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Abstract
Purpose of Review Information about rosettes in Plasmodium vivax infection is scarce. However, the understanding of this
phenomenon is important for elucidating the pathobiology of Plasmodium spp. This review summarizes the advances in the
knowledge of rosetting phenomenon in P. vivax malaria.
Recent Findings In vitro and ex vivo studies seek to shed light on some aspects of rosetting in vivaxmalaria. Themajor efforts are
to determine the purpose of this phenomenon and the elements involved in rosetting. Recent data reveal a receptor and suggest
that specific components are involved in rosetting. Moreover, there is strong evidence supporting the role of rosettes as an
immune evasion strategy.
Summary Although there are many unknown aspects behind rosetting, recent findings have contributed to elucidating rosette
formation mechanisms and have clarified its role and biological hallmarks. These findings reinforce that rosetting is important
and understanding the underlying biology may help develop new strategies for malaria control.
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Introduction

Malaria is the most important and widespread tropical dis-
ease. Over 200 million new malaria cases are reported glob-
ally every year [1]. It is caused by the protozoan parasites
Plasmodium falciparum, P. vivax, P. ovale, P. malariae, and
P. knowlesi that normally infect apes. In addition to
P. knowlesi, there are other Plasmodium species that infect
non-human primates and can be transmitted to humans, such
asP. brasilianum [2],P. cynomolgi [3], and recently identified
P. simium [4].

Plasmodium vivax is the most prevalent species outside of
sub-Saharan Africa [5]. Globally, 53% of P. vivax infections
occur in the Southeast Asia region. Furthermore, this species
is the most prevalent in Latin America responsible for 75% of
malaria cases [1]. While P. vivax infection has lower mortality
rates than that of P. falciparum, the impact of P. vivax on
global public health remains profound. Moreover, severe
cases including cerebral and placental malaria caused by
P. vivax begun to be reported in recent years [6–13].

In falciparummalaria, the severity of cerebral and placental
malaria is in part attributed to the adhesive potential of the
infected red blood cells [14, 15]. Cytoadherence is primarily
observed in adhesion of infected red blood cell (iRBC) to
endothelial cells [16–18], placental tissues [19–22], and to
uninfected red blood cells (uRBCs) [23, 24]. Although
cytoadhesion is better described in P. falciparum infections,
it also occurs with P. vivax. In the past decade, indication of
this phenomenon has been observed in the spleen, lung, and
endothelial cells [25–28]. The adhesion of a P. vivax iRBC to
uRBCs, forming rosettes, has also been observed in several
studies [29••, 30••, 31•, 32].

Rosette phenomenon is very complex, and many of the
components involved are known in falciparum malaria [33].
The interactions between infected and uninfected red blood
cells are best understood in falciparum malaria, owing to a
well-established in vitro culture [34]. However, there is not
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an efficient long-term in vitro culture method for P. vivax.
Cryopreserved field isolates, once thawed, present a lower
frequency of rosetting compared to fresh ones [29••, 35]. As
rosetting has been linked to pathogenesis, its understanding
and functional significance in vivax malaria are essential. In
this article, we discuss the recent advances in understanding
the importance of this phenomenon to vivax malaria
pathogenesis.

General Rosetting Characteristics
in Plasmodium Species

Rosetting occurs when two or more uRBCs bind to a central
parasitized red blood cell [14]. The first reports of rosette
formation were published in the 1980s in P. fragile [14],
P. chabaudii [36], and P. falciparum [37, 38]. Some years
later, rosette formation was reported in three other human-
infecting species: P. ovale [39], P. malarie [40], and
P. vivax [32].

As seen for P. falciparum, P. vivax rosettes are also formed
by a RBC infectedwith late parasite stages (mature trophozoites
or schizonts) [29••, 32] or gametocytes [29••] and uRBCs.
However, for P. vivax, this interaction occurs almost exclusive-
ly between iRBC and normocytes (mature uRBCs) [29••]. The
adhesion between iRBC and uRBC cells is strong in both
P. falciparum and P. vivax, resulting in similar stability even
by high physiological shear flow [35, 41]. The attachment of at
least one uRBC to an iRBC reduces the membrane
deformability of the P. vivax-parasitized cell; however, the mo-
lecular basis involved in this process is still not elucidated [35].

