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Abstract

Unraveling the mechanisms by which CD8+ T cells and platelets contribute to
cerebral malaria immunopathology

By Thayer King Darling

Malaria is a severe disease caused by infection with Plasmodium parasites. Despite continuing
control efforts, reported malaria cases have increased in recent years. Cerebral malaria (CM)
and malaria-associated acute lung injury/acute respiratory distress syndrome (MA-
ALI/ARDS) are among the most severe complications of Plasmodium falciparum infection, yet
the mechanisms underlying these diseases remain poorly understood. While these disease
manifestations are complex and multifactorial, both CD8+ T cells and platelets have been
described to play a role in the development of CM and MA-ALI/ARDS in mice as well as
humans. However, the mechanisms by which CD8+ T cells and platelets contribute to
exacerbation of organ pathology in the immune response to severe malaria have yet to be fully
elucidated. Therefore, we were particularly interested in identifying molecular factors that may
contribute to blood-brain barrier breakdown and increased lung vascular permeability in the
development of these severe malaria syndromes.

Using a mouse model of experimental cerebral malaria (ECM), a disease which recapitulates
key features of human CM including blood-brain barrier (BBB) dysfunction, we have
identified a receptor tyrosine kinase, EphA2, essential for ECM development. EphA2 is
upregulated in brains of Plasmodium berghe: ANKA (PbA)-infected mice immediately prior to
the onset of ECM symptoms, and EphA2-/- mice are protected from ECM. Interestingly,
EphA2 upregulation uniquely occurs in brains of mice infected with PAA but not PINKG65, a
highly similar strain of Plasmodium that does not cause ECM. Furthermore, CD8+ T cells,
which are required for ECM development, are not found in brains of PbA-infected EphA2-/-
mice. This reduction in brain CD8+ T cells is associated with enhanced endothelial cell
junction integrity and reduced blood-brain barrier breakdown. These results indicate EphA2
may play a key role in ECM and could represent a distinguishing factor in the disparate disease
phenotypes observed between these two malaria models.

In addition to CD8+ T cells, we address the role of platelets in the development of severe
malaria using three different murine models of platelet dysfunction/depletion. We show that
platelets are not required for control of blood-stage Plasmodium growth. On the contrary,
platelet alpha-granules (o-granules) enhance parasite organ sequestration. In the absence of
functional platelets, mice are protected from Plasmodinm-associated lung and brain damage and
death during ECM suggesting a key role for platelets and platelet a-granules, in particular, in
mediating organ pathology during severe malaria.

Our findings reveal a key role for the receptor EphA2 and platelet a-granules in mediating
CD8+T cell and platelet pathology in severe malaria. Given the increased incidence of malaria
wotldwide and paucity of CM and MA-ALI/ARDS treatment options, these observations
could provide avenues into exploring novel therapeutics for this formidable disease.
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Abstract

Eph receptors are the largest family of receptor tyrosine kinases and mediate a myriad of
essential processes in humans from embryonic development to adult tissue homeostasis
through interactions with membrane-bound ephrin ligands. The ubiquitous expression of Eph
receptors and ephrin ligands among the cellular players of the immune system underscores the
importance of these molecules in orchestrating an optimal immune response. This review
provides an overview of the various roles of Eph receptors and ephrin ligands in immune cell
development, activation, and migration. We also discuss the role of Eph receptors in disease
pathogenesis as well as the implications of Eph receptors as future immunotherapy targets.
Given the diverse and critical roles of Eph receptors and ephrin ligands throughout the
immune system during both resting and activated states, this review aims to highlight the

critical yet underappreciated roles of this family of signaling molecules in the immune system.

Significance

Malaria is the leading cause of death for children in sub-Saharan Africa (7). An estimated 200
million cases of malaria occur each year affecting people of all age ranges and resulting in one
million annual deaths (2). Malaria is caused by infection with various species of the Plasmodinm
parasite (3), and transmission occurs when an infected Anopheles mosquito takes a blood meal.
Plasmodium sporozoites enter the host and rapidly infect the liver before dividing and entering
the bloodstream by infecting red blood cells (RBCs) (4). Research shows that limited immune
responses occur against the pre-erythrocytic form of the parasite (5) and the response to the
erythrocytic stage of the Plasmodium life cycle is responsible for the pathogenesis of infection.
Therefore, it is essential that research on the development of antimalarial vaccines has a focus

on controlling blood-stage parasitemia. The recently licensed RTS,S vaccine, a pre-erythrocytic



vaccine, is less than 50% effective (6, 7) and improvements are likely required. Children under
five years of age living in sub-Saharan Africa are disproportionately affected by severe malaria
complications which encompass a variety of conditions such as severe anemia, respiratory
distress and cerebral malaria (§). Of the parasite strains that can infect humans, cerebral
malaria is almost exclusively caused by infection with Plasmodium falciparum (9) and 15-20% of
cerebral malaria cases are fatal. Currently, there are no specific therapeutics to treat cerebral
malaria aside from quinine or artemisinin derivatives to aid in parasite control and clearance
(10). Given the emerging parasite resistance associated with quinine and artemisinin
derivatives, it is critical to identify and explore novel targets and therapeutics for this fatal
disease. While the roles of Eph receptors in malaria are currently unknown to a large extent,
their association with steady-state immune function as well as neurological disorders suggests
a potential contribution of Eph receptor function to the development of cerebral malaria, in
particular. Below we review the current understanding of Eph receptors in disease pathology
and how members of this classical family of receptor tyrosine kinases may be involved in CD8"
T cell dynamics during cerebral malaria representing a novel therapeutic target for antimalarial

adjunctive treatments.

Eph receptors: a paradoxical family of kinases

The Eph (erythropoietin-producing hepatocellular carcinoma) receptors represent the largest
known family of receptor tyrosine kinases in mammals (77). These receptors are critical for a
variety of normal cellular processes during development and are key mediators of adult tissue
homeostasis (72-75). First discovered in a human carcinoma cell line (76), the Eph family of
receptors is now known to include two classes of receptors that consist of 9 EphA members

and 5 EphB members classified according to sequence homology (77) (Table 1). This group



Expressed in

Receptor mice and Ligand interactions
humans?
EphA1l e Ephrin-A4 > Ephrin-A1l > Ephrin-A3 >
(16) ©s Ephrin-A2, Ephrin-A5
EphA2 e Ephrin-A1 > Ephrin-AS5 > Ephrin-A4 >
(18) ©s Ephrin-A3 > Ephrin-A2
EphA3 v Ephrin-AS5 > Ephrin-A4 > Ephrin-A2 >
(19 ©s Ephrin-A3 > Ephrin-A1l
Ephrin-A4 > Ephrin-A5 > Ephrin-A1 >
Epzl:)A4 Yes Ephrin-A2 > Ephrin-A3
20) *Can also bind all Ephrin-B ligands (1-3)
EphAS e Ephrin-AS > Ephrin-A3 > Ephrin-A4 >
@ ©s Ephrin-A2 > Ephrin-A1
EphA6 Yes Ephrin-AS > Ephrin-A4 > Ephrin-A2 >
(22) Ephrin-A1 > Ephrin-A3
EphA7 Yes Ephrin-AS > Ephrin-A3 > Ephrin-A4 >
(23) Ephrin-A1 > Ephrin-A2
EphAS Yes Ephrin-A4, Ephrin-AS > Ephrin-A1l >
249 Ephrin-A3 > Ephrin-A2
EphAlO Ephrin-A1, Ephrin-A2, Ephrin-A3,
(1r}actlve Yes Ephrin-A4, Ephrin-AS, (Binding affinities
kinase) undetermined)
(25)
EphB1 e Ephrin-B2 > Ephrin-B1 > Ephrin-B3
(26) ©s *Can also bind Ephrin-A4
EphB2 e Ephrin-B2 > Ephrin-B1 > Ephrin-B3
(29) s *Can also bind all Ephrin-A ligands (1-5)
EphB3 e Ephrin-B2 > Ephrin-B1 > Ephrin-B3
27) ©s *Can also bind Ephrin-A4
EphB4 % Ephrin-B2 > Ephrin-B1 > Ephrin-B3
28) ©s *Can also bind Ephrin-A4
EphB6
(inactive v Ephrin-B2 > Ephrin-B1 > Ephrin-B3
kinase) ©s *Can also bind Ephrin-A4
29
Additional

references

(17, 25, 29-37)




Table 1. List of Eph receptors expressed in both mice and humans along with potential

binding partners and preferences for ephrin ligands.



of receptors function through interactions with membrane-bound ephrin (Eph receptor-
interacting protein) ligands to mediate changes in cellular shape, motility, migration and
proliferation (72, 74, 38, 39). The basic structures of Eph receptors and their ligands are shown
in Figure 1A. All Eph receptors have a highly conserved overall structure with EphA and
EphB receptors sharing the same structural features and domains. The primary sequence
differences between EphA and EphB receptors reside in a region of the ligand binding domain
determined to be a low-affinity ephrin binding site which is likely involved in determining
ephrin subclass binding specificity (40). Given their high structural similarity, the differences
in functional outcomes that result from activation of either EphA or EphB receptors can be
primarily attributed to the spatial and temporal expression patterns of Eph receptors and
ephrin ligands 7z cis on a cell and 7 #rans on neighboring cells. In essence, activation of any
given Eph receptor can have highly varied impacts on cellular processes depending on the
cellular and microenvironmental context. EphA receptors bind promiscuously to ephrin-A
ligands (5 members) while EphB receptors bind promiscuously to ephrin-B ligands (3
members) with some potential cross-talk between groups (47). In contrast to Eph receptors,
the ephrin-A and ephrin-B ligand families have clear structural differences as ephrin-A ligands
are tethered to the cell membrane through glycosylphosphatidylinositol (GPI) anchors while
ephrin-B ligands have a short transmembrane domain and conserved cytoplasmic tail.
Although it is widely accepted that clustering of membrane-bound Eph receptors and ephrin
ligands is required to facilitate optimal signaling (42), research in cancer demonstrates that
EphA2 expression on extracellular vesicles secreted from senescent cells can act on nearby
ephrin-Al expressing cancerous cells to contribute to proliferation (43). This indicates that

cell-cell contact is not always necessary for the activation of downstream signaling upon Eph-
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Figure 1. Basic Eph receptor structure and signaling pathways. The structure of Eph
receptors and their ligands is shown in A. Eph receptors are composed of an extracellular
structure composed of an ephrin binding domain connected to two fibronectin type-III
repeats by a cysteine-rich EGF-like motif. The juxtamembrane region connects the
extracellular portion of the receptor to the intracellular kinase domain that is linked to a sterile
alpha motif (SAM) domain and PDZ-binding motif. Two tyrosine residues on the
juxtamembrane region mediate autophosphorylation. Eph receptors bind to ephrin ligands via
an extracellular Eph binding domain. Ephrin-A ligands are GPI-anchored to the plasma
membrane and signal through co-receptors that have not yet been fully defined. Ephrin-B
ligands are transmembrane and are linked to an intracellular PDZ-binding motif via a linker
containing 5 tyrosine resides for autophosphorylation. (B) Dimerization of Eph receptors is
regulated by various processes including SAM domain interactions, ligand clustering, and
interactions between cysteine-rich regions and ephrin binding domains on neighboring
receptors. Receptor dimerization mediates the formation of heterocomplexes that are required
for signaling and are assembled via the Eph receptor PDZ-binding motif. Formation of the
heterocomplex mediates bi-directional signaling in which numerous signaling pathways known
to play a role in immune cell function can be activated through both ephrin “reverse” and Eph
“forward” signaling. These signaling events include activation of Rho GTPases, MAP kinases,
PI3 kinase, Src family kinases, Jak-STAT molecules and RGS3 that has been shown to
suppress G-protein coupled receptors including chemokine receptors. Abbreviations: P:
representative of tyrosine phosphorylation sites; GPCRs: G-protein coupled receptors; RGS3:
regulator of G-protein signaling 3; Grb4: cytoplasmic protein NCK2; PI3K:
phosphatidylinositol 3-kinase; AKT: protein kinase B; Cdc42: cell division control protein 42

homolog; Ras-GAP: Ras-GTPase-activating protein; Erk: extracellular signal-regulated



(Figure 1 continued) kinases; Jak: Janus kinase; STAT: signal transducer and activator of

transcription; IL: interleukin.
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ephrin contact. The complexity of interactions conveyed by this promiscuous binding leads to

considerable diversity in functional output upon Eph-ephrin binding.

A distinctive feature of Eph-ephrin interactions is the bidirectional signaling that occurs upon
receptor-ligand binding and clustering which is termed forward signaling in Eph receptor-
expressing cells and reverse signaling in ephrin ligand-expressing cells (44-46). Binding of Eph
receptors to their ligands results in oligomerization and trans-phosphorylation leading to
optimal kinase activity (47, 48). Importantly yet somewhat paradoxically, both cellular
adhesion and repulsion can be consequences of Eph-ephrin binding between cells. High-
affinity cell-cell binding events can lead to endocytosis of the receptor-ligand complex (49-57)
or proteolytic cleavage of the ephrin extracellular domains (52-54) and cellular repulsion. On
the other hand, Eph-ephrin adhesion is favored by reduced forward signaling (55, 56) and
expression of Ephs and ephrins  cis (57, 58). There is also evidence that the fate decision
between adhesion or repulsion can occur in a time-dependent manner where an initial adhesive
event can later become a repulsive event (49, 52). The complexity provided by the signaling
events downstream of Eph-ephrin binding allows for diverse functional consequences in a
highly regulated and context-dependent manner, and examples of several potential signaling

events that can occur upon Eph-ephrin clustering and ligation are shown in Figure 1B.

Expressed in most, if not all, adult tissues (72, 59), the Eph-ephrin signaling axis was initially
most heavily studied for its complex role in embryonic and neural developmental processes
such as cell segregation and migration, spatial organization of cell populations, tissue boundary
formation, axonal guidance, and angiogenesis (60, 67). Also expressed on most cellular players

of the immune system (Table 2), Eph-ephrin interactions have been implicated in various
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Reference
S

(62-66) (67-76) (77-80) (81-88) (19, 85, 89-103)

Table 2. Known protein expression profiles, functions, and disease contributions of Eph

receptors and ephrin ligands on various immune cell subsets.
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facets of immune surveillance including immune cell activation, migration, adhesion, and
proliferation (704-706). In this review, we will discuss the emerging roles of Eph receptors and
ephrin ligands in various aspects of immunity and disease pathogenesis as well as the

implications of Eph receptors as future immunotherapy targets.

Impact of Eph receptor expression on stem cell fate

In order to understand how this unique family of receptors and ligands factors into immune
system development and function, it is first necessary to review the effects of expression
patterns of Eph receptors and their ligands on hematopoietic cells prior to divergence into
different immune cell fates. There is evidence supporting a clear role for Eph receptors in cell
fate decisions of hematopoietic progenitors prior to differentiation. EphB receptors in
particular are important in the hematopoiesis of both red and white blood cells. Hematopoietic
progenitor cells expressing EphB2 can be repulsed by bone marrow stromal cell-expressed
Ephrin-B2, in turn mediating their subsequent differentiation into mature erythroid cells (707).
Additionally, interactions between EphB4 and ephrin-B2 on bone marrow sinusoids and
hematopoietic cells, respectively, aid in the mobilization of hematopoietic progenitor cells
from the bone marrow (708). In vitro, ectopic EphB4 expression in hematopoietic cells
promotes commitment to the megakaryocyte/erythroid lineage but not granulocytic or
monocytic lineages (709). In the mouse small intestine, EphB2 is highly expressed on stem
cells in crypts of villi while EphB3 is highly expressed on differentiated Paneth cells. The
gradients of these receptors and their cognate ephrin-B1/B2 ligands tightly control cellular
positioning and stem-cell differentiation and proliferation (770, 777). Various combinations
and expression levels of Eph and ephrin family members have also been found on CD34"

stem cells in both the bone marrow (772) and peripheral blood (773). Since expression differs
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depending on hematopoietic stem cell location (bone marrow and blood) and other
microenvironmental factors, expression patterns are likely important for both early

development and later function of these cells prior to lineage commitment.

Roles of Ephs and ephrins in immune cell activation

One of the initial processes in mounting an immune response is the activation of immune
cells. There is evidence that Eph receptors and ephrin ligands may mediate immune cell
activation. However, given the sparse number of reports in the literature it remains an open
question of how signaling emanating from Eph-ephrin ligation influences activation and how
this process is influenced by expression of these molecules 7z cis and zn trans on different
immune cell subsets. Furthermore, in the case of innate immune cells, initial recognition leads
to activation that can be amplified through feedback loops once the adaptive immune response
has been initiated. Below we outline what is currently known about the involvement of Eph

receptors in activating both innate and adaptive immune cells.

Innate immune cells

There are very few reports on the contribution of Eph receptors and ephrin ligands to the
activation of innate immune cells. However, there is evidence suggesting a role for Eph
receptors, specifically EphB2, in modulating dendritic cell (DC) responsiveness to toll-like
receptor (TLR) ligation by pathogen-associated molecular patterns (78). Although not
currently understood, it is possible that TLR signaling pathways intersect with EphB forward
signaling events leading to a modulation of NFkB activation which is central to many immune

cell activation pathways. Given the widespread expression of Eph receptors and TLRs on
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many innate immune cells (Table 2), it would be surprising if this is not a more widespread

phenomenon although this remains to be tested in other innate immune cell types.

B cells

Eph receptors and ephrins have been identified on both human (87, §7, 774) and mouse (§4)
B cells. Eph receptors and ephrin ligands are also expressed differentially on naive and
activated B cells (§7). This suggests that they may contribute to processes facilitating B cell
activation as exemplified by naive human B cells which upregulate EphB2 leading to increased
proliferation and antibody production. In B cells, EphB2 has been demonstrated to be
regulated by the microRNA miR-185 and its effects on B cell activation appear to occur at
least in part through interactions between EphB2 and the Src-p65 and Notchl signaling
pathways (86). Thus, B cells may modulate expression of different Eph and/or ephrin
members in order to facilitate their development, activation, differentiation, and functionality.
Given the importance of cell-cell contact and localization to specific anatomical niches to the
development, activation and maturation of B cells, it seems likely that differential expression
of Eph receptors and ephrin ligands could also contribute to B cell specialization into various

canonical B cell fates.

T cells

Ephs and ephrins have been detected on human peripheral T cells with one study showing
between 10-12% of CD4" and CD8" T cells expressing EphBG6 (775). EphB receptors reported
to be expressed on mouse naive splenic CD4" and CD8" T cells include EphB1, EphB2,
EphB3 and EphB6. Expression of all three ephrin-B ligands on T cells has also been

demonstrated (97, 100, 116), but co-expression patterns of the ligands and receptors on T cells
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have not yet been determined. Given the fact that Eph receptors and ephrins are also present
on antigen presenting cells such as DCs(77-80), expression of these molecules on T cells

suggests a potential role in T cell activation and differentiation.

Multiple studies have demonstrated that all three ephrin-B ligands can influence cooperation
between T cells, T cell co-stimulation, and enhancing signaling through the T cell receptor
(TCR). EphB receptors and TCRs colocalize in signaling rafts on the surface of activated T
cells. Additionally, ephrin-B1 mediated stimulation of T cells through EphB receptors
increases both phosphorylation of LAT and activation of the signaling molecules p38 and
p44/42 MAPK (97, 100) providing a mechanistic explanation for how Eph receptors and
components of the TCR complex may interact. Specifically, EphB6 has been shown to have
a critical role in T cell activation with EphB6 deficient mice displaying reduced activation,
phosphotylation, and/or recruitment of the T cell signaling molecules ZAP-70, LAT, SLP-76,
PLCy1, and P44/42 MAPK (717). Administration of anti-EphB6 antibodies, which can cause
EphBo6 clustering and subsequent signaling on T cells, increases the response of mature T cells
to weak TCR ligation as measured by canonical activation marker expression (CD25, CD69)
and cytokine production (interferon (IFN)-y, interleukin (IL)-6) as well as T cell proliferation
(715). In support of its role in enhancing TCR signal strength, EphB6 cross-linking in a T cell
line sensitive to strong TCR signaling leads to enhanced apoptosis (778) which supports the
finding that strong Eph receptor activation can induce apoptotic pathways (44, 779). This is
in contrast to EphA receptors which prevent apoptosis in thymocytes (720) and we speculate

that this could also apply to peripheral mature T cells participating in an immune response.
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More recently, it has been suggested that EphB-ephrin-B signaling may also provide negative
feedback during T cell activation. Ephrin-B1 and ephrin-B2, but not ephrin-B3, co-stimulated
T cells at low concentrations but inhibited T cell activation at higher concentrations. This
inhibition at high ephrin-B1/B2 concentrations likely occurs through inducing rectuitment of
the SHP1 phosphatase in stimulated T cells resulting in reduced phosphorylation of the
signaling molecules Lck, Erk, and Akt (93). Additional data shows that mixed lymphocyte
reaction activated cells pulsed with EphB2-Fc or ephrin-B2-Fc recombinant chimeric proteins

downregulate key activation molecules including IL.-2, IFN-y, tumor necrosis factor-o. (INF-

o) and IL-17 (96). These data suggest that the context-dependent expression of a combination
of EphB receptors and ephrin-B ligands on T cells may serve an immunomodulatory role in

different microenvironments.

In addition to activation, it is possible that regulation of Eph receptors and ephrin ligands can
influence T cell differentiation into various T cell subsets. EphA-ephrin-A interactions can
preferentially skew the differentiation of activated human CD4" T cells to a T helper (Th) type

1, rather than a Th2, phenotype upon cross-linking of ephrin-A ligands in the presence of .-

CD3/a-CD28 activating antibodies via the suppression of IL-2 and IL.-4 (99). This indicates
that reverse signaling in ephrin-A ligand expressing T cells is able to intersect with other
currently unidentified signaling pathways in order to suppress differentiation into a Th2 cell

fate.

Eph-ephrin interactions mediate immune cell trafficking
An emerging role for Eph receptors and ephrin ligands in immune cell trafficking has been a

focus of recent research. Cell migration is a fundamental process required for optimal immune
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system functioning. Migration occurs both locally, where cells are required to move within
lymphoid organs such as the spleen in order to interact with other immune cells, and
systemically during routine immune surveillance and response to damage or infection. Several
key events in local and systemic immune cell trafficking that involve Eph-ephrin interactions
in both steady and activated states of the immune system are shown in Figure 2 and discussed

in detail below.

