Nonetheless, the activation of multiple
PP2A complexes bodes well for the thera-
peutic efficacy of the sphingosine
analogs.

While PP2A activation has been pro-
posed as a therapeutic option for a
range of cancers with inactivated PP2A,
clinical trials have yet to eventuate. The
demonstration that a nonphosphorylat-
able sphingosine analog, OSU-2S, is
effective at eradiating AML stem cells
while sparing normal immune cells is
highly encouraging for clinical translation,
and human trials are eagerly awaited.

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

REFERENCES

1. Goswami S, Mani R, Nunes J, et al. PP2A is
a therapeutically targetable driver of cell
fate decisions via a c-Myc/p21 axis in human
and murine acute myeloid leukemia. Blood.
2022;139(9):1340-1358.

2. Kauko O, Westermarck J. Non-genomic
mechanisms of protein phosphatase 2A
(PP2A) regulation in cancer. Int J Biochem
Cell Biol. 2018;96:157-164.

3. Dun MD, Mannan A, Rigby CJ, et al.
Shwachman-Bodian-Diamond syndrome
(SBDS) protein is a direct inhibitor of protein
phosphatase 2A (PP2A) activity and
overexpressed in acute myeloid leukaemia.
Leukemia. 2020;34(12):3393-3397.

4. Roberts KG, Smith AM, McDougall F, et al.
Essential requirement for PP2A inhibition by
the oncogenic receptor c-KIT suggests PP2A
reactivation as a strategy to treat c-KIT+ can-
cers. Cancer Res. 2010;70(13):5438-5447.

5. Scarpa M, Singh P, Bailey CM, et al. PP2A-
activating drugs enhance FLT3 inhibitor
efficacy through AKT inhibition-Dependent
GSK-3B-mediated c-Myc and Pim-1 protea-
somal degradation. Mol Cancer Ther. 2021;
20(4):676-690.

6. Smith AM, Dun MD, Lee EM, et al.
Activation of protein phosphatase 2A in
FLT3+ acute myeloid leukemia cells
enhances the cytotoxicity of FLT3 tyrosine
kinase inhibitors. Oncotarget. 2016;7(30):
47465-47478.

7. Arriazu E, Pippa R, Odero MD. Protein
phosphatase 2A as a therapeutic target in
acute myeloid leukemia. Front Oncol. 2016;
6:78.

8. Vicente C, Arriazu E, Martinez-Balsalobre E,
et al. A novel FTY720 analogue targets SET-
PP2A interaction and inhibits growth of acute
myeloid leukemia cells without inducing car-
diac toxicity. Cancer Lett. 2020;468:1-13.

9. Westermarck J. Targeted therapies don't
work for a reason; the neglected tumor
suppressor phosphatase PP2A strikes back.
FEBS J. 2018;285(22):4139-4145.

10. Frohner IE, Mudrak |, Kronlachner S,
Schiichner S, Ogris E. Antibodies
recognizing the C terminus of PP2A catalytic
subunit are unsuitable for evaluating PP2A
activity and holoenzyme composition. Sci
Signal. 2020;13(616):eaax6490.

DOI 10.1182/blood.2021014677
© 2022 by The American Society of Hematology

THROMBOSIS AND HEMOSTASIS

Comment on Hur et al, page 1374

Fibrinogen levels and
thrombosis prevention

Cédric Duval | University of Leeds

In this issue of Blood, Hur et al' expand our understanding of
hypodysfibrinogenemia, where a naturally occurring variant (fibrinogen
Otago) exhibits normal hemostatic and antimicrobial functions, while
protecting against thrombosis, in mice (see figure).

Congenital hypodysfibrinogenemia is char-
acterized by reduced plasma levels of
fibrinogen alongside altered function,
mostly caused by mutations in the fibrino-
gen Aa chain.? However, the mechanisms
underpinning the reduced circulating fib-
rinogen levels, and the relevance of
inherent effects of the mutation vs those
of the reduced fibrinogen levels on the
hemostatic/thrombotic balance, are still
unknown.

On one hand, afibrinogenemia (no circu-
lating fibrinogen) is associated with
severe spontaneous bleeding from all tis-
sues, ranging from umbilical cord to the
central nervous system, with potentially
fatal intracranial hemorrhage, although
hypofibrinogenemia (low levels of circu-
lating fibrinogen) is usually asymptom-
atic in its mild and moderate forms, with
virtually no unprovoked bleeding and
normal pregnancy.” On the other hand,

'.) Check for updates

dysfibrinogenemia (abnormal form of
circulating fibrinogen), although mostly
asymptomatic, presents with risks of
developing major bleeding and/or car-
diovascular events.®> The question re-
mains as to whether levels of circulating
fibrinogen are a driving force to several
pathological conditions. In contrast to
afibrinogenemia and hypofibrinogene-
mia exhibiting bleeding tendencies, ele-
vated circulating fibrinogen levels are
associated with increased risk of cardio-
vascular disease, such as coronary heart
disease and stroke.* Paradoxically, afi-
brinogenemic patients? and fibrinogen-
deficient mice® present with an
increased risk of thromboembolism,
attributed to embolization of unstable
platelet clots not stabilized by fibrin.