Rosetting has been implicated in the pathogenesis of severe
falciparum malaria [42–44]. This phenomenon is thought to
contribute to the vascular occlusion in individuals infected
with P. falciparum [45], which can lead to complications such
as cerebral malaria. Indeed, some studies show the association
between rosetting and cerebral malaria [44, 46]. In addition,
high levels of rosette formation are associated with increased
severity in African children infected with P. falciparum [42,
44, 47]. In keeping with the association with high pathogenic-
ity, rosettes are seldom seen in isolates from uncomplicated
falciparum malaria [42, 44, 45].

While cases of severe vivax malaria are less frequent than
of falciparum malaria, rosetting is a common phenomenon
observed more frequently in P. vivax [30••, 48] than
P. falciparum isolates [29••]. Rosetting in vivax infections
were correlated with anemia in pregnant women, as decreased
hemoglobin and hematocrit were associated with higher levels
of rosettes [31•]. However, no clear correlation with severity
has yet been observed.

There is growing evidence that the ABO blood group in-
fluences host susceptibility to severe disease in P. falciparum
infection. Studies showed that blood group O conferred

protection against severe disease compared with non-O blood
groups (A, B, or AB) [49–51]. P. falciparum binds to mole-
cules on the surface of uRBCs for rosette formation, and the
involvement of ABO antigens in this phenomenon is well
studied. In vitro experiments showed that rosettes are prefer-
entially formed in the presence of non-O blood groups [32,
52–54]. The same pattern was visualized in P. falciparum
field isolates, where individuals with high levels of rosetting
were from non-O blood groups [42, 50, 55]. However, in
infections caused by P. vivax, rosettes are formed indepen-
dently of human blood groups A, B, and O [29••, 48]. At this
time, there are no published studies directed to understanding
this disparity.

The Role of Rosette Formation
during Plasmodium vivax Infection

Rosetting has been described for four parasite species infect-
ing humans and in several species that infect other hosts.
Hence, rosettes likely have an important biological function
in the parasite–host relationship. However, their role remains
unclear. In addition, most of data available thus far are based
on P. falciparum studies.

There are two major hypotheses to explain the functions of
this formation, suggesting their contribution to the growth and
survival of the parasite during infection. The first hypothesis is
that rosettes could facilitate merozoite invasion into erythrocytes
ensuring parasite survival and replication [56]. However, this
postulate is controversial and unlikely. Although there is evi-
dence of a positive correlation between rosetting and parasitemia
in both P. falciparum [57] and P. vivax [30••], this was not
observed in other studies [29••, 58, 59].

The hypothesis of “facilitating merozoite invasion” could
be supported in vivax malaria if the uRBCs forming rosettes
were predominantly composed of reticulocytes, since P. vivax
invades exclusively young erythrocytes. However, there is a
preference for normocytes instead of reticulocytes in rosette
formation, indicating that rosetting is unlikely to help mero-
zoite invasion in P. vivax infection [29••]. Moreover, Lee and
colleagues defend that this is an improbable role, since
P. vivax and P. falciparum start to form rosettes at early tro-
phozoite stage, long before merozoite expulsion and re-inva-
sion. Finally, the observation of rosetting in gametocytes re-
inforces even more that this hypothesis is improbable [29••].