Localized immune cell migration within Iymphoid organs

Thymic movement of T cells during development

It is not surprising that members of the Eph family would mediate a process such as T cell
maturation given their well-established roles in tissue organization and cell migration in
numerous organ systems. During T cell maturation, immature thymocytes undergo multiple
steps of selection in the thymus requiring extended cell-cell contact with various cell types
such as thymic stromal cells. It is quite possible that Eph-ephrin interactions may mediate
adhesion and aid in the movement of maturing T cells through different thymic compartments
during this process. Indeed, the expression of nearly all Eph receptors and ephrin ligands, with
the exception of a few, has been detected in the thymus (29, 727). In the fetal thymus, EphB2
and EphB3 appear to be crucial for the successful development of thymic epithelial cells (722).
Furthermore, EphB2 is implicated in mediating the colonization of T cell progenitor cells
during fetal thymus colonization (723). As such, the presence of EphB2 and ephrin-B1/B2
ligands on thymocytes and thymic epithelial cells is essential for the correct organization of
the thymic medulla (724). EphBG6 is highly expressed in thymocytes and in mice between 50-
70% of T cells in the thymus express EphB6 including CD4"CD8" double positive as well as

CD4" and CD8" single positive T cells (777). However, only around 8-17% of peripheral



FIGURE 2

VASCULAR ENDOLTHELIUM

THYMUS

Thymocytes

«  EphA-ephrin-A interactions attenuate apoptosis

+  EphB-ephrin-B interactions support thymic
organization and thymocyte selection

*  Leukocytes utilize both Eph receptors and
ephrin ligands to bind endothelial cells

+  Binding can induce T integrin and adhesion
expression

B LYMPHATIC VESSEL

Ephrir\—AJ @

*  Tcellsand endothelial cells express both EphA
receptors and ephrin-A ligands

« Interactions facilitate systemic T cell trafficking

GERMINAL CENTER
(LIGHT ZONE)

EphB4, EphBé—‘ Ephrin-B1

©6
IL-21
« 1121 upon EphB4-ephrin-B1 contact

*  Repulsion of Tg,-B cell interaction for optimal
GC cycling upon EphBé-ephrin-B1 contact

19



20

Figure 2. Examples of the contribution of Eph receptors and ephrin ligands to both
localized and systemic immune cell trafficking. Several systemic (A and B) and localized
(C and D) roles of Eph-ephrin interactions in immunity are shown. (A) Both leukocytes, such
as monocytes and T cells, and vascular endothelial cells, shown here in the brain as an example,
express various Eph receptors and ephrin ligands. Eph-ephrin interactions can aid in processes
such as leukocyte chemotaxis, adhesion, and transmigration of the vascular endothelium.
These binding events can subsequently induce increased expression of adhesion molecules
and integrins leading to enhanced cell-cell contact. (B) EphA receptors, primarily EphA2, on
high endothelial venules (HEVs) of lymph nodes can interact with ephrin-A ligand-expressing
T cells to facilitate trafficking between the blood and lymph. Additionally, ephrin-A1 on HEVs
can bind EphA receptors on circulating peripheral T cells leading to changes in actin
polymerization in the T cell and initiating subsequent chemotaxis. (C) Thymic organization as
well as thymocyte development are heavily dependent on Eph-ephrin interactions. The Eph
B family members are particularly important in these processes, with both single- and double-
positive thymocytes as well as thymic epithelial cells (TECs) expressing several EphB receptors
and ephrin-B ligands to facilitate cellular organization of the thymus and thymocyte selection.
(D) EphB-ephrin-B interactions are critical for optimal germinal center interactions between
B cells and T follicular helper (Trn). Ephrin-B1 marks a subpopulation of germinal center
memory B cells and binding to EphB4 and EphB6 on Trx cells induces IL-21 production from
the Tru cells and repulsion, respectively, both required for optimal germinal center B cell

cycling.
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mature CD4" and CD8" T cells in mice are EphB6" (777) indicating a potential role for EphB6

and its cognate ligand in mediating T cell retention in the thymus during development.

Although there have not been a large number of studies that address the role of Eph-ephrin
interactions in T cell migration and adhesion within the thymus, such interactions appear to
be critical for modulating apoptosis of thymocytes and are therefore likely critical in T cell
selection processes. Distinct, yet overlapping, expression patterns of EphA receptors and
ephrin-A ligands are observed in the rat thymus, and disruption of these interactions in a
thymic culture model with EphA-Fc or ephrin-A-Fc recombinant chimeric proteins leads to
an increase in apoptosis of double positive CD4"CD8" T cells (725). This is in contrast to one
study that showed ligation of EphA receptors with ephrin-Al ligand can prevent apoptosis in
thymocytes (720) but in agreement with a mouse study that used recombinant EphB2-Fc or
ephrin-B1-Fc in thymic organ cultures 7z vitro to show reduced numbers of thymocytes via
increased apoptosis (726). An overwhelming number of 7z vivo mouse models involving both
Eph receptor subfamilies support the conclusion that Eph-ephrin interactions prevent
apoptosis of thymocytes. Mice with selective T cell deficiency of ephrin-B1 and ephrin-B2
have significantly reduced numbers of double positive and single positive T cells in the thymus
compared with intact littermate control mice (727). However, the lack of an effect in mice
with a selective T cell deficiency in ephrin-B2 only (92) demonstrates the redundancy of this
family of molecules as well as the ability of these receptors and ligands to potentially
compensate for one another. Reduced thymic cellularity is also observed in the absence of
EphB2, EphB3 (7285) and EphA4 (729) in mice again suggesting a critical role for Eph

receptors in preventing apoptosis of thymocytes during T cell thymic maturation.
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Movement of immune cells in the context of germinal centers

Germinal centers (GCs) are key immunological structures in secondary lymphoid organs that
form to facilitate the interaction between T follicular helper (Tth) cells and activated B cells
and to aid in the development of a robust humoral immune response. During an early GC
reaction, activated Tth cells interact with their cognate antigen-specific B cells to promote B
cell proliferation and differentiation into plasma cells and memory B cells (730). With T and
B cells activated in different zones within the GC, this cellular interaction requires movement
of T cells into the B cell zone as induced by the chemokine CXCL13 (previously known as B-
cell attracting chemokine-1) along with subsequent exit of antibody-secreting plasma cells and
memory B cells from the GC. In order for these extensive cell cycling and cell-cell contact
events to successfully occur in the GC, both attractive and repulsive events between cells are

required.

One of the more recently discovered immunological roles of the Eph-ephrin signaling system
involves the generation of GC B cell responses. Ephrin-B1, a ligand that can bind to several
EphB receptors, was recently shown to be a marker of mature GC B cells and may specifically
differentiate early GC memory precursor B cells from other subsets of GC B cells (§4). The
development of an optimal humoral immune response requires specific temporal interactions
to occur between Tth cells and GC B cells. Ephrin-B1 has been shown to be involved in the
localized interaction between B cells and Tth cells in the GC microenvironment (&5).
Specifically, GC B cell-expressed ephrin-B1 can inhibit recruitment and retention of Tth cells
in the GC and is required for GC B cells to induce optimal levels of IL-21 from Tth cells via

EphB4 forward signaling (85). Given the key role of IL-21 in plasma cell formation and affinity
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maturation, GC B cell-expressed ephrin-B1 is therefore a key molecule required for the

optimal functioning of GC interactions as a whole.

Migration of immune cells systemically

Directional trafficking of immune cells throughout the body is driven in part by chemokine
receptors expressed on immune cells that respond to chemokines secreted by distal cells. The
process of systemic cell migration is facilitated by adhesion molecules such as integrins
expressed on vascular endothelial cells and their ligands expressed on trafficking immune cells.
Like integrins, Ephs and ephrins are also expressed in the vasculature throughout the body
(59, 131, 132). Given the widespread expression of Eph receptors and ephrin ligands on
immune cells, the Eph-ephrin family of molecules may also be an important family of

molecules facilitating trafficking of immune cells to the site of damage and inflammation.

The Eph-ephrin system has been shown to participate in multiple steps of monocyte
trafficking including chemotaxis, adhesion (70), and vascular endothelial transmigration (74).
In particular, expression of the receptors and ligands EphA2, EphA4, ephrin-Al, ephrin-A2,
and ephrin-A4 is upregulated on mouse and human classical monocyte subsets at both the
RNA and protein level, and these molecules can contribute to adhesion of monocytes to
integrin-coated surfaces (73, 76, 733). One example of how Eph receptor signaling may
mediate monocyte retention at the site of inflaimmation involves the interaction between
ephrin-Al on monocytes and EphA4 on endothelial cells. Upon endothelial EphA4 activation,
the RhoA signaling pathway is activated leading to increased actin filament polymerization and
subsequently enhanced monocyte-endothelial cell adhesion (70). Overall, the signaling events

downstream of Eph-ephrin activation are likely to participate in crosstalk with integrin
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molecular pathways and have been hypothesized to facilitate adhesion of monocytes to other

Eph or ephrin-expressing cells.

Human DCs are also known to express members of the EphA (EphA2, EphA4, EphA7) and
EphB (EphB1, EphB2, EphB3, EphB6) subfamilies (70, 77, 78). Similar to monocytes, Eph
receptors could potentially contribute to DC trafficking and adhesion by allowing for
localization to sites of damage or infection in the body with some evidence suggesting that
crosstalk between Eph receptors and integrins, patticularly B1 integtin, may facilitate DC
adhesion (734). Interestingly, different subsets of DCs such as Langerhans cells (735),
interstitial DCs, and plasmacytoid DCs (80) have unique patterns of Eph receptor expression.
Although the reasons for these unique expression patterns remain unknown, it is possible that

Eph receptors may contribute to the locational and functional specificity observed in these

different DC subsets.

In the adaptive arm of the immune system, members of the EphA-ephrin-A family have been
associated with B and T cell trafficking in several studies. The expression of EphA2 on high
endothelial venules (HEVs) in human lymph nodes (736) suggests a role in immune cell
trafficking. In support of this data, initiation of ephrin-A reverse signaling on T cells alters T
cell trafficking by directing the T cells to enter lymph nodes upon injection into recipient mice
(7137). Although the specific member(s) of the ephrin-A ligand family important for this
phenomenon is currently unknown, EphA2 has been shown to be important in mediating T
cell trafficking between the blood and lymph nodes through interactions with ephrin-A4 on
peripheral T cells (736). Along the same lines, ephrin-Al is also expressed on HEV endothelial

cells, and engagement of EphA receptors on the surface of both CD8" and CD4" T cells
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directly stimulates chemotaxis through effects of this ligation on actin polymerization (738).
Specifically, the migration that is induced upon stimulation of EphA receptors on T cells with
ephrin-A ligands involves activation of a variety of signaling molecules including Lck, Pyk2,
PI3K, Vavl, and Rho GTPase (739). More recently, it has also been shown that activation of
EphA2 on endothelial cells with ephrin-Al leads to NFAT activation and subsequent
upregulation of vascular cellular adhesion molecule 1 (VCAM-1) which aids in leukocyte
recruitment by facilitating cellular adhesion (740). Collectively, these studies indicate a key role
for Eph molecules, particularly EphA2, in optimal adaptive immune cell trafficking to sites of

inflammation.

Interestingly, the expression of ephrin-A ligands on the vatious subsets of CD4" and CD8" T
cells differs (703) and thus EphA-ephrin-A expression patterns may contribute to the differing
migratory potential observed in naive, effector, and memory T cells. Expression of ephrin-B
ligands has also been implicated in T cell trafficking to inflamed paws during a collagen-
induced arthritis mouse model (97) as well as to the central nervous system in the experimental
autoimmune encephalomyelitis (EAE) mouse model (95) underlining a role for both
subfamilies in T cell trafficking to distal sites of inflaimmation in the body. Interplay between

Eph-ephrin interactions and chemokines has yet to be well-studied but T cell chemotaxis in

response to the chemokines stromal cell derived factor-1a (SDF-1a, also known as CXCL12)

and macrophage inflammatory protein-33 (MIP-3, also known as CCL19) can also be
modulated by both ephrin-A and ephrin-B ligands (747) implicating both subfamilies in T cell

trafficking in response to chemokine gradients.

Involvement of Eph receptors and ephrin ligands in disease pathogenesis
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The ubiquitous expression profile of Ephs and ephrins throughout the human body makes
them plausible candidates for mediating a variety of immunological processes. However, the
widespread expression pattern along with the characteristic tyrosine kinase activity associated
with Eph receptors also renders them highly likely to contribute to certain pathological
conditions. Evolving research implicates various members of this family in a growing number
of immune-mediated pathological conditions (742-744) as well as the pathogenesis of various
diseases (73, 745-147). Thus, Eph receptors and ephrin ligands have become attractive
therapeutic targets for several diseases including cancer, neurological disorders, and infectious
diseases (83, 745, 148-154). In the remaining sections, we discuss what is currently known
about the involvement of the Eph-ephrin family in both non-infectious and infectious diseases

to convey the complexity of how these molecules contribute to various diseases.

Cancer

The first Eph receptor was identified in 1987 (76) from a human carcinoma cell line in a screen
for oncogenic tyrosine kinases. It is therefore not surprising that a strong link between Eph
receptors and cancer has emerged in the years since their discovery. Various Eph receptors
and ephrin ligands are expressed in cancer cells as well as cells in the tumor microenvironment
allowing for cell-cell communication within these compartments (755, 756). In the tumor
microenvironment, upregulation of ephrin-A2, ephrin-A3, EphB2, and EphB4, to name a few,
on vascular cells in response to tumor factors has been the most well studied (757, 758).
EphA2 and EphB4 are upregulated in many types of cancers and are associated with increases
in cancer malignancy and poor prognosis (759-162). Expression of several EphB receptors has
also been inversely correlated with colorectal cancer where decreased expression is associated

with increased malignancy (763).
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As many Eph receptors and ephrin ligands are expressed on T and B cells (Table 2) and can
play critical roles in cell development, differentiation, activation, and proliferation, it is
predictable that aberrant expression or activation of these molecules on adaptive immune cells
could contribute to hematologic malignancies. EphA3 has been of particular interest to the
cancer research field as it was originally identified in an acute lymphoblastic leukemia cell line
and expression can be detected in many T cell lymphomas but not generally in T cells from
healthy individuals (79, 88, 102, 164). Given its unique expression on malignant T cells, EphA3
has strong potential to serve as a therapeutic target for EphA3" T cell lymphomas with
minimal detrimental effects on healthy T cells. Indeed, an anti-EphA3 monoclonal antibody
has already been the subject of a Phase I clinical trial in patients with refractory hematologic
malignancies (765). In addition to its role in T cell lymphomas, EphA3 also plays a role in
multiple myeloma angiogenesis (766) suggesting that an effective anti-EphA3 therapy could
be potentially utilized for treatment of both T and B cell malignancies. Along with EphA3,
expression of the receptors EphA2, EphB3, and EphB6 has also been identified in many
malignant T lymphocytes (707, 767). The potential involvement of these receptors in
promoting survival of malighant immune cells suggests that they may also hold promise as
future therapeutic targets. However, Eph receptors may also be involved in lymphoma
suppression as has been shown in the case of a soluble form of EphA7 (768) and for EphB4
(7169). This indicates that great care must be taken in designing future anti-Eph therapies to
ensure specificity towards targeting particular Eph receptors of interest that may contribute to
malignancies while avoiding targeting those that may benefit the host anti-tumor immune

response.
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Paradoxically, both an increase and a decrease in Eph receptor expression has been associated
with cancer progression consistent with the functional complexity of interactions between
different Eph-ephrin family members. For the most part, the roles for Eph receptors in
malignancies have been investigated from a cellular biology perspective. For example, Eph
receptor forward signaling can inhibit cancer cell migration, proliferation, and survival as well
as tumor growth in mice (770). Angiogenesis is essential for both tumor growth and metastasis
and some evidence suggests that interactions between EphA2 and ephrin-Al (67, 760) as well
as EphB4 and ephrin-B2 (67, 760) on tumor cells and vascular cells can lead to increased
angiogenesis and tumor vascularization. Several recent studies have aimed to alter or redirect
T cells to target Eph receptors on cancerous cells using unique approaches including the
generation of chimeric antigen receptor (CAR) T cells in which the T cell receptor recognizes
EphA2 (171-173). A second approach which involves administering a bi-specific antibody that
recognizes EphA10 expressed on breast cancer cells as well as CD3 expressed on T cells aims
to redirect cytotoxic CD8" T cells to attack malignant EphA2" cells (774). However, these
studies have not comprehensively addressed the potentially negative effects that Eph-ephrin
expression on T cells may have on the target cells, which often will also express the same
receptors and their ligands. While the contribution of Eph-ephrin expression on cancerous
cells to disease progression has been thoroughly investigated, the crucial role of the immune
response in the recognition and containment of malignant cells is often overlooked. Given the
nearly ubiquitous expression of Eph receptors on immune cells, the function that these
receptors play in cancer immunology must also be understood in order to rationally design
Eph-based anti-cancer therapeutics that incorporate the contributions of Eph receptors to the

immune control of cancers.
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Atherosclerosis

Atherosclerosis is a condition characterized by the hardening and narrowing of the arteries
which can impede blood flow and lead to heart attack and stroke. Damage to the vascular
endothelium triggers the process of atherosclerosis, and activation of platelets by
subendothelial matrix-derived molecules such as collagen and fibronectin triggers the adhesion
of platelets onto the endothelium. This, in turn, initiates the formation of plaques that harbor
immune cells such as monocytes and macrophages which have migrated to the plaque in

response to chemotactic signals (773).

Platelets, anuclear cell fragments derived from megakaryocytes, are components of the
immune system capable of exerting effects on both the innate and adaptive branches. Human
platelets express several members of the Eph-ephrin family including EphA4, EphB1, EphB2
and ephrin-B1. Forward signaling through the EphB2 receptor on platelets is associated with
both thrombus formation and platelet activation in the absence of ligand contact (66). This
suggests an inherent role of the Eph cytoplasmic signaling domain in contributing to platelet
function. The key contribution of EphB2 to platelet activation and optimal functioning is also
supported by the association between mutations in the human EphB2 gene and platelet
dysfunction (62). Ligation of this family of molecules on platelets may contribute to granule
secretion along with adhesive interactions between platelets. Subsequent platelet aggregation
and thrombus formation can then follow mediated by ounfs integrin (776-178). Platelet
granule release upon platelet activation is a highly inflaimmatory event. As such, Eph-mediated
platelet activation is likely a key event mediating the immunopathogenic aspects of

atherosclerosis.
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In addition to platelets, other cells of the immune system can influence and enhance the
inflammatory milieu of atherosclerotic plaques via Eph-ephrin interactions. Several studies
have demonstrated a positive correlation between expression of EphB2, EphB4, ephrin-B1,
and ephrin-B2 with the macrophage content of atherosclerotic plaques. These particular
members of the Eph-ephrin family can contribute to the recruitment (779) and
proinflammatory activation (67) of monocytes. Inflammation is likely further compounded by
a suppression of localized chemotactic gradients by monocytes and/or macrophages leading
to retention of these cells within lesions and augmentation of inflaimmatory responses (780).
More work is needed to define precisely how Eph-ephrin interactions contribute to the
pathogenesis of atherosclerosis. However, the abilities of these molecules to modulate the
activation and chemotaxis of monocytes and macrophages, key events mediating plaque

formation and growth, suggest a potential therapeutic avenue for this disease.

Fibrosis

Fibrosis describes the scarring of tissue that occurs through excess production of extracellular
matrix proteins in an attempt to repair damaged tissue. While the causes of fibrosis can be
highly varied, the general process is thought to result from chronic inflammation leading to
the activation of myofibroblasts that produce molecules such as collagen and
glycosaminoglycans in response to immune mediators such as transforming growth factor
(TGF)-B (787). Recently, Eph receptors and their ligands have been implicated in the
development of organ fibrosis. EphB2 has been identified as a pro-fibrogenic molecule that is
essential for the development of liver fibrosis from both infectious and non-infectious
etiologies (72). By mediating trafficking of ephrin-B-expressing macrophages to the liver,

EphB2 can promote inflammatory signaling pathways that stimulate the differentiation of
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hepatic stellate cells into fibrogenic myofibroblasts. In a separate model of lung fibrosis,
cleavage of the ligand ephrin-B2 on fibroblasts by the disintegrin and metalloproteinase
domain-containing protein ADAM10 leads to increased fibroblast activation and subsequently
increased skin and lung fibrosis (782). It is anticipated that similar processes involving Eph-

ephrin interactions may underlie other fibrotic conditions such as systemic scleroderma.

Diseases of the Central Nervous System

Eph-ephrin interactions play a key role in neurological development, and neurological
disorders can stem from dysfunctional Eph-ephrin interactions. Upregulation of EphA4
expression has been consistently observed after traumatic brain injury in both primates (7§3)
and humans (784). Similarly, EphA4, along with several other Eph receptors, appears to inhibit

neuronal regrowth and recovery after spinal cord injury in mice (785).

Multiple sclerosis (MS) is a demyelinating disease in which the nerve cells of the brain become
demyelinated and exposed rendering them unable to communicate efficiently. This leads to a
variety of physical symptoms such as muscle weakness and poor coordination. It is the most
common immune-mediated disease of the central nervous system (786) in which auto-reactive
CD4" T cells play a central role in contributing to the induction of inflaimmation and lesion
formation in the brain and spinal cord. Increased expression of ephrin-Al, EphA3, EphA4,
and EphA7 has been observed in axons of multiple sclerosis lesions (787). Ephrin-B1 and
ephrin-B2 were also shown recently to be involved in T cell migration to the central nervous
system in both the mouse model of EAE and in human MS (95) which indicates the potential

importance of these molecules in mediating this disease. However, there remains a significant
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amount of knowledge to be gained before the full contribution of the Eph-ephrin molecules

to MS can be fully understood.

Other diseases of the central nervous system that may involve Eph-ephrin interactions include
Parkinson’s disease (788) and Alzheimer’s disease (789). Although studies thus far have only
identified correlations between Eph expression and disease severity, the known roles for Ephs
and ephrins in the immune system outlined in this review make these correlations worthy of

further investigation.

Infectious diseases

Given the central role of the immune system in defense against infectious pathogens, there is
a surprising lack of reports regarding the involvement of Eph receptors in this regard although
this has become a greater focus of research in recent years. A clear role for Ephs as viral entry
receptors has been shown for Nipah and Hendra viruses (ephrin-B2 and ephrin-B3) (790,
197), Kaposi’s sarcoma-associated herpesvirus (EphA2) (79, 792), and Epstein-Barr virus
(EphA4 and EphA2) (83, 152, 153). Similarly, it was also recently described that the sporozoite
stage of the Plasmodium parasite, the causative agent of malaria, engages EphA2 on liver
hepatocytes in order to establish a productive infection (754, 793) although additional entry
receptors may be involved in this process as well (794). EphA2 is also used by the fungal
pathogen Cryptococcus neoformans to traverse the blood-brain barrier in order to gain entry into

the brain (750).

In addition to facilitating entry, it is likely that the ubiquitous expression of Eph receptors and

ephrin ligands on the majority of cells in the immune system facilitates immune defense,
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although reports in support of this idea are currently sparse. One of the challenges in the study
of Eph-ephrin molecules is the redundancy that can occur with respect to binding of Eph
receptors to multiple ephrin ligands. Although one study demonstrates no effect of B cell-
specific ephrin-B1 ligand deficiency on GC formation, plasmablast production, or B cell class-
switching in mice after infection with either influenza virus or acute lymphocytic
choriomeningitis virus (LCMV Armstrong) (§4), compensatory activities of other ephrin-B
ligands may mask a potential role of the ephrin-B ligands in general. For example, a T cell-
specific dual deletion of both ephrin-B1 and ephrin-B2 does in fact lead to a defective immune
response against the LCMV virus (727). One additional study demonstrates that Mycobacterinm
tuberculosis can manipulate EphA2 and ephrin-Al expression in order to support granuloma
formation (795) which, in turn, aids in bacterial immune evasion. These reports suggest that
these molecules do play a role in the activation and regulation of immune responses against
pathogens further highlighting the importance of this consideration in future therapeutic

designs.