In their article, Hur and colleagues dem-
onstrate that reduction of fibrinogen
level to ~10% of normal circulating levels
is sufficient to maintain hemostasis and
resistance to infection, while convincingly
reducing thrombosis (see figure).

First, the authors describe a transgenic
mouse strain (Fga®’®) replicating a natu-
rally occurring mutation (Otago, fibrino-
gen Aa chain [Fga] truncation at residue
271), to unravel the mechanisms by
which mutations to the fibrinogen Aa
chain lead to reduced circulating plasma
levels. The Fga®’® phenotype is similar to
that of human hypodysfibrinogenemia
and provides the first concrete evidence
that nonsense-mediated decay is respon-
sible for decreased levels of protein
expression, because treatment of Fga270
hepatocytes with cycloheximide increas-
ed Fga messenger RNA levels.

Next, the authors showed that small
interfering RNA (siRNA) injection in wild-
type mice (Fga'®) reduced circulating
levels of normal fibrinogen to that of
Fga270 mice (~10%), therefore allowing
to dissect the impact of low level, vs
mutant form, of fibrinogen on the hemo-
static/thrombotic balance. Here, low
levels of fibrinogen, with(out) Fga muta-
tions, was sufficient to sustain a normal
bleeding phenotype, despite Fga°
mice forming clots that are less dense
with thicker fibers, with both Fga®’® and
Fga'®” plasma exhibiting impaired clot-
ability. To explain this discrepancy, some
compensatory mechanisms were pro-
posed, where fibrinolysis was reduced in
abnormal Fga®’® plasma clots, because
of the loss of the Aa271-610 region,
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Fibrinogen a-chain truncation at Arg,7¢ leads to a shortened aC region, a naturally occurring mutation (fibrinogen Otago) leading to hypodysfibrinogenemia (reduced
levels and function). This mutation does not dramatically affect hemostasis (bleeding) or fibrinogen-mediated survival to microbial infection, but reduces the
development of venous thrombosis, in mice. Similarly, siRNA-induced reduction of circulating fibrinogen levels to ~10% retain fibrinogen functionality, hemostatic and
antimicrobial functions, while still preventing venous thrombosis. mRNA, messenger RNA. Professional illustration by Patrick Lane, ScEYEnce Studios.

which is required for the binding of fibri-
nolytic proteins, while Fga?’® and Fga'o%
platelets exhibited preserved platelet-
fibrinogen interaction leading to normal
platelet aggregation but faster disaggre-
gation. The normal bleeding phenotype
in Fga™T, Fga?’®, and Fga'®®, vs the lack
of hemostasis in Fga-deficient mice, is in
agreement with studies in hypofibrinoge-
nemic patients showing that those with
circulating fibrinogen levels >1 mg/mL
(normal range, 2 to 4 mg/dL) remained
asymptomatic, whereas decreasing fibrin-
ogen levels correlated with increasing
bleeding severity.®

Importantly, an inferior vena cava ligation
model used in this article demonstrates
that both Fga?’® and Fga'®® mice are
protected against venous thrombosis,
similarly to Fga-deficient mice, attributing
these findings to the lack of fibrin Aa-
chain cross-linking responsible for red
blood cell retention in the clot and the
(lack of) circulating fibrinogen levels,
respectively. The treatment of choice for
afibrinogenemic patients is prophylactic
long-term  fibrinogen  supplementation
with plasma-derived fibrinogen concen-
trate, with some of those patients found
to develop thrombosis following infusion.
This study potentially indicates that sup-
plementation toward a lower range of
circulating fibrinogen may reduce the risk
of thrombosis in those patients.

In addition to hemostasis and thrombo-
sis, fibrinogen also plays a role in host

1270

defense against pathogen infection,
where afibrinogenemic patients exhibit
abnormal skin test reactions to several
microbial antigens,” and fibrinogen-
deficient mice display reduced survival to
bacterial infection.® Here, Hur and col-
leagues use a Staphylococcus aureus
peritoneal infection model to demon-
strate that regardless of the fibrinogen
Ao chain truncation, a reduction to
10% circulating fibrinogen levels is suffi-
cient to sustain antimicrobial functions,
because fibrinogen-mediated bacteria
clearance and host survival remained
unaffected.

Although this study provides insights into
the mechanisms leading to reduced lev-
els of fibrinogen in hypodysfibrinogene-
mia related to Aa-chain mutations, and
some evidence that partial reduction of
fibrinogen levels may provide antithrom-
botic effects without affecting risks of
bleeding, the situation is likely more
complex. Hence, further investigations
should be carried into (1) the role of
reduced fibrinogen levels on (i) rebleed-
ing events, (i) arterial thrombus forma-
tion, (i) thromboembolization in both
the venous and arterial systems; (2) the
highest fibrinogen levels threshold re-
quired to still observe normal hemostasis
and reduced thrombosis risks.

Although elevated fibrinogen levels are
associated with neurological disorders,
such as Alzheimer disease and vascular
dementia,” a link between fibrinogen
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levels and cancer is also emerging, with
fibrinogen-deficient mice showing re-
duced primary colon tumor growth.®
Therefore, the model of reduction in cir-
culating fibrinogen levels presented in
this study may also offer opportunities to
further define the role of fibrinogen in
other diseases.

