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The pathobiology of malaria has been extensively
studied in humans but many questions remain, especi-
ally regarding fulminant disease associated with Plas-
modium falciparum infection. Babesiosis, recognized
since biblical times as an important disease of livestock
and more recently as an emerging health problem in
humans, is caused by related intraerythrocytic protozoa
with a similar pathogenesis and clinical course. Recent
studies of cytokine activation and erythrocyte cytoad-
herence in babesiosis and malaria have exploited these
similarities to provide new insights into malaria patho-
biology. Continued investigation of similarities and
differences in the pathogenesis of babesiosis and
malaria should lead to additional fundamental insights
for both conditions.

A tale of two diseases
Malaria is a significant cause of morbidity and mortality in
humans. Although the pathobiology of this group of dis-
eases has been studied extensively, fundamental questions
remain, including issues relating to the pathogenesis of
disease caused byPlasmodium falciparum, which accounts
for some two million deaths annually. Babesiosis is caused
by related intraerythrocytic Babesia protozoa, which elicit
a similar inflammatory response and a similar, although
generally less severe, clinical course in humans. Murrain,
one of the ancient plagues of Egypt and most likely the
same disease as the notorious Texas cattle fever, continues
to burden cattle breeders in many parts of the world. More
recently, human babesiosis has emerged as a worldwide
health threat [1–3].

The study of babesial pathogenesis has been recognized
as a valuable approach for understanding the pathobiology
of P. falciparum malaria because of its similarity to
malaria and because Babesia spp. infect an array of
vertebrate hosts that might serve as disease models for
both infections (Table 1). Accordingly, we review those
features of babesiosis that are pertinent to the pathogen-
esis of P. falciparum infection and argue that such com-
parative analyseswill continue to provide fertile ground for
a better understanding of the full clinical spectrum of both
diseases. The term ‘pathobiology’ is here defined as host
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changes that begin immediately after pathogen trans-
mission. We shall focus on two fundamental pathogenic
mechanisms thought to be of central importance in the
pathobiology of these infections: (i) erythrocyte cytoadher-
ence; and (ii) the host proinflammatory cytokine response
to infection.

Asymptomatic infection
During the first fewweeks following infection byBabesia or
Plasmodia spp. in humans, no symptoms are apparent.
The parasites initially undergo silent development, the
burden within the vasculature has not yet become heavy
and the host inflammatory response has not yet developed.
Chronic infection tends to be asymptomatic when endogen-
ous mechanisms limit the pathogen load and the immu-
nopathologic response [4]. Asymptomatic Plasmodium
infection is common in highly endemic areas where rein-
fection is frequent and people remain persistently infected.
Human babesiosis, a zoonotic infection owing mainly to
Babesia microti, is rarely so intensely endemic. This para-
site ultimately is cleared in immune-intact human hosts,
following an asymptomatic period of infection that can
persist for months or years [5]. P. falciparum-immune
hosts typically are asymptomatic and clear the infection
within days to months, whereas infection by Plasmodium
vivax and Plasmodium ovale might not clear for as long as
one to four years, and that owing to Plasmodium malariae
after 3 to 50 years [6,7]. Between 5% and 50% of such
malaria infections are asymptomatic in previously infected
people [8,9]. Around 25% of adults and 50% of children who
are infected with B. microti are asymptomatic [10].

Themechanism for persistent asymptomatic infection is
uncertain. Initial workwithBabesia argentina (also known
as Babesia bovis) and Plasmodium knowlesi showed that
antibodies directed against erythrocytes infected by these
parasites induced agglutination of infected erythrocytes,
and that surface antigenicity varied over time [11,12].
These results suggest that Babesia or Plasmodium spp.
infection of erythrocytes causes variable alterations in the
erythrocyte membrane. Subsequent work showed that
multiple membrane antigenic changes could occur begin-
ning with a single parasite clone, indicating that Babesia
and Plasmodium spp. might persist by evading the host
immune response through parasite-directed alterations in
the erythrocyte membrane [13,14]. Variant antigens
d. doi:10.1016/j.pt.2007.09.005
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Table 1. Babesia spp. that share pathobiologic features with Plasmodium spp.

