet-rich plasma (citrated) platelet activation assay

HitAlert

Minimal experience reported to date for diagnosis of VITT
Read out: flow cytometry (detection of P-selectin as platelet activation marker)

PAR-1, protease activated receptor 1; PEA, PF4-enhanced P-selectin expression assay; PF4/H-SRA, PF4/heparin-SRA; PF4-SRA, PF4-enhanced SRA;
PIFPA, PF4-induced flow cytometry-based platelet activation assay.

Data modified from Warkentin and Greinacher.™
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Figure 1. Current concepts of the pathogenesis of HIT and VITT. The schematic presentation shown in panel B is speculative and
in large part inferred from experiments in HIT. The schematic presentation of the downstream prothrombotic process shown in
panel C is largely substantiated by experimental data, some performed with VITT antibodies, others with HIT antibodies. (A) After
heparin exposure, positively charged PF4 binds to negatively charged heparin; PF4/heparin complexes are formed. Natural IgM
binds to the complexes, and complement factor C3 binds to the natural IgM. Complexes of PF4/heparin, natural IgM, and C3 bind
to B cells via the complement receptor CR2 (CD21). B cells expressing the receptor for the HIT antigen on PF4 also bind to the
PF4/heparin complexes, thus activating B cells to produce anti-PF4/heparin antibodies. The far left of the panel shows atomic
force microscopy images of PF4 alone (upper) and formation of PF4/heparin clusters when PF4 is incubated with heparin (lower).
(B) After vaccination, PF4 comes in contact with vaccine constituents and activates B cells. Left: It has been proposed that a direct
inadvertent breach in the microvasculature at the vaccination site by IV injection or by disruption of VE-cadherin tight junctions by
EDTA in ChAdOx1 nCoV allows vaccine constituents to enter the circulation.”” Within the circulation, adenovirus particles can bind
to platelets and can also bind PF4 released by activated platelets or from the microvascular endothelium.” Platelets may become
activated (i) by vessel injury caused by injection of vaccine, (ii) after binding of the virions to the cell surface, or (iii) by immune
complexes formed between contaminating host cell line proteins in the vaccine and natural IgG antibodies against these proteins.
Whether the virions themselves or another yet unknown constituent in the vaccine causes the conformational change in PF4 is
unknown. Middle: Once complexes with PF4 have formed, natural IgM antibodies activate complement (as it has been shown for
PF4/heparin complexes?), which enhances their proximity to B-cell receptors. In a mouse model, upon 1V injection of ChAdOx1,
platelet-bound adenoviral particles are transported to the marginal zone of the spleen, where B cells are activated upon direct
contact.®® However, electron microscopy and superresolution microscopy revealed complexes between PF4 and anti-PF4 VITT
antibodies with amorphous constituents of the vaccine rather than virus particles.” Beside the virions, other potential partners for
PF4 include unassembled hexons and host cell-line proteins. However, there is little overlap in the proteins contaminating ChAdOx1
and Ad26.COV2 vaccines,® which both induce anti-PF4 VITT antibodies. Right: Eventually, complexes of PF4 and vaccine come in
contact with B cells, expressing a cognate Ig receptor for PF4, either as fluid-phase complexes, as virion-PF4 complexes, or as
complexes presented by platelets. (C) From right to left: After clonal expansion and isotype switching of one or a few B-cell clones
in VITT, or polyclonal B cells in HIT, high-titer IgG anti-PF4 antibodies are released into the circulation. Immune complexes contain-
ing PF4 (or PF4/heparin complexes) and anti-PF4 IgG cluster and signal through FcRylIA, which generates procoagulant platelets,
induces platelet/neutrophil aggregates,® and stimulates NETosis by neutrophils.?®> DNA released by NETosis amplifies immune
injury and activates complement, which deposits on the endothelium. Endothelial cells become activated, expressing tissue factor
and releasing von Willebrand factor (VWF). VWF binds PF4 and subsequently anti-PF4 antibodies,* which in turn further activates
neutrophils and further propagates thrombin generation. To reduce complexity, multimolecular PF4 complexes in VITT are shown
and not the multimolecular PF4/heparin complexes in HIT as shown in panel A. HS, heparan sulfate; MPO, myeloperoxidase. Data
modified from Cines and Greinacher.3?
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Figure 1. Continued

recognized with atypical clinical presentations. These included
patients in whom the platelet count fall began or worsened
after stopping heparin (delayed-onset HIT) or persisted for
more than a week after stopping heparin (persisting, refractory
HIT) and HIT associated with trivial exposures to heparin (hep-
arin "flush” HIT).?22 We introduced the term "autoimmune HIT"
(aHIT) in 2017 to indicate this group of patients, emphasizing

their more severe clinical course (including overt disseminated
intravascular coagulation [DIC], a higher risk of thrombosis
including microthrombosis) and need for adjunct high-dose
IVIG treatment.?

A unifying feature is that aHIT sera cause strong plate-
let activation in functional assays in the absence of heparin.
Recent studies show that in these patients anti-PF4 type 3
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antibodies are present in addition to anti-PF4 type 2 antibod-
ies.®® This might also explain how the additional application of
PF4 enhances functional assays for HIT." Sporadic reports since
2008 indicate that some patients develop thrombocytopenia
and thrombosis in association with platelet-activating anti-PF4
antibodies even in the absence of proximate heparin expo-
sure (spontaneous HIT; for review'). Applying assays devel-
oped for VITT, preliminary evidence indicates that in most of
these patients both anti-PF4 type 2 and type 3 antibodies are
found,”®3° while in other patients, only anti-PF4 type 3 antibod-
ies are present. The majority of spontaneous HIT patients are
recognized after knee (not hip) replacement surgery, suggest-
ing that polyanions released during this procedure may initi-
ate the anti-PF4 response (for example, DNA and RNA released
from degraded cells during application of the tourniquet). Most
of the remaining patients appear to have developed this anti-
PF4 antibody disorder following apparent viral infection. In
other patients with monoclonal gammopathy and associated
thrombocytopenia/recurrent thromboses, the paraprotein
has features of anti-PF4 type 3 antibodies.® However, in other
patients with anti-PF4 antibody-induced thrombosis, no clear
proximate precipitating event is apparent. It is likely that these
patients are underrecognized given that testing for anti-PF4
antibodies is usually not initiated in the absence of proximate
heparin exposure or COVID-19 vaccination.

CLINICAL CASE (continued)

In 2023 we reevaluated the patient's case using repository
samples: the positive anti-PF4/heparin 1gG EIA and nega-
tive heparin-dependent functional assay for HIT were recon-
firmed. However, the PF4-dependent functional assay (PIPA)
was strongly positive. In hindsight, this patient had anti-PF4
type 3 antibodies and a VITT-mimicking severe prothrombotic

Table 4. Anti-PF4 antibodies and associated disorders

disorder. The trigger was most likely the preceding upper
respiratory tract infection (this case preceded the COVID-19
pandemic/vaccination campaign by several years). Today, a
similar case would be managed by adjunctive high-dose IVIG
in addition to anticoagulation.

Summary and future considerations
The role of pathogenic anti-PF4 antibodies is well established
for HIT and VITT, among the most prothrombotic acquired
disorders in medicine. Pathogenic anti-PF4 antibodies have in
common the property of activating platelets strongly via the
low-affinity FcyRlla. This is fundamentally different from the non-
pathogenic, non-platelet-activating antibodies found in a con-
siderable percentage of heparin-exposed patients as well as in
the normal population. We propose to name these nonpatho-
genic, non-platelet-activating antibodies "anti-PF4 type 1 anti-
bodies." Pathogenic anti-PF4 antibodies most often recognize
PF4/polyanion complexes and induce classic HIT (anti-PF4 type
2 antibodies). In contrast, antibodies causing VITT recognize the
same site on PF4 to which polyanions (eg, heparin) bind and
can cluster PF4 in the absence of polyanions (anti-PF4 type 3
antibodies). Increasingly, prothrombotic disorders caused by
anti-PF4 antibodies independent of the presence of heparin are
being recognized. Here, anti-PF4 type 2 and type 3 antibodies,
in variable proportions, are usually identified (Table 4). Currently,
these antibodies can be differentiated by functional assays.
Fifty years of HIT research facilitated the rapid identifica-
tion of anti-PF4 antibodies as the underlying cause of VITT
and provided guidance for diagnosis and effective treatment.
The lessons learned from VITT indicate that in patients who
present with thrombocytopenia and severe venous and/or
arterial thrombosis, the presence of anti-PF4 type 2 and espe-
cially type 3 antibodies should be considered as indicating a

Antibody target (PF4/heparin and PF4) and type of antibodies

Nonpathogenic antibodies

unknown sites on PF4 Type 1

Platelet-activating anti-PF4 disorders

PF4/H PFL

HEPARIN TRIGGER

Classic HIT

(induced by heparin, low-molecular-weight heparin, and other polyanions)

4 Type 2

aHIT

Delayed-onset HIT

(onset or worsening of thrombocytopenia after stopping heparin)
Persisting (refractory) HIT

Heparin "flush" HIT

(HIT triggered by exposure to small concentrations of heparin)
Unusually severe HIT

(severe thrombocytopenia with overt DIC)

(delay in platelet count recovery after stopping heparin, eg, 7 or more days)

Type 2+3

NONHEPARIN (OR UNKNOWN) TRIGGER

VITT

Type 3

Spontaneous thrombosis and thrombocytopenia

Type 2+3

Paraprotein-associated chronic thrombocytopenia/thrombosis

Type 3

Adenovirus-associated thrombosis and thrombocytopenia

NN N X

Type 3
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Figure 2. Flow chart for the diagnosis of anti-PF4-antibody-induced prothrombotic disorders. Anti-PF4 antibody-mediated disor-
ders should be clinically diagnosed and laboratory testing only performed upon reasonable clinically suspicion. The yellow part of
the figure presents the current diagnostic flow for heparin-induced thrombocytopenia. Anti-PF4/heparin antibody antigen tests are
differentiated between microtiter plate-based EIAs and rapid HIT tests (Table 2). The light-blue part of the figure shows the workflow
when clinically applicable immunoassays for anti-PF4 type 3 antibodies are available (currently under development). As the blue sec-
tion of the workflow is untested, the decision to test for anti-PF4 antibodies should include consideration of the pretest probability: if
there are other obvious reasons to explain thrombosis and thrombocytopenia, such as cancer or intensive care unit treatment, testing
is probably not indicated. The dotted lines show the workflow based on clinical considerations, bypassing some diagnostics steps;
for example, a typical presentation of HIT with a high 4Ts score of 6, 7, or 8 points should immediately prompt therapeutic-dose alter-
native anticoagulation, and laboratory test results are used to confirm the diagnosis. *Functional assays can be more sensitive if PF4 is
added. Clinically nonrelevant anti-PF4 type 1 antibodies (detected in up to 20% of heparin-treated patients and up to 8% of COVID-19
vaccinated individuals) do not require treatment change. AC, anticoagulation; CLIA, chemiluminescence-based immunoassay; DVT,

deep vein thrombosis; OD, optical density.

potential 1gG-mediated prothrombotic disorder even in the
absence of proximate heparin exposure or vaccination (Figure 2).
The challenge is now to identify how frequently anti-PF4
type 3 antibodies contribute to severe complications in HIT,
including atypical forms of HIT, and in patients who present
with thrombosis and/or thrombocytopenia independent of
heparin treatment or vaccination. New immunoassays can
differentiate between HIT-like and VITT-like antibodies in the
research laboratory. Widely applicable assays that can differ-
entiate among these various anti-PF4 disorders are needed to
evaluate systematically the prevalence of these antibodies in
different patient cohorts. From VITT we have learned that the
outcome of patients with anti-PF4 type 3 antibodies can be
improved (in addition to anticoagulation) by adjunctive treat-
ment with IVIG to deescalate the FcyRlla-dependent cell acti-
vation that triggers massive hypercoagulability. Potentially, the
inhibition of FcyRlIla signal transduction might be an attractive
new therapeutic approach in patients with thrombotic anti-PF4
type 3 antibody immune disorders beyond HIT and VITT.%°

Note added in proof

Recent studies*®*? have further implicated VITT-like anti-PF4
antibodies in chronic autoimmune anti-PF4 disorder and acute
post-adenovirus infection anti-PF4 disorder.
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ACQUIRED HEMOPHILIA A DIAGNOSIS AND MANAGEMENT

Diagnosis and laboratory monitoring
of hemophilia A

Sean Platton,’ Suthesh Sivapalaratnam,"? and Priyanka Raheja’
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Acquired hemophilia A (AHA) is a rare disorder in which autoantibodies against factor VIlI (FVIII) lead to a bleeding phe-
notype that varies from life-threatening to no bleeding at all. Prolonged activated partial thromboplastin times (APTT) in
patients with a bleeding phenotype should be investigated to rule out AHA and should never be ignored in a preprocedure
patient. Most inhibitors in AHA are heat and time dependent, so mixing studies performed only on an immediate mix are
not useful: both lupus anticoagulants and treatment with direct oral anticoagulants can coexist with AHA and confound
the diagnosis. Assays for intrinsic coagulation factors and von Willebrand factor should always be performed, regardless
of the results of mixing studies. A Bethesda or modified Bethesda assay should be performed to quantify any inhibitor, and
if susoctocog alfa (rpFVIl) is available, then an assay for cross-reacting antibodies should also be performed. At diagnosis
and until complete remission, if the FVIII in the patient sample is >51U/dL, heat inactivation should be performed before
the inhibitor assays are performed. While there are no conventional tests available to measure the effects of FVIIl bypassing
therapies, newer therapies may require monitoring, or their effects may need to be considered when choosing appropri-
ate assays. Measurement of rpFVIll requires a 1-stage clotting assay, and measurement of patient FVIII while on emicizumab
requires a chromogenic assay that does not contain human FX. Close communication is required between the treating cli-
nicians and the laboratory to ensure that the correct tests are performed while patients are receiving treatments.

LEARNING OBJECTIVES

« Understand the laboratory assays used for the differential diagnosis of acquired hemophilia A

« Understand the assay considerations for laboratory monitoring of treatment and recovery in AHA with current
and future treatment options

Laboratory diagnosis of acquired hemophilia A
Acquired hemophilia A (AHA), in which there are auto-
antibodies (inhibitors) against clotting factor VIII (FVIII),
is a rare disorder that can occur in men or women.
The bleeding phenotype varies from life-threatening to
mild bleeding, and, in approximately 10% of presenta-
tions, no bleeding at all.?

In a patient with a bleeding phenotype, a prolonged
activated partial thromboplastin time (APTT) should be
investigated to rule out AHA, and in a preprocedure
patient, APTT should never be ignored.? Suspicion of AHA
is increased in patients over the age of 60,® during preg-
nancy, or for 1 year after giving birth.*

CLINICAL CASE (Presentation)

A 53-year-old female presented to the emergency
department (ED) with a recent history of bruising but no

symptoms of bleeding. Her APTT was 82 seconds (local
reference range 21-31 seconds) with a normal prothrom-
bin time and fibrinogen of 4.3 g/L. Liver function tests
were normal. She had previously delivered 4 children by
Caesarean section, and there was no known malignancy.

Mixing studies
Plasma mixing studies (MSs) are performed to aid in identi-
fying the cause of a prolonged APTT, which can be due to
the presence of a factor deficiency (eg, FVIII deficiency) or
an inhibitor (eg, a lupus anticoagulant [LA]).°

The APTT performed on a 50:50 mix of patient's
plasma with normal plasma and tested immediately was
33 seconds. There are up to 6 ways to define the pres-
ence of a correction in MS, with no consensus.® The best
method for an interpreting MS will depend on the nor-
mal plasma used and the factor-, LA- and anticoagulant-

Laboratory diagnostics in AHA
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sensitivity of the reagent. Locally, a result of 33 seconds or
below is corrected, and, therefore, the immediate MS in our
patient corrected.

However, most inhibitors detected in AHA are heat and time
dependent, and MSs require incubation for 2 hours.® In AHA,
MSs tested immediately are likely to be similar to those seen in
patients with a single factor deficiency and no inhibitor.> In our
patient, the APTT in the incubated MS was 75 seconds, confirm-
ing the presence of a time-dependent inhibitor.

Of the last 50 AHA patients presenting at our center, 9
(18%) had immediate-acting inhibitors, which have the
potential to bind to the FVIII in the deficient plasmas used in
1-stage clotting factor assays (OSCAs), prolonging clotting
times and showing an apparent reduction in factors IX (FIX),
X1 (FX1), and/or XII (FXI).” These interferences can be iden-
tified by using multiple samples dilutions® and by repeating
the OSCA using higher dilutions an accurate result may be
determined.

Patients presenting with AHA may also be taking direct oral
anticoagulants. In particular, the presence of oral direct FXa
inhibitors (DFXals) may be difficult to ascertain by screening
tests alone, and MSs in the presence of DFXals are likely to
show noncorrection in both immediate and incubated mixing
studies. A suitably calibrated assay to detect the presence of
DFXals may be useful.

MSs are poorly standardized and cannot be used in isola-
tion to establish or exclude AHA.? Further investigation is always
required, and specific factor activity assays should be performed
in parallel to facilitate early diagnosis.?

Factor assays

Assays for FVIII, FIX, FXI, and von Willebrand factor (VWF) (activ-
ity and antigen)™® must be performed at presentation, regardless
of the results of mixing studies,’ as it cannot be assumed that
AHA is the only possible diagnosis. Occasionally, patients with
mild hemophilia A or B, mild von Willebrand disease (VWD), or
deficiencies of FXI may reach old age without being diagnosed
or having an APTT measured. Acquired von Willebrand syndrome
and acquired FXI deficiency may also be encountered. An FVIII
to VWF antigen ratio may be useful in differentiating type 1VWD
from AHA, mild hemophilia A, and type 2N VWD. Although not
associated with a bleeding phenotype, deficiency of FXIl is a
frequent cause of a prolonged APTT, so an FXIl assay may be
included in the initial investigations.

In our patient, FVIll was <11U/dL by both an OSCA and a chro-
mogenic substrate assay (CSA); the VWF:GplbM activity assay
was 160 1U/dL, and VWF:Ag was 220 1U/dL. Factors IX, XI and XII
were normal.

Of the last 50 AHA patients presenting at our center,
the median FVIII level using a CSA was 21U/dL (range <1 to
401U/dL): 13 (26%) had FVIIl <11U/dL, and 12 (24%) had FVIII
between 10 and 251U/dL, similar to the observations of the
European Acquired Haemophilia Registry.> Only 2 of these
50 patients had discrepancies between their OSCA and CSA
(13 and 21U/dL; 8 and 221U/dL); the choice of assay did not
make any difference to the AHA diagnosis. Laboratories using
LA-sensitive reagents in OSCA may see falsely reduced FVill
levels;? these laboratories should confirm all reduced FVIII in
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OSCAs by also using a CSA, as these assays are usually insen-
sitive to LA™

The presence of DFXals may cause FVIII to appear reduced
on a CSA, and, depending on the reagent and type and con-
centration of DFXal, the OSCA may also be affected. Along with
a prolonged APTT and noncorrection in the MS, there is poten-
tial for the misdiagnosis of AHA in these patients. The use of an
activated carbon product to remove DFXals from the sample
in vitro could be considered; although the effect of these prod-
ucts on OSCAs and CSAs for FVIIl has been described,” there are
limited data on the use of these assays in patients with AHA. In
our patient, there was no history of DFXal use.

Assays for LA using APTT are difficult to interpret in AHA, but
dilute Russell viper venom time results are not affected. The
coexistence of an antiphospholipid antibody is not unusual in
AHA, as both are autoimmune disorders that may coexist in the
same patient. In our patient, the dilute Russell's viper venom
time was normal.

All OSCA factor assays should be performed at multiple dilu-
tions.? This will allow the accurate quantitation of factor activ-
ities in FIX, FXI, and FXIl assays in the presence of very strong
or immediate-acting inhibitors to FVIII, in the presence of high
doses of DFXals, or in the presence of a strong LA.

Inhibitor assays

If a reduced FVIII (<501U/dL) is detected,®* a standard
Bethesda™ or Nijmegen-modified Bethesda™ should be per-
formed. Patient plasma is incubated with normal plasma™ or
buffered normal plasma' as a source of FVIIl, and the amount of
FVIII measurable in the mixture after 2 hours is compared to a
negative control (inhibitor-free FVIlII-deficient plasma incubated
with normal plasma). This residual FVIIl is expressed as a per-
centage ([patient + control] x100). Samples should be titrated
in FVIll-deficient plasma until the inhibitor is not detectable in
the dilution tested.

If the amount of FVIII in the patient sample is above 51U/dL,
incubating the sample for 30 minutes at 56°C will denature all
the endogenous FVIII present in the sample and leave the inhib-
itor suitable for use in the Bethesda assay,” improving assay
sensitivity.'®

In patients with congenital hemophilia A, alloantibodies to
FVIII show linear type 1 kinetics in the Bethesda assay, whereas
the autoantibodies in AHA often display complex, nonlinear type
2 kinetics.” The results for our patient with type 2 kinetics are
shown in Table 1 and Figure 1.

Some low-titer inhibitors with type 2 kinetics may not be
detectable in neat plasma but may be detectable in the next
titration. Therefore, it may be advisable to test neat plasma and
plasma diluted by at least V2 in all cases.

Measurement of residual FVIII after the incubation step in the
Bethesda assay can be by OSCA or CSA. The CSA is less likely to
be susceptible to interference from an LA than the OSCA if the
local APTT reagent in use is LA-sensitive;?° both assays are sus-
ceptible to interference from direct oral anticoagulants. There is
a significant risk that if the presence of a DFXal is not detected, a
patient could have a prolonged APTT, noncorrection in the MSs,
a reduced FVIII, and a positive Bethesda assay, resulting in an
erroneous diagnosis of AHA.
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Table 1. Bethesda assay results in patient with AHA

Sample dilution Residual FVIII (%) Inhibitor titer in this dilution Inhibitor titer (BU/mL)
Neat 27.6 >2.00 >2.0

2 38.5 1.38 [1.38x2=] 2.8

4 45.4 114 [114x4=] 4.6

8 50.3 0.99 [0.99x8=] 7.9

16 577 0.79 [0.79%x16=] 12.6

32 71.6 <0.50 <16.0

The type 2 kinetics of the autoantibody gives the appearance that the inhibitor gets stronger the more it is diluted. For consistency, the dilution that
gives closest to 50% residual FVIII (in italics) is used to determine the inhibitor titer that is reported to clinicians—in this case, 7.9 BU/mL.

- Type 1 kinetics

~
o

Residual factor VIII (%)

Type 2 kinetics
(clinical case)

1 2 4

Dilution

Figure 1. Residual FVIII against a sample dilution for a type 1 inhibitor often seen in congenital hemophilia (pink line) and against
the type 2 inhibitor seen in a clinical case (black line). The blue shaded area denotes the area between 30% and 70% residual FVIII,
where the Bethesda assay is considered to be accurate. For type 1 inhibitors, only 1 or 2 dilutions will give interpretable results (and
the same calculated titer), whereas for type 2 inhibitors, multiple dilutions will give interpretable results, and the calculated titer will

be different for each one.

Our patient had an inhibitor that was quantitated at 7.9 BU/mL
at presentation with type 2 kinetics.

Of the last 50 patients diagnosed with AHA at our cen-
ter, the median inhibitor titer on presentation was 9.5BU/mL
(range 1.4 to 2224 BU/mL): 10 had type 1 kinetics and 40 had
type 2 kinetics. Recent international guidelines? suggest that
those with FVIII <11U/dL or an inhibitor titer >20 BU/mL are less
likely to achieve partial remission in the first 21 days if treated
with corticosteroids alone and should therefore receive com-
bined immunotherapy.

Enzyme-linked immunosorbent assay

Commercially-available anti-FVIll enzyme-linked immunosorbent
assay (ELISA) has been shown to be sensitive and specific for
diagnosing AHA and may be used as an adjunct or alterna-
tive to a Bethesda assay,??' particularly if there is suspicion of

LA or DFXal interference in the Bethesda assay. Native or heat-
inactivated plasma or serum can be used.

It should be noted that positive anti-FVIIl results can be found
with ELISA in a significant number of individuals who do not have
congenital or acquired hemophilila A.2

Porcine inhibitor assays
Patients with AHA may be given recombinant porcine FVIII,
susoctocog alfa (rpFVIll), to treat bleeds or to cover minor or
major surgery. If rpFVIIl is an available treatment option, newly
diagnosed AHA patients should have another inhibitor assay
performed on the same sample, using rpFVIll as the source of
FVIIl in the Bethesda assay.

In studies, cross-reacting anti-rpFVIIl antibodies were detect-
able in 44%% and 49%% of newly presenting patients with AHA.
A patient may be suitable to receive rpFVIll to treat bleeds or to
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At diagnosis

Patient with

bleeding phenotype *

APTT prolonged

Patient tested

Preprocedure

=

APTT prolonged

Factor VIII*
VWEF antigen
VWEF activity

Factor IX
Factor XI

Consider DOAC
Consider LA
Consider FXII

FVIII >5 <50 1U/dL

Heat inactivate plasma

Bethesda assay

Bethesda assay

At diagnosis, if 56°C for 30
FVIII <50 IU/dL
VIII:VWF-Ag <0.7 FVIII <5 1U/dL human FVIII

Consider
VWD type 2N
Mild hemophilia A
AHA

Heat inactivation
not required

(res.FVIIIby OSCA/CSA)

(or modified Bethesda) (or modified Bethesda)
against - against

porcine FVIII**
(res.FVIII by OSCA)

Until patient in
complete
remission

FVIII >5 IU/dL
Heat inactivate plasma
56°C for 30

FVIII <5 IU/dL
Heat inactivation
not required

(or modified Bethesda)

Bethesda assay

against
human FVIII

Patient treated with rpFVIIl

Measure rpFVIIl by OSCA

Measure res.FVIll on heat-inactivated
plasma in Bethesda assay by OSCA

Patient treated with FVIII mimetic

Measure FVIII by CSA without human
FX

Measureres.FVIll on heat-inactivated
plasma in Bethesda assay by CSA
without human FX

Patient treated with FVIII-mimetic
AND rpFVIIl

Measure rpFVIII by CSA without
human FX. Level is underreported

Measureres.FVIll on heat-inactivated
plasma in Bethesda assay by CSA
without human FX

Figure 2. Algorithm for Acquired Haemophilia A diagnosis and monitoring. *One-stage clotting assay and/or chromogenic substrate
assay. **Only required if treatment with susoctocog alfa is available locally. AHA, acquired haemophilia A; APTT, activated partial
thromboplastin time; CSA, chromogenic substrate assay; DOAC, direct oral anticoagulant; FVIII, factor VIII; FX, factor X; LA, lupus an-
ticoagulant; OSCA, one-stage clotting assay; res.FVIII, residual FVIII; rpFVIIl, susoctocog alfa; VIEVWF-Ag, factor VIl to von Willebrand

factor antigen ratio; VWF, von Willebrand factor.

cover minor or major surgery if there is no anti-rpFVIIl inhibitor
detectable. Patients with anti-rpFVIII inhibitors below 20 BU/mL
can receive rpFVIll but are likely to require more to maintain
trough levels above 50 1U/dL.?

Anti-rpFVIIl inhibitors may exhibit type 1 or type 2 kinetics.
An OSCA method is preferred for the measurement of residual
rpFVIIl in the Bethesda assay.?

When our patient presented, rpFVIIl was not licensed; when
the drug became available, her anti-human FVIII inhibitor level
was 1.3BU/mL, but no anti-rpFVIll inhibitor was detectable.
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A suggested testing algorithm for patients suspected of AHA
is shown in Figure 2.

CLINICAL CASE (Monitoring)

Monitoring of patients on bypassing agents
No specific tests exist for monitoring treatment with activated
prothrombin complex concentrates or recombinant activated
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factor VII. Thrombin generation assays can be used, but despite
attempts to standardize testing, results in patients with hemo-
philia may not be comparable between those with the same
FVIII activity;? results in an individual may show improvement
with therapy, but there are no therapeutic targets for thrombin
generation assay parameters.

Remission/relapse
Partial remission has been defined as FVIII >501U/dL and no
bleeding after stopping any hemostatic treatment for at least
24 hours.* Complete remission is defined as normal FVIII with
no detectable inhibitor and either (1) immunosuppression either
stopped or reduced to levels used before AHA diagnosis or
(2) prednisolone <15mg/d and all other immunosuppression
stopped.” Neither of these definitions specifies whether the
inhibitor should be measured by a Bethesda, Nijmegen-modified,
or ELISA method, nor whether heat-inactivated samples should
be used. Inhibitors often persist in patients with AHA even when
FVIII levels have reached normal levels,®?® so local practice is to
use heat inactivation in a Nijmegen-modified assay.
Laboratories should continue to monitor FVIII levels and test
for the presence of an inhibitor regardless of FVIII level until
immunosuppression is stopped.

Repeated measure of inhibitors during recovery

In our patient, FVIII levels exceeded 50 1U/dL in less than 4 weeks
(month 1), and no inhibitor was detected (Figure 3). At that time,
heat inactivation of samples was not performed, making inhib-
itors difficult to detect in a Bethesda assay when FVIII levels
exceed ~20IU/dL.

A prednisolone wean was commenced, but FVIII levels immedi-
ately dropped. Immunosuppression continued, and brief recoveries
in FVIII and reductions in inhibitor titer (without heat-inactivation
of plasma) were seen 7 to 14 months after the patient first pre-
sented (Figure 3).

Heat inactivation of samples became routine practice in this
laboratory around 13 months after our patient first presented
(Figure 3): this coincided with a drop in FVIII and a low-titer
inhibitor being detectable from that point onwards.

Over the course of the next 5%z years (18 months onwards),
our patient continued to receive immunosuppression, with FVIII
occasionally peeking into the reference range, but her inhibitor
remained detectable throughout (Figure 3) and complete remis-
sion was never achieved.

CLINICAL CASE (Undergoing surgery)

Nine years after diagnosis, our patient presented to the ED with
abdominal pain secondary to a benign ovarian cyst. During an
ED admission 4 weeks later, clinicians found that the cyst had
doubled in size and, despite a normal CA125 level, it appeared
to be malignant on computed tomography scanning. Perito-
neal metastases were also identified, and she required sur-
gery. Immunosuppression with prednisolone was reinitiated
2 weeks before a laparotomy, and FVIII levels reached 2211U/dL
by the day of surgery. No additional products were required
for the surgery nor for when she required repair of a colonic
anastomosis 7 days later. Stage 3C ovarian carcinoma was diag-
nosed with metastases in the bowel and bladder, which were
removed. She had an episode of septic shock 2 weeks after sur-
gery when her FVIII levels reached 436 1U/dL (Figure 4).

Treatment of patients with susocotocog alfa

Patients with AHA who are given rpFVIll to treat bleeds or to
cover minor or major surgery are given a standard dose of
200 U/kg followed by repeat doses to maintain levels in the tar-
get range,? although there is evidence that a dose of 100 U/kg
may be sufficient.??3° Frequent monitoring of rpFVIll levels at
trough and peak is required.??

—_— A = anti-hFVIIl titer @ anti-rpFVIll titer
200 = — 20.0
- Prednisolone | Prednisclone -
: Mycophenolate :
4 | Azathioprine i
150 — =150 3§
y— - - E
= | [ 5
2 =
= ] i g
= b - =
g E oo [~ 10.0 E
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e g -
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s ! i -3
50 21 E ~50
= | § - -
l Cyclo _;__ :
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Months since presentation

Figure 3. FVIII activity (left axis) and inhibitor titer (right axis) from diagnosis to first partial remission. Shaded blue area represents
the reference range for factor VIII activity; shaded orange area represents the reference range for the Bethesda assay. anti-hFVIIl,
antihuman factor VIII; anti-rpFVIIl, antirecombinant porcine factor VIII; CSA, chromogenic substrate assay; Cyclo, cyclophosphamide;

FVIII, factor VIII.
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Figure 4. Factor VIl activity (left axis) and inhibitor titer (right axis) during hospital stay, 10 years after diagnosis: note
logarithmic scale on y-axes. Shaded blue area represents the reference range for factor Vil activity; shaded orange area rep-
resents the reference range for the Bethesda assay. *Denotes the time when the patient received susoctocog alfa. anti-hFVlII,
anti-human factor VIII; anti-rpFVIII, anti-recombinant porcine factor VIII; CSA, chromogenic substrate assay; FVIII, factor VIII;

Pred, prednisolone.

The OSCA should be used to measure rpFVIII,?* and VWF
level in the FVIil-deficient plasma used may also be required.®
In a field study,* the mean recovery for rpFVIll by CSA was 53%
(range 44%-61%), and the mean ratio of OSCA:CSA was 1.85, with
interlaboratory variation being higher. Recovery of rpFVIIl should
be measured 2 to 3 times per week to evaluate for the develop-
ment of inhibitors against rpFVIII%; if recovery of rpFVIIl is less
than expected, retesting for antihuman and anti-rpFVIll may be
considered. When rpFVIIl was assessed in a prospective, single-
arm clinical study, 5 out of 18 (28%) patients who did not have
detectable anti-rpFVIIl inhibitors at baseline developed anti-rp-
FVIIl antibodies after 8-85 days.?®

In our patient, FVIIl levels dropped 3 weeks after surgery, and
roFVIIl prophylaxis was started. Immediately before prophy-
laxis, her anti-rpFVIIl inhibitor result was negative, but a week
later, the anti-rpFVIIl titer jumped to 56.8 BU/mL; prophylaxis
was switched to recombinant human FVIII. A week later, her FVIII
became undetectable, and her antihuman FVIII inhibitor peaked
at 155.2BU/mL (Figure 4). However, she was successfully dis-
charged home, and chemotherapy was planned.

Three weeks following discharge she was found to have liver
and lymph node metastases, after which she was palliated. She
died 5 weeks later.

Other treatments

Treatment of patients with factor VIII mimetics

Emicizumab is a recombinant bispecific monoclonal antibody
with FVIII-mimetic activity that is licensed for use in patients with
congenital hemophilia A with or without inhibitors. In some case
reports and case series, emicizumab has been used off-label in
patients with AHA.3% A prospective multicenter phase 3 study of
emicizumab prophylaxis in AHA has recently commenced, and
it is likely that this drug will be used to prevent bleeds in AHA %
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Emicizumab does not require monitoring, but FVIII levels may
need to be measured in AHA to assess if patients are in partial
or complete remission. Emicizumab interferes with APTT-based
OSCAs and also with CSAs that use human FX.¥’*® Therefore,
CSAs that use bovine FX must be used to calculate both the
patient's own FVIII and the residual FVIIl in any Bethesda inhib-
itor assay.*

Heat inactivation up to 58°C does not denature emicizumab.*°

Patients on emicizumab who bleed and are given rpFVIll
Emicizumab-calibrated modified OSCAs and CSAs that include
human FX in the reagents are known to lead to overestimation of
FVIII of up to 89% when compared to recombinant human FVIII,*
and it is highly likely that this will also apply to assays of rpFVIil in
the presence of emicizumab. Therefore, although the preferred
assay for rpFVIll is an OSCA, the only assays that available to
measure rpFVIll levels in these patients will be CSAs that do not
contain human FX reagents.? When monitoring such patients, it
will be important to remember that CSA underestimates rpFVIII
by 44%-61%.%

Other FVIlI-mimetics may become available in the future: con-
sideration of their mode of action will be needed when selecting
appropriate assays.

Conclusion

Acquired hemophilia A is a rare disease that sometimes relies
on a laboratory diagnosis to be correctly made, especially in
patients with a mild or absent bleeding phenotype at presen-
tation. This includes a full investigation of a prolonged APTT
regardless of the results of mixing studies, including assessing
for FVIII, FIX, FXI, FXIl, VWF activity, and VWF antigen, with con-
sideration being given to the coexisting presence of oral antico-
agulants and/or LA.
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An inhibitor assay using a Bethesda or modified Bethesda
assay should be performed using human plasma FVIII as the
source of FVIII: residual FVIII can be measured using an OSCA
or a CSA, although a CSA may be more specific. If rpFVIIl is a
potential treatment option, it should be used as the source of
FVIIIin an additional inhibitor assay, and an OSCA should be used
to measure residual FVIIIl. An ELISA for anti-FVIII antibodies can
be performed if it is not possible to exclude the presence of oral
anticoagulants or LA.

Careful choice of laboratory assays is required for newer ther-
apies for AHA, as measurement of rpFVIIl requires an OSCA assay,
and measurement of patient FVIII (or residual FVIIl in a Bethesda
or modified Bethesda assay) while on factor VIII mimetics
requires a CSA that does not contain human FX. Compromises
need to be made if patients receive rpFVIIl to treat bleeds while
on factor VIII mimetics, and clinicians and laboratories need to
work closely together to ensure that the correct assays are per-
formed and interpreted correctly.
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Acquired hemophilia A (AHA) is an autoimmune disorder characterized by the formation of autoantibodies that neutralize %‘
the function of coagulation factor VIIl. Immunosuppressive therapy (IST) with glucocorticoids, cyclophosphamide, ritux- A
imab, or combinations thereof is the standard of care to suppress autoantibody formation and induce remission of AHA. %
About 80% of patients achieve remission over the course of a few weeks to several months. However, patients with AHA 3
are often elderly and frail and have adverse events from IST. Therefore, guidelines suggest an individualized approach é—’
using caution in elderly and frail patients. Prophylaxis with emicizumab may reduce the need for early and aggressive §
IST in the future. §
B
]
LEARNING OBJECTIVES 3
« Review guidelines on the use of immunosuppression in acquired hemophilia A %
« Discuss new concepts for reduced intensity or delayed immunosuppression g
L
Introduction %
CLINICAL CASE AHA is a severe bleeding disorder caused by autoantibod- %
A 75-year-old woman is admitted for anemia and an ies that neutralize the activity of coagulation FVIII. Anti-FVIII P
extended forearm muscle bleed after venipuncture. autoantibodies, also known as “inhibitors," can develop in ﬁ
During workup, her activated partial thromboplastin time previously healthy individuals, regardless of age or sex.'? P
is prolonged to 90 seconds. Factor VIII (FVIII) activity is  Two peaks in AHA incidence are typically observed: one %
reduced to <1% of normal, and acquired hemophilia A associated with pregnancy and another one with advanced ]
(AHA) is confirmed by the Nijmegen-modified Bethesda age, typically >65 years. Of patients with AHA, 30% to 50% g
assay demonstrating an FVIII inhibitor of 28 BU/mL. Her ~ have underlying disorders, most commonly autoimmune o
previous medical history includes rheumatoid arthritis, disorders or malignancy. §
arterial hypertension, and chronic obstructive pulmonary Patients with AHA often have comorbidities and medi- ‘?1
disorder; her concomitant medications include prednis-  cations, such as antithrombotic agents or immunosuppres- S
olone 7.5mg per day, methotrexate 10 mg per week, sants, and require an individualized therapeutic approach. %
ramipril, and hydrochlorothiazide. Her general condi- In contrast to congenital hemophilia, comparative clinical S
tion is compromised, with a World Health Organization studies are not available in AHA, largely as a result of the 8
(WHO) performance status of 3. She receives recombi-  rarity of the disorder. Care decisions are often based on the %
nant factor Vlla for 5 days to control the muscle bleed. A clinical experience of treating physicians, and expert center g
decision is made to postpone immunosuppressive ther- referral is recommended to provide the best possible care. @
apy (IST) until her general condition has improved, and Traditionally, the therapeutic approach to AHA includes
she receives prophylaxis with emicizumab. She receives 2 distinct goals, one being the immediate control of acute
outpatient care in the Hemophilia Care Center on a bleeding through hemostatic medication, while the other
weekly basis and starts IST 4 weeks later, consisting of  is directed toward long-term eradication of autoantibody
dexamethasone 40 mg per os (PO) (days 1-4 and 15-18) inhibitors through IST.?
and rituximab 375 mg/m? intravenous (1V) (days 1, 8, 15,
and 22). FVIII activity slowly improves, and remission is  Rationale for immunosuppressive therapy
achieved after 6 weeks. The autoimmune disorder in AHA is polyclonal, as evi-
denced by the presence of anti-FVIIl antibodies of different
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affinities, immunoglobulin classes and subtypes, and FVIII epi-
topes.*® Most patients also have autoantibodies against targets
other than FVIIl, suggesting a general disturbance of immune
regulation.® Monoclonal gammopathy, which is a typical condi-
tion associated with the acquired von Willebrand syndrome and
is often unresponsive to standard immunosuppressive regimens,
is rarely seen as an underlying disorder of AHA.

The indication for autoantibody eradication with IST is based
on historic observational studies that have documented inhibitor-
related mortality rates of 22% to 64%.”° More recent registry
studies reported low mortality rates from bleeding (3%-9%) in
patients receiving IST.°™ However, the same studies reported
that complications of IST, in particular infections, have become a
leading cause of death among patients today. Therefore, recent
guidelines suggested caution when using immunosuppressive
therapy in elderly and frail patients.?

Goals of IST and definition of remission

The goal of IST is to reduce the risk of future bleeding by induc-
ing remission of AHA. Spontaneous remission has been observed
in patients not treated with IST, but this outcome is rare and
unpredictable.™ Definitions of remission vary across studies and
registries. The UK surveillance study defined complete remission
(CR) as FVIII normal, inhibitor undetectable, and immunosup-
pression stopped or reduced to doses used before AHA devel-
oped without relapse.”® The GTH-AH 01/2010 study also included
a definition for partial remission (PR): FVIII restored to >50% and
no bleeding after stopping any hemostatic treatment for at least
24 hours.”

Guidelines on the use of IST in AHA

Two comprehensive guidelines have been published in the past
5 years."? Both appeared in the preemicizumab era, when IST

Table 1. Inmunosuppressive drugs used to treat AHA

was the only way to protect patients from future bleeding epi-
sodes.

First-line options suggested were glucocorticoids alone or in
combination with either cyclophosphamide or rituximab. Upfront
combination therapy was suggested for patients with FVIII <1%
or inhibitor titers >20 BU/mL, who were observed to need lon-
ger times to PR (median, 5-6 weeks) compared to patients with
higher FVIII or lower inhibitor titers (3-4 weeks) in the observa-
tional GTH-AH 01/2010 study.? The CREHA study compared glu-
cocorticoids with cyclophosphamide against glucocorticoids
with rituximab in first-line therapy of AHA, but results have not
been published at the time of this review.

Second-line IST is suggested if no decline in the inhibitor titer
or rise in the baseline FVIII level is seen after 3 to 5 weeks of
first-line therapy. Options include adding cyclophosphamide
or rituximab, whichever was not used during first-line therapy, or
alternative agents such as mycophenolate mofetil.”

Dosing recommendations for glucocorticoids, cyclophos-
phamide, mycophenolate mofetil, and rituximab are provided in
Table 1.

High-dose IV immunoglobulin and immune tolerance regi-
mens with high-dose FVIII, which were developed for inhibitors
in congenital hemophilia A, are generally not recommended
in AHA.

Efficacy of IST and monitoring

Complete remission is achieved by 60% to 90% of patients
according to observational studies (Table 2). Overall, the rate of
achieving CR appeared lower with glucocorticoids alone com-
pared to combination therapies. However, results must be inter-
preted with caution owing to the retrospective design of most
studies. Time to achieve remission varied between a few weeks
and many months. Throughout this period, the risk of bleeding

Class or drug 2019 guideline recommended dosing?

Alternative dosing (CyDRi)?°

Glucocorticoids

Prednisolone or prednisone 1mg/kg/d PO for a maximum
of 4-6 weeks (followed by tapered withdrawal)

Dexamethasone 40 mg PO on days 1, 8, 15, and 22

Cyclophosphamide

1.5-2mg/kg/d PO for a maximum of 6 weeks

1000 mg IV on days 1and 22

Rituximab

375mg/m? IV weekly for a maximum of 4 cycles

100 mg IV on days 1, 8, 15, and 22

Mycophenolate mofetil 1g/d for 1 week, followed by 2 g/d

Table 2. Efficacy of IST according to selected observational studies

Study N Median age, y Partial remission Complete remission
EACH2 registry? 294 75 NR GC: 58%

GC + Cy: 80%

GC + Ri: 64%
GTH-AH 01/2010% 102 74 83% 61%
Spanish registry™ 151 74 NR 84%
Dutch cohort study®™ 143 73 NR 79%
Chinese national registry? 187 52 GC: 70% GC: 49%

GC + Cy: 92% GC + Cy: 83%

Budapest (CyDRi)?° 32 77 NR 1%

Cy, cyclophosphamide; GC, glucocorticoid; NR, not reported; Ri, rituximab.
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remains high, as it has been observed that only achieving a FVIII
level above 50% is fully protective.”®

Close monitoring of FVIII levels is recommended until
patients achieve CR, for 2 reasons: first, IST should be with-
drawn or tapered as soon as PR is achieved; second, relapse
occurs in approximately 20% of patients, most often early after
achieving PR. After achieving CR, monthly monitoring is rec-
ommended during the first 6 months, every 2 to 3 months up
to 12 months, and every 6 months during the second year and
beyond, if possible.?

Monitoring of inhibitor levels can be helpful to guide IST.
In particular, failure to decrease inhibitor levels during 2 to 4
weeks of first-line IST may guide the decision to use second-
line options.

Risks of adverse events due to IST

Patient with AHA are often elderly and frail at the time of diag-
nosis. Glucocorticoids and other immunosuppressive drugs
carry a high risk of adverse events, particularly in frail patients.
The GTH-AH 01/2010 study followed a strictly prospective
design and documented high rates of IST-related adverse
events and mortality.”? Among the 34 deaths recorded in this
study, the most common cause was infection (n=16), followed
by cardiovascular disorders (n=6), underlying disorders (n=3),
and bleeding (n=3). Fourteen deaths were directly attributed
to IST. These findings indicate that mortality related to IST,
especially infection, surpasses the current risk of fatal bleed-
ing in AHA. Patients with a poor WHO performance status
(>2) upon presentation had a 4-fold higher risk of mortality
(Figure 1).

Therefore, careful consideration of the need for and contra-
indications to IST, as well as its intensity and timing, is crucial for
frail patients with AHA. IST should be discontinued if severe side
effects occur during treatment.

Data on antibiotic and antiviral prophylaxis are scarce, but
the high risk of infection may justify its use in patients at risk.
Cotrimoxazole (960 mg PO 3 times weekly) and low-dose acy-
clovir (400 mg PO once daily) might be reasonable options.