CD4" and CD8" T cells contribute to protective immune responses in malaria

While the roles of various adaptive immune cells in malaria have been studied, many facets of
malaria T cell immunology are still unknown. The role of the T-cell mediated immune
response during malaria, in particulat, is pootly understood. Mice deficient in CD8" T cells are
defective in controlling blood-stage parasitemia suggesting an important contribution of CD8"
T cells in the adaptive immune response involved in controlling parasitemia. In the absence
of CD8" T cells, peripheral IFN-y levels drop significantly (796). While studies have shown
that CD4" and CD8" T cells are activated by blood-stage parasites and expand during acute

infection, none have determined how low-affinity T cells contribute to the anti-Plasmodium
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immune response. Blood-stage Plasmodinm infection leads to robust CD4" and CD8" T cell
activation with expansion of subsets resembling conventional effector and memory T cells
(197). The requirement of CD4" T cells for the generation of protective anti-blood-stage
immune effector mechanisms has been well-documented (798-200). CD8" T cells become
activated during the liver-stage of the parasite life cycle (207), but the function of CD8" T cells
against blood-stages of the Plasmodium parasite is unknown. In the absence of CD8" T cell
activation, mice infected with P. chabandi experience uncontrolled parasitemia and die 10-15
days post-infection (202). Transfer of CD8" T cells from mice infected with a different
Plasmodinm strain into mice lacking CD8" T cells partially protected from a lethal challenge
infection (203). Further, B.-microglobulin knockout mice lacking mature CD8" T cells
experience significantly higher P. chabandi AS parasitemia compated to C57BL/6] control mice
indicating a role for CD8" T cells in controlling acute blood-stage infection (unpublished). CD8"
T cells that expand during malaria have been shown to be a major source of the pro-

inflammatory cytokine IFN-y that can control the blood stages of Plasmodium parasites (7196)

and may function to reduce blood-stage parasitemia. However, IFN-y production from
Plasmodinm-reactive CD8" T cells has also been implicated in the development of acute
pathology in the experimental cerebral malaria P. berghei ANKA model in part by their
production of IFN-y (204, 205). Defining the role of protective CD8" T cells duting Plasmodium
infection is essential for creating functional benchmarks of T cell responses that can be

incorporated into future malaria vaccine candidates.

Brain leukocyte accumulation is essential for cerebral malaria development
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It has been well established that CD8" T cells are required for the development of ECM (738,
206). However, the precise mechanisms for CD8" T cell retention in the brain at the onset of
ECM allowing for subsequent BBB breakdown remain unclear. Intravital microscopy
expetiments cleatly show CD8" T cells (207) and other leukocytes (208) accumulate and arrest
in the brain microvasculature at the onset of ECM in PbPANKA infection compared to non-
lethal Plasmodium infections. Parasite sequestration has also been shown to be required for the
development of ECM (209), and local antigen availability in the brain is also thought to be key
in CD8" T cell retention in the brain (270, 217). Histology of human brain tissue from patients
who succumbed to CM-associated fatality indicates the presence and accumulation of both
platelets and leukocytes in the brain microvasculature throughout the cerebral cortex (272,
213) in regions where iRBCs have also sequestered. Additionally, while the role of CD8+ T
cells in human CM has been widely debated (274-276), a recent study has demonstrated the
presence of CD8+ T cells in brain sections from humans who died as a result of retinopathy-
confirmed CM (277). In support of this phenomenon, similar observations have been made
in a mouse model of cerebral malaria (278) (as described in detail below in the experimental
techniques section) that mimics several key aspects of human CM and is known as
expetimental cerebral malaria (ECM). Development of ECM requires activation of CD8"
splenic dendritic cells (279, 220), which leads to trafficking of Plasmodium antigen-reactive
CD8" T cells to the brain (227, 222) at the onset of ECM symptoms. Brain endothelial cells
can then cross-present parasite antigen, generally after phagocytosing free merozoites, to
CD8" T cells in an interferon-gamma (IFN-y) dependent manner (223, 224). Consequently,
these activated, parasite-specific CD8" T cells can exert their effect through release of
molecules such as perforin (225) and granzyme B (209) leading to endothelial apoptosis and

presumably disruption of endothelial tight junction integrity (207) as well. Of note, mice
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lacking CD8" T cells are protected from ECM (206, 226) indicating its essential role for the
development of disease. However, the molecular interaction(s) mediating CD8" T cell
adhesion to brain microvessels during ECM remains elusive. It was previously believed that
ICAM-1 mediated this CD8" T cell-endothelial cell interaction, yet several groups have shown
in recent years that endothelial cell expression of ICAM-1 is not required for the development
of ECM (227, 228) although it is known to be involved in the sequestration of iRBCs to the

brain endothelium in both humans (229, 230) and mice (237).

Blood-brain barrier breakdown is a hallmark of cerebral malaria

Cerebral malaria (CM) develops, in part, due to responses generated against sequestered
Plasmodium-infected red blood cells (RBCs) in the brain microvasculature resulting in a pro-
inflammatory immune response, vascular occlusion, and subsequent decrease in microvascular
blood flow (232, 233). Plasmodium parasites remodel the surface of iRBCs allowing for binding
of parasite-derived surface proteins to receptors on the endothelium such as intercellular
adhesion molecule-1 ICAM-1) (234), CD36 (235, 236), and/ ot endothelial protein C receptor
(EPCR) (237), providing a mechanism for sequestration of iRBCs from the peripheral
circulation. Inflammation-mediated breakdown of the blood-brain barrier (BBB) due to the
presence of sequestered parasites occurs and leads to hemorrhaging, vascular leakage, and
death (238-240). The precise mechanisms that occur during CM leading to BBB breakdown
have not been entirely elucidated, but data from mouse models suggests it partially involves
apoptosis of endothelial cells induced by leukocytes, such as CD8" T cells (223, 247). However,
it is likely that there are other CD8" T cell-induced mechanisms involving perforin and
granzyme B that account for the disassembly of endothelial tight junctions and subsequent

vascular leakage associated with ECM (207). Recent evidence in the field suggests that while
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CD8" T cells can directly cause apoptosis in brain endothelial cells cross-presenting parasite
peptides on MHC 1 (223, 224), a mechanism that has yet to be determined likely contributes
more to disassembly of tight junctions between brain endothelial cells leading to vascular
leakage and ECM development (207). The importance of EphA2 in the maintenance of
endothelial cell junctions forming the BBB has been previously shown (242, 243). While the
involvement of tyrosine kinases in the breakdown of the BBB has been shown previously
(240), the kinase(s) responsible for this phenomenon is unknown. EphA2 kinase activity may
be involved in this process. Nonetheless, further elucidation of the precise mechanisms and

cellular interactions resulting in BBB breakdown during ECM is necessary.

EphA2 has been implicated in endothelial junction disruption

EphA2 has previously been shown to co-localize with tight junction proteins. Upon ephrin
Al ligand binding, the activation and phosphorylation of EphA2, but not other Eph receptors,
has been shown to directly enhance breakdown of tight junctions in human brain
microvascular endothelial cells (243). A similar role for EphA2 moderating tight junction
permeability has been observed in the lungs (244) and various other cell types (245),
supporting a potential role for EphA2 activation in the blood-brain barrier (BBB) breakdown
and vascular permeability associated with ECM. Substantial mechanistic data exists supporting
dichotomous functional consequences of Eph-ephrin interactions which suggests that EphA2
may be playing dual roles in cerebral malatia including mediating CD8" 'T' cell adhesion to
brain endothelial cells (adhesion) and contributing to blood-brain barrier breakdown

(repulsion).

Platelets play an early role in cerebral malaria development
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Unlike CD8+ T cells whose relevance to human CM has only recently been demonstrated,
platelets have long been known to be modulated by and participate in the immune response
to Plasmodinm infection. Thrombocytopenia has been observed in both mice (246, 247) and
humans (248-250) with severe malaria and may, in part, be due to suppressive effects that the
Plasmodium parasite exerts on the process of hematopoiesis in the bone marrow. Along with
being a correlate of severe malaria, there is also substantial evidence that platelets may be
directly involved in enhancing severe malaria-associated organ pathology. For instance,
platelets have been found in the lung and brain microvasculature in histological sections from
patients who died of severe malaria (257-254) and could be serving to enhance Plasmodinm
sequestration given their abilities to interact directly with infected red blood cells (255, 256).
While these findings only identify a correlation, additional studies suggest direct mechanisms
by which platelets could contribute to increased inflammation and organ damage in severe
malaria. In human CM, endothelial cell activation in the brain is a key feature of disease
development. Platelets have been shown to have the capacity to release cytokines (257) and
extracellular vesicles (258, 259) which contain bioactive components that can activate
endothelial cells. Upon endothelial activation, platelet-released von Willebrand factor strings
are transferred to the endothelium which enhances parasite sequestration (260). Additionally,
they can mediate adhesion of immune cells to endothelial cells (267, 262) and the sequestration
of immune cells in the vasculature of organs such as the lungs and brain has the potential to

enhance organ pathology in CM.

In mice, while the requirement of CD8+ T cells has primarily been shown to be critical at the
onset of ECM around days 5-6 post-infection with Plasmodium, the pathogenic role of platelets

begins much earlier. Thrombocytopenia protects against ECM (263), and antibody-mediated
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depletion of platelets one day post-infection with PAA prevents death from ECM in mice while
platelet depletion any later does not provide any protection from ECM-associated death (264).
This suggests that an early function of platelets, either direct or indirect, sets the stage for the
development of the immune-associated symptoms of ECM. Similar to what has been observed
in humans, ultra large von Willebrand factor strings were also recently found to be deposited
by platelets onto the brain endothelium during ECM, and mice deficient in von Willebrand
factor are significantly protected against blood-brain barrier breakdown and experience a
significantly delayed death from ECM (265). However, given that the reduced blood-brain
batrier permeability and delayed onset of death were not absolute in #I/IF-/- mice and only
provided partial protection compared to the effects of platelet depletion, it is likely that other

platelet factors are critical to mediating disease.

Although there is clear evidence for a pathogenic role of platelets in ECM, there are several
studies which suggest that platelets can mediate protection from Plasmodium infection,
primarily through their ability to interact with and kill Plasmodium-intected red blood cells (255,
266-268). However, these studies present several issues. First of all, they primarily utilize non-
severe mouse models of malaria which induce drastically different immune responses and
pathology in comparison to severe mouse models of malaria. Second of all, much of the data
relies on 7z vitro experiments in which physiological ratios of platelets to red blood cells are not
utilized and other components of the immune system are not present. Therefore, the current
evidence overwhelmingly supports a pathogenic, and not protective, role for platelets in the
development of ECM although the mechanisms by which they influence the immune response
remain to be discovered. Additionally, it is likely that the function of platelets in non-severe

and severe malaria can be highly context dependent with different parasite strains eliciting
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diverse responses from platelets (269). The identification of additional platelet components
and mechanisms that are responsible for inducing organ damage and death during ECM would
have great translational potential given the similar role of platelets in both mouse and human

cerebral malaria.

Dissertation overview

There is overwhelming evidence to support the fact that both CD8+ T cells and platelets are
involved in the immune response to Plasmodium infection. However, despite extensive research
significant questions still remain regarding the mechanisms by which these cells may contribute
to either infection control or immunopathology in the context of severe malaria. In the case
of CD8+ T cells, while they are known to be required for the development of ECM in mice
and have recently be correlated with human CM as well, the molecules involved in mediating
CD8+ T cell retention in the brain microvasculature and subsequent blood-brain barrier
breakdown remain unknown. In the case of platelets, there is a debate in the field as to whether
platelets are protective by inhibiting parasite growth or pathogenic by exacerbating organ

pathology through either direct or indirect mechanisms.

In this dissertation, we provide evidence that the receptor tyrosine kinase EphA2 is a key
contributor to malaria-associated blood-brain barrier breakdown likely through its effects on
inducing inflammation and disrupting brain endothelial junctions (Chapter II). In the absence
of EphA2, pathogenic CD8+ T cells are unable to be recruited and retained in the brain which
results in reduced brain immunopathology and enhanced survival. In addition to CD8+ T

cells, we demonstrate that platelets also play a key pathogenic role in ECM development by

identifying platelet a-granules as required for Plasmodinm-induced lung and brain pathology
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and death in mice (Chapter III). Finally, we summarize our collective findings, outline potential
ways in which CD8+ T cells and platelets may be linked in the pathologic immune response
to malaria, and discuss the relevance of this research beyond malaria and into other infectious
and non-infectious diseases in which our work could help guide novel therapeutic intervention

strategies in the future (Chapter IV).
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CHAPTERII

EphA2 contributes to disruption of the blood-brain barrier in cerebral malaria

Chapter adapted from:

Darling TK, Mimche PN, Bray CF, Umaru B, Brady LM, Stone C, Eboumbou Moukoko
CE, Lane TE, Ayong LS, and Lamb TJ (2019) EphA2 contributes to disruption of the
blood-brain barrier in cerebral malatria. Revised and Resubmitted.

Figure attributions:

Figures 1 and 3-7 were contributed primarily by myself with data in each figure contributed
by P. Mimche. Figures 2 and 8 as well as supplemental figures 1-2 were contributed by
myself, supplemental figures 2 and 4 were contributed by P. Mimche, and supplemental
figures 3 and 5 were contributed by both myself and P. Mimche. C. Bray and L. Brady
contributed technical assistance. B. Umaru contributed to figure 4 and supplemental figure 4.
C. Stone contributed to supplemental figure 2.
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Abstract

Disruption of blood-brain barrier (BBB) function is a key feature of cerebral malaria. Increased
barrier permeability occurs due to disassembly of tight and adherens junctions between
endothelial cells, yet the mechanisms governing junction disassembly and vascular
permeability during cerebral malaria remain poortly characterized. We found that EphA2 is a
principal receptor tyrosine kinase mediating BBB breakdown during Plasmodium infection.
Upregulated on brain microvascular endothelial cells in response to inflammatory cytokines,
EphA2 is required for the loss of junction proteins on mouse and human brain microvascular
endothelial cells. Furthermore, EphA2 is necessary for CD8+ T cell brain infiltration and
subsequent BBB breakdown in a mouse model of cerebral malaria. Blocking EphA2 protects
against BBB breakdown highlighting EphA2 as a potential therapeutic target for cerebral

malaria.

Author Summary

Malaria is a disease caused by transmission of the mosquito-borne Plasmodium parasite that
remains a severe global public health issue. Advancements in parasite control measures such
as prevention, treatment, and surveillance have reduced the incidence of malaria worldwide.
However, current reports indicate that progress towards reducing global malaria cases and
deaths in recent years has stalled. Therefore, it is imperative that we continue to explore new
therapeutic avenues that can synergize with existing treatment methods. In particular, there is
currently no adjunctive treatment available for cerebral malaria which is a serious complication
of Plasmodium infection characterized by blood-brain barrier breakdown. Here, we have
identified that a receptor EphA2 is required for the breakdown of the blood-brain barrier

during Plasmodium infection in mice. We found that expression of this receptor is critical for
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inducing brain inflaimmation, recruiting immune cells to the brain, and disruption brain
endothelial cell junctions. Inhibiting activation of this receptor using two different treatment
approaches also prevented blood-brain barrier breakdown in mice. Thus, along with
identifying a new molecule critical for cerebral malaria in mice we also provide a basis for

exploring this receptor as a novel therapeutic target in human cerebral malaria in the future.

Introduction

Cerebral malaria (CM) is a severe manifestation of infection with the Plasmodium falciparum (Pf)
parasite and has a 20% fatality rate (270). Presenting as a plethora of neurological symptoms
that lead to coma, pediatric CM is a complex disease that has been shown to involve alterations
to, and breakdown of, the blood-brain barrier (BBB) (277-274). This is thought to result from
vascular activation in response to sequestration of Plasmodium-infected red blood cells (pRBCs)
on the endothelium via adhesion molecules that include endothelial protein C receptor
(EPCR) (237) and intercellular adhesion molecule 1 (ICAM-1) (228, 275). Infection of mice
with Plasmodinm berghei ANKA (PbA) has been used to demonstrate the importance of
inflammatory cytokines such as interferon-y (IFN-y) (278) and tumor necrosis factor-f3, also
known as lymphotoxin-o (LT-a) (276), in the development of experimental cerebral malaria
(ECM), a disease that shares several key features with human CM (277, 278). Inflammation in
ECM is T cell-mediated with CD8+ T cells playing a critical role in breakdown of the BBB
(205, 207, 279, 280). However, apoptosis of brain endothelial cells does not appear to be
sufficient to cause significant disruption of the barrier (207, 240). The molecular mechanisms

underlying BBB breakdown during Plasmodium infection are poorly understood, but the
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disruption of endothelial junctions is thought to be instrumental in this pathophysiological

process.

Activation of receptor tyrosine kinases has been previously shown to play a role in endothelial
junction disruption (287) and barrier integrity during ECM which can be maintained by global
inhibition of the receptor tyrosine kinase family (240). However, therapeutic potential of this
observation is limited by the simultaneous inhibition of receptor tyrosine kinases that are also
involved in mounting an effective immune response (282) which could detrimentally affect
control of Plasmodium infection. Identification of the major receptor tyrosine kinases necessary
for junction disruption during CM is required to capitalize on strategies to specifically target

receptor tyrosine kinases for therapeutic benefit.

Erythropoietin-producing hepatocellular (Eph) receptors constitute the largest family of
receptor tyrosine kinases in humans and are ubiquitously expressed in nearly all tissues,
including the brain (283) in both mice and humans. There are nine different functional EphA
receptors in the mouse and human genome (EphA1-EphA9) that have the ability to interact
with five membrane-bound Eph receptor interacting (ephrin) ligands (ephrin-Al-ephrin-Ab5)
with varying affinities (72). The unique expression patterns of EphA receptors and ephrin-A
ligands in different tissues and cell types allows for functional specificity, and EphA-ephrin-A
binding between cells canonically leads to events such as cellular migration, adhesion, and
changes in cellular morphology (75). As the interaction between EphA receptors and
membrane-bound ephrin-A ligands is of high-affinity, this initial binding event will often lead
to strong adhesion between the two cells involved. This can progress to either extended

adhesion or repulsion and separation of the two cell surfaces once signaling pathways are
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propagated depending on the context (72). As a prime example of these multifunctional
receptors, one particular EphA family member, EphA2, can be utilized by CD8+ T cells for
chemotaxis (739) and adhesion (98). Additionally, EphA2 has also been previously shown to
be instrumental in the disassembly of both tight and adherens junction protein complexes on
endothelial cells reducing cell-cell contact (243, 284). Given that EphA receptors play a role
in regulating both brain endothelial junction formation and immune cell migration and
adhesion, processes highly relevant to the development of CM, here we have investigated the
role of EphA receptors in malaria-associated BBB breakdown. We found that EphA2 is
upregulated on both human and mouse primary brain microvascular endothelial cells in
response to tumor necrosis factor family cytokines. In mice, EphA2 is upregulated by LT-a, a
cytokine required for BBB breakdown in PbA infection (276, 285). EphA2 deficient mice
exhibit significantly improved survival in comparison to EphA2 sufficient mice, likely as a
result of reduced CD8+ T cell brain infiltration and inflammation along with maintenance of
brain microvascular endothelial cell junctions. Collectively, this results in enhanced BBB
integrity. Interestingly, brain EphA2 upregulation is a unique feature of infection with the
ECM-causing PbA strain and does not occur upon infection with strains that do not cause
ECM. This suggests EphA2 upregulation on brain microvascular endothelial cells is critical
tor Plasmodinm-associated cerebral pathology. Blocking the interaction between EphA2 and its
cognate ephrin-A ligands increases the integrity of the BBB during ECM which demonstrates
a rationale for exploring EphA2 antagonism as a novel therapeutic strategy for maintaining

BBB integrity during CM.

Results

EphA2 is required for blood-brain barrier breakdown and the development of ECM
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Given the known roles of EphA receptors in mediating cellular interactions in the brain, we
first determined if members of the EphA family of receptors were modulated at the onset of
ECM. A comparison of the transcriptional profile of the EphA receptor subfamily in whole
brain tissue isolated from mice infected with PAA revealed a significant upregulation of EphA2
transcript at day 6 post-infection (Fig 1A) at the onset of ECM symptoms along with a slight
upregulation of EphAT transcript. In the absence of EphA2, PbA-infected mice maintained an
intact BBB (Fig 1B) at the onset of ECM in comparison to EphA2 sufficient mice. However,
there was no significant difference in the parasite burden in EphA2-/- and EphA2+/+ mice
when assessing the levels of parasites by PSA luciferase expression in the brain (Fig 1C, left,
and Fig S1A), parasite mRINA in the brain (Fig 1C, right), or peripheral parasitemia (Fig 1D,
top). However, EphA2-/- mice did have significantly less PAA accumulation in the spleen and
liver compared to EphA2+/+ control mice (Fig S1B). The maintained BBB integrity observed
in PbA-infected EphA2-/- mice translated into significantly improved sutrvival compared to
EphA2+/+ control mice (Fig 1D, bottom). Maintenance of BBB integrity and improved
survival were also associated with a failure of CD8+ T cells, including Plasmodium-reactive
GAP50+CD8+ T cells (223), to accumulate in the cerebral microvasculature (Fig 1E). No
compensatory transcriptional upregulation of other EphA receptors occurred in the brains of
EphA2-/- mice infected with PbA (Fig 1F) indicating that the upregulation of EphA2 in
Plasmodium infection is independently regulated from other EphA receptors. Using the
previously identified CD8+ T cell Plasmodium-reactive tetramers GAP50 and F4 (223, 286,
287) and analyzing IFN-y and Granzyme B which are essential molecules for ECM
development (205, 279), we found that the absence of CD8+ T cells observed in the brains of
EphA2-/- mice was not due to a defect in the splenic expansion ot egress of highly functional

Plasmodium-reactive CD8+ T cells (Fig 2A-C) but rather on a failure of CD8+ T cells to
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accumulate in the brain microvasculature in the absence of EphA2. EphA2-/- mice had
significantly higher numbers of circulating Plasmodinm-reactive CD8+ T cells in their
bloodstream (Fig 2A) demonstrating that mice are able to mount a robust CD8+ T cell

response against the parasite in the absence of EphA2.