Babesia species Host species Pathogenic process investigated Refs
Erythrocyte

cytoadherence

Cytokine production Other

B. annae Dog � [71]

B. bigemina Cattle � [37]

B. bovis Cattle � � � [11,14,16,17,20,30,41,48,49,54,59,60,68]

B. caballi Horse � [66]

B. canis Dog � � [72]

B. divergens Human � � [22,73]

Gerbil � [69]

B. duncani (WA-1) Human � [40]

Hamster � � [44,45]

Mouse � � [34,35,46]

B. microti Human � � [5,10,28,31,39,58,65]

Hamster � [45]

Mouse � [24]

B. ovis Sheep � [70]

B. rodhaini Mouse � [37]

606 Review TRENDS in Parasitology Vol.23 No.12
expressed byB. bovis (variant erythrocyte surface antigen1
or VESA1) and P. falciparum (P. falciparum erythrocyte
membrane protein1 or PfEMP1) were shown to be encoded
by the multigene families ves 1a and var, respectively [15–
18]. The increased genetic variation of the B. bovis ves 1a

gene family compared with the P. falciparum var gene
family might result in a greater number of B. bovis strains
capable of evading the host immune system [16]. The
antigenically variant proteins also have been shown to
be involved in cytoadhesion of B. bovis- and P. falci-
parum-infected erythrocytes to vascular endothelium,
although the data are less definitive for VESA than for
PfEMP1 (Figure 1). Thus, erythrocytemembrane antigenic
variation and cytoadherence seem to be linked.

Piroplasm-induced erythrocyte adherence to vascular
endothelium also might facilitate persistent infection,
perhaps by diminishing access to host immune cells or
Figure 1. A proposed sequence of pathobiologic events in response to Babesia bovis or

As infection progresses in severity, tissue concentrations of TNF, IL-1, IL-6 and IFN-g

mitochondrial function. Impaired mitochondrial function leads to increased tissue anoxia

erythrocytes become adherent to vascular endothelium culminating in erythrocyte seq

events lead to an increase in the number and severity of clinical manifestations.
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preventing circulation through the spleen [18]. Babesia
and Plasmodium spp. parasites can mature, replicate, exit
the initially infected erythrocyte, and subsequently infect
other erythrocytes from the initial adherent endothelial
site. Host immune recognition of parasite-derived eryth-
rocyte surface proteins and elimination of one parasite
population might lead to expansion of another population
that has different adhesive properties, potentially result-
ing in adherence to different tissue [15]. In a recent study of
children living in a highly endemic area for malaria,
adherent infected erythrocytes were observed in those
hospitalized for severe malaria and in others hospitalized
for bacterial pneumonia with silent persistent malarial
infection [19]. The intensity of adherence was dependent
upon parasite genotype and host tissue location. These
data suggest that erythrocyte adherence is important in
the perpetuation of B. bovis and P. falciparum. Because
Plasmodium falciparum infection is depicted in the cell, tissue and whole organism.

increase (as depicted by the increased size of the font) and result in impaired

as depicted by the change in color from red to blue. Increased numbers of infected

uestration and obstruction of vascular flow by erythrocytes and leukocytes. These



Review TRENDS in Parasitology Vol.23 No.12 607
many other Babesia and Plasmodium spp. do not adhere,
different mechanisms are likely to account for persistent
infection. For example, persistent infection could result
from failure of the adaptive immune response to clear the
pathogen, as noted in a study of B. bovis-infected cattle
where the untimely release of the anti-inflammatory cyto-
kine IL-10 dampened the host protective effect of inter-
feron gamma (IFN-g), an activator of nitric oxide
production by macrophages [20]. Studies of Babesia and
Plasmodium spp. suggest that the net effect of parasite-
induced erythrocyte membrane antigen variability and
cytoadherence is long-term asymptomatic infection of
the vertebrate host, which increases the probability of
transmission to arthropod vectors and to new hosts,
thereby assuring pathogen survival.

Moderate disease
The clinical manifestations of malaria and babesiosis are
similar. Indeed, babesiosis is sometimes initially misdiag-
nosed as malaria until a definitive identification of the
pathogen is made on a thin blood smear or by polymerase
chain reaction (PCR) [21,22]. Most cases of babesiosis and
malaria consist of a mild to moderate illness characterized
by fever, sweats, chills, headache, myalgia, back and
abdominal pain, nausea, vomiting, diarrhea and pallor
[6,23]. Although the pathologic events that occur following
Babesia and Plasmodium infection are complex and incom-
pletely understood, some evidence indicates that the most
important mechanism that accounts for these symptoms is
excessive production of proinflammatory cytokines.