Prognostic factors for outcomes of IST

Inhibitor titer at baseline appears to be an important prog-
nostic factor for achieving CR. This was already identified in a
meta-analysis of 249 patients published in 2003° and also in a
recently published registry from The Netherlands.” In the lat-
ter study, patients with baseline inhibitor <20 BU/mL and mild
bleeding at presentation had a 61% chance of CR with glu-
cocorticoid therapy alone, compared to 7% of patients with
>20 BU/mL and severe bleeding. Similar results were pub-
lished from the GTH-AH 01/2010 study.” Predictors for mortal-
ity were advanced age (>75 years), malignancy, and intensive
care unit admission in the Dutch study.” In the German-
Austrian study, poor WHO performance status and malig-
nancy predicted mortality.”

Newer IST regimens

The development of less toxic IST regimens remains a priority
for research in IST. Mycophenolate mofetil was initiated either
as first-line therapy in combination with glucocorticoids or as
subsequent additional therapy in a single-center study of 11
patients.” With the exception of 1 patient, who died from under-

First diagnosis of AHA

Treat initial bleed
if clinically significant

Consider emicizumab prophylaxis,
if available*

Assess patient status

Immunosuppressive therapy

Single therapy for patients
with low inhibitor titers only

Combination therapy for
higher inhibitor titers

GC + Cy # Ri

Monitor for remission
and adverse events

Second-line options
in case of failure of
first line therapy
after 2-4 weeks

Add Cy, Ri,
or MMF

Figure 1. Suggested treatment algorithm. At the time of first
diagnosis, most patients with AHA have active bleeding that
requires hemostatic therapy. Once bleeding is under control,
emicizumab prophylaxis should be considered to reduce the risk
of bleed relapse and subsequent bleeding. Patients who are fit
for IST should be offered first-line glucocorticoids (GCs), cyclo-
phosphamide (Cy), and/or rituximab (Ri) (see text for details).
Mycophenolate mofetil (MMF) is a second-line option. Patients
who are not fit for IST should be reassessed in regular intervals
and considered to be receive bleed prophylaxis with emicizum-
ab. *Note: emicizumab is currently not licensed for AHA, except
in Japan.

lying lymphoma, all patients were alive and in PR at 1 year of
follow-up. Two patients developed transient neutropenia, and
infections occurred in 4 patients at 1 year.

Another single-center study of 25 patients with AHA used
dexamethasone pulses of 40 mg (4 days in weeks 1, 2, 5, and 6)
instead of daily prednisolone and stratified additional immuno-
suppressive drugs according to baseline characteristics.” Results

Immunosuppression for AHA | 21

€20z 19qwadaQ 0 U0 a}e7 euljosed ‘WNILYOSNOD S3dVO Aq Jpd'apans /91651 2/61L/1/€20z/pd-aiue/ABojojeway/Bio suoyealigndyse//:dny woly papeojumoq



were similar to the GTH-AH 01/2010 study. Sixteen patients had
grade 3 or 4 infection, and 2 patients died from infection.

A first-line combination therapy of glucocorticoids (dexa-
methasone 40 mg PO, days 1, 8, 15, and 22), cyclophosphamide
(1000 mg 1V, days 1and 22), and rituximab (100 mg, days 1, 8, 15,
and 22), designated as the CyDRi regimen, was recently repor-
ted from 2 centers in Budapest, Hungary.?® Of the 32 patients
who were retrospectively identified and had received this reg-
imen, 31achieved CR. Infections were reported in 5 patients and
treatment-related mortality in only 1 patient.

Special situations

Based on limited data, an approach similar to other patients was
suggested in patients with pregnancy-associated AHA, although
careful consideration may be required with the use of cytotoxic
agents. The same applies to younger patients with AHA who are
still in the reproductive age.

The usual principles of management, including IST, also apply
to patients with malignancy-associated AHA.?' In patients with
active solid tumors, IST will often be required to achieve remis-
sion before surgical resection or even biopsy of suspected
lesions becomes feasible. About half of the malignancies asso-
ciated with AHA are hematologic neoplasms.?? In these cases,
treatment of the malignancy may in part overlap with IST (includ-
ing glucocorticoids, rituximab, and cyclophosphamide), and the
regimen should attempt to sufficiently treat both the underlying
condition and AHA.

Patients with autoimmune disorders can develop AHA while
already on immunosuppressive drugs, and combination thera-
pies will often be required to induce remission. After achieving
PR in these patients, IST would be reduced to doses of glucocor-
ticoids or other immunosuppressants used before to control the
underlying autoimmune disorder.

Future directions

Initial reports on the use of emicizumab in AHA are promising.?32*
Provided the efficacy and safety of emicizumab in patients with
AHA are similar to patients with congenital hemophilia A, the
drug reduces the requirement for early IST.?> Postponing IST until
patients have recovered from sequelae of the initial bleeding
symptoms, surgery, and frailty could reduce the risk of infectious
complications and improve mortality. Likewise, emicizumab
could reduce the risk of bleeding complications until remission
of AHA is achieved. Prospective clinical trials are under way to
address these questions.

Of similar importance is the development of safer IST proto-
cols. Promising results from retrospective observations should
be confirmed by prospective studies. These should also address
the use of antibacterial and antiviral prophylaxis to reduce the
risk of infection.
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ACQUIRED HEMOPHILIA A DIAGNOSIS AND MANAGEMENT

The role of emicizumab in acquired hemophilia A

Jacqueline Poston' and Rebecca Kruse-Jarres?

'Department of Pathology & Laboratory Medicine, Larner College of Medicine at the University of Vermont, Burlington, VT
2Department of Medicine, Larner College of Medicine at the University of Vermont, Burlington, VT

Acquired hemophilia is a rare bleeding disorder that predominantly affects older people with potential underlying
comorbidities, including cardiovascular and thrombotic risk factors. The current standard therapies with hemostatic
agents for acute bleeding and immunosuppression often require inpatient management, are not approved for routine
bleeding prophylaxis, and contribute to the high mortality in this population. Emicizumab is a factor VIl (FVIII) mimetic
approved for bleeding prophylaxis in congenital hemophilia A with and without FVIII inhibitors. Given subcutaneously, it
may allow easier outpatient bleeding prophylaxis and reduce intensity of immunosuppression. This article summarizes
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the currently available data on the efficacy and safety of emicizumab in acquired hemophilia A.

LEARNING OBJECTIVES

« Recognize the current challenges of current treatment of acquired hemophilia A
« Summarize the current experience with emicizumab in AHA
« Describe the current safety profile of emicizumab use in AHA

CLINICAL CASE 1

One month after the birth of her second child, a 34-year-
old gravida 2, para 2 woman noticed easy bruising and
swelling of her left arm and leg that slowly resolved
(Figure 1. A/B). Approximately 10 months postpartum,
she reported to the emergency department with acute
onset right arm swelling with severe pain and numb-
ness (Figure 1. C). She underwent emergent fasciotomy
for compartment syndrome, which was complicated by
severe intraoperative bleeding that required 14 units of
red blood cells (RBCs) over the next week. She was sub-
sequently diagnosed with acquired hemophilia A with a
factor VIII (FVIII) activity of 6 IU/dL and a FVIII inhibitor
of 11 Bethesda units (BU). Treatment with activated pro-
thrombin complex concentrate (aPCC) was initiated with
significant improvement in bleeding, but she continued
to saturate her bandages every 2 to 4 hours and contin-
ved to require RBC transfusions. Her bleeding improved
after switching hemostatic treatment from aPCC to
recombinant porcine FVIIl concentrate. However, 6 days
after switching, her bleeding increased again and a por-
cine FVIII inhibitor measured 22 BU.

Hematology 2023 | ASH Education Program

Introduction to acquired hemophilia A (AHA) and the
challenges of currently available therapy

AHA is a rare autoimmune condition caused by an IgG
autoantibody directed toward endogenous FVIII. This con-
dition is idiopathic in about half of all cases but can be
associated with other autoimmune diseases, malignancies,
pregnancy, and certain drugs (particularly alemtuzumab,
clopidogrel, and omalizumab).! There also have been sev-
eral case reports suggesting a potential association with
COVID vaccination.?®

Bleeding pattern and severity in AHA

Most patients present with spontaneous bleeding that is
cutaneous or intramuscular or with retroperitoneal bleed-
ing, but bleeding can also occur with trauma or proce-
dures.* Many bleeds are severe at presentation® with
significant drop in hemoglobin (Hb) necessitating blood
transfusions, and they can quickly become limb-, organ-,
or life-threatening.

Efficacy and limitation of currently available
hemostatic therapies for AHA

Recombinant activated factor VII (rFVlla) and aPCC are fre-
quently used for acute hemostatic management of AHA
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Figure 1. Bleeding in a case of postpartum-associated AHA. (A) Soft tissue bleeding in left arm; (B) soft tissue bleeding in left leg;
(C) soft tissue bleeding resulting in compartment syndrome in right forearm.

Table 1. Current hemostatic agents recommended for AHA

Recombinant factor VIl activated
(rFVlia)

Activated prothrombin complex
concentrate (aPCC)

Recombinant porcine factor VIl
(rpFVIII)

Eptacog alfa, NovoSeven®RT

Anti-inhibitor coagulant complex, FEIBA®

Antihemophilic factor (recombinant),
porcine sequence, Obizur®

until hemostasis achieved*°

Indication « Treatment of bleeding episodes and « Hemophilia A and B patients with « On-demand treatment and control
perioperative management in adults inhibitors™ of bleeding episodes in adults with
with acquired hemophilia® acquired hemophilia A%

Dosing « 70-90 mcg/kg IV every 2-3 hours « 50-100 U/kg IV*' every 6-12 hours « Initial dose 200 U/kg IV then titrate

based on Factor VIII (FVIII) levels3?

Limitation of use « Serious arterial and venous

thrombotic events following
administration have been reported*®

« Thromboembolic events reported during
postmarketing surveillance, particularly
following the administration of high doses
and/or in patients with thrombotic risk
factors®

« Contraindicated in acute thrombosis or

« Safety and efficacy has not been
established in patients with a
baseline anti-porcine factor Vil
inhibitor titer >20 BU?

embolism (including myocardial
infarction)®

(Table 1). These bypassing hemostatic agents were developed
for patients with congenital hemophilia A and inhibitors. Due
to their short half-lives and intravenous route of administration,
both rFVila and aPCC often require hospitalization. Neither is
approved for hemostatic prophylaxis outside the perioperative
setting, and hemostatic under- or overcorrection cannot be
monitored by a laboratory assay. Both contain activated factor
VII, contributing to a potential risk of unwanted thrombosis.

Recombinant porcine FVIII (rpFVIIl, Obizur) is approved for
both on-demand hemostatic treatment and prophylaxis in AHA.
However, some patients present with anti-FVIIl autoantibodies
that cross-react with rpFVIIl and reduce efficacy. Patients with
AHA whose autoantibodies do not cross-react at presentation
will often develop a de novo antibody against rpFVII after ongo-
ing exposure (typically 8 to 85 days after starting rpFVIII).¢ This
unfortunately makes rpFVIIl efficacious in only a proportion of
patients with AHA and for a limited duration. Waning efficacy
should be closely monitored with FVIII activity levels. Once
rpFVIilis no longer effective, patients with AHA must be restarted
on bypassing agents for ongoing or recurrent bleeding.

The current international guidelines for AHA recommend
hemostatic treatment with rFVlla, aPCC, or rpFVIIl rather than
human FVIIl concentrate for clinically significant bleeding and/or
invasive procedures or surgeries.” The efficacy of human FVIil is
reduced by the anti-FVIII autoantibodies in patients with AHA.
In a registry of 501 patients with AHA, FVIIl products had a
70.1% rate of controlling frontline bleeds compared with 91.8%
for the bypassing agents.® Desmopressin (DDAVP) can be used
to release endogenous FVIII stores but has limited utility in the
presence of an autoantibody against FVIII.

The rebleeding risk after initial hemostasis and need

for immunosuppression therapy

Approximately 50% of patients experience recurrent bleeding
as per the prospective GTH-AH 01/2010 study of 102 subjects
with AHA.? The bleeding risk is particularly high in patients with
FVIII activity of <20 1U/dL. Due to the high risk of recurrent bleed-
ing and rarity of spontaneous remissions, immunosuppression
is standard of care for patients with AHA.” Frontline combina-
tion immunosuppression has historically been favored to try to
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irradicate the inhibitor as quickly as possible given the difficulties
in treating bleeds with the available hemostatic agents, espe-
cially in the outpatient setting. Treatment recommendations for
first-line immunosuppression (IST) traditionally have been gluco-
corticoids with cyclophosphamide or rituximab depending on
the severity of the inhibitor and FVIIl level.”® Adverse events from
immunosuppression, however, are common, with a high mortal-
ity in those with secondary infections (30% of adverse events in
the GTH/AH study were probably or definitely related to IST and
54% of those with infections died)." Improved outpatient-based
bleeding prophylaxis could reduce the intensity of immunosup-
pression and the risks of adverse events.

CLINICAL CASE 1 (continued)

After 3 weeks in the hospital, the patient achieved good tem-
porary hemostasis with rpFVIIl concentrate. Her fasciotomy
was closed surgically and she did not require further RBC
transfusion. She started on prednisone and cyclophospha-
mide, but her FVIII inhibitor titer remained detectable at 11
BU with an FVIII activity of 8 IU/dL. She developed a detect-
able anti-porcine FVIIl inhibitor, and the efficacy of rpFVIIl was
waning. She remained at high risk of rebleeding but had a
strong desire to return home to her 2 young children. To pro-
vide an outpatient hemostatic prophylaxis, the off-label use of
emicizumab was started.

Efficacy of emicizumab for bleeding treatment

and prophylaxis

Emicizumab is a bispecific antibody that binds activated factor
IX and factor X mimicking the function of FVIIl. Currently, emi-
cizumab is approved for hemostatic prophylaxis for congenital
hemophilia A with and without inhibitors.”>” Anti-FVIIl antibodies
do not impact the efficacy of emicizumab, making it an appeal-
ing treatment for AHA. Unlike other available hemostatic options
for AHA, emicizumab has a half-life of 28 days and can be admin-
istered subcutaneously.

Animal model of emicizumab in AHA and the experience

in congenital hemophilia A

An early model of AHA in cynomolgus monkeys showed bleed-
ing reduction in animals receiving weekly emicizumab (ACE910)
prophylaxis.” This study was the basis for phase 1/2 studies™ and
an extensive phase 3 clinical trial program in congenital hemo-
philia A (HAVEN 1-4) leading to the FDA approval for prophylaxis
in congenital hemophilia A.

Based on these trials, emicizumab 3mg/kg for 4 weekly
loading doses was approved for congenital hemophilia A. This
results in steady state drug levels that can be maintained with
1.5mg/kg every week, 3mg/kg every 2 weeks, or 6 mg/kg
every 4 weeks. In vitro thrombin generation studies suggest
emicizumab is equivalent to an FVIII activity of over 151U/dL.
There seems to be a ceiling effect; emicizumab does not fully
correct hemostasis to that of someone without a bleeding dis-
order, but rather improves the clinical bleeding phenotype from
severe to mild. For patients with severe congenital hemophilia A
with and without inhibitors, emicizumab has revolutionized out-
patient bleeding prophylaxis, resulting in significantly reduced
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breakthrough bleeding.’'*"” The annual bleeding rate appears to
continue to improve with longer term use of emicizumab. Addi-
tionally, emicizumab has reduced hospitalization days and the
need for bypassing hemostatic therapies in patients with con-
genital hemophilia A and inhibitors.”

Current experience with emicizumab in people with AHA
Since the approval of emicizumab for congenital hemophilia A,
there has been conceptual adaptation and use for AHA. Knoebl
et al. retrospectively described 12 cases (median age 74, range
51-87 years, 50% women) of off-label use of emicizumab that
showed clinical improvement of bleeding, even in patients with
severe or surgical bleeding. Bleeding stopped in patients with
insufficient hemostasis on bypassing agents within 4 days of
emicizumab initiation, and no new or breakthrough bleeding
was noted after day 2 of emicizumab therapy.”

A systematic review by Thomas et al. compiled 12 case
reports with 33 patients with AHA treated with emicizumab.?
Emicizumab was initiated for active/recurring bleeding in most
cases (90.9%). One patient was switched from aPCC to emici-
zumab after developing a myocardial infarction, and another
patient was started on emicizumab to enable dual antiplatelet
therapy after coronary stent placement. All reported patients
had a clinical response without further spontaneous bleeding
after starting emicizumab.

A retrospective survey of 87 hemophilia treatment cen-
ters in the United States in 2021 revealed that of 358 patients
with AHA treated at 32 centers between 2016 and 2021, 40
patients had received off-label emicizumab. An initial look at
24 patients where data were available showed that the major-
ity (17 of 24) were started on emicizumab to provide bleed-
ing prophylaxis and 15 of 24 started to facilitate a transition
to outpatient treatment. In 9 of 24 emicizumab was started
because of failure of the current hemostatic management.
After patients started emicizumab, the use of other hemo-
static agents reduced from 75% to 17%, RBC transfusion from
50% to 8% and hospitalization days from a median of 10 (range
0-60) to 3 (range 0-30).7

A prospective, multicenter, open-label study of emicizumab
prophylaxis in 12 adult patients led to approval of the drug for
the treatment of AHA in Japan. Eleven of these patients com-
pleted the study and experienced 77 major bleeds prior to start-
ing emicizumab. Although there were no major bleeding events,
45% (5 of 11) experienced some bleeding after emicizumab ini-
tiation. While 8 of 11 patients had used bypassing agents prior
to emicizumab, only 3 patients received rFVila while on emici-
zumab, and the number of patients needing blood transfusions
decreased from 7 to 3.2

Additionally, there are 2 parallel prospective multicenter tri-
als to study the efficacy and safety of emicizumab in AHA over
a 12-week period; 1in Germany and Austria recently completed
enrollment (NCT04188639), and 1 in the United States is still
enrolling (NCT05345197).

Emicizumab dosing in AHA

There is no standard emicizumab dosing regimen for patients
with AHA. In the retrospective case series by Knoebl et al., all
12 patients received a loading dose of 3mg/kg weekly for 2
to 3 doses followed by maintenance dosing of 1.5mg/kg.” In
Thomas's review of an additional 21 cases, 5 patients received
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Table 2. Considerations when choosing hemostatic agents to treat breakthrough bleeding on emicizumab

Recombinant factor VIl activated
(rFVlia)

Activated prothrombin complex
concentrate (aPCC)

Recombinant porcine factor Vil
(rpFViII)

Safety

« May increase risk of thrombosis
(limited data in AHA); for
congenital hemophilia A, the
combination of emicizumab and
rFVlla was safe

» Thromboembolic events and
thrombotic microangiopathies
were reported with dose
of >100 U/kg/24 hours and
administered for >24 hours and
the use of aPCC in people on

« Coadministration of rpFVIIl and
emicizumab has been reported
in case series and theoretically
does not have an additive effect
as both compete for the same
binding site

emicizumab prophylaxis is
relatively contraindicated

Limitation of use « rFVlla should only be reserved
for acute severe breakthrough

bleeding

« Avoid with emicizumab « The chromogenic FVIII assay
underestimated rpFVIIl (Obizur)

activity?

the standard loading dose, where 15 had received an altered
loading dose.?®

A loading dose of 6 mg/kg has been entertained to reach
steady state more expediently. Monthly doses of 6 mg/kg were
found safe and without thrombotic complications in the HAVEN
4 study.” A dosing regimen of 6 mg/kg on day 1 and 3 mg/kg
on day 2, followed by 1.5 mg/kg weekly starting on day 8, was
investigated in the prospective study in Japan and suggested
steady state emicizumab concentration after 1 week.??

The impact of body mass index (BMI) on dosing of emicizumab
has not been reported. While the activated partial thromboplas-
tin time (@PTT) has been shown to correct within 1to 3 days after
initiating emicizumab,” we have observed that normalization of
the aPTT can take up to 5 days in patients with morbid obesity.

Laboratory monitoring

AHA is diagnosed and response to treatment is monitored by
measuring the FVIII activity and FVIII inhibitor titer. Traditionally,
this has been performed with an aPTT-based FVIII activity and
the aPTT-based inhibitor assay, Nijmegen-Bethesda assay (NBA).
Emicizumab interferes with the aPTT and aPTT-based assays,
making traditional one-stage FVIII activity levels uninterpretable
(Table 2). In a study of 12 patients with AHA, emicizumab normal-
ized the aPTT within 1 to 3 days of administration™ even when
the endogenous FVIII was still low. For patients on emicizumab,
a chromogenic FVIIl assay with bovine reagents must be used to
monitor the patient's endogenous FVIII activity. Inhibitor titers
can be measured using an ELISA-based assay, which has higher
sensitivity (1.0) but lower specificity (0.83) than the NBA and is
not impacted by substances that interfere with the aPTT, such
as lupus anticoagulants and emicizumab.?* Currently, an emici-
zumab "level" is reported by some centers using the chromo-
genic FVIII with human reagents; however, this is not standard
of care and is not recommended by the manufacturer of emici-
zumab for patients with congenital hemophilia A.

CLINICAL CASE 2

A 94-year-old man with hypertension, aortic stenosis, and a
remote history of bladder cancer was diagnosed with AHA after
presentation with deltoid and lower extremity hematomas.
He started on off-label emicizumab with good bleeding con-

trol and improvement of the hematomas. On week 8 of treat-
ment, he became increasingly anemic (hemoglobin 6.1g/dL)
and presented with maroon blood per rectum. He was hospi-
talized and transfused with 3 units of RBCs.

Treatment of breakthrough bleeding on emicizumab

While there is a clear suggestion that emicizumab may be an
effective prophylactic agent to reduce subsequent or recur-
rent bleeding in AHA, emicizumab should not be used for acute
bleeding due to its delayed bioavailability via the subcutaneous
route of administration. As of now, there are no pharmacokinetic
data of emicizumab associated with intravenous administra-
tion. Considering limitations for the current hemostatic agents
available for AHA (Table 2), rFVila should probably be used over
rpFVIIl and aPCC for breakthrough bleeding. The combination
of aPCC and emicizumab carries a black box warning due to the
risk of thrombotic events and thrombotic microangiopathy seen
in trials of congenital hemophilia A. Combining emicizumab with
rFVila 90 mg/kg appears safe and in vitro data® suggest higher
doses may be feasible, but thromboembolic complications have
been reported.

Laboratory monitoring of rpFVIIl limits its use with emici-
zumab. rpFVIIl is an effective hemostatic option in AHA® and
can be monitored with the one-stage, aPTT-based FVIII clotting
assay, which is uninterpretable in patients on emicizumab. The
chromogenic FVIII assay was shown to underestimate rpFVIlI
(Obizur) activity.? Considering that the one-stage assay is unre-
liable in patients on emicizumab, monitoring of FVIII activity for
rpFVIll therapy is challenging. Concurrent use of rpFVIIl with emi-
cizumab can be considered for acute bleeding, with the caveat
that a target chromogenic FVIIl activity has not been established,
since it gives falsely low results (underestimates) with rpFVIIl.

CLINICAL CASE 2 (continued)

The patient continued to have Gl bleeding, and a decision was
made to add tranexamic acid to his hemostatic management.
However, he continued to have Gl bleeding requiring transfu-
sions, for which rFVila 90 ug/kg was initiated. He received 14
doses of rFVila over 6 days and then developed acute right-
sided ataxia. rFVIla was discontinued and his stoke symptoms

Emicizumab for acquired hemophilia A | 27

€202 49quiad9Q 0 Uo 8}ia7 euljoed ‘ANILYOSNOD S3dVD Ad Jpd uojsodiz/iyL 9. L2/ve/ LI€20z/ipd-alonue/ABojojewsy/Bio suonealigndyse//:dpy woy papeojumoq



resolved without residual deficits. A capsule endoscopy dem-
onstrated telangiectasias in mid jejunum/proximal ileum for
which he started octreotide with good bleeding control.

Adverse events of special interest

Common adverse events to emicizumab include injection site
reactions, headaches, and arthralgias. Additional adverse events
must be considered in patients with AHA on emicizumab given
the high rate of comorbidities and advanced age of this popula-
tion. AHA is a condition associated with high morbidity and mor-
tality, likely due to the advanced age of patients, their underlying
comorbidities, the use of IST, and, less often, bleeding.¥ As
would be expected in this population, thromboembolic events,
especially when bypassing agents are used, are not uncommon
despite the AHA state.”®

Thromboembolism

In the case series by Knoebl et al., a 79-year-old experienced
a minor stroke on day 16 of emicizumab after receiving rFVila
90 ng/kg prior to a procedure.”” Of the 24 patients at the US cen-
ters, 1 developed a lower extremity deep vein thrombosis (DVT)
while on weekly emicizumab therapy.? The prospective Japa-
nese study of 12 patients reported 1 event of an incidental lower
extremity DVT on day 16 of emicizumab treatment that resolved
without treatment.??

From our experience so far, we would anticipate that break-
through bleeding can occur on emicizumab and that patients
need additional hemostatic prophylaxis for invasive procedures.
From the early experience during the HAVEN 1 study, we know
that the use of aPCC is contraindicated in patients on emici-
zumab and can lead to thrombosis and thrombotic microan-
giopathies.” The coadministration of emicizumab and rFVlia,
however, was safe in people with congenital hemophilia A.28
Prospective assessment of thromboembolic events for people
receiving emicizumab for AHA is ongoing in the above-men-
tioned parallel clinical studies.

Anti-drug antibodies

Data from the congenital hemophilia studies showed that
5.1% (34 of 668) of people exposed to emicizumab developed
anti-emicizumab antibodies. Of these antidrug antibodies, 41.2%
were transient, 52.9% were neutralizing in vitro, and only 0.6%
resulted in decreased emicizumab plasma levels.?’ In the pro-
spective Japanese study, 1 of 12 (8.3%) developed an antidrug
antibody, but it did not have a clear impact on the pharmaco-
kinetics.?

CLINICAL CASE 3

A 76-year-old man with poorly controlled hypertension and
diabetes had prolonged aPTT for at least 3 years. He had no
abnormal bleeding and was never further evaluated or treated
for his prolonged aPTT. He then emergently presented with
an incarcerated inguinal hernia that required surgery. He was
diagnosed with AHA with an FVIII activity of 51U/dL and FVIII
inhibitor of 11.9 BU. He received aPCC perioperatively and
did well. Postoperatively, he was seen in clinic and started on
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cyclophosphamide 100 mg PO daily for immunosuppression.
He was felt to be a poor candidate for high-dose corticoste-
roid due to his history of hypertension and diabetes. Fourteen
days later, he presented to the emergency department with
nausea and ankle swelling and was found to be hyponatremic
with sodium levels of 115 mmol/L (normal 136-145 mmol/L)
with mildly elevated liver enzymes. Cyclophosphamide was
held and he received supportive care with resolution of the
hyponatremia and transaminitis, but 5 days later he developed
massive, spontaneous bilateral iliopsoas bleeding resulting in
bilateral leg weakness and loss of sensation in both anterior
thighs, profoundly impacting ambulation and self-care.

Impact of emicizumab on immunosuppression

While approximately 10% of patients with AHA do not initially
present with bleeding,” a lack of bleeding history does not
negate future bleeding risk or eliminate the need for immuno-
suppression. Historically, early use of immunosuppression for
AHA was essential to eradicate the inhibitor and control bleed-
ing. However, immunosuppression-related adverse events such
as infections are a main driver of the high morbidity and mor-
tality of AHA. With effective outpatient bleeding prophylaxis,
emicizumab reduces the urgency to eradicate the inhibitor,
allowing reduced-intensity immunosuppression. In a survey of
adult hematologists at 87 US hemophilia treatment centers, 70%
of providers with experience with emicizumab for AHA reported
using emicizumab to delay or decrease immunosuppression.?'
In Knoebl's case series, all patients started on emicizumab were
deemed to be poor candidates for immunosuppression.” The
safety of postponing immunosuppression with emicizumab
may be answered in a planned analysis between the 2 ongoing
clinical trials in Europe (NCT04188639) with delayed initiation
of IST and the United States (NCT05345197) with standard ini-
tiation of IST.

CLINICAL CASE 3 (continued)

The patient required several RBC transfusions and was treated
with rFVlla initially and then aPCC with stabilization. He was
not able to care for himself at home and needed in-patient
rehabilitation, which proved difficult because he continued
on aPCC every 12 hours to prevent further bleeding. Further,
the next line IST, rituximab, was difficult to administer in the
rehab setting. Considering the ongoing need for a bleeding
prophylaxis that could be given in rehab as well as a potential
delay in further IST, he was started on off-label emicizumab
with an accelerated loading dose. This allowed for transi-
tion to rehab, where he did not have recurrent bleeding and
regained strength, allowing for transition to home 2 months
later. He then received rituximab 100 mg weekly x4 doses and
cleared his inhibitor 6 weeks later.

Duration of emicizumab use in AHA

Monitoring patients with AHA for partial and complete remis-
sion of the inhibitor is essential and will guide the duration of
emicizumab therapy. Laboratory monitoring on emicizumab
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Table 3. Impact of emicizumab on labs

Lab Impact of emicizumab

Recommended alternative

aPTT False decrease

Do not use while on emicizumab

One-stage FVIII (PTT based)* False increase

Chromogenic FVIII with bovine reagents (measure infused
and/or endogenous FVIII)

FVIIl inhibitor titer with clotting-based assays Uninterpretable

(Bethesda)

Chromogenic Bethesda assay with bovine reagents

Activated clotting time (ACT) False decrease

Anti-Xa activity

Activated protein C resistance (aPTT based) Uninterpretable

Factor V Leiden genetic testing (if clinically appropriate)

*The one-stage FVIII activity will overestimate the impact of emicizumab and will not be able to separate the endogenous FVIII activity from the
impact of emicizumab on the assay. Emicizumab impacts all single-factor assays that are performed with one-stage, aPTT-based assays (such as

factor IX activity).

was discussed by Platton et al. in an earlier chapter and has
special considerations (Table 3). Emicizumab may be discontin-
ved once the endogenous FVIII level improves; however, there
is no strict FVIIl threshold for discontinuing emicizumab and
there is a variety in clinical practice: emicizumab was discontin-
uved when FVIIl ranged from 10% to 86% in 26 patients with AHA
in a systematic review by Thomas et al.?® In our practice, we
continue emicizumab if there is still a persistent inhibitor and
low FVIII level, especially if the patient has a history of bleeding
as it can recur without prophylaxis. Data from 2 prospective
clinical trials in Europe (NCT04188639) and the United States
(NCT05345197) may help guide emicizumab dosing and stop-
ping thresholds. Due to the long half-life of emicizumab, some
effect of the drug can likely be anticipated until 5 months after
discontinuation.

Conclusion

Although currently off label for AHA, emicizumab is poised to
revolutionize treatment through effective bleeding prophylaxis
that can be given in the outpatient setting, reducing hospital-
izations and the need for bypassing agents. Unlike rpFViIlI, the
FVIII autoantibodies do not impact the use of emicizumab, and
antidrug antibodies are rare. By reducing the risk of bleeding,
emicizumab may shift the treatment goals of AHA away from
high-dose immunosuppression, reducing the risk of adverse
events such as infections. Emicizumab cannot be used for break-
through bleeding, and care must still be taken to monitor for
thrombotic events with concurrent use of bypassing agents,
especially given the high rate of comorbidities in the AHA pop-
ulation. Two ongoing prospective parallel studies in Europe and
the United States will answer important questions about the effi-
cacy and safety of emicizumab in AHA.
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Inflamed—HLH, MAS, or something else?
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Hemophagocytic lymphohistiocytosis (HLH) is a syndrome of excessive and maladaptive inflammation. Primary HLH is =
most frequently encountered in young children, and, without timely recognition and therapy, can lead to multiorgan §
failure and death. It is most often diagnosed using the HLH-2004 criteria and by identifying pathological mutations. s
However, the HLH-2004 criteria are not specific for HLH, and patients can easily fulfill these diagnostic criteria in other %\,
proinflammatory states in which HLH-therapy would not be indicated, including hematologic malignancies, infections, §
and rheumatologic disease. Therefore, great care must be taken to ensure that the specific disease associated with g
features of HLH is accurately recognized, as consequences of improper treatment can be catastrophic. We propose a g
diagnostic pathway for patients for whom HLH is on the differential (visual abstract). Importantly, in situations in which s
the initial diagnostic workup is equivocal or unrevealing, reevaluation for occult malignancy, infection, or rheumatologic §
disease would be prudent, as occult presentations may be missed on primary evaluation. Temporizing medications can 3
be used in critically ill patients while awaiting secondary evaluation. By using this framework, clinicians will be able to g
more reliably discern primary HLH from other pro-inflammatory states and thus provide timely, appropriate disease- 2
specific therapy. §
2
LEARNING OBJECTIVES ?:
« Recognize the limitations of the current diagnostic paradigms for HLH, identifying the various pathologies that ,.31,.;,
can manifest as HLH P
« Formulate diagnostic and therapeutic approaches for patients with suspected HLH %
3
c
S
Hemophagocytic lymphohistiocytosis (HLH) is not a sin-  lymphocytes are vulnerable to uncontrolled activation, %
gle disease; rather, the term describes a state of systemic liberating cytokines such as interferon gamma, which, in g_)
inflammation that is disproportionate, maladaptive, or  turn, leads to macrophage activation. Additional genetic 5
sometimes merely accompanying another disease."? This  variants that activate lymphocytes and macrophages via e
state may arise from an inherited genetic lesion, from an  different mechanisms (eg, XIAP deficiency), along with g
acquired source of pathologic immune activation, or from  certain specific and increasingly recognized genetic g
a combination therein. Commonly used terminology has  mediators of granule-mediated cytotoxic dysfunction (eg, g
sought to distinguish between those cases attributed prin-  RAB27A, LYST), are grouped with FHL under primary HLH 2
cipally to genetic causes (which have been labeled as pri- (Figure 1). Activated macrophages and cytokines can cause I
mary HLH) and those cases attributed largely to acquired life-threatening organ dysfunction, making rapid recogni-
causes of immune activation (which have been labeled as  tion and treatment critical.
secondary HLH). This nomenclature may cause some con- The Histiocyte Society led 2 clinical trials that
fusion, as many cases likely arise from a combination of  improved the outcomes for children with primary HLH.
such inherited and acquired factors. Many of the genetic =~ The most recent trial, HLH-2004, enrolled patients aged
deficits which may precipitate or predispose a person 18 years and younger who either had genetically con-
to HLH affect perforin-mediated lymphocyte cytotoxic-  firmed HLH or fulfilled 5 of 8 clinical criteria suggestive
ity, and this subset of primary HLH is often referred to as  of HLH: fever, splenomegaly, cytopenia affecting at least
familial HLH (FHL).> In such cases, the ensuing defective 2 lineages, hyperferritinemia, hypofibrinogenemia or
Diagnostic challenges in HLH | 31
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Cytotoxic defect OR
(absence of SAP or perforin
or lack of degranulation)

Inflammasome deregulation
(XIAP, NLRC4, CDC42)
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Uncontrolled activation of
cytotoxic lymphocytes

he b

IL-1, IL-6, Inflammatory cytokines
TNF-0, IL-18 X § 1PNy
Activation of macrophages

Figure 1. Pathogenesis of primary HLH and MAS. Genetic variants
associated with primary HLH result in defective lymphocyte cyto-
toxicity (left pathway) or inflammasome degranulation, liberating
IL-18 (right). Either mechanism culminates in uncontrolled acti-
vation of cytotoxic lymphocytes. The pathogenesis of MAS also
involves IL-18-mediated activation of lymphocytes (all HLH pa-
tients may have elevated IL-18 levels; however, the increase may
be particularly profound among those with MAS). Activated lym-
phocytes secrete inflammatory cytokines such as IFN-y, activating
macrophages. Activated macrophages in turn secrete additional
inflammatory cytokines.

hypertriglyceridemia, hemophagocytosis in bone marrow or
other tissue, reduced natural killer (NK)-cell cytotoxicity, or ele-
vated sCD25 (sIL2Ra).”® These enrollment criteria were based
on the experience and opinion of clinicians rather than on rig-
orous data. The sensitivity and specificity of these criteria for
HLH remain unknown as there remains no gold standard for
the diagnosis of HLH. However, the mere presence of features
listed in these enrollment criteria has been adapted by much
of the medical community as being diagnostic and pathogno-
monic of HLH.

When patients manifest these criteria in the absence of
causal genetic defects, the condition is often called secondary
HLH."? Secondary HLH may be understood as an extraordinary
inflammatory response to a proinflammatory trigger. Conditions
which can lead to manifestations of secondary HLH are many
and varied including infections, malignancies (most often lym-
phoma), and autoimmune disorders (including macrophage
activation syndrome [MAS]). Although patients with all these

Table 1. Laboratory data

conditions can also suffer life-threatening organ dysfunction,
lumping these disparate pathologies under 1 umbrella term of
secondary HLH is not scientifically justified.”® Treating patients
with these varying diseases with therapies meant for primary
HLH can lead to disastrous consequences." Making these dis-
tinctions at the bedside is a monumental challenge for clinicians.
We present real-life cases to elucidate a practical approach to
patients with suspected HLH.

CASE 1

A previously heathy 2-month-old female was brought to the
emergency department with persistent fever and decreased
oral intake. She was noted to be listless, febrile, hypoxic,
tachycardic, and tachypneic and to have hepatosplenomeg-
aly. Laboratory studies were notable for pancytopenia, hyper-
ferritinemia, hypertriglyceridemia, and hypofibrinogenemia
(Table 1). She was resuscitated with intravenous fluids and
treated with broad-spectrum antibiotics. Bone marrow biopsy
showed normal hematopoiesis without increase in histiocytic
or hemophagocytic forms.

CASE 2

A previously healthy 2-year-old boy was brought to the emer-
gency department with symptoms of fever, abdominal disten-
sion, and reduced oral intake. An evaluation revealed fever,
tachycardia, pallor, hepatomegaly, and splenomegaly. Lab-
oratory studies revealed pancytopenia, hyperuricemia, and
hyperferritinemia (Table 1). He was treated with intravenous flu-
ids and antibiotics. Over the next hours, fibrinogen decreased
and urine output declined, requiring continuous renal replace-
ment therapy. Bone marrow morphology showed prominent
hemophagocytosis but otherwise normal hematopoiesis.

These 2 cases exemplify urgent life-threatening situations
wherein simple tools such as the HLH-2004 criteria rapidly draw
HLH into the differential diagnosis. Subsequent results showed
elevated sCD25 levels in both children (Table 1), further rais-
ing the concern for HLH. Given the young age and absence of

Case 1 Case 2 Case 3 Case 4
Absolute neutrophil count (x10° per uL) 0.14 0.89 1.9 0.08
Hemoglobin (g/dL) 7.4 8.7 7.8 8.1
Platelet count (x10%per uL) 26 26 84 91
Fibrinogen (mg/dL) 50 16375 759 167
Ferritin (ng/mL) 7000 18 000 4512 >99 000
Triglycerides (mg/dL) NR 153 192 178
sCD25 (units/mL) 88 228 71 439 34750 1907
Uric acid (mg/dL) NR 9.1 4.3 NR
LDH (units/L) NR 1783 273 494

NR, not reported.
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leukemia, primary HLH was considered most likely in both cases.
The first child (2-month-old female) was treated with dexameth-
asone and etoposide and rapidly improved. Genetic studies
revealed her to be homozygous for a variant of unknown signif-
icance in the PRF1 gene. Flow cytometry on peripheral blood
lymphocytes showed absent perforin protein expression in NK
and cytotoxic T lymphocytes (Figure 2), confirming the diag-
nosis of primary HLH caused by perforin deficiency. This illus-
trates the utility and power of flow cytometry assays (flow) in
diagnosing primary HLH. In all cases of suspected HLH, we use
flow for perforin and CD107a degranulation, the latter assessing
the integrity of the lytic-granule secretory pathway.? Normal
degranulation depends on several proteins, many of which are
encoded by genes implicated in primary HLH: UNC13D, STXT1],
STXBP2, LYST, RAB27A, and AP3B1.? In males, we also add flow
for SAP and XIAP. The biggest advantages of these assays are
rapid turnaround time and precision. Moreover, CD107a degran-
ulation is a functional assay, and the combination of perforin flow
and CD107a has been shown to be more reliable than the NK-cell
cytotoxicity assay to diagnose primary HLH.® These assays are
also helpful in situations wherein the results of genetic tests are
equivocal, as above.

The second child (2-year-old), in addition to meeting the
HLH-2004 criteria, also had hyperuricemia and rapidly devel-
oped renal failure, features not typical of primary HLH. His
bone marrow aspirate and biopsy did not show leukemia,
and full body CT scans only showed the known hepatomeg-
aly and splenomegaly. Strikingly, quantitative polymerase
chain reaction (PCR) for Epstein-Barr virus (EBV) on his periph-
eral blood demonstrated 25x%10¢ copies/mL. His bone marrow
biopsy showed an expanded population of CD8+ T lympho-
cytes, most of which were also positive for EBV-encoded-RNA,

NK cells

thus establishing the diagnosis of systemic EBV-positive T-cell
lymphoma of childhood." Quantitative PCR on sorted lympho-
cytes showed the burden of T-lymphocyte EBV to be 700-fold
and 23-fold higher than that associated with B lymphocytes
or NK cells, respectively. His condition did not improve with
dexamethasone treatment per the HLH-94 protocol. With the
EBV results, treatment with multiagent chemotherapy (cyclo-
phosphamide, doxorubicin, vincristine, and prednisone) was
initiated, and he rapidly recovered. All genetic and flow stud-
ies for primary HLH were normal. Following another cycle of
chemotherapy with the same agents, he underwent allogeneic
bone marrow transplant and is thriving. The association of EBV
infection with HLH is well known.” In primary HLH, EBV infec-
tion is recognized as a recurrent trigger of disease activation.
There are other rare immunex deficiencies associated with
severe EBV infection manifesting clinical features of HLH." In
all these situations, EBV is associated with B lymphocytes. On
the other hand, EBV infection of NK or T lymphocytes causes a
spectrum of lymphoproliferative disorders (LPDs), from chronic
smoldering mononucleosis-like illness (chronic active EBV) to
fulminant lymphoma as in the second patient all without any
identifiable genetic defects.™ Interestingly, EBV-driven NK- and
T-cell LPDs are more common in people of East Asian and Indig-
enous American ethnicities. All these disorders can manifest
clinical features fulfilling HLH-2004 and are frequently referred
to as EBV-HLH or secondary HLH due to EBV.">" This broad term
includes a disparate array of B- and NK/T-cell disorders, which
are distinct from primary HLH, and require differing therapies.
For example, treatment with the B-lymphocyte-directed anti-
CD20 monoclonal antibody rituximab is beneficial in B-lym-
phocyte EBV disorders but not in T- or NK-cell LPDs.”® Rapid
recognition and intervention with correct multiagent chemo-

CD8* T-cells
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Figure 2. Perforin deficiency detected by flow cytometry. Histogram plots depicting flow cytometry analysis of peripheral blood
lymphocytes from the patient described in case 1. Upper panels depict patient cells, while the lower panels depict normal controls.
Results for natural killer (NK) cells are shown on the left, while those for CD8+ T lymphocytes are shown on the right. Isotype
controls are represented by the gray histograms, and perforin antibody detection is represented by the histograms in magenta (NK)

or green (CD8+).
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therapy are crucial in fulminant NK/T-cell lymphomas. It is thus
imperative to determine the specific condition in each patient.

CASE 3

A previously healthy 23-year-old developed persistent fever and
fatigue. Investigations for infections were negative. Fevers per-
sisted and laboratory studies revealed cytopenia and elevated
liver enzymes. Bone marrow biopsy showed a nonspecific small
population (5%) of atypical lymphocytes but was otherwise
normal. Imaging studies demonstrated hepatosplenomegaly
and lymphadenopathy. Lymph node needle-biopsy showed
no malignancy or infection. With elevated sCD25 and ferritin
(Table 1), he was diagnosed with HLH and treated with dexa-
methasone and intravenous immunoglobulin (IVIG). Symptoms
promptly resolved but as dexamethasone was tapered, fever
and fatigue recurred. He was then treated with dexametha-
sone and etoposide per HLH-94, with resolution of symptoms.
Genetic studies for HLH revealed no variants. As treatment was
weaned again, fever, fatigue, and cytopenia recurred, and he
was referred for bone marrow transplant. His family requested
a second opinion. In a search for illnesses that can mimic HLH,
we performed a positron emission tomography scan show-
ing innumerable fluorodeoxyglucose-avid osseous lesions and
lymph nodes. An excisional lymph node biopsy revealed classic
Hodgkin lymphoma. Chemotherapy for Hodgkin lymphoma was
initiated with prompt resolution of all clinical signs of disease.

CASE 4

A 4-year-old boy was admitted to the hospital with fever, vom-
iting, bloody diarrhea, and dehydration. While hospitalized,
he developed hepatosplenomegaly, pancytopenia, elevated
ferritin, and triglycerides (Table 1). Bone marrow aspiration
demonstrated hemophagocytosis with increased histiocytes.
Having fulfilled criteria for HLH, therapy was initiated with
dexamethasone and anakinra. The fever resolved, but signs of
liver failure appeared with hyperbilirubinemia and coagulop-
athy. Additional therapy with etoposide was planned, but his
family requested a second opinion. Given the bloody diarrhea
and vomiting, we suspected an infection, and investigations
revealed significant adenoviremia with a viral load of >200x10°
copies/mL. Adenovirus-specific T-cell therapy was given, but
his condition continued to worsen with rapid development
of multiorgan failure; he died shortly thereafter. Postmortem
examination determined the cause of death as disseminated
adenovirus infection resulting in multiorgan failure. No genetic
mutations were identified.