EphAZ2is upregulated in human and mouse primary brain endothelial cells in response
to inflammatory cytokines

EphA2 expression on endothelial cells has previously been associated with impairment of
junction formation (243). Since the majority of pRBCs (207) and CD8+ T cells (288) are
known to adhere to the brain microvascular endothelium on the luminal surface of blood
vessels during ECM, we sought to determine the impact of PbA infection specifically on
endothelial-expressed EphA2. We confirmed that EphA2 is upregulated at the protein level
in brains of PhA-infected wild-type mice and colocalizes primarily with the brain vasculature
(Fig S2). To determine if the pRBCs or inflammatory cytokines were responsible for this
observed upregulation of EphA2 on brain endothelial cells, we isolated both human primary
brain microvascular endothelial cells (HBMECs) and mouse primary brain microvascular
endothelial cells (MBMEC:s) as confirmed by staining for the endothelial-specific markers von
Willebrand factor (VWFE) (Fig 3A, left) and CD31 (Fig 3A, right) and the formation of cell-
cell contacts by transmission electron microscopy (Fig 3B). We cultured the cell monolayers
with their respective parasites (Pf pRBCs with HBMECs and PbA pRBCs with MBMECs)
along with the inflammatory cytokines tumor necrosis factor-alpha (TNF-a) and LT-a which
are known to be produced in the brain during Plasmodium infections. EphA2 expression was
significantly increased in HBMECs pulsed with TNF-o (Fig 3C). The addition of Plasnodium

Sfaleiparnm-infected red blood cells (P/pRBC) had no synergistic effect which supports previous
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studies showing upregulation of EphAZ in human microvascular endothelial cells and
monocytes by TNF-a (73, 289). On the other hand, MBMECs upregulated EphA2 primarily
in response to LT-a (Fig 3D-E). This result is biologically significant because production of
TNF-B/LT-a by non-hematopoietic cells in PbA infection is required for ECM development
(276). The PbA-associated upregulation of EphA2 mRNA appeared specific to the brain tissue
as transcript levels remained essentially unchanged in liver and lung tissues (Fig S3A-B).
Furthermore, Plasmodium-reactive CD8+ T cell accumulation in pulmonary tissue was identical
in the presence or absence of EphA2 (Fig S3C-D). This brain-specific EphA2 upregulation
likely results from the fact that .T-a is only upregulated in the brain during ECM with little to
no increase in .'T-a mRNA levels in the liver, lung, or spleen at day 6 post-infection with PAA
(Fig 3F). In agreement with these observations, EphA2 transcript was not upregulated in the
brains of LT-u deficient and tumor necrosis factor receptor 2 (INFR2) deficient mice infected
with PbA in contrast with wild-type mice (Fig 3G). Additionally, treatment of PhA-infected
C57BL/6] mice with an anti-TNFR2 blocking antibody resulted in significantly reduced

mRNA levels of both L'T-& and EphAZ2 in the brain in comparison to isotype control treated

mice (Fig 3H). These data provide further support for the role of LT-o in inducing EphA2

upregulation in the brains of mice at the onset of ECM.

Ephrin-A ligands are upregulated during Plasmodium infection

Ephrin-A ligands are the cognate ligands for Eph receptors and are expressed on a variety of
tissues and cell types. Upon binding to Eph receptors, they can be cleaved by matrix
metalloproteinases (MMPs) and a disintegrin and metalloproteinase domain-containing

(ADAMs) proteins, a family of zinc proteases (290-293). This occurs particularly in
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inflammatory environments (294, 295) resulting in the release of soluble ligand fragments into
the bloodstream. As cell membrane-bound ephrin dimer complexes are thought to be a
requirement to induce Eph receptor downstream signaling (296, 297), soluble ephrin ligands
are not generally believed to activate Eph receptors although there is some evidence that this
can occur (298). As each Eph receptor, including EphA2, can promiscuously bind to several
ephrin ligands (ephrin-A1-5) with varying affinities, we focused on the main high affinity
ligand for EphA2, ephrin-Al, along with a secondary ligand for EphA2, ephrin-A5 (47, 299,
300). Like EphA2, ephrin-Al ligand expression is known to be induced by TNF family
members (307-303). Therefore, we analyzed expression of ephrin-A7 in HBMECs and
MBMECs upon incubation with pRBCs, TNF-a, or LT-a alone or in varying combinations.
We found that TNF-o was the primary driver of ephrin-AT transcription in both HBMECs
and MBMECs with pRBCs having no apparent effect (Fig 4A-B). However, P. falciparum did
significantly upregulate ephrin-AT ligand and ephrin-A5 ligand expression on peripheral blood
mononuclear cells (PBMCs) isolated from healthy individuals not previously exposed to
malaria in a dose-dependent manner 7z vitro (Fig S4A-B). Cells upregulating these ephrin
ligands included, but were not limited to, CD3+ T cells (Fig S4C-D). Transcription of ephrin-
AT and ephrin-A5 ligands was also modulated in splenic T cells isolated from PbA-infected

mice at day 5 post-infection prior to their egress from the spleen (Fig S4E).

Given this significant induction of ephrin-A7 transcript in both mouse and human brain
endothelial cells and leukocytes, we next tested whether soluble ephrin-A ligands are released
into the bloodstream during Plasmodium infection. We detected soluble ephrin-A1 ligand in the
plasma of P. faluparnm-infected pediatric patients, where those patients experiencing

neurological manifestations had a significantly higher concentration of soluble ephrin-Al



51

ligand compared to uninfected patients (F2140=3.61; P=0.029) when patient age and parasite
burden were taken into consideration (Uninfected = 54.1+6.6 months with 020 parasites/pL
blood; Uncomplicated = 72.3%£6.5 months with 83,034£17,019 patasites/pL blood;

Neurological = 46.1£6.0 months with 142,598+23,138 parasites/ L blood) (Fig 4C). Unlike
ephrin-Al ligand, there was no correlation between the presence of soluble EphA2 receptor
in the plasma and neurological symptoms in the same cohort of pediatric patients (Fz149=1.0;
P=0.2006) (Fig S4F). Soluble ephrin-A1 ligands were also detected in the plasma of C57BL/(]
mice infected with Plasmodium (Fig 4D) at significantly higher levels than naive mice. However,
ephrin-Al ligand was also highly prevalent in plasma of mice infected with a parasite strain
related to PbA, Plasmodium berghei NK65 (PINKG5), which does not cause ECM but causes
inflammation and pathology in other organs, particularly the lungs (304). This data indicates
that general inflammation is likely leading to increased levels of soluble ephrin-A1l ligand and

that this phenomenon is not limited to neurological disease.

As the shedding of ephrin-A ligands is believed to occur subsequent to binding EphA
receptors, we investigated if EphA2-/- MBMECs had a defect in the release of soluble ephtin-
A1l ligand. We found that ephrin-A1l ligand was shed by EphA42+/+ MBMECs primarily in
response to TNF-a (Fig 4E). On the contrary, EphA2-/- MBMECs released little to no
ephrin-Al ligand suggesting that the presence of EphA2 on brain endothelial cells can mediate
ephrin-Al cleavage and release. This could potentially occur through interactions with
ADAMs and MMPs which are modulated during Plasmodinm infection (Fig S5A-B) and can
cleave ephrin-Al ligands (743, 290-293, 305). However, there was no significant difference in
levels of plasma ephrin-A1 ligand between PbA-infected EphA2-/- and EphA2+/+ mice (Fig

4F). This indicates that ephrin-A1 ligands can be shed in an EphA2-independent manner from
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other organ sites and cell types during infection, likely through interactions with other EphA
receptors that ephrin-A1l is able to bind. Collectively, this data suggests that although ephrin-
A ligand upregulation and shedding are induced during the inflammatory immune response to
malaria, the modulation and expression of the membrane-bound receptor, EphA2, is likely

more of a critical factor influencing susceptibility to ECM.

EphA2 expression in the brain is a hallmark of pathogenesis in ECM

CD8+ T cell accumulation in the brain is necessary (226) but not sufficient (223) for the
development of ECM. Previous studies have attributed CD8+ T cell participation in ECM in
the brain microvasculature as dependent on MHC-I cross-presentation of malaria peptides, a
phenomenon driven by IFN-y. In addition to pMHC-I/TCR interactions, we hypothesized

that a signal provided by EphA2 ligation is required to mediate BBB disruption.

In support of this hypothesis, upregulation of EphA2 was not obsetrved in brains of C57BL/(]
mice infected with PINKO5 or another Plasmodium strain, Plasmodinm chabandi AS (PcAS),
neither of which causes ECM (Fig 5A, left). Significant upregulation only occurs in the brains
of mice infected with the ECM-causing strain PbA (Fig 1A). We found no upregulation of
ephrin-Al ligand in the brains of mice infected with either PA or PINKG65 (Fig 5A, right)
suggesting that this is not a factor required for the development of ECM. P/INKG65 infection
of C57BL/6] mice led to equivalent levels of Plasmodium transcript (Fig 5B) and accumulation
of Plasmodium-reactive CD8+ T cells in the brain at day 6 post-infection to those measured in
PbA infection (Fig 5C) consistent with previous reports (207, 223, 286). CD8+ T cells found
in the brains of PAINKG65-infected mice expressed similar levels of surface EphA2 (Fig 5D)

and ephrin-Al ligand (Fig 5E) to those that accumulated in brains of PhA-infected C57BL/6]
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mice at the onset of ECM. However, unlike PbA-induced CD8+ T cell accumulation in the
brain which we found was dependent on EphA2 (Fig 1E), Plasmodinm-reactive CD8+ T cells
were found at equal numbers in the brains of PINKG65-infected EphA2-/- mice compared to
EphA2+/+ control mice (Fig 5F). This is likely due to the fact that levels of chemokines
responsible for CD8+ T cell recruitment to the brain are present at equivalent levels in the
brains of PINKG65-infected EphA2+/+ and EphA2-/- mice (Fig 5G) suggesting that CD8+

T cells are recruited to the brain independently of EphA2 in this non-ECM malaria model.

There are considerable challenges in obtaining brain sections from children who have died
from CM as well as control brain sections precluding confirmation that endothelial-expressed
EphA2 is the main correlate of BBB breakdown in CM. However, these data from mouse
models of Plasmodium infection suggest that EphA2 expression on endothelial cells, which is
mediated by the interactions of sequestered pRBCs with MBMEC:s, is a critical mediator of
ECM pathogenesis. While expression of ephrin-AT ligand in whole brains (Fig 5A) and CD8+
T cells (Fig 5C) along with soluble ephrin-Al ligand in the plasma (Fig 4D) are similar in
PbA and PINKOG5 infections, the differential requirement of EphA2 for CD8+ T cell
accumulation in the brain in these two mouse models of malaria suggests that the unique and
significant difference in brain EphA2 expression may be a contributing factor to the different

neurological damage that occurs in these two Plasmodium models.

EphA2 deficiency leads to a reduced neuroinflammatory response to PbA
To determine why CD8+ T cells did not accumulate in the brains of PbA-infected EphA2-/-
mice despite their abundance in the bloodstream, we examined if there was a defect in the

inflammatory response in EphA2-/- mice compared to EphA2+/+ littermate control mice.
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Transcription of inflaimmatory cytokines associated with PbA pathogenesis was significantly
teduced in brains of EphA2-/- mice compared to littermate control mice (Fig 6A). In contrast
to what was observed in the brains of PINKG65-infected EphA2-/- mice (Fig 5G), PbA-
infected EphA2-/- mice exhibited a significant teduction in the mRNA levels of key
chemokines responsible for CD8+ T cell recruitment to the brain during ECM (Fig 6B). This
suggests that Plasmodium-reactive CD8+ T cells do not accumulate in the brain
microvasculature of EphA2-/- mice because the chemokine signals required for their

recruitment to the brain are not present at sufficient levels.

Plasmodium-infected RBCs are able to induce a potent inflaimmatory response in endothelial
cells iz vitro(306). This includes inducing the production of C-X-C motif chemokine 10
(CXCL10/1P-10)(307, 308), C-C motif chemokine ligand 2 (CCL2/MCP1)(309), and C-C
motif chemokine ligand 5 (CCL5/RANTES)(370) which are essential for drawing leukocytes
into brain capillaries where pRBCs have adhered to the endothelium. Since EphA2 has been

implicated in activation of the NF-kB pathway(377), a critical signaling cascade that mediates
inflammation, we investigated if EphA42-/- detived MBMECs had reduced NF-kB signaling
and inflammatory responses. Stimulation of EphA42+/+ MBMECs with PA pRBCs induced
phosphotylation of NFkB p65 and IKKa/, but this effect was abolished in the absence of
EphA2 (Fig 6C). The reduced phosphorylation of these members of the NF-kB signaling

pathway was associated with significantly reduced TNF-u sectetion from Eph.A2-/- MBMECs

(Fig 6D) as well as a clear reduction in transcript levels (Fig 6E) and secreted protein (Fig
6F) of CXCL10, CCL2 and RANTES in MBMECs stimulated with P/A pRBCs. Together,

the reduced cytokine and chemokine production from brain endothelial cells in the absence
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of EphA2 explain the lack of CD8+ T cells found in the brains of EphA2-/- mice during PbA

infection and the resulting improvement in survival.

EphA2 contributes to destabilization of tight and adherens junctions

Since EphA2 was found to be involved in CD8+ T cell retention in the brain during ECM
along with BBB breakdown, we next examined the mechanism by which EphA2 could be
contributing to BBB destabilization. In compatison to EphA2-/- mice, EphA2+/+ littermate
control mice infected with P/A had significantly reduced transcription of several tight junction
proteins (Fig 7A) but not the adherens junction protein vascular endothelial cadherin (VE-
cadherin). This suggests that the maintenance of an intact BBB in EphA2-/- mice was the
result of preserved tight junction protein expression. A link between EphA2 activation and
dysregulation of adherens and tight junctions in the BBB has been previously shown in other
homeostatic and disease contexts (284, 312, 313). Additional immunofluorescence analyses of
MBMEUC :s isolated from EphA2-/-and EphA2+/+ mice and stimulated with ephrin-A1 ligand
along with the inflammatory cytokine LT-a revealed significantly reduced expression of both
adherens junction (Fig 7B) and tight junction (Fig 7C) proteins in EphA2 sufficient
endothelial cells upon stimulation. On the contrary, expression of these junction proteins was
fully maintained in stimulated Eph.A42-/- MBMECs. Using a transwell system we found that in
the absence of EphA2, baseline MBMEC barrier integrity appeared more robust than in the
presence of EphA2 (Fig 7D, left) presumably as a result of enhanced adherens and tight
junction protein expression. Activation of EphA2 on MBMECs with ephrin-Al ligand
resulted in the disruption of endothelial barrier integrity (Fig 7D, right) with a trend towards
decreased permeability in EphA2-/- MBMEC cultures. The permeability observed in EphA2-

/- cultures stimulated with ephrin-A1l ligand could be due to the expression of several other
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EphA receptors in the brains of EphA2-/- mice (Fig 1F) that have the potential to bind
ephrin-Al ligand with lower affinity. A similar phenomenon was also observed in HBMECs
stimulated with human TNF-« and ephrin-A1 ligand which showed a significant reduction of
VE-cadherin expression upon stimulation with both TNF-o and ephrin-Al ligand (Fig 7E).
It is possible that activation of EphA2 upon ephrin-Al binding leads to either internalization
and recycling of junction proteins or EphA2-induced ADAM- and MMP-mediated shedding
of junction proteins (Fig 4D and Fig S5A-B). However, plasma levels of the adherens
junction proteins VE-cadherin and epithelial cadherin (E-cadherin) are equivalent or lower in
PbA-infected mice compared to naive mice (Fig S5C). These findings favor the hypothesis
that destabilization of junctions occurs through protein internalization either as a direct or

indirect (e.g. via suppression of RhoA (284)) result of EphA2 signaling,

Blocking of the EphA2/ephrin-A ligand pathway confers protection against BBB
breakdown

Having shown a pivotal role for EphA2 in mediating BBB disruption during ECM, we
assessed whether EphA2 could serve as a novel therapeutic target in an adjunctive therapy for
ECM. Treatment of PbA-infected C57BL/6] mice beginning at day 4 post-infection with the
receptor tyrosine kinase inhibitor Nilotinib, which has been shown to inhibit multiple receptor
tyrosine kinases including EphA2 (374) and can cross the BBB unlike related compounds (375,
3106), significantly prevented BBB breakdown in comparison to vehicle control treated mice
with no effect on peripheral parasitemia (Fig 7F). Given that Nilotinib is not an EphA2-
specific inhibitor, we next utilized a strategy aimed at preventing activation of EphA2 through
interfering with ephrin-A ligand binding. We treated mice beginning at day 4 post-infection

with a recombinant EphA2-Fc protein which has the potential to act as a decoy receptor
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through binding soluble and cell-bound ephrin-A ligands and preventing their binding to cell-
bound EphA2. This treatment also resulted in significantly improved BBB integrity during
PbA infection compared to vehicle control treated mice (Fig 7G). These results are notable
given that the treatments were only administered beginning at day 4 post-infection, rather than
prophylactically, and were still able to prevent the typical onset of BBB breakdown at day 6
post-infection. While neither of these strategies is entirely specific to inhibiting or blocking
EphA2 as Nilotinib can act on other receptor tyrosine kinases and recombinant EphA2-Fc
treatment will also prevent ephrin ligands from binding to other EphA receptors, these data
demonstrate that blocking EphA2 signaling or interaction with its cognate ephrin ligands is a
feasible strategy for preventing BBB breakdown during malaria. Given the involvement of
Eph receptors and EphA2 in particular in other highly prevalent diseases including several
cancers, more targeted therapeutics aimed at blocking binding to and inhibiting activation of
EphA2 in a highly specific manner are being developed (748, 377, 318). These are avenues

that should also be investigated further in the context of ECM adjunctive therapy.

Discussion

Here we demonstrate that EphA2 is a molecule that mediates BBB breakdown during ECM.
Although we have previously shown a critical role for the related Eph receptor, EphB2, in the
development of malaria-associated liver fibrosis (72), this study constitutes the first time that
any member of this family of Eph receptors has been linked to neurological manifestations of
malaria. A critical role for CD8+ T cells in increasing vascular permeability of the BBB in
ECM has been repeatedly shown using the PAJA mouse model. However, the hypothesis that
this occurs predominantly via induction of apoptosis in peptide-MHC I-expressing endothelial

cells has little support given the distinct absence of any significant apoptosis in the brain during
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ECM (207, 240, 288, 319). Contrary to a pro-apoptotic role for CD8+ T cells and their Iytic
proteins, our hypotheses that EphA2 upregulation during PbA infection contributes to
adherens and tight junction protein dysfunction resulting in increased BBB permeability and
that ECM development involves the interaction between EphA2 and CD8+ T cells (Fig 8)

are consistent with the results of this study.

Indeed, EphA2 has been shown in a variety of contexts to coordinate with and regulate various
junction proteins. Through interactions with cadherins (320), EphA2 upregulation and
activation appears to destabilize cell-cell contacts (284). Similarly in the case of tight junction
proteins, EphA2 plays a role in the dissolution of tight junctions between endothelial cells
which can be prevented through EphA2 inactivation or silencing (243, 321, 322). It is not clear
whether brain endothelial cells lacking EphA2 have higher cellular expression of junction
proteins ot if EphA2-/- mice have a greater density of endothelial cells in the brain. However,
our data demonstrates that these EphA2 deficient endothelial cells maintain robust expression
of numerous components of tight and adherens junctions which results in a preserved BBB
and enhanced survival at a time when EphA2+/+ mice experience rapid BBB permeability
and death. While our data support a critical role for EphA2 expression on brain endothelial
cells in mediating BBB breakdown and ECM development, EphA2 is also expressed on CD31
negative cell types known to contribute to BBB maintenance, including pericytes, astrocytes,
and neurons (373, 323-326). As such, future studies should aim to determine the contribution
of EphA2 expression on other cellular components of the neurovascular unit to Plasmodium-
induced BBB junction dysfunction as data on the contribution of these cell types to ECM

development is currently very limited (327, 328).
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Of particular interest to us are the key differences we observed in EphA2 involvement
between PbA infection, which causes ECM, and P/INKG65 infection, which does not cause BBB
breakdown or cerebral pathology (329, 330). While these strains are highly conserved, there is
not a clear understanding of why infection with PbA, but not PINKG5, leads to ECM
development although there is evidence suggesting the existence of differential responses of
endothelial cells to the parasites (223). Given that CD8+ T cells found in the brains of mice
infected with PbA and PINKG5 appear to be comparable in terms of their activation status
and expression of effector molecules (207), it seems likely that the stark differences in cerebral
pathogenesis observed between these two models involve their differential effects on the brain
microvasculature. Our finding that EphA2 is uniquely upregulated in brains of mice infected
with PbA and not PPINKG5 or another non-ECM causing strain (PeAS) highlights EphA2
expression in the brain as a critical correlate of BBB breakdown. Although ephrin-A1 ligand
is upregulated on CD8+ T cells and released into the circulation during both P6A and PINKG65
infections, this occurred to the same extent in both infections. Further, the lack of ephrin-Al
ligand upregulation in the brain in both models points to the importance of brain EphA2, not

ephrin-Al, in inducing BBB breakdown and ECM development.

Therapeutic options for CM are currently limited to anti-parasitic drugs and supportive care.
Our observation that children suffering from neurological manifestations of P. falciparum
infection have elevated levels of ephrin-Al ligand in the bloodstream demonstrates clinical
relevance of our findings. Future studies will aim to determine if EphA2 modulation is present
in brains of individuals who succumb to CM as data from our mouse model suggests that this
would likely be the primary manner by which Eph receptors could contribute to the BBB

dysfunction that has been identified in patients with CM (277-274). CD8+ T cells along with
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other cells known to express ephrin ligands including platelets (63) and leukocytes (73) have
been found in post-mortem brain histology sections of humans who died of CM (277, 251,
254, 331, 332). Given the known expression of EphA2 in human brain tissue (59) and
mounting evidence that endothelial-expressed EphA2 is involved in brain endothelial junction
disruption (243, 313), it is quite possible that interactions between EphA2 upregulated on
human brain endothelial cells and ephrin-A ligands on other hematopoietic or non-
hematopoietic cells could contribute to CM-associated BBB disruption in humans. Although
more studies will be needed to elucidate the possible involvement of EphA2 in human CM as
well as to determine the optimal method for EphA2 blocking/inactivation, a therapeutic
strategy aimed at preventing EphA2-associated junction dysregulation at the BBB could have

translational potential.

EphA2 has also recently been shown to serve as a hepatocyte entry receptor for Plasmodinm
sporozoites (754). While the necessity of this function is not entirely known (794), it further
supports the involvement of the EphA2 receptor in Plasmodinum pathogenesis. Along with the
data presented in this study, it suggests that an approach aimed at blocking/inactivating
EphA2 could have significant implications for targeting both liver-stage and blood-stage
infections. Therapeutic strategies targeting Eph receptors and their ephrin ligands, such as
development of antagonistic blocking peptides, are continuously being developed for a
number of highly prevalent diseases (333). Given the growing appreciation for the
involvement of Eph receptors, including EphA2, in a variety of infectious diseases (750, 752,
192, 334), a better understanding of the optimal strategies for specifically inhibiting a particular
Eph receptor while minimizing off-target effects would have broad implications for a number

of infectious and non-infectious diseases.
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TNFR2: Tumor necrosis factor receptor 2
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Blood from healthy controls was obtained from volunteers at Emory University under
approval from the Emory University Institutional Review Board (Protocol number 00045690).
Ethical approval for the study in Cameroon was obtained from the Emory University
(Protocol number 00076693) and University of Utah (Protocol Number 00098806)
Institutional Review Boards and from the Cameroon National Ethics Committee (Protocol
number 2015/08/622/CE/CNERSH/SP). Administrative authorization of the study was
obtained from the Cameroon Ministry of Public Health (Number 6310716). Written informed

consents were obtained from the parents or legal guardians of all participants.