Lower therapeutic doses of plasma
fibrinogen concentrate, and fibrinogen-
lowering drugs, have therefore thera-
peutic potentials for the treatment of
congenital fibrinogen disorders and the
prevention of cardiovascular diseases
and others, respectively.
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Comment on Adams et al, page 1389

Chronic GVHD of the CNS

Benny J. Chen | Duke University

In this issue of Blood, Adams et al' present a novel mouse model of central
nervous system (CNS) chronic graft-versus-host disease (GVHD) and identify
unique mediators of this understudied complication after allogeneic
hematopoietic stem cell transplantation (HSCT).

Allogeneic HSCT is a curative treatment
choice for a wide variety of hematological
malignant and nonmalignant diseases. As
many as 60% of adult HSCT survivors
develop symptoms related to neurocog-
nitive dysfunction.? Even though studies
have shown that patients with GVHD
have increased risk of neurocognitive dys-
function,®*
whether the CNS is a direct target organ
of GVHD in humans.>¢ Because many
drugs used in conditioning regimens,
immunosuppressants, and infections of
the CNS are associated with increased
risk of neurocognitive toxicities, it has
been difficult to distinguish the direct
effects of GVHD on the CNS from those
resulting from other complications of
HSCT.?

it is currently controversial

Previously published data from both
murine and nonhuman primate models
of acute GVHD showed that alloreactive
T cells could infiltrate the CNS and
cause neuronal damage.”® Using multi-
ple tests, Adams et al detected signifi-
cant behavioral changes in mice with
chronic GVHD compared with GVHD-
free controls in 2 different models. Like

acute GVHD, increased mobility deficits
as detected by the forced swim test and
learning deficits as revealed in active
place avoidance tasks were observed in
mice with chronic GVHD. However, the
impaired recognition memory, reduced
exploratory behavior, and increased
anxiety observed in mice with acute
CNS GVHD®? were not detected in
mice with chronic GVHD.

Behavioral changes could be due to
inflammation in the CNS associated with
chronic GVHD, as shown in the study by
Adams et al. It was observed that T-cell
infiltration in the brain was initially domi-
nated by CD8" T cells and slowly tra-
nsitioned to CD4" T cells over time in
chronic  GVHD.
expression of tumor necrosis factor (TNF)
and interleukin-6 during acute GVHD,%°
persistent upregulation of interferon-y
(IFN-y) and CC motif chemokine ligand
2 was observed in brains of mice
with chronic GVHD. Flow cytometric and
immunofluorescent  analyses
that transient microglia cell activation and
infiltration of donor major histocompati-
bility complex (MHC) class ll-expressing

Instead of increased

revealed

macrophages were 2 major characteristics
of chronic CNS GVHD. RNA sequencing
analyses of donor bone marrow—derived
macrophages and host microglia from
chronic GVHD  brains demonstrated
distinguishable  transcriptional  profiles
of these 2 cell subsets. Whereas host
microglia returned to a homeostatic state,
donor bone marrow—derived macro-
phages were still highly activated 70 days
after transplantation. Of interest, genes
related to IFN-y signaling were highly
upregulated in donor-derived macro-
phages but not host microglia. Dec-
reased neuroinflammation and
behavioral changes observed in recipi-
ents of MHC class Il knockout stem
cell grafts suggest that MHC class I
expression in  donor macrophages
plays a critical role in the develop-
ment of chronic CNS GVHD. Even
though the critical role of IFN-y in
chronic CNS GVHD should be further
investigated by genetic and pharma-
ceutical approaches, the data pre-
sented in this study strongly suggest
that IFN-y is a mediator of MHC class
Il expression by donor-derived macro-
phages. The finding that donor bone
marrow macrophages are the culprit
behind chronic CNS GVHD is in stark
contrast to the situation in acute
GVHD of the CNS, in which effect
cytokines (eg, TNF) are produced by
host microglial cells.®

This is a timely report, because we are
just beginning to appreciate the effect of
alloresponses on the CNS. The unique
findings associated with chronic GVHD
as revealed by Adams et al' (see figure)
suggest that the pathogenesis of the
CNS damage in chronic GVHD is differ-
ent from that in the acute setting. Even
though a significant amount of work will
be needed for us to understand how
exactly these immune attacks lead to
synapse damage and neurocognitive
dysfunction, the data presented in this
report lay the foundation for future stud-
ies of chronic CNS GVHD.

Conflict-of-interest disclosure: B.J.C. declares
no competing financial interests. M

REFERENCES

1. Adams RC, Carter-Cusack D, Shaikh SN,
et al. Donor bone marrow-derived
macrophage MHC Il drives neuroinflamma-
tion and altered behavior during chronic
GVHD in mice. Blood. 2022;139(9):
1389-1408.

€ blood® 3 MARCH 2022 | VOLUME 139, NUMBER 9 1271



http://www.bloodjournal.org/content/139/9/1389
http://www.bloodjournal.org/content/139/9/1389