Initial work that demonstrated killing of intraerythro-
cytic B. microti and B. rodhaini in mice pretreated with
BCG (bacilli Calmette-Guérin) or Corynebacterium par-
vum, suggested that a soluble mediator released from
macrophages was responsible for pathogen death [24].
Tumor necrosis factor (TNF) was soon identified as a
probable candidate and also recognized as causing path-
ology if produced in excess in mice infected by Plasmodium
vinckei [25]. Administration of recombinant TNF to human
volunteers induces most of the symptoms of babesiosis and
malaria, including fever, sweats, chills, headache, myalgia,
abdominal pain, nausea, vomiting and diarrhea [26,27].
Markedly elevated serum concentrations of TNF, IFN-g,
IL-2, IL-6, E-selectin (expressed in the endothelium), vas-
cular cell adhesion molecule-1 (VCAM-1) and intercellular
cell adhesion molecule-1 (ICAM-1) occur during the acute
phase of human B. microti infection and return to baseline
a month after resolution of infection [28]. Evidence has
accumulated that whereas moderate production of TNF
might help to eradicate Babesia and Plasmodium spp.
parasitemia, excessive production of TNF and related
proinflammatory cytokines is primarily responsible for
symptoms associated with these infections [24,26,29–35].

Arguments have emerged that erythrocytic-associated
changes following babesial or malarial infection, including
erythrocyte lysis, adherence to endothelial cells and
restriction of blood flow in the microvasculature, seem less
likely to account for the typical symptoms associated
with these diseases [26,29]. The synchronous release of
Plasmodium spp. from lysed erythrocytes is associated
with the classic malarial presentation of paroxysms of
www.sciencedirect.com
fever alternating with periods of fatigue but otherwise
relative wellness, a pattern that is seldom noted with
babesiosis where parasite release and erythrocyte lysis
are non-synchronous. Typical babesial and malarial symp-
toms, however, do not occur in certain other illnesses
associated with erythrocyte lysis [36]. Thus, events associ-
ated with erythrocyte lysis (such as release of parasites
into the bloodstream), rather than lysis of the erythrocyte
itself, seem to be responsible for these symptoms. Although
erythrocyte adherence to endothelial cells might occur in
mild to moderate malaria, as evidenced by the absence of
mature forms of the parasite in the circulation, sequestra-
tion of large numbers of erythrocytes with subsequent
restriction of blood flow to microvessels has only been
linked with severe malarial disease and is absent in people
experiencing asymptomatic persistent malaria [26]. Sim-
ilarly, erythrocyte adherence occurs in cattle that are
chronically infected by Babesia bigemina but remain
asymptomatic [37]. Consequently, erythrocyte adherence
alone probably does not account for symptoms associated
with malaria and babesiosis. Studies of babesiosis and
malaria have indicated that moderate illness cannot be
explained solely by erythrocyte-associated pathologic
changes and have suggested an important role for cyto-
kines in their pathogenesis.

Severe disease
Severe P. falciparum disease is defined as a syndrome that
includes a complex array of metabolic abnormalities and
organ dysfunction [38]. P. falciparum generally causes
more severe disease than the other species of Plasmodium
(P. vivax, P. malariae, P. ovale) or than the Babesia species
that infect humans (B. divergens,B. duncani [Washington1
or WA1], B. microti, EU1 [European Union1], MO1 [Mis-
souri1], and TW1 [Taiwan1]). A pattern of disease similar
to that of malaria might occur, however, in people experi-
encing severe babesiosis [22,39,40]. Although individual
manifestations are described as discrete entities, patients
experiencing fulminant P. falciparum malaria or babesio-
sis might suffer simultaneous complications of several
organ systems with similar pathologic findings [6,41].
Furthermore, whereas any non-immune person is at risk
of fulminant P. falciparum disease, severe babesial illness
almost always occurs in people who are immunosup-
pressed with heavy parasitemia, including those with
advanced age, asplenia, malignancy or HIV coinfection
[42].

The pathogenesis of severe P. falciparum infection is
complex and incompletely understood, but major patholo-
gic events include: (i) overproduction of inflammatory
cytokines triggered by the parasite; (ii) microvascular
obstruction and tissue hypoxia caused by adherence of
erythrocytes to vascular endothelium; (iii) anemia and
tissue anoxia caused by lysis of erythrocytes; (iv) hypogly-
cemia and lactic acidemia caused by anaerobic metabolism
of glucose; (v) tissue hemorrhage owing to alteration in
hemostasis; and (vi) cerebral, pulmonary, renal and hepa-
tic impairment caused by the cumulative effects of these
pathologic processes [6,26].

