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Erythroblasts provide a
home for gametocytes
Pierre-Yves Mantel | University of Fribourg

In this issue of Blood, Neveu and colleagues shed new light on the devel-
opment of Plasmodium falciparum gametocytes in the bone marrow. They
demonstrate that gametocytes invade and mature inside erythroblasts in the
erythroblastic islands, whereas parasite infection and extracellular vesicles
secreted by parasites delay the maturation of the erythroblast to allow the
gametocyte maturation to coincide with release of their host cell from the
bone marrow.1

The most severe forms of malaria are
caused by the parasites P falciparum,
which requires 2 hosts to fulfill its life cycle.
While in the human host, the parasites
cause most of their burden during the
blood stage. The asexual replication that
occurs in the red blood cells lasts 48 hours,
during which time the parasites un-
dergo a complex process of maturation
and remodeling of the host cells. At the
end of the 48-hour cycle, the parasites

egress from the infected red blood cells
and invade uninfected red blood cells,
and the cycle will then repeat.

During the asexual cycle, a small pro-
portion of parasites commits to produce
a sexual progeny to initiate the sexual
cycle. Gametocytes go through 5 different
stages of maturation that take;10 days to
complete. The gametocyte is the only form
of the parasites that can be transmitted to

the mosquito. Therefore, the transmission
stage constitutes a bottleneck for the
parasites and may represent an important
target for drug or vaccine with the aim to
eliminatemalaria.Mature gametocytes can
circulate in the peripheral blood inside
mature red blood cells until taken up by a
mosquito during a blood meal and there-
fore can be observed in blood smears,
whereas immature gametocytes preferen-
tially accumulate and develop in the bone
marrow parenchyma around the erythro-
blastic islands. Immature gametocytes from
stages I to IV are not found in the blood
circulation. It was observed.100 years ago
that they are preferentially hiding in the
bone marrow.2 This was further confirmed
by several case studies in which immature
gametocytes were observed in erythro-
blastic islands.3 However, only recently
more detailed histological and molecular
studies confirmed their sequestration in
the bone marrow.4,5

The bone marrow might provide an ideal
site for the parasites to develop while
hiding from the immune system and
avoiding clearance by the spleen. How-
ever, the mechanisms involved in the
sequestration are ill defined, and several
hypotheses exist. Immature gametocyte
maintenance in this microenvironment
may be dependent on the adhesion to
nonendothelial bone marrow cells, such
as the mesenchymal cells.6 Another hy-
pothesis not mutually exclusive is that the
increased rigidity of immature gameto-
cytes may contribute to their sequestra-
tion locally by mechanical retention.7

Another unexplored possibility is that
gametocytes directly infect cells in the
erythroblastic islands.

In this issue ofBlood, Neveu and colleagues
investigated the cellular interactions of the
gametocytes with the cellular compartment
of the hematopoietic niche. More specifi-
cally, they hypothesized that gametocytes
call erythroblasts home. To address this
hypothesis, the authors used human primary
erythroblasts derived from granulocyte
colony-stimulating factor–mobilized pe-
ripheral blood. Then the erythroblasts
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Gametocytes invade, differentiate, and mature in erythroblasts. Immature gametocytes from stages I to IV can be
observed inside erythroblasts. This strategy allows the gametocytes to grow inside the bone marrow in the
erythroblastic islands surrounding a central macrophage.
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were infected by synchronized purified
schizonts. The parasites were able to
invade and grow inside erythroblasts.
Erythroblasts are nucleated cell precursors
of mature red blood cells and differentiate
in the bone marrow, in particular, in the
erythroblast islands. Although it is known
that the asexual parasites can develop in
nucleated cells, the fate of gametocytes
was never addressed. Here, not only ga-
metocytes were observed inside erythro-
blasts but also they were able to mature
inside this new home. Interestingly, the
gametocytes upon activation by temper-
ature drop were able to produce gametes,
suggesting that the maturing gametocytes
are functional and might be picked up by
mosquitoes. Furthermore, the discovery
was validated in vivo, by analyzing the
bone marrow of a P falciparum–infected
patient. Gametocytes were identified by
staining with an antibody against the
plasmodial protein Pf11.1 and found in
nucleated cells that stained positive for red
blood cell protein glycophorin A, in other
words, erythroblasts (see figure).

Surprisingly, Neveu and colleagues no-
ticed that the maturation of the parasite-
infected erythroblasts was slowed down.
Further investigations demonstrated that
infections in combination with parasite-
derived extracellular vesicles delayed the
erythroid differentiation. The delay in dif-
ferentiation was correlated with oxidative
stress. Both infection and extracellular
vesicles were able to directly induce oxi-
dative stress in erythroblasts.

These findings raise several interesting
questions: anemia in malaria patients is
caused not only by rupture of infected
red blood cells but also by the inhibition
of hematopoiesis. One can wonder whether
the gametocyte sequestration contrib-
utes to blockage of hematopoiesis.

Extracellular vesicles are small vesicles
secreted by infected red blood cells.
Besides potent immunomodulatory prop-
erties, extracellular vesicles have a role
in cellular communication by transferring
signaling cargoes between a donor cell to
an acceptor cell.8,9 Do extracellular vesicles
transfer functional cargoes into erythro-
blasts to regulate their function?

Finally, after invasion, the parasites remodel
the host cells by exporting proteins into the
cytosol. The authors raise the question that
gametocytes might hijack the host cells by
secreting proteins with nuclear localization

signal that could interfere with gene regu-
lation in the host cells.

Altogether, this work provides solid evi-
dence for a new mechanism of gameto-
cyte retention in the bone marrow by
direct infection of erythroblasts.
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Arginine for mitochondrial
oxidative enzymopathy
Daniel B. Kim-Shapiro1 and Mark T. Gladwin2 | 1Wake Forest University; and
2University of Pittsburgh

Although mitochondria are known to be a major source of reactive oxygen
species (ROS), and oxidative stress is thought to contribute to pathology in
sickle cell disease, in this issue of Blood, Morris et al have shown that arginine
therapy can improve mitochondrial function and decrease oxidative stress.1

Sickle cell disease is caused by a mutant
form of hemoglobin that polymerizes
upon deoxygenation, producing rigid
red blood cells that are prone to hemo-
lysis. Hemolytic anemia releases cell-free
hemoglobin that scavenges the important
signaling molecule nitric oxide (NO), di-
rectly generates ROS, activates oxidases
that produce ROS, and denatures to re-
lease heme, which activates innate in-
flammatory signalingpathways.2 Hemolysis
also releases arginase-1,which converts the
substrate for NO synthase, arginine, to
ornithine and thereby contributes to the
NO deficiency seen in sickle cell dis-
ease.3 Therefore, arginine administration
has been explored as a therapeutic

based on its potential to restore NO
bioavailability, and clinical efficacy has
been demonstrated in small randomized
clinical trials.4 The new study by Morris
et al suggests that, like another recently
approved therapeutic amino acid, glu-
tamine,5 arginine may reduce oxidative
stress in sickle cell disease (see figure).

Mitochondria are known to be a major
source of ROS; in sickle cell disease,
many investigators have shown that ROS
is generated from the mitochondria and
other oxidases, including xanthine oxi-
dase, NADPH oxidase, oxidized hemo-
globin, and uncoupled endothelial NO
synthase.6 Prior studies have shown that
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