The second postulated role is that rosettes act as an im-
mune evasion mechanism when uRBCs mask the parasit-
ized RBC and prevent its clearance by the host immune
system [52]. Recent studies have attempted to elucidate this
potential escape mechanism. When leukocytes were added
to P. vivax and P. falciparum field isolates, the rosetting
rates increased. Next, it was visualized that iRBCs stimulate
monocytes to produce insulin growth factor binding protein
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7 (IGFBP7) and other molecules. In the presence of
IGFBP7, the rate of rosetting increased while the number
of iRBC phagocytosed by monocytes decreased, suggesting
that rosettes protect iRBCs from the immune system [60••].
In another recent work, transcriptional analyses showed that
the phagocytosis pathway may be affected by rosette for-
mation [30••]. In this study, it was also found that a higher
phagocytosis index by both the THP-1 cell line and human
peripheral blood mononuclear cells (PBMC) was higher
when rosettes were mechanically disrupted when compared
to intact rosettes [30••]. Together, these data support the role
of rosetting as an evasion mechanism in vivax malaria.

Parasite Ligands and Erythrocytic Receptors
Involved in Rosette Formation

Three families of variant surface antigen families are known
as the most important ligands mediating rosetting in
P. falciparum infection: P. falciparum-infected erythrocyte
membrane protein 1 (PfEMP1) [61], repetitive interspersed
family (RIFIN) [62], and subtelomeric variant open reading
frame protein (STEVOR) [63] (Fig. 1a).

PfEMP1 is the most well-characterized antigen related to
rosette formation and is capable of binding to multiple host
cell receptors including complement receptor 1 (CR1) [64],
heparan sulfate (HS), and the blood groups A and B trisaccha-
rides [45, 54, 65]. The molecular interaction between PfEMP1
and blood group A trisaccharide is the best understood [54].
Interestingly, there is a preference for group A over B, with
formation of larger and stronger rosettes as a result of the
interaction between PfEMP1 and the A trisaccharide [33, 54,
57]. Likewise, RIFINs are likely binding to uRBCs using the
glycophorin A receptor and blood group A antigens [62].
Finally, STEVOR specifically binds to glycophorin C and
mediates the rosette formation [63]. Besides the receptors
mentioned, the surface antigen CD36 can also act as a receptor
for iRBCs in falciparum malaria [66].

Recently, a second type of rosette has been described and
named type II rosettes, where the interaction between iRBC
and uRBCs does not occur directly but mediated by IGFBP7
and other serum factors, which acts as a bridge between ligand
of iRBC and HS expressed by uRBCs. PfEMP1 is probably
the main ligand involved in this process in P. falciparum
[60••].

Ligands and receptors involved in rosette formation are not
well described in non-falciparum malaria (Fig. 1b). In addi-
tion, extrapolation of the knowledge about P. falciparum re-
ceptors and ligands is not possible. P. vivax does not express
PfEMP1 orthologues and the erythrocytic receptors involved
in rosetting of P. falciparum, which interact with PfEMP1,
such as the ABO blood group and CR1, does not seem to be
involved in P. vivax rosetting [29••, 64]. Thus far, glycophorin

C is the only well-described receptor for P. vivax rosette for-
mation [29••].

The type II rosettes also occur in vivax malaria since
iRBCs interact with IGFBP7. However, there is still no evi-
dence for which protein(s) might mediate P. vivax interactions
since this parasite does not express PfEMP1. Lee and col-
leagues suggested that many ligands are involved in rosetting,
whereas the one interacting with IGFBP7 is very sensitive to
trypsin [60••]. The receptor HS also seems to be important to
type II rosette formation. According to the authors, parts of the
receptor need to be present on the membrane of uRBCs for
IGFBP7 to stimulate the formation of the rosettes [60••].
Moreover, as observed for P. falciparum [53, 67], P. vivax
rosettes are sensitive to heparin [48].

One of the family proteins that might mediate the rosetting
phenomenon in vivax malaria is the tryptophan-rich antigens
(PvTRAgs). These proteins, synthetized by Pv-fam-a family,
are highly expressed in P. vivax and present the capacity to
interact with a restricted number of erythrocyte antigens, no-
tably chymotrypsin-sensitive erythrocyte receptor [68, 69].
Some TRAgs expressed in early stages of the parasite life
cycle (ring or trophozoite) may be able to recognize distinct
receptors on the membrane of uRBC, contributing to rosette
formation [69, 70]. Additionally, other antigens are related to
this phenomenon. The VIR proteins, members of the biggest
family of variant genes in P. vivax, have been studied for their
potential to adhere to endothelial receptors such as ICAM-1
and CSA [25, 71], especially in subfamily C [26]. Therefore, it
is speculated that these antigens may have a role in the adhe-
sion to uRBCs.