The same pathogenic mechanisms associated with mild
to moderate disease are also thought to contribute to
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severe manifestations of babesiosis andmalaria (Figure 1).
There seems to be a continuum of intensity of cytokine
activation and erythrocyte cytoadherence–sequestration,
which depends on parasite species and strain, and host
immunity at both the general and local tissue level. In
particular, an array of pathologic events has been associ-
ated with excessive proinflammatory cytokine release.
Both TNF and IL-1 increase the expression of adhesion
molecules at the surface of vascular endothelium, in-
cluding ICAM, VCAM, and P-selectin (expressed on vas-
cular endothelium and platelets), and induce the
generation of nitric oxide [38]. Nitric oxide has both homeo-
static and pathogenic effects. It can inhibit mitochondrial
respiration and the Na+/K+ pump, which can lead to
decreased erythrocyte deformity and to parasite killing
[26,43]. In both Babesia and Plasmodium spp. infection,
proinflammatory cytokine release can induce nitric oxide
production [26,30,43]. In sum, intense immunologic acti-
vation creates an inflammatory milieu that promotes
erythrocyte sequestration, hypoglycemia, metabolic acido-
sis, hyponatremia, coagulopathy and thrombocytopenia
[26,29]. The end result is similar pathology in the brain,
lung, kidney and other organs [6,19,22,44–46].

Central nervous system complications
Cerebralmalaria is one of themost lethalmanifestations of
P. falciparum infection and occurs in �10% of hospitalized
cases with a 20% mortality rate [47]. Although a similar
syndrome in human babesiosis is poorly described,
cerebral pathology as a result of B. bovis infection is a
well-recognized complication in cattle and has been used as
an animal model of cerebral malaria [16,48,49].

Erythrocyte cytoadherence and sequestration generally
are found in the cerebral vasculature of patients dying of
cerebral malaria [19,50–53]. Several studies of B. bovis
cerebral disease have demonstrated extensive erythrocyte
cytoadherence and sequestration in the brains of infected
animals [48,49,51,52]. Stellate protrusions have been
described from B. bovis-infected erythrocytes that are
similar to the knobs seen in P. falciparum and that seem
to mediate erythrocyte adherence to vascular endothelium
and other erythrocytes [49,52,54]. Erythrocyte cytoadher-
ence and sequestration also are described in the lung,
kidney and liver, although to a lesser extent than in the
brain. Similar findings also have been described in the
lungs of hamsters andmice infected by B. duncani [44–46].

It has been argued that the fundamental cause of
cerebral malaria and other complications of P. falciparum
infection is excessive production of proinflammatory cyto-
kines by the host in response to infection [25,26,29]. Other
pathologic processes are thought to ensue, including eryth-
rocyte adherence and sequestration [26,29]. TNF has been
shown to upregulate ICAM-1 and VCAM-1 endothelial cell
surface molecules, which might serve as receptors for
leukocytes and P. falciparum-infected erythrocytes. Elev-
ated TNF blood concentrations have been associated with
lethal outcomes in childrenwho have cerebralmalaria [32].
TNF and upregulated endothelial surface molecules have
been demonstrated in post-mortem brain tissue in 14
Ghanian children who died of malaria, and a child who
died from salmonella septicemia and malaria co-infection
www.sciencedirect.com
[55]. The upregulation of these adhesion molecules co-
localized with erythrocyte sequestration; however, there
was no difference in upregulation in those who died of
cerebral malaria or severe malarial anemia. TNF and IL-1
were detected in and around vascular endothelium in all
cases [55]. Elevated levels of TNF alone, however, are
unlikely to fully explain symptoms that characterize P.
falciparum cerebral malaria [56].