Cases 3 and 4 highlight the nonspecific nature of the HLH-
2004 criteria, which resulted in unfortunate delays in correct
diagnoses and potentially contributed to the death of the fourth
patient. These occurrences are common and now account for
the majority of referrals to specialized centers for patients with
challenging or treatment-refractory HLH (Figure 3)." The HLH-
2004 criteria were created as the eligibility requirement for the
clinical trial HLH-2004, and their specificity for primary HLH has
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Figure 3. Many diseases can manifest clinical features of HLH.
Depicted are the diseases we have seen as mistaken for and
treated as primary HLH, akin to the many proverbial roads leading
to Rome. HSV, herpes simplex virus.

never been shown. All the features listed in the criteria can be
seen in many systemic inflammatory conditions, such as dissem-
inated infections or malignancies like lymphoma. The specificity
of these criteria for primary HLH is likely low.® Contrary to popu-
lar belief and despite the eponym, hemophagocytosis is neither
specific nor sensitive for primary HLH. Additionally, the NK-
cytotoxicity assay also has poor specificity.”® One of the goals of
the HLH-2004 guidelines was to utilize tests readily available at
most centers.” While these criteria and the subsequent HScore
have certainly helped move HLH toward the forefront of clini-
cians' minds, our experience shows that in the diagnosis of pri-
mary HLH, these tools are strikingly nonspecific.’®" The problem
is not simply one of semantics or nomenclature. The prevailing
dogma is that as soon as the diagnosis of HLH is reached, based
on these nonspecific tools, it signals an urgent need for ther-
apy with potent immunosuppresive agents such as high-dose
corticosteroids, closely followed by etoposide. Such algorithmic
decision-making often leads to inappropriate application of pri-
mary HLH-directed therapies in conditions in which such treat-
ments may cause harm. Furthermore, the HLH-2004 trial was
restricted to children up to the age of 18.2 There are no data on
the outcome of applying such criteria to adults.”” The term sec-
ondary HLH is not a specific diagnosis but rather an amorphous,
catchall description that can be applied to a variety of diseases.
Since malignancies like lymphoma (as well as many of the other
potential triggers of secondary HLH) are more common in adults
compared to children, we suspect that majority of adults evalu-
ated for primary HLH are likely manifesting other acute inflamma-
tory diseases. Additional confusion arises when patients known
to have an infection or lymphoma are also diagnosed with HLH
on the basis of fulfillment of the HLH-2004 criteria or the HScore.
Clinicians then face the conundrum of which condition to treat
first—HLH or the trigger disease. In the vast majority of such sit-
vations, the label of HLH is attached simply because nonspecific
criteria have been fulfilled, and HLH-directed therapy with ste-
roids and etoposide is not needed. In the case of infections, such
therapy is actually contraindicated. Rather, treatment should be
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directed at the primary pathology. In certain malignancies, liver
dysfunction precludes chemotherapy. Many of these illnesses
also fulfill the HLH criteria, and these patients are then often
treated with steroids, sometimes with etoposide, resulting in
improved liver function. While such a sequence could be inter-
preted as malignancy-associated HLH with response to HLH-
therapy, steroids and etoposide are also efficacious in treating
the vast majority of hematologic malignancies, and abatement
of the cancer would then result in resolution of HLH." A recent
study highlighted a subset of patients with hematologic malig-
nancies associated with higher levels of ferritin and sCD25 and
higher risk of mortality.?° It remains unclear if inflammation is
directly implicated in the worse outcomes, or if these are bio-
markers of treatment-refractory malignancies.

Discussion: our diagnostic approach

Many patients with a wide variety of proinflammatory illnesses
may fulfill the HLH-2004 criteria or the HScore.”® The fulfillment
of these criteria is not sufficient to diagnose HLH nor to initiate
HLH-directed therapies." Awareness of the nonspecific nature
of these tools and of the base rates of primary HLH (rare), infec-
tions, and lymphomas (common) are key components of accu-
rate diagnosis. While testing for primary HLH should be pursued
in the appropriate context, all cases of suspected HLH must
also be examined for potential alternative diagnoses, includ-
ing malignancies, infections, and rheumatologic disease. Broad
HLH-directed testing includes assessment of ferritin, fibrinogen,
sCD25, CXCL9, and IL-18, but clinicians must recognize that none
of these tests is particularly specific for HLH.? However, normal
ferritin, normal sCD25, normal CXCL9, or elevated fibrinogen
make HLH less likely. Evaluation for primary HLH includes flow
for perforin, CD107a, SAP, and XIAP (the last two for males) and
a comprehensive gene panel for IEls or WES.*?> While results
are being awaited, ongoing assessment for other potential
causes of hyperinflammation are prudent, such as bone marrow
examination for leukemia positron emission tomography and
computed tomography (and subsequent tissue biopsy if indi-
cated) for lymphoma, and cultures and PCR/antigen assays for
infections. Withholding steroids and immune suppression until
biopsies have been obtained and infections ruled out should
be strongly considered. Empiric treatment with antimicrobi-
als should be pursued until infectious etiologies are sufficiently
excluded. Certainly, if malignancy, infection, or other specific
etiology is identified, the corresponding treatment should
promptly be instituted.” The finding of substantially high IL-18
may suggest MAS or an inflammasome disorder, and appropri-
ate rheumatologic diagnostics may then be indicated.?* Abnor-
mal CD107a, perforin, SAP, or XIAP expression makes familial
HLH likely.”?? These findings should be confirmed via genetic
testing, and treatment should be considered with HLH-directed
therapy (such as HLH-94 and anticytokine therapy) as warranted
based on the clinical condition. If all these tests fail to yield a
specific diagnosis, patients should be thoroughly reevaluated
for occult malignancy, infection, or rheumatologic process.
At the same time, whole exome sequencing may be consid-
ered. If a patient is clinically deteriorating while the workup is
in progress and diagnosis remains uncertain, temporizing ther-
apies including glucocorticoids, anticytokine agents, and/or
IVIG may be considered.?*? It is critical to recognize that most
patients demonstrating HLH physiology will eventually be found

to have an occult inciting condition (be it malignant, infectious,
or rheumatologic) upon further evaluation. It should also be
noted that many such cases may have multiple factors contrib-
uting to excessive inflammation and that even presentations
of primary HLH may have an acquired trigger; therefore, even
when primary HLH is identified, a search for triggering condi-
tions should be undertaken. Although the past 2 decades have
seen a tremendous increase in the awareness of HLH, they have
also seen confusion regarding its accurate diagnosis and appro-
priate treatment. Although current screening tools, including
the HLH-2004 criteria and H-Score, are diagnostically sensi-
tive, they are also highly nonspecific, and these criteria may be
fulfilled by many other severe illnesses. Evaluating suspected
cases of HLH requires thoroughly investigating for other more
common causes of excessive inflammation (including malig-
nancy or infection) and using more specific testing for primary
HLH (including flow cytometric and genetic testing). Such an
approach may avoid missed diagnoses and inappropriate treat-
ment of potential HLH mimics.
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Leukocytosis is a common finding in pediatric patients, and the differential diagnosis can be broad, including benign g
reactive leukocytosis and malignant myeloproliferative disorders. Transient abnormal myelopoiesis is a myeloprolifer- %
ative disorder that occurs in young infants with constitutional trisomy 21 and somatic GATAT mutations. Most patients s
are observed, but outcomes span the spectrum from spontaneous resolution to life-threatening complications. Juvenile (9:
myelomonocytic leukemia is a highly aggressive myeloproliferative disorder associated with altered RAS-pathway sig- S
naling that occurs in infants and young children. Treatment typically involves hematopoietic stem cell transplantation, §
but certain patients can be observed. Early recognition of these and other myeloproliferative disorders is important and g
requires a clinician to be aware of these diagnoses and have a clear understanding of their presentations. This paper dis- 3
cusses the presentation and evaluation of leukocytosis when myeloproliferative disorders are part of the differential and &
reviews different concepts regarding treatment strategies. ?
Q
LEARNING OBJECTIVES g
« To describe the differential diagnosis of leukocytosis in a young child Q
« To recognize the signs and symptoms consistent with an underlying myeloproliferative disorder ﬁ
« To discuss treatment options for TAM and JMML g
g
3
c
Introduction are important to evaluate the WBC differential and mor- i
Leukocytosis is a common condition for which pediatric phology as well as other hematologic parameters (includ- 3
hematology/oncology providers are consulted. Leuko-  ing hemoglobin and platelet count). Additional workup “S.i
cytosis is defined as an elevated white blood cell (WBC) ~ may be required depending on the results of these evalu- 2
count for age (Table 1). The term leukemoid reaction  ations and clinical suspicion for a primary versus a second- ]
describes a WBC count >50x103/uL with neutrophils and ary disease process. g
immature myeloid forms typically occurring in the setting g
of an (often pyogenic) infection, while hyperleukocytosis %
typically refers to a WBC count >100x103/uL.' Leukocy- S
tosis may be caused by an elevation in any WBC sub-  CASE 1 “
type, and the differential diagnosis for leukocytosis can  yqy are consulted by the neonatal intensive care unit (NICU)
often be narrowed based on which cell type is elevated  ogarding a 5-day-old full-term infant with trisomy 21 (T21)
(Figure 1).'* Leukocytosis can be a primary disease pro-  foynd to have leukocytosis on a CBC sent during an infec-
cess (such as in malignant or myeloproliferative disorders)  tious workup. The patient's clinical history is notable for a
or occur secondary to an identifiable underlying etiology  prenatal diagnosis of T21; the postnatal course has been
(eg, infection). notable for respiratory distress transiently requiring posi-
The workup for pediatric patients with leukocytosis  tive pressure and a low-grade fever prompting the recent
depends on their presentation. All patients require a thor- infectious workup. Physical examination is notable for stig-
ough history and physical examination. A complete blood mata of T21 and hepatomegaly. Review of the patient's lab-
count (CBC) with differential and peripheral blood smear  oratory results reveals leukocytosis with WBC 60.8x103/uL
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Table 1. Normal white blood cell ranges by age

B Total white blood cells (x103/uL)
Mean (x 2SD)

1-3 days 18.9 (9.4-34)

2 weeks 1.4 (5-20)

1 month 10.8 (4-19.5)

6 months-2 years 10.6 (6-17)

2-6 years 8.5 (5-15.5)

6-12 years 8.1 (4.5-13.5)

12-18 years 7.8 (4.5-13.5)

Adapted from The Harriet Lane Handbook, 23" Edition.

and 40% blasts, with normal hemoglobin and platelet counts.
The patient has been started on broad-spectrum antibiotics
and pediatric hematology/oncology providers are consulted for
evaluation of leukocytosis.

Approaching this patient

This patient is a neonate presenting with fever and leukocytosis.
Infection—particularly serious bacterial infection—is an impor-
tant consideration in any infant presenting with fever, and infants
may have a left-shift with immature forms on peripheral smear
in this setting. However, in this infant, the increased peripheral
blast count is suggestive of a more serious underlying etiology.
Key to this case is the patient's history of T21 (Down syndrome;
DS): since these patients have an increased risk of developing
myeloproliferative disorders and acute leukemia at young ages,
these disorders should be high on the differential diagnosis of
leukocytosis in an infant with T21.

Abnormal myelopoiesis in trisomy 21

Patients with T21 are at significantly increased risk for leukemia:
while the overall risk of acute leukemia in patients with T21 is
18-fold higher than in the general population, the risk of acute
myeloid leukemia in T21 patients aged <5 years is almost 400
times greater.>* Abnormal myelopoiesis in patients with T21 is
driven by mutations in the hematopoietic transcription factor
GATAT and comprises 2 conditions: transient abnormal myelo-
poiesis (TAM) and myeloid leukemia of Down syndrome (ML-DS),
both of which are classified by the World Health Organization
(WHO) as "myeloid proliferations associated with Down syn-
drome."s Although these conditions share a genetic driver, the
clinical features and management differ, and both must be con-
sidered in a patient with T21 and leukocytosis.

Transient abnormal myelopoiesis
Transient abnormal myelopoiesis (previously transient myelopro-
liferative disorder) is a clonal hematopoietic disorder unique to
patients with T21 (Table 2). TAM is characterized by an increase
in circulating blast cells harboring somatic mutations in GATA1.¢7
Without appropriate GATAT signaling, normal hematopoietic
development is disrupted, leading to the phenotype seen in
TAM.®2 TAM has been estimated to occur in 10%-30% of infants
with T21.° Infants with GATAT mutations who have blast percent-
ages <10% and lack the clinical features of classic TAM have been
designated as having silent TAM.2

Patients with TAM typically present within the first week of
life, but may be diagnosed up to 3 months of age.”® While ~25%
of patients with TAM are clinically asymptomatic at presen-
tation, patients more commonly present with a constellation
of symptoms caused by organ infiltration of malignant cells,
including hepatomegaly, pleural/pericardial effusions, and skin
rash.®" Laboratory findings characteristically include leukocy-
tosis and an increased peripheral blast count exceeding that

Leukocytosis

Lymphocytosis: Eosinophilia: Monocytosis: Neutrophilia: Basophilia:
-Normal finding in -Allergic disorders -Chronic neutropenia -Infection -Infections
toddlers -Infections (especially -Infection -Inflammatory disorders -Inflammatory disorders
-Infection parasitic) -Inflammatory disorders -Medications (i.e. steroids, -Hypersensitivity reactions
-Acute -Inflammatory disorders -Myeloproliferative G-CSF) -Myeloproliferative
leukemia/lymphoma -Hypereosinophilic syndrome disorders -Myeloproliferative disorders

-Myeloproliferative disorders -Acute leukemia disorders -Acute leukemia

-Acute leukemia/lymphoma -Asplenia -Leukocyte adhesion

-Hereditary disorders deficiency

-Asplenia

Figure 1. Common causes of leukocytosis in pediatric patients. The differential diagnosis can often be narrowed down based on
which white blood cell subtype is elevated. G-CSF, granulocyte colony stimulating factor.
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Table 2. Key features of TAM and JMML

TAM

JMML

Clinical features Diagnosis of trisomy 21

Male to female ratio 2:1

Age <3 months

Most common in early childhood

Jaundice and/or HSM are common

Splenomegaly in almost all patients

Rash and effusions are less frequent

Lymphadenopathy and fever are common

Laboratory findings Leukocytosis

Leukocytosis

Circulating blasts (higher in blood than BM)

Monocytosis (=1x10°/L)

Blast count <20% in blood and BM

Anemia is rare

Thrombocytopenia is common

Genetic features GATAT mutation

Germline mutations/LOH: CBL, NF1

Or

Somatic mutations: PTPNT1, KRAS, NRAS, RRAS

BM, bone marrow; HSM, hepatosplenomegaly; JMML, juvenile myelomonocytic leukemia; LOH, loss of heterozygosity; TAM, transient abnormal

myelopoiesis.
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Figure 2. Peripheral blood findings in TAM and JMML. Peripheral blood smears of (A) TAM showing pleiomorphic blasts and additional
immature myeloid cells, and (B) JMML showing leukoerythroblastosis with circulating myelomonocytic cells. Both smears show dys-

morphic and nucleated red blood cells.

of the marrow; hemoglobin is typically normal, and platelet
count is usually normal or slightly reduced.’®" Patients may also
demonstrate abnormal liver function and/or coagulation test-
ing due to hepatic infiltration. Peripheral smear shows pleio-
morphic circulating blast cells with a unique megakaryocytic
immunophenotype (Figure 2A).”2 Bone marrow evaluation is not
required to diagnose TAM but is often done in the setting of
peripheral blasts to rule out leukemia.

Most patients with TAM experience spontaneous resolution
of symptoms without intervention. In a prospective study by
the Children's Oncology Group, 79% of patients experienced
resolution of peripheral blasts in a median of 36 days and of
all TAM symptoms in a median of 49 days without treatment.
A smaller percentage of patients with TAM require interven-
tion, typically with low-dose cytarabine. However, there is no
consensus on which patients should receive treatment: some
have reported improved survival by treating patients with poor
prognostic features including leukocytosis or liver dysfunction,
while others reserve treatment for patients with life-threatening

symptoms.’®3* Following symptom resolution, patients with
TAM require close monitoring, as 16%-23% will develop ML-
DS.°"3 Treatment with cytarabine has not been shown to pre-
vent progression from TAM to ML-DS, although data suggest
that systemic steroids may be beneficial.’>"

Myeloid leukemia of Down syndrome

ML-DS occurs in patients with a history of TAM or silent TAM when
the aberrant GATAT clone acquires additional oncogenic muta-
tions.”"® This leads to a megakaryoblastic leukemia that is dis-
tinct from the one occurring in non-DS patients.””” ML-DS onset
is typically at 1-2 years of age (almost always before 4 years),
and patients typically present with progressive pancytopenia.?
Patients with ML-DS are treated with cytotoxic chemotherapies
at reduced doses; this is because the leukemic blasts of ML-DS
patients show increased chemotherapy sensitivity and because
patients with T21 suffer increased toxic morbidity from standard-
dose chemotherapies.??? Treatment regimens for ML-DS typ-
ically include anthracyclines and cytarabine, though there is
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disagreement about dosing intensity: a recent Children's Oncol-
ogy Group study suggests that high-dose cytarabine is neces-
sary, while Japanese studies have shown similar outcomes using
lower-dose therapy.?>?* The prognosis for patients with ML-DS is
highly favorable with survival rates >85%, although patients with
relapsed or refractory disease have poor outcomes.?"2*

Infantile myeloproliferative disease

It has recently been recognized that a rare subset of neonates
without Down syndrome can present with a transient myelo-
proliferative disorder, termed infantile myeloproliferative dis-
ease (IMD).? Though the number of reported IMD cases is small,
recurrent mutations have been identified, including somatic T21
and GATAT. While IMD can often be managed with a "watch and
wait" approach, it is important to differentiate these cases from
more aggressive leukemias, as has been described in recent
consensus guidelines.?

Differential considerations

Patients with T21 presenting with leukocytosis should always
be evaluated for infection, as these patients often have immune
dysregulation.?® Patients with T21 are also at higher risk for acute
lymphoblastic leukemia (DS-ALL) than the general pediatric pop-
ulation, although this is quite rare in young infants.® DS-ALL dem-
onstrates unique biologic features compared with non-DS-ALL,
and patients with DS-ALL experience worse outcomes—driven
both by higher treatment-related mortality and higher rates of
relapse—than non-DS-ALL patients.?”?® Additional conditions
that may cause nonspecific findings similar to those seen in
TAM, such as hepatomegaly, should also be ruled out.

CASE 1 (Outcome)

The patient was given a presumptive diagnosis of TAM. Given
the patient's good clinical status and lack of life-threatening
symptoms, the decision was made for close monitoring without
intervention. The patient was discharged from the NICU once
the infectious workup was negative and was followed closely
by pediatric hematologists/oncologists. Serial CBCs revealed
resolution of peripheral blasts and normalization of WBC count
within 4 weeks. The patient is now 2 years old and continues to
be closely monitored due to the ongoing risk of progression to
ML-DS, though all recent CBCs have been normal.

CASE 2

An 8-week-old boy with a history of a 1-week NICU admission
for respiratory distress is admitted to the pediatric inpatient
unit for evaluation and management of a left neck abscess. The
patient was initially noted to have dysmorphic features during
his NICU course, including low-set ears, down-slanting palpe-
bral fissures, cryptorchidism, and an abnormal hearing test;
genetic testing for Noonan syndrome is pending. A CBC reveals
WBC 41.3x103/uL, hemoglobin 10 g/dL, and platelet count
65x103/uL; the differential blood count is notable for neutro-
philia (absolute neutrophil count 19.4x103/uL) and monocytosis
(absolute monocyte count 11.2x103/uL). A review of prior CBCs
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reveals persistent leukocytosis with monocytosis and throm-
bocytopenia since birth. Pediatric hematologist/oncologist are
consulted for evaluation for leukocytosis.

Approaching this patient

When thinking about potential causes for this child's leukocy-
tosis, it is reasonable to attribute a left-shifted, increased WBC
count to an infection. However, this infant has had leukocytosis
since birth, which is concerning for an underlying disorder. In
addition, while thrombocytopenia could be due to infection,
it could also be due to an underlying marrow disorder. A criti-
cal component of this child's history and exam is the finding of
dysmorphic features concerning for Noonan syndrome and the
presence of abnormal blood counts since birth. The suspicion
of a myeloproliferative disorder should be high in a child with
an underlying since many genetic conditions are associated
with an increased risk of developing myeloid malignancies.

Juvenile myelomonocytic leukemia
Juvenile myelomonocytic leukemia (JMML) is a clonal hematopoi-
etic disorder characterized by excessive proliferation of granulo-
cytic and monocytic lineage cells.? It was previously classified
by the WHO as a myeloproliferative/myelodysplastic overlap
syndrome but is now recognized as a distinct myeloprolifera-
tive condition of childhood in both the recently-updated WHO
diagnostic criteria and the newly described International Con-
sensus Classification system.>* Overactive RAS-pathway signal-
ing drives JMML, and the majority of patients (~90%) are found to
have alterations in a RAS-pathway gene, including PTPNT1, NRAS,
KRAS, CBL, and NF1.%

JMML predominantly affects infants and young children, with
a median age of 1.8 years at diagnosis.” The incidence of JMML
is estimated between 0.69 and 1.3 per million children per year,
approximately 2%-3% of pediatric hematologic malignancies 3?33
and is twice as common in males.® Clinical features of JMML are
caused by organ infiltration by malignant monocytic cells. Pre-
senting symptoms commonly include pallor, fever, infection,
bleeding, cough, and malaise, while physical findings include
hepatosplenomegaly (in most patients), lymphadenopathy, skin
rash, café au lait spots, and xanthomas.”' Peripheral smear dem-
onstrates profound monocytosis, often with dysplasia, circulat-
ing myeloid precursors, and erythroblasts (Figure 2B).3* Bone
marrow findings often include hypercellularity with a predomi-
nance of myeloid lineage cells at all stages of maturation, dys-
plasia which can be seen across all hematopoietic lineages, and
occasionally reticulin fibrosis.*35

The diagnostic criteria for JMML are detailed by the WHO and
the International Consensus Classification system and require
both clinical and genetic findings.>* Clinical and lab features
include splenomegaly, monocytosis, and peripheral and bone
marrow blast counts below 20% (Table 2). Somatic alterations
consistent with JMML include mutations in PTPN11, KRAS, NRAS,
or RRAS. Germline heterozygous mutations in NFT (or a neurofi-
bromatosis diagnosis) or CBL can lead to loss of heterozygosity
in the bone marrow in JMML, most commonly through a mech-
anism of uniparental disomy. It is critical to distinguish between
germline and somatic mutations, particularly in the setting of
PTPNT11, NRAS, or KRAS mutations, which cause Noonan syn-
drome when present in the germline but can be consistent with
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JMML when present as somatic alterations. Skin or marrow fibro-
blasts are ideal tissue sources for germline testing; buccal swabs
are a reasonable alternative but may have tumor contamination
due to monocyte infiltration.®

JMML-like neoplasms

There are defined JMML-like conditions that do not meet JMML
diagnostic criteria. Noonan syndrome-associated myeloprolifer-
ative disorder (NAMD) is a distinct entity from JMML occurring
in infants with Noonan syndrome and germline mutations in
PTPNT11, NRAS, KRAS, or RIT1.3° Clinically, NAMD may be milder,
or may look just like JMML, including a blast percentage below
20% and hepatosplenomegaly. A subset of patients with a clini-
cal presentation consistent with JMML but who lack a canonical
RAS-pathway mutation will be found to harbor rearrangements
in ALK, ROS1, or FLT3, and typically have monosomy 7 in addition
to their fusion.

Management of JMML and related disorders

The management of patients with JMML and JMML-like neo-
plasms varies based on clinical presentation, prognostic factors,
and genetic drivers.® Many children with JMML require hemato-
poietic stem cell transplant (HSCT), including those with PTPNTI
and NF1 mutations or those with KRAS and NRAS mutations
who have high-risk features including high DNA methylation.3®
These patients are typically treated with 5-azacytidine with or
without chemotherapy prior to HSCT. Patients with non-RAS-
pathway mutations may receive targeted therapy (ie, ALK or FLT3
inhibitors) with or without chemotherapy followed by HSCT.¥”
Lower-risk patients who can be closely observed without inter-
vention if they are clinically stable include patients with germline
CBL mutations, patients with KRAS- and NRAS-mutant JMML who
have low DNA methylation, and children with NAMD. For lower-
risk patients who have visceral organ involvement leading to
failure to thrive, respiratory distress, or diarrhea, treatment with
oral 6-mercaptopurine or low-dose cytarabine as a temporizing
measure is often indicated. Some JMML patients may be able to
be treated with 5-azacytidine alone and avoid HSCT, but it is cur-
rently challenging to identify these patients at diagnosis.>®

Differential considerations

Additional disorders that can mimic JMML or a JMML-like illness
include certain viral or atypical infections (such as cytomegalo-
virus, human herpesvirus 6, mycobacteria, or toxoplasma).* Of
note, JMML often presents concomitantly with viral infections.
Other rare etiologies include leukocyte adhesion deficiency
and infantile malignant osteopetrosis.*® In the setting of periph-
eral blasts, it is important to make sure acute myeloid leukemia
and chronic myeloid leukemia are ruled out. Some patients with
KMT2A or NUP98 rearrangements or t(8;16)(p11;p13) may have
features resembling JMML; due to clinical and biological differ-
ences, these disorders are classified as acute myeloid leukemia
even when blasts are less than 20%.5354142

CASE 2 (Outcome)

The patient was treated with antibiotics resulting in resolution
of the abscess and leukocytosis, but monocytosis persisted.
Genetic testing revealed a germline heterozygous mutation

in CBL and copy neutral loss of heterozygosity in the blood,
thereby identifying a case of CBL-related JMML. Caused by
germline mutations in the CBL gene, CBL syndrome has been
identified as an underlying genetic predisposition to JMML.*
The clinical features of patients with CBL syndrome closely
mirror those seen in classic Noonan syndrome, leading to the
designation as a Noonan syndrome-like disorder.** While CBL
syndrome is caused by a heterozygous CBL mutation, the
leukemia cells in patients with CBL syndrome harbor biallelic
CBL mutations due to acquired uniparental disomy.*> JMML in
patients with CBL syndrome usually follows a benign course,
and patients may experience spontaneous disease regression;
however, this must be differentiated from patients with somatic
CBL mutations, who tend to present with more aggressive dis-
ease. Given that this patient was found to have a germline CBL
mutation, he was monitored closely without intervention and
was noted to have spontaneous resolution of all symptoms by
3 years of age.

Conclusion

While leukocytosis in young children may be due to various
conditions, it is important to remember the unique myeloprolif-
erative disorders of childhood. Clinicians must have a high index
of suspicion for these disorders, as they can be aggressive and
life-threatening. In infants and young children with myeloid-
predominant leukocytosis, thorough evaluation to ensure
timely identification of myeloproliferative disorders of child-
hood is essential for proper management and follow-up.
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Where have all the platelets gone? HIT, DIC,
or something else?

Rohith Jesudas and Clifford M. Takemoto
St Jude Children's Research Hospital, Memphis, TN

Thrombocytopenia in ill children is common; accurately diagnosing the underlying etiology is challenging and essential
for appropriate management. Triggers for accelerated consumption of platelets are numerous; common downstream
mechanisms of clearance include platelet trapping in microvascular thrombi, phagocytosis, and platelet activation.
Thrombocytopenia with microangiopathic hemolytic anemia (MAHA) is frequently due to disseminated intravascular
coagulation. Thrombotic microangiopathy (TMA) is a subgroup of MAHA. Specific TMA syndromes include thrombotic
thrombocytopenic purpura, complement-mediated TMA (CM-TMA), and Shiga toxin-mediated hemolytic uremic syn-
drome. Isolated thrombocytopenia is characteristic of immune thrombocytopenia; however, concomitant cytopenias are
frequent in critically ill patients, making the diagnosis difficult. Immune thrombocytopenia with large vessel thrombosis
is a feature of heparin-induced thrombocytopenia and antiphospholipid antibody syndrome. In addition, thrombocyto-
penia is common with macrophage activation, which is characteristic of hemophagocytic lymphohistiocytosis. While
thrombocytopenia in ill patients can be driven by hypoproliferative processes such as myelosuppression and/or bone
marrow failure, this review will focus on consumptive thrombocytopenia due to immune and nonimmune causes.

LEARNING OBJECTIVES
« To understand the mechanisms that contribute to consumptive thrombocytopenia in ill pediatric patients
« To know how to distinguish between different etiologies for consumptive thrombocytopenia

Approach to consumptive thrombocytopenia

Thrombocytopenia in ill children is often multifactorial, and
the pathophysiology may be overlapping. Identification
of specific etiologies for consumptive thrombocytope-
nias can be challenging. Consumptive thrombocytopenia
may be immune mediated, either due antibodies (immune
thrombocytopenia [ITP]) or secondary to T-cell activation
and/or phagocytosis (eg, hemophagocytic lymphohistio-
cytosis [HLH]). Microangiopathic hemolytic anemia (MAHA)
is a common nonimmune mechanism of thrombocytopenia
that can arise from overlapping syndromes of disseminated
intravascular coagulation (DIC) and thrombotic microan-
giopathies (TMAs). Specific characteristics of these disor-
ders and can help distinguish between diagnoses:

« Schistocytes—MAHA, TMA

« Renal dysfunction/hypertension/proteinuria—
complement mediated TMA (CM-TMA), hemolytic ure-
mic syndrome (HUS)

« Severe coagulopathy—DIC

« Young age—inherited genetic mutations ADAM metallo-
peptidase with thrombospondin type 1 motif 13

[ADAMTS13]—thrombotic thrombocytopenic purpura
[TTP]; complement regulatory factors—TMA; effector
T cell function or perforin trafficking—HLH)

« Significant hyperferritinemia—HLH

« Bloody diarrhea—Shiga toxin-mediated HUS (ST-HUS)

« Severe and isolated thrombocytopenia—ITP

«  Thrombosis— heparin-induced thrombocytopenia (HIT;
with heparin exposure), antiphospholipid antibody syn-
drome (APLS)

When evaluating an ill child with thrombocytopenia,
applying diagnostic tools and systematically assessing
diagnostic criteria can aid the identification of specific syn-
dromes. Table 1 highlights shared and distinct clinical and
laboratory features of these syndromes.

CLINICAL CASE #1

A 15-year-old male presented a left ilio-femoral deep vein
thrombus (DVT) (Figure 1A). Therapeutic anticoagulation
with unfractionated heparin (UFH) was initiated, and he

Thrombocytopenia in critically ill children
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Table 1. Comparison of syndromes with microangiopathic hemolytic anemia (MAHA) with thrombocytopenia

Thrombotic microangiopathies (TMAs)

trauma, vascular
tumors, circuits

ADAMTS13;
autoimmune disease

E. coli

Features DIC HLH
TTP ST-HUS CM-TMA

Etiology Tissue ADAMTS13 deficiency | Shiga toxin-induced | Complement activation; CD8 T-cell activation
factor-mediated endothelial injury deficiency of complement
thrombin activation inhibitors

Pathology Systemic Systemic Renal microvascular Renal microvascular INF-y-mediated
microvascular microvascular thrombosis thrombosis macrophage
thrombosis thrombosis activation

Acquired causes Infection, malignancy, | Autoantibodies to Shiga toxin from Autoantibodies to Malignancy,

complement proteins,
HSCT, drug, pregnancy

autoimmune disease,
rheumatologic disease

immunosuppression

anti-complement
considered with
neurologic
symptoms

Genetic variants Neonatal purpura ADAMTS13 None Complement Perforin trafficking and
fulminans: PROC regulatory proteins: CFH, | effector T-cell
CD46, CFl, C3, CFB, THBD | function: PRFI,
UNCI3D, STXTI,
STXBP2, Rab27A,
SH2DIA, BIRC4, ITK
Renal involvement | Variable Infrequent Frequent; AKI, Frequent; AKI, Variable
proteinuria, HTN proteinuria, HTN
Other organ Multiorgan dysfunction | Brain Brain Lung, gastrointestinal Multiorgan dysfunction,
involvement system, brain, serositis hepatosplenomegaly,
Laboratory ADAMTS13 nl, low; ADAMTS13, very low; ADAMTS13 nl; ADAMTS13 nl; ADAMTS13 nl;
screening sC5b-9 nl; sC5b-9 nl sC5b-9 high; sC5b-9 high; sC5b-9 nl;
D dimer very high; D-dimer nl, high D-dimer nl, high; D-dimer nl; D dimer, high;
ferritin high Ferritin nl, high ferritin nl, high Ferritin nl, high ferritin, very high;
sCD25, very high;
CXCLS9, very high
Diagnosis ISTH DIC score =5 ADAMTS13<10% E. coli 0157:H7 in TMA diagnostic HLH diagnostic
stool criteria® criteria®
Treatment Treat primary cause Plasma exchange; Supportive; Anti-complement therapy | Immunosuppression;

Anti-T cell therapy;
HSCT

ADAMTS13, ADAM metallopeptidase with thrombospondin type 1 motif 13; CM-HUS, complement-mediated hemolytic uremic syndrome; DIC,
disseminated intravascular coagulation; E. coli, Escherichia coli; HLH, hemophagocytic lymphohistiocytosis; HSCT, hematopoietic stem cell
transplant; HTN, hypertension; ISTH, International Society on Thrombosis and Haemostasis; nl, normal; ST-HUS, Shiga toxin-mediated hemolytic
uremic syndrome; TMA, thrombotic microangiopathy; TTP, thrombotic thrombocytopenic purpura.

underwent catheter-directed thrombolysis. Seven days after ini-
tiation of UFH, he developed increased leg swelling and shortness
of breath; imaging showed progression of the lower extremity
DVT and a pulmonary embolus (PE). Progressive thrombocyto-
penia was also noted with a platelet count of 358 000 per mm?
on admission that dropped to a nadir of 54 000 per mm3. A 4T
(Thrombocytopenia, Timing, Thrombosis, and oTher etiologies)
score showed a high probability of heparin-induced thrombo-
cytopenia (HIT) (Figure 1B). UFH was discontinued, and he was
transitioned to the direct thrombin inhibitor (DTI) bivalirudin. A
platelet factor 4 (PF4) immunoassay was strongly positive, and
confirmatory serotonin release assay (SRA) was also positive. He
continues long-term anticoagulation with rivaroxaban.

Heparin-induced thrombocytopenia

This patient presented with worsening thrombosis and new
onset thrombocytopenia during heparin exposure. The develop-
ment of thrombocytopenia with venous or arterial thrombosis
should raise the suspicion of HIT. Heparin-induced thrombocy-
topenia is a prothrombotic, drug-associated immune throm-
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bocytopenia with significant morbidity and risk of mortality." It
is characterized by the development of platelet activating IgG
antibodies that target platelet factor 4 (PF4)/heparin complexes.
The antibodies typically develop within 5 to 10 days of hepa-
rin exposure, which correlate with onset of thrombocytopenia
(Figure 2). Paradoxically, HIT is associated with venous and arte-
rial thrombosis; bleeding is uncommon. Heparin use and throm-
bocytopenia are common in critically ill patients; however, the
confirmed diagnosis of HIT is rare. HIT is more common with UFH
but can be seen with low molecular weight heparin (LMWH). The
rate of HIT in adults? varies from 0.1% to 7%,; in children,’ the rate
is lower at 0.046%, although the reported incidence from smaller
studies varies.*> Clinical evaluation and appropriate laboratory
testing are important to prevent overdiagnosis and unnecessary
exposure to alternative anticoagulants.®

The diagnosis of HIT is made clinically and supported with
laboratory testing. The 4T is a validated predictive scoring sys-
tem that determines the pretest probability of HIT. This score
incorporates 4 Ts to characterize the likelihood of HIT (Figure
1B).” A low 4T score has a high negative predictive value in
both adults and children and can be used to rule out HIT.348
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<30% decrease OR < 10 K/mcL
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Timing

Onset 5-10 days OR onset < 1
day (if heparin exposure
within 100 days)

Onset >10 days; timing or
heparin exposure not clear

Onset < 4 days (without prior
exposure)
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New thrombaosis OR skin
necrosis; acute systemic
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Figure 1. Clinical case 1: heparin induced thrombocytopenia (HIT). (A) Time course for platelet count (blue) with heparin exposure
demonstrates characteristic pattern of HIT. The platelet factor 4 (PF4) immunoassay was strongly positive (OD =1.39; cutoff for positivity
OD =0.4), and the serotonin release assay (SRA) was positive. Platelet count recovered after discontinuation of heparin and transition to
a direct thrombin inhibitor, bivalirudin, and then rivaroxaban. (B) 4T score for pretest probability of HIT. The patient scored a high prob-
ability of HIT with a score of 8. DVT, deep vein thrombos; OD, optical density; PE, pulmonary embolism; UFH, unfractionated heparin.

Recognition of characteristic patterns of thrombocytope-
nia with heparin exposure is key to the diagnosis; the onset
of thrombocytopenia accompanies antibody formation (5-10
days), unless there was previous exposure to heparin (rapid-
onset HIT) (Figure 2A, B). Examples of other conditions with
heparin exposure that can be confused as HIT, such as cardio-
pulmonary bypass and extracorporeal membrane oxygenation,
are illustrated in Figure 2C and D.

Laboratory testing for HIT antibodies is needed to support
the diagnosis and include immunoassays and functional assays.
ELISA-based immunoassays for PF4/heparin complexes are
widely available with rapid turnaround time for results. Only a
small fraction of patients that test positive by immunoassays will
have a clinical diagnosis of HIT. A positive immunoassay should
be followed up with functional testing, such as performing the
serotonin release assay (SRA). In adults, a negative PF4 ELISA
assay (OD value <0.4) has a high negative predictive value; thus,
a negative result is useful to rule out HIT. The utility of the PF4
assay has been evaluated in children, and a low titer similarly has
a high negative predictive value for HIT.3#

However, the PF4 immunoassays has a high false positive rate
and should only be sent with an intermediate or high 4T score.?
If the immunoassay returns positive, then the SRA should be per-
formed to confirm the diagnosis. If the 4T score is high, then hep-
arin should be discontinued and patients should be transitioned
to a nonheparin anticoagulant, such as intravenous bivalirudin
or argatroban, subcutaneous fondaparinux, or a direct oral anti-

coagulant (DOAC).2 DOACs have been used exclusively to treat
adult patients with HIT. In children, the DOACs rivaroxaban and
dabigatran have recently been approved by the US Food and
Drug Administration for treatment of thrombosis; however, the
experience with their use in HIT is limited. For patients with an
intermediate-risk 4T score, the degree of PF4 positivity can be
useful to assess the likelihood of HIT; higher OD values are asso-
ciated with increased risk of HIT.*"® Functional SRA testing is used
to confirm or rule out HIT in these indeterminate cases; how-
ever, the turnaround time for results may be several days, as this
testing is typically available only through reference laboratories.
Recently, a nonradioactive platelet-activation assay, the PF4-
dependent P-selectin expression assay, has shown comparable
accuracy to SRA for confirming HIT. This test is technically simple
to perform and may facilitate the timely diagnosis of HIT."

Immune thrombocytopenia due to secondary causes

in ill children

Most children with ITP are clinically well and do not need hos-
pitalization. However, some will present with other significant
symptoms associated with underlying diagnoses or triggers.
Heparin-induced thrombocytopenia is an uncommon drug-
associated immune thrombocytopenia with significant morbidity
and requires recognition, appropriate testing, and specific man-
agement. The finding of large vessel venous or arterial thrombo-
sis with thrombocytopenia after heparin exposure, as illustrated
in case 1, is a hallmark of HIT. The development of thrombosis
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Figure 2. Patterns of thrombocytopenia for HIT and conditions confused for HIT. (A) Time course for drop in platelets (blue) in re-
sponse to increase in HIT antibody titer (orange squares). Recovery of platelet count with discontinuation of heparin and transition
to direct thrombin inhibitor. (B) Rapid onset HIT. Patient was previously treated with heparin and developed rapid onset of thrombo-
cytopenia with heparin exposure. (C) Thrombocytopenia with extracorporeal membrane oxygenation (ECMO)—not HIT. Rapid and
sustained thrombocytopenia is seen with initiation of ECMO due to platelet consumption within the circuit. (D) Thrombocytopenia
after cardiopulmonary bypass (CPB)—not HIT. Platelet drop within 1-3 days after CPB, followed by recovery.

with ITP can also be seen with APLS. Other clinical conditions
that may be associated ITP should prompt the provider to con-
sider associated diagnoses. Multilineage cytopenias can be
caused by both hypoproliferative and consumptive processes.
Immune thrombocytopenia with autoimmune hemolytic anemia
and/or immune neutropenia was previously described as Evans
syndrome. Many individuals with this syndrome of multilineage
immune cytopenias have acquired autoimmune diseases or
underlying inherited immunoregulatory disorders.”

CLINICAL CASE #2

A l4-year-old female presented with fatigue and headaches
and was diagnosed with mononucleosis. Laboratory evaluation
showed severe and isolated thrombocytopenia. Urinalysis was
positive for hemoglobin, and she was treated presumptively for
ITP with intravenous immunoglobulin (IVIG) (Figure 3A). The plate-
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let count did not improve, and she developed worsening anemia
with increased markers of hemolysis; schistocytes were identi-
fied on peripheral blood smear. The diagnosis of TTP was consid-
ered, and a prediction score for TTP (PLASMIC score, Figure 3B)
showed a high probability of TTP. She was started on steroids and
plasmapheresis; subsequently, her thrombocytopenia improved.
Her ADAMTS13 activity was undetectable with high titer inhibitor,
consistent with acquired TTP due to an autoantibody.

Thrombotic thrombocytopenic purpura

This patient presented with isolated thrombocytopenia sug-
gestive of ITP. She subsequently developed MAHA without
renal dysfunction, and TTP was suspected. TTP is caused by
a deficiency of the von Willebrand factor-cleaving protease,
ADAMTS13. ADAMTS13 cleaves ultra large von Willebrand factor
(ULVWEF) into smaller multimers; in the absence of ADAMTS13,
these ULVWF can bind to platelets and accumulate in the
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Figure 3. Clinical case 3: thrombotic thrombocytopenic purpura (TTP). (A) Patient presented with severe and selective thrombo-
cytopenia (blue). Platelets did not improve after intravenous immunoglobulin (IVIG) treatment for presumptive immune thrombocy-
topenia (ITP). Patient developed a progressive decrease in hemoglobin (orange), and markers of hemolysis consistent with a micro-
angiopathic anemia. Platelet count normalized with plasmapheresis and steroids. INR, international normalized ratio; LDH, lactate
dehydrogenase; MCV, mean corpuscular hemoglobin; WBC, white blood cells. (B) PLASMIC score was high, compatible with TTP.

microvasculature, resulting in accelerated platelet clearance.
In contrast to other TMAs, TTP is not typically associated with
acute kidney injury. The incidence in adults is 2.88 cases per
million, while in children the incidence is 0.09 cases per mil-
lion.® In children, TTP may be acquired due to inhibitory anti-
bodies or may be hereditary secondary to biallelic mutations
in the ADAMTS13 gene. Hereditary TTP commonly presents
with neonatal hyperbilirubinemia with hemolytic anemia and
thrombocytopenia; the median age of diagnosis is 5.5 years."
It can be misdiagnosed as ITP or neonatal alloimmune throm-
bocytopenia. Acquired TTP is more common in females and is
associated with autoimmune diseases such as systemic lupus
erythematosus. Neurologic symptoms are frequent in patients
with hereditary and acquired TTP and can range from head-
aches and lethargy (as seen in this patient) to stroke.™

The PLASMIC score (Figure 3B) was high in this patient,
identifying this patient at high risk for TTP and severely low
ADAMTS13 activity (<10%).”® This clinical prediction tool can
assist treatment decision-making, given the variable availability
and turnaround times for ADAMTS13 results. The PLASMIC score
uses creatine for renal function assessment; however, creatine
varies with age in the pediatric population. Recently, the PLAS-
MICkid score was proposed with similar criteria as the PLASMIC
score but uses estimated glomerular filtration rate to account
for the changing normal creatinine levels in children.’ This
score has been evaluated in a single institution and requires
validation in a larger cohort.

Hereditary TTP is treated with fresh frozen plasma infusions,
whereas acquired TTP is managed with both plasmapheresis and
immunosuppression with steroids and rituximab.” A humanized
monoclonal antibody to von Willebrand factor, caplacizumab, has

been developed and prevents interaction of the platelets with
ULVWEF. It has been shown to be effective in improving thrombo-
cytopenia in acquired-TTP treatment.'®'” Experience with caplaci-
zumab in the pediatric population is limited; however, successful
outcomes have been published in case reports and case series.?

Other thrombotic microangiopathies
While the main driver of TTP is an ADAMTS13 deficiency, other
TMAs are triggered by endothelial injury and characterized by
complement dysregulation. The most common TMAs encoun-
tered in the pediatric population include CM-TMA and ST-HUS
or other infections. Other etiologies include drug-induced
TMA, metabolic TMA (associated with cobalamin deficiency),
vasculitis-associated TMA (associated with systemic lupus ery-
thematosus, APLS, and anti-neutrophil cytoplasmic antibodies)
and hypertension-associated TMA 222

These disorders are characterized by MAHA with micro-
vascular thrombosis typically involving the renal vasculature
with acute kidney injury; however, organ involvement can be
widespread. ST-HUS is associated with bloody diarrhea and is
caused by Shiga toxin-induced endothelial injury. ST-HUS and
other infection-associated HUSs are typically managed with
supportive care. CM-TMA describes a group of inherited and
acquired TMAs caused by genetic mutations in complement
genes or autoantibodies to complement regulatory proteins.
Complement activation leads to endothelial damage with sub-
sequent end-organ damage. In patients who present with fea-
tures typical of HUS without bloody diarrhea, hereditary HUS
should be considered. This condition is due to mutations in
genes that encode complement proteins (Table 1). Another
increasingly recognized type of CM-TMA is hematopoietic stem

Thrombocytopenia in critically ill children | 47

€20z 19qwadaQ 0 U0 897 euljosed ‘WNILYOSNOD SIAdVD Aq Jpd sepnsaley/Sz65. L 2/E v/ LIET0z/Pd-ajone/ABojojeway/Bio suonedlqndyse//:diy woy papeojumoq



25
- 20
= Bilateral
pneumonia:
g 15 encephalopathic \
2 X
= 10 Reticulocyte 2.76%

5

Surgery
Bilateral osteotomies

LDH 510 U/L

D dimer 6.8 mg/dL
Fibrinogen 655 mg/dL
Protime 24.9 seconds
Creatinine 0.52 mg/dL

ISTH criteria for DIC

0o 1 2 3 4 S5 6 7 8 9 10 11 12 13
Day
Plasmapheresis
DIC score
Platelets 2
D Cimer 21 Total=6  OvertDIC
Protime 2
Fibrinogen 0

14 15

Parameter Points
200
180 Platelet count <50000 per mel 2
50000 to <100000 per mclL 1
160 —~ >100000 per mcL 0
140 £ 7
g Elevated levels of Severe increase 2
120 ¢ fibrin-related
100 El markers Moderate increase 1
£ (D dimers, fibrin
80 ?_ split products) No increase 0
kT
60 3 Prolonged protime 6 seconds 2
0 = 3 to < 6 seconds 1;
<3 seconds 0
20
I Fibrinogen level <100 mg/dL 1
> 100 mg/dL 0
If 25: compatible with overt DIC; repeat score daily
If <5:suggestive (not affirmative) for non overt DIC;
repeat next 1-2 days

Figure 4. Clinical case 3: disseminated intravascular coagulation (DIC). (A) Patient with pneumonia develops a rapid drop in platelet
count (blue) and increased white count (orange) with microangiopathic hemolytic anemia and high D dimer. Thrombotic thrombo-
cytopenic purpura (TTP) was considered given neurologic symptoms, and plasmapheresis was initiated. The patient recovered with
antibiotic treatment for pneumonia and sepsis. (B) International Society on Thrombosis and Haemostasis (ISTH) disseminated intra-

vascular coagulation (DIC) score high, compatible with overt DIC.

cell transplant (HSCT) associated TMA (TA-TMA). TA-TMA is a
severe complication of HSCT triggered by endothelial injury.
Genetic variants for complement regulatory factors as well
as autoantibodies are described in this population.?*? Biop-
sies show characteristic histologic changes, but biopsy is not
required for CM-TMA diagnosis. Evaluation of complement
activity (C3, C4, CH50, sC5b-9) can aid in the diagnosis, with
elevations of sC5b-9 supportive of the diagnosis (Table 1). If
there is there is high suspicion of CM-TMA, then anticomple-
ment therapy (eg, eculizumab, an anti-C5 antibody) should be
initiated.?>?

CLINICAL CASE #3

A 16-year old male with cerebral palsy was hospitalized after
tendon release surgery. Postoperatively, he developed fever
and pneumonia. Additional findings included leukocytosis with
anemia, thrombocytopenia, and coagulopathy (Figure 4A).
Schistocytes were noted on peripheral blood smear. The DIC
score was 6, consistent with diagnosis of DIC (Figure 4B). He
was also encephalopathic; renal function was normal. A PLAS-
MIC score showed an intermediate probability of TTP. Because
of the unexplained encephalopathy, he underwent plasma-
pheresis, which was discontinued when the ADAMTS13 level
returned as normal. He improved with antibiotics for pneumo-
nia and supportive care.
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Disseminated intravascular coagulation
This patient presented with an acute illness associated with pre-
cipitous drop in platelet count. The findings of schistocytes on
smear with markers of hemolysis are consistent with MAHA. The
most common etiology for MAHA is DIC, although other throm-
botic microangiopathies, such as TTP, should be considered.
Significant elevations of the INR and/or depression of fibrinogen,
as seen in this patient, are more typical of DIC rather than TTP
and other TMAs (Table 1). These diagnoses may overlap and may
be difficult to distinguish; because of unexplained mental status
changes, he was empirically treated for TTP until the ADAMTS13
activity returned to normal.

DIC is an acquired condition that causes extensive activation
of the coagulation system. DIC is not a specific disease, but a
physiologic process in response to an illness or injury that has
become pathologic. It is precipitated by numerous conditions,
such as sepsis, trauma, malignancy, mechanical circuits, and
vascular tumors; the common trigger is tissue factor-mediated
thrombin generation.?® Accompanying this process is an inabil-
ity to dampen thrombin activity due to a decrease in the natu-
ral anticoagulants antithrombin, protein C, and protein S. The
fibrinolytic pathway can also be inhibited with an increase in
plasminogen activator inhibitor 1. Dysregulated thrombin activa-
tion results in consumption of prothrombotic factors with fibrin
deposition in small vessels and platelet trapping.?” Depletion of
platelets and coagulation factors predispose a person to bleed-
ing, and microthrombi contribute to progressive organ dys-
function.*® While DIC is typically an acquired condition, biallelic
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mutations in PROC, the gene encoding protein C, manifests as
DIC with purpura fulminans at birth.*

Several scoring systems for diagnosis and assessing severity
of DIC were harmonized by the International Society on Throm-
bosis and Haemostasis.® Increased severity is characterized
by worsening thrombocytopenia, prolongation of prothrom-
bin time, reduction in fibrinogen levels, and elevation of fibrin-
split products and D dimer. A score of =5 is compatible with
overt DIC, and <5 is suggestive of nonovert DIC.*>% In children,
age-dependent coagulation factor changes may affect the per-
formance of DIC scores; however, several studies have dem-
onstrated their utility to predict morbidity and mortality in the
pediatric population.®3¢ Treatment of DIC is focused on treat-
ing the underlying condition. Replacement of coagulation fac-
tors is usually not indicated in the absence of active bleeding.¥

Hemophagocytic lymphohistiocytosis
Hemophagocytic lymphohistiocytosis (reviewed by Kumar) may
present with DIC* and thrombocytopenia and manifest with
clinical and laboratory features that overlap with other TMAs.*
Clinical and laboratory features that distinguish HLH from DIC
and other TMAs are summarized in Table 1.

Summary

Mechanisms underlying consumptive thrombocytopenia
include antibody-mediated destruction, phagocytosis, and
microangiopathy. Appropriate and prompt diagnosis is impor-
tant, as disease-specific therapies may be lifesaving. Heparin-
induced thrombocytopenia is critical to recognize and treat,
but appropriate diagnostic tools and laboratory interpreta-
tion are essential to prevent overdiagnosis. Microangiopathic
hemolytic anemia syndromes have considerable overlap and
may be difficult to distinguish. Management of DIC is directed
at treating underlying etiologies. However, TTP requires spe-
cific management with plasmapheresis, and CM-TMA should be
managed with anticomplement therapy. Hemophagocytic lym-
phohistiocytosis may have overlapping features with these syn-
dromes and is treated with immunosuppression. Distinguishing
these diagnoses can be challenging; a systematic approach to
identification of specific etiologies can aid diagnosis and is crit-
ical to implement appropriate treatment.
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Myelodysplastic syndrome (MDS), also known as "myelodysplastic neoplasm," is a heterogeneous group of clonal mye- g
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IPSS-M also more accurately distinguishes intermediate-risk patients separating them into two tiers. The two new diag- é
nostic classifications include MDS defined by mutations in SF3B7 and TP53, though there are differences in diagnostic o
criteria. Future efforts to refine MDS prognostication could investigate the interface between MDS and clonal cytopenia P4
of undetermined significance, expand access to genomic testing, obtain results in a less invasive manner, and develop %
treatment-response predictors and dynamic risk models. ;_OU|
c
Z
LEARNING OBJECTIVES g
« Compare the foundational risk-assessment models on which the IPSS-M builds %
« Examine the clinical implications of the IPSS-M and new disease subclassification systems 5
« Describe future avenues for improving MDS risk stratification, prognostication, and patient outcomes e
>
g
8
Introduction Similar to most cancers, the diagnosis, progno- %
Myelodysplastic syndrome, also known as myelodysplas-  sis, and treatment of MDS have long been intertwined N
tic neoplasm (both abbreviated MDS), is a clonal mye-  facets of disease management. The pathologic criteria @
loid neoplasm that typically affects older adults with the  for MDS captures the morphologic evidence of dyspla-
main symptoms and complications related to the depth sia, disordered maturation, and increasing blast counts
of cytopenia and progression to acute myeloid leukemia  separating the disease into low- and high-grade sub-
(AML). There are both lower-risk and higher-risk MDS, types. The available genetic data are extensive, per-
with the higher-risk group being more likely to trans- mitting a deeper understanding of the disease and
form into AML. Treatment of MDS is often risk-adapted enabling integrated risk-assessment models. Coupling
and relies on the prognostic profile of the disease. While ~ the pathological and clinical features with genomic
there are several treatment options, the only curative  data, today's prognostic models are more individual-
therapy is allogeneic hematopoietic stem-cell transplan-  ized.! When treatments can vary from supportive care
tation (HSCT). to hematopoiesis stimulating agents and to lower
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intensity therapies, including immunosuppressive or immu-
nomodulatory agents, and higher intensity therapies,
including hypomethylating agents (HMA), induction che-
motherapy, and HSCT, as well as newer targeted agents (in
clinical trials), a uniform description and assignment of prog-
nosis becomes increasingly important. In 2022, the clinical
management of patients with MDS was transformed whereby
genomic data became fully integrated into international
prognostic and diagnostic standards—the International Prog-
nostic Scoring System-Molecular (IPSS-M),2 the World Health
Organization (WHO) Classification of Haematolymphoid
Tumours (WHO 5th ed.),® and the International Consensus
Classification (ICC) of hematologic malignancies.* The histor-
ical context and the clinical implications of the IPSS-M and
new disease classifications will be discussed, as well as unmet
needs in MDS risk assessment.

CLINICAL CASE

A 66-year-old woman presented in 2020 with abnormal blood
counts, including a white blood cell count of 4.2x10°/L, abso-
lute neutrophil count (ANC) of 2.10x10%/L, hemoglobin of
8.9 g/dL, mean corpuscular volume of 111.00 fL, platelet count of
204.00x10%/L, and serum erythropoietin level of <200 mIU/mL
(Figure 1). A bone marrow biopsy showed 2% blasts, erythroid
and megakaryocytic dysplasia, and 30% ring sideroblasts. Cyto-
genetic studies revealed a normal karyotype. Next-generation

A Cc

sequencing (NGS) demonstrated two mutations (ETV6, 24% var-
iant allele frequency [VAF]; SF3B1, 25% VAF). Based on the 2016
WHO revised 4th edition, a diagnosis of MDS with ring sidero-
blasts and multilineage dysplasia (MDS-RS-MLD) was rendered.
Based on the 2012 revised IPSS (IPSS-R), this profile resulted in a
score of 2, which corresponded to lower-risk MDS with a median
overall survival (OS) of 9 years.

Continued refinement of MDS risk assessment
From the original French-American-British® subclassification of
MDS (1982) and the Bournemouth? risk-assessment model (1985),
there has long been a coevolution of diagnostic and prognos-
tic systems for MDS (Figure 2A). As our understanding of the
biology of MDS has improved,”® so has the precision around
which diagnostic and prognostic categories are assigned, lead-
ing to ever-increasing disease subtypes and risk groups. Since
approximately 90% of patients with MDS have a driver muta-
tion compared to 41% with a cytogenetic alteration,? somatic
mutation testing is particularly informative. Similar to the impact
that cytogenetic studies had on risk stratification of MDS in the
1990s, molecular studies have now changed the way patients
diagnosed with MDS are managed. The new IPSS-M improves
the accuracy of MDS prognosis by building on the foundational
knowledge from prior MDS risk models.

Since the 1980, there have been 19 selected studies that
propose a new risk-assessment model, modify, and/or vali-
date a prior model for MDS prognosis. Factors that have been

2 Hemogloblin 9.60 g/dL Hemogloblin 6.60 g/dL
Absolute neutrophil count 2.10x 10°L Absolute neutrophil count 3.20% 10°L
Platelet 204.00 x 10°5/L Platelet 286.00 x 10°/L
" Bone marrow blasts % Bone marrow blasts 3%
“ Cytogenetics Normal karyotype Cytogenetics MNormal karyotype
® Molecular 5F3B1, ETVE Molecular SF3BI1, ETVE, BCORLI, RUNX1
IPSS-R 2,00 {low) : t
IPS5-M 0.99 (high)
D Legend
ESA + HMA
- GM-CSF 'y
£ v w
= o
2 SR Luspatercept a
2 X 3
g EsA , 3
= v a
a | £
] o
s T ; 2t E
% I ] —_
2 &
= i
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Figure 1. Clinical case findings at diagnosis and follow-up. (A) Diagnostic bone marrow iron stain (100x) showing abundant ring sid-
eroblasts and multilineage dysplasia leading to a diagnosis of MDS with multilineage dysplasia and ring sideroblasts (MDS-MLD-RS).
(B) Bone marrow biopsy (40x) 2.6 years after diagnosis obtained after initiation of azacytidine showing persistent multilineage dyspla-
sia, erythroid hyperplasia, and new fibrosis (grade 1-2). (C) Clinical and laboratory parameters at diagnosis when the IPSS-M was not in
use and at 2.2 years when the IPSS-M was in use upgrading the risk category to high, based on molecular findings. (D) Clinical course
as illustrated by the bone marrow blast count, mutation profile obtained at each of the bone marrow biopsies (time 0, 0.8, 2.2, and
2.6 years), and new therapies initiated. ESA, erythropoiesis-stimulating agent; GM-CSF, granulocyte-macrophage colony-stimulating

factor; HMA, hypomethylating agent.
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Figure 2. Historical perspective of MDS prognostic models and diagnostic subclassifications. (A) Risk stratification studies and
MDS subclassifications from 1982 to present. Colored dots represent number of prognostic or diagnostic tiers used. (B) Select
risk stratification studies showing different clinical, pathologic, and laboratory parameters deemed most prognostic. The other
lab result is beta-2 microglobulin (Gatto et al?*), neutrophils, ferritin, LDH (Bersanelli et al?®), and absolute lymphocyte/neutrophil/
monocyte counts (Nazha et al?*). (C) Select prognostic models and the separation of patients into risk groups. When a single
intermediate-risk group is used, this is arbitrarily set as "Intermediate (2)." When a single high-risk group is used, this is arbitrarily

set as "High (very)."

consistently identified as prognostic include bone marrow
blast count (18/19, 95%),2¢1°% cytogenetic abnormalities (17/19,
89%),2"** and degree of cytopenia (15/19, 79%)?%¢10-131619,21-25,25,26
with molecular profiling becoming important in recent years
(Figure 2B).22123252¢ |nterestingly, the MDS subtype, which often
correlates with prognosis,®™ has only been incorporated into
four prognostic models.'5252¢ This may be related to the fact
that the degree of dysplasia, while important for diagnosis, is
not always externally consistent or prognostic. Over time, the
number of risk stratifications has increased from 3 to 6 (Figure
2C), with the largest group being the low-risk group in the
IPSS-M. Compared to prior systems, the proportion of low-risk
and very-low-risk groups represents the largest fraction, the
intermediate-risk group (low and high) remains relatively con-
stant, and the very-high-risk group has increased modestly in
the IPSS-M. The new categories improve the prediction of prog-
nosis when comparing survival, hazard ratios (HR), and Harrell's
concordance-indices (c-index).

Clinical implications of evolving prognostic

and diagnostic systems

The introduction of any new risk-assessment model will lead to
a reassortment of patients. The IPSS-R uses cytogenetics risk

groups, bone marrow blast count, hemoglobin, platelet count,
and ANC to assign points for each categorical variable, with the
sum corresponding to five risk groups. The IPSS-M, though not the
first to incorporate molecular markers,??¢ is the first to formulate
an integrated model on a continuous scale that can be directly
compared to the IPSS-R. The IPSS-M uses the IPSS-R cytogenet-
ics risk groups, bone marrow blast count, hemoglobin, plate-
let count (capped at 250x10°/L), and the presence/absence of
mutations in 31 genes (16 main genes and 15 additional genes)
without ANC to assign points on a continuum that corresponds
to six risk groups. Although more driver mutations correlate
with inferior survival, as previously demonstrated,”?>? the total
number of mutations was not as informative as individual muta-
tions. Despite the importance of gene mutations, the IPSS-M can
accommodate missing data. Data for 15 genes (all of the main
genes except KRAS) will maintain 70-80% accuracy, but fewer
than 10 genes is not advisable.”

Given the weight that adverse cytogenetics and high blast
counts provide, the additional molecular markers have a lim-
ited ability to reduce an already high-risk score, but they have
a high likelihood of upgrading scores. If the same patients were
scored using the IPSS-R and IPSS-M, 31-69% (54% overall) of the
categorizations remain unchanged (Figure 3A), whereas 34%
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Figure 3. Clinical implications of changing risk stratifications using IPSS-M. (A) IPSS-M risk groups and the equivalent risk group
using the prior IPSS-R criteria. Dashed lines outline unchanged risk classes based on either model. Adapted from Bernard et al.?
(B) Comparison of median overall survival based on IPSS-R and IPSS-M in the indicated studies. Pie charts show groupings of patients

into the different IPSS-M risk categories.

of the patients would be upgraded and 12% would be down-
graded.? With the exception of IPSS-M very-low-risk patients,
the majority of the reassignments using IPSS-M represent
upgrades. For instance, 52% and 37% of the moderate-low and
moderate-high, respectively, IPSS-M patients were previously
lower risk. Similarly, 61% and 51% of the high and very-high
IPSS-M patients had a lower IPSS-R assignment. This trend for
upgrading the risk group according to IPSS-M has been con-
firmed by multiple studies.?

To determine whether the IPSS-M model translates into more
distinct outcomes, median OS can be compared (Figure 3B).21%2"23

Acknowledging that the study populations are different, the OS
of the high-risk and very-high-risk patients are comparable. The
most notable change is seen when a two-tiered intermediate
group is introduced. Whereas a single IPSS-R intermediate group
has a median OS of 3 years, the two-tiered IPSS-M intermediate
groups now show survival differences ranging from 1.3-2.8 years.
The importance of separating the intermediate group is addition-
ally supported by the calculated HRs (IPSS-R intermediate 2 vs
IPSS-M moderate-low 1.5 and IPSS-M moderate-high 2.5).2 Another
difference of the IPSS-M is the OS in the very-low-risk and low-
risk groups. Whereas the IPSS-R very-low risk group shows a 3.5-

Table 1. Median survival comparison using IPSS-R and IPSS-M in the same cohort of MDS patients

Overall survival Time to AML in 25%
Risk IPSS n (%)
Median (years) | 95% ClI (lower) | 95% ClI (upper) | Median (years) | 95% CI (lower) | 95% CI (upper)
Very low R 293 (10.2) 12.9 12.9 NR NR NR NR
M 275 (9.6) NR 10.5 NR 1.4 1.4 NR
Low R 806 (28.0) 7.3 6.2 8.5 .4 9.3 NR
M 797 (27.7) 7.4 6.2 9.6 12.5 10.3 NR
Intermediate R 610 (21.2) D 3.2 4.8 4.3 3.7 6.2
Moderate Low M 306 (10.6) 4.8 3.6 5.7 5.1 4.1 NR
Moderate High M 319 (11.1) 2.3 1.9 3.2 2.7 1.9 4.7
High R 595 (20.7) 1.6 1.3 1.8 2.5 1.9 3.3
M 555 (19.3) 1.4 1.3 1.7 2.2 1.7 3.3
Very high R 572 (19.9) 0.8 0.7 0.8 1.4 1.2 1.8
M 624 (21.7) 0.8 0.8 1.0 1.7 1.2 2.0

M, IPSS-M:; R, IPSS-R; NR, not reached.
Adapted from Sauta et al.”
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year improvement in OS when compared to the low-risk group,
the IPSS-M very-low-risk group gains 4.6-6.6 years over the low-
risk group. If the IPSS-R and IPSS-M strata are compared within
the same population, the main improvement is again demon-
strated in the two-tiered intermediate group (Table 1).2' With all
these changes, the IPSS-M improves the c-index by 5 percent-
age points.2?"2%27 As an extension of improved risk stratification,
there is the possibility of improving the selection of risk-adapted
therapies. The IPSS-M has been shown to be a superior predictor
of post-HSCT outcomes than the IPSS-R,* which may be related
to high-risk mutational profiles, such as bi-allelic TP53.22® With
regard to HMA in higher-risk patients, the IPSS-M risk groups do
not appear to correlate with the probably of overall response,?
though bi-allelic TP53 mutations continue to be a strong predictor
of worse outcomes when receiving HMA or lenalidomide.?

As the prognostic models are now including somatic muta-
tions, so are the diagnostic classifications. Since 1982, there
have been six iterations of classification systems beginning
with 5 to 8-9 present-day MDS subtypes (Figure 2A). While
genetically defined entities are well-known in AML, until 2022,
the only genetically defined MDS was MDS associated with iso-
lated del(5q), which was first introduced in 2001. In 2022, the
WHO 5th edition and ICC classifications both introduced two
MDS subtypes defined by gene mutations (Table 2). Both sys-
tems now accept mutations in certain genes as evidence of
AML with myelodysplasia-related changes, whereas this was
only previously afforded to specific chromosomal abnormali-
ties. The WHO has also recognized a set of genes mutated in
clonal cytopenia of undetermined significance (CCUS), while
the ICC also recognizes UBAT-mutated "VEXAS" syndrome as a
related clonal cytopenia.

With regard to genetically defined MDS entities, both sys-
tems now recognize SF3B78?° and TP53%283° mutations as specific
disease subtypes. While the mutation requirements are subtly
different, the main distinction between the diagnostic criteria is
morphologic evidence of dysplasia. The WHO maintains dyspla-
sia (10% of cells in at least one lineage) as a diagnostic criterion,
but the ICC does not as long as the genomic profile is appro-
priate. While most patients will have a concordant diagnosis by
either system, occasionally these differences may lead to a diag-
nosis of CCUS in one instance and a diagnosis of MDS in another,
particularly for SF3BT-mutated cases with low blast counts. It
is still unknown at this time whether patients diagnosed with
CCUS in this context should be managed as presumptive MDS. It
is also unknown if future disease classification systems will con-
tinue to uphold the requirement for morphologic dysplasia and
if new mutation-defined subtypes will emerge.

Future opportunities for improving prognosis of MDS

Despite more comprehensive and accurate prognostication
provided by the IPSS-M, there are still challenges. The IPSS-M
is not designed to be used dynamically, though other models
have been shown to be useful for repeat assessment.'®23' The
predictive power of the IPSS-M to guide the selection of ther-
apies outside of HSCT and in patients without multiple TP53
mutations remains unknown. The treatment implications for
patients in IPSS-M-upgraded risk groups, previously lower-risk
MDS according to IPSS-R, continues to be an open question.
The response rates achieved in different IPSS-M risk groups
when treated with higher-intensity therapies, such as HMA, and

novel therapies will no doubt be an area of active investiga-
tion in the coming years. Complementary to these challenges,
future avenues for improving MDS risk-modeling follow three
main themes.

Clonal hematopoiesis was first reported 10 years ago®?** and
is now recognized as a risk factor for developing hematologic
malignancies,® particularly in the context of cytopenias.®3¢
CCUS is a recognized entity in both the WHO 5th edition and
ICC classification systems, and some patients with CCUS may
benefit from treatments for MDS.¥ It is known that idiopathic
(non-clonal) cytopenia, even if accompanied by dysplasia, has
a much lower risk of progression to MDS**3¢ and should not
be diagnosed or treated as MDS. It is yet unknown if geneti-
cally defined MDS entities should be classified as CCUS in the
absence of dysplasia. Continued efforts should be made to
identify patients with high-risk CCUS that may progress immi-
nently to MDS.* A related consideration is that future prognos-
tic models may have to contend with differences in diagnostic
criteria for CCUS and MDS, which may affect enrollment in pro-
spective studies and outcomes studies related to the risk of
progression to MDS/AML and the risk of cardiovascular disease.
The clinical implications of differing diagnostic criteria would
also be important areas of investigation, as well as efforts to
harmonize the diagnostic classifications, especially as pertains
to MDS and CCUS.

Another area of potential improvement in MDS prognostica-
tion is to increase testing of highly prognostic and predictive
molecular targets and more routinely obtain these results from
peripheral blood. While the availability of molecular diagnos-
tics has improved, resource-limited settings are often excluded
due to access and financial toxicity. Even when NGS is avail-
able, a subset of the markers is rarely tested. The diagnostic
field should strive to improve the detection of markers that are
difficult to identify by routine NGS, such as MLL (KMT2A)-PTD
and TP53 copy-neutral loss-of-heterozygosity. Germline predis-
position to myeloid neoplasms is increasingly being recognized
as an important aspect of clinical outcome. As paired-normal
sequencing studies and dedicated germline predisposition
testing become more accessible, this should enhance recog-
nition of patients and families carrying germline risk mutations
and enable ongoing research related to the screening and
management of these individuals. While conventional cytoge-
netic studies are rarely informative in peripheral blood, whole
genome sequencing®® and targeted NGS* are both high yield.
These types of peripheral blood studies could provide a geno-
mic karyotype and mutational profile without the need for a
bone marrow biopsy and may be useful in the initial evaluation
of cytopenia and for treatment monitoring.

The last area for improvement involves dynamic risk-
assessment models and treatment response predictors. Stud-
ies that profile risk parameters over time, including failure to
respond to certain lines of therapy or the emergence of new
clonal abnormalities, would be very useful. With regard to
treatment response predictors, measurable residual disease
(MRD) indicators have long been used in lymphoblastic leu-
kemia to guide therapies. However, MRD markers for MDS are
problematic to develop since most mutations are found in the
entire myeloid compartment. One way to circumvent this may
be monitoring blast-specific genomic abnormalities in plasma
cell-free DNA ,“° which is enriched for DNA from cells with rapid
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Table 2. Diagnostic and prognostic significance of gene mutations

MDS subtype AML with MRC WHO 5th key mutations
IPSS-M IPSS-M MDS defining Total

main gene | residual gene zccy* Icc | wHOSsth | Icc | WHOSth | ccus Oth?r categories
mutations

Gene

SF3B1
TP53

7

ASXLT
BCOR
EZH2
SRSF2
STAG2
U2AF1

RUNX1
ZRSR2
BCORL1

DNMT3A

PHF6
PPMI1D
PTPNT1
SETBP1

WTI
BRAF
BRCC3
CALR
CREBBP
CSFIR
CSF3R
CTCF
CUX1
ETNK1
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FLT3

GNAS

JAK2
JAK3
KDM6A
KIT

KMT2A
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Table 2. Diagnostic and prognostic significance of gene mutations (Continued)

MDS subtype

AML with MRC WHO 5th key mutations

IPSS-M
main gene

IPSS-M
residual gene

MDS defining

Gene
(cey* icc

Total

Other categories

WHO 5th ;
mutations

WHO 5th | ICC CCus

MLL (KMT2A)-PTD

MPL

MYD88

NF1

NOTCH1

NPM1

PIGA

PRPF40B

PRPF8

PTEN

RAD21

SF1

SF3AT1

SMCIA

SMC3

STAT3

TET2

U2AF2

ZBTB33

Genes are ranked from highest diagnostic and prognostic relevance to lowest with the number of categories implicated.

*Based on the ICC classification, a diagnosis of MDS with SF3BT may be made if the SF3B7 mutation is present at =10% VAF, even if there is no
known/appreciable dysplasia. A diagnosis of MDS with mutated TP53 may be made without known/appreciable dysplasia if blasts are less than 10% and
one of the following is true: two or more TP53 mutations are each at 210% VAF, one TP53 mutation is at 250% VAF, or one TP53 mutation is 210% VAF
combined with either chromosome 17p deletion/copy-neutral loss-of-heterozygosity or a complex karyotype. A diagnosis of MDS/AML with mutated
TP53 may be made without known/appreciable dysplasia if blasts are 10-19% and there is one TP53 mutation 210% VAF. The presence f del(5q), -7 or
del(7q), or a complex karyotype will also be sufficient to render a diagnosis of MDS without known/appreciable dysplasia. The presence of these muta-
tions or cytogenetic abnormalities without evidence of dysplasia will not be sufficient for a diagnosis of MDS based on the WHO 5th classification.

MRC, myelodysplasia-related changes.

turnover. Future studies could also evaluate sensitizing and
resistant molecular profiles to disease-modifying therapies and
identify markers of treatment failure.

CLINICAL CASE (continued)

Since the patient was symptomatic to her anemia, an eryth-
ropoiesis-stimulating agent was started. The response waned
after 18 months, and the patient became transfusion-dependent,
despite interval treatment with luspatercept (Figure 1). A bone
marrow biopsy performed in 2022 showed similar findings to
the prior marrow 2 years before, but NGS revealed the emer-
gence of new mutations—a BCORLT mutation (19% VAF) and
two RUNXT mutations (29% and 20% VAF). In accordance with
the new diagnostic classifications, the pathologic diagnosis
was changed from MDS-RS-MLD to MDS with mutated SF3B17
(ICC classification), and MDS with low blasts and SF3B7 muta-
tion (WHO 5th classification). Although neither the IPSS-R or
IPSS-M are dynamic in nature, the patient's disease profile in

2022 would be associated with intermediate-risk MDS (IPSS-R,
median OS 3 years) and higher-risk MDS (IPSS-M, median OS 2
years). The absence of treatment response and the evidence
of clonal progression raised the possibility of off-label lenalid-
omide, Imetelstat in the setting of a clinical trial, and higher-
intensity therapies. Ultimately, an HMA was initiated with plans
for curative intent therapy with a future HSCT based on shared
decision-making and the goals of the patient.

Conclusions

Enormous strides have been made over the last 40 years in the
diagnosis, prognosis, and treatment of patients with MDS. Risk-
assessment models, especially those arising from international
collaborations, have been able to guide more consistent patient
therapies and more informed clinical trials. These prognostic
models are now more comprehensive than ever before incor-
porating somatic mutations. Despite these advances, there are
still avenues for refining the approaches to risk assessment of
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MDS. The clinical and scientific community will no doubt partner
together in these future endeavors to improve patient outcomes.
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Myelodysplastic syndromes (MDS) are malignant myeloid neoplasms characterized by ineffective clonal hematopoiesis 5l
. . . . o . . . . n
leading to peripheral blood cytopenia and a variable risk of transformation to acute myeloid leukemia. In lower-risk (LR) 8
MDS, as defined by prognostic scoring systems recently updated with the addition of a mutation profile, therapeutic 3
options aim to reduce cytopenia, mainly anemia. Although options for reducing the transfusion burden have recently §
been improved, erythropoiesis-stimulating agents (ESAs), lenalidomide, hypomethylating agents, and, more recently, g
luspatercept have shown efficacy in rarely more than 50% of patients with a duration of response often far inferior to g
the patient's life expectancy. Nevertheless, several new therapies are currently under investigation aiming at improving %
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cytopenia in patients with LR-MDS, mostly by targeting different biological pathways. Targeting ligands of the transform- g
ing growth factor B pathway has led to the approval of luspatercept in LR-MDS with ring sideroblasts or SF3B7 mutation, S
potentially replacing first-line ESAs in this population. Here, we also discuss the evolving standard of care for the treat- 2
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ment of LR-MDS and explore some of the most promising next-generation agents under investigation. N
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Introduction pathophysiology of LR-MDS and the results of clinical tri- 2
Myelodysplastic syndromes (MDS) are a heterogeneous  als recently published, we could now propose an updated 2
group of clonal malignant myeloid malignancies charac-  algorithm for the management of these patients, shown in i
terized by ineffective hematopoiesis, leading to periph- Figure 1. Through a few practical examples, we will discuss 3
eral blood cytopenia, and a variable risk of transformation  these different new therapeutic options. 3
B
to acute myelogenous leukemia.' As 80% of patients with 2
MDS are over 60 years of age, existing scoring systems S
based on cytopenia, bone marrow blast percentage, and S
somatic oncogenetic events are used to identify the risk CLINICAL CASE 1 8
of MDS progression in order to define therapeutic goalsin A 79-year-old man with a history of type 2 diabetes and %
this elderly and sometimes frail population.? About two-  hypertension was referred to the hematology department N
thirds of patients with MDS will present with lower-risk  after a routine blood test revealed anemia. The complete 3
(LR) disease at diagnosis.’ Even if hematopoietic stem cell blood count showed hemoglobin (Hb) of 6.5 g/dL, mean
transplantation (HSCT) is the only curative option, most  corpuscular volume of 85 fL, a white blood cell count of
patients with MDS are ineligible because of age or comor-  4.3x10°/L, an absolute neutrophil count of 2.7x10%/L, and
bidities, and the main approach for patients with LR-MDS platelet count of 152x10°/L. B12, folate, and iron levels
still aims at improving cytopenia (mainly anemia) and its  were normal, and erythropoietin was 110 U/L. A bone mar-
complications. row (BM) aspirate showed marked dysplastic changes in
For many years, the therapeutic strategy for these  25% of erythroid cells, 3% of blasts, and 15% of ring sidero-
patients was very limited, relying solely on transfusion, blasts, and next-generation sequencing (NGS) revealed an
HSCT, and erythropoiesis-stimulating agents (ESAs). Given isolated SF3BT mutation with 25% variant allele frequency
the recent progress made in the understanding of the  (VAF). Cytogenetics were normal. The patient received a
Next-generation therapy for lower-risk MDS | 59
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Figure 1. Treatment algorithm for lower-risk MDS—IPSS-R <3.5. CSA, cyclosporine; EMA, European Medicines Agency; FDA, Food and
Drug Administration; m, mutated; NCCN, National Comprehensive Cancer Network; TPO, thrombopoietin.”

transfusion for anemia at diagnosis and ESA, epoetin (EPO)-a
450 1U/kg/wk. His Hb increased to 11.5 g/dL by the second
month of EPO, and he became transfusion independent (TI).
Two years later, he relapsed while still on EPO with isolated
anemia and received a transfusion again. The repeated aspi-
ration of the BM was similar to the one performed at diagno-
sis. Subcutaneous luspatercept (starting dose 1mg/kg every
3 weeks) with transfusion support was started, and he reached
transfusion independency by the fifth dose of luspatercept.

For all patients with MDS, existing scoring systems define
multiple risk categories, but these are reduced to what is
used clinically—lower- and higher-risk MDS—to guide treat-
ment options. Even if most of the available drugs for MDS was
approved according to the classical International Prognostic
Scoring System (IPSS) classification published in 1998, the Inter-
national Working Group (IWG) for prognosis in MDS was revised
in 2012 (IPSS-R) and even more recently in 2022 (IPSS-M), taking
into consideration somatic gene mutations,? representing a valu-
able tool for individual risk assessment and treatment decisions.*

In lower-risk MDS, defined by IPSS-R <3.5 or IPSS-M (moderate
low, low, and very low), available therapeutic options are mainly
limited to supportive care with transfusions, ESAs, lenalidomide,
hypomethylating agents (HMAs, azacitidine or decitabine), and,
more recently, luspatercept (Luspa) (Table 1).

Anemia is the most common cytopenia in LR-MDS and is
present in almost 90% of the cases. Symptoms related to ane-
mia deeply impact the quality of life of these patients but can
also lead to worsening of cardiopulmonary function or cogni-
tive decline. Anemia management was first based on red blood
cell (RBC) transfusion, but RBC transfusion dependency (TD)
is associated with decreased quality of life and iron overload.
ESA was the first-line agent used for the treatment of anemia in
patients with LR-MDS, being more effective among patients with
serum erythropoietin (sEPO) levels <500 U/L and limited transfu-
sion burden, leading to an overall response rate of 30% to 45%
and an 18- to 24-month median duration of response.® Thus, in
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the recent years, many efforts have been made to improve the
response rate of these patients as a first- or second-line therapy.

Targeting the transforming growth factor  pathway
SF3B1-mutated MDS are a distinct MDS subtype, as initially pro-
posed by the IWG for the prognosis of MDS™ and now fully
defined in the recent World Health Organization 2022 classifi-
cation of MDS,' largely overlapping MDS with ring sideroblasts
(MDS-RS or with SF3B7 mutation).

Luspa is a recombinant fusion protein derived from human
activin receptor type lib linked to a portion of immunoglobu-
lin G. Transforming growth factor B (TGF-B) signaling is medi-
ated by a regulatory circuit of inhibitory and activating SMAD
proteins that can inhibit the proliferation of hematopoietic stem
cells (HSCs) while increasing erythroid differentiation, altogether
leading to dysplastic erythropoiesis and reduced erythroid out-
put with anemia phenotypes.”

The MEDALIST trial was a phase 3, randomized, double-blind,
placebo-controlled study, assessing the efficacy of Luspa vs pla-
cebo in LR patients with MDS-RS refractory/intolerant or inel-
igible for ESA (EPO level >200 U/L) and RBC-TD.” In total, 153
patients received Luspa at the starting dose of 1mg/kg subcu-
taneously every 21 days, while 71 patients received a placebo.
According to the longer-term analysis of this study® and apply-
ing the new IWG 2019 response criteria,” the primary end point
of RBC-TI =8 weeks was achieved in 69 (45.1%) patients in the
Luspa arm vs 12 (15.8%) in the placebo arm (P<.0001); RBC-TI =16
weeks was achieved in 43 (28.1%) in the Luspa arm and 5 (6.6%)
in the placebo arm (P=.0001)." One limitation of this study is
that there were potential differences in the criteria for response
assessment between this trial and previous studies. Importantly,
the drug was well tolerated, and there was no evidence for dis-
ease progression on therapy.

There are several other clinical trials evaluating Luspa in non-
MDS-RS as well as in combination with other agents, as a first- or
second-line therapy. The interim efficacy analysis of the COM-
MANDS study, comparing in a frontline randomized trial Luspa
to ESA (NCT: 03682536) in 301 TD non-del5q ESA-naive patients
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Table 1. Available therapies in LR-MDS

Agent Mechanism of action Population Identifier/Trial Name Phase | Status Ref.
Epoietin alfa ESA LR-MDS with anemia NCT01381809 3 EMA approved s
EPOANE3021
Darbepoietin alfa | ESA LR-MDS with anemia NCT00095264 2 Off-label 6
Lenalidomide Immune regulatory agent | LR-MDS del5(q) NCT00179621 3 FDA/EMA approved | 7
LR-MDS without del(5q) NCT01029262 3 Off-label 8
Azacitidine HMA MDS with pancytopenia NCT01720225 2/3 FDA approved 9
Decitabine HMA MDS with pancytopenia NCT01720225 2/3 FDA approved 9
Eltrombopag TPO mimetic MDS without excess blasts, NCT02928419 2 Off-label 10
with thrombocytopenia or EQoL-MDS
pancytopenia
ATG/CSA Immunosuppressive LR-MDS with pancytopenia Retrospective study NA Off-label m
Luspatercept TGF-B inhibitor MDS-RS or with SF3B7 mutation NCT02631070MEDALIST 3 FDA/EMA approved | 2
LR-MDS with anemia NCT:03682536 3 Off-label s
COMMANDS

CSA, cyclosporine A; EMA, European Medicines Agency; HMA, hypomethylating agent; NA, not applicable; TPO, thrombopoietin.

with MDS-LR, was recently published.® Tl for at least 12 weeks
with a concurrent mean hemoglobin increase of at least 1.5 g/dL
was achieved in 86 (59%) patients in the Luspa group com-
pared to 48 patients (31%) in the EPO group (P<.0001) with a
significantly better duration of response with Luspa (P=.005).
Most patients enrolled in this study had RS-MDS, and it should
be noted that the responses observed in patients without RS
did not differ between the Luspa and ESA arms. Despite some
manageable suspected Luspa-related events (fatigue, asthenia,
nausea, dyspnea, hypertension, and headache), these results
suggest that treating transfusion-dependent patients with LR-
MDS with Luspa as a first-line therapy might be beneficial, at
least among patients with RS.

Moreover, other new drugs targeting the TGF-B pathway
are under investigation (Table 2), including KER-050, a ther-
apeutic protein designed to increase not only red blood cells
but also platelets by inhibiting the signaling of a subset of the
TGF-B family of proteins to promote hematopoiesis (phase 2,
NCTO4L19649).

CLINICAL CASE 1 (continued)

After 6 months, the patient lost his response to Luspa, and
NGS revealed the acquisition of an IDHT mutation with 15% VAF,
while the patient still had LR-MDS.

Over the past decade, genomic technologies have led to
a better understanding of the genetic events underlying the
onset and progression of MDS and how they functionally con-
tribute to specific aspects of the disease pathophysiology.
These studies have revealed that MDS is driven by a multistep
acquisition of genetic alterations that affect a recurrent set of
genes, which promote the self-renewal of mutant HSCs and
lead to their clonal expansion over their normal counterparts.’®
New agents targeting altered signaling pathways that induce
mutant HSC clonal advantage of specific genetic alterations in
MDS are currently under investigation, and the trend toward

a more individualized, molecularly driven approach to patient
care is likely going to increase. (Figure 1 and Table 2).

Somatic mutation-driven therapies: Isocitrate
dehydrogenase and spliceosome inhibitors

Isocitrate dehydrogenase (IDH) mutations are gain-of-function
mutations, leading to an hypermethylated phenotype, disrupt-
ing TET2 function, and leading to an impaired hematopoietic
differentiation. IDHT or IDH2 mutations are detected in about
10% of patients with MDS. Following US Food and Drug Adminis-
tration approval in acute myelogenous leukemia, IDH1/2 inhibi-
tors ivosidenib, olutasidenib, and enasidenib (ENA) are currently
developed in higher-risk patients with MDS, but some clinical
trials also evaluate their efficacy in LR-MDS (Table 2).2°2" Of note,
in a preclinical study, ENA was shown to increase the erythroid
differentiation of the hematopoietic stem and progenitor cells
without myeloid differentiation, suggesting an erythroid-specific
differentiation effect independent of its effect on mutant and wild-
type IDH2.?? Based on this preclinical rationale, ENA is under inves-
tigation in anemic patients with LR-MDS without IDH2 mutation
(NCT05282459).

MDS cells with splicing factor mutations rely on the wild-type
allele for splicing, and the preferential inhibition of the wild-type
allele results in lethality of the cells. H3B-8800 is an oral small-
molecule splicing modulator, preferentially targeting the sF3b
complex, and in preclinical models, including xenograft leuke-
mia models with or without core spliceosome mutations, it has
broad antitumor activity.?* This drug was evaluated in a phase 1,
open-label, first-in-human study in patients with myeloid malig-
nancies (n=84) and splicing factor mutations (NCT02841540).%
Unfortunately, no complete or partial responses meeting IWG
criteria were observed; however, RBC transfusion-free intervals
>56 days were observed in 9 patients who were transfusion
dependent at study entry (15%). Given the high frequency of
splicing mutations in MDS, additional splicing inhibitors are also
undergoing preclinical assessments.
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Table 2. Emerging therapy in LR-MDS

Agent Mechanism of action | Phase Population Identifier Ref.
Ivosidenib IDH1 inhibitor 2 Treatment-naive HR-MDS NCT03503409 | %
R/R (HMA) HR-MDS
R/R (ESA) LR-MDS with anemia
All with IDH1Im
Enasidenib IDH2 inhibitor 2 Treatment-naive HR-MDS NCTO03744390 | *
R/R (HMA) HR-MDS
R/R (ESA) LR-MDS with anemia All with IDH2m
2, with AZA MDS, excess blats, AML, CMML with IDH2m NCT03383575
Olutasidenib (FT-2102) IDH1 inhibitor 2, with/without SMD and AML with IDHTm NCTO02719574
AZA/L-DAC
H3B-8800 Splicing modulator 1 SMD, AML, CMML NCT02841540 2
Roxadustat HIF inhibitor 3 LR-MDS with anemia, low transfusion burden NCT03263091 2
2/3 LR-MDS with anemia NCT03263091
Imetelstat Telomerase inhibitor | 2/3 R/R (ESA) LR-MDS NCT02598661 2
KER-050 TGF-B inhibitor 2 R/R (ESA) LR-MDS NCTOL4L19649
Canakinumab II-1B inhibitor 1/2, with darbepoietin R/R (ESA) LR-MDS NCT04798339
2 R/R (ESA) LR-MDS NCT05237713
2 R/R (ESA/HMA) LR-MDS/CMML NCT04239157
Emavusertib (CA-4948) IRAK4 inhibitor 2 Treatment-naive and R/R (ESA) LR-MDS NCTO05178342
BMS-986253 IL-8 inhibitor 1/2, with/without R/R (HMA) HR-MDS NCTO05148234
DEC/cedazuridine R/R (ESA/LEN/Luspa) LR-MDS
SX-682 CXCR1and CXCR2 1 R/R (ESA/LEN) LR-MDS NCTO04245397
inhibitor
Tomaralimab TLR2 inhibitor 1/2 R/R (ESA/LEN) LR-MDS NCT02363491

AML, acute myelogenous leukemia; AZA, azacitidine; CMML, chronic myelomonocytic leukemia; DEC, decitabine; HIF, hypoxia-inducible factor;
L-DAC, low-dose aracytine; LEN, lenalidomide; MDS, myelodysplastic syndrome; R/R, relapse/refractory.

Targeting telomerase activity

As in vitro studies have shown increased telomerase activity
compared with controls in MDS cells and that the expression of
human telomerase reverse may drive the neoplastic clonal cell
expansion, imetelstat, a novel telomerase inhibitor, has been
developed in MDS. This is a potent, first-in-class, competitive
inhibitor of telomerase enzymatic activity that specifically tar-
gets the RNA template of human telomerase. In a phase 2 study
that included 57 patients with heavily TD LR-MDS (61% MDS-RS),
imetelstat induced durable Tl in 37% (8-week TI), with a median
Tl duration of 65 weeks.?> Nevertheless, profound myelosup-
pression was the main side effect of this drug. Results of the
phase 3 double-blind placebo-controlled iMerge trial evaluat-
ing imetelstat in RBC-TD, ESA-relapsed/refractory LR-MDS were
presented at American Society of Clinical Oncology and EHA in
2023.2¢ The primary end point was met, 47 patients (39.8%) vs.
9 patients (15.0%) (P<.001) achieving 8-week TI, with a signifi-
cantly longer duration of Tl with imetelstat compared to pla-
cebo (51.6 vs 13.3 weeks, P<.01). Tl rate was also significantly
higher with imetelstat vs placebo across subgroups, including
patients without RS. No new safety signals were identified and
similar rates of grade =3 bleeding and infections were observed
on imetelstat and placebo. These results support imetelstat's
benefit to a heavily TD LR-MDS patient population, and it is very
likely that this drug will join the therapeutic armamentarium of
LR-MDS in the coming years.
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Targeting the hypoxia-inducible factor pathway

The hypoxia-inducible factor pathway has been implicated in
the regulation of hematopoiesis. Roxadustat is an oral hypoxia-
inducible factor-prolyl hydroxylase inhibitor. It has been shown
to increase hemoglobin and EPO levels as well as reduce hepci-
din in patients with chronic kidney disease in phase 3 trials.??®
In MDS, roxadustat has been studied in a phase 3, double-blind,
placebo-controlled study (MATTERHORN) evaluating the effi-
cacy of roxadustat to treat low transfusion burden anemia in LR-
MDS (NCT03263091). Interim results of 24 enrolled patients have
shown 8-week and 20-week RBC-Tl of 38% and 17%, respectively,
with efficacy across MDS subtypes and baseline EPO levels.?”
However, a press release recently reported that the MATTER-
HORN study did not met its primary efficacy end point (47.5% for
roxadustat compared to 33.3% for placebo; P=.217).3° Another
phase 2/3 trial is currently evaluating roxadustat in patients with
LR-MDS with anemia (not only low transfusion burden anemia) in
China (NCT03263091). While these results are disappointing, it
remains important to continue the investigation of low-toxicity
oral treatments that can improve quality of life in these patients.