Study population

This study was a cross-sectional study involving 175 children between the ages of 6 months
and 17 years of age who presented at the Emergency Units or Outpatient departments of 3
district hospitals (Obala, Efoulan, Nkoleton) and 1 pediatrics reference hospital (Chantal Biya
Foundation Hospital) in the Central Region of Cameroon between 2015-2017. The region has
continuous transmission of Plasmodinm peaking between March-May and August-October.
The majority of infection (>96%) is caused by Plasmodinm falciparum. Exclusion criteria
included evidence or history of meningitis or encephalitis or a history of developmental delay
or other neurological conditions. Individuals were initially tested for Plasnodium infection using
Plasmodium faleiparnm histidine rich protein II (PHRPII) and pan-Plasmodium species-based
rapid diagnostic tests (SD Bioline, S. Korea) followed by examination of thick and thin blood
smears to confirm the presence of Plasmodium-infected red blood cells. Neurological
complications were defined as patients admitted with altered mental status, convulsions,
prostration or coma and with visible Plasmodium-pRBCs on thick blood smears.

Uncomplicated malaria was defined as presence of fever, or history of fever in the last 48
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hours with visible Plasmodinm-pRBCs on thick blood smears with no other signs of severe
malaria such as severe malarial anemia (ie. hemoglobin <5g/dL), acidotic breathing ot loss of
consciousness. Subjects with no visible parasites on thick smears and negative for Plasnodium
infection by rapid diagnostic test were considered as uninfected endemic controls. All children
received the standard clinical care as outpatients or inpatients as applicable. Venipuncture was
performed into citrate saline tubes (Vacutainer CPT, BD Biosciences, San Jose, California)
and blood samples were refrigerated and transported to the lab and processed within 24 hours.

Plasma was frozen at -80"C until used.

Rodent Plasmodium infection

Female C57BL/6] wild type (WT) mice aged 6-12 weeks wete bred in-house ot putrchased
from The Jackson Laboratory (Jax stock #000664) (Bar Hatbor, ME, USA). EphA2-/- whole-
body knockout mice on a mixed background (The Jackson Laboratory; JAX stock #006028)
were re-derived and bred in-house under a heterozygous breeding system. TNFRp75-/- whole-
body knockout mice (JAX stock #002620) and L.T-a-/- whole-body knockout mice (JAX
stock #002258) were obtained and used directly for experiments. All mice were given water
and food (LabDiet, MO, USA: chow 5001) ad /ibitum and housed under standard conditions.
Infections were initiated intraperitoneally with 0.5-1x10° PbA pRBCs (clonel5cyl or reporter
line1037cl WT-GFP-Luc™™ mutant RMgm-32 (335)), 0.5-1x10° PANK65 pRBCs (New York
Clone), or 1x10°> PcAS pRBCs obtained from donor C57BL/6] mice. Peripheral parasitemia
was monitored by counting 300-500 RBCs on Diff-Quik (Siemens) stained thin blood smears.
Mice were monitored at a minimum of two times a day during experimentation. Parasite

burden in tissues was determined by quantitative PCR or using a Xenogen IVIS 100

Bioluminescent Imager after injecting mice with 100uL RediJect D-Luciferin bioluminescent
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substrate (Perkin Elmer) 30 minutes prior to euthanization and organ dissection for
subsequent bioluminescent imaging of parasites. All experiments were approved and carried
out according to protocols approved by the Institutional Animal Care Use Committee at
Emory University (Protocol number DAR-2000454-021114BN) and University of Utah
(Protocol number 17-01001) and the biosafety committees of Emory University (Protocol

number HADO01-2425-11R15-101915) and University of Utah (Protocol number 05-17).

In vivo anti-TNFR2 treatment

C57BL/6] mice were intraperitoneally injected with 20pg of either a purified anti-TNFR2
antibody (unconjugated, clone TR75-32.4, BioLegend) or a purified IgG isotype control
antibody (unconjugated, clone HTK888, BioLegend) in a volume of 200uL/mouse (diluted in
PBS) on days -1, 2, and 5 post-infected with PbA. Mice were euthanized on day 6 post-
infection and brains were prepared for RNA extraction and qPCR analyses as described in

detail in below sections.

Plasmodium falciparum parasite culture

P. falciparum parasite lines 3D7 and W2 were cultured under standard conditions. Cultures were
grown at a 2% haematocrit in 75-cm” tissue culture flasks at 37°C in medium consisting of
human O+ red blood cells in RPMI-1640 (Invitrogen) supplemented with 10% pooled heat-
inactivated human A+ serum, 6.0g/L HEPES, 1.8¢/L NaHCO:s, 1.35mg/L hypoxanthine (All
from Sigma-Aldrich). Cultures were gassed with a mixture of 3% CO,, 1%0, and 96% N,
(Airgas). These parasites lines were routinely synchronized by treatment with 5% D-sorbitol

(Sigma-Aldrich) and schizont-stage parasites were enriched by centrifugation over a 60%

Percoll (Sigma-Aldrich) gradient at 500g for 10min to a purity of 295%.
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Isolation of PbA schizonts

PbA-infected mice were euthanized at day 6 post-infection and blood from five infected mice
(~2.5mL total) was collected, pooled, and washed extensively with RPMI-1640. The infected
RBCs were then transferred to two 75-cm? tissue culture flasks and cultured for 20 hours at a
2% haematocrit in a medium consisting of RPMI-1640, 25mM HEPES, 100ug/ml penicillin,
10U/ml streptomycin, 2mM L-glutamine, 1x sodium pyruvate (all from Sigma) and 10% FCS
(Gibco). Cultures were gassed with a mixture of 90%Naz, 5%0,, and 5%CO, (Airgas) prior to
incubation at 37°C. PbA schizont-stage parasites were enriched by centrifugation over a 68%
Percoll (Sigma-Aldrich) gradient at 450g for 15min. Lysates of pRBCs were made by
suspending pRBCs or naive red blood cells in culture medium at 1x10"cells/mlL. followed by

two cycles of freezing and thawing before use.

PBMUC isolation and stimulation

Peripheral blood mononuclear cells (PBMCs) from the blood of malaria-naive healthy
volunteers were isolated by density centrifugation through a Histopaque-1077 gradient (Sigma-
Aldrich) and suspended in RPMI-1640 medium supplemented with 10% FCS (Gibco), ImM
sodium pyruvate, 1x penicillin/streptomycin, 2mM L-glutamine and 2-mercaptoethanol
(Invitrogen). PBMCs were plated in a 24-well plate (Nunc) at 5x10° per well and incubated
overnight in a 5% CO; incubator set at 37°C. The following day, the isolated PBMCs were
exposed to P. faliparum (W2)-enriched schizonts for 48 hours at different ratios. Naive RBCs
were added as a negative control at a ratio of 40:1. In some experiments, isolated PBMCs were

depleted of T cells using human CD3 microbeads following the manufacturer’s instructions
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(Miltenyi) after being exposed to P. falciparum (3D7) schizont-stage parasites. Stimulated

PBMCs were stored in RNA Stat60 (Tel-Test Inc) at -20°C until use.

In vivo Evans Blue blood-brain barrier permeability assay

Mice were injected intravenously with 200pL of 1% Evans Blue (Sigma) on day 6 post-
infection and euthanized 1 hour after Evans Blue administration. Brains were removed and
imaged using a MicroCapture digital microscope (Veho) and placed into vials containing 1mL
formamide (Sigma) at 37°C for 4 days to allow for extraction of Evans Blue dye from whole
brain tissue. The concentration of the extracted dye was then measured at an absorbance of
620nm using a plate reader (Biotek). For the treatment experiments, Nilotinib (Selleckchem)
was dissolved in DMSO and recombinant mouse EphA2-Fc (rmEphA2) (R&D Systems) was
dissolved in PBS. Nilotinib was diluted in water and provided to mice via oral gavage at a dose
of 100mg/kg/day in 100uL on days 4-6 post-infection and control mice were given DMSO
+ water via oral gavage. Naive control mice were also given Nilotinib and the vehicle control.
rmEphA2 was diluted in PBS and intravenously injected into mice at a dose of
13.3pg/mouse/day in 200pL. on days 4-6 post-infection and control mice were given PBS

intravenously. Naive control mice were also given rmEphA2 and the vehicle control.

Primary human brain microvascular endothelial cells

Primary human brain microvascular endothelial cells (HBMECsS) used in this study were either
gifted or obtained from a commercial source (Creative Dynamics Inc). HBMECs were
cultured in SuperCult® endothelial cell growth medium following the supplier instructions

(Creative Dynamics Inc). Endothelial cells (HBMEC) were used between passage 2 and 5.
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Isolation and culture of primary murine brain microvascular endothelial cells

The technique for isolating primary murine brain microvascular endothelial cells (MBMECs)
has been desctibed elsewhere (336). Briefly, at least 5 mice (8-12 weeks old C57BL/6J or
EphA2+/+ and EphA2-/-) were euthanized, the brain extracted, and the brain stems,
cerebella, and thalami removed and discarded while the cerebra were transferred into a falcon
tube containing DMEM-F12 medium (Gibco). The tissue was minced by pipetting up and
down several times and digested with a mixture of collagenase D (10mg/mL) and DNAse
(Img/mL) (Roche) in DMEM-F12 medium for 1 hour at 37°C on an otbital shaker at 180rpm.
DMEM-F12 (10mL) was added to the tissue suspension and the homogenate centrifuged at
1000g for 10 min at 4°C. De-myelination of brain homogenate was achieved by mixing the
pellet in 25mL of 20% BSA-DMEM/F12, thoroughly pipetting several times, and centrifuging
at 1000g for 20 min. at 4°C. The upper myelin layer was discarded and the pellet containing
endothelial cells (ECs) was washed twice with DMEM-F12 supplemented with 1x MEM
vitamin, 1x MEM amino acid, 1x antibiotic-antimycotic (Sigma-Aldrich), 1mM sodium
pytuvate and 2-metcaptoethanol denoted “incomplete DMEM/F12” (iDMEM/F12). Next,
the pellet was resuspended in red blood cell lysis buffer (eBioscience), incubated on ice for 5
min., and centrifuged for 5 min. at 1000g. The cells were then gently overlaid onto a 30%
Percoll gradient and centrifuged for 10 minutes at 700g at 4°C with no acceleration or brake.
The interface containing endothelial cells was carefully removed and washed with
iDMEM/F12 twice and suspended in iDMEM/F12 supplemented with 20% FCS (Gibco),
100pg/mL endothelial cell growth supplement (BD Biosciences), 1 unit of Heparin (Hospira
Inc.) (complete endothelial cell medium) and 10ug/ml puromycin (Sigma-Aldrich).
Endothelial cells were then plated in a 6-well plate and incubated at 37°C in a 5% CO,

incubator. After two days of culture, puromycin was removed from the endothelial cell
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medium described above and ECs were cultured until they reached 90% confluency. The
purity of the endothelial cell preparation was verified by immunofluorescence staining for the
endothelial cell marker von Willebrand factor (VWF) and flow cytometry staining with an anti-

CD31 antibody. Primary MBMEC were used between passage 2 and 5.

Stimulation of endothelial cells

Recombinant human and mouse tumor necrosis factor-alpha (TNF-a) and lymphotoxin-o
(LT-u) wete used at a concentration of 10ng/mL (R&D Systems). EphA2 (Catalog # 639-A2)
and ephrin-Al (Catalog # 602-A1) ectodomain-human IgG1 Fc fusion proteins were from
R&D Systems. Purified human IgG-Fc protein was from Calbiochem (EMD Millipore Catalog
# 401104). EphA2-Fc, Ephrin-Al-Fc, and IgG proteins were used at a concentration of
S5ug/mL and were clustered by mixing with anti-human IgG-Fc in a 2:1 w/w ratio and
incubated at 22°C for 1 hour or overnight at 4°C. This treatment allows the soluble Fc proteins
to reproduce the clustering that occurs on cell membranes necessary for the initiation of
biologically relevant signaling. Endothelial cells were also stimulated with 50uL of either naive

RBC or PbA-infected RBC lysates.

Brain sectioning

Brain sections prepared for immunofluorescence staining were collected from 5-9 week old
EphA2-/-, EphA2+/+, or C57BL/6] mice at day 6 post-infection with PbA or Krebs saline
for naive control mice. Extracted brains were bisected to separate the left and right
hemispheres and incubated in 4% paraformaldehyde (PFA) overnight at 4°C. Afterwards,
brains were transferred to a 30% sucrose and 70% of 4% PFA solution and incubated for

seven days at 4°C. To embed in preparation for slicing, brains were placed in embedding molds
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and subsequently submerged in Tissue-Tek O.C.T. compound (Sakura Finetek) before
freezing with dry ice. Once frozen, the molds were stored in -80°C for a maximum of two
weeks prior to sectioning. 8 micron thick sagittal sections were obtained using a cryostat
maintained at -20°C working temperature. Sections were collected on Shandon Colorfrost Plus
microscope slides (ThermoScientific) and stored at -20°C until used for immunofluorescence

staining,

Immunofluorescence staining

For staining of endothelial cell cultures, cells were seeded on gelatin-coated chamber slides
(Lab-Tek, 8 wells, glass) and grown to confluence before being serum starved for 4 hours in
iDMEM/F12 containing 1% BSA prior to stimulation. After stimulation, cells were washed
with PBS, fixed with 2% paraformaldehyde (PFA) (Sigma-Aldrich) solution for 30 min. at
room temperature, and permeabilized using 0.5% Triton X-100/Tris-HCI (Sigma-Aldrich)
(100mM) for 10 min. at room temperature, blocked with 5% donkey serum (Abcam) for 1
hour and incubated overnight at 4°C with the following primary antibodies: rabbit polyclonal
to von Willebrand factor (1:500, ab9378, Abcam), rabbit polyclonal to VE-cadherin (1:50;
ab33168, Abcam), goat polyclonal to VE-cadherin (1:50, AF1002, R&D Systems), ZO-2 (1:50;
Cell Signaling Technology), FITC-conjugated lectin from Lycopersicon esculentum (tomato)
(1:100, L0401, Sigma), and mouse monoclonal to EphA2 (1:50, 1C11A12, Thermo Fisher).
Cells were then stained with NorthernLights 493" or NorthernLights 577" conjugated
secondary antibodies for 1 hour (1:500; R&D Systems). Nuclei were counterstained with
mounting medium containing DAPI (VectorShield). Brain sections were processed and
stained using the same protocol. Images were taken at room temperature using a Nikon Al

confocal microscope with either a 20X (numerical aperture: 0.75) or 60X (numerical aperture:
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1.4) objective lens using NIS-Elements acquisition software. Image] software (NIH) was used
for image processing post-acquisition and at least ten random fields were analysed for

quantification.

Transmission electron microscopy

For TEM examination of endothelial cell cultures, the samples were fixed with 2.5%
glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4). Samples were then washed with the same
buffer twice and post-fixed with 1% osmium tetroxide and 1.5% potassium ferrocyanide,
dehydrated through a graded ethanol series to 100%, and embedded in Eponate 12 resin (Ted
Pella Inc., Redding, CA). Ultrathin sections were cut on a Leica UltraCut S ultramicrotome
(Leica Microsystems Inc., Buffalo Grove, IL) at 70 nm, and counter-stained with 4% aqueous
uranyl acetate and 2% lead citrate. Sections were examined using a 120 kV JEOL JEM-1400

LaB6 transmission electron microscope (JEOL, Ltd., Japan).

ELISA

Mouse ephrin-Al (R&D Systems), VE-cadherin (Abcam), and E-cadherin (Abcam) ELISA
kits were used to detect the presence of soluble ephrin-Al ligand, VE-cadherin, and E-
cadherin, respectively, in the plasma of mice. Mouse ephrin-A1 ELISA kits were also used to
detect soluble ephrin-Al present in MBMEC culture supernatants post-stimulation as
described in detail in a previous section. Mice were euthanized with isoflurane and whole blood
was collected into heparinized tubes and centrifuged at 1000g for 15 minutes at 4°C to isolate
plasma. Plasma was diluted 1:10 for ELISA analysis of ephrin-Al ligand, 1:800 for ELISA
analysis of VE-cadherin, and 1:2000 for ELISA analysis of E-cadherin. Absorbance was

measured at 450nm using a plate reader (Biotek) and plasma concentrations were determined
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using standard curves as per the manufacturer’s instructions. Human ephrin-Al (Sino
Biological) and human EphA2 (R&D Systems) ELISA kits were used to detect the presence
of soluble ephrin-Al ligand and soluble EphA2, respectively, in the plasma of humans and

carried out according to the manufacturer’s instructions.

Luminex of endothelial cell culture supernatants
Cytokine and chemokine analysis from EC culture supernatant was performed using
Singleplex Luminex” kits for each analyte tested according to the manufacturer’s instructions

(eBioscience and ThermoFisher Scientific).

In vitro endothelial cell permeability assay

Transendothelial electrical resistance (TEER) was measured by Electric Cell-substrate
Impedance Sensing (ECIS). An 8W10E+ electrode 96-well culture array (Applied Biophysics)
was coated with 0.1% gelatin (Sigma) and 10 pug/mL human fibronectin. 1 x 10* primary
MBMEUC :s isolated from EphA2+/+ and EphA2-/- mice per well were seeded in complete
media onto the electrode culture array and monitored until a stable monolayer formed. Once
a stable measurement of resistance from MBMECs was achieved, resistance changes were
further monitored in real time for up to 48 hours. Data were analyzed using the X-CELLigence

experiment report software.

To assess paracellular permeability, primary MBMECs from EphA42+/+ and EphA2-/- mice
were seeded on gelatin-coated transwell filter plates (Costar 3413, 0.4um pore size; Corning)

and grown to confluence. For stimulation, MBMECs were serum starved for 4 hours in

iDMEM/F12 containing 1% BSA, then pre-incubated with the lysates of naive RBCs and
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PbA-schizonts (pRBCs), 5ug/mL of cluster-activated ephrin-Al-Fc and EphA2-Fc (for 2
hours) parallel to the diffusion of 25pg/mlL FITC-dextran (250kD; Sigma-Aldrich) at 37°C
and 5%CO.. Fluorescence in the lower chamber was measured with a plate reader (BioTek) at

490nm.

RNA extraction and cDNA synthesis

Cells or tissue were homogenized in RNA-Stat60” (Tel-Test Inc) and total RNA was extracted
using standard phenol-chloroform protocols followed by DNAse treatment of the RNA
extracted using RNA-II purification kit (Nachery-Nagel). A total of 100ng of RNA per sample
was converted into cDNA using Superscript 11 (Life Technologies) at 42°C for 50 min., 70°C
for 15 min., in the presence of 5uM oligo (dT)1s-1s, 5SmM Dithiothreitol (DTT), 0.5mM dNTPs
(all from Life Technologies), 8U RNAsin (Promega), 50mM Tris-HCI pH8.3, 75mM KCI and
3mM MgClL. The cDNA was treated with 2.5U RNAse H (Affymetrix) at 37°C for 20min to

remove any remaining RNA residues.

Quantitative PCR

Real-time qPCR reactions were performed using Quantitect SYBR Green PCR reagent
(Qiagen). PCR amplification was performed with 5ul. cDNA per sample (diluted 1:10), 2uM
of each primer, and 7ul of QPCR SYBR green mix. Plates were then run using Applied
BioSystems FAST 7000 Sequence detection system (ABI Prism FAST 7000). Mouse primer
sequences are shown in Supporting Table S1 and human primer sequences are shown in
Supporting Table S2. Transcripts were normalized to a housekeeping gene (Ubiquitin or §3-

actin) and expression levels calculated using the 222 method (337). The fold change of



73

transcription for individual infected animals was calculated in relation to the average

expression in naive mice for each group at each time point.

Tissue processing for flow cytometry

Spleens were pressed through a 40um cell strainer and suspended in Iscove’s Modified
Dulbecco’s Medium (IMDM) containing 100units/mL penicillin, 100pug/mL streptomycin,
1uM L-glutamine, 12mM HEPES, 0.5mM sodium pyruvate, 5 X 10°M 2-mercaptoethanol (all
Gibco) (cIMDM). Single cell suspensions of splenocytes were centrifuged at 1500rpm for 8
minutes at 4°C prior to RBC lysis of the pellet using an NH4Cl-based RBC lysis buffer
(BioLegend). Splenocytes were centrifuged again before resuspension in cIMDM with the
addition of 10% heat-inactivated fetal calf serum (FCS) (PAA Laboratories) for downstream
flow cytometric analysis. Brains were pressed through a 100pum cell strainer and resuspended
in a 30% Percoll solution before overlaying onto a 70% Percoll gradient. Brain samples were
centrifuged at 600g for 20 minutes at room temperature with no brake. The peripheral blood
mononuclear cell (PBMC) interface was collected and washed with cIMDM + 10% heat-
inactivated FCS before resuspension in cIMDM + 10% heat-inactivated FCS for downstream
flow cytometric analysis. Lungs were pressed through a 40um cell strainer, resuspended in
cIMDM containing Liberase-TL synthetic collagenase (Roche) at a final concentration of
0.3mg/mL and dispase (Invitrogen) at final concentration 2mg/mL and further incubated for
45 min. at 37°C. The suspension was overlaid on a 30% Percoll gradient and centrifuged at

1800g for 10min. The pellet was collected and RBCs were removed from suspensions by

incubation in an NH,Cl-based RBC lysis buffer (BioLegend).
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For flow cytometry, samples were incubated with Fc-blocking antibodies (anti-mouse
CD16/CD32, clone 2.4G2, BioLegend) followed by various combinations of the following
antibodies: CD3 (PE-Cy5, clone 145-2C11, BioLegend), CD4 (PerCP-Cy5.5, clone GK1.5,
BioLegend), CD8 (BV711, clone 53-6.7, BioLegend), CD44 (Alexa 700, clone IM7,
eBioscience) Zombie NIR viability dye (BioLegend), and EphA2 (PE, clone 233720, R&D
Systems). For detection of Plamodium-specific CD8+ T cells, previously identified tetramers
recognizing the glideosome-associated protein 50 epitope 40-48 (GAP50-PE) (223) and the
replication protein Al epitope 199-206 (F4-APC) (287) were generated by the NIH Tetramer
Core Facility and incorporated into the flow panels. For detection of surface ephrin-A1l ligand
expression, samples were first incubated with 2pg/mL recombinant mouse EphA2-Fc protein
(R&D Systems) for 1 hour at room temperature prior to incubation with a secondary anti-
human IgG-Fc antibody (PE or FITC, clone HP6017, BioLegend). Intracellular cytokine
staining on splenocytes was undertaken after incubation for 6 hours at 37°C in a 96-well plate
containing immobilized anti-CD3 (50pL/well at 5pg/mL) (clone 17A2) and soluble CD28
(2pg/mL) (clone 37.51) (eBioscience) in the presence of 10pg/mL brefeldin A (BioLegend).
After surface staining, cells were fixed with a paraformaldehyde-based fixation buffer
(BioLegend), permeabilized with a permeabilization buffer (BioL.egend), and stained with anti-
IFN-y-PE (clone XMG1.2, BiolLegend) and anti-Granzyme B-Alexa 647 (clone GB11,
BioLegend). Flow cytometric acquisition was performed on BD LSRII and BD LSRFortessa

flow cytometers (BD Biosciences) and data analyzed using FlowJo software (TreeStar).