Proinflammatory cytokine activation seems to promote
adhesion and sequestration of infected erythrocytes, but
might cause cerebral pathology in P. falciparum malaria
through additional mechanisms. For example, mitochon-
drial dysfunction could mimic the pathologic effects of poor
oxygen supply that can occur with erythrocyte sequestra-
tion and vascular obstruction [26,29,57]. Patients experi-
encing cerebral malaria often have a relatively rapid
recovery time without any evidence of permanent seque-
lae, an observation that does not fit with the erythrocyte
sequestration–stroke model of cerebral pathogenesis [26].
Swelling and vascular congestion of the brain and other
organs were demonstrated in a fatal human case of B.
divergens, and although most cerebral vessels were dis-
tendedwith cells therewas no sequestration [22]. Recently,
the microvasculature of brain sections from a comatose
patient who died of B. microti infection was shown to lack
adherent erythrocytes [58]. These data suggest that
cerebral manifestations of human babesiosis can be inde-
pendent of erythrocyte sequestration and, by inference, at
least some cases of cerebral malaria as well [29,58]. Inter-
estingly, in vitro and in vivo studies in cattle demonstrated
that erythrocyte adherence to vascular endothelium by
different B. bovis strains is not associated with strain
virulence, suggesting that the ability of peripheral eryth-
rocytes to adhere to endothelial cells is not of crucial
importance in severe B. bovis infections [51,59,60]. By
contrast, more recent work that examined erythrocyte
adherence under conditions of physiologic blood flow has
indicated that more virulent strains of B. bovis are associ-
ated with increased adherence [54,61].

Lung complications
Pulmonary complications are often observed in adults
experiencing severemalaria. Hypoxemia is associatedwith
an array of pathologic processes, which include the host
inflammatory response, erythrocyte sequestration in the
microvasculature, severe anemia, intravascular depletion,
heart failure, non-cardiac pulmonary edema, or secondary
bacterial sepsis and pneumonia [62]. Intravascular seques-
tration of parasites and leukocytes has been reported on
autopsy specimens of lung [63,64]. Pulmonary disease is
the most common complication in people experiencing
severe babesial infection with up to 20% of patients suffer-
ing from non-cardiac pulmonary edema [39,65]. The role of
proinflammatory cytokines in the pathogenesis of pulmon-
ary complications of B. duncani infection has been studied
in a mousemodel [34,35,46]. These mice suffer a fulminant
illness that includes increased leukocyte margination in
lung vasculature, pulmonary edema and death, but mice
infected by B. microti experience few symptoms and easily
recover [34,35,46]. TNF-a and IFN-g are upregulated in
the lungs of B. duncani-infected mice, but not in those of B.
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microti-infected mice [34]. Mice with a genetic disruption
in the TNF pathway are less likely to die of fulminating
B. duncani infection than mice with an intact TNF
response [35]. In another animal model, horses infected
byB. caballi and dying of pulmonary edemahave increased
levels of IL-10, IFN-g and iNOS (inducible nitric oxide
synthase) in lung tissue [66]. These studies point to the
central role of cytokines, and especially TNF, in babesia
and malaria pulmonary pathogenesis.

Kidney complications
Renal impairment is a common complication of P. falci-
parum and babesial infections. Renal failure has been
reported in �5% of severe B. microti human infection
and even more frequently in patients experiencing severe
B. duncani infection [39,40]. On autopsy of patients dying
ofmalaria, several distinct pathologic patterns are noted in
the kidneys, with erythrocyte sequestration and exposure
to products of lysed red blood cells contributing to the
pathology [67]. Studies in cattle infected with B. bovis
and hamsters infected with B. duncani have demonstrated
erythrocyte sequestration and evidence of vascular stasis
[44,46,68]. Renal impairment has been studied in other
animals including B. divergens in gerbils, Babesia ovis in
sheep, and Babesia annae and Babesia canis in dogs [69–
72]. The role of cytokine activation on renal pathology in
babesiosis and malaria has not been investigated.

Perspective
The first studies of the pathogenesis of malaria were
initiated more than a century ago but our understanding
of the complex pathobiology of this disease remains incom-
plete. Because Babesia spp. share unique similarities with
Plasmodium spp. they offer exceptional opportunities for
providing a better understanding of the pathogenesis of
malaria. Important advances regarding malarial patho-
biology have been made with studies of Babesia spp. alone,
and with comparative studies between Babesia and Plas-
modium, especially B. bovis and P. falciparum. Although
the prospect for large-scale human B. duncani studies
might be tempered by the apparently limited number of
human cases, important information can be derived from
comparative observations of only a few such cases and
those in animals. By contrast, hundreds of people are
infected by B. microti every year in the USA and as many
as 10% of these cases are admitted to hospital with severe
disease. As the number of cases of human babesiosis con-
tinues to increase, further opportunities arise for investi-
gation of the pathogenesis of these cases and comparison
with animal models of disease. Continued investigation of
similarities and differences in the pathogenesis of babe-
siosis and malaria should lead to additional fundamental
insights for both conditions.
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