CLINICAL CASE 2

A 65-year-old woman was admitted to our hospital for fatigue,
dyspnea, and pancytopenia (Hb, 6.3 g/dL; absolute neutrophil
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count, 0.8x10%/L; platelets, 23x10°/L). A BM biopsy specimen
showed a hypocellular marrow with dysgranulopoiesis and ery-
throid dysplasia and a normal reticulin staining pattern. Karyo-
type was normal. NGS panel analysis identified an isolated TET2
(VAF 12%) somatic mutation. She received anti-thymocyte glob-
ulin (ATG) plus oral cyclosporine with transfusion support and
reached complete remission within 8 weeks following treat-
ment. Sixteen months later, she relapsed with mild pancytope-
nia, BM was still hypocellular, karyotype was normal, but there
was clonal evolution with the acquisition of another TET2 (VAF
5%) in addition to the prior one (VAF 15%) and an additional EZH2
mutation (VAF 13%). She was recused for HSCT due to comorbid-
ities and subsequently received HMA therapy without response.

In eligible patients with severe hypoplastic MDS, HSCT should
be considered as soon as possible. For those who are not can-
didates, and for some patients in whom the clinical picture can
parallel bone marrow failure phenotype with pancytopenia and
hypocellular marrow, anti-T-cell immunosuppressive therapy or
HMA therapy is often considered (Figure 1).

In a large retrospective analysis of 207 patients with MDS
treated with immunosuppressive therapy, horse ATG plus cyclo-
sporine was more effective than rabbit ATG, and the highest rate
of RBC-TI was achieved among patients with hypocellular BM."
Moreover, eltrombopag, a thrombopoietin agonist might be
also effective as a single agent in patients with LR-MDS with a
predominating thrombocytopenia,”® but thrombopoietin agonist
should be avoided in patients with excess blasts, and this drug is
not approved in this indication (Table 1).

Low-dose HMA-based regimen

Although in Europe, HMA use is restricted to patients with
higher-risk MDS, low-dose HMA (5-day regimen) is commonly
used in the United States for patients with LR-MDS with multilin-
eage cytopenia or as second-line therapy. The 5-year follow-up
of attenuated dosing schedules of lower-dose HMA (azacitidine
or decitabine, dailyx3 days in every 28-day cycle) in patients
with LR-MDS was recently published.” Among the 113 evaluable
patients, the overall response rate was 60% with 36% achiev-
ing complete response and 18% hematological improvement,
with no survival difference between those who received azaciti-
dine or decitabine (median overall survival of 33 months). These
results suggest the use of lower-dose HMA in this frail popula-
tion. Indeed, the 3-day regimen is currently evaluated in a phase
2 randomized study comparing azacitidine and decitabine when
given on a shorter than standard dosing schedule in patients
with TD LR-MDS (NCT02269280).

Targeting inflammatory signaling
Emerging data demonstrate that inflammation can lead to a
selective outgrowth of aberrant stem cells while inhibiting
healthy hematopoiesis, resulting in worsening of cytopenia in
MDS.?' Moreover, clonal hematopoiesis mutations, especially in
the TET2 gene, can by themselves lead to a proinflammatory
state by making macrophages more proliferative and secretory.>
For this reason, several agents are under investigation target-
ing immune/inflammatory pathways (Table 2). One critical tar-
get is IRAK4, which hyperactivates NF-kB. IRAK4 can be found
in longer and shorter isoforms, and U2AFT and SF3B1 mutations

can lead to altered exon inclusion, leading to preferential pro-
duction of a longer isoform (IRAK4-L). This longer isoform results
in a maximal activation of innate immune signaling pathways.*
Preclinical studies have shown that inhibition of IRAK4-L by phar-
macologic and genetic means can suppress leukemic prolifera-
tion, and clinical trials are now evaluating the efficacy of IRAK4
inhibitors (CA-4948, emavusertib) in LR-MDS (NCT05178342).

Among other pathways, a phase 2 trial of canakinumab, an
interleukin 1B-blocking monoclonal antibody that is well toler-
ated in other inflammatory conditions, has recently opened for
inclusion (NCT04239157). Interestingly, an exploratory analysis
suggested that the presence of clonal hematopoiesis predicts
for cardiovascular benefit with canakinumab.** Two other trials
evaluating canakinumab in MDS are under way, including one in
association with ESA (NCT 04798339, NCT 05237713).

A number of additional agents are being studied for LR-MDS
targeting the concept of inflammation and innate immunity
(Table 2, Figure 1).

Conclusion

The genetic and biological heterogeneity of MDS provides sig-
nificant challenges in developing new clinical therapeutics,
maybe due to the lack of good preclinical in vitro/in vivo model.
However, emerging data in lower-risk MDS pathobiology, includ-
ing the role of the TGF-B pathway, telomerase inhibition, and
inflammation, have led to a recent increase in next-generation
therapies for these patients. In particular, recent reports from
luspatercept and imetelstat trials suggest an alternative to the
current standard-of-care treatment for anemia in patients with
lower-risk myelodysplastic syndromes with or without ring sid-
eroblasts who require RBC transfusions.
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Although remarkable international efforts have been ongoing for over 17 years to improve upon azacitidine, representing §
the standard of care therapy for higher-risk myelodysplastic neoplasms (MDS), there still has not been a positive random- &
ized trial in comparison to azacitidine. Real-world data from numerous trials have shown similar results with a median 8
overall survival of 14-18 months, a 40%-50% overall response rate, and a complete remission rate close to 20%. Despite g
these outcomes, 6 randomized controlled trials have failed to improve outcomes in this patient population, although rele- i3
vant issues in some of these studies included improper dose adjustments of the hypomethylating agent, lack of placebo- 3
controlled studies, and lack of overall survival (OS) as a primary endpoint, among others. Critical updates in MDS man- g
agement include the development of molecular prognostication models (eg, the molecular international prognos- §
tic scoring system), updates in classification systems highlighting significant overlap in patients with MDS-increased g
blasts and acute myeloid leukemia (most relevant to TP53 mutations), and refinement of response criteria. Although &
these paradigm-shifting studies have had great impact in MDS management, the current ongoing randomized phase §
3 trials were initiated prior, and prognostic stratification remains via the revised international prognostic scoring sys- 8
tem) and with bone marrow blast counts of <20%. Notably, azacitidine + venetoclax, azacitidine + sabatolimab, and §
azacitidine + magrolimab have shown exciting results in large, single-arm studies and have completed accrual in 2
placebo-controlled, double-blind studies with OS as a primary endpoint. We all eagerly await the results of these studies. %
LEARNING OBJECTIVES 8
« To understand major updates in HR-MDS diagnosis, prognosis, and response evaluation 5
« To understand potential reasons for past failures to improve upon azacitidine monotherapy J_Oq
« To review the cutting-edge landscape of novel therapies that ideally will change the standard of care for HR-MDS g
g
g
unchanged for nearly 2 decades, with hypomethylating E,i
CLINICAL CASE agent (HMA) therapy and allogeneic hematopoetic stem &
A 59-year-old male presents with severe pancytopenia with cell transplantation (HSCT) representing the standard-of- %
absolute neutrophil count (ANC) of 0.4 k/uL, hemoglobin care (SOC) therapies to improve overall survival (OS). Tre- ;
of 7.5g/dL, and platelets of 35 k/uL. Bone marrow aspirate mendous advancements have been made in the prognostic §
shows 7% myeloblasts with trilineage dysplasia. Cytogenet-  discrimination of patients with HR-MDS with the inclusion g
ics showed complex karyotype with monosomy and dele-  of molecular data, although key clinical questions remain S
tion 17p. Next-generation sequencing (NGS) shows a TP53  in the clinical implementation of these prognostic systems. “
mutation (mt) with a variant allele frequency (VAF) of 56%.  Similarly, revised diagnostic classifications have further
The patient has symptomatic anemia but has excellent per- blurred the lines between HR-MDS and acute myeloid leu-
formance status and no comorbidities. The patient presents kemia (AML). Although in the long-term these initiatives will
to an academic medical center for discussion of potential  ideally increase therapeutic options for our patients, the
treatment options and wishes to focus on curative intent. dichotomies in these systems have brought forth clinical
challenges. In addition, although monumental efforts have
been undertaken to improve upon azacitidine, we still cur-
Introduction rently have not had a positive randomized trial in HR-MDS.
The treatment paradigm for patients with higher-risk myel- ~ We believe the horizon remains bright. This review focuses
odysplastic neoplasms (HR-MDS) has remained largely  on the key updates in defining the HR-MDS population,
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understanding response assessment, and comprehensive dis-
cussion on past failed trials with lessons learned to ideally lead
to future new SOC therapies.

Updated classifications and risk stratification for MDS

A revised classification was published in 2022 as part of the 5th
edition of the World Health Organization (WHO) classification.!
In the same year, the International Consensus Classification
(ICC) of Myeloid Neoplasms 2022 was published.? The similarity
and differences between WHO 2022 and ICC 2022 are shown in
Figure 1. The details on these 2 classification systems have been
expertly reviewed elsewhere.® Herein, we briefly discuss how
these new classifications and their differences might affect the
SOC, clinical trial design/enrollment, efficacy evaluation, and
response interpretation, as well as regulatory aspects of novel
agent approval in patients with MDS. First, both WHO 2022
and ICC 2022 have incorporated the genetic aspects into MDS
classification, including the mutations in SF3B1, biallelic TP53
mutations, and deletion of 5q. Biallelic status, as defined by
the WHO, includes TP53 VAF =50%, 2 or more TP53mt, and/or

TP53mt with deletion 17/17p abnormalities. Additionally, >90%
of patients with biallelic TP53mt have complex karyotypes.
Although comprehensive allelic status determination requires
an assay to evaluate copy number status (eg, genomic hybrid-
ization or single nucleotide polymorphism arrays), a majority
of patients can have determination with just standard cytoge-
netic and NGS evaluation. Separately, the WHO 2022 added
2 novel disease entities by morphology, including hypoplastic
MDS and MDS with fibrosis, which are absent in the ICC 2022.
These 2 unique entities have important clinical implications:
hypoplastic MDS is associated with increased responsiveness
to immunosuppressive therapy, and MDS with fibrosis is associ-
ated with a worse clinical prognosis.

On the other hand, ICC 2022 introduced a novel entity,
MDS/AML, defined by 10%-19% blasts in the peripheral blood
and/or bone marrow in the absence of AML-defining genetic
abnormalities. The advantage of this new MDS/AML subtype
is that it may facilitate the enrollment of patients with MDS
10%-19% blasts to either MDS or AML trials and thereby might
speed up drug approval for patients with MDS. From a regula-

MDS classification

J

Myelodysplastic neoplasms ©

MDS-biTP53 J

A S

® RSz15% and SF3B1 not available or wild type
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MDS-SF3BT: ~ (- MDS-SF3BT,
or or
MDS with low blasts and RS® | J MDS, NOS (with RS but SF387"7)
MDS-5q — T Genetic defined —— MDS with del(5q)

Additional———o

L

o Myelodysplastic syndrome

L MDS with mutated TP53
including MDS, MDS/AML.
For MDS, it must be biallelic TP5347

MDS, NOS
cytopenia without dysplasia
with -7, del(7q), or complex karyotype

Figure 1. MDS classification comparison between WHO 2022 and ICC 2022. Bi, biallelic; f, fibrosis; h, hypocellular; IB, increased
blasts; LB, low blasts; NOS-MLD, not otherwise specified with multi-lineage dysplasia; NOS-SLD, not otherwise specified with

single-lineage dysplasia; NOS-MLD RS, ringed sideroblasts.
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tory perspective, patients with MDS/AML defined by ICC 2022
may benefit from novel therapies approved in AML. However,
we need to keep in mind that patients with MDS are relatively
older than patients with AML and have decreased reserves
for functional hematopoiesis, which may lead to an increased
risk for cytopenia complications, including infection. As such,
patients with MDS treated with AML-like therapy may there-
fore suffer from the risk of overtreatment and toxicities as
was evidenced by the requirement of a reduced schedule of
venetoclax in patients with MDS (see below). In addition, dif-
ferences exist in the response criteria between the HR-MDS
International Working Group (IWG) 2023 (see below) and AML
European LeukemiaNet (ELN) 2022 guidelines. Whether the
response to therapy should be assessed based on HR-MDS
IWG 2023 or AML ELN 2022 needs further investigation.*®

Recently, the molecular international prognostic scoring sys-
tem (IPSS-M) was developed and incorporated molecular data,
including the allelic state of TP53. The IPSS-M now has 6 catego-
ries from very low to very high, and the performance of IPSS-M
has been recently validated.®® Although clearly this model
improves the risk prognostic performance in OS and AML trans-
formation, many questions remain regarding how the IPSS-M
should be incorporated into clinical practice, including clinical
trial design. Notably, there has not been an HR-MDS study that
has incorporated the IPSS-M, although this will likely occur in the
near future.

Response criteria in MDS

Ultimate approval of therapeutic agents is partially dependent
upon response criteria. In particular, the definition of complete
remission (CR) is a critical criterion as it has been shown to be
a robust predictor of outcomes in patients with MDS.? The IWG
originally instituted consensus response criteria for MDS in 2000,
with a major update in 2006, which has served as the response
system in all pivotal trials on MDS to date.® However, these criteria
have been subject to critique in HR-MDS, particularly around the
stringency of CR calling (ie, blasts <5%, ANC >1.0 x10°/L, plate-
lets =100 x10%/L, hemoglobin >11g/dL), as well as the impact of
marrow CR with or without hematologic improvement (HI).

As an example in 2 prospective clinical trials utilizing CPX-
351 as frontline treatment in patients with HR-MDS, the CR
rate improved from the low 20s to >50% when ELN response
criteria were used instead of IWG 2006 criteria."'? In a large

IWG 2006 HR MDS

* BM:<5%

Marrow CR

BM:<5%
+ No blood count improvement required

= Blood count parameters all met: ANCz1X10%/L; Hb=11g/dL; PLT=100X10%/L )))

multicenter study evaluating the impact of complete remis-
sion with hematologic recovery (CRh) (ie, blasts <5%, ANC
>0.5x10°/L, platelets =50%10%/L) in patients with MDS, there
was no difference in OS in patients who achieved CR vs CRh
(23 and 25 months, respectively), which were confirmed in
multivariable analysis accounting for HSCT."® Ultimately, there
was a recent consensus proposal in 2023 for revised IWG cri-
teria with key updates shown in Figure 2.* Notably, for CR,
the hemoglobin threshold has been decreased to =10 g/dL
with the removal of marrow CR as a response (with caveat of
consideration for patients bridged to HSCT). CR with limited
count recovery (CR) and CRh are provisional entities focused
on marrow responses in combination with hematopoietic
recovery that require prospective validation. Additionally, the
blood counts required for responses should occur temporarily
around disease assessment (ideally within 2-4 weeks). For CR ,
there are additional delineations based on unilineage or bilin-
eage response. Overall response rates (ORR) would include
the composite CR response as defined previously in addition
to partial remission and HI. Notably, the panel also recog-
nized the importance of serial molecular annotation with the
goal to ultimately defining measurable residual disease (MRD)
negativity. Multiple studies have demonstrated that achiev-
ing NGS or flow negativity is associated with improved OS."“"
However, a majority of these studies have not utilized NGS
with a sensitivity for robustly capturing MRD as can be done
with error-corrected sequencing using molecular barcodes or
duplex sequencing. Notably, in 1 key study using MRD NGS via
error-corrected sequencing, the risk of progression after allo-
geneic HSCT was predicted based on analysis at day +30.™ It
is critical for multimodal assessment of MRD to occur in future
clinical trials, which may help optimize selection of therapies
for patients.

Similarly, clearance of TP53 VAF to <5% has now been shown
in multiple studies to predict improved OS."® Two recent pro-
spective clinical trials highlighted that clearance of TP53 VAF
may be the best predictor of improved outcomes to HSCT."%
These data are particularly relevant given controversies in the
field about the utilization of HSCT in this molecular subset. How-
ever, long-term survivors are seen in patients with TP53 mutant
MDS/AML ranging between 20% and 30%,; therefore, perhaps
repeat NGS and cytogenetic evaluation after therapy and pre-
HSCT could best decipher which patients should ultimately

IWG 2023 HR MDS

* BM:<5%
= Blood count parameters all met: ANC=1X10°/L; Hb=10g/dL; PLT=100X10%/|

CR.= CRy#+CRy

« BM blasts<5%
* CRy,.only 1 PB parameter met or CRs. 2 PB parameters met

* BM blasts<5%
» No Hb threshold required, PLT=50X10%/L; ANC=0.5X10%/L

L

Figure 2. Comparison between IWG 2006 vs 2023 HR MDS response criteria. BM, bone marrow; CR , CR with limited count recovery;

CRh, CR with partial hematologic recovery; CR , CR with bilineage; CR

PLT, platelet.

CR with unilineage; Hb, hemoglobin; PB, peripheral blood;

uni!

Frontline treatment options for higher-risk MDS | 67

€20z 19qwadaQ 0 U0 8197 euljosed ‘WNILYOSNOD SIAdVD Aq Jpd uew|esgo/e955/ 1 2/59/ 1/€20z/pd-ajone/ABojojeway/Bio suoneolqndyse//:diy woy papeojumoq



move forward with HSCT.?"?2 This is particularly relevant given
clear prospective data supporting allo-HSCT in patients that are
fit, up to the age of 75 years.

Azacitidine, the unbeaten standard of care for HR-MDS
There has been only 1positive randomized control trial in patients
with HR-MDS, which was azacitidine vs conventional care regi-
mens. This trial showed an improved OS of 24.5 vs 15 months.?
Unfortunately, real-world data, including current prospective
clinical trials, have shown inferior outcomes, with median OS
ranging from 14 to 19 months.? In addition, many randomized
clinical trials (RCTs) comparing novel therapies vs azacitidine
have failed (Table 1).17292631 As it is critical to learn from past fail-
ures, we delve into some of the challenges in improving the SOC
and flaws in clinical trial design to ideally help guide future stud-
ies in this patient population.

The SWOG S$1117 study was a 3-arm randomized study of
either azacitidine + lenalidomide, azacitidine + vorinostat, or
azacitidine monotherapy. The azacitidine + lenalidomide arm
was supported strongly by a prior phase 2 study.*? Although
there was a trend for improved ORR, the trial failed to reach its
primary endpoint and also had no improvement in key second-
ary endpoints. The decreased RR and worse outcomes than the
earlier phase 2 study were possibly related to non-protocol-
defined dose modifications.?® Notably, lenalidomide dose
reduction was associated with worse OS. Overall, the vorinos-
tat arm did worse than single-agent azacitidine, which is con-
sistent with another RCT with a histone deacetylase inhibitor
(ie, entinostat).®

The azacitidine + durvalumab study represents the first RCT
in HR-MDS to evaluate the combination of immune checkpoint
blockade with durvalumab, a PD-L1 inhibitor, to build upon
the paradigm shift in management of solid malignancies and
some prior data suggesting improved response rates with HMA
immune checkpoint combination.’*** The ORR (primary end-
point) was 61.9% in the combination arm vs 47.6% with no differ-
ence in OS.%° Notably in patient samples, PD-L1was increased on
granulocytes/monocytes but was not increased on bone mar-
row blasts, with conflicting prior reports about expression levels
in the setting of HMA therapy.3*%

Until this time, no RCT had an event-driven endpoint as the
primary endpoint of the study. The PANTHER trial was a phase
3 RCT of azacitidine and pevonedistat, a selective inhibitor of
NEDD8-activating enzyme, vs azacitidine alone. The trial was
supported by a previous phase 2 RCT with a near doubling of
the CR rate and improved event-free survival (EFS) in the HR-
MDS cohort.?”3¢ Notably, the EFS was not positive in the total
intention-to-treat (ITT) population, which included patients with
oligoblastic AML and CMML. Despite these data, the PANTHER
trial enrolled the identical population as the phase 2 trial and
had a primary endpoint of EFS. In the ITT analysis, there were no
significant differences between the 2 arms regarding EFS and
OS (Table 1).7

Two parallel phase 2 studies evaluated the combination of the
p53 reactivator APR-246 (eprenetapopt) + azacitidine with high
CR rates between 44% and 47%.1°2° This led to the first phase 3
study for patients with mutant TP53, although unfortunately the
study was negative, with the only reported data by press release
and by update on clinical trials.gov (CR rate of 34.6% vs 22.4%
by ITT; P=0.13).
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Last, the phase 2 RCT of sabatolimab+HMA vs HMA alone was
recently presented.’’ Sabatolimab is a novel immunotherapy
targeting TIM-3. The study had co-primary endpoints of CR and
PFS. The CR rate was no different between arms, 21.5% vs 17.7%,
P=0.769. Although the PFS was not statistically different (11.1 vs
8.5 months; P=0.102), the PFS curves separated after 9 months,
supporting a potential immune mechanism, and there were sub-
sets of patients that had improved outcomes (ie, <10% blasts
or patients without very-high-risk disease). Importantly, the OS
curves were essentially superimposable, although notably the
median follow-up was only 177 months and thus unclear if there
would be late separation similar to the PFS results.

Together, there have been many challenges in prospective
randomized trials for HR-MDS encompassing heterogeneous
patient populations, response metrics/timing of response, dose
adjustments/reductions, and, at times, lack of strong preclinical/
translational rationale for the combination. Additionally, the
impact of salvage off-label therapies (eg, venetoclax) and
increasing utilization of allo-HSCT with clear improved OS in
patients up to the age of 75 have added additional complicating
factors.?’

A bright horizon for patients with HR-MDS?

As described, there has not been a phase 3 RCT with a primary
endpoint of OS, but now there are 3 ongoing studies that have
completed accrual, all of which have either a sole primary end-
point or a co-primary endpoint of OS (Figure 3). Notably the
STIMULUS-MDS2 phase 3 MDS study is a double-blind RCT study
in intermediate to very-high-risk MDS or CMML-2 evaluating the
combination of sabatolimab + azacitidine vs azacitidine alone
with a sole primary endpoint of OS. Secondary to the negative
readout of the phase 2 RCT as described,* the current ongoing
studies are focused on the evaluation of lower-risk MDS. How-
ever, based on sabatolimab's safety profile, additional novel
combinations are allowed with this agent.

As the innate immune system plays a significant role in can-
cer immune surveillance, unleashing key effectors cells of innate
immunity, specifically macrophages, represents an attractive
therapeutic modality. The antitumor activity of macrophages
is tightly regulated by a balance of prophagocytic ("eat-me";
eg, calreticulin) and antiphagocytic signals ("don't eat-me," ie,
CD47). CD47 is widely overexpressed on cancer cells, includ-
ing HR-MDS subsets with overexpression on myeloblasts and
leukemia stem cell populations.®® Importantly, azacitidine leads
to robust upregulation of the pro-"eat me" signal calreticulin in
myeloid cell lines and animal models.* The most mature anti-
CD47 agent is magrolimab, which has completed a large phase
1o expansion the study was published.” The trial showed a
CR rate of 32.6% (40% in TP53 mutant cohort) with a median
duration of CR of 11.1 months and a median OS not reached at
a median follow-up of 17.1 months. Importantly, around 60% of
TP53 wild-type patients were alive at data cutoff vs a median
OS of 16.3 months in the TP53 mutant group. Additionally, 36%
of patients were bridged to HSCT with a 1-year survival of 91%.
Last, MRD negativity, as previously discussed, was achieved in
23% and predicted for improved outcomes. Responses were
seen across molecular cohorts, although questions remain if
there is enhanced efficacy in patients with TP53 mutations. The
phase 3 ENHANCE study is a 520-patient, double-blind, placebo-
controlled study with co-primary endpoints of CR and OS.
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Figure 3. Novel therapy in higher-risk myelodysplastic neoplasms (HR-MDS). (A) Targeted therapy in patients with RARa overexpressing
cells with tamibarotene (SY-1425), a selective RARa agonist and blockade of the anti-apoptotic protein BCL-2 via the BH3 mimetic
venetoclax; ultimately leading to apoptosis induction with the combination of hypomethylating agents. (B) Novel immune myeloid
therapy targeting both the underlying leukemic stem cell (LSC)/blast as well as activating both innate and adaptive immunity.
Magrolimab, and other inhibitors of the CD47/SIRPa axis, allowing for activation of antibody dependent cellular phagocytosis (ADCP)
and likely subsequent adaptive immune activation via increased antigen presentation. Sabatolimab blocks the galectin-9/TIM-3 path-
way leading to direct targeting of the LSC as well as T-cell activation and potentially augmentation of ADCP.

Unfortunately, as of July 2023, there was a press release that
magrolimab will be discontinued for patients with MDS, based
on futility. Critical questions remain from this study, including the
molecular demographics and outcomes in TP53 mutant vs wild-
type populations, among others. Notably, there are 2 additional
phase 3 studies in AML evaluating the doublet for TP53 mutant
AML (ENHANCE-2; NCT04778397) and a triplet with venetoclax in
all-comer elderly AML (ENHANCE-3; NCT05079230).
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Last, the selective BCL-2 inhibitor venetoclax, which has led
to a paradigm change in the management of elderly patients
with AML,*° has undergone evaluation in patients with HR-MDS.
Specifically, a large phase 1b expansion study with the combina-
tion of azacitidine with venetoclax, at a reduced 14-day schedule
secondary to cytopenia toxicity, had a CR rate of 40% (16% for
patients with TP53 mutations) and particularly favorable OS
for patients who achieved CR/mCR. These data are supported
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by additional studies, including recent real-world data in both
HMA-naive and HMA-failure settings, particularly for patients that
can be bridged to HSCT.“™ These data support the ongoing
placebo-controlled VERONA study with a primary endpoint of
OS. Although this trial is for all molecular subsets, growing data
support lack of improved efficacy in the patient population with
TP53 mutations.** Importantly, there are growing data support-
ing synergy of venetoclax with multiple agents, including with
magrolimab.

Ideally, the previously mentioned phase 3 trials will lead
to new approvals in HR-MDS, although clearly we are all
awaiting the first breakthrough in this patient population;
we have now suffered again a major setback with the nega-
tive phase 3 magrolimab study. Major questions will arise as
far as best sequencing and questions of triplet combinations
or sequenced doublets will be of high value. In addition, the
only actively accruing phase 3 trial is with SY-1425 (tamibaro-
tene) for RARA-overexpressing HR-MDS (~30%-50% of patients)
with a primary endpoint of CR (Figure 3). Additionally, there are
multiple trials incorporating oral HMA therapy (particularly oral
decitabine/cedazuridine) with the novel agents described pre-
viously in efforts to decrease the burden of clinic visits required
by parenteral HMA therapy.

CLINICAL CASE (follow-up)

As the patient was identified to have multi-hit TP53-mutant
MDS, the patient was presented a clinical trial option with a
novel HMA combination regimen. In addition, the patient was
referred for HSCT consultation with the plan to bridge to trans-
plant when TP53 VAF was <5%.
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LEARNING OBJECTIVES é
« Discuss the clinical benefit of allogeneic hematopoietic stem cell transplantation (HSCT) in older patients fg—’
with MDS 5
« Describe the clinical relevance of genomic profiling in MDS §
« Provide evidence for the utility of genomic information to define eligibility for and the optimal timing of ?5
transplantation g
N
to capture reliable prognostic information at an individual %
CLINICAL CASE patient level. g
Two patients aged 72 and 71 years, referred to as patient MDS development is driven by mutations on genes §
A and patient B, respectively, were admitted to our insti-  involved in RNA splicing, DNA methylation, chromatin mod- 3
tution in March 2022. Both presented with blood cytope- ification and signal transduction; the identification of these §
nia and were diagnosed with myelodysplastic syndrome  driver genomic lesions can provide valuable information o
(MDS) with multilineage dysplasia according to World on disease evolution, treatment response, and outcome é
Health Organization 2016 criteria. Bone marrow blasts prediction.?® As a result, conventional MDS classifications ﬁ
were less than 5%, and karyotype was normal in both and prognostic systems are being complemented by g
cases. Mutation screening revealed an isolated TP53 gene  the introduction of genomic features that better capture 4
mutation in patient A and mutations in TET2 and SRSF2  clinical-pathological entities and predict clinical outcome. J_Oc;
genes in patient B. Accordingly, both patients were clas-  Recently, a clinical-molecular prognostic model (IPSS-M) g
sified as intermediate Revised International Prognostic ~ was developed using hematologic parameters, cytoge- o)
Scoring System (IPSS-R) risk and as moderate-low risk netic abnormalities, and the mutations of 31 MDS-related %
according to the Molecular IPSS (IPSS-M) score. After  genes. IPSS-M improved prognostic discrimination across E
6 months, patient A acquired a 7q deletion and an addi-  all clinical end points compared to IPSS-R.* 3
tional TP53 gene mutation, thereby identifying an MDS At diagnosis, more than 70% of MDS patients belong %
with biallelic TP53 inactivation. These molecular changes  to very low, low, and intermediate IPSS-R risk,' and only a §
did not affect IPSS-R risk assessment; however, the patient  minority of these patients experience leukemic evolution. §
was shifted to a very high risk of disease evolution by  These individuals are commonly referred to as "low-risk" 3
IPSS-M. In contrast, patient B had a stable disease without MDS, in which the treatment goal would be to improve S
acquiring additional genomic lesions (Table 1). cytopenias and quality of life. In contrast, patients with .
an advanced disease stage ("high-risk" MDS) require ther-
apeutic interventions to prevent disease evolution and
Advances in MDS risk assessment prolong survival. Despite recent therapeutic progress,
MDSs have extreme clinical heterogeneity, and a risk- hematopoietic stem cell transplantation (HSCT) is the
adapted treatment strategy is needed.' The IPSS-R is used only potentially curative treatment for MDS. However, the
to assess disease-related risk based on the percentage of  effectiveness of transplantation is considerably limited by
marrow blasts, blood cytopenias, and specific clonal cyto- morbidity and mortality, and therefore an accurate patient
genetic abnormalities. While IPSS-R is an excellent tool  selection is needed.® Several factors must be considered
for clinical decision-making, this scoring system may fail  in the decision process of how to select MDS patients as
Genomics for transplant decisions in MDS | 73
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Table 1. Clinical and molecular characteristics of patient A and patient B and treatment decisions

Time of diagnosis

After 6 months of follow-up

Patient A Patient B Patient A Patient B
Age 72y 71y 72y 72y
Performance status by KS >80% >80% >80% >80%
Comorbidities by HCT-CI Low Low Low Low
ANC x 107/L 0.78 1.5 1 1.8
Hb g/dL 8.2 8 8.1 8.3
PLT x 10%/L 135 95 167 91
% of marrow blasts 4 3 4 3

Cytogenetics by IPSS-R

Normal karyotype
(good risk)

Normal karyotype
(good risk)

Isolated del(7q)
(intermediate risk)

Normal karyotype
(good risk)

Gene mutations (VAF)

TP53 (5%)

TET2 (43%), SRSF2 (31%)

Additional TP53 (4%)

TET2 (42%), SRSF2 (32%)

IPSS-R risk

Intermediate

Intermediate

Intermediate

Intermediate

IPSS-M risk

Moderate low

Moderate low

Very high

Moderate low

Treatment decision

Watch and wait; consider
ESA if moderate to severe

Watch and wait; consider
ESA if moderate to severe

HSCT up-front

To continue ESA

anemia persists

anemia persists

ANC, absolute neutrophil count; ESA, erythropoiesis stimulating agents; Hb, hemoglobin; HCT-CI, HSCT-specific comorbidity index; IPSS-M,
Molecular International Prognostic Scoring System; IPSS-R, Revised International Prognostic Scoring System; KS, Karnofsky scale; PLT, platelet;

VAF, variant allele frequency.

suitable candidates for HSCT: these consist of age, performance
status, comorbidity, disease stage, and status after nontrans-
plant interventions.® The complexity of this decision is further
highlighted by the fact that many eligible MDS patients do not
receive appropriate assessment or consideration for transplanta-
tion, particularly outside academic centers (Table 2).
Addressing several critical questions is crucial to increase the
implementation of HSCT as a curative option in MDS.

Benefit of reduced-intensity conditioning regimen

in elderly patients with MDS

Given that most patients are over 60 years old, it is important
to define whether reduced-intensity conditioning (RIC) can pro-
vide a valuable clinical benefit in this specific patient population.
The rationale for using RIC before HSCT is to shift from high-dose
chemotherapy that is aimed at maximizing cytotoxic leukemia
killing to a more immune-mediated effect by harvesting the graft-
versus-tumor effect to eradicate the disease.® The European Soci-
ety for Blood and Marrow Transplantation conducted a prospec-
tive study (RICMAC trial) comparing RIC with a myeloablative
conditioning regimen (MAC) in 129 patients with MDS or acute
leukemia from MDS. The 2 conditioning regimens showed com-
parable 2-year relapse-free and overall survival rates (62% and
76%, respectively, after RIC and 58% and 63%, respectively, after
MAC; P=.58 and P=.08). The only risk factor for relapse in a multi-
variable analysis was advanced disease status.® Based on this evi-
dence, RIC can be offered as an alternative to a MAC regimen in
MDS patients, especially in those subjects without advanced dis-
ease and/or high-risk cytogenetics (recommendation grade 2A).

Benefit of HSCT vs hypomethylating agents

The second relevant question is whether HSCT can improve the
survival of older MDS patients in comparison with nontransplant
strategies (hypomethylating agents [HMAs]).
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This issue was addressed by 2 prospective studies using a
treatment biologic-assignment. The VidazaAllo study enrolled
190 patients receiving 4 to 6 cycles of HMAs followed by human
leukocyte antigen (HLA)-matched HSCT or by continuous HMAs
if no donor was identified. Some methodological consider-
ations regarding immortal time bias for HCST in the study should
be taken into account (patients must survive long enough to
receive a transplant; that is, they are immortal until they receive
a transplant. Since the clock to estimate patient survival starts
long before transplant, this can lead to a bias in favor of HCST).
Despite these concerns, the analysis on 108 out of 190 patients
revealed that after a 2-year period HSCT led to an improvement
in event-free survival (though not necessarily overall survival)
when compared to continuous HMAs (event-free and overall
survival were 34% and 50% after HSCT and 0% and 32% after
continuous HMAs treatment, respectively; P<.0001 and P=.12).7
Another study, the CIBMTR 1102 trial, compared reduced-
intensity HSCT to HMAs or best supportive care in 384 high-risk
MDS patients aged 50 to 75. Subjects were assigned to the donor
vs no-donor arms according to the availability of a matched donor
within 90 days of study registration. After 3 years, the overall sur-
vival rate in the donor arm was 47.9% compared with 26.6% in
the no-donor arm (P=.0001), and the leukemia-free survival was
also greater in the donor arm (35.8% vs 20.6%; P=.003).2 Overall,
available evidence suggests that HSCT should be considered as
a reasonable treatment option for high-risk older MDS patients
with HLA-matched donors (recommendation grade 1B).

HSCT from mismatched HLA-related donor

An HLA-matched donor is available for fewer than 50% of elderly
patients. The use of HLA-mismatched related donors (especially
HLA haploidentical-related donors) significantly increased in the
last few years, taking advantage of substantial improvements
such as the administration of posttransplant cyclophosphamide
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Table 2. Prognostic risk factors relevant for HSCT eligibility, for outcome after HSCT, and for optimal timing of the procedure

Prognostic risk factor

Tools to measure risk factors
in patients with MDS

Outcome after HSCT in patients with MDS

Patient-related features

Age Calendar, age-adjusted IPSS-R Worse outcome in elderly patients

Performance status KS KS >80% associated with better outcome

Comorbidities HCT-CI Low Cl associated with better outcome

Disease-related features

% of marrow blasts IPSS-R <5% blasts associated with better outcome

Cytogenetics IPSS-R Poor-risk cytogenetics and monosomal karyotype
associated with higher risk of relapse

Gene mutations IPSS-M IPSS-M high/very high risk (often including TP53 mutations)
associated with poor outcome and high risk of relapse

Disease status after treatment interventions

ESA-lenalidomide failure IWG criteria No direct impact reported

HMASs-ICT failure IWG criteria HSCT is the best available treatment after HMAs-ICT

failure, but response status is a prognostic factor

Prognostic risk factor

Tools to measure risk factors
in patients with MDS

Impact on timing of HSCT

information)

Disease-related risk (without molecular IPSS-R Immediate transplantation is associated with maximal life
information) expectancy in patients with early disease (IPSS-R < 3.5),
while for those with higher risk delayed
transplantation offers optimal survival benefit.
Disease-related risk (including molecular IPSS-M Patients with higher risk according to IPSS-M should be

considered for HSCT earlier than the conventional scoring
system (IPSS-R) would dictate.

ESA, erythropoiesis stimulating agent; HCT-CI, HSCT-specific comorbidity index; ICT, intensive chemotherapy; IPSS-M, Molecular International
Prognostic Scoring System; IPSS-R, Revised International Prognostic Scoring System; IWG, International Working Group; KS, Karnofsky scale.

as a graft-versus-host disease prophylaxis. Recently, the EBMT
reported the outcome of 228 MDS patients transplanted from a
mismatched HLA-related donor. One-third of patients were alive
and free of disease 3 years after HSCT, and the use of posttrans-
plant cyclophosphamide was found to improve the effective-
ness of the procedure, suggesting that haploidentical HSCT is a
suitable option for MDS patients lacking an HLA-matched donor
(recommendation grade 2C).°

Impact of genomic screening on the optimal
timing of HSCT
Finally, a crucial issue is to define the optimal timing of HSCT,
which would be a disease stage that provides the best life
expectancy accounting for both pretransplantation and post-
transplantation survival. Patients at early stages may experience
long periods with stable disease after diagnosis, and the risks
of morbidity/mortality related to HSCT would be unacceptably
high for many of them.'> However, a number of studies have
shown that advanced disease stage at transplantation is asso-
ciated with inferior overall survival.® Previous decision analyses
concluded that delayed transplantation is associated with maxi-
mal life expectancy in patients with a lower IPSS-R risk (3.5 score
points), while for those with high/very high IPSS-R risk immedi-
ate transplantation offers the optimal survival benefit.’® Although
these studies provided clinicians with useful information, there
are still areas of uncertainty that affect decision-making.

A precise risk score is essential to improve personalized med-
icine strategies for MDS. The accurate definition of the probabil-

ity of leukemic evolution is particularly important for lower-risk
patients, in whom treatment approaches, including HSCT, may
be addressed in a refined manner.'s

The IPSS-M reflects the relevance that molecular character-
ization can provide on clinical outcomes. Importantly, in the
original study in the groups with very low, low, and intermediate
IPSS-R risk, 20% of patients were reclassified into a less favor-
able prognostic category, with over 90% having one or more
mutated IPSS-M genes.* Therefore, the clinical implementation
of IPSS-M is expected to result in a more effective selection of
candidates to disease-modifying therapies (including HSCT)
among patients with early-stage disease. Accordingly, patients
with higher risk according to IPSS-M should be considered for
transplantation earlier than the conventional scoring system
(IPSS-R) would dictate (Table 2).

Genomic features also impact the posttransplantation progno-
sis of MDS. TP53 mutations, especially when combined with com-
plex karyotype, resulted in very poor outcomes after HSCT.34™
Recently, it was observed that IPSS-M significantly improved pre-
diction of the probability of survival with respect to IPSS-R in MDS
treated with HSCT. In particular, IPSS-M was able to efficiently
capture the probability of relapse, potentially refining the choice
of the optimal conditioning regiment at individual patient level
and improving the identification of patients who can be consid-
ered for preemptive treatments of disease recurrence.”?

While prospective studies are needed and the optimal pre-
HSCT therapy at individual patient level remains to be clarified
(especially in high-risk MDS), genomic screening improves MDS

Genomics for transplant decisions in MDS | 75
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prognostication and may result in a more effective selection of
candidates for HSCT and a better definition of the optimal timing
of the procedure (recommendation grade 2C).

CLINICAL CASE (continued)

Both patients required only sporadic red blood cell transfusions
and had fewer than 5% bone marrow blasts. However, different
therapeutic decisions were made based on their genomic profile.
Patient A underwent up-front HSCT from an HLA-haploidentical
family donor after RIC, followed by posttransplant cyclophos-
phamide. Meanwhile, patient B continued to receive regular
follow-up and erythropoiesis stimulating agents. As of October
2023, patient A is in good general condition with full donor chi-
merism; patient B still presents mild anemia without transfusion
dependence and no evidence of disease progression. Although
a formal validation of the clinical value of a dynamic IPSS-M
assessment is still pending, the use of the molecular score may
provide a proof of concept to objectively measure (in an easily
understandable way for clinicians) the change in patent progno-
sis when a modification of the genomic profile occurs.
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@
The tremendous successes of CD19-directed CAR T cells in children and young adults with B-cell acute lymphoblastic 3
leukemia (B-ALL) has led to the more widespread use of this important treatment modality. With an ability to induce §
remission and potentially lead to long-term survival in patients with multiply relapsed/chemotherapy refractory disease, §
more children are now receiving this therapy with the hope of inducing a long-term durable remission (with or with- %
out consolidative hematopoietic cell transplantation). While overcoming the acute toxicities was critical to its broad g
implementation, the emerging utilization requires close evaluation of subacute and delayed toxicities alongside a con- g
sideration of late effects and issues related to survivorship following CAR T cells. In this underexplored area of toxicity 3
monitoring, this article reviews the current state of the art in relationship to delayed toxicities while highlighting areas of §
future research in the study of late effects in children and young adults receiving CAR T cells. %
e
~N
LEARNING OBJECTIVES (%
« Review the current landscape of subacute/delayed toxicities following CAR T-cell therapy ;1
« Identify approaches to evaluation and management of delayed toxicities following CAR T cells >
« Recognize the need for study of late effects in long-term survivors following CAR T-cell therapy f;
b
8
Introduction this review focuses on describing the current landscape of §
The advent of CD19-targeted chimeric antigen receptor  subacute/delayed toxicities and late effects following CAR 2
(CAR) T cell therapy is changing the approach to the man- T cells in children and young adults. (Figure 1) %
agement of relapsed/refractory B-cell acute lymphoblas- g
tic leukemia (B-ALL) in pediatric patients. Over the past E
decade, early clinical studies have established a remarkable &
initial efficacy profile that led to FDA approval of tisagen- CLINICAL CASE 1 g
lecleucel for pediatric B-ALL.! Cytokine release syndrome A 19-year-old man with relapsed/refractory B-ALL is 3
(CRS) and immune effector cell-associated neurotoxicity  referred for CD19-CAR T-cell therapy. He was initially g
syndrome (ICANS) have been recognized as potentially  diagnosed at age 15 and relapsed after completing ther- %
severe acute toxicities of CAR T-cell therapy. Standardized  apy. Reinduction therapy induced a second remission, 2
grading systems, consistent monitoring, and informative but he subsequently experienced a second bone marrow S
correlative studies have led to improved management relapse. He was then referred for CAR T-cell therapy, with
strategies for these acute toxicities and supported the  50% leukemic burden in bone marrow prior to infusion.
integration of CAR T-cell therapies into standard of care.?  He was treated with a single infusion of tisagenlecleucel
In contrast, there is still limited knowledge of longer-term after lymphodepletion with fludarabine and cyclophos-
toxicities after CD19-CAR T-cell therapy. phamide. During his acute CAR T-cell treatment course, he
As the field continues to evaluate where CAR T-cell ther-  developed grade 3 CRS, which was fully reversible with a
apy should fit in current treatment paradigms, investigating  single dose of tocilizumab. He had no evidence of ICANS.
beyond the acute toxicities of these novel therapies willbe At day 30 after CAR T-cell infusion, bone marrow stud-
critical in making informed treatment decisions. Based pri-  ies demonstrated MRD-negative remission, and he had
marily on the experience with CAR T-cell therapy in B-ALL, B-cell aplasia with hypogammaglobulinemia. However,
Long-term follow-up after CD19-CAR T cells | 77
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Figure 1. General approach to follow-up after CAR T-cell infusion. CAR, chimeric antigen receptor.

Table 1. Delayed and subacute CAR T-cell toxicities (= 30 days post infusion)

Toxicity Presentation

Risk factors or alternate etiologies

Immune effector cell-associated
hematotoxicity

transfusion dependence
Bimodal pattern of presentation

Generalized cytopenias (anemia, thrombocytopenia,
neutropenia) with bone marrow hypocellularity and/or

CRS severity
Medication effects
Viral or other infection
Disease relapse
Delayed IEC-HS

Immune reconstitution B-cell aplasia

Vaccination responses (prior titers)

Persistent hypogammaglobulinemia
Recurrent infections (particularly sino-pulmonary)

On-target, off-tumor targeting

Neurocognitive function

Difficult to assess without formal testing, which would need
to be done prospectively. Changes may be subtle and not

ICANS, severity and association with
long-term outcomes unknown

consistent across domains.

Other end organs

Organ specific (eg, persistent cardiopulmonary compromise)

CRS severity and acute impact on end-organ
function during event

Site of extramedullary disease

CAR, chimeric antigen receptor; CRS, cytokine release syndrome; ICANS, immune effector cell-associated neurotoxicity syndrome; IEC-HS, immune
effector cell-associated hemophagocytic lymphohistiocytosis-like syndrome.

he also had cytopenias with decreased bone marrow cellu-
larity (5-10%), an absolute neutrophil count of 250 cells/uL,
and platelet and red blood cell transfusion dependence. At
3 months, his repeat bone marrow confirms ongoing remis-
sion, but he remains with severe neutropenia although transfu-
sion requirements are starting to decrease. He has not had any
serious infections during this period.

Delayed toxicities of CAR T-cell therapy

Navigating the management of acute CAR T-cell-related toxic-
ities such as CRS, ICANS, and more recently immune effector
cell-associated hemophagocytic lymphohistiocytosis-like syn-
drome (IEC-HS)? has been imperative in the ability to broadly use
these novel immunotherapies. However, implications from these
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inflammatory conditions, or the treatment thereof, can impact
the manifestations of delayed toxicities that occur beyond
30 days following CAR T-cell infusion (Table 1). Emerging experi-
ence has revealed bone marrow dysfunction, immune reconsti-
tution, and neurologic impact as key areas of interest for delayed
toxicities.*

Bone marrow dysfunction

Newly termed as immune effector cell-associated hematotoxic-
ity (ICAHT),® there is an increasing appreciation that prolonged
cytopenias are a delayed CAR T-cell-associated toxicity, partic-
ularly in those with severe CRS.® Based primarily on literature
from adults with lymphoma receiving CAR T cells, hematologic
recovery after lymphodepletion and CD19-CAR T-cell therapy
generally follows a bimodal distribution.”® While most patients
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recover neutrophil, platelet, and red blood cell counts within the
first month after CAR T-cell therapy, early clinical studies have
reported that 40%-50% of patients have persistent grade 3-4
neutropenia or thrombocytopenia 30 days after CAR T-cell infu-
sion.” While some patients recover spontaneously, up to 15%
have persistent severe cytopenias beyond 3 months.® While
prior treatment, disease burden, and baseline inflammatory sta-
tus are thought to predispose to early cytopenias, risk factors
for delayed cytopenias in pediatric and young adult CAR T-cell
recipients have not been well described.’

In addition to providing transfusion support, patients with
persistent cytopenias should be evaluated for any contribut-
ing destructive or consumptive etiologies."? While there are
no standard definitions for bone marrow dysfunction after CAR
T-cell therapy, patients meeting criteria for aplastic anemia in
at least two of three cell lines or with single lineage involve-
ment and evidence of bone marrow hypoproduction may be
suspected of abnormal marrow function. While growth factors
are generally used with caution after infusion due to poten-
tial for exacerbating inflammatory side effects, the benefit of
granulocyte-colony stimulating factor may outweigh this risk in
patients with prolonged neutropenia, particularly with active
infections.” For recipients of prior hematopoietic cell transplant
(HCT), administration of a CD34+ hematopoietic progenitor cell
boost from the prior HCT donor may improve cytopenias.’®™*
Further investigation is needed to understand the etiology of
prolonged bone marrow dysfunction observed in a subset of
patients after CD19-CAR T-cell therapy, as this is beyond the
expected recovery duration from lymphodepleting chemother-
apy and not explained by direct on-target off-tumor effects.
Particularly, with increasing utilization of alternative CAR T-cell
constructs, monitoring for these delayed cytopenias across new
trials will remain critical. Future directions seek to develop con-
sensus grading and management approaches.® The impact on
quality of life in patients with persistent cytopenia and utilization
of health care resources are other areas of ongoing research.”

Immune reconstitution
With CD19-CAR T-cell therapy, B-cell aplasia is an expected on-
target off-tumor effect and can serve as a surrogate marker of
CAR T-cell persistence. The duration of B-cell aplasia is variable,
ranging from weeks to years.” While sustained CAR T-cell per-
sistence is valuable for relapse prevention, B-cell aplasia and
hypogammaglobulinemia produce a humoral immune defect.
While immune globulin supplementation is discontinued in some
adult patients in the absence of recurrent infections despite per-
sistent hypogammaglobulinemia, this approach has not been
evaluated in pediatrics.” Because immune reserve is dependent
on plasma cell mass, which increases with age, the adult experi-
ence cannot be directly extrapolated to pediatrics.” In addition
to immune globulin support, prophylactic antimicrobial agents
are considered for patients undergoing CAR T-cell therapy. In
general, Pneumocystis jiroveci pneumonia (PJP) and herpes viral
prophylaxis are recommended at a minimum until CD4+ lympho-
cyte counts are greater than 200/uL, though optimal duration
is not well defined.”®"* Practices for additional antifungal and
antibacterial prophylaxis are variable and may include consider-
ations for duration of neutropenia.

Current recommendations are to continue immune globulin
supplementation in pediatric patients unless there is evidence

of de novo production.’??° With this supportive care practice,
the limited initial experience of late infections is low, with mild
upper respiratory infections occurring most frequently.?’ Ongo-
ing immune globulin supplementation limits the ability to assess
potential vaccine response after CD19-CAR T-cell therapy. While
live vaccinations should be avoided due to safety considerations
in patients without immune recovery, further investigation is
needed to determine whether there is any clinical benefit for
attempting other re-vaccination in patients with indefinite B-cell
aplasia.’#??

Neuropsychiatric and neurocognitive impact
In the acute setting, ICANS can have variable presentations,
ranging from headache and confusion to seizures and somno-
lence.?*?% While the most obvious symptoms of ICANS typically
resolve within the first month, patients have not been routinely
assessed for the persistence of more subtle neurocognitive
changes. In quality-of-life measures, patients report that CAR
T-cell therapy carries a notable symptom burden in the acute
phase but improves over time after therapy.?¢ However, in adult
cohorts, CAR T-cell recipients report an increased incidence of
neuropsychiatric symptoms compared with the general popu-
lation?” and concerns for persistence of some cognitive delay,
despite generalized improvements.?® While history of ICANS is
identified as a potential risk factor for ongoing neurocognitive
and neuropsychiatric effects, these have also been identified in
patients who did not experience ICANS.?:28

Routine neurocognitive assessments and evaluation for per-
sistent or delayed-onset neurologic toxicities incorporating
patient-reported outcomes will be required to better profile
the neurologic and psychosocial impact of CAR T-cell therapy.
Identifying factors such as persistent anxiety, stress, or depres-
sion related to the CAR T-cell treatment experience that impact
social function will be necessary to provide optimal psychoso-
cial support to patients and families. This evaluation is complex
in a cohort historically exposed to other potentially neurotoxic
therapies with delayed-onset symptoms, including intrathecal
chemotherapy, radiation, and HCT.? Capturing prior treatment
exposures will be necessary to isolate which neurocognitive out-
comes may be attributed to CAR T-cell therapy and will be vital
for decision-making as CAR T cells are increasingly integrated
into the care of children with B-ALL.

Other organ toxicities

Additional organ-specific toxicities have been identified in the
acute phase after CAR T-cell therapy, particularly cardiac, pul-
monary, and renal toxicities in the setting of cytokine release
syndrome.**3* |n the observed experience to date, primarily in
adult patients, these effects generally improve with resolution
of the acute inflammatory state.” With B-ALL, local inflamma-
tion at sites of extramedullary disease (eg, pulmonary, peri-
ocular) may also be associated with manifestations of unique
toxicities.’>335 Accordingly, as approaches in CAR T cells tar
geting brain tumors evolve, recognition of tumor inflammation-
associated neurotoxicity®® necessitates both unique mon-
itoring and treatment strategies. Evaluation of novel CAR
T-cell targets for a range of malignancies will also require a
high index of suspicion for new on-target, off-tumor effects.
Further systematic evaluation will be required to deter-
mine the delayed toxicities of CAR T-cell therapy on systems
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Table 2. Future study of late effects following CAR T-cells

Recommendations

Long-term monitoring guidelines

At present guidelines specific to CAR T-cell long-term follow-up do not exist. Recommend use of existing
guidelines for post HCT (if indicated) or completion of therapy follow-up for specific end-organ monitoring
(eg, endocrinopathies, neurocognitive function, cardiac) as related to impact of therapy a patient may have

received prior to CAR T-cells.

Continue monitoring for B-cell aplasia, hypogammaglobulinemia, and responses to vaccination.

implemented.

CAR T-cell-associated mutagenesis | To date, CAR T-cell-induced malignancies have not been seen with use of standard approaches to
transduction and manufacturing approaches. Continue ongoing monitoring as novel strategies are

Second malignant neoplasms

Risk is likely not higher with use of CAR T-cells above and beyond what would be anticipated in patients
with comparable lines of prior therapy. Close monitoring will be needed as patients receive fewer lines of
therapy and get CAR T-cells earlier in the treatment paradigm.

Fertility

The impact of CAR T-cells on fertility is unknown. Systematic studies of patients who go on to father a
child/become pregnant and have a live birth are needed. Improved strategies for implementing fertility
discussion in the peri CAR T-cell setting are needed (beyond those advising on avoiding pregnancy in the
immediate CAR T-cell infusion period).

HCT, hematopoietic cell transplant.

especially relevant to children and young adults, including
psychosocial considerations, endocrine, growth, and metab-
olism, and to evaluate how the long-term risk profile of CAR
T-cell therapy compares with other therapeutic options.*

CLINICAL CASE 2

A 23-year-old woman with a history of relapsed/refractory B-ALL
is now 5 years status post tisagenlecleucel infusion. Her history
is notable for a prior myeloablative total body irradiation-based
allogeneic HCT from a matched sibling donor. She received CAR
T cells for relapsed disease 1 year post HCT. Following infusion,
she achieved a complete remission, has not received any subse-
quent intervention or reinfusions, and remains with B-cell aplasia
requiring immunoglobulin replacement. She recently moved to a
new state and is establishing care with a survivorship clinic. Her
new provider asks her about recommendations for long-term
follow-up after CAR T cells.

Late effects of CAR T-cell therapy

As the earliest cohorts of children and young adults who
received CAR T-cell therapy for B-ALL are entering into a decade
post their initial infusion, there is an emerging need to under-
stand late effects for children and young adults who receive
this novel therapy. With the goal of improving long-term dura-
ble remissions, extended follow-up from initial studies confirm
that CD19-directed CAR T cells may be used as a singular ther-
apy in a subset of patients¥ or as a bridge to HCT for others.33
Experience accumulated over the past decade has generated
important insights into clinical factors important for maintaining
long-term durable remissions.***" Evolving strategies will likely
serve to help differentiate patients in whom CAR T cells will
be curative as standalone therapy versus those at highest risk
of treatment failure where risk-mitigation strategies to prevent
relapse, such as a preemptive consolidative HCT, may be indi-
cated, particularly for an HCT naive patient.*? Accordingly, the
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number of children and young adults who receive CAR T cells will
continue to increase, as will the proportion of patients who live
into the survivorship phase.

Long-term monitoring following CAR T cells
At present, there are no standard guidelines specific to long-term
monitoring in recipients of CAR T cells (Table 2). As patients
who are referred for CAR T cells are those with relapsed/refrac-
tory disease and have generally received multiple lines of prior
therapy (including HCT) or will be receiving HCT, referral to
survivorship clinics and/or adopting use of guidelines applica-
ble to monitoring organ-specific toxicities in the post-HCT or
completion of therapy setting will be critical until CAR T-cell-
specific late toxicities are more well-established.**** Similarly,
current recommendations for screening and monitoring neuro-
cognitive function in long-term survivors of B-ALL therapy could
be evaluated for use in ongoing follow-up for patients receiving
CART cells.*s4¢

As recent data have shown that contemporary survivors of
standard-risk ALL have reduced late mortality and morbidity,*
it will be imperative to evaluate whether long-term morbidity
and mortality continue to decrease with earlier utilization of CAR
T cells prior to receiving multiple lines of salvage therapy and
potentially reducing the need for HCT.

CAR T-cell-associated mutagenesis (or lack thereof)

Beyond single CAR T-cell infusions, reinfusion of the same CAR
T-cell product# or use of an alternative CAR T-cell construct*?
for preventing or treating post-CAR T-cell relapse is increas-
ingly being employed. How this utilization, with receipt of
multiple doses of genetically modified therapy, impacts long-
term outcomes remains to be seen. Reassuringly, extensive
data over numerous CAR T-cell trials have shown no evidence
of replication competent retrovirus/lentivirus using standard
CAR T-cell manufacturing and transduction methodologies.>*'
However, with technological advances, ongoing monitor-
ing will be needed—as shown in a recent case of CAR T-cell-
associated lymphoma using a piggyBac-modified CD19-CAR
T-cell construct.*
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Second malignant neoplasms

In addition to considerations of CAR T-cell-associated malig-
nancies, patients remain at risk of developing second malignant
neoplasms based on their prior therapies. The additive impact of
CART cells in this setting is unknown but reassuring, suggesting
that the incremental risk of CAR T cells (and the associated
lymphodepletion chemotherapy with fludarabine and cyclo-
phosphamide) on second malignant neoplasms is not higher
than what would be expected in patients who are heavily pre-
treated.>** Earlier incorporation of CAR T cells prior to multiple
lines of therapy and/or HCT may improve the risk of second
malignancies overall and warrants further study.

Lineage switch, which is an immunophenotypic switch of the
underlying genomic clone, as to be differentiated from a second
malignant neoplasm, remains problematic—particularly in B-ALL
following immunotherapy. While the overall incidence remains
unknown, a recent study suggests that it comprises 7.2% of
all the relapses seen following CD19-CAR T cells in a pediatric
population—all of whom had poor outcomes.® As most cases
occurred acutely (much earlier than 2 years post infusion), it
remains unclear whether patients will remain at risk of lineage
switch when they are several years out from CAR T cells.

Fertility following CAR T cells

As children and adolescents move into the phase of cancer sur-
vivorship, issues of fertility often move into the forefront. Guide-
lines for fertility preservation,’” generally implemented prior
to initiation of therapy—as feasible and if age appropriate—
establish a critical foundation for enhancing long-term quality
of life in cancer survivors. In acute leukemia, however, fertility
preservation may not be possible prior to initiation of ther-
apy, and concern for residual disease in sanctuary sites like the
ovary®® (eg, for ovarian cryopreservation) remain problematic.
Additionally, in individuals undergoing myeloablative HCT with
use of TBI or busulfan, gonadal toxicity is substantial, leading to
permanent infertility in most patients.>*' In the context of CAR
T cells in patients with refractory disease who have received
multiple lines of prior therapy, potentially including myeloabla-
tive HCT, concerns for preexisting infertility and the need to get
to CAR T cells urgently often precludes discussions regarding
fertility.

Nonetheless, with increasing use of CAR T cells to spare HCT
and/or additional chemotherapy, several patients who have
had children after using CAR T cells (either fathered a child or
became pregnant with a live birth) have been briefly reported.*
Indeed, as CAR T cells are used earlier, the proportion of patients
in whom fertility could be preserved may increase—making it
imperative to systematically address fertility issues in the peri-
CAR T-cell setting moving forward.

Discussion

The transformative impact of CAR T cells for children and young
adults with B-ALL is undisputed. Indeed, those with chemother-
apy refractory disease and whose hope of cure was dismal are
now surviving. As the CAR T-cell use becomes more prevalent
and moves earlier into the treatment paradigm, understanding
both the subacute and delayed toxicities, alongside identify-
ing issues unique to CAR T cells in the study of late effects and
survivorship, will become paramount. As CAR T cells continue
to expand in scope with novel antigen targeting, combinatorial

strategies and across different diseases, issues of delayed tox-
icities and post-CAR T-cell survivorship will increase, particu-
lar as the therapeutic index of these novel strategies improves.
We outline current considerations and anticipate tremendous
growth in the study of delayed toxicities and late effects over
the next decade.
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CAR T CELLS IN ALL: BRIDGE OR DEFINITIVE THERAPY?

Stem cell transplantation for ALL: you've always
got a donor, why not always use it?

David Shyr,"? Kara L. Davis,"* and Alice Bertaina'?

'Division of Hematology, Oncology, Stem Cell Transplantation and Regenerative Medicine, Department of Pediatrics, Stanford University School of
Medicine, Palo Alto, CA

2Center for Definitive and Curative Medicine, Department of Pediatrics, Stanford University School of Medicine, Palo Alto, CA

3Center for Cancer Cellular Therapy, Stanford University School of Medicine, Palo Alto, CA

Hematopoietic stem cell transplantation (HSCT) represents a consolidated therapeutic strategy for high-risk pediatric
acute lymphoblastic leukemia (ALL), offering the potential for curative treatment. This manuscript delves into the debate
around the more universal application of HSCT for pediatric ALL in the modern era, considering the ubiquitous availability
of suitable donors. In fact, despite significant advancements in chemotherapy, targeted therapy, and immunotherapy, a
subset of pediatric patients with ALL with high-risk features or relapse continue to encounter poor prognostic outcomes.
For this subgroup of patients, HSCT often remains the only potentially curative measure, leveraging the graft-versus-
leukemia effect for long-term disease control. Nevertheless, the procedure's complexity and associated risks have tradi-
tionally curtailed its widespread use. However, the scenario is shifting with improvements in HLA matching, availability
of alternative donor sources, less toxic conditioning regimens, and improved supportive care protocols. Concurrently,
emerging therapies like CD19+ CAR T cells present new considerations for definitive therapy selection in relapsed/
refractory ALL. This article reviews critical current evidence and debates the potential of HSCT as a more universal treat-
ment for ALL, reevaluating traditional treatment stratification in light of the constant availability of stem cell donors.

LEARNING OBJECTIVES

« To understand the current landscape of donor availability for HSCT in pediatric ALL and the reasons why HSCT is
not utilized universally

« To weigh the benefits and drawbacks of HSCT in pediatric ALL, including survival outcomes, risk of GvHD,
and treatment-related toxicities

« To explore the potential of integrating HSCT with other treatment modalities such as CAR T therapy

« To understand how advances in HSCT have improved accessibility to treatment for pediatric ALL, reducing
disparities in care

cytometry and next-generation sequencing (NGS). Subse-

CLINICAL CASE 1 quently, the patient underwent allogeneic hematopoietic

84

A 9-year-old male presented with relapsed B-lineage
acute lymphoblastic leukemia (ALL), which was first diag-
nosed when he was 2 years old. He received ALL treat-
ment per BFM-90 in his home country. This patient had his
first relapse at the age of 7 and was treated with chemo-
therapy per BFM-95. He presented to our institution with a
second relapse and had both bone marrow (BM) and cen-
tral nervous system involvement. Cytogenetics testing
showed complex chromosomal abnormalities, including
additions of unknown material to chromosomes 3, 7, and
10, as well as monosomy 17. He received CD19 CAR T cells
(Kymirah) and achieved complete remission by both flow
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stem cell transplantation (HSCT), while still having B-cell
aplasia (BCA) and in complete remission (CR) as deter-
mined by NGS minimal residual disease (MRD), with rab-
bit antithymocyte globulin, 1320 cGy of fractionated total
body irradiation (TBI), thiotepa 10 mg/kg, fludarabine
160 mg/m?, followed by TCRaB/CD19+ B-cell-depleted
peripheral blood stem cell graft. The post-HSCT course
was complicated by transplant-associated thrombotic-
microangiopathy, which subsequently led to renal failure.
Six months post-HSCT, he experienced a third leukemia
relapse (BM only). As a result, he received institutional
CD19/22 CAR T (NCT03233854) but had no response. A
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Heme Stanford Actionable Mutation panel performed on leu-
kemic BM cells shortly prior to his death showed pathogenic
TP53 and NRAS mutations with high variant allele frequency not
identified at the diagnosis sample.

CLINICAL CASE 2

A 20-year-old patient presented with very-high-risk B-lineage
ALL first diagnosed at 14 years old. Cytogenetic testing revealed
hypodiploidy. He received treatment per COG AALL1131 and
achieved CR with negative MRD by flow cytometry at end of
the induction cycle. He relapsed 16 months after the end of
his chemotherapy treatment (BM only) and was treated with
institutional CD19/CD22 CAR T cells (NCT03233854) 1 month
after relapse. Foundation One testing on the relapsed BM sam-
ple prior to CAR T infusion found CDKN2A/B exon 2-3 loss and
RUNX1T1 A471V alteration. He achieved CR2 with CAR T cells
but had loss of BCA 3 months later and relapsed 6 months
post CAR T. He was then treated with an individualized proto-
col consisting of inotuzumab, blinatumomab, dexamethasone,
and vincristine. Once in remission, he underwent HSCT using
a haploidentical sibling BM graft conditioned with TBI 1200
Cy, cyclophosphamide 100 mg/kg, thiotepa 10 mg/kg, and
100 mg/kg of posttransplant cyclophosphamide. Tacrolimus
and mycophenolate were administered as GvHD prophylaxis.
His transplantation course was complicated by veno-occlusive
liver disease with hepatorenal syndrome requiring dialysis, as
well as idiopathic pneumonitis syndrome. At the last follow-
up (120 days post-HSCT) the patient is alive, disease free, and
off steroids and etanercept used to control the pulmonary
alloimmune-mediated complication.

Introduction

Pediatric ALL, a rapidly progressive hematologic malignancy, is
the most prevalent form of childhood leukemia. Current thera-
peutic modalities such as chemotherapy, targeted therapy, and
immunotherapy have substantially improved overall survival (OS)
rates.! Despite these advancements, a subset of patients with
high-risk features or those who experience a relapse after ini-
tial treatment continue to face poor outcomes, with 5-year sur-
vival rates approximately at 50%.2 For this group of patients,
allogeneic HSCT often represents the only potentially curative
option.?2 HSCT is a long-established standard of care for these
patients with long-term favorable OS outcomes.® However, its
role in the treatment paradigm of ALL remains a topic of ongo-
ing discussion. HSCT leverages the immunologic graft-versus-
leukemia effect to eradicate residual leukemic cells, offering the
promise of long-term disease control. Even so, HSCT is a com-
plex procedure with significant associated risks, including graft-
versus-host disease (GvHD), infections, and transplant-related
mortality (TRM), which have traditionally limited its universal
application.

In recent years, improvements in donor matching, condition-
ing regimens, and supportive care, coupled with the advent of
alternative donor sources such as haploidentical donors and
umbilical cord blood, have expanded the availability of HSCT.
Additionally, the recent emergence of CD19+ CAR T cell therapy

as viable treatment option for relapsed and refractory (R/R)
ALL offers unique considerations for the selection of definitive
therapy in these patients. These advances raise a provocative
question: if a suitable stem cell donor can always be found for
patients with ALL, should HSCT be used more universally in the
treatment of this high-risk disease? Here we will explore this
question, reviewing the current evidence and providing per-
spectives on the optimal use of HSCT in the management of R/R
ALL (Table 1).

Allogeneic HSCT for pediatric ALL in 2023: an overview
HSCT has an established track record in pediatric ALL, spanning
multiple decades and hundreds of pediatric patients. Studies by
Pulsipher et al and others show that 5-year event-free survival
(EFS) and OS rates post allogeneic HSCT in high-risk pediatric
patients with ALL range between 55% and 75%, influenced by
factors like conditioning regimen, donor source, and MRD.** The
2022 Center of International Blood and Marrow Research regis-
try data show a 3-year OS of ~78% in pediatric patients with ALL
transplanted with HLA-matched donors (related or unrelated) in
CR1, and 68% in CR2. Similarly, excellent results are observed
in HSCT using unrelated mismatched donors (68% in CR1, 61% in
CR2).%¢ It is important to note that these survival rates can vary
significantly based on several factors, such as the patient's risk
stratification, disease status at transplantation, conditioning reg-
imen, donor type, and GvHD prophylaxis.

For instance, while HSCT has been demonstrated capable of
achieving durable remission, it is mostly ineffective in patients
with detectable disease at the time of HSCT.” This observation
underscores the importance of effective induction and consoli-
dation therapy for achieving deep MRD negativity prior to pro-
ceeding with HSCT in the pediatric population with ALL. A study
by Bader et al revealed that MRD positivity (=107*) pre-HSCT
was associated with an increased relapse rate and inferior EFS
and OS rates when compared to patients who achieved MRD
negativity (<107*) before HSCT.® Pulsipher et al confirmed that
MRD negativity pre-HSCT correlates with improved 5-year EFS
in this setting.’ Thus, therapeutic strategies aiming to maximize
the likelihood of achieving MRD negativity pre-HSCT may sig-
nificantly improve long-term survival in this patient population.

Quality of life post-HSCT is an equally critical aspect. While
HSCT can introduce potential complications such as chronic
GvHD and long-term organ toxicities, advancements in support-
ive care and GvHD prophylaxis have led to significant improve-
ments. Although HSCT recipients might experience some
long-term effects, most pediatric patients exhibit acceptable to
good health-related quality-of-life scores in the years following
HSCT compared to patients with other cancers.”® Collectively, all
available data suggest that, while HSCT has shown great bene-
fits in terms of survival outcomes and an improved quality of life,
careful patient selection, optimal conditioning regimen, metic-
ulous GVHD prophylaxis, and comprehensive supportive care
remain crucial for its success in treating pediatric ALL.

Historically, the use of HSCT has been limited by the availabil-
ity of matched donors. More recently, the adoption of high-reso-
lution HLA-typing methods has enabled more accurate matching
of donors and recipients, leading to better survival and a reduc-
tion in the risk of GvHD. Of note, the likelihood of finding an
optimal donor varies among racial and ethnic groups, with the
probability of identifying an appropriate donor being highest
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among Wwhites of European descent (75%) and lowest among
blacks of South or Central American descent (16%)." Thus, it
is paramount to develop strategies that allow the use of mis-
matched donors, which would significantly widen the accessi-
bility of HSCT for every patient in need. One such strategy is the
introduction of alternative donor sources, such as haploidentical
donors and umbilical cord blood. With haploidentical HSCT, a
partially HLA-matched family member can serve as a donor, thus
virtually providing a suitable donor for nearly every patient in
need. A recent meta-analysis revealed no significant difference in
OS between haploidentical, matched, or cord blood transplants.
Interestingly, relapse was higher in matched sibling donor trans-
plants, but haploidentical transplants had a higher GvHD inci-
dence, suggesting their safety and a better leukemic control
if GVHD is managed. Of note, the meta-analysis predominantly
included T-replete haploidentical transplants with specific GvHD
prophylaxis (serotherapy, calcineurin inhibitor, and methotrexate
or mycophenolate).”

The successful implementation of haploidentical (haplo-)
HSCT has been largely the result of the development of 2
approaches: the introduction of post-transplant cyclophospha-
mide (PT-Cy) and the use of ex vivo T-cell depletion strategies.™*
The use of PT-Cy after unmanipulated HSCT has shown ability to
control severe GvHD in adults.” However, long-term outcome
data in pediatric patients are still lacking. On behalf of the EBMT,
Ruggeri et al analyzed the outcomes of haplo-HSCT with PT-Cy
in 180 children with ALL and found that disease status, age at
transplantation older than 13, and the use of peripheral blood
stem cells (PBSC) were factors associated with decreased OS.*

On the flip side, in the Western world, a burst of ex vivo T-cell
depletion strategies have been implemented, with the goal of
reducing the risk of GvHD mediated by the mismatched allore-
active T cells, while retaining the graft-versus-leukemia effect of
effector T cells. A strategy that attracted considerable interest
and that is now widely used in both Europe and the US involves
the selective elimination of a3 T cells and CD19+ B cells from
the graft (aBhaplo-HSCT). This advanced graft manipulation
approach enables the transfer of large numbers of donor hema-
topoietic stem cells and committed hematopoietic progenitors,
as well as mature natural killer and y& T cells to the recipient.”®
European studies found risks following aBhaplo-HSCT in pediat-
ric patients with leukemia comparable to HLA-identical sibling or
unrelated donor-HSCT, but with lower GvHD rates and improved
GvHD-free/relapse-free survival.” A 2022 study by Pulsipher et
al confirmed low GvHD and TRM rates and suggested the supe-
riority of reduced toxicity preparative regimen in ahaplo-HSCT
settings, challenging the benefits of TBI-based regimens.”

Another source of stem cells is umbilical cord blood. Com-
pared to BM or PBSC transplants, UCB transplantation offers
advantages such as faster availability, less stringent HLA match-
ing requirements, simpler procurement, and low chronic GvHD
rates.?®? There is evidence indicating that UCB transplantation
may be considered the preferred option in situations at high risk
of leukemia relapse, as recently observed in patients with pre-
transplant persistent MRD.??

Is HSCT a universal solution for pediatric R/R ALL?
Weighing the pros and cons

As we strive to refine the best therapeutic approach in pedi-
atric R/R ALL, the universal application of HSCT is a subject of

continuous debate, especially in light of more recent advance-
ments in cell therapy (ie, CAR T). To fully understand HSCT
potential as a standard intervention, it is crucial to weigh the
advantages and drawbacks that stem from its broader use in
this patient population.

Pros of universal HSCT for pediatric R/R ALL

1. Higher long-term survival rates: several studies indicate HSCT
can offer improved survival rates, especially for high-risk or
relapsed patients. Leukemia-free survival and OS have been
well established in hundreds of patients over decades of col-
lective experience utilizing different donor sources.*

2. Potential for cure: HSCT offers the possibility of a definitive
cure, rather than the management of disease remission as
other therapies.?

3. Universal donors' availability: Improvements in HLA-matching
techniques have expanded the donor pool, making HSCT a
viable option virtually for every patient who needs it.?

4. Reduced treatment-related toxicities: Advances in condition-
ing regimens, supportive care, and strategies to prevent and
treat GVHD have helped minimize transplant-associated mor-
bidity and mortality.?>%

5. Strategic role of HSCT: HSCT can serve as a powerful alterna-
tive or adjunct treatment in patients with refractory disease
unable to achieve remission.>2®

Cons of universal HSCT for pediatric R/R ALL

1. Risk of GvHD: Despite the implementation of modern prophy-
lactic strategies, the incidence of acute GVHD remains signif-
icant, varying greatly depending on the donor sources and
contributing to both morbidity and mortality.?¢ However, the
implementation of graft manipulation strategies remarkably
reduced this risk.?

2. Risk of relapse: While reduced, the risk of relapse post-HSCT is
still present and ranges between 20% and 50%, mostly based
on the disease status at the time of HSCT (see also Table 1).3°

3. Long-term side effects: HSCT recipients may suffer from
long-term sequelae, including endocrine, cardiovascular, and
psychosocial complications.’' This risk is mostly associated
with the use of myeloablative conditioning regimens. TBI
constitutes a key component of myeloablative conditioning
for ALL.32%® One mitigating strategy is the recent use of volu-
metric modulated arc therapy TBI, an innovative and precise
radiation delivery strategy that has showed favorable toxicity
profiles, excellent disease control, and improved organ spar-
ing in children and young adults.3*3¢

4. TRM: Despite tremendous improvements, the risk of TRM re-
mains and accounts for about 5%-20% of patients across do-
nor sources. Infections and severe GvHD still represent the
main causes.”’

5. Cost and resource-intensive: HSCT is a complex procedure
requiring significant healthcare resources and can be cost pro-
hibitive in certain settings.*® Strategizing about cost-effective
care models and optimizing resource allocation is crucial to
increase the accessibility and affordability of HSCT, ensuring
that all children with ALL who could benefit from it can do so.

Look to the future: the expert's perspective

While allogeneic HSCT stands as the current gold standard for
pediatric ALL, the revolutionary allure of CAR T-cell therapies
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Figure 1. Factors influencing the selection of definitive therapy in R/R pediatric ALL. The chart graphically represents the many
factors that contribute to the cost-benefit analysis of the selection of definitive therapy with the highest chance of clinical success in
R/R pediatric patients with ALL.
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Figure 2. Proposed clinical decision-making flowchart for R/R pediatric ALL. This figure proposes a novel schema for clinical deci-
sion making regarding the selection of definitive therapy for R/R pediatric ALL. Given the vast number of considerations that influ-
ence the selection of definitive therapy in these difficult cases, this schema provides a framework to guide clinical decision making.
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cannot be denied. Boasting impressive remission rates (80% CR
MRD at 100 days***?) and a tantalizing glimpse at a potential cure
for ALL, CAR T-cell therapies beckon as a game-changing con-
tender in the therapeutic landscape. However, recent data from
the pivotal ELIANA trial showed 3-year OS of 63% and relapse-
free survival around 50%, suggesting HSCT may be needed for
long-term control.*®

Currently, the convergence of HSCT and immunotherapy rep-
resents the most captivating frontier in the field, and we can
foresee that the combination of HSCT with innovative cell ther-
apies will lead the wave of future pediatric cancer immunother-
apy clinical trials. Identifying biomarkers and other parameters
that determine the response to CAR T treatment (ie, anticipate
antigen-escape relapse) vs the need for immune and myeloabla-
tion followed by HSCT is crucial for successfully pinpointing the
need and the optimal timing for HSCT. As described in the clinical
case 1, using HSCT as consolidative therapy after CAR T might
not always be the right choice. On the other hand, watch and
wait for CAR T and/or BCA loss inevitably means significantly
increasing the risk of transplant-related toxicity as a result of the
need of reinducing leukemia remission (as in the clinical case 2).

In conclusion, in managing pediatric R/R ALL, HSCT and CAR
T both present unique strengths and challenges. The selection
of treatment must consider a multitude of factors specific to the
patient and treatment center, beyond just reported outcomes
(Figure 1). To enhance therapeutic decision making, guidelines
incorporating disease risk stratification, leukemia genetic pro-
file, ultrasensitive NGS MRD measurement to assess remission
depth, organ function, complications history, donor options,
conditioning regimens, and cellular therapy access need devel-
opment. Here we propose a cascade of clinical considerations to
decide whether HSCT should be always offered as curative treat-
ment for pediatric R/R ALL or not (Figure 2). While current evi-
dence supporting the use of new diagnostic tools (ie, the role of
somatic mutations) for clinical management remains inadequate,
their potential to influence treatment outcomes is significant.
Determining the optimal treatment for R/R ALL patients con-
tinues to be challenging. However, well-designed prospective
clinical trials hold promise for more informed decision making,
using a range of treatment strategies tailored to the individual
patient's needs.
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CD19-specific chimeric antigen receptor (CAR) T-cell therapy has become an integral part of our treatment armamen- é?
tarium for pediatric patients with relapsed or refractory B-cell acute lymphoblastic leukemia (B-ALL). However, despite )
initial remission rates of greater than 80%, durable remission occurs in only 40% to 50% of patients. In this review we &
summarize our current knowledge of the role of consolidative hematopoietic cell transplantation in the management of %
pediatric patients who achieved a minimal residual disease-negative complete response post CD19 CAR T-cell therapy. In S
addition, we review approaches to enhance effector function CD19 CART cells, focusing on how to improve persistence 3
and prevent the emergence of CD19- B-ALL blasts. S
g
LEARNING OBJECTIVES §
« Understand the role of hematopoietic stem cell transplantation post CD19 CAR T-cell therapy ?C.F’
o Explain common mechanisms of ALL recurrence post CD19 CAR T-cell therapy g
» Explain approaches to enhance the anti-ALL activity of CD19 CAR T cells g
2
®
Introduction Therefore, a key focus in the field includes efforts to better §
CD19-redirected chimeric antigen receptor (CAR) T-cell identify patients at higher risk of disease recurrence post §
therapy is an effective therapeutic modality for pediatric ~ CAR T-cell therapy, as well as investigation of novel treat- 2
patients with relapsed and/or refractory (R/R) acute lym- ~ ment approaches aimed to enhance CAR T-cell efficacy.* i
phoblastic leukemia (B-ALL), a patient cohort that historically In this educational review, we present 2 cases high- S
was largely incurable.? However, despite initial remission  lighting the current challenges and then review the role el
rates of greater than 80% across studies, durable remission ~ of hematopoietic cell transplantation (HCT) post CD19 &
occurs in only 40% to 50% of patients. This includes the use ~ CAR T-cell therapy and approaches to enhance the anti- el
of the US Food and Drug Administration-approved product ~ ALL activity of CD19 CAR T cells. Thus, the broad learning S
tisagenlecleucel, as well as other CD19-directed CAR T-cell ~ objectives are to i) understand the role of HCT post CD19 3
products evaluated in clinical trials.>® While data suggest-  CAR T-cell therapy and ii) explain common mechanisms of %
ing risk factors for disease nonresponse or relapse have therapeutic failure and approaches to enhance the anti-ALL N
been reported, including high leukemic disease burdenand ~ activity of CD19 CART cells. S
a history of nonresponse to other CD19-directed therapies,
it is currently unknown for which patients stand-alone CD19
CAR T-cell therapy is curative.®™
Outcomes after CAR T-cell relapse are dismal® and it is ~ CLINICAL CASE 1
therefore critical to identify patients at high risk of relapse A 6-year-old boy with standard-risk B-ALL was treated
through close monitoring for CAR T-cell persistence in con-  with standard chemotherapy, achieved remission at the
junction with frequent disease evaluations in the first year  end of induction therapy, and then suffered a relapse
post CAR T-cell infusion. While many factors have to be  during maintenance therapy. He had persistent CD19+
taken into consideration when making post-CAR T-cell ther- B-ALL after 2 cycles of intensive reinduction chemother-
apy decisions, a univeral algorithm is yet to be developed. apy. He received CD19-redirected CAR T-cell therapy and
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achieved remission, with no detectable clonal cells by next-
generation sequencing (NGS) testing. He subsequently pro-
ceeded to a consolidative HCT with a matched related donor
and remains in remission 2 years post HCT.

CLINICAL CASE 2

An 18-year-old man with primary refractory Philadelphia chro-
mosome-like B-ALL received CD19-redirected CAR T-cell ther-
apy and achieved remission. At 8 months post-CAR infusion, a
loss of B-cell aplasia (BCA) was noted. A bone marrow biopsy
performed at that time revealed detectable disease by NGS
testing, with a rising copy number on a short interval repeat
marrow. In the setting of loss of BCA and rising NGS, the patient
was considered at risk for impending relapse, received treat-
ment with blinatumomab, proceeded to HCT, and remains in
remission without excessive HCT-related toxicity.

HCT post CD19 CAR T-cell therapy: experience to date
Data on the use of consolidative HCT post CD19 CAR T-cell
therapy in pediatric patents are limited and come largely
from single-center experience using varying CAR T-cell prod-
ucts (Table 1).346810157 While at present it is difficult to draw
overarching conclusions about the role of consolidative HCT
in this patient population, the current experience with HCT
post CD19 CAR T-cell therapy can be used to better under-
stand potential predictors of relapse and identify patients who
might benefit from HCT.

Tisagenlecleucel (Kymriah) is the only commercially avail-
able CAR T-cell product for pediatric patients with R/R CD19+
ALL. It consists of ex vivo activated and expanded autologous
T cells genetically modified with a lentiviral vector encoding a
CD19 CAR with a 41BB.zeta signaling domain (CD19/41BB). With a
follow-up of 38.8 months, the seminal trial and the phase 2 global

registration trial (ELIANA) reported high rates of initial complete
response (CR) with relapse-free survival of 76% and 59%, respec-
tively.34 Analyses of real-world use of tisagenlecleucel by the
Center for International Blood and Marrow Transplant Research
and the Pediatric Real-World CAR Consortium demonstrated
similar response rates.®” Notably, very few patients in these
studies proceeded to a consolidative HCT, and there are limited
data on those who did.

Other CD19/41BB-CAR T-cell products were evaluated in
pediatric patients with R/R B-ALL in early-phase clinical trials.
The PLAT-02 study, a phase 1/2 trial, utilized an institutional
product infused with a defined CD4/CD8 ratio.® Among 64
treated patients, 50 were considered eligible for potential HCT
post CAR T-cell therapy. Of these, 23 proceeded to HCT (sec-
ond HCT, n=10) at a median of 3 months post infusion. Rates
of relapse were lower in the consolidative HCT group (5/23
patients) compared to the non-HCT group (19/27 patients).
One patient died post HCT secondary to treatment complica-
tions. HCT-naive patients had a significantly improved leukemia-
free survival compared to non-HCT-naive patients. Regardless
of prior HCT status, patients with early loss of BCA (<63 days
post infusion) who underwent consolidative HCT had improved
leukemia-free survival compared to those who did not proceed
to HCT.® Another study with an institutional CD19/41BB-CAR
T-cell product demonstrated CRs in 9 of 12 patients treated. Post
CR, 5 patients (all HCT naive, including clinical case 1) went on
to consolidative HCT at a median of 2.7 months post-CAR infu-
sion. All these patients remain in remission, with 1 patient dying
secondary to transplant-related complications. Conversely, the 4
who did not proceed with HCT all subsequently relapsed. Three
of these patients were not considered good candidates for HCT
due to prior HCT status or a history of extramedullary disease,
and 1 relapsed prior to planned HCT.®

The benefit of consolidative transplant in pediatric patients
treated with T-cell products that express CD19 CARs with a
CD28.zeta signaling domain (CD19/CD28) has been demon-
strated by several groups. In one study, 15 of 18 responding

Table 1. Selected studies reporting outcomes of CD19 CAR T-cell therapy +/- consolidative HCT

Center/consortium/study | Trial phase Costim Patients (no.) Initial CR (%) HCT in CR#* Relapse post HCT vs no HCT
CHOP? 1 30 90 3 Relapse: NR vs 8/23 no HCT
ELIANA® 2 79 81 n Relapse: 0/8° vs NR

Seattle® 1/2 64 23 Relapse: 5/23 vs 19/27 no HCT
St Jude?® 1 88 12 75 5 Relapse: 0/5 vs 4/4 no HCT
PRWCC™ N/a 185 85 20 NR

CIBMTR"” N/a 255 86 34 NR

NCI¢ 1 50 62 21 Relapse: 2/21vs 7/7 no HCT
MSKCC™ post HCT CD28 15¢ N/a 15 Relapse: 3/15

sSMcC? 2 30 86 25 Relapse: 8/25 vs 4/5 no HCT

2HCT while in CR.
bData available for 8 out of 11 patients.
cOne patient received a CAR/41BB T-cell product.

CHOP, Children's Hospital of Philadelphia; CIBMTR, Center for International Blood and Marrow Transplant Research; costim, costimulatory domain;
hu, human; St Jude, St Jude Children's Research Hospital; MSKCC, Memorial Sloan Kettering Cancer Center; mus, murine; N/A, not applicable; NCI,
National Cancer Institute; NR, not reported; Pat, patients; PRWCC, Pediatric Real World CAR Consortium; Seattle, Seattle Children's Hospital; SMC,

Sheba Medical Center.
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| CR post CD19-CARTs |

HCT post CD19-CAR T-cell therapy: Points for Consideration

CARTs
* Type of product
(e.g., potential to persist)

Patient
* Ongoing co-morbidities
* Patient/caregiver preferences

v

P

Close monitoring
+ B-cell aplasia
= MRD testing

Planned
consolidative
allogeneic HCT

Disease
* CART: Pre-infusion
* High disease burden
* High risk cytogenetics
* Prior poor response to blina
* CART: Post-infusion
* MRD status

Transplant
* Prior HCT status
* Donor availability

Figure 1. Management approach for patients who achieve remission after CD19 CAR T-cell therapy. The scheme highlights key

factors to consider. blina, blinatumomab; CARTS, CAR T cells; MRD, minimal residual disease.

patients proceeded to consolidative HCT at a median of 57 days
post infusion. Post HCT, 2 patients suffered disease relapse, and
3 died secondary to HCT complications. Investigators found that
patients who received a CD34-selected, T-cell depleted graft or
proceeded to HCT fewer than 80 days from CAR infusion had
better post-HCT outcomes.” In a second phase 1 trial in which 28
patients achieved a CR after CAR T-cell therapy, 21 proceeded to
a consolidative HCT, at a median of 54 days post CAR (second
HCT, n=4). After transplant, 2 patients experienced subsequent
disease relapse, compared to 7 of 7 patients in the nonconsoli-
dative HCT cohort.¢ Additionally, outcomes of a third early-phase
clinical study with a CD19/CD28 CAR T-cell product highlighted
the benefit of consolidative HCT post CD19 CAR T-cell therapy.
Among 30 patients who achieved a CR post CAR T-cell ther-
apy, 25 (17 HCT naive) proceeded to consolidative HCT (median,
71 days). Of these, 8 patients relapsed post HCT, and 2 died sec-
ondary to treatment toxicity, with all but 1 patient relapsing in
the non-HCT group.” In the setting of loss of BCA and rising NGS
post CD19 CAR T-cell therapy, a bridging therapy prior to HCT
that is readily available (eg, blinatumomab for CD19+ leukemia)
might be critical prior to HCT to ensure a disease-free long-term
outcome, as illustrated by clinical case 2.

These data collectively indicate that regardless of the utilized
CD19 CAR T-cell product, patients who are HCT naive benefit
from a consolidative HCT in the setting of limited CAR T-cell per-
sistence. The benefit of a consolidative second HCT is less well
established and, given the risk of significant toxicities, should be
considered carefully and individualized based on the patient's
risk of relapse and ability to tolerate this therapy. In conclusion,
based on current literature, it is difficult to give clear recommen-
dations regarding which patients should be considered for HCT
post CD19 CAR T-cell therapy. Points for consideration are dis-
cussed in the next section and summarized in Figure 1.

HCT post CD19 CAR T-cell therapy:

points for consideration

Prospective studies, albeit difficult to conduct, are ultimately
needed to inform the critical question on the role of consol-
idative HCT after CD19 CAR T-cell therapy, identify high-risk
pediatric patients, and support the development of evidence-
based clinical-decision algorithms. In lieu of such studies, cur-
rent approaches to this question weigh the risks and benefits

of pursuing HCT, considering i) risk factors prior to CD19 CAR
T-cell therapy and ii) monitoring for persistence and response
post infusion (Figure 1).

Risk factors pre CD19 CAR T-cell therapy

Across several studies, the presence of a high disease burden
prior to CD19 CAR T-cell therapy has been associated with a
higher risk of relapse after treatment. While a universal cutoff of
high burden has not yet been determined, some data suggest
a cutoff of as little as greater than or equal to 5% blasts.®®2""
Prior poor response to blinatumomab has also been associated
with a higher relapse risk post CAR.? Other traditional risk factors
for treatment failure have not been recapitulated after treatment
with CD19 CAR T-cell therapy, including subgroups with high-risk
cytogenetics,?° Down syndrome,? infants,?*?* and extramedullary
disease.?*?* Thus, CD19 CAR T-cell therapy has the potential to
redefine treatments for patients who were historically high risk.

Monitoring post CD19 CAR T-cell therapy

Longer CD19 CAR T-cell persistence is associated with improved
relapse-free survival. Post CAR, close monitoring of ongoing
BCA and detection of recurrent and/or persistent disease by
NGS, polymerase chain reaction, and/or flow cytometry serves
as a surrogate of CAR persistence.>®®2126 Notably, relapse risk
decreases with time postCAR T-cell therapy, and most relapses
occur within the initial year after infusion.6'°7?' Even after treat-
ment with CD19/41-BB CAR T-cell products, the loss of BCA
within 6 months or less and/or detectable disease post CAR
T-cell therapy, including by NGS testing, place patients at high
risk of relapse, and these patients may be considered for HCT
prior to disease progression.? It is important to note that BCA is
not a perfect surrogate for relapse risk, as patients may relapse
with antigen loss variants or antigen-positive disease concur-
rent to findings of loss of BCA. Additional considerations include
patient/caregiver preferences, provider experience, and often
provider assessment of the availability of additional viable treat-
ment options if the patient were to relapse post CAR T-cell ther-
apy. Importantly, as CAR T-cell therapies continue to evolve and
the number of patients treated with such therapies increases,
continued investigation and reevaluation of such predictors will
be necessary. Finally, besides patient selection the preferred
HCT approach remains elusive. Ideally, the attainment of deep
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remission with CD19 CAR T-cell therapy would potentially allow
for conditioning regimens that do not use total-body irradiation.?”

Enhanced CART cells

The limited persistence and emergence of antigen loss variants
(ie, CD19- disease) have emerged as the major limitations of
CD19 CAR T-cell therapies,*** and both roadblocks will be dis-
cussed in this part of the review.

Prevention of CD19- relapse post CAR T-cell therapy
Multiple mechanisms of CD19- relapse have been described,
including mutations in CD19 that lead to shedding of the extra-
cellular domain, lineage switch with the recurring leukemia hav-
ing an acute myeloid leukemia phenotype, and the emergence
of a preexisting CD19- clone (Figure 2A).22%' Likewise, the trans-
duction of contaminating ALL blasts in the T-cell products with
the viral vector encoding the CD19 CAR can lead to masking of
CD19 on the cell surface, resulting in ALL blasts that are resis-
tant to CD19 CAR T cells.®? The incidence of CD19- ALL relapse
varies post CD19 CAR T-cell therapy and has been reported to be
between 18% and 25%.5®

Targeting additional antigens is actively being pursued to
prevent the emergence of CD19- ALL blasts. Most efforts are
focused on targeting CD22 based on the encouraging results of
CD22-CART cells as monotherapy for pediatric ALL.3*3* Concep-
tually, dual targeting of CD19 and CD22 can be achieved with 3
approaches (Figure 2B): i) sequential or coadministration of 2 CAR
T-cell products, 1 expressing a CD19 and the other a CD22 CAR,
ii) engineering T cells to simultaneously express a CD19 CAR and
a CD22 CAR, and iii) engineering T cells to express a bispecific
CAR that recognizes CD19 and CD22. All 3 approaches have
been evaluated in early-phase clinical studies, with the larg-
est cohort of patients receiving 2 CAR T-cell products.>*% The
results of these studies indicate that all 3 approaches are safe;
however, it remains to be determined which approach is best
to prevent the emergence of antigen loss variants. In addition

A

Mechanisms of immune escape post CD19-CARTs

+ Mutations in or splice variants of CD19 molecule

* Emergence of pre-existing CD19-negative ALL blasts

* Lineage switch

+ CD19-CAR transduction of ALL blasts during
manufacturing of cell product

Bispecific
CAR

B Two CAR
products

4+ H

[] co19-specific  [] cD22-specific

Co-expression

Figure 2. Mechanism and prevention of antigen loss variants
post CD19 CAR T-cell therapy. (A) Mechanism of CD19-targeted
immune escape. (B) CAR T-cell products to enable dual targeting
of CD19 and CD22.
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to CD22, other targets are actively being pursued to develop
bispecific or trispecific CAR T-cell products for pediatric ALL,3#*°

Enhancing persistence of functional CD19 CAR T cells

The functional persistence of CD19 CAR T cells is routinely
tracked by enumerating normal CD19+ B cells in the peripheral
blood post CD19 CAR T-cell infusion, with the loss of BCA either
indicating the limited persistence of CD19 CAR T cells or the
persistence of dysfunctional CD19 CAR T cells. Several studies
have shed light on the desired characteristics of the leukapher-
esis product used for CD19 CAR T-cell manufacturing and the
product itself associated with the functional persistence of CD19
CAR T cells.“"** These include infusing CD19 CAR T cells that are
derived from naive T cells and are less differentiated at the end
of CD19 CAR T-cell production. However, none of the identified
characteristics have been validated prospectively. Likewise, 2
recent studies have highlighted that long-term persisting CD19
CAR T cells have a unique transcriptional profile,““¢ opening up
the opportunity to develop CD19 CAR T-cell products that pro-
mote the development of these gene signatures.

Combinatorial therapies

CD19 CAR T cells might routinely undergo exhaustion repro-
gramming as highlighted for 1 investigational CD19 CAR T-cell
product, and combinatorial therapies represent 1 approach to
counteract this (Figure 3A). Combining checkpoint inhibitors
with CD19 CAR T cells is actively being pursued for pediatric R/R
ALL, and early clinical data suggest that this approach is safe
and may augment the effector function and persistence of CD19
CAR T cells.” In addition to checkpoint inhibitors, the provision
of cytokines after initial CD19 CAR T-cell expansion and contrac-

A

Combinatorial therapies to improve CD19-CARTs
* Checkpoint inhibitors
* Provision of cytokines post initial CART expansion
and contraction

B Improved CD19-CAR design

CD19 binding domain
e « Lower affinity scFv
* Humanized scFv
Signaling domains
\ » Alternative or additional
costim or activation domains
* Additional domains

(o] 2m genetic CART modification

Transgene expression
* Transcription factors
* Cytokines
= Chimeric cytokine receptors

Deletion of negative regulators
+ Genes involved in
+ CART activation
« Epigenetic programs

Figure 3. Strategies to enhance the effector function of CD19
CAR T cells. Examples of (A) combinatorial therapies, (B) strate-
gies to improve CAR design, and (C) second genetic modifica-
tions of CAR T cells. costim, costimulation.
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tion has demonstrated benefit in preclinical studies, and clini-
cal studies in adults with B-cell lymphoma post CD19 CAR T-cell
therapy are ongoing.

CAR design

Tisagenlecleucel as well as most investigator-initiated CD19 CAR
T cells have employed a single-chain Fv that is derived from the
monoclonal antibody FMC63. It has a high affinity, and studies
have indicated that CAR T cells expressing a CAR that utilizes a
CD19-specific scFv with a lower affinity have improved effector
function.“®*? In addition, utilizing a humanized CD19-specific scFv
has the potential to reduce CAR-specific immune responses,
improving persistence.®® Currently, the choice of costimulatory
domain is the most well-established factor that determines CAR
T-cell persistence, with CD19/41BB CARs having longer persis-
tence than CD19/CD28 CARs (see the section "HCT post CD19
CAR T-cell therapy: experience to date"). Finally, the incorpora-
tion of novel signaling domains holds the promise to generate
CARs that endow CAR T cells with improved effector function
(Figure 3B).53

Additional genetic modification to enhance the effector
function of CD19 CART cells

Conceptually, there are 2 main approaches to enhance the
effector function, including the persistence of CD19 CAR T cells
(Figure 3C). One relies on deleting negative regulators and the
other on transgenic expression of transcription factors, cyto-
kines, and chimeric cytokine receptors.>*%” Examples of deleting
negative regulators include molecules that enhance CAR T-cell
activation, including RASA2 and Regnase-1,°4%? and enzymes that
are critical for the epigenetic reprogramming of CAR T cells,
including TET2 and DNMT3A.*¢2 These approaches are reviewed
in detail in recently published articles.>5¢¢3

Conclusions

Since the infusion of the first pediatric patient with CD19 CAR T
cellsin 2012, CD19 CAR T-cell therapy has become an integral part
of our treatment armamentarium for pediatric patients with R/R
ALL. Currently, there are 2 major, complementary efforts ongoing.
One focuses on increasing our understanding of how to best
use tisagenlecleucel, the only US Food and Drug Administration—
approved CD19 CAR T-cell product for R/R pediatric ALL, and
the other focuses on developing second-generation ALL-specific
CAR T-cell products with enhanced effector function. Based on
our current knowledge, subsets of patients who have received
tisagenlecleucel will most likely benefit from a consolidative
HCT, and further studies are needed to identify these patients.
Likewise, the efficacy of tisagenlecleucel might be improved
with combinatorial therapies. While we know the desired char-
acteristics of enhanced ALL-specific CAR T-cell products—
namely, resistance to antigen loss variants paired with durable
persistence—further preclinical and clinical studies are needed to
delineate the genetic engineering approach to accomplish this.
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Pyruvate kinase (PK) deficiency is a congenital hemolytic anemia with wide-ranging clinical symptoms and complications %
associated with significant morbidity and reduced health-related quality of life in both children and adults. The man- a
agement of patients with PK deficiency has been historically challenging due to difficulties in the diagnostic evaluation, §_
heterogeneity of clinical manifestations, and treatment options limited to supportive care with transfusions and sple- §
nectomy. An oral allosteric PK activator, mitapivat, is now a clinically available disease-modifying treatment for adults %
with PK deficiency. Phase 2 and 3 clinical trials of mitapivat have demonstrated sustained improvements in hemolytic g
anemia, hematopoiesis, and quality of life in many adults with PK deficiency and a generally reassuring safety profile g
with continued dosing. Additional long-term benefits include rapid and ongoing reduction in iron overload and poten- 3
tial stabilization of bone health. Clinical trials of treatment with mitapivat in children with PK deficiency are ongoing. In §
addition to disease-modifying treatment with PK activators, gene therapy is a potentially curative treatment currently a
under evaluation in clinical trials. With the availability of disease-targeted therapies, accurately diagnosing PK deficiency %
in patients with chronic hemolytic anemia is critical. PK activation and gene therapy have the potential to change the cg
natural history of PK deficiency by improving clinical manifestations and patient quality of life and decreasing the risk of §
long-term complications. %
2
LEARNING OBJECTIVES ﬁ
« Evaluate the available data for pyruvate kinase (PK) activators for the treatment of PK deficiency 8
« Apply concepts to generate an approach to the diagnostic evaluation and treatment of PK deficiency é
A
2
2
[e]
Introduction §
CLINICAL CASE Pyruvate kinase (PK) deficiency is rare congenital hemo- E,l
A 32-year-old man presents for a new consultation for  lytic anemia associated with a wide spectrum of symp- 7
chronic hemolytic anemia. He was evaluated for anemia  toms and complications due to chronic hemolysis. PK is %
in early childhood and told that he had hereditary sphero-  a tetrameric glycolytic enzyme that catalyzes the con- §
cytosis. He has not seen a hematologist in many years. He  version of phosphoenolpyruvate to pyruvate and leads 8
received several red cell transfusions in the first few years ~ to adenosine triphosphate (ATP) production. PK defi- 8
of his life but has not since been transfused. At age 10  ciency is an autosomal recessive condition caused by 8
years, he had cholecystitis and underwent laparoscopic ~ mutations in the PKLR gene, which encodes the red cell “
cholecystectomy. At the consult visit, he reports long-  and liver specific isoforms PK-R and PK-L. Given the reli-
standing fatigue that has worsened over the prior 5 years.  ance of mature red cells on glycolysis as their primary
He works full-time as teacher but is unable to exercise,  energy source, PKLR mutations cause an insufficiency in
and he limits activities with his children because of fatigue ~ ATP, which leads to red cell dehydration and membrane
and shortness of breath. He would like to know how he  abnormalities that cause chronic hemolysis and ineffec-
can improve his energy. tive erythropoiesis."* PK-deficient reticulocytes are par-
ticularly susceptible to injury in the hypoxic spleen due to
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Evidence of chronic hemolytic anemia
Patient history and family history, physical exam
lab evaluation: | Hb, T reticulocyte count,T indirect bilirubin

}

Exclusion of other causes of hemolytic anemia (eg,
peripheral blood film review, direct antiglobulin test,
hemoglobin electrophoresis, EMA binding, incubated
osmotic fragility, ektacytometry)

v v

Red blood cell enzyme activity Genetic sequencing
assay (hemolytic anemia gene panel)

| |

Homozygous or compound
heterozygous PKLR mutations

Low pyruvate kinase:
hexokinase ratio

[
v v v
PKLR sequencing PKLR vasriI;:itgisc)a(r)mfc:ncertam Pathogenic PKLR variants

¢ ?V

Heterozygous PKLR Test for intragenic PKLR
mutation/no mutations | > | deletions, mutations in
KLF1

Diagnosis of PK deficiency

Figure 1. Algorithm for the diagnostic evaluation of PK deficiency. An accurate diagnosis of PK deficiency is key for managing patients
with disease-targeted treatments. Diagnostic testing should be considered in patients of all ages with chronic hemolytic anemia. After
hemolysis has been established (low hemoglobin, increased reticulocyte count and indirect bilirubin level), autoimmune hemolytic
anemia, hemoglobinopathies, and membranopathies should be excluded. The peripheral blood film in PK deficiency often does not
have specific red cell morphology except polychromasia. Once the more common causes of hemolysis are excluded, a red cell enzyme
panel or a hemolytic anemia gene panel may be pursued. Falsely normal PK enzyme activity levels may occur with recent red cell trans-
fusions, reticulocytosis, and/or sample contamination with other blood cells. PK enzyme activity is red cell age dependent and will be
low in comparison to other red cell age dependent enzymes, such as hexokinase. In those with a low PK:hexokinase ratio on enzyme
testing, PKLR genetic testing should be pursued given that low PK activity can also be found in carriers of PK deficiency and in those
with mutations in KLF1.3® Up to 20% of patients currently tested will be found to have a PKLR variant of uncertain significance.” In these

patients, a low PK:hexokinase ratio can confirm the diagnosis. EMA, eosin-5'-maleimide.

high ATP needs and reliance on glycolysis rather than oxidative
phosphorylation in the splenic environment.® The glycolytic
intermediate 2,3-biphosphoglycerate (2,3-BPG) is increased in
PK deficiency, causing a shift in the hemoglobin-oxygenation
dissociation curve with a consequent increase in tissue oxygen-
ation; in turn, greater tissue oxygenation can lead to improved
tolerance of anemia in some patients.¢

More than 350 pathogenic PKLR mutations have been
reported, and most patients have compound heterozygous PKLR
variants, leading to wide genotypic variability. The majority have
at least one missense PKLR mutation encoding single amino acid
changes that affect PK catalytic activity, stability, or expression.
Prior studies have not shown a strong genotype-phenotype
relationship, including among siblings, although assessment has
been limited by small patient cohorts and extensive combina-
tions of genotypes.”

The estimated prevalence ranges from 1to 8 in 1 000 000.%°
Diagnostic testing should be considered in patients of all ages
with chronic nonimmune hemolysis and requires high clinical
suspicion given the wide-ranging clinical phenotype and non-
specific red cell morphology (Figures 1 and 2). When available,
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both evaluation of red cell enzyme activity, with a low PK:hexoki-
nase ratio, and PKLR genetic testing should be pursued to allow
the diagnosis to be made based on the combination of test
results, since each has limitations; expert guidelines for diagnos-
tic evaluation are available.®" Although useful for diagnosis, PK
enzyme activity does not correlate with clinical severity and is
not predictive of clinical course.”

CLINICAL CASE (continued)

The patient has a hemoglobin (Hb) level of 8.2 g/dL, reticulocyte
count 20%, indirect bilirubin 3 mg/dl, ferritin 1100 ng/mL, and a
peripheral blood film with polychromasia but otherwise bland
red cell morphology without spherocytes (Figure 2). His direct
antiglobulin test is negative, and a hemoglobin electrophoresis
is normal. His PK activity is 1.4 EU/g Hb (normal range: 3.2-6.5
EU/g Hb) with a hexokinase (HK) activity of 1.07 EU/g Hb (nor-
mal range: 0.14-0.37 EU/g Hb) and PK:HK ratio of 1.31 (reference
normal PK:HK ratio range: 8.7-22.5). A hemolytic anemia gene
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Figure 2. Peripheral blood film from a patient with PK deficiency with an intact spleen (A) and after splenectomy (B). The red
cell findings in PK deficiency with an intact spleen are mild. Nonspecific or bland red cell morphology in a patient with a congenital
hemolytic anemia should raise suspicion for an enzymopathy. After splenectomy, the peripheral blood film is notable for moderate

polychromasia and echinocytes.

panel reveals two pathogenic missense PKLR variants (1529G>A,
1456C>T) consistent with a diagnosis of PK deficiency. Liver iron
quantification with magnetic resonance imaging (MRI) is 7 mg/g
dry weight liver. A dual energy x-ray absorptiometry (DXA) scan
shows the lowest bone mineral density Z-score is —2.5 at the
femoral neck, consistent with osteoporosis.

Symptoms and complications

PK deficiency has a wide clinical spectrum due to both chronic
hemolysis and complications of supportive treatment (Figure 3).
Severe manifestations can occur in utero that result in hydrops
fetalis, growth restriction, and/or prematurity.”” Newborns may
have a presentation ranging widely from compensated anemia
to neonatal hyperbilirubinemia to critical illness with organo-
megaly, hyperferritinemia, and/or liver failure.?” Infants and
children may have poor growth and irritability related to ane-
mia. Affected individuals of all ages may have jaundice, scleral
icterus, fatigue, cognitive effects, or limited exercise tolerance,
all of which can affect quality of life.” Clinical findings include
splenomegaly, iron overload (transfused and nontransfused),
osteopenia and osteoporosis, gallbladder disease, extramed-
ullary hematopoiesis, lower extremity ulceration, and pulmo-
nary hypertension. Iron overload, both due to transfusions and
increased iron absorption, can cause significant morbidity,
including cardiac failure, liver disease, and endocrine dysfunc-
tion.”?™% Regular monitoring of ferritin and MRI guides treat-
ment with iron chelation.” Exacerbations of hemolytic anemia
may occur with infections and pregnancy.? With advancing
age, symptoms associated with anemia may increase in the
presence of additional comorbidities.

Non-PK activator treatment strategies and associated
complications

Prior to the approval of PK activators, management of PK defi-
ciency included supportive treatments of red cell transfusions
and splenectomy and potentially curative treatment with allo-
geneic hematopoietic stem cell transplant (HSCT). Early results
from a gene therapy trial are promising. Decision-making about
treatment with a PK activator should be evaluated in the context
of these management options.

Red cell transfusion therapy is initiated based on growth in
children, symptoms of anemia with impact on quality of life,
complications, and, to some extent, baseline hemoglobin. The
requirement for transfusions decreases over childhood, likely
due to a decrease in the frequency of viral infections and the
historic timing of splenectomy in children.”? Erythropoiesis is
supported with folic acid, particularly in the setting of dietary
limitations or pregnancy. Symptoms of chronic anemia may
increase during adulthood, leading to the initiation of regular
transfusions.

Splenectomy is often considered in childhood for patients
who undergo transfusions or have a poor quality of life due to
anemia.® After splenectomy, many, but not all, patients have
an improvement in hemoglobin (mean hemoglobin increase
1.5g/dL) and transfusion burden.” Splenectomy leads to a par-
adoxical increase in the reticulocyte count. Those with more
severe hemolysis are less likely to benefit from splenectomy.’?™
Hemolysis continues after splenectomy with an ongoing risk of
associated complications in addition to the lifelong risk of sepsis
and thrombosis.™

Although HSCT is a curative treatment, there are no clear
indications for transplant for PK deficiency. Published cohort
studies reveal a higher rate of morbidity and mortality associ-
ated with transplant when compared with supportive care.”?°
A global cohort study described 16 patients with PK deficiency
who underwent transplantation in Europe and Asia (median age
6.5 years, median follow up 2.3 years).?’ Outcomes were poor,
with grade 3-4 graft-versus-host disease in 7 of 16 patients and
a 3-year cumulative survival of 65%.

Gene therapy also represents a potential curative option.???* A
phase 1 clinical trial evaluated the safety of autologous gene
therapy for PK deficiency using myeloablative conditioning
with lentivirus-based genetically modified hematopoietic stem
cells with the corrected PKLR gene. Interim trial results of 2
adults have demonstrated a post-gene therapy normal hemo-
globin, improvement in both hemolytic markers and quality of
life, and a continuous transfusion-free period with 24 months
of follow-up. To date, there have been no serious adverse
events related to the product.?® Long-term safety and efficacy
data collection from the phase 1 trial is ongoing; a phase 2 trial
is planned.
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Fatigue

Persistent or intermittent in
many patients despite shifts
in 2,3-BPG. Regular evaluation
of symptoms and their
impact is needed and may 1
change as patients age.

t Pulmonary hypertension
Occurs in 3%-5% of individuals,
significantly impacts quality
of life. Obtain screening
echocardiogram in early
adulthood, before pregnancy,
and anytime if symptoms occur.

Iron overload
Occurs in >50% of both
transfused and non transfused
patients. Requires regular
monitoring at all ages
regardless of transfusion
status.

Poor bone health
Osteopenia, osteoporosis, and
low bone mineral density
commonly occur in adults.
First DXA scan should occur
in late adolescence.

Endocrinopathies

Occur in up to 10% of
patients. Risk associated
with iron overload.
Monitor endocrine labs
regularly in the setting of
iron overload.

o Extramedullary hematopoiesis
Occurs in up to10% of

patients. Paraspinal,

mediastinal, and other
masses typically present
after childhood. Image
based on symptoms.

Gallbladder disease

N Occurs in 45% of patients, can occur
in young children. Splenectomy
does not decrease future

risk. Cholecystectomy can

be considered at the time of

splenectomy.

Sepsis/thrombosis
M

ore than half of
individuals have undergone
splenectomy, which
increases the lifelong risk
of sepsis and thrombosis
(10% risk).

Figure 3. Signs, symptoms, and complications of PK deficiency.

PK activators for treatment of PK deficiency
Several oral PK activators are in clinical trials for treatment
of red cell disorders. Mitapivat (AG-348, Agios Pharmaceuti-
cals) is an oral allosteric erythrocyte PK activator and is the
only PK activator that has been evaluated for treatment of PK
deficiency (Table 1). Mitapivat binds at the dimer-dimer inter-
face at a separate site from fructose 1,6-bisphosphate on the
PK-R tetramer. The drug is orally bioavailable with or without
food, with a steady state reached after 1 week with twice-
daily dosing. Mitapivat is cleared through hepatic metabolism
by cytochrome P450 enzymes and has an off-target effect
of mild dose-dependent reversible inhibition of aromatase.?
Ex vivo human studies demonstrate increased PK enzyme
activity of both wild-type and variant PK and improvement in
thermostability in variant PK with exposure to mitapivat.?’:2®
In samples from patients with PK deficiency, incubation with
mitapivat improved red cell deformability as measured by
osmotic gradient ektacytometry, improved proliferation of
erythroid progenitor cells, and led to an increase in ATP in a
dose dependent manner.?®

Two phase 1 studies assessed the pharmacodynamics, phar-
macokinetics, and safety of mitapivat.? In the multiple ascending
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dose healthy volunteer study, the maximum ATP increase was
60% and the maximum decrease in 2,3-BPG was 47%, consis-
tent with activation of PK and the glycolytic pathway. The
safety data of both phase 1 studies were reassuring, with no
serious treatment-emergent adverse events. The safety and
pharmacodynamic data provided support for a mitapivat trial
in adults with PK deficiency.

The safety and efficacy of mitapivat in adults with PK defi-
ciency who were not receiving regular transfusions, defined as
<4 transfusions in the prior 12 months, were evaluated in the
open-label randomized phase 2 DRIVE-PK trial.?? Patients were
randomized to 50 mg or 300 mg of mitapivat twice daily for a
24-week period with an optional long-term extension. The primary
endpoint of this study was assessment of safety. The therapy was
well-tolerated; the most common reported adverse events—
headache, insomnia, and nausea—tended to be transient and
resolved within 1 week of drug initiation. One patient developed
acute hemolysis when mitapivat was stopped, leading to a rec-
ommendation for drug taper rather than abrupt discontinuation.
In this trial, 50% (26/52) of patients had a hemoglobin increase
>1g/dL, with a mean maximum increase of 3.4 g/dL (range: 1.1-
5.8 g/dL). The hemoglobin increase occurred quickly (median
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Table 1. Clinical trial data of PK activators for treatment of PK deficiency

Clinical trial

Study information

Summary of main findings

Authors, reference

Healthy Volunteer Trial of
Mitapivat

Phase 1, healthy volunteers

One grade 3 TEAE in multiple ascending
dose study at a dose of 700 mg every

12 hours (abnormal liver function tests).
Hormone changes consistent with reversible,
dose-dependent aromatase inhibition.
Pharmacodynamic profile: maximal decrease
2,3-BPG 24 hours postdose; maximal
increase in ATP between 8-14 days of dosing,
durable for 48-72 h after dosing supporting
twice daily dosing.

Yang H, Merica E, Chen Y, et al.?®

Healthy Volunteer Trial of
Etavopivat

Phase 1, healthy volunteers

Treatment emergent events were mild to
moderate; none led to discontinuation. No
changes in hormone levels.
Pharmacodynamic profile: maximal decrease
2,3-BPG 24 hours postdose; maximal
increase in ATP by day 8 of dosing, durable
for 120 h after dosing supporting once daily
dosing

Forsyth S, Schroeder P,
Geib J, et al.¥

DRIVE-PK trial (mitapivat)

Phase 2, adults with PK
deficiency, not regularly
transfused (<4 transfusions in
prior 12 months)

26/52 (50%) of adults had an increase in

Hb >1g/dL; mean maximum Hb increase
3.4g/dL

Increase in Hb occurred in median of 10 days.
Genotype-hemoglobin response relationship
with all Hb responders with at least one
missense PKLR mutation.

Well-tolerated, most common adverse events
were headaches, insomnia, nausea, generally
resolving within 1 week. Rebound hemolysis
seen with abrupt discontinuation of drug.

Grace RF, Rose C, Layton MD, et al.?

ACTIVATE trial (mitapivat)

Phase 3, adults with PK
deficiency, not regularly
transfused (<4 transfusions in
prior 12 months) and at least
one missense PKLR mutation

16/40 (L0%) receiving mitapivat met the
primary endpoint (Hb 1.5 g/dL, at least

2 timepoints) compared with 0/40 (0%)
receiving placebo

Hemoglobin increase correlated with
improvements in markers of hemolysis and
hematopoiesis and disease-specific patient
reported outcome measures.
Well-tolerated; adverse events (most
common: nausea, headache) were similar in
the placebo and mitapivat arms.

Al-Samkari H, Galactéros F,
Glenthgj A, et al.*®

ACTIVATE-T trial (mitapivat)

Phase 3, adults with PK
deficiency receiving

>6 transfusions in prior

12 months and at least

1 missense PKLR mutation

10/27 (37%) of adults receiving mitapivat
with 233% reduction in transfusion burden.
6/27 (22%) transfusion free after starting
mitapivat.

Adverse events included headache,
nausea, increase in liver enzymes.

Glenthgj A, van Beers EJ,
Al-Samkari H, et al.¥'

ACTIVATE/ACTIVATE-T
open label long-term
extension study (mitapivat)

Extension study of
ACTIVATE/ACTIVATE-T trials

ACTIVATE: 39.5% (15/38) randomized to
placebo had a Hb response after switching
to mitapivat; response by hemoglobin,
hemolytic markers, and patient-reported
outcomes has been sustained for more than
3 years in the majority.

ACTIVATE-T: 37% (10/27) have met criteria for
transfusion response for more than 3 years;
6 patients have remained transfusion free for
more than 3 years.

Well-tolerated, no new safety findings.
Decrease in iron overload by liver iron
concentration and other iron markers seen
in both studies with ongoing improvements
over time.

Sustained stability in bone mineral density
by DXA scan.

Multiple references®3¢

DXA, dual energy x-ray absorptiometry; TEAE, treatment-emergent adverse event.

PK activators for treatment of PK deficiency

101

€202 19qwadaQ 0 U0 8} euljosed ‘WNILYOSNOD S3dVD Aq ypd-e0eiB,6/€895/ L 2/L6/1/€20/spd-ajone/ABojojewsy/Bio suoledligndyse/:djy wouy papeojumoq



M Missense/missense [l Missense/non-missense [ Non-missense/non-missense

il
il

Mean change from baseline (g/dL)
R v M

N N
———
[
e
=
e ——
e
— ———
=

1
_1
I——TT 1] ] |

Ll

=yl

Patient
140+ . ;
o Hemoglobin response No hemoglobin response
38
—
=§ 12
Qo v
| =
&% 100
3 3
£ 8 204
= o
8.2
TF 60
B -
2
=2 ]
= 9
g E 204 .
s gk x affie
Z% 0

Patient

Figure 4. Change in hemoglobin according to PKLR genotype and hemoglobin response according to PK protein level at base-
line in the DRIVEPK trial. (A) The mean change from baseline in the hemoglobin level according to the patient's PKLR genotype
category. Of the 52 patients who received mitapivat, 20 (38%)—all of whom had at least 1 missense mutation—had a mean he-
moglobin increase >1g/dL (indicated by a thick gray line); 19 patients had a mean hemoglobin increase >1.5 g/dL (thin gray line).
A mean hemoglobin increase >1g/dL did not occur in any of the 5 patients who were homozygous for the R479H mutation (as
indicated by an asterisk) or in any of the 10 patients who were homozygous for non-missense mutations (as indicated by a red
bar). (B) Hemoglobin response according to PK protein level at baseline. Hemoglobin response is defined as >1g/dL increase in
the hemoglobin at >50% of the assessments during the core period. Baseline pyruvate kinase protein level in red cells has been nor-
malized to the hemoglobin level (an approximation of the total red-cell protein level) and to the pyruvate kinase protein level mea-
sured in a healthy control (to allow for interassay comparisons). Patients with an increased baseline level of PK protein were more like-
ly to have a hemoglobin response to mitapivat. The data bars in panels A and B are not aligned for each patient, so a 1:1 comparison of
the individual data bars in the 2 panels is not possible. From The New England Journal of Medicine, RF Grace et al., Safety and Efficacy
of Mitapivat in Pyruvate Kinase Deficiency, 381(1):933-944. Copyright 2019 Massachusetts Medical Society. Reprinted with permission.

response in 10 days), with a sustained hemoglobin response
seen in the majority with continued dosing and with durable
improvements in markers of hemolysis and hematopoiesis. There

The safety and efficacy of mitapivat for adults with PK defi-
ciency were demonstrated in two phase 3 clinical trials, lead-
ing to its approval by the US Food and Drug Administration

was a relationship between hemoglobin response and PKLR
genotype: all patients with a hemoglobin response had at least
1 missense mutation, whereas the patients with 2 non-missense
mutations had poor or no hemoglobin responses (Figure 4).%
None of the 5 patients who were homozygous for the R479H
mutation, which is most common in the Amish population, had
a hemoglobin response. PK protein levels also correlated with
hemoglobin response, consistent with the mechanism of PK acti-
vators to bind and stimulate PK.282?
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(FDA).**3" The ACTIVATE trial, a phase 3 placebo-controlled
trial, randomized 80 adults with PK deficiency who were not
receiving regular transfusions to placebo or mitapivat (5 mg to
50 mg twice daily).*° Patient eligibility required at least 1 mis-
sense PKLR mutation. The primary endpoint was a hemoglobin
increase of 21.5 g/dL at 2 or more assessments, a higher thresh-
old for response than the DRIVE-PK study. Mitapivat was well-
tolerated, with similar overall adverse event rates in the drug and
placebo groups. Of the 40 patients receiving mitapivat, 16 (40%)

€202 19qwadaQ 0 U0 8} euljosed ‘WNILYOSNOD S3dVD Aq ypd-e0eiB,6/€895/ L 2/L6/1/€20/spd-ajone/ABojojewsy/Bio suoledligndyse/:djy wouy papeojumoq



>

Hemoglobin response

No hemoglobin response

6 Hemoglobin Response
- no. (%)
b Mitapivat 16 (40)
2 %‘ Placebo 0
E :n__'i A1 Adjusted difference, 39.3 percentage
S points (95% Cl, 24.1-54.6)
N= P<.001
=
2 m
w“'E 24
: S [ [HEERERRRERRRtREn Response threshold,
2% increase of 1.5 g/dL
c % in hemoglobin level
o c
an m
© c LT i e
,II-J [*]
E
-2
Mitapivat (n=40) Placebo (n=40)
B LSM change
2.5 (95% ClI)
Mitapivat (n=40) o g/dL
2.04 I I Mitapivat 1.7 (1.3 to 2.1)
o T Placebo -0.1 (-0.6t0 0.3)
£ 1.5 [ I | l LSM difference, 1.8
a 1 | | (95% Cl, 1.2-2.4)
o
= T P<.001
g_ 104 |
£3 1
B> 054 )t
© T 1 Placebo (n=40)
S
s 0.0+
i
-0.54
-<— Individualized dose-escalation period —» <+——————— Fixed-dose period ————
-1.0 T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24

Weeks

Figure 5. Change in hemoglobin in adults with PK deficiency treated with mitapivat versus placebo on the ACTIVATE T trial.
(A) Hemoglobin response, defined as a hemoglobin increase from baseline of 21.5g/dL that was sustained at 2 or more scheduled
assessments. Each bar represents an individual patient who was assigned to receive either mitapivat or placebo. (B) The least-
squares mean (LSM) change from baseline in the hemoglobin level in the 2 groups during the trial period. The error bars indicate
the standard error. From The New England Journal of Medicine, H Al-Samkari et al., Mitapivat versus Placebo for Pyruvate Kinase
Deficiency, 386(15):1432-1442.3° Copyright 2022 Massachusetts Medical Society. Reprinted with permission.

met the primary endpoint of hemoglobin response, vs 0% in
the placebo arm (Figure 5). Additionally, mitapivat decreased
hemolysis as measured by change from baseline in indirect bil-
irubin, lactate dehydrogenase, and haptoglobin and improved
hematopoiesis as measured by a reduction in the reticulocyte
count. Patient-reported outcomes were measured using 2
disease-specific tools, the PK Deficiency Diary and PK Deficiency
Impact Assessment, which were developed to assess quality of
life and evaluate the effect of treatment in PK deficiency. Signif-
icant and sustained improvements in both measures were seen
during the core phase of the trial and have been sustained with
continuation of the drug over several years.3?

A phase 3 open-label trial, ACTIVATE-T, evaluated mitapivat
in adults with PK deficiency who underwent transfusions regu-

larly (=6 transfusions in the prior 12 months).>' Mitapivat was well-
tolerated, with no major adverse events leading to treatment
discontinuation. In this study, 37% (10/27) experienced a reduc-
tion in transfusion burden (33% reduction in the number of red
cell units transfused during the 24-week core period compared
to the historical transfusion burden), and 22% (6/27) achieved
a transfusion-free response. Significant and sustained improve-
ments in report of quality of life were also seen for this trial.
Data from the ACTIVATE and ACTIVATE-T open-label exten-
sion study have shown sustained benefits with continued admin-
istration of mitapivat, including ongoing improvement and
stability in hemoglobin, hemolytic markers, markers of hemato-
poiesis, and patient-reported outcomes.*>-* Several important
long-term benefits have been noted, including a decrease in
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Diagnosis of PK deficiency
and
symptoms, complications, and/or impact on quality of life

v v

Age <18 years Age 218 years
=1 missense PKLR
mutation l

¢ Any PKLR genotype, low PK activity

PK activator clinical trial 4| Initiate red cell transfusions Prescribe PK activator | Consider geuestt:hrerapy trial
or
No Hb response |: »| Desire for cure No Hb response Desire for cure and significant symptoms
to PK activator v v Significant symptoms to PK activator Increased risks with age

Consider full splenectomy Consider gf:esg_lrerapy trial Initiate red cell transfusions Consider full splenectomy

Figure 6. Considerations of treatments for PK deficiency. Supportive and/or disease-targeted treatment should be considered in
patients with PK deficiency with symptoms, complications, and/or impact of the disease on quality life. For symptomatic patients =18
years, given the reassuring safety profile and favorable clinical efficacy in a substantial subset of adults with PK deficiency, a treatment
trial with a PK activator should be initiated. If effective and well-tolerated, the PK activator should be continued with ongoing moni-
toring. If there is no response to a PK activator, red cell transfusions could be initiated. Hematopoietic stem cell transplant (HSCT) or
enrollment in a gene therapy trial could be considered in patients with significant symptoms and/or complications of anemia who are
seeking a cure. HSCT outcomes may be better at a younger age. For symptomatic patients <18 years, red cell transfusions should be
initiated. Enrollment in a PK activator clinical trial should be considered in those with =1 missense PKLR variant and significant symp-
toms and/or complications of anemia. If there is no response to a PK activator or a patient strongly desires a cure and has significant
symptoms, HSCT or enrollment in a gene therapy trial could be considered. Patients should try a PK activator, if available, before pro-
ceeding with full splenectomy. Given the complexity of management and treatment decisions in patients with PK deficiency, consid-
eration should be made for a discussion or referral to a hematologist with expertise in PK deficiency. Hemoglobin is indicated by Hb.

erythropoiesis and iron overload with improvements in hepci-
din, erythropoietin, and liver iron concentration measured by
MRI, as compared with placebo in non-transfused adults in the
ACTIVATE trial.>® These changes were seen within 6 months of
drug initiation and were sustained with continued improve-
ments over time. Long-term follow-up (more than 5 years of
monitoring) has also shown general stability of bone mineral
density as measured by DXA.3 Although continued follow-up is
needed, this stability by DXA in patients with poor bone health
prior to trial enrollment suggests that decreasing hemolysis and
erythropoiesis with mitapivat may lead to an improvement in
bone health.

Long-term data from the phase 2 and phase 3 trials demon-
strate favorable safety profiles with more than 5 years of treatment
with mitapivat. The phase 3 trials demonstrate that mitapivat has
the potential for efficacy in adults with PK deficiency indepen-
dent of splenectomy or transfusion status. Despite the geno-
type-hemoglobin response relationship observed in the phase
2 trial, adults with identical PKLR mutations have had differ-
ent hemoglobin responses to mitapivat. In addition, although
patients with 2 non-missense PKLR mutations were excluded
from the phase 3 trials, some of these variants have a minor effect
on PK protein structure or function, and patients with these vari-
ants may experience clinical efficacy with mitapivat. Therefore, a
response to treatment cannot be predicted based on genotype.
With the recent FDA approval of mitapivat, convincing efficacy in
many patients, and a reassuring safety profile, a treatment trial of
mitapivat should be considered in all symptomatic adults with PK
deficiency except for those individuals who are homozygous for
the R479H mutation (Figure 6). Before initiating mitapivat, test-
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ing should be performed to determine whether the PK enzyme
activity level is low and whether at least 2 PKLR mutations of any
type are present.

The approved mitapivat dose ranges from 5mg to 50 mg
twice per day; many patients may require the maximum dose.
Hemoglobin response can be evaluated over the first 3-6 months
of treatment and is often clear within a few weeks of titration to
the maximum dose. Ongoing treatment with the drug is required
for a durable effect and should be tapered rather than abruptly
discontinued to avoid withdrawal hemolysis. Mitapivat should be
avoided in patients who have a sulfa allergy, who have moder-
ate to severe hepatic impairment, and who are also using strong
CYP3A inhibitors or inducers. Two mitapivat trials are ongoing
for children with PK deficiency. Although there have been no
clear implications of the off-target effect of mild aromatase inhi-
bition in adults, this will require careful and ongoing monitoring
in children.

CLINICAL CASE (continued)

Treatment options of mitapivat, red cell transfusions, splenec-
tomy, HSCT, and gene therapy clinical trial participation are dis-
cussed. The patient initiates mitapivat, and, 1 month after dose
titration to 50mg twice daily, his hemoglobin has increased to
11.5 g/dl. His reticulocyte count is 8%, and his indirect biliru-
bin is 1.5 mg/dL. He reports a substantial improvement in his
energy and has increased his activity level. You start him on oral
iron chelation and calcium and vitamin D supplements and refer
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him to an endocrinologist. He will have regular hematology
follow-up appointments to monitor and evaluate this treatment
approach.

Conclusions

PK deficiency is a rare chronic hemolytic anemia with variable
severity of manifestations, including fatigue, jaundice, iron over-
load, and decreased patient-reported quality of life. Disease-
directed therapy with PK activators is now available for affected
adults. Therefore, clinicians must have a high index of suspicion
for this disease and send confirmatory diagnostic testing with
PK enzyme activity and PKLR genetic sequencing. PK activators
have the potential to transform the symptoms and natural history
of PK deficiency in many patients by improving hemolytic ane-
mia, hematopoiesis, and quality of life and decreasing the risk of
long-term complications. A trial of this medication in symptom-
atic adults with PK deficiency is warranted; however, mitapivat
is not effective for all individuals with PK deficiency. In a subset
of patients, often with significant symptoms and complications,
there may not be a clear benefit from PK activators. Gene therapy
is a promising and potentially curative treatment option currently
under development; although this approach may address an
unmet need in this subset of patients, the long-term efficacy and
safety are under evaluation. Disease-targeted treatment through
PK activation and gene therapy are innovative approaches for the
management of PK deficiency that may significantly improve clin-
ical manifestations and quality of life of affected patients.
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Hemoglobin S (HbS) polymerization, red blood cell (RBC) sickling, chronic anemia, and vaso-occlusion are core to sickle s
cell disease (SCD) pathophysiology. Pyruvate kinase (PK) activators are a novel class of drugs that target RBC metabo- %
lism by reducing the buildup of the glycolytic intermediate 2,3-diphosphoglycerate (2,3-DPG) and increasing production g
of adenosine triphosphate (ATP). Lower 2,3-DPG level is associated with an increase in oxygen affinity and reduction in §
HbS polymerization, while increased RBC ATP may improve RBC membrane integrity and survival. There are currently S
3 PK activators in clinical development for SCD: mitapivat (AG-348), etavopivat (FT-4202), and the second-generation §
molecule AG-946. Preclinical and clinical data from these 3 molecules demonstrate the ability of PK activators to lower §
2,3-DPG levels and increase ATP levels in animal models and patients with SCD, as well as influence a number of potential g
pathways in SCD, including hemoglobin oxygen affinity, RBC sickling, RBC deformability, RBC hydration, inflammation, 3
oxidative stress, hypercoagulability, and adhesion. Furthermore, early-phase clinical trials of mitapivat and etavopivat §
have demonstrated the safety and tolerability of PK activators in patients with SCD, and phase 2/3 trials for both drugs ?
are ongoing. Additional considerations for this novel therapeutic approach include the balance between increasing 2
hemoglobin oxygen affinity and tissue oxygen delivery, the cost and accessibility of these drugs, and the potential of %
multimodal therapy with existing and novel therapies targeting different disease mechanisms in SCD. ﬁ
LEARNING OBJECTIVES §
« Learn the therapeutic mechanisms of action of pyruvate kinase activators in sickle cell disease 3
« Evaluate the existing evidence supporting the use of pyruvate kinase activators in the treatment of sickle cell disease g
g)‘)
g
3
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Chronic anemia is a hallmark complication of SCD. Anemia g
CLINICAL CASE pathophysiology in SCD begins with hemoglobin S (HbS) 3
A 24-year-old woman with sickle cell disease (SCD; hemo-  polymerization and sickling of red blood cells (RBCs), lead- g
globin SS), complicated by chronic anemia with a base-  ing to intravascular and extravascular hemolysis, reducing El
line hemoglobin of 6 to 7g/dL and significantly elevated  RBC life span and the oxygen delivery capacity of blood, N
hemolysis markers, alloimmunization, iron overload, dilated and resulting in tissue hypoxia and chronic ischemic organ g
cardiomyopathy with preserved ejection fraction, choleli-  damage. The focus of therapeutic development to address
thiasis requiring cholecystectomy, and occasional acute  anemia has targeted strategies to limit HbS polymeriza-
pain episodes presents to an outpatient clinic for follow-  tion in deoxygenated sickle RBCs, including increasing
up. She reports chronic fatigue and occasional dyspneaon  fetal hemoglobin (HbF) levels, altering hemoglobin oxygen
exertion when walking up hills or flights of stairs. She has  affinity, and RBC hydration. Remarkable clinical improve-
been on hydroxyurea for 2 years, with a maximum tolerated  ments have resulted from these efforts, particularly evident
dose of 1500 mg daily due to cytopenias. She reports com-  in hydroxyurea's ability to increase HbF, reducing micro-
pliance with both hydroxyurea and deferasirox and would  vascular occlusion, tissue ischemia, and pain.
like to know if she has any other therapeutic options. However, chronic anemia remains a major contributor
to morbidity and mortality in SCD, and better treatments
Pyruvate kinase activators for sickle cell disease | 107
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for anemia have the potential to further improve outcomes in
SCD. Low hemoglobin concentration is associated with neuro-
cognitive impairment in SCD, even in the absence of structural
abnormalities on magnetic resonance imaging.? In a recent
meta-analysis, a modeled increase in hemoglobin concentration
of 21g/dL was associated with a reduction in the risk of cere-
brovascular disease, albuminuria, elevated estimated pulmonary
artery systolic pressure, and mortality.® In addition, prominent
symptoms of anemia, such as fatigue, are common in individuals
living with SCD and greatly affect their quality of life and physi-
cal functioning.“> However, there are no prospective data dem-
onstrating that raising hemoglobin levels can actually improve
cognitive function or clinical outcomes in SCD. At the same time,
blood viscosity is abnormally increased in SCD due to decreased
sickle RBC deformability, increased adhesion, and abnormal
vasoreactivity, such that excessive increases in hemoglobin
concentration may lead to viscosity-related complications.' For
example, rapid and dramatic correction of anemia with sim-
ple RBC transfusions has anecdotally led to increased intracra-
nial pressure, seizure, and stroke in patients with SCD.¢® A few
epidemiologic studies have also found a correlation between
increased hemoglobin levels and increased vaso-occlusive crisis
(VOC) frequency,”© and a phase 3 study of senicapoc (ICA-17043)
was stopped early due to lack of efficacy in terms of reduction of
VOCs despite an observed increase in hemoglobin and decrease
in hemolysis." This highlights a fundamental knowledge gap in
the field surrounding the pathogenesis of chronic microvascu-
lar tissue ischemia in SCD: which process contributes more to
tissue ischemia, the reduction in oxygen content and delivery
resulting from anemia or vaso-occlusion in the microcirculation,
which may be worsened by increased blood viscosity? Further
research is needed to understand how therapies for anemia may
influence or balance these competing mechanisms of hypoxia.
While there are limited existing treatment options for chronic
anemia in SCD, the therapeutic arena for SCD is rapidly expand-
ing. Blood transfusions are the mainstay therapy for severe ane-
mia but carry risks of iron overload, alloimmunization, hemolytic
transfusion reactions, and hyperhemolysis in SCD. Hydroxyurea,
the primary drug therapy for SCD, has only a modest effect on
hemoglobin level in adults, and patients who do not tolerate or
remain anemic despite hydroxyurea need additional therapy.
Recombinant human erythropoietin (EPO) is the standard of care
for anemia of chronic kidney disease, but there are limited and
conflicting data on its efficacy in SCD.*™ In 2019, voxelotor, a
hemoglobin oxygen affinity modifier, was approved for SCD after
a phase 3 study demonstrated a ~1-g/dL increase in hemoglobin
in 51% of patients with SCD." More recently, early-phase studies
of a novel drug class in clinical development, the pyruvate kinase
activators, have shown potential for raising hemoglobin level
and reducing sickling and hemolysis in individuals with SCD.

RBC energetics in SCD

Erythrocytes metabolize glucose through the Embden-Myerhof
pathway to produce adenosine triphosphate (ATP), the sole
source of energy for the cell. Although seemingly inefficient,
the pathway also produces reduced nicotinamide adenine dinu-
cleotide to reduce methemoglobin, glucose-6-phosphate to
drive the pentose phosphate shunt to make nicotinamide ade-
nine dinucleotide phosphate to reduce glutathione and protect
against oxidation of hemoglobin, cytoskeletal protein, and mem-

108 | Hematology 2023 | ASH Education Program

brane lipids, as well as the Rapoport-Luebering shunt to gen-
erate 2,3-diphosphoglycerate (2,3-DPG; Figure 1).” 2,3-DPG, H*,
CO,, CO, temperature, and HbF all affect the oxygen affinity of
hemoglobin (p50, ie, the partial pressure of oxygen at which
50% of the hemoglobin is saturated with oxygen; Figure 2).” An
increase in 2,3-DPG shifts the oxygen dissociation curve to the
right and increases p50, while a decrease in 2,3-DPG decreases
p50. Thus, increased levels of 2,3-DPG in SCD increase p50 and
shift the oxygen dissociation curve to the right, favoring HbS
deoxygenation and polymerization. In the last step of glycolysis,
phosphoenolpyruvate (PEP) is catalyzed to pyruvate by pyruvate
kinase (PK) and accounts for 50% of the RBC ATP production.
Depletion of ATP in SCD leads to insufficient ATP for proper func-
tioning of ATP-dependent ion pumps such as the Na*/K* pump,
causing defective ion transport, and Ca** influx through Piezo1
activates the Gardos channel, resulting in K* outflux and RBC
dehydration, increased intracellular HbS concentration, and pro-
motion of HbS deoxygenation and polymerization.’®

PK activation as a potential therapeutic approach in SCD
PK deficiency is the most common enzyme deficiency caus-
ing nonspherocytic hemolytic anemia and iron overload.
PK-deficient RBCs have increased 2,3-DPG and decreased ATP,
with the oxygen dissociation curve shifted to the right.”” Similarly,
increased levels of 2,3-DPG and decreased RBC ATP are seen in
sickle RBCs,2%?' causing an increase in the p50 of hemoglobin,
HbS polymerization, and sickling, as well as RBC dehydration.
Additionally, a recent study shows less PK stability and activity in
sickle than control RBCs.?? Furthermore, coinheritance of PK defi-
ciency and sickle cell trait may induce sickling, causing an SCD
phenotype.?*?* There are 290 pyruvate kinase liver and red blood
cell (PKLR) mutations, with 276 being pathogenic.” Genetic var-
jants of PKLR have shown to be associated with acute pain in
patients with SCD?® and, together with the expected metabolic
effects, provide a potential rationale for the use of PK activators
as a therapeutic strategy in SCD.

The tetrameric R form of red cell PK (PKR) has low affin-
ity for PEP and can be increased by binding of fructose-1,6-
bisphosphate (FBP), the major allosteric activator of PKR. FBP
binding acts to increase PEP binding affinity, promoting tetram-
erization and stabilizing the PKR enzyme in the tetrameric state.?
Recently, mitapivat and etavopivat (Figure 3) were developed
as oral allosteric activators to bind a pocket at the dimer-dimer
interface distinct from the FBP-binding domain. This results in
an increase in PKR activity in wild-type and mutant enzymes.
Mitapivat (AG-348) has since been approved by the US Food and
Drug Administration (FDA) and shown in PK-deficient patients to
significantly increase the hemoglobin level, decrease hemolysis,
and improve patient-reported outcomes.?” Thus, targeting acti-
vation of PKR in sickle RBCs to lower 2,3-DPG and increase ATP
levels seems like a reasonable strategy to increase hemoglobin
and decrease sickling and hemolysis.

CLINICAL CASE (continued)

Various treatment options are reviewed with the patient,
including EPO and 3 recently approved drug therapies for
SCD: voxelotor (a modifier of hemoglobin oxygen affinity),
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Figure 1. Mechanisms of action of pyruvate kinase activators.

L-glutamine (an antioxidant), and crizanlizumab (a P-selectin
inhibitor). Due to her heavy alloimmunization and severe iron
overload, chronic transfusion therapy is not recommended.
Given her severe anemia and high hemolytic rate, a clinical
trial of a pyruvate kinase activator is also considered.

Preclinical and clinical studies of PK activators in SCD
Mitapivat

Mitapivat activates both wild-type and mutant forms of the PK
enzyme and has been evaluated for the treatment of PK defi-
ciency, SCD, and thalassemia, as well as approved by the FDA
for PK deficiency in 2022. An ex vivo study of mitapivat treat-
ment on RBCs from patients with SCD found an increase in ATP
and decreases in 2,3-DPG, p50, and point of sickling (a measure
of hypoxia-induced sickling using oxygen gradient ektacytome-
try).?? Findings from a preclinical study of mitapivat in the SCD
(HbSS) Townes mouse model were mixed:; in contrast to human
data, the HbSS mice had higher PKR protein and ATP and lower
2,3-DPG compared to the control (HbAA) mice.?® Mitapivat did
not significantly impact 2,3-DPG or hemoglobin levels but did fur-
ther increase ATP levels and decrease spleen size, leukocytosis,

RBC reactive oxygen species levels, and RBC mitochondrial
retention in HbSS mice, suggesting potential beneficial mech-
anisms apart from inhibition of HbS polymerization by reducing
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Figure 2. Factors influencing the hemoglobin oxygen dissoci-

ation curve.
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Completed phase 1 and phase 2 single-center multiple
ascending dose studies (NCT04000165, EudraCT 2019-003438-18;
Table 1) demonstrated promising clinical effects of mitapivat
in patients with SCD.??3° Pharmacokinetic and pharmacody-
namic effects of mitapivat were demonstrated to be similar to
data from healthy volunteers, with a dose-dependent increase
in serum drug and ATP levels and a dose-dependent decrease
in 2,3-DPG levels. In the phase 1 study,” participants with
SCD treated with mitapivat had a significant increase in mean

hemoglobin of 1.2 g/dL, and 56.3% of participants achieved a
>1-g/dL increase in hemoglobin from baseline. Mean reductions
in hemolytic markers were observed as well. Furthermore, there
was a trend toward decreased p50 and increased time to sick-
ling, t50; while not significant, these findings support the mech-
anism of action of decreasing 2,3-DPG to increase hemoglobin
oxygen affinity and delay sickling. The phase 2 study (ESTIMATE)
showed similar results, with a mean increase in hemoglobin level
of 1.3 g/dL and 1.1g/dL during the 8-week dose finding and the
1-year fixed-dose extension period, respectively,3* as well as a
significant increase in ATP and reduction in 2,3-DPG, hemolytic
markers, p50, and point of sickling during the extension period,
presented as a conference abstract.”

Most treatment-related adverse events were nonserious in
both studies. The phase 1 study reported 2 VOCs as related to
drug, 2 VOCs not related to drug, and a serious adverse event
(SAE) of pulmonary embolism not related to drug.?” The first
VOC that was possibly related to drug occurred during the
drug taper period, leading to a protocol amendment to extend
the drug taper length. The second possibly drug-related VOC
also occurred during drug taper, although in the setting of self-
reported VOC triggers. The ESTIMATE study reported a massive
pulmonary embolism due to COVID-19 resulting in death and a
grade 4 SAE of urinary tract infection with hypotension that were
both unrelated to drug.***" During the extension period, 4 VOCs
occurred, with 3 in the setting of documented noncompliance
the week before. The mean annualized VOC rate and SCD-related
hospital admission days were decreased compared to baseline,
although these differences were not significant.3°' Overall, the 2
studies concluded that mitapivat was safe and tolerable in par-
ticipants with SCD, and a phase 2/3 multicenter study, RISE UP

Table 1. Summary of ongoing and completed clinical trials of pyruvate kinase activators in sickle cell disease

Trial Subjects Study design Status
Mitapivat (AG-348) NCT04000165% N=17, age =18, HbSS Phase 1, open-label, multiple ascending dose study | Completed
ESTIMATE (EudraCT N=9, age =16, Phase 2, open-label, multiple ascending dose Ongoing
2019-003438-18)%°3 HbSS, HbS/B°- or phase, followed by fixed-dose extension study
HbS/B*-thalassemia
NCT04610866 N=15, age 18-70, HbSS Phase 1/2, open-label extension study Ongoing
RISE UP (NCT05031780) N=267, age =16, any SCD Phase 2/3, randomized, placebo-controlled, Ongoing
genotype double-blind, followed by open-label
extension study
Etavopivat NCT038156953%3¢ N=130, healthy volunteers Phase 1, randomized, placebo-controlled, Completed
(FT-4202) and patients with SCD (any | double-blind, single ascending and multiple
genotype) age 12-65 ascending dose study
NCTO04987489 N=60, age 12-65, patients Phase 2, open-label study Ongoing
with thalassemia and any
SCD genotype
NCT05725902 N=12, age 12-21, HbSS Phase 2, open-label study Ongoing
or HbS/B°
HIBISCUS (NCT04624659) N=344, age 12-65, any SCD | Phase 2/3, randomized, placebo-controlled, Ongoing
genotype double-blind, followed by open-label extension
study
HIBISCUS-KIDS N=50, age 12 to <18, any Phase 1/2, open-label, single-arm, followed by Ongoing
(PACTR202209604592389) | SCD genotype extension study
AG-946 NCT04536792 N=64, age 18-70, healthy Phase 1, open-label, single ascending and multiple | Ongoing
volunteers and patients ascending dose study
with SCD (any genotype)
10 | Hematology 2023 | ASH Education Program
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(Table 1), is in progress, with primary end points of hemoglobin
response, treatment-emergent adverse events (phase 2), and
annualized rate of VOC (phase 3).

Etavopivat

Etavopivat (FT-4202) is another small-molecule PK activator in
clinical development for SCD and thalassemia. Preclinical studies
of etavopivat in the Berkeley sickle cell anemia (BERK SCA) mouse
model showed significantly decreased 2,3-DPG and increased
ATP levels, which were associated with decreases in p50, point
of sickling, number of irreversibly sickled cells on blood smear,
and increased RBC deformability.> In addition, treatment with
etavopivat led to a mean hemoglobin increase of 1.7 g/dL, a sig-
nificant reduction in hemolytic markers, and a 28.5% increase in
RBC half-life compared to untreated BERK SCA mice, demon-
strating clear mechanistic benefits of decreasing 2,3-DPG and
increasing ATP in sickle RBCs. Ex vivo studies similarly showed a
significant decrease in p50 and point of sickling with etavopivat
treatment of RBCs from patients with HbSS and HbSC disease.*

While the full results of a completed phase 1/2 study of etavo-
pivatin SCD (NCT03815695; Table 1) have not yet been published,
results to date have been presented as conference abstracts.®*3¢
In the 12-week open-label extension phase, the mean maximal
hemoglobin increase from baseline was 1.5g/dL, with 73.3%
achieving a hemoglobin increase of >1g/dL.* Increases in hemo-
globin and decreases in hemolytic markers were significant at all
time points between 2 and 12 weeks of treatment.

In line with the etavopivat preclinical and mitapivat clinical data,
2,3-DPG decreased and ATP increased from baseline throughout
the 12 weeks of treatment, followed by a return to baseline after
4 weeks of washout.*® A significant decrease in mean p50, point
of sickling, and dense RBCs and an increase in RBC deformability
were observed at 12 weeks of treatment.** Additionally, data from
the 2-week and 12-week treatment phases of the study demon-
strated an increased mean corpuscular volume, decreased mean
corpuscular hemoglobin concentration, increased antioxidant
capacity, and decreased markers of inflammation, hypercoag-
ulability, adhesion, and serum erythropoietin level, suggesting
potential pleiotropic salutary effects of PK activation in SCD.3435

Most safety events were grades 1to 2, most commonly sickle
cell pain events and headache.?% On study, there were 2 SAEs
of VOC unrelated to study drug and an SAE of left femoral vein
deep vein thrombosis possibly related to study drug. Compared
to historical data, the annualized rate of VOC requiring hospitali-
zation during the 12-week treatment period was lower, although
this difference was not significant. A phase 2/3 randomized,
placebo-controlled study (HIBISCUS; Table 1) in adults and ado-
lescents with SCD and a phase 1/2 open-label study (HIBISCUS-
KIDS) in children with SCD are ongoing, with primary end points
of hemoglobin response and annualized VOC rate (HIBISCUS)
and pharmacokinetic assessments plus safety and tolerability
(HIBISCUS-KIDS), respectively.

AG-946

AG-946 is a second-generation PK activator in clinical devel-
opment for the treatment of SCD and low-risk myelodysplastic
syndrome. AG-946 differs pharmacokinetically and pharmaco-
dynamically from first-generation mitapivat in that AG-946 has
greater potency, a longer half-life (~80-110 hours vs 3-6 hours),
and more prolonged effects on 2,3-DPG and ATP levels (observed

at least 14 days after last dose in healthy controls),* which provi-
des a potential self-tapering effect. Preclinical data presented in
a conference abstract demonstrated AG-946's ability to normal-
ize levels of glycolytic intermediates, decrease 2,3-DPG levels,
and increase hemoglobin levels in a Townes HbSS mouse model,
although it did not significantly affect ATP levels or degree of
RBC sickling.®® Ex vivo treatment of RBCs from patients with SCD
with AG-946 also decreased p50 and point of sickling, similar
to first-generation PK activators.®” In an ongoing phase 1 clinical
trial, enrollment in single and multiple ascending dose cohorts
for healthy volunteers has been completed and was deemed to
be safe; this study is now enrolling multiple sequential dosing
cohorts in participants with SCD (NCT04536792).

CLINICAL CASE (continued)

The patient elects to participate in a phase 2/3 clinical trial of
a pyruvate kinase activator. Her hemoglobin level, hemolytic
markers, and rate of VOC will be monitored closely.

Concerns about increasing hemoglobin oxygen affinity
Recent concerns were raised about the importance of oxygen
delivery by RBCs in anemia and drugs that affect the oxygen
affinity of hemoglobin.*® Individuals with a normal hemoglo-
bin level have baseline 20% hemoglobin oxygen unloading,
while in anemia, 30% is unloaded due to increased levels of
2,3-DPG. This compensatory effect can be observed in PK defi-
ciency, which markedly shifts the oxygen dissociation curve to
the right through increased 2,3-DPG, allowing for more oxy-
gen unloading; exercise tolerance on a bicycle ergometer
was greater in a PK-deficient individual than an individual with
hexokinase deficiency, with a similar hemoglobin but lower
2,3-DPG level. The article reminds hematologists of this basic
physiologic principle when considering PK activators or vox-
elotor, drugs that alter oxygen affinity but increase hemoglobin
by a modest 1 to 2g/dL. It is important to keep in mind that
compared with other types of anemias, the lowering of 2,3-
DPG through PK activation may increase the delay time in HbS
polymerization and prevent sickling, providing a uniquely ben-
eficial effect in SCD. Further concerns have been raised about
cerebral oxygen delivery with drugs that alter oxygen affinity
in SCD,* with conflicting evidence in the literature; 1 recent
conference abstract showed that voxelotor treatment in chil-
dren with SCD reduces cerebral metabolic stress by improv-
ing cerebral oxygen delivery,*? while another abstract showed
no changes in cerebral blood flow and oxygen metabolic rate
(CMRO,), despite increased cerebral oxygen delivery due to
improvement of hemoglobin levels.”* These data reflect the
complex physiology underlying cerebral hemodynamics and
metabolism in SCD, which requires further investigation.

Additional considerations

While the preclinical and clinical data to date for PK activators are
promising, additional placebo-controlled studies and demon-
stration ofeffects onclinical outcomes suchasVOC frequency are
neededinthe SCD population.There hasalsobeensome concern
over withdrawal of therapeutic effect with abrupt cessation of
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therapy. In patients with PK deficiency, treatment cessation at
higher doses of mitapivat led to episodes of withdrawal hemo-
lysis and anemia, prompting the addition of a drug taper, with
no further episodes of withdrawal hemolysis on study.** While
there was no clear evidence of withdrawal hemolysis associ-
ated with the VOCs occurring during the clinical trials in SCD,
a sudden stop in drug dosing due to noncompliance or side
effects could theoretically translate into an abrupt increase in
2,3-DPG levels and a consequent shift of the oxygen dissocia-
tion curve to the right, promoting an acute increase in deoxy-
HbS polymerization, sickling, and vaso-occlusion. On the other
hand, increased RBC ATP may improve RBC survival, which
may provide a longer-term protective effect. The results of the
ongoing phase II/1ll studies of mitapivat and etavopivat should
shed additional light on this question.

Another consideration is the cost of novel therapies and
global access to these therapies. Insurance approval has proven
a barrier to access for recently approved drug therapies for
SCD in the United States, and the out-of-pocket cost has been
prohibitive for the use of these new drugs in low- and middle-
income countries (LMICs). As drug development advances in the
SCD arena, more effort needs to be focused on equitable distri-
bution of drug access to LMICs, where most of the SCD disease
burden is concentrated.

Finally, with multiple drug therapies now available for SCD
and numerous novel therapies coming down the pipeline, fur-
ther research into how to compare, combine, or sequence drug
therapies is needed to establish data-driven guidelines for the
treatment of complications in SCD. With existing and potential
drugs targeting HbF induction, hemoglobin oxygen affinity, RBC
metabolism, hemolysis, adhesion, oxidative stress, and comple-
ment activation, we are approaching a reality in which multimodal
drug therapy will hopefully usher in an era of precision medi-
cine in SCD,* providing targeted treatment of different disease
phenotypes.
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ENERGIZING THE RED CELL: PYRUVATE KINASE ACTIVATORS FOR TREATMENT
OF HEREDITARY HEMOLYTIC ANEMIAS

Pyruvate kinase activators: targeting red cell
metabolism in thalassemia
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Thalassemia is an inherited red blood cell disorder whereby the qualitative and/or quantitative imbalance in a- to
B-globin ratio results in hemolysis and ineffective erythropoiesis. Oxidative stress, from the precipitated excess globin
and free iron, is a major factor that drives hemolysis and ineffective erythropoiesis. Pyruvate kinase activity and adeno-
sine triphosphate availability are reduced due to the overwhelmed cellular antioxidant system from the excessive oxida-
tive stress. Mitapivat, a pyruvate kinase activator in development as a treatment for thalassemia, was shown to increase
hemoglobin and reduce hemolysis in a small phase 2 single-arm trial of patients with a- and B-thalassemia. The ongoing
phase 3 studies with mitapivat and the phase 2 study with etavopivat will examine the role of pyruvate kinase activators

14

as disease modifying agents in thalassemia.

LEARNING OBJECTIVES

« Understand thalassemia as an inherited red blood cell disorder where both oxidative stress and hemolysis play

a major role in the pathogenesis

« Describe the results of the phase 2 single-arm trial of pyruvate kinase activator mitapivat in patients with

a- and B-thalassemia

o Appreciate that pyruvate kinase activation is the first mechanism targeted in clinical trials for patients

with a-thalassemia

CLINICAL CASE

A 34-year-old female with non-deletional Hemoglobin H
disease (a*’/Hemoglobin Constant Spring compound
heterozygote) is referred by another hematologist for a
second opinion regarding splenectomy. Patient receives
on average 2-3 units of packed red blood cells per year
for episodes of symptomatic anemia and has a liver
iron concentration of 3.0 mg/g dw. She was advised to
undergo splenectomy by the referring hematologist in
hopes of improving her hemoglobin (Hb) and her symp-
toms, but the patient is concerned about the risk of infec-
tion and thrombosis associated with asplenia and wishes
to explore alternatives to splenectomy. Patient on review
has fatigue, exertional dyspnea, and exercise limitations.
She comments on being frustrated by her profound
fatigue and the need to take a nap almost daily. Other
secondary causes of fatigue including depression have
been ruled out. On examination, the patient has scleral
icterus and palpable splenomegaly at 5cm below the cos-
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tal margin. Laboratory findings included a hemoglobin of
7.0 g/dL, MCV 65 fL, mean corpuscular hemoglobin 21pg/
cell, absolute reticulocyte count 336x10%/L, lactate dehy-
drogenase level 462 U/L, total bilirubin 3mg/dL (indirect
bilirubin 2.8 mg/dL), haptoglobin undetectable. Abdom-
inal ultrasound demonstrated a spleen size of 18cm in
craniocaudal length.

Introduction

Thalassemia is an inherited red blood cell (RBC) disorder
whereby the qualitative and/or quantitative imbalance in
a- to B-globin ratio results in ineffective erythropoiesis and
hemolysis.! A paucity or qualitative deficiency in B-globin
results in B-thalassemia and vice versa. Presentation is
highly variable, ranging from those who do not require reg-
ular transfusions to survive (non-transfusion-dependent
thalassemia [NTDT]) to severely anemic patients who are
transfusion-dependent (TDT). NTDT is a highly prevalent
condition in many areas around the globe and is becoming
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Figure 1. Multisystem complications from risk factors and treatments of thalassemia. Risk factors and their corresponding compli-
cations are color-coded. Complications with overlapping colors denote those stemming from and exacerbated by the multiple risk
factors involved. Modified from Taher AT, Musallam KM, Cappellini MD. B-Thalassemias. N Engl J Med. 2021;384(8):727-743. 1°, primary;
2° secondary; EMH, extramedullary hematopoiesis; HCC, hepatocellular carcinoma; PHT, pulmonary hypertension.

more prevalent in others due to migration. There is growing
evidence that patients with NTDT face a high burden of mor-
bidity and mortality despite not being transfusion dependent.?
Ineffective erythropoiesis and hemolysis drives anemia, hyper-
coagulability, and primary iron overload, resulting in a myriad
of complications including gallstones, hepatosplenomegaly,
bone deformities, osteoporosis, extramedullary hematopoiesis
(EMH), leg ulcers, thrombosis, pulmonary hypertension, endo-
crinopathies, growth delay, liver fibrosis and cirrhosis, heart
failure, and arrhythmia, among others (Figure 1).! Treatment for
NTDT is currently confined to treatment of these complications
(e.g., hypertransfusion for EMH) since there is no approved
disease-modifying therapy, and in particular, for patients with
a-thalassaemia. Likewise, treatment for TDT is also largely con-
fined to regular transfusions and supportive care. The ensuing
iron overload from regular transfusions further exacerbates the
liver, cardiac, endocrine, and renal complications (Figure 1)."
Use of splenectomy for both NTDT and TDT are in decline
because of the risk of infection and thrombosis.! While luspa-
tercept is currently approved for 3-TDT, it reduces the trans-
fusion burden by one-third or more (and at least 2 units over
12 weeks) from baseline in only 21.4% of patients and must be
administered as subcutaneous injections every 3 weeks.® Gene
therapy is approved for use in a small segment of patients with
B-TDT thalassaemia. Since hemolysis plays a crucial role in
the pathogenesis of thalassemia, agents that can combat the
hemolysis would be desirable. To this end, two compounds,
mitapivat and etavopivat, have been developed and are cur-
rently undergoing clinical trials in patients with thalassemia.
Mitapivat and etavopivat are two oral small molecular allosteric
activators of the RBC pyruvate kinase (PKR), the last enzyme
in glycolysis that converts phosphoenolpyruvate to pyruvate.
Mitapivat is approved by the FDA for treatment of pyruvate
kinase deficiency, and both mitapivat and etavopivat are cur-
rently evaluated for the treatment of thalassemia and sickle cell
disease (SCD). RBCs are entirely dependent on glycolysis (due
to the lack of mitochondria) to produce energy (e.g., adenosine

triphosphate [ATP]), needed for the maintenance of cellular
metabolism, hydration, membrane integrity, and deformabil-
ity, and to provide antioxidant capacity to protect hemoglo-
bin molecules and other proteins from continuous oxidative
stress.* Any mismatch in energy (ATP) supply and demand leads
to reduced RBC health and lifespan. How this mismatch occurs
in thalassemia and can be attenuated by pyruvate kinase (PK)
activation will be detailed below.

Ineffective erythropoiesis and hemolysis in B-thalassemia
In B-thalassemia, excess a-globin overwhelms the a hemoglobin
stabilizing protein, which normally stabilizes the free a-globin
chains. The free a-globin aggregates and precipitates, forming
inclusion bodies called Fessas bodies.® In normal erythropoiesis,
GATA1 promotes terminal erythroid differentiation, and GATA1 is
protected by Heat Shock Protein 70 (HSP70) in the nucleus. In
B-thalassemia, the free a-globin sequesters HSP70 in the cyto-
plasm, aided by exportin-1 (Figure 2).¢ HSP70, having been lured
away, is unable to protect GATA1 from degradation by Caspase
3, leading to accumulation and apoptosis of the erythroid pre-
cursors in the bone marrow, termed ineffective erythropoiesis.’
Moreover, free a-globin molecules auto-oxidize and form hemi-
chromes (a-globin with oxidized ferric iron) and reactive oxygen
species (ROS). The hemichromes precipitate and intercalate into
the RBC plasma membrane and oxidize the membrane lipid and
proteins.” The resultant destabilization of the RBC membrane
cannot be readily detoxified by the cellular antioxidant system,
and the excess ROS leads to intramedullary cell death. If by
chance the RBCs survive the maturation journey, these cells have
diminished lifespan due to the oxidative stress, and hemolysis
ensues in the peripheral circulation (Figure 2). Oxidative injury
causes Band 3 to cluster, producing a neoantigen that binds to
the immunoglobulin G and complement, resulting in removal of
the damaged RBC by macrophages in the circulation. In addi-
tion, the free iron liberated from the hemolysis creates highly
reactive hydroxyl and hydroperoxyl radicals, which exerts further
oxidative stress and tissue damage.’
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s that exit the marrow soon undergo hemolysis because of shortened
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Oxidative stress and hemolysis in a-thalassemia

Conversely, in a-thalassemia, excess 3-globin and y-globin form
tetramers called hemoglobin H and Barts, respectively. Although
hemoglobin H (HbH) and Barts are more stable than a globin
tetramers, they are still liable to induce the ROS formation and
cause damage to the developing RBC. The phenotype of HbH
disease, a form of a-thalassemia where three of the four a-
globin genes are mutated, is characterized by chronic hemolytic
anemia.t The exact mechanism by which a-thalassemia leads to
hemolysis and ineffective erythropoiesis is less clear, but abun-
dant evidence suggests that the process may be analogous to
B-thalassemia in that oxidative stress plays an important compo-
nent in the pathophysiology. This includes findings of low gluta-
thione levels,” hepcidin, total antioxidant capacity levels,® and
elevated malondialdehyde levels in patients with a-thalassemia.”

Impairment of glycolysis in thalassemia

There is also evidence to show that in thalassemia, the glyco-
lytic pathway is affected by the oxidative stress. Ting et al deter-
mined, via ®*C and ¥'P magnetic resonance spectroscopy, that
glucose metabolism in the RBCs of patients with B-thalassemia
intermedia were significantly (approximately three times) higher
than in healthy patients or patients with B-thalassemia trait, even
when contribution by reticulocytes were excluded.? However,
ATP concentrations in the RBCs of patients with B-thalassemia
major or Hemoglobin E/B-thalassemia were significantly lower
than healthy controls.”® These two studies together show that
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RBC, red blood cell; ROS, reactive oxygen species; XPO-1, exportin-1.

glucose metabolism is shifted away from the glycolytic pathway
and toward the pentose phosphate pathway. PK enzyme activity
and stability were found to be reduced in patients with TDT with
no pathogenic PKLR mutation, even when adjusted for RBC age
and the presence of reticulocytosis.* Matte et al have shown that
ROS levels were increased in the RBCs of Hbb™¥* mice compared
to wild-type mice, and that PKR and PKM2 expression was higher
in both the reticulocyte and older RBC fractions.” PKM2 was also
upregulated in the RBCs of Hbb™¥* mice and may act as a com-
pensatory response to the increased oxidative stress.”” These
discoveries led to the hypothesis that pyruvate kinase activation
may reduce oxidative damage, thus reducing hemolysis, improv-
ing ineffective erythropoiesis and RBC lifespan, and resulting in
improvement of anemia. Also, improvement in ineffective eryth-
ropoiesis may alleviate the dysregulated iron metabolism, lead-
ing to reduction in iron overload (Figure 3).

Pyruvate kinase activation in thalassemia mouse model

To examine the effect of pyruvate kinase activation in thalassemia,
Matte et al administered mitapivat to Hbb®¥* mice at 50 mg/kg
twice daily for 21 days (by gavage) and 56 days (by oral diet),
respectively. After 21 days, improvements were observed in Hb,
mean corpuscular volume (MCV), mean corpuscular Hb, RBC
morphology, and survival (14 vs 9.6 days in treated and untreated
Hbb™¥* mice compared to 18.9 days in wild-type mice). Concom-
itant reduction in markers of hemolysis (lactate dehydrogenase
[LDH], total and indirect bilirubin), erythropoietin (EPO) level,
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reticulocyte count, ROS, hemichromes, and a-globin membrane
precipitates was observed, accompanied by an increased gluta-
thione to glutathione disulfide ratio. An increase in ATP was also
observed. In addition to the amelioration of hemolysis, mitapi-
vat improved ineffective erythropoiesis. Splenic extramedullary
hematopoiesis was reduced, and PK activity was increased
in RBC polychromatic and orthochromatic erythroblasts of
mitapivat-treated Hbb™* mice, accompanied by reduced apo-
ptotic (annexin-V*) erythroblasts and ROS in maturing erythro-
blasts.™ This also resulted in a reduction in the erythroferrone
(ERFE) level, followed by upregulation of liver hepcidin expres-
sion and a reduction in hepatic iron overload. There is evidence
that mitapivat may also reduce duodenal iron absorption via
the PKM2-HIF2a axis by downregulation of HIF2a, NF-kb p65
active form, FPN1, and Dmt1 in the enterocytes of the mitapiv-
at-treated Hbb™¥* mice.”

Recently, Matté et al demonstrated that in chronically trans-
fused Hbb™* mice treated with mitapivat, the results were a
longer interval between transfusions (13.8 vs 10.5 days in mitapi-
vat and vehicle-treated mice, respectively) and reduced splenic
iron accumulation.’® Similar to the Hbb®"¥* mice not on trans-
fusion treated with mitapivat, a-globin membrane precipitates,
EPO level and liver iron accumulation were reduced, hepcidin
increased, and splenic macrophage function was shifted from a
pro-inflammatory to a pro-resolving state.'* Concomitant admin-
istration of mitapivat with deferiprone had a similar effect.”
These findings provided the preclinical evidence for subsequent
trials of pyruvate kinase activation in both TDT and NTDT.

CLINICAL CASE (continued)

The patient was once again counseled on the benefits and
risks of splenectomy, including the potential benefit of
increasing total hemoglobin by 1-2g/dL, but she declined
this approach based on the four- to five-fold risk of venous
thromboembolism and pulmonary hypertension compared to
non-spelenectomized patients.” Regular transfusion was also
offered as an option, but the patient was concerned about the
need for chronic iron chelation. Given the patient's hemolytic

profile, she was offered the opportunity to participate in a
clinical trial of a pyruvate kinase activator.

Pyruvate kinase activation in thalassemia patients
Mitapivat

The phase 2, open-label, multicenter study investigated the
efficacy and safety of mitapivat in adult patients with a- and -
NTDT.® The primary objective of the study was to evaluate the
efficacy of mitapivat in NTDT. Twenty patients with NTDT from
four sites across the US, UK, and Canada were enrolled. The geno-
type inclusion criterion was broad and included [-thalassemia
with or without a-globin gene mutations, HbE/B-thalassemia,
or a-thalassemia. Patients had to have a hemoglobin less than
10g/dL, and non-transfusion dependency was defined as less
than 6 RBC units transfused in the preceding 24 weeks and none
in the 8 weeks prior to study drug-dosing. Following screening,
patients entered a 24-week core period where they received an
initial dose of mitapivat 50 mg twice a day orally. At week 6, the
dose was increased to 100 mg twice a day based on safety and
tolerability. After the 24-week core period, patients may enter
an optional 10-year extension period. The primary endpoint was
defined as an increase of hemoglobin by at least 1g/dL from
baseline between weeks 4 and 12. Secondary and exploratory
endpoints included sustained or delayed Hb response, markers of
hemolysis, hematopoietic activity, and safety. The secondary end-
point was defined as meeting the primary response and at least
a 1g/dLincrease in hemoglobin in at least two readings between
weeks 12 and 24. The median age in this cohort was 44 years, 50%
of the population was Asian, and the median Hb at baseline was
8.4g/dL.® Overall, 5 patients had a-thalassemia (HbH), and 15
patients had B-thalassemia. The primary endpoint was met in 80%
(16/20) of the participants; all 5 patients with a-thalassemia and
11/15 patients with B-thalassemia met the primary endpoint. The
secondary endpoint of sustained hemoglobin response was met
in 65% of the 20 patients, with all 5 patients with a-thalassemia
meeting this endpoint. The mean change in Hb from baseline over
a 12-week interval between weeks 12 and 24 was similar between
a- and B-thalassemia (1.2 and 1.3g/dL, respectively), and the
mean time to =1g/dL increase in Hb among the responders was
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4.5 weeks.”® Qualitatively, markers of hemolysis (LDH and biliru-
bin) and erythropoiesis were reduced or remained stable in most
patients. Consistent with the mechanism of action of mitapivat,
the mean ATP change in blood ranged from 62-87%, similar to
what was previously observed in a multiple-ascending dose
study in healthy volunteers (60% maximum increase in ATP).®
Note that all participants in this cohort had nonpathogenic PKLR
genotypes.

Safety of mitapivat in thalassemia

In terms of safety, 17 (85%) patients experienced a treatment-
emergent adverse event during the 24-week core period, with
most being grade 1 or 2; the majority were self-limiting. The
most commonly reported adverse events were initial insom-
nia (n=10 [50%]), dizziness (n=6 [30%]), and headache (n=5
[25%]).”® The safety profile was similar to prior studies of mitapi-
vat in healthy volunteers and patients with PK deficiency. In the
17 participants who enrolled in the 10-year long-term extension
(LTE), Hb increase was sustained with a mean increase in Hb of
1.7 g/dL. Qualitatively, continued reduction in LDH, indirect bil-
irubin, and EPO was observed in the LTE up to week 72, as well
as a reduction (expressed as median change from baseline) in
ERFE (-5430 ng/L), reticulocytes/erythrocyte ratio (-0.007),
and soluble transferrin receptor level (-1.82 mg/L), while hep-
cidin remained stable over time (+650ng/L).® The type and
frequency of adverse events in the extension period were con-
sistent with those observed in the core period. Initial insomnia
was confined to the core period and was not observed in the
LTE. Adverse events occurring in =15% of patients during the
extension period were headache (5/17) and back pain (3/17),
none of which were grade =3. In patients who have had repeat
bone mineral density in the extension period, no trends for
decreases were observed.

Phase 3 trial of mitapivat in thalassemia

The encouraging results from the phase 2 study have led to the
development of two phase 3, multicenter, randomized, double-
blind, placebo-controlled studies of mitapivat, in patients
with non-transfusion dependent (ENERGIZE; NCT04770753)
and transfusion-dependent a- or B-thalassemia (ENERGIZE-T;
NCTO04770779) (Table 1).2° In ENERGIZE, 171 adults with either
a- or B-thalassemia (based on Hb electrophoresis, Hb HPLC,
and/or DNA analysis), a Hb <10 g/dL, and non-transfusion depen-
dency (defined as <5 RBC units during the 24-weeks before ran-
domization and no RBC transfusions within the 8 weeks prior) are
enrolled in the 24-week double-blind core period and random-

Table 1. Clinical trials of pyruvate kinase activators in thalassemia

ized in a 2:1fashion to receive either mitapivat 100mg or placebo
twice daily. The primary endpoint is Hb response, its definition
being similar to the primary endpoint in the phase 2 study.
However, the secondary endpoints include a patient-reported
outcome and functional assessment (change in Functional
Assessment of Chronic lliness Therapy [FACIT]-Fatigue subscale
score, patient-reported global measures of fatigue, 6-minute
walk test distance) in addition to change in average Hb concen-
tration, markers of hemolysis, erythropoiesis, and iron metabo-
lism. The design of ENERGIZE-T is similar, with key differences
being a 48-week double-blind core period enrolling 240 adult
a- or B-TDT (e.g., patients who are transfusion-dependent with
HbH disease or a-thalassemia major/Hb Barts hydrops fetalis
would qualify), the primary endpoint being transfusion reduction
response (defined as a 50% or greater reduction in transfused
RBC units with a reduction of two or more units of transfused
RBCs in any consecutive 12-week period through week 48 com-
pared with baseline), and the secondary endpoints examining
transfusion reduction at different degrees and intervals within
the 48-week core period. Transfusion-dependency is defined
as 6 to 20 RBC units transfused and no transfusion-free period
for more than 6 weeks during the 24-weeks before randomiza-
tion. In both studies, eligible patients have the option of enter-
ing the 5-year open-label extension. Both studies also permit the
enrollment of patients on stable hydroxyurea dose for at least
16 weeks before randomization, recognizing that it is used by
some centers in the treatment of patients with B-thalassemia.”

Etavopivat

Etavopivat is also being evaluated in NTDT and TDT following the
conclusion of the single-ascending dose and multiple-ascending
dose phase 1 trial (NCT03815695) in 90 healthy adults.? The
ongoing phase 2 open-label study (NCT04987489) aims to evalu-
ate the safety and efficacy of etavopivat in patients 12 to 65 years
old with SCD on chronic transfusions (cohort A), TDT (cohort B),
and NTDT (cohort C) (Table 1).22 Patients will receive etavopivat
400mg once daily for 48 weeks for all cohorts. The primary end-
point for the TDT cohort is erythroid response, defined as the
proportion of patients with 20% or greater reduction in transfu-
sion over a continuous 12-week treatment period compared to
baseline. The primary endpoint for the NTDT cohort is defined as
a 1.0g/dL or greater increase from baseline at week 12 in Hb.?
Both the TDT and NTDT cohorts plan to enroll 12 to 20 patients
and are powered to detect a response rate of 60% and 50% to
the primary endpoint in the TDT and NTDT cohorts, respectively.
Secondary and exploratory endpoints include other transfusion

Category Phase Drug N Duration Identifier Status
NTDT 2 (single-arm, open-label) Mitapivat 20 24 weeks NCT03692052 Completed
Etavopivat 20 48 weeks NCT04987489 Ongoing
(cohort C)
3 (double-blind RCT) Mitapivat: placebo (2:1) 171 24 weeks NCT04770753 Ongoing
TDT 2 (single-arm, open-label) Etavopivat 20 48 weeks NCT04987489 Ongoing
(cohort B)
3 (double-blind RCT) Mitapivat: placebo (2:1) 240 48 weeks NCTO04770779 Ongoing

RCT, randomized controlled trial.
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reduction and hemoglobin response parameters, changes in
HRQoL (SF-36 and PROMIS), serum ferritin levels, liver iron, 2,3-
BPG, ATP, PK, and safety parameters.?

CLINICAL CASE (continued)

The patient was enrolled in the phase 2 study of mitapivat in
NTDT. Her hemoglobin increased by 1.0 g/dL from baseline
within 4 weeks of starting treatment and reached 1.4 g/dL at 24
weeks. She had initial insomnia, which abated by day 5 on treat-
ment without intervention. Her markers of hemolysis improved
and EPO level reduced. Subjectively, the patient noted that her
exercise capacity increased, and most important to her, she no
longer needed to take a nap in the afternoon.

Considerations on the role of pyruvate kinase activation
in the treatment of thalassemia

The preclinical and clinical evidence for pyruvate kinase activa-
tion in thalassemia and other hemolytic disorders like pyruvate
kinase deficiency and SCD thus far points to its effectiveness at
ameliorating hemolysis brought on by oxidative stress. As such,
one may surmise that it may be more effective in thalassemia
genotypes that result in a predominantly hemolytic pheno-
type (e.g., non-B°/B° thalassemia or HbH disease). However,
no distinct relationship between genotype and hemoglobin
response could be gleaned from the phase 2 data of mitapivat
in thalassemia because 80% of patients met the primary end-
point, despite their diverse thalassemia genotype, as noted by
Kuo et al.® The fact that mitapivat also improved ineffective
erythropoiesis in Hbb™*¥* mice suggests that mitapivat may
have comparable efficacy in patients whose pathophysiology
is dominated by ineffective erythropoiesis. The ongoing phase
2 and 3 trials may provide further insight into how pyruvate
kinase activation may be effectively used in the treatment of
patients with thalassemia.

Conclusion

Despite advances in the understanding in the pathophysiology
of thalassemia, treatment of patients with NTDT, and in particu-
lar a-thalassemia, remains supportive. Luspatercept is the only
approved treatment for patients with TDT aside from transfusion.
Pyruvate kinase activation was able to increase hemoglobin con-
centration and reduce hemolysis in the majority of the patients
with thalassemia in the phase 2 study, despite their diverse
genotypic heterogeneity, which provides the proof of concept
that suppression of hemolysis may improve the pathology of
both a- and B-thalassemia. The ongoing phase 3 trials of mitapi-
vat and the phase 2 trials of etavopivat in a- and B-thalassemia
will determine whether pyruvate kinase activation will improve
patient-important outcomes by assessing their functional and
quality-of-life impact beyond change in hemoglobin and mark-
ers of hemolysis and erythropoiesis.
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participate in competitive sports as he gets older. (transduction of a lentiviral vector containing a copy of z
Transfusion-dependent B-thalassemia is a lifelong condi-  the B-globin gene, or genome editing to knock down i
tion with a high physical and emotional burden of disease =~ BCL11A to allow for reactivated y-globin expression so as 3
with tethering to the medical establishment, a propensity  to restore fetal hemoglobin production), and reinfusion “S.i
for many systemic complications, and impairment of quality ~ after myeloablative conditioning.?® Once engraftment &
of life. The recent approval of lentiviral gene addition ther- has occurred (taking somewhat longer than an allogeneic S
apy and the likely approval of CRISPR/CAS9-based gene-  transplant), endogenous production ofred cells containing g
editing therapy dramatically increase "“curative" options HbA or HbF ameliorates the anemia, leading to transfusion 8
for this disease.! However, as a treatment with significant  independence. Data from clinical trials have confirmed %
potential for toxicity and side effects, patient selection will ~ durable engraftment with stable hemoglobin levels in N
be key to ensuring excellent long-term outcomes. Using  both adults and children with transfusion-dependent thal- 8
a population, intervention, comparison, outcome (PICO)-  assemia (91% of patients achieving transfusion indepen-
based analysis, we suggest an algorithm to assist in this.  dence in the Northstar trials using the lentiviral vector
We have deliberately not included the economics of  and 95% in the CLIMB trials using CRISPR/CAS9 editing).'*
gene therapy to be able to focus on the clinical decision- Early gene addition trials had better outcomes in those
making only. with non-B°/B° genotypes, but more recent data suggest
Patient population: Individuals with transfusion-  that age, genotype, and splenectomy status do not play
dependent (conventionally accepted as 28/y) B-thalassemia. a role. Complications are mostly related to the transplant
Intervention: Autologous hematopoietic stem cell procedure itself, including infections during the engraft-
transplant with lentiviral gene addition (the only currently ment period, some delayed platelet recovery, and veno-
approach approved by the US Food and Drug Adminis-  occlusive disease (now not seen following introduction
Gene therapy for B-thalassemia | 121
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of standard prophylaxis with defibrotide), with no deaths, min-
imal graft-vs-host-disease, and no major concerns for marrow
dysplasia.® (Caveat: the bone marrow in individuals who have
successfully undergone gene therapy still shows evidence of
ineffective erythropoiesis.¢) Infertility and risk for clonal disease
may be comparable to allogeneic HSCT. Successful treatment
resulted in improvements in health-related quality of life, and
normalization of day-to-day activity.? Table 1 provides a sum-
mary of trials and the key outcomes described in each.

Comparison: Standard transfusion and chelation
Management of transfusion-dependent thalassemia is extremely
patient time-intensive and burdensome, necessitating frequent
all-day visits to the hospital for transfusions and the potential for
long-term complications, including transfusion-associated infec-
tions, alloimmunization, with systemic iron overload and organ
dysfunction despite chelation therapy. Chelation therapy requires
excellent compliance to prevent iron-related organ damage and
has its own toxicities. This has a tremendous physical, mental,
emotional, and economic burden on patients and families, with
symptoms from chronic anemia, organomegaly (extramedullary
hematopoiesis), endocrinopathy, bone disease and vasculopathy
(pulmonary hypertension, silent cerebral infarction), anxiety and
depression, and loss of school or work days. Median age at death
in the United States is ~37 years, half that of the average Ameri-
can, mostly related to iron overload-induced heart failure.? Until
recently, allogeneic HSCT from a matched related donor (MRD)
(more recently matched unrelated donor as well) has been the
best "curative" therapy, achieving transfusion independence in
over 90% of individuals when performed at a younger age.” How-
ever, the nonavailability of a matched donor limits this as a viable
option in most patients.

Patients should have a detailed discussion on the process
and timeline, efficacy and safety profile, short- and long-term
complications, and alternatives. It would be appropriate to offer
gene therapy to motivated patients after further discussion of
the following:

1. Metanalysis of registry data showed the best results in chil-
dren under age 7 years (with limited fertility preservation op-
tions) who had MRD, with less than optimal results in patients
over the age of 15 years, especially without matched donors.”
No such age-related trend was seen in the gene therapy clin-
ical trials. While most trials limited participation to patients
between 4 and 35 years, age has not been defined in the
recent Food and Drug Administration approval. It would be
appropriate to offer gene therapy to younger patients, since
they would be most likely to have good outcomes, and de-
rive the longest benefit. It may be reasonable to offer this
to even older individuals, particularly those who have been
well transfused and chelated and do not have the preexisting
morbidities described, and would therefore be less likely to
have adverse outcomes.?

2. Individuals with available MRDs were excluded from the trials.'?
However, with demonstrated equivalent efficacy in achieving
transfusion independence and the low risk of graft-vs-host-
disease, gene therapy may now be a consideration even
in when a MRD is available so long as there is a continued
demonstrable durable response without increased risk of
development of clonal disease (which may be related to an
inherent risk in thalassemic stem cells).

3. Individuals with iron overload-induced hepatic fibrosis or
cirrhosis, as well as those with renal dysfunction, would be
high-risk candidates to undergo HSCT and likely should be
excluded.

4. Fertility preservation is an important consideration and should
feature in all discussions. Being able to receive gene therapy
with equivalent success at an older age has the benefit of
being able to wait until postpubertal fertility preservation is
possible or family planning is completed.