Fluorescence activated cell sorting of splenocytes
For sorting of splenic T cells, B cells were first removed using CD19+ positive selection beads

(Miltenyi Biotech) and populations were sorted from CD19 negative splenocytes. CD4+ T
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cells (CD3+CD4+CDS8-) and CD8+ T cells (CD3+ CD4-CD8+CD11c-) were sorted on a
FACS Aria I (BD Biosciences) before being stored in RNA Stat-60 at -80°C until processed

for RT-qPCR as described in detail in a previous section.

Western blot

Endothelial cell lysates were prepared with RIPA buffer containing 1x EDTA/proteinase-
phosphatase inhibitor cocktail (Pierce). Protein concentration was determined using a BCA
kit (Thermo Scientific). The supernatant lysate was stored at -80°C until used for
immunoblotting. Protein extracts were separated by SDS-PAGE electrophoresis and blotted
onto nitrocellulose membranes. Blots were incubated overnight with the following primary
detection antibodies: anti-mouse pNExBp65 (clone 93H1), NFxBp65 (clone D14E12),
pIKKof (clone 16A0) (all from Cell Signalling Technology and used at a 1:1000 dilution), anti-
mouse IKKuf (clone 42D1) at a 1:500 dilution (Pierce), or B-actin (clone AC-15) at a 1:10,000
dilution (Pierce). Blots were then stained for 1 hour with mouse or rabbit HRP-conjugated
secondary antibodies used at a 1:2000 dilution (R&D Systems). Finally, blots were developed
using ECL substrate per the manufacturer’s instructions (Pierce) and quantified using

densitometry measurements on Image] software.

Statistical analyses

Using Prism software, differences between two groups of animals were assessed using a non-
parametric 2-tailed Mann Whitney test or a 2-tailed parametric t-test as stated. Paired samples
were tested using a non-parametric 2-tailed Wilcoxon matched pairs signed rank test or a
paired t-test. Survival analysis was performed using a Log-rank Mantel-Cox test. Comparisons

of more than two groups were assessed using non-parametric Kruskal-Wallis test followed by
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Dunn’s multiple comparisons test. General Linear Modelling (GLM), a variant of analysis of
variance (ANOVA) including all 1** order interactions, was performed using Minitab software
(Minitab, Inc.) to determine the statistical significance of soluble ephrin-Al or EphA2 in
patient samples taking into account age, area of residence, and peripheral parasitemia levels.
Residual variation was assessed for normality using Anderson-Darling test and heterogeneity
of variance using the F-test. To meet the requirements of parametric testing, both soluble
EphA2 and ephrin-A1l data were logarithmically transformed prior to analysis. IF values quoted
are from the minimal model of the data with all insignificant terms removed. In all cases, P
values are stated in the figures and P<0.05 was considered statistically significant. Only

significant differences are shown as stated.
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Fig 1. EphA2 is required for blood-brain barrier breakdown and the development of
ECM. (A) Transcription of EphA receptors relative to naive mice (dashed line) in whole
brains of C57BL/6] mice (n=16/group) at day 6 post-infection with PbA. (B) Brain
permeability in EphA2-/- and littermate control mice injected intravenously with 1% Evan’s
Blue at day 6 post-infection with PbA. Representative images and quantification of dye
extracted from whole brains is shown (01=9-10/group). OD values are normalized to naive
mice from each respective group. (C) Quantification of sequestered PbA schizonts expressing
luciferase under the AMA-7 promoter (n=7-8/group) and 18S parasite DNA transcript
(n=12/group) in whole brains of Eph.A2-/- and littermate control mice at day 6 post-infection.
(D) Peripheral parasitemia and survival of EphA2-/-and littermate control mice infected with
PbA (n=14/group). (E) Total CD8+ T cells (top left; n=12-14/group), GAP50+CD8+ T
cells (bottom left; n=7-10/group), and transcription of CD8a« relative to naive mice (dashed
line) (bottom right; n=9/group) in brains of EphA2-/- and littermate control mice at day 6
post-infection with PbA. Naive and PbA-infected groups are significantly different within each
genotype. (F) Transcription of EphA receptors relative to naive mice (dashed line) in whole
brains of EphA2-/- and littermate control mice (n=12-13/group) at day 6 post-infection with
PbA. Bars in all graphs represent the mean = SEM. Statistical analyses: Kruskal-Wallis and
Dunn’s multiple comparisons tests (A), Mann-Whitney test (B, C, E) and Log-rank Mantel-
Cox test (D). Only statistically significant (p<<0.05) values are shown unless otherwise noted
in the legend. Figures represent combined data from 2 (B, C-left panel, D, E-bottom left

panel), 3 (C-right panel, E-top and bottom right panels, F), or 4 (A) independent experiments.
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Fig 2. CD8+ T cell expansion and functionality is not affected by EphA2 deficiency.
(A) Representative staining and total numbers of Plasmodium GAP50-reactive (n=11-
18/group) and F4-reactive (n=8-9/group) CD8+T cells present in the spleen (left) and
bloodstream (right) of EphA2-/- and littermate control mice at day 6 post-infection with PbA
compatred to naive (N) mice (n=4-8/group). Naive and PhA-infected groups are significantly
different within each genotype for all graphs except bottom left. (B-C) Frequency of IFN-y+
(B) or Granzyme B+ (C) CD8+ T cells in the spleen (n=10-15/group) and brain (n=7-
10/ group) of EphA2-/-and littermate control mice at day 6 post-infection with PAA compated
to naive (N) mice (n=4/group). Naive and PbA-infected groups are significantly different
within each genotype for all graphs except EphA2+/+ in B-right panel. Bars in all graphs
represent the mean = SEM. Statistical analysis: Mann-Whitney test (A-C). Only statistically
significant (p<0.05) values are shown unless otherwise noted in the legend. Figures represent
combined data from 2 (A-bottom left and right panels, B-right panel, C-right panel), 3 (A-top

right panel, B-left panel, C-left panel), or 4 (A-top left panel) independent experiments.
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Fig 3. EphAZ2is upregulated in human and mouse primary brain endothelial cells in
response to inflammatory cytokines. Representative data showing von Willebrand factor
(VWF) immunofluorescence staining (cell nuclei stained with DAPI-blue) (A, left), CD31
flow cytometry staining (gray histogram: isotype control, blue histogram: anti-CD31) (A,
right), and transmission electron microscopy (B) of cultured MBMECs isolated from
C57BL/6] mice. White atrows in (B) indicate endothelial cell contact points. Scale bars
represent 25um (A) and 0.5um (B). (C-D) EphA2 transcription in human (C) and mouse
(D) BMECs incubated for 24 hours with naive RBC lysates (nRBC), P. falciparum 3D7-infected
RBC lysates (PfpRBC), PbA-infected RBC lysates (PbA pRBC), or no RBC lysate (& RBC)
plus human (C) or mouse (D) LT-a, TNF-«, or media (M) (n=3-6 endothelial
preparations/group). Values are normalized to untreated cells. (E) Immunofluorescence
images and fluorescence quantification of EphA2 (red) on MBMECs unstimulated or
stimulated with PbA-infected RBC lysates (PbA pRBC) in the presence of absence of LT-o for
24 hours. Cell nuclei stained with DAPI (blue). Scale bars represent 25pum. Images
representative of two endothelial preparations. (F) L1-a transcription relative to naive mice
(dashed line) in whole brains, livers, lungs, and spleens of C57BL/6] mice (n=8-9/group) at
day 6 post-infection with PbA. (G) EphA2 transcription relative to naive mice (dashed line) in
brains of I.T-a-/- (n=7) and TNFR2-/- (n=3) mice at day 6 post-infection with PbA compared
to wild-type C57BL/6] mice (n=6-11). (H) LT-a and EphA2 transcription relative to naive
mice (dashed line) in brains of isotype control (n=9) and anti-TNFR2 (n=8) treated mice at
day 6 post-infection with PbA. Bars in all graphs represent the mean = SEM. Statistical
analyses: Kruskal-Wallis and Dunn’s multiple comparisons tests (C, D, E, F) and Mann-

Whitney test (G, H). Only statistically significant (p<<0.05) values are shown. Figures Fig. 3
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(continued) represent combined data from 1 (G-right panel), 2 (E, F, G-left panel, H), or 3

(C, D) independent experiments.
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Fig 4. Ephrin-A ligands are upregulated and cleaved as a result of Plasmodium
infection. (A) Ephrin-AT ligand transcription in HBMECs incubated for 1-24 hours with
human TNF-o, LT-B, ot P. faliparum 3D7-infected RBC lysates (PfpRBC) (n=3 endothelial
preparations/group/time point). Values are normalized to untreated cells. Asterisk indicates
p<0.05. (B) Ephrin-AT ligand transcription in MBMECs incubated for 24 hours with naive
RBC lysates (nRBC), PbA-infected RBC lysates (P6A pRBC), or no RBC lysate (& RBC) plus
mouse LT-o, TNF-o, or media (M) ) (n=3 endothelial preparations/group). (C) Levels of
soluble ephrin-A1 ligand in the plasma of children living in an area in Cameroon endemic for
P. falciparum malaria. Patients were categorized by admission to the hospital for neurological
complications (n=>51), uncomplicated malaria (n=>50), or uninfected and presenting for routine
pediatric tests (n=49). Each dot represents an individual patient. (D) Levels of soluble ephrin-
A1l ligand in the plasma of C57BL/6] mice infected with with PbA (n=13) or PINKG65 (n=13)
at day 6 post-infection compared with naive mice (n=10). (E) Ephrin-Al ligands released
from MBMEC:s detived from Eph.A2-/- or littermate control mice and incubated for 24 hours
with no RBC lysate (J RBC), naive RBC lysate (nRBC), and PbA-infected RBC lysate (PAA
pRBC) with the addition of media (M), recombinant mouse LT-a (L), or TNF-« (T) (n=4
endothelial preparations). (F) Ephrin-Al ligands in the plasma of EphA2-/- or littermate
control mice at day 6 post-infection with PAA (n=14-15/group) compatred to naive mice (N)
(n=6/group). Bars in all graphs represent the mean £ SEM. Statistical analyses: T'wo-way
ANOVA (A, E), Kruskal-Wallis and Dunn’s multiple comparisons tests (B, D, F), and General
linear modeling and Tukey’s pairwise comparison post-ANOVA (C). Only statistically
significant (p<0.05) values are shown. Figures represent combined data from 3 (A, B, D, F),

or 4 (E) independent experiments.
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Fig 5. EphA2 is not required for trafficking of CD8+ T cells in the brain during
PDHNKG65 infection. (A) Transcription of EphA2 (left) and ephrin-AT (right) in whole brain
lysates of C57BL/6] mice infected with PbA (n=12), PINKG65 (n=12) or PcAS (n=8) relative
to naive mice (dashed line). (B) Quantification of 18§ parasite DNA transcript in whole brain
lysates of PbA- and PINKG5-infected mice (n=12-13/group) at day 6 post-infection. (C)
Frequency and total number of Plasmodium GAP50-reactive CD8+ T cells in the brains of mice
at day 6 post-infection with PbA (n=14-22), PINKG65 (n=14-21), or naive (n=12). (D) Total
number of EphA2+ CD8+ T cells in the brains of mice at day 6 post-infection with PAA
(n=14), PINKG65 (n=14), or naive (n=8). (E) Frequency of ephrin-A+ CD8+ T cells in the
brains of mice at day 6 post-infection with PbA (n=13), PINKG65 (n=13), or naive (n=0). (F)
Total number of CD8+T cells and frequency of Plasmodium GAP50-reactive CD8+ T cells in
the brains of EphA2-/- and littermate control mice at day 6 post-infection with PINKG65
(n=9/group) compared to naive mice (N) (n=4/group). Naive and PINKG5-infected groups
are significantly different within each genotype for all graphs except EphA2+/+ in left panel.
(G) Transcription of inflammatory chemokines in whole brain lysates of EphA2-/- and
littermate control mice at day 6 post-infection with PINKG65 (n=7-10/group) relative to naive
mice (dashed lines). Bars in all graphs represent the mean = SEM. Statistical analyses: Kruskal-
Wallis and Dunn’s multiple comparisons tests (A-left panel, C, D, E, F) and Mann-Whitney
test (A-right panel, B, G). Only statistically significant (p<<0.05) values are shown unless
otherwise noted in the legend. Figures represent combined data from 2 (E, I, G), 3 (A, B, D),

or 4 (C) independent experiments.
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Fig 6. Brain inflammatory response is reduced in PbA-infected EphA2-/- mice.
Transcription of inflammatory cytokines (A) and chemokines (B) in whole brain lysates of
EphA2-/- and littermate control mice at day 6 post-infection with PAA (n=11-13/group)
relative to naive mice (dashed lines). (C) Western blots and densitometry quantification of
MBMEUC:s detived from EphA2-/- ot littermate control mice and incubated with media (M),
naive red blood cell lysate (nRBC), or PbA-infected red blood cell lysate (PAA) for 30 minutes.
Blots are representative of 3 endothelial preparations. The horizontal dashed line indicates two
separate Western blots. (D) TNF-a secreted from identical culture conditions as described in
C after 24 hours incubation (n=4 endothelial preparations). (E) Mouse primary brain
endothelial cells detived from EphA2-/- or littermate control mice wete incubated with naive
red blood cell (nRBC) or PbA-infected red blood cell lysate (PAA) for 24 hours and the fold
change in the transcription of chemokines relative to unstimulated controls is shown (n=2
endothelial cultures/group). Chemokines secreted from identical culture conditions are shown
in (F) (n=4-6 endothelial preparations/group). Bars in all graphs represent the mean £ SEM.
Only statistically significant (p<0.05) values are shown. Statistical analyses: Mann-Whitney test
(A-B) and Wilcoxon matched-pairs test (D-F). Only statistically significant (p<0.05) values are
shown. Figures represent combined data from 2 (E), 3 (A-C), 4 (D, F-middle and right panels),

or 6 (F-left panel) independent experiments.
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Fig 7. Endothelial cell barrier integrity is enhanced in the absence of EphA2. (A)
Transcription levels of adherens and tight junction proteins in whole brains of EphA42-/- and
EphA2+/+ mice at day 6 post-infection with PA (n=8-10/group) relative to naive mice
(dashed line). (B-C) Immunofluorescence images and fluorescence quantification of mouse
primary brain endothelial cells derived from EphA2-/- ot littermate control mice showing
expression of adherens junction protein vascular endothelial cadherin (VE-cadherin, red) (B)
and tight junction protein zonula occludens-2 (ZO-2, red) (C) after stimulation for 24 hours
with recombinant mouse LT-o, recombinant mouse ephrin-Al-Fc, or IgG-Fc as a negative
control. Cell nuclei are stained with DAPI (blue). Scale bars represent 25um. (D) Baseline
MBMEUC transendothelial electrical resistance (TEER, left) and relative permeability (right) of
MBMECs from EphA2-/- and EphA2+/+ mice. On right, transwell cultures were incubated
for 2 hours with naive RBC lysate (nRBC), PbA-infected RBC lysate (PAA pRBC), or mouse
ephrin-Al-Fc ligand. Permeability is relative to IgG-stimulated EphA2+/+ endothelial
cultures (n=3 endothelial preparations/group). (E) Immunofluotescence images and
fluorescence quantification of human primary brain endothelial cells showing expression of
VE-cadherin (red) after stimulation for 24 hours with recombinant human TNF-a,
recombinant human ephrin-A1-Fc, or IgG-Fc as a negative control. Cell nuclei are stained
with DAPI (blue). Scale bars tepresent 10um. (F-G) Brain permeability in C57BL/6] mice
either orally gavaged with 100puL Nilotinib or vehicle control (100 mg/kg/day; n=8-10/group)
(F) or injected intraperitoneally with 200uL. recombinant EphA2-Fc or vehicle control on
days 4-6 post-infection (13.3 pg/mouse/day; n=4-12/group) (G). Mice were injected
intravenously with 200pL of 1% Evan’s Blue at day 6 post-infection with P/A. OD values are

normalized to naive mice from each respective treatment group. Bars in all graphs Fig 7.
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(continued) represent the mean = SEM. Statistical analyses: Mann-Whitney test (A, D - left,
F, G) and Kruskal-Wallis and Dunn’s multiple comparisons tests (B, C, E). Only statistically
significant (p<<0.05) values are shown. All figures are representative of 2 (A, B, C, E-G) or 3

(D) independent experiments.
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Fig 8. Model for the role of EphA2 in the development of experimental cerebral
malaria. The breakdown of the blood-brain barrier during blood-stage P/A infection begins
with parasitized red blood cells (pRBCs) in the schizont stage traveling through the
bloodstream and adhering to various receptors expressed on brain microvascular endothelial
cells including EPCR, ICAM-1, and other unknown receptors that have yet to be identified
(1). Signaling through these receptors leads to endothelial activation (2) and release of various
pro-inflammatory cytokines and chemokines. The cytokine LT-a can act on proximal
endothelial cells to induce upregulation of the receptor EphA2 (3) while TNF-a induces
upregulation of ephrin-A1l ligand (4) which can be cleaved by metalloproteinases and released
into the bloodstream (although this monomeric form is not believed to signal). Chemokines
such as CXCL10 and CCL2 recruit circulating immune cells, including CD8+ T cells, to the
brain to the site of inflammation (5). Upon entry into the brain microvasculature, CD8+ T
cells expressing ephrin-A1l ligand bind to EphA2 expressed on brain endothelial cells leading
to clustering and activation of EphA2. Forward signaling cascades from the EphA2 receptor
lead to activation of the NFkB pathway (6) which results in various downstream consequences
including disruption of endothelial cell junctions due to both internalization and shedding of
different adherens and tight junction protein components (7). Once brain endothelial cell
junctions are disrupted, contents of the vasculature can leak into the brain parenchyma (8)
leading to vascular leakage, brain edema, and the development of other neurological symptoms
associated with PbA infection. In the absence of EphA2 upregulation or activation (z.e. EphA2
deficiency, PbNKG5 infection, therapeutic targeting), this endothelial junction disruption does

not occur and the blood-brain barrier remains intact.
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Fig S1. Parasite sequestration differs in spleen and liver, but not lung or brain, of
EphAZ2-/- mice. (A) Representative images of PhA schizonts expressing luciferase under the
AMA-1 promoter sequestered in brains isolated from Eph.A2-/- and littermate control mice at
day 6 post-infection in comparison to brains from naive mice. (B) Quantification and
representative images of PbA schizonts expressing luciferase under the AMA-1 promoter
(n=7-8/group) sequestered in spleen, liver, and lung tissue of EphA2-/- and littermate control
mice at day 6 post-infection. Bioluminescence values are normalized to naive mice from each
respective group. Bars in all graphs represent the mean = SEM. Statistical analyses: Mann-
Whitney test (B). Only statistically significant (p<0.05) values are shown. Figures are

representative of 2 (A-B) independent experiments.
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Fig S2. EphA2 protein is expressed on brain endothelial cells and upregulated during
PDA infection. (A) Immunofluorescence images demonstrating co-expression of the lectin-
labeled vasculature (green) and EphA2 (red) in the cortex of sagittal slices from brains of
EphA2-/- and EphA2+/+ mice isolated at day 6 post-infection with PAA compated to naive
mice. Cell nuclei stained with DAPI (blue). Scale bars represent 25um. Images representative

of 2 independent experiments.
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Fig S3. EphAZ expression is not upregulated in the liver and lung and EphA2 is not
required for CD8+ T cell migration to the lung during PbA infection. Transcription of
EphA receptors relative to naive mice (dashed line) in liver (n=8/group) (A) and lung (n=7-
11/group) (B) lysates of C57BL/6] mice at day 6 post-infection with PbA. (C-D) Frequency
(left) and total number (tright) of Plasmodium GAP50-reactive (n=8-9/group) (C) and
Plasmodium F4-reactive (n=8-9/group) (D) CD8+ T cells present in the lungs of EphA2-/-
and littermate control mice at day 6 post-infection with P/A compared to naive mice (N)
(n=4/group). Naive and PbA-infected groups are significantly different within each genotype
for all graphs. Bars in all graphs represent the mean = SEM. Statistical analyses: Mann-Whitney
tests (C-D). Only statistically significant (p<<0.05) values are shown unless otherwise noted in

the legend. Figures are representative of 2 (A-D) independent experiments.
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Fig S4. Exposure to Plasmodium increases transcription of ephrin-A ligands in human
PBMC s, particularly CD3+ T cells, and mouse CD4+ and CD8+ T cells. (A-B)
Transcription of ephrin-Al and ephrin-A4, ligands known to bind with high affinity to EphA2,
in PBMCs isolated from healthy human donors incubated with naive red blood cell lysates
(nRBC) or P. falciparum-infected red blood cell lysates (PfpRBC) (clone W2) at different ratios
for 48 hours. (C-D) Transcription of ephrin-Al and ephrin-A5 ligands in PBMCs isolated
from healthy human donors incubated with naive red blood cells lysates (nRBC) or P.
Sfaleiparnm-infected red blood cell lysates (pRBC) (clone 3D7) at a ratio of 40:1 for 48 hours
before and after CD3+ T cell magnetic depletion. Boxes in A-D represent the median +25*
and 75" percentiles with minimum/maximum whiskers and transcription is relative to
unstimulated PBMCs (N). (E) Transcription of ephrin-Al and ephrin-A5 ligands on CD4+
and CD8+ T cells sorted from the spleens of C57BL/6] mice at day 5 post-infection with PbA
(n=8) relative to naive mice (dashed line). (F) Levels of soluble EphA2 in the plasma of
children living in an area in Cameroon endemic for P. fakiparnm malaria. Patients were
categorized by admission to the hospital for neurological complications (n=>51),
uncomplicated malaria (n=>50), or uninfected and presenting for routine pediatric tests (n=49).
Each dot represents an individual patient. Bars in E-G represent the mean = SEM. Statistical
analyses: Kruskal-Wallis and Dunn’s multiple comparisons tests (A-D) and General linear
modeling and Tukey’s pairwise comparison post-ANOVA (G). Only statistically significant
(p<0.05) values are shown. Figures are representative of 2 (E), 4 (A, B), or 6 (C, D)

independent experiments.
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Fig S5. Transcription of metalloproteinases is upregulated in the spleen and brain
during the course of PbA infection. Transcription of a disintegrin and metalloproteinase
domain-containing proteins (ADAM-10, ADAM-12, ADAM-17) with thrombospondin
motifs (ADAMTS-13) (A) and matrix metalloproteinases (MMP-3, MMP-8, MMP-9, MMP-
13) (B) relative to naive mice (dashed line) in spleen (n=4/day) and brain (n=4/day) lysates
of C57BL/6] mice at different time points post-infection with PAA. ND indicates no transcript
was detected. (C) VE-cadherin (left) and E-cadherin (right) present in the plasma of
C57BL/6] mice at day 6 post-infection with PAA (n=11-14/group) compared to naive mice
(n=4-6/group). Bars in all graphs represent the mean * SEM. Statistical analyses: Mann-
Whitney test (C). Only statistically significant (p<0.05) values are shown. Figures are

representative of 1 (A-B) or 2 (C) independent experiments.



Gene Forward Primer Reverse Primer
Eohrin-A1 CCTCAGGCCCATGA | CCTTCACGGGGTTTG
CAATCCACAGG CAGCAAGC
Eohrin-AS CCAGGCGTGATGTT | CCAGTAGACAGCGTA
GCACGTGG GCGGTCG
EohA1 ATCAGGGACTCAAC | TGCACACCTTTTCCA
TCTCCCT CAGGGT
EphA2 TCCATTAAGGACTC | CTCGCTCTCGGTCCG
GGGGCAGGAGG ATCCCCC
EohA3 CCGCTCTGCTTCAG | GGCTGCCTTTCCGCG
CGCACG AACCC
EohAd GATGCCACCTGTGC | TCAAGTTCAGGGGAG
CAAGTGCCC CAGATGGTGG
EphA6 ACTGTGGTGGATGC | TGCAGCTGCTTCGGA
AATTCCCCTCG GGAGGACG
EohA7 CCAGAGGCTCTTCG | CCGTGATGACTCCAT
CTGCTGT TGGGAT
EohAS CACCACGAACCAG | CCACAGCAGCGAGA
p GCAGCCC CGCTGG
AAGCATTAAATAAA
GGAGATTGGTTTTGA
Pb18S GCGAATACATCCT- COTTTATGTG
TAC
CD8a GCTCAGTCATCAGC | ATCACAGGCGAAGTC
AACTCG CAATC
| Ta AGTCTGTGTATCCG | GGTCTCCCTTACTGA
GGACTTCAA GCAGGAA
TNF. TCTCATTCCTGCTT | CACTTGGTGGTTTGC
@ GTGGC TACG
L6 ACACATGTTCTCTG | AAGTGCATCATCGTT
GGAAATCGT GTTCATACA
COL2 GGCTCAGCCAGAT | CCTACTCATTGGGAT
GCAGTTAA CATCTTGCT
CCATGACACTCTGC | TCCGGCTGTAGGAGA
CCL3/MIP-1a AACCAAGT AGCA
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CCL5/RANTE | GCAAGTGCTCCAAT | CTTCTCTGGGTTGGC
S CTTGCA ACACA
cxciio | GACGGTCCGCTGC | GCTTCCCTATGGCCC
AACTG TCATT
- CGGCACAGTCATTG | GTTGCTGATGGCCTG
-y AAAGCCTA ATTGTC
VE-cadherin | CACTGCTTTGGGAG | GBGGGCAGCGATTCAT
CCTTC TTTTCT
prr | GBCCCACCTAGTCA | ATGGCTCAGAAACGC
GATAAGAGTTCC TGCCGG
cappy | TETGTCCGTCGTGG | TTGCTGTTGAAGTCG
ATCTGA CAGGAG
TGGCTATTAATTATT | GCAAGTGGCTAGAGT
UBIQUITIN CGGTCTGCAT GCAGAGTAA
mp.g | ACATGGAGACTTTG | TTGGCTGAGTGGTAG
TCCCTTTTG AGTCCC
ump.g | TCTTCCTCCACACA | CTGCAACCATCGTGG
CAGCTTG CATTC
P CTGGACAGCCAGA | CTCGCGGCAAGTCTT
CACTAAAG CAGAG
P13 | CTTCTTCTTGTTGA | CTGTGGAGGTCACTG
GCTGGACTC TAGACT
ADAM.10 | TCATGGGTCTGTCA | TCAAAAACGGAGTGA
TTGATGGA TCTGCAC
DAl1> | TGGGACCAGAGAG | GTTGCACAGTCAGCA
GAGCTTAC CGTCT
GAGGACACAGAAC | TTGGCCGTGATATTC
ADAMTS-13 GCTACGTG GGAGTA
ADAM.17 | GGAACACGTCGTG | GGCAGACTTTGGATG
GGATAATG CTTCTT
GTACAAGACGAGAC | CAGCCTAGCAAGCAG
CLAUDIN-3 GGCCAA ACTGT
GCAAGGTGTATGAA | GTCAAGGTAACAAAG
CLAUDIN-5 TCTGTGCT AGTGCCA
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OCCLUDIN

TGAAAGTCCACCTC
CTTACAGA

CCGGATAAAAAGAGT
ACGCTGG
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Supplementary Table 1. Comprehensive list of mouse primers. All mouse forward

and reverse primer sequences used for mRNA amplification and RT-qPCR assays for the

genes listed, including data found in both primary and supplemental figures, are included

in this table.



Gene Forward Primer Reverse Primer
Ephrin-A1 CACAGTCCTCAGGC | CGGGGTTTGCAGCA
p CCATGACAATCC GCAGAAGTGG
Ephrin-A5 CCAGGCGTGATGTT | CCAGTAGACAGCGT
p GCACGTGG AGCGGTCG
GAPDH GAGTCAACGGATTT | TTGATTTTGGAGGGA
GGTCGT TCTCG
B-Actin CACGAAACTACCTT | CATACTCCTGCTTGC
CAACTCC TGATC
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Supplementary Table 2. Comprehensive list of human primers. All human forward

and reverse primer sequences used for mRNA amplification and RT-qPCR assays for the

genes listed, including data found in both primary and supplemental figures, are included

in this table.
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CHAPTER III

Platelet a.-granules contribute to organ-specific pathologies in a mouse model of
severe malaria

Chapter adapted from:

Darling TK, Schenk M, Zhou C, Maloba F, Mimche PN, Gibbins J, Jobe S, and Lamb T]
(2019) Platelet ai-granules contribute to organ-specific pathologies in a mouse model of
severe malaria. Blood Advances. In press.

Figure attributions:

Figures 1-2 were contributed primarily by myself. Figure 1 contains data from M. Schenk
and P. Mimche. C. Zhou and F. Maloba provided technical assistance. Supplementary figures
1-3 were contributed by myself.
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Key Points
o  Nbeal2 deficiency leads to significantly reduced lung and brain pathology and
enhanced survival in a mouse model of malaria
e Both antibody-dependent and antibody-independent platelet depletion in mice

recapitulate the findings observed in Nbea/2-/- mice

Introduction

Cerebral malaria (CM) and malaria-associated acute lung injury/acute respiratory distress
syndrome (MA-ALI/ARDS) are among the most sevete complications of Plasmodiun
infection. While these disease manifestations are multifactorial, platelets have been described
to play a role in the development of both syndromes in humans (257, 252) and mice (33,
339). Although the impact of platelets on malaria has been well-studied, questions remain with
regard to their contribution to parasite control and immunopathogenesis. Studies have
indicated that platelets can kill Plasmodium-infected red blood cells 1IRBCs) (255, 266-266).
However, there are contrasting reports that platelets do not exert any significant control over
parasite growth but rather exacerbate malaria immunopathology (246, 256, 264, 338, 340). In
this study, we address the role of platelets in the development of severe malaria in three
different mouse models of platelet dysfunction/depletion. We show a key role for platelets,
and particularly platelet alpha granules (a-granules), in mediating organ-specific pathologies

during rodent Plasmodinm infection.

Materials and methods

Rodent Plasmodium infection
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Female C57BL/6] mice aged 6-12 weeks wete bred in-house ot purchased from The Jackson
Laboratory. Homozygous Nbeal2-/- mice on a C57BL/6] background originated from the Di
Paola laboratory and were obtained by Dr. Robert Campbell to be bred in-house. C57BL/6-
Tg(Pf4-icre)Q3Rsko/] mice (PF4-Cre, Stock 008535) and C57BL/6-
GHROSA)26Sor™"MPECH4 [T mice (B6-IDTR, Stock 007900) were purchased from The
Jackson Laboratory. Homozygous B6-iDTR mice were bred with PF4-Cre positive or negative
mice to generate Pf4-Cre positive/iDTR and Pf4-Cre negative/iDTR mice. Infections were
initiated intraperitoneally with 0.5x10° Plasmodium berghei ANKA (PbA) iRBCs (clonel5cyl,
1037cl1 WT-GFP-Luchi; mutant RMgm-32, or a constitutive GFP-expressing clone)
obtained from donor C57BL/6] mice. Peripheral parasitemia was monitored by counting 300-
500 red blood cells (RBCs) on Diff-Quik (Siemens) stained thin blood smears. All experiments
were carried out according to protocols approved by the Institutional Animal Care Use
Committees and Biosafety Committees of Emory University (DAR-2000454-021114BN,

HADO01-2425-11R15-101915) and the University of Utah (17-01001, 05-17).

Tissue preparation for flow cytometry

Spleens were pressed through a 40um cell strainer and suspended in Iscove’s Modified
Dulbecco’s Medium (IMDM) containing 100units/mL penicillin, 100pug/mL streptomycin,
1uM L-glutamine, 12mM HEPES, 0.5mM sodium pyruvate, 5 X 10°M 2-mercaptoethanol (all
Gibco) (cIMDM). Single cell suspensions of splenocytes were centrifuged at 1500rpm for 8
minutes at 4°C prior to RBC lysis of the pellet using an RBC lysis buffer (BioLegend).
Splenocytes were centrifuged again before resuspension in cIMDM with the addition of 10%
heat-inactivated fetal calf serum (HI-FCS) (PAA Laboratories) for downstream flow

cytometric analysis. Brains were pressed through a 100pum cell strainer and resuspended in a
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30% Percoll solution before overlaying onto a 70% Percoll gradient. Brain samples were
centrifuged at 600g for 20 minutes at room temperature with no brake. The peripheral blood
mononuclear cell (PBMC) interface was collected and washed with cIMDM + HI-FCS before
resuspension in cIMDM + HI-FCS for downstream flow cytometric analysis. Lungs were
placed in a 6-well plate and minced with scissors prior to incubation in digestion media (RPMI
+ collagenase D (Roche) + DNase (Invitrogen)) at 37°C for 30 minutes in a shaking incubator.

Cells were filtered through a 100um cell strainer and centrifuged at 1500rpm for 8 minutes at

4°C. The pellet was then suspended in a 40% Percoll solution before overlaying onto an 80%
Percoll gradient. Lung samples were centrifuged at 1600rpm for 25 minutes at room
temperature with no brake. The interface was collected and washed prior to RBC lysis and

resuspension in cIMDM + HI-FCS for downstream flow cytometric analysis.

Flow cytometry staining

Whole blood (5uL) was collected into Krebs saline containing antibodies of interest for
staining. Platelet depletion efficacy was determined by size and granularity and CD41
expression (PE, Pacific Blue, or BV421, cl. MWReg30) via flow cytometry. For time course
experiments monitoring platelet-iRBC aggregation and platelet activation, the following
additional antibodies were used: TER-119 (APC/Cy7 or BV786, cl. TER-119), CD62P/P-
selectin (PE or PE/Cy7, cl. RMP-1), CD63 (APC, cl. NVG-2), (all from BioLegend) and
allbB3 (PE, cl. JON/A) (EmFret). A PhPANKA clone expressing constitutive GFP (PbA-
GFP) was used for infections in which parasites are detected via flow cytometry. For

neutrophil sequestration experiments, the following antibodies were used: Ly-6G (PE, cl.
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1A8), CD11b (BV605, cl. M1/70), CD19 (BV510, cl. 6D5), Ly-6C (PerCP/Cy5.5, cl. HK1.4),

and Zombie NIR viability dye (all from BioLegend).

Imaging flow cytometry

Experiments were petformed on an ImageStream™ Mk II imaging flow cytometer with
INSPIRE acquisition software (Amnis) which allows for distinguishing coincident versus
contact events. All images were captured with the 60x objective. Whole blood (5uL) was
collected into Krebs saline containing antibodies of interest for staining. The following
antibodies were used: CD41-BV421 (cl. MWReg30) to identify platelets and TER-119-AF647
(cl. TER-119) to identify red blood cells (both from BioLegend) in addition to the PbA-GFP
fluorescent parasite to identify infected red blood cells. BV421 was excited by the 405nm laser
and emission captured in the range 435-505nm (Ch1l), GFP was excited by the 488nm laser
and emission captured in the range 505-560nm (Ch2), AF647 was excited by the 642nm laser
and emission captured in the range 642-745nm (Chb), and brightfield was captured in Ch3.
Single stained controls were used to generate a compensation matrix. IDEAS v06.2 software

(Amnis) was used for data analysis on compensated data.

ELISA
Mouse PF4, Elastase, and MPO ELISA kits (all from R&D Systems) were used to detect these

molecules in plasma of mice according to the manufacturer’s instructions.

Bioluminescent parasite imaging

Parasite burden in tissues was determined using an IVIS Spectrum Bioluminescent Imaging

System (PerkinElmer). At either days 2, 4, or 6 post-infection with the PbA schizont-specific
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luciferase reporter line, mice were injected with 150uL. RediJect D-Luciferin bioluminescent
substrate (PerkinElmer) 30 minutes prior to euthanization, organ dissection, and imaging.

Regions of intensity were quantified using IVIS Living Image software.

In vivo platelet/megakaryocyte depletion

C57BL/6] mice were intraperitoneally injected with 0.lmg purified anti-mouse CD41
antibody (clone MWReg30, Biol.egend) or isotype control antibody (Rat IgG1, x, BioLegend)
one day post-infection with PbA. Pf4-Cre positive/iDTR mice and Pf4-Cre negative/iDTR
mice were intraperitoneally injected with 20ng diphtheria toxin (Sigma) on days -7, -4, and -1

prior to infection with PAA.

In vivo Evans Blue permeability assay

Mice were injected intravenously with 200pL of 1% Evans Blue (Sigma) on day 6 post-
infection with PbA and sacrificed 1 hour later. Brains and lungs were removed and imaged
using a MicroCapture digital microscope (Veho) and placed into vials containing 1mL
formamide (Sigma) at 37°C for 4 days. The concentration of the dye extracted from the tissues

was measured at an absorbance of 620nm using a plate reader (Biotek).

Results and discussion
Previous studies in mice have demonstrated the importance of platelets in the development
of severe malaria pathology even as platelet counts decrease significantly over the course of

Plasmodium infection (246) which is a phenomenon we also observe (Figure 1A). In order to

investigate how platelets and platelet a-granules may function to mediate severe malaria
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pathogenesis, we utilized Plasnodium berghet ANKA (PbA), a parasite strain which causes a well-
established mouse model of experimental cerebral malaria (ECM) (347) and lung injury (342,
343), to infect wild-type C57BL/6] mice along with Neurobeachin-like 2 (Nbeal2) deficient
mice which have severe defects in platelet a-granule formation (344, 345). Naive Nbeal2-/-
mice had a slight, but significant, reduction in platelets compared to naive control mice
(Figure 1B). Upon infection with PbA, we observed a significantly lower frequency of platelet-
iRBC conjugates in whole blood isolated from Nbea/2-/- mice compared to C57BL/6] mice
(Figure 1C, left) even though there were no significant differences in peripheral parasitemia
between the two groups over the course of infection (Figure 1C, right). Additionally, we
confirmed using imaging flow cytometry that >90% of platelet-iRBC double positive events
indeed represented platelets in contact with iRBCs (Figure S1). While we cannot conclusively
determine whether platelets become activated subsequent to contact with iRBCs or if activated
platelets preferentially bind to iRBCs, these data indicate that platelet a-granules can impact
the ability of platelets to interact with iIRBCs. However, this interaction between platelets and

iRBCs has no effect on overall peripheral parasite growth which supports previous findings

(240).

P-selectin (CD62P) is present within platelet o-granules and is externalized upon platelet
activation. Five days post-PbA infection we observed a lower frequency of P-selectin+
platelets in blood from Nbea/2-/- mice compated to control mice as expected (Figure 1D, left

graph). To determine more broadly if Nbea/2 deficiency affected overall platelet activation,
we analyzed surface expression of two a-granule independent markers of platelet activation:
CD03, which is present in dense granules and lysosomes and externalized upon platelet

activation (346), and the high-affinity conformation of the integrin allbf3 (CD41/CD61)



118

(347). Similar to our findings with P-selectin, we observed a significantly lower frequency of
CD63+ and CD41/CD61+ platelets isolated from Nbeal2-/- mice at day 5 post-PbA infection
compated to control mice (Figure 1D, middle graphs) despite Nbea/2-/- mice containing
more platelets at this time point (Figure 1D, right graph). The dysfunctional platelet o-
granule secretion in Nbeal2-/- mice was further validated by the presence of significantly lower
concentrations of platelet factor 4 (PF4) in Nbeal2-/- plasma compared to C57BL/6] control
plasma in both naive mice and in mice at day 6 post-infection with PbA (Figure 1E). Of note,
PbA-infected mice have significantly less plasma PF4 compared to naive mice given the
significant reduction in the platelet count that occurs by day 6 post-infection (Figure 1A).
Taken together, these data suggest that Nbea/2 deficiency affects platelet activation as a whole
in the context of severe malaria which may subsequently influence the ability of Nbea/2-/-

platelets to interact with iRBCs.

Although we found that platelet a-granules do not inhibit PAA blood-stage parasite growth
(Figure 1C, right), peripheral parasitemia does not reflect the quantity of iRBCs, specifically
schizonts, that have sequestered in the microvasculature of organs. Therefore, we quantified
iRBC sequestration in key organs of Nbea/2-/- mice as measured by bioluminescence of a
schizont-specific luciferase-expressing PSA strain. The spleen, which is responsible for iRBC
clearance and activation of the immune response against iRBCs (348), contained significantly
fewer iRBCs in Nbea/2-/- mice when compared to C57BL/G] mice (Figure 1F). PbA
sequestration has been associated with acute lung injury (343), yet there was no significant
effect of platelet dysfunction on lung parasite sequestration in the absence of Nbea/2 (Figure
1G). However, we did observe significant differences in brain parasite sequestration which has

been associated with ECM (329, 349) as Nbeal2-/ - mice hatrbored significantly fewer parasites
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in the brain than control mice (Figure 1H). Therefore, while platelets do not appear to alter

blood-stage PbA growth, platelet a-granules can potentiate PAA organ sequestration.

PbA-induced lung and brain damage are associated with ECM (350) although the contribution
of platelets to these events has not been fully elucidated. Since parasite sequestration does not
always correlate with ECM development (357), we determined whether reduced parasite
sequestration was accompanied by reduced pathology in these key organs. Malaria-induced
vascular permeability was significantly abrogated in both the lungs (Figure 1I) and brains
(Figure 1J) of Nbeal2-/- mice compared to control mice at day 6 post-infection with PHA.
Strikingly, this protection from lung and brain damage correlated with nearly complete
protection from ECM-associated death in Nbea/2-/- mice (Figure 1K). Thus, platelet o-
granules appear to impact parasite sequestration and contribute to fatal Plasmodium-associated

organ damage during ECM.

Several recent studies have described abnormalities in neutrophils and monocytes in Nbea/2-
/- mice in response to different pathogenic infections (352, 353). We also observed differences
in neutrophil and monocyte trafficking in PbA-infected mice with Nbea/2-/- mice harboring
significantly more neutrophils and inflaimmatory monocytes in the spleen when compared to
PbA-infected C57BL/6] control mice (Figure S2A). However, the numbers of neutrophils
present in the lungs and brains of PbA-infected Nbeal2-/- and C57BL/G] mice were similar
(Figure S2B-C, left graphs). PbA-infected Nbea/2-/- mice had a significantly higher
frequency and number of inflaimmatory monocytes in their lungs compared to PbA-infected
C57BL/6] control mice (Figure S2B, right graphs). Previous studies have shown that

inflammatory monocytes play a key role in the clearance of organ-sequestered PAA-iIRBCs
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which can help minimize organ damage (342). Thus, it is possible that the increase in
inflammatory monocytes in the spleens of Nbea/2-/- mice could patticipate in reducing parasite
sequestration although this does not appear to be the case in the lungs where parasite
sequestration was not significantly affected by Nbeal2 deficiency. Furthermore, Nbeal2-/- mice
also experienced significantly reduced brain parasite sequestration and pathology in the
absence of any difference in brain inflammatory monocyte numbers (Figure S2C, right
graphs). It therefore seems unlikely that these observed differences in monocytes are
responsible for the protective phenotype observed in the Nbeal2-/- mice. Similarly, although
neutrophils have been shown in a few studies to potentially contribute to Plasmodium-
associated lung and brain damage in severe malaria (354, 355), the fact that we observe no
significant differences in neutrophil numbers in the lungs or brains of PbA-infected Nbeal2-/-
mice compated to C57BL/6] mice also suggests that the reduced organ damage is independent
of any effects of Nbea/2 deficiency on neutrophil function. In support of this, there are no
significant differences in the levels of myeloperoxidase or elastase in the plasma of PhA-
infected Nbeal2-/- and C57BL/6] mice at day 6 post-infection (Figures S2D-E). This
suggests similar systemic neutrophil activation at the onset of severe disease even though naive
Nbeal2-/- mice have significantly higher levels of both enzymes compared to naive C57BL/(]

mice as has been described previously (353).

Given the cleatly reduced organ pathology and enhanced survival in PbA-infected Nbeal2-/-
mice, we next determined if we could recapitulate the impacts of Nbeal? deficiency using two
different mouse models of platelet deficiency. The first involves administering an anti-CD41
antibody to deplete platelets which has been shown to protect against ECM (264). The second

model, which has not been previously utilized in any Plasmodium studies, involves mice which
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selectively express the diphtheria toxin receptor (DTR) on megakaryocytes allowing for
diphtheria toxin-inducible (iIDTR) megakaryocyte depletion and reduced platelet production
(356). Flow cytometry confirmed that platelets are depleted equivalently in anti-CD41 (o-
CD41) and Pf4-Cre positive/iDTR ((-) MK) mice (Figure 2A). As in Nbea/2-/- mice,
peripheral parasite growth at day 6 post-infection was unaffected by the absence of platelets
(Figure 2B) further demonstrating the minimal role that platelets play in controlling PbA
petipheral parasite growth. Similar to Nbea/2-/- mice, platelet depleted mice had reduced
splenic parasite accumulation (Figure 2C) although this trend was not significant in (-) MK
mice. We found no significant differences in PbA parasite burden in the lungs or brains of
platelet depleted mice compared to their respective platelet intact control groups (Figure 2D-
E). Additionally, aside from a slight but significant difference in lung parasite burden at day 2
post-infection, we observed no clear effects of platelet depletion on parasite sequestration at
earlier time points post-infection prior to day 6 (Figure S3A-C). Along with the data shown
in Figure 1, these data collectively suggest a more complex role for platelets in mediating

patasite trafficking and/or sequestration during PbA infection.

Despite similar parasite burdens, Plasmodium-induced vascular permeability in both the lungs
(Figure 2F) and brain (Figure 2G) was significantly reduced in both models of induced
thrombocytopenia. As with Nbea/2 deficiency, platelet depleted mice also experienced
significantly improved survival from ECM in both models (Figure 2H-I) although the
magnitude of survival varied. This suggests that the method and timing of platelet depletion

impacts ECM development.
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In summary, our tesults show that Nbeal/2-/- mice are robustly protected from the organ
damage and death characteristic of PbA infection suggesting the importance of platelet o-
granules in contributing to severe malaria pathology. These effects of Nbea/2 deficiency are
largely recapitulated by platelet depletion. As Nbea/2-/- mice hatbor dysfunctional platelets
from birth while a-CD41 treated mice and diphtheria toxin treated (-) MK mice experience
transient platelet depletion as adults, it is likely the differences among the three models of
platelet dysfunction/depletion can potentially be attributed to the timing, magnitude, and/or
mechanism of platelet depletion. The differing extents of brain parasite sequestration and
survival in a-CD41 and (-) MK mice indicate that the methodology of platelet depletion itself
may impact severe malaria pathology. Dysfunctional platelets in Nbea/2-/- mice may be able
to recruit immune cells to sites of parasite sequestration during early PAA infection in an o-
granule-independent manner (357) benefitting the early response to infection. On the other
hand, their lack of a-granules may render them unable to recruit pathogenic CD8 T cells to
organs (358) which is required for ECM-associated pathology. Interestingly, the absence of
any i vivo increase in peripheral parasitemia in any of our mouse models of platelet
dysfunction/depletion contrasts with several studies that suggest platelets ate a central
mechanism responsible for killing iRBCs (267, 359). However, those studies primarily involve
non-severe malaria models in which the kinetics of the parasite-induced inflaimmatory milieu
likely have significant impacts on the timing of platelet activation and their subsequent
response to infection. While additional research is required to continue to elucidate the
complex roles of platelets in malaria, this study further supports a pathogenic role for platelets,

particularly platelet a-granules, in the development of severe malaria.
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Figure 1. Nbeal2 deficiency significantly alters parasite sequestration, lung and brain
pathology, and survival in PbA-infected mice. (A) Time-course of platelets in peripheral
blood of C57BL/6] mice after PbA infection compated to naive control mice (n=7-10
mice/group) as determined by flow cytometry. (B) Platelets in whole blood of naive Nbea/2-/-
mice normalized to naive C57BL/G] (BG) control mice as determined by flow cytometry
(n=20-24 mice/group). (C) Frequency of platelet-infected red blood cell (RBC) conjugates
(left, n=10-20 mice/group) in whole blood of C57BL/6] and Nbeal2-/- mice after PbA-GFP
infection and time course of peripheral parasitemia as determined by staining and counting of
thin blood smears (right, n=10 mice/group). (D) Representative flow cytometry plots and
quantification of the frequency of P-selectin+, CDG63+, and CD41/CDG61+ platelets as well
as total platelets normalized to control mice in whole blood isolated from C57BL/6] (B6) and
Nbeal2-/- mice at day 5 post-infection with PAA (n=10-26 mice/group). (E) Quantification of
PF4 in the plasma of C57BL/6] and Nbea/2-/- mice at day 6 post-infection with PbA (n=10-
14 mice/group) or naive (N) (n=9-10 mice/group) as determined by ELISA. (F-H)
Representative images and bioluminescence quantification of sequestered PAA schizonts
expressing luciferase under the ANMA-7 promoter in spleens (F), lungs (G) and brains (H) of
PbA-infected C57BL/6] (BG6) and Nbeal2-/- mice (n=8 mice/group). Values are normalized to
nafve control mice from each respective group (n=4 mice/group). (I-]) Lung permeability (I)
and brain permeability (J) in C57BL/6] (BG6) and Nbea/2-/- mice injected intravenously with
200pL of 1% Evans Blue dye at day 6 post-infection with PbA (n=9-13/group).
Representative images and quantification of dye extracted from whole organs are shown. OD
values are normalized to naive control mice from each respective group (n=4 mice/group).
(K) Sutvival cutves of PbA-infected Nbeal2-/- (gold line) and C57BL/6] (BG, black line) mice

(n=15-16 mice/group). The gray shaded region represents the typical
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Figure 1 (continued) timeframe of death from ECM. Graphs in A-E and I-] represent the
mean = SEM. Boxes in F-H represent the median * the 25" and 75" percentiles with
minimum/maximum whiskers. Statistical analyses: Mann-Whitney U test (A-]) and Log-rank
Mantel-Cox test (K). Only statistically significant (p<<0.05) values are shown. For graphs in A
and C, * < 0.05, ** < 0.005, *** < 0.0005, and **** < 0.0001. Figures represent combined
data from 2 (A, C-right, D-middle and right graphs, E-]) or 3 or more (B, C-left, D-left, K)

independent experiments.
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Figure 2. Platelet depletion recapitulates the reduced organ pathology and increased
survival obsetrved in Nbeal2-/- mice. (A) Representative flow cytometry plots of platelets
in mouse whole blood when platelets are present (left, platelet intact mice) or absent (right,
megakaryocyte/platelet depleted mice). Platelets in whole blood of platelet depleted anti-
CD41-treated C57BL/6] mice (a-CD41) and diphtheria toxin-treated Pf4-Cre positive/iDTR
mice ((-) MK) normalized to their respective platelet intact control groups as quantified by
flow cytometry (n=29-37 mice/group). C57BL/6] wete intraperitoneally injected with 100pg
of either an anti-CD41 or isotype control antibody on day 1 post-PbA infection and platelets
were measured on day 3 post-PbA infection. Pf4-Cre negative/iDTR (megakaryocyte and
platelet sufficient, zZe. (+) MK) and Pf4-Cre positive/iDTR (megakaryocyte and platelet
deficient, ze. (-) MK) mice were intraperitoneally injected with 20ng diphtheria toxin on days
-7, -4, and -1 prior to PbA infection and platelets were measured on day 0 of PbA infection.
(B) Frequency of infected red blood cells in petipheral blood of C57BL/6] mice given either
an isotype control or anti-CD41 (a-CD41) antibody and diphtheria toxin-treated Pf4-Cre
negative/iDTR ((+) MK) and Pf4-Cre positive/iDTR ((-) MK) mice at day 6 post-infection
with PbA as determined by staining and counting of thin blood smears (n=14-20 mice/group).
(C-E) Representative images and bioluminescence quantification of sequestered PbA schizonts
expressing luciferase under the AMA-7 promoter in spleens (C), lungs (D) and brains (E) of
PbA-infected mice in designated groups (n=8-9 mice/group). Values are normalized to naive
control mice from each respective group (n=4 mice/group). (F-G) Lung permeability (F) and
brain permeability (G) in platelet intact and depleted mice as described in A injected
intravenously with 200puL of 1% Evans Blue dye at day 6 post-infection with PAA (n=7-11
mice/group). Representative images and quantification of dye extracted from whole organs

are shown. OD values are normalized to Figure 2 (continued) naive control mice from each
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respective group (n=4-5 mice/group). (H) Sutvival cutrves of PbA-infected C57BL/6] mice
given an anti-CD41 (a-CD41, red line) or isotype control (black line) antibody on day 1 post-
infection (n=15-21 mice/group). (I) Sutvival curves of PbA-infected Pf4-Cre positive/iDTR
((5) MK, blue line) and Pf4-Cre negative/iDTR ((+) MK, black line) mice given diphtheria
toxin on days -7, -4, and -1 prior to infection (n=11-13 mice/group). The gray shaded regions
represent the typical timeframe of death from ECM. Bar graphs in A-B and F-G represent the

mean £ SEM. Boxes in C-E represent the median £ the 25" and 75% percentiles with

minimum/maximum whiskers. Statistical analyses: Mann-Whitney U test for isotype/a-CD41
and (+) MK/(-) MK groups, respectively (as separated by gray dotted line) (A-G) and Log-
rank Mantel-Cox test (H-I). Only statistically significant (p<0.05) values are shown. Figures

represent combined data from 2 (C-G, I) or 3 or more (A-B, H) independent experiments.
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Figure S1. Imaging flow cytometry confirms contact between platelets and PbA-
infected red blood cells. (A) Analysis of whole blood from C57BL/6] (B6) mice at day 6
post-infection with PbA-GFP acquired on an ImageStream™ Mk II. Samples were stained with
antibodies against CD41 and TER119 to identify platelets and red blood cells, respectively.
Images from an average of ~200 CD41+iRBC+ events were examined for each sample (n=5
mice) to determine if they represented platelet-infected red blood cell (RBC) conjugates (%
Bound) or coincident events (% Coincident). Values for the mean and standard error for each
category are shown. (B) Representative images of platelets (CD41+, purple) bound to PbA-
infected (GFP+ parasite, green) red blood cells (TER119+, red). (C) Representative image of
a coincident event showing no contact between a platelet and an iRBC. Images were captured
with a 60x objective. Bar graph in A represents the mean = SEM. Figures represent combined

data from 2 independent experiments.
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Fig. S2
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Figure S2. Nbeal? deficiency affects neutrophil and inflammatory monocyte
sequestration in response to PhA infection. (A-C) Representative flow cytometry plots and
quantification of the frequency and absolute number of neutrophils (Ly6C"Ly6G™) and
inflammatory monocytes (Ly6C"Ly6G) in the spleens (A), lungs (B), and brains (C) of
C57BL/6] (B6) and Nbeal2-/- mice at day 6 post-infection with PAA (n=8 mice/group). Cells
were gated as following prior to Ly6C and Ly6G categorization: Lymphocytes, Singlets, Live,
CD19-, CD11b+. (D-E) Quantification of myeloperoxidase (MPO) (D) and neutrophil
elastase (E) in the plasma of C57BL/6] and Nbea/2-/- mice at day 6 post-infection with PbA
(n=20-24 mice/group) or naive (N) (n=9-10 mice/group) as determined by ELISA. Graphs
in A-E represent the mean = SEM. Statistical analyses: Mann-Whitney U test (A-E). Only
statistically significant (p<0.05) values are shown. Figures represent combined data from 2 (A-

C) or 4 (D-E) independent experiments.
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Figure S3. Antibody-mediated platelet depletion has minimal effects on parasite
sequestration at early time points post-infection. (A-C) Representative images and
bioluminescence quantification of sequestered PAA schizonts expressing luciferase under the
AMA-1 promoter in spleens (A), lungs (B) and brains (C) of PbA-infected C57BL/6] mice
intraperitoneally injected with 100pug of either an anti-CD41 (a-CD41) or isotype control
antibody on day 1 post-PbA infection. Parasite sequestration was measured at days 2 and 4
post-infection (n=8 mice/group/day). Values are normalized to naive control mice from each
respective group (n=4 mice/group/day). Boxes in A-C represent the median + the 25" and
75" percentiles with minimum/maximum whiskers. Statistical analyses: Mann-Whitney U test
for isotype/a-CD41 for each respective day post-infection (A-C). Only statistically significant

(p<0.05) values are shown. Figures represent combined data from 2 independent experiments.
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CHAPTER IV

Discussion and Perspectives
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CD8+ T cells and platelets are critical pathogenic immune cells in ECM

In this dissertation, we have demonstrated the critical importance of the receptor tyrosine
kinase EphA2 and platelets to the development of ECM in mice. Collectively, these data
significantly advance our understanding of several mechanisms underlying the development
of cerebral malaria. While EphA2 has been linked to liver-stage Plasmodinm infection (7154), we
demonstrate an additional relevance of EphA2 to blood-stage infection and, specifically, to
blood-brain barrier disruption associated with cerebral malaria in mice. Our data strengthens
the rationale for exploring therapeutics geared at inhibiting EphA2 activation which would
have the potential to block successful parasite transmission as well as prevent the development
of cerebral malaria if low-level transmission still occurs. We also identified EphA2
upregulation as a correlate of cerebral malaria in comparison with other non-severe and severe
but non-cerebral forms of malaria which has long been a pressing question in the field. We
have also described a mechanism by which platelets contribute to organ pathology and death
in severe malaria. Specifically, platelet a-granules are involved in parasite organ sequestration
and inducing lung and brain damage during Plasmodium infection which has never before been
demonstrated. Platelets likely play an early role after infection in setting the trajectory for a
pathological immune response while EphA2 and CD8+ T cells are critical at the onset of
cerebral malatria, but Eph treceptor/ephrin ligand expression and may link these processes
together. We conclude this dissertation with a discussion of the ongoing directions of these
two projects, how they are interconnected, and our goals to translate these findings to human

disease in order to guide adjunctive therapies for cerebral malaria in the future.

Importance of EphA2 on other blood-brain barrier components
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While we have demonstrated a clear importance of endothelial-expressed EphA2 to malaria-
associated blood-brain barrier breakdown, it is also likely that expression of EphA2 on other
cellular components of the neurovascular unit could be contribute to this process. Expression
of EphA2 has been identified on other cell types that comprise the blood-brain barrier such
as pericytes and astrocytes (373, 323-326). Given that both astrocytes and pericytes have been
shown to play key roles in maintaining blood-brain barrier integrity (360, 367), it is possible
that upregulation and activation of EphA2 on these cells serves a similar purpose to disrupt
junctions and increase intercellular permeability. Alternatively, as astrocyte activation in
response to brain injury has been shown to help prevent the spread of inflaimmation and aid
in recovery from brain injury (362), it is also possible that EphA2 activation on astrocytes
could serve to dampen the immunopathology that results from cerebral malaria. Activation of
cells surrounding the brain endothelial vasculature could occur either through direct contact
with infected red blood cells or indirectly in response to molecules secreted by activated
endothelial cells. Plasmodium parasites are primarily thought to make contact with the vascular
endothelium as they are obligate intracellular parasites in red blood cells, but they have also
been shown to extravasate into the perivascular space which could induce pericyte and
astrocyte activation (207, 288). We have observed increased frequencies and expression of
both EphA2 and its high-affinity ligand ephrin-A1 on activated astrocytes at the onset of ECM
in comparison with naive mice (Appendix Figure 1) providing evidence that Plasmodinm
infection induces increased expression of Eph receptors and their ligands on activated
astrocytes. Future studies will aim to determine the importance of astrocyte and pericyte
EphA2 expression and activation to ECM-associated blood-brain barrier breakdown by
generating cell-specific EphA2 knockout and kinase-inactive mice and assessing the effects of

astrocyte or pericyte specific EphA2 deletion or inactivation on measures of ECM
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susceptibility. In doing so, we aim to fill in the remaining mechanistic gaps of how Eph and
ephrin interactions between various cell types in the brain enhance endothelial junction

disruption in the context of severe malaria.

Ephs and ephrins are expressed on platelets and could contribute to their
pathogenicity during Plasmodium infection

As mentioned previously, different members of the Eph-ephrin family have been shown to
be expressed on platelets. Platelet thrombi are present in the brain and lung microvasculature
of patients who have died of complications from malaria (257, 252), and expression of Eph
receptors and ephrin ligands such as EphA4 and ephrin-B1 on human platelets has been linked
to the formation of stable thrombi at sites of vascular injury (776). Given the expression of
Eph receptors and ephrin ligands on endothelial cells, it is possible that interactions between
Ephs and ephrins on platelets and endothelial cells could contribute to platelet accumulation
in the microvasculature during ECM. Surface expression of Ephs and ephrins increases on
activated human platelets, and subsequent clustering results in secretion of platelet a.-granules
(177) which we have shown to be critical to lung and brain vascular permeability and
Plasmodium-associated death in mice. Therefore, the fact that EphA2-/- mice are protected

from ECM development could also involve effects of EphA2 deletion on platelets and platelet
a-granule secretion. Platelet-derived growth factor (PDGF), which is synthesized in platelets
and stored/released in platelet o-granules, has also been shown to induce phosphotylation of
ephrin-B ligands (363) which represents an additional mechanism by which platelets and
platelet o-granules could be linked to activation of EphA2 or ephrin-A ligands during

Plasmodium infection. Although expression of EphA2 or its high affinity ephrin-A ligands has

yet to be identified in mouse and human platelets, we intend to explore this possibility and
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determine if platelet depletion or dysfunction influences PbA-induced EphA2 brain

upregulation in future studies.

In addition to the link between Eph receptor activation on platelets and thrombus formation,
it also seems possible based on the current literature that platelets induce pathology during
ECM in part through interactions with pathogenic CD8+ T cells. We have observed that
platelets form conjugates with activated CD8+ T cells during P/A infection, and formation of
these platelet-activated CD8+ T cell conjugates is largely dependent on the presence of platelet
a-granules (Appendix Figure 2). Although the relevance of platelet-CD8+ T cell conjugates
to human diseases has not been well studied, there are several recent reports that they may be
associated with increased pathology in certain autoimmune and infectious disease contexts.
Activated platelet-CD8+ T cell conjugates have been found at increased levels in the
bloodstream of patients with other infectious and non-infectious diseases such as HIV and
Systemic Lupus Erythematosus (364, 365) and it has been suggested that platelets may be
serving to recruit antigen experienced CD8+ T cells to sites of inflammation and injury. In the
context of severe malaria, platelets could be recruiting CD8+ T cells to the microvasculature
of organs where parasites have sequestered. Therefore, part of the reduced pathology we
observe in the lungs and brains of Nbeal2-/- mice could be due to lower frequencies of
activated platelet-CD8+ T cell conjugates in the absence of platelet a-granules. Additionally,
we have observed that Nbeal2-/- mice have significantly reduced frequencies of Plasmodium-
reactive CD8+ T cells in the bloodstream (Appendix Figure 3) indicating that functional
platelets are required not only for conjugation with CD8+ T cells but also for global CD8+ T
cell expansion during Plasmodium infection. The intertwined roles of platelets and CD8+ T

cells in the pathogenic immune response during severe malaria have not been explored in
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detail. In the future, we aim to explore this link further by assessing expression of Eph
receptors and ephrin ligands on platelets from wild-type and Nbea/2-/- mice to determine if
expression of these proteins could be influencing the formation of platelet-CD8+ T cell

conjugates and subsequent disease pathology.

Exploring links between Eph/ephrin expression and CD8+ T cell affinity

T cells are critical in orchestrating immune effector mechanisms involved in controlling
infected red blood cells 1IRBCs) (366) and understanding the features of protective T cell
responses is critical for the rational design of blood-stage malaria vaccines. The features
defining protective T cells in malaria are incompletely understood but likely depend on a
combination of antigen reactivity, cytokine profile, Iytic potential, and expression of surface
receptors involved in T cell trafficking and adhesion. Of these features, very little is known
regarding the antigen reactivity profile of T cells, in particular CD8" T' cells, against blood-
stage Plasmodium. Much of the field of immunology has previously supported the idea that
high-affinity T cells predominantly survive and proliferate in polyclonal T cell responses (367-
369). However, this concept is not supported by data demonstrating that low-affinity T cells
can make up a significant proportion of the T cell population responding to a given epitope
(370, 371). For example, it has recently been shown in several different disease models that
low-affinity T cells also expand and are maintained during an immune response. In the
experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis and in
lymphocytic choriomeningitis virus (LCMV) infection, there is an abundance of low-affinity
T cells in the polyclonal T-cell response, and these low-affinity T cells are equally functional
as high-affinity T cells in terms of cytokine production (370). The role of low-affinity T cells

in the immune response against malaria is currently completely unknown.
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Tetramers containing Plasmodium-derived epitopes that recognize several immunodominant,
high-affinity CD8+ T cell clones have been identified in recent years (223, 287). As tetramers
only detect T cells above a specific affinity threshold (370, 372), they do not account for the
expansion or participation of low-affinity CD8+ T cells in the immune response to Plasmodinm.
Using a two-dimensional micropipette adhesion frequency assay (373), we found that low-
affinity CD8+ T cells actually comprise the majority of CD8+ T cells found in the brains of
PbA-infected mice. Using several fluorescent reporter mice, we also found that these low-
affinity CD8+ T cells are capable of producing both IFN-y and IL-10 (Appendix Figure 4)
indicating that they not only traffic to the brain but also have the capacity to contribute
functionally in the immune response to malaria. Given the known involvement of Eph
receptors and ephrin ligands in various aspects of CD8+ T cell functionality (93, 700, 103,
137), it would be interesting to determine if expression of these molecules influences or is
correlated in any way with CD8+ T cell affinity. For example, we could assess whether or not
low-affinity and high-affinity Plasmodium-reactive CD8+ T cells have different expression
levels or unique expression patterns of several Ephs and ephrins that they are known to
express. If any specific receptors or ligands are identified, we could use cell-specific knockout
mouse models to study the impact of T cell-specific Eph/ephrin deletion on the affinity profile
generated in response to Plasmodinm infection and whether the affinity profile of CD8+ T cells
generated in response to PbA infection, for example, is sufficient to cause experimental
cerebral malaria. Additionally, part of the failure of existing malaria vaccine candidates that
have advanced into phase II and III clinical trials (6, 392-394) is due to the evident gap in
understanding what constitutes an effective immune response to malaria (395). Since it is

completely unknown how TCR affinity impacts the antimalarial immune response, it is
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important to explore the functions of these distinct low- and high-affinity T cell populations
and how they may be linked to Eph receptor and ephrin ligand expression in order to
determine the desirable response to elicit with antimalarial vaccines against blood-stage

Plasmodium.

Therapeutic strategies for targeting Eph receptors and implications for malaria

Given their well-established involvement in cancer progression, Eph receptors and ephrin
ligands have become promising new targets for cancer therapies whether aiming to suppress
tumor-promoting effects or enhance tumor-suppressive effects. Several approaches currently
exist to specifically target Ephs and ephrins in the context of cancer. One strategy involves
interfering with Eph-ephrin signaling through the use of small molecule inhibitors. While
several high-affinity Eph kinase inhibitors have been identified (374), it is also apparent that
several existing inhibitors can inhibit Eph kinase activity as well as their intended targets.
Dasatinib, for example, is already used to treat chronic myelogenous leukemia and appears to
inhibit EphA2, EphB1, EphB2, and EphB4 (375) along with its primary targets Abl and Src
family kinases, which likely improves its anti-cancer activity. Since EphA2 and ephrin-B2
appear to promote resistance to several therapies currently used to treat breast cancer (376)
and glioblastoma, respectively, targeting the Eph or ephrin molecules themselves may
overcome this resistance and associated treatment failure. Eph receptors have also been
targeted with small interfering RNA delivered in liposomes, and this strategy has been used to
silence Eph receptor expression, such as EphA2, and has been shown effective against ovarian

cancer (377).
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Another, more specific, strategy for targeting the Eph-ephrin members involves blocking
Eph-ephrin interactions by administering soluble Eph or ephrin fusion proteins. For example,
oncogenic EphA2-ephrin-A1l signaling can be inhibited using soluble EphA2-Fc or ephrin-
Al-Fc proteins and have been shown effective at preventing tumor proliferation,
vascularization, and invasiveness (298). These soluble chimeric proteins have the benefits of
long half-life and broad effects on Eph/ephrin family members due to the promiscuous

binding but negatively this also can lead to increased off-target side effects.

Peptide agonists and antagonists of Eph receptors have also been explored as potential
therapeutics. These short peptides generally bind to the ephrin ligand binding site of the Eph
receptors to prevent binding of cells expressing their cognate ligands. One interesting example
is the 12 amino-acid KYL peptide which activates EphA2 while blocking ephrin ligand
binding, and this receptor activation leads to EphA2 internalization (378) which is beneficial
in this case given the oncogenic nature of EphA2. To expand on this strategy, peptides can
also be conjugated to drugs, toxins, or nanoparticles for a highly-targeted delivery approach
of therapeutics directly to tumors. In keeping with the previous example, another EphA2-
specific agonistic peptide, YSA, was conjugated to the drug paclitaxel and administered in a
mouse xenograft model leading to greatly increased efficacy of this chemotherapeutic drug
that has poor bioavailability when administered alone (379). Using this strategy, Eph-specific
peptides can also be conjugated to imaging agents to allow for targeted visualization of Eph-

overexpressing tumor cