
determine its contribution to chronic
inflammatory conditions.

Although pharmacological inhibition of
plasmin controlled acute inflammation and
liver damage, it did not diminish the activation
of the coagulation pathway. Although these
results could be due to a different pathway
involving fibrin deposition and fibrin-
associated inflammatory response as suggested
by the authors, the administration of CpG/DG
also activates a TLR-9 response in endothelial
cells that triggers the activation of the NFkB
pathway.7 This latter pathway has been related
to the activation of the coagulation cascade8

(see figure). Furthermore, the genetic deletion
of plasmin in mice generates spontaneous
thrombosis,6 thereby limiting the opportunity
for therapeutic intervention. Nonetheless,
despite these limitations, the global decrease
of the inflammatory response and the increase
in survival were significant achievements.

The authors noted that TLR-9–driven
TNFa activation was mediated through a
plasmin/matrix metalloproteinase 9 (MMP9)
axis (see figure). They show how in MMP9-
deficient mice, the activation with CpD/DG
was significantly diminished, resulting in
improved survival. Importantly, these
data are supported by previous reports,
demonstrating that MMP9 deficiency
has a protective effect in response to
lipopolysaccharide challenge by reducing the
inflammatory response.9 Moreover, similar
results have been recently described using a
blocking antibody against TLR-9 after the
administration of CpG/DG,10 confirming the
importance of theTLR-9/plasmin/MMP9 axis
in the control of the cytokine storm response.

In summary, the article by Shimazu
et al describes a relevant model of MAS in which
TLR-9 stimulation contributes to the activationof
plasmin, augmenting the inflammatory response
through the control ofMMP9.This study reveals
the importance of plasmin in the control of
acute inflammatory cytokine production and
opens the door for the development of alternative
therapeutic approaches for treating syndromes
associated with an acute cytokine storm, such
as MAS or HLH.

Conflict-of-interest disclosure: The authors declare
no competing financial interests. n

REFERENCES
1. Shimazu H, Munakata S, Tashiro Y, et al.
Pharmacological targeting of plasmin prevents lethality in a
murine model of macrophage activation syndrome. Blood.
2017;130(1):59-72.

2. Schulert GS, Grom AA. Macrophage activation
syndrome and cytokine-directed therapies. Best Pract Res
Clin Rheumatol. 2014;28(2):277-292.

3. Behrens EM, Canna SW, Slade K, et al. Repeated
TLR9 stimulation results in macrophage activation
syndrome-like disease in mice. J Clin Invest. 2011;121(6):
2264-2277.

4. Sparwasser T, Miethke T, Lipford G, et al.
Macrophages sense pathogens via DNA motifs: induction
of tumor necrosis factor-alpha-mediated shock. Eur J
Immunol. 1997;27(7):1671-1679.

5. Syrovets T, Lunov O, Simmet T. Plasmin as a
proinflammatory cell activator. J Leukoc Biol. 2012;92(3):
509-519.

6. Bugge TH, Flick MJ, Daugherty CC, Degen JL.
Plasminogen deficiency causes severe thrombosis but is
compatible with development and reproduction. Genes
Dev. 1995;9(7):794-807.

7. Li J, Ma Z, Tang ZL, Stevens T, Pitt B, Li S.
CpG DNA-mediated immune response in pulmonary
endothelial cells. Am J Physiol Lung Cell Mol Physiol. 2004;
287(3):L552-L558.

8. Foley JH, Conway EM. Cross talk pathways between
coagulation and inflammation. Circ Res. 2016;118(9):
1392-1408.

9. Dubois B, Starckx S, Pagenstecher A, Oord J, Arnold
B, Opdenakker G. Gelatinase B deficiency protects against
endotoxin shock. Eur J Immunol. 2002;32(8):2163-2171.

10. Murakami Y, Fukui R, Motoi Y, et al. The protective
effect of the anti-Toll-like receptor 9 antibody against acute
cytokine storm caused by immunostimulatory DNA. Sci
Rep. 2017;7:44042.

DOI 10.1182/blood-2017-04-776385

© 2017 by The American Society of Hematology

l l l RED CELLS, IRON, AND ERYTHROPOIESIS

Comment on Wang et al, page 73

Hemochromatosis, iron-loading
anemia, and SMAD
-----------------------------------------------------------------------------------------------------

Victor R. Gordeuk UNIVERSITY OF ILLINOIS AT CHICAGO

In this issue of Blood, Wang et al show that SMAD1 and SMAD5
act cooperatively to increase hepatic hepcidin expression in response to iron-
mediated bone morphogenetic protein (BMP) signaling, and they provide
evidence that erythroferrone produced by bone marrow progenitors may
suppress hepatic hepcidin expression by inhibiting these same factors
(see figure).1

How patients with anemias characterized
by ineffective erythropoiesis develop

systemic iron overload in the absence of blood
transfusions is a fascinating question that
hematologists have pondered for many years.
Thalassemia major and intermedia syndromes
are important examples of the association
of the increased erythropoietic activity of
intramedullary hemolysis with enhanced
intestinal iron absorption.2 The magnitude of
iron overload that may occur in conditions
marked by ineffective erythropoiesis is
independent of the degree of anemia,3 and the
predominantly parenchymal iron loading in
ineffective erythropoiesis is similar to hereditary
hemochromatosis. These observations raised
the possibility that the 2 conditions share in
common a final pathophysiologic pathway.4

Indeed, this proved to be the case; it emerged
over the past 15 years that hepcidin produced by
hepatocytes has a central role in ironhomeostasis
and that deficiency of hepcidin with respect

to the body’s iron burden underlies the
iron loading seen in both hereditary

hemochromatosis and anemias characterized

by ineffective erythropoiesis.5

HFE, HJV encoding hemojuvelin, HAMP
encoding hepcidin, and TFR2 encoding
transferrin receptor 2 are genes of the hepcidin-
activating pathway in hepatocytes; autosomal-
recessive inactivation of any 1 of these
genes leads to deficiency of hepcidin and
systemic iron overload or hemochromatosis.5

Investigation of the function of these
genes showed that BMP signaling through
phosphorylation of SMADproteins is a central
pathway to regulate hepcidin transcription.6,7

In particular, previous research indicated
that iron-related BMP signals lead to the
phosphorylation of SMAD1, SMAD5, and
SMAD8 and to the promotion of hepcidin
transcription through the common mediator
SMAD4.7,8 In this issue, Wang et al explored
the individual contributions of SMAD1,
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SMAD5, and SMAD8 to hepcidin regulation.
Knockdown of SMAD1 or SMAD5 but not
SMAD8 inhibited hepcidin messenger RNA
(mRNA) expression in Hep3B cells, so the
investigators focused further on SMAD1 and
SMAD5. They generated mice with hepatocyte-
specific inactivation of Smad1, Smad5, or both to
demonstrate that SMAD1 and SMAD5 have
overlapping functions in regulating hepcidin
expression but that the activity of both is necessary
for optimal regulation.

Investigators recently discovered that
erythroferrone, a factor secreted by erythroid
progenitors in the bone marrow, is an
important mediator of the suppression of
hepatic hepcidin expression that is observed
with increased erythropoiesis, especially
ineffective erythropoiesis.9,10 Exactly how
erythroferrone suppresses hepcidin expression
and whether the mechanism involves the
BMP-SMAD signaling pathway is uncertain.
Wang et al found that erythropoietin robustly
induced bone marrow erythroferrone mRNA
in control mice and mice with hepatic
inactivation of both Smad1 and Smad5 but
suppressed liver hepcidin mRNA only in
control mice. In keeping with this observation,
erythropoietin and erythroferrone reduced
the phosphorylation of SMAD1 and SMAD5
in parallel with decreasing the expression
of hepcidin in the livers of control mice
and in control Hep3B cells. Furthermore,
erthroferrone failed to decrease hepcidin
expression in hepatocytes with inactivation
of Smad1 and Smad5 and in Hep3B cells with

knockdown of SMAD1 and SMAD5. These
observations are consistent with the possibility
that erythroferrone acts through SMAD1
and SMAD5 signaling to suppress hepcidin
production.

The report by Wang et al represents an
important advance in our understanding of
the details of BMP signaling in hepcidin
regulation. The results indicate that SMAD1
and SMAD5, but not SMAD8, work
cooperatively to control hepcidin expression.
The evidence for a role of SMAD1 and
SMAD5 in mediating hepatic hepcidin
suppression in response to erythropoietin and
in response to erythroferrone secreted by bone
marrow erythroid progenitors is of particular
interest to hematologists. Although more

details need to be worked out, answers are
now forthcoming to the old question of
how ineffective erythropoiesis leads to
nontransfusional iron overload.
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l l l TRANSPLANTATION

Comment on Gibson et al, page 91

CHIPs and engraftment dips
-----------------------------------------------------------------------------------------------------

Frederick R. Appelbaum and Jerald P. Radich FRED HUTCHINSON CANCER RESEARCH CENTER

In this issue of Blood, Gibson et al provide provocative information suggesting
that use of otherwise normal stem cell donors with clonal hematopoiesis of
indeterminate potential (CHIP) results in impaired hematopoietic recovery
following allogeneic hematopoietic stem cell transplantation (HSCT).1

The authors retrospectively reviewed results
of 552 patients who underwent allogeneic

HSCT and identified 89 patients (16%) who

had at least 1 cytopenia beyond day 100 after
HSCT. Among those 89 patients, a probable
cause for the cytopenia was identified in 83

The work of Wang et al is consistent with the following scenario. In the hepatocyte, SMAD1 and SMAD5 cooperate to

mediate iron-related signaling through hemojuvelin (HJV), BMP, and BMP receptor (BMPR) for the promotion of

hepcidin transcription through phosphorylated SMAD4. Homozygous inactivation of HJV or other molecules in the

hepcidin-activation pathway leads to hemochromatosis through decreased SMAD1 and SMAD5 signaling and lack

of hepcidin. Stimulation of erythroblasts by erythropoietin (EPO), especially in the setting of ineffective erythropoiesis,

leads to increased production of erythroferrone by erythroblasts. In turn, erythroferrone serves to decrease

phosphorylation (P) of SMAD1 and SMAD5 in hepatocytes, leading to iron loading as a result of lack of hepcidin.
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