
mimicking FVIIIa (emicizumab [ACE910]).7

Rebalancing hemostasis in hemophilia
by inhibiting anticoagulant mechanisms
has also been explored with promising
results. This includes RNA silencing of AT
(ALN-AT3),2 administration of a monoclo-
nal antibody against TFPIa (concizumab),4

or a bioengineered a1-anti-trypsin (KRK
a1AT) that exhibits high efficiency and
specificity against APC.8 Gene therapy
is an attractive approach, and recent
progress holds promise for the future.9

However, whether it will be an option for
patients with inhibitors remains to be
elucidated.

Inhibition of PS is an attractive approach
because PS is required as a cofactor for
both TFPIa and APC. Prince et al have
tested this by creating hemophilic mice
(F82/2 or F92/2) that are also lacking PS
(Pros12/2). These mice seemed to be
completely normal and had no signs of
unprovoked consumptive coagulopathy.
However, the lack of intrinsic Xase did not
prevent lethality in TF-induced thrombo-
embolism and only partially protected
Pros12/2 mice against thrombosis in mes-
enteric arterioles. Moreover, loss of PS
limited but did not abrogate tail bleeding
in hemophilic mice. Of particular interest
was the observation that in both F82/2 and
F92/2 mice, the lack of PS or inhibition
of PS with antibodies provided full pro-
tection against acute hemarthrosis. A
potential explanation for these prominent
effects may be the demonstrated high ex-
pression of TFPIa and PS in the synovium
of both hemophilic mice and patients with
hemophilia A or B. In thrombin generation
assays, the loss of PS was, as expected,
associated with decreased anticoagulant
effects of TFPIa and APC in both human
and mouse plasma.

A critical caveat inherent in the study
design relates to species differences. PS
in human plasma is present in 2 forms:
as free protein and in complex with the
complement regulator C4b-binding pro-
tein (C4BP), an octopus-like molecule
having 7 a-chains and a single PS binding
b-chain.10 Mice do not have a C4BP-PS
complex because their b-chain gene is
converted to a pseudogene. PS is required
for secretion of the human b-chain. How
silencing of PS will affect C4BP and the
complement system in humans remains to
be determined. The authors mention an-
other interesting species difference: mice
have TFPIa in platelets but not in plasma,
whereas human TFPIa circulates in plasma

bound to FV/FV-short, which functions in
synergy with PS to stimulate TFPIa activ-
ity.3 PS has also been demonstrated to
be a ligand and activator of a family of
tyrosine kinase receptors (TAM receptors)
that stimulates phagocytosis of apoptotic
cells and regulates immune response.10

How silencing of PS affects the TAM re-
ceptor system is an important question
that needs to be answered. Despite these
caveats, silencing or inhibition of PS is
one of several potentially very interesting
therapeutic approaches in hemophilia,
and the future will reveal which treatment
principles will prevail.

Conflict-of-interest disclosure: The author
declares no competing financial interests. n

REFERENCES
1. Prince R, Bologna L,Manetti M, et al. Targeting

anticoagulant protein S to improve hemostasis
in hemophilia. Blood. 2018;131(12):1360-1371.

2. Sehgal A, Barros S, Ivanciu L, et al. An RNAi
therapeutic targeting antithrombin to rebal-
ance the coagulation system and promote
hemostasis in hemophilia. Nat Med. 2015;
21(5):492-497.
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Comment on Tholouli et al, page 1383

HSCT for GATA2 deficiency
across the pond
Dennis Hickstein | National Cancer Institute

In this issue of Blood, Tholouli et al describe successful in vivo T-cell–depleted
allogeneic hematopoietic stem cell transplant (HSCT) in 4 patientswithGATA2
deficiency using a reduced-intensity conditioning (RIC) regimen including
serotherapy with alemtuzumab.1 Three immediate questions come to mind
when contemplating the first sentence, namely: what is GATA2 deficiency,
what is the natural history of the disease that leads to HSCT, and what makes
HSCT so special for GATA2 deficiency that it warrants a commentary?

In 2011, 4 clinical syndromes were united
by a common genetic diagnosis of het-
erozygous germ line or sporadic mu-
tations in GATA2.2-5 Each of the groups
approached this syndrome from a dis-
tinct clinical perspective, resulting in
4 different names for the same genetic
abnormality: autosomal dominant and
sporadic monocytopenia and Myco-
bacterium avium complex; dendritic cell,

monocyte, B and natural killer (NK)
lymphoid deficiency; Emberger syndrome
(lymphedema and monosomy 7); and
familial myelodysplastic syndrome (MDS)/
acute myelogenous leukemia (AML).2-5

Thus, patients with GATA2 deficiency
can present with evidence of an immu-
nodeficiency, aplastic anemia, MDS, or
leukemia, making the diagnosis itself a
challenge.
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The mutations inGATA2 involve coding
and noncoding regions, as well as an

enhancer region. Approximately half of

the patients have a de novo mutation in

GATA2, whereas the other half have the

familial form of the disease. The unifying

theme is the loss of one allele of GATA2

and the resulting phenotype from re-

duced expression of GATA2 from hap-

loinsufficiency. Although more than 150
mutations have been described in GATA2
deficiency, there is no distinct genotype-
phenotype correlation.

The natural history of GATA2 deficiency
is highly variable, even in individuals in
the same family harboring the identical
mutation, a genetic term known as vari-
able expressivity. Infectious complications
are common in GATA2 deficiency and
result from the peculiar cellular deficiency
profile, namely deficiency of monocytes,
NK cells, and B lymphocytes. In patients
with hematologicmanifestations ofGATA2
deficiency, usually progressive cytopenias,
there is progression from a normocellular
marrow to hypocellular MDS and then, in
some instances, to AML.Myeloid dysplasia
with progressive cytopenias and new cy-
togenetic changes in the bone marrow
prompt HSCT in approximately half of

patients with the GATA2 deficiency in a
recent study.6

HSCT represents the only curative ther-
apy for GATA2 deficiency. However,
HSCT remains challenging because of
comorbidities such as disseminated My-
cobacterium avium complex infections,
pulmonary alveolar proteinosis, advanced
MDS, andAML.6 The type of donor source,
intensity of the conditioning regimen, and
use of serotherapy remain unanswered
questions in GATA2 deficiency, primar-
ily because the disease was only iden-
tified in 2011.

The letter in this issue of Blood describes
the successful use of a RIC regimen in
HSCT for 4 patients with GATA2 de-
ficiency who were debilitated from infec-
tions and pulmonary alveolar proteinosis.
Three patients received unrelated donor
peripheral blood stem cells (PBSC) (10/10,
9/10, and 8/10matched) and one received
matched sibling PBSC. All 4 patients had
disease reversal, especially pulmonary
and human papillomavirus–derived dys-
plasia. Strikingly, there was only grade 1
acute GVHD despite the degree of mis-
match in the unrelated donors and the use
of PBSC.Of note, only 1 patient hadMDS.
There were complications with HSCT in

these patients. It is unclear whether the
autoimmune immune hemolytic anemia
and immune thrombocytopenia following
HSCTwere due toGATA2deficiency or to
the immune dysregulation from mixed
chimerism resulting from the RIC regimen.

The important issues going forward in
HSCT for GATA2 deficiency are several.
First, more specific criteria are needed for
determining when to proceed to HSCT.
Second, the level of chimerism necessary
to reverse the disease phenotype remains
unclear. Third, the intensity of condition-
ing for GATA2 deficiency before HSCT
has ranged from nonmyeloablative to RIC
to myeloablative. GATA2 plays a central
role in the maintenance of hematopoietic
stem cells (HSC) in mice and men, and
murine HSC haploinsufficient for GATA2
compete poorly with wild-type GATA2
murine HSC in competitive reconstitution
assays.7 Together with our previous stud-
ies using a nonmyeloablative regimen, it
appears that when patients with GATA2
deficiency are transplanted if they have
a hypocellular bone marrow with MDS
and without cytogenetic changes, a
nonmyeloablative regimen results in
reliable engraftment because the GATA2-
deficient marrow is at a proliferative
disadvantage.6 However, with clonal

- Hypocellular marrow

- <5% Blasts

- Normal cytogenetics

- Hypercellular marrow

- <5% Blasts

- -X, trisomy 8,
  trisomy 1q

- Hypercellular marrow

- <5% Blasts

- Monosomy 7

- Acute monoblastic
  leukemia

- 85% Blasts

- Trisomy 8, trisomy 20

Patient 1 Patient 2 Patient 3 Patient 4

Biopsy

Aspirate

The spectrum of bonemarrow findings in patients with GATA2 deficiency seen at the National Institutes of Health, ranging from a hypocellular marrow with normal cytogenetics
to hypercellular marrow with unfavorable cytogenetics to overt AML with 85% monoblasts.
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progression and unfavorable cytogenetic
changes and/or a hypercellular marrow,
in which the malignant clone has a pro-
liferative advantage, a higher dose regi-
men results in more reliable engraftment
and eradication of the clone (see figure).8

This is important because nearly half
of patients with GATA2 deficiency who
are symptomatic have clonal cytogenetic
abnormalities with MDS. Fourth, the op-
timal donor and donor graft source for
HSCT for GATA2 deficiency is evolving.
Matched related donors are clearly the
first choice; however, haploidentical re-
lated donors are currently closing in on
matched unrelated donors in many HSCT
scenarios.9 Last, strategies to prevent
GVHD are paramount in HSCT for GATA2
deficiency because there is no advantage
to GVHD when there is no preexisting
malignance; the latest development in
GVHD prophylaxis uses posttransplant
cyclophosphamide inmatched related and
unrelated donors as well as in haploidentical
related donors.9

An important caveat in the movement
toward RIC regimens was recently re-
ported by Bartelink et al, indicating that,
with busulfan dosing, there was an op-
timum area under the concentration
curve that resulted in the best event-free

survival compared with myeloablative
and low-intensity busulfan regimens.
Graft failure and relapse remain formida-
ble challenges in the pursuit of lower dose
regimens.10 Thus, reducing intensity in
conditioning should be done in a carefully
controlled manner with a clear salvage
pathway should graft failure or graft re-
jection occur.
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