Rosette-Stimulating Factors

The process of rosette formation does not only depend on re-
ceptors and ligands but also on serum components that stimu-
late adhesion. Several P. falciparum isolates are depending on
plasma components to form rosettes [72]. The same seems to
happen in P. vivax rosettes. When rosettes were evaluated in
presence of Albumax instead of plasma, this formation was not
observed [30••]. Moreover, rosettes are enhanced in presence of
autologous immune plasma, indicating that some plasma fac-
tor(s) might afford rosette formation in vivax malaria [30••].

Scholander and collegues (1996) stated that IgM and pos-
sibly IgG were essential for the stable adhesion in rosettes of
P. falciparum [73]. At the time, the exact role of these mole-
cules was not clear. In the context of IgM, there are iRBCs that
bind to natural antibodies, also called “non-immune” IgM
from the human serum. However, some P. falciparum isolates
do not bind to natural IgM [74, 75]. It is also known that
different parasite isolates expressing distinct PfEMP1 variants
are capable of binding similar sites on the IgM, preferably at
Fc domains [74]. However, despite some studies suggesting
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that IgG could also be involved in P. falciparum rosetting [73,
76, 77], the role of IgG in rosettes is still controversial [57, 74].
In vivax malaria, a positive correlation between total IgM but
not IgG and rosetting was observed; however, it is still not
known the meaning of this connection [30••].

As immunoglobulins cannot induce rosette formation
just by themselves, it is speculated that other serum com-
ponents play a role in rosetting [72, 73]. High levels of
adhesive molecules such as IgM, fibrinogen, and albumin
may form agglutinates called rouleaux. According to
Treutiger and colleagues, intense episodes of rouleaux
might assist adhesion [74]. Furthermore, it was recently
described that type II rosettes require, in addition to
IGFBP7, two serum components—von Willebrand factor
(VWF) and thrombospondin-1 (TSP-1)—to mediate
rosetting in P. falciparum [60••]. In addition, other serum
factors such as complement factor D (CFD) and periostin
(OSF2) seem to play less of a role in rosette stimulation
than IGFBP7 in both P. falciparum and P. vivax infec-
tions [60••].

Information about the nature of other serum factors in
rosetting is still vague in vivax malaria but is certain that
plasma contain important components to promote rosetting.
Future studies would provide more details on how plasma
factors are related to P. vivax rosetting phenomenon.

Conclusions

Rosette formation is an important aspect in the pathobiology
of malaria. Although studies of P. falciparum help in formu-
lating hypotheses for P. vivax, rosettes are clearly distinct in
each species. In recent years, some studies have shown the
relevance of this process to vivax malaria pathology.
However, there are still many unresolved questions, such as
which is (are) the parasite ligand(s) for P. vivax rosettes and
what is the importance of plasma factors for rosetting forma-
tion in vivax malaria. The rosetting phenomenon in vivax
malaria is a potentially important future area of study that will

Fig. 1 Schematic illustrating the rosetting phenomenon in malaria.
Rosetting is a very complex phenomenon and several plasma
components are involved. Expressed ligands on the surface of the
infected RBC interact with receptors expressed on the uninfected RBC,
mediating rosette formation during P. falciparum (a) and P. vivax (b)
infections. Question marks represent plasma components, receptors, and

ligands that are not well described. PfEMP1 Plasmodium falciparum
erythrocyte membrane protein 1, RIFIN repetitive interspersed repeats,
STEVOR subtelomeric variable open reading frame, RBC red blood cell,
CR1, complement receptor 1, HS Heparan sulfate, CD36 cluster of
differentiation 36, Gly A Glycophorin A, Gly C Glycophorin C
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help in understanding the pathogenesis and contribute to the
design of new strategies for malaria control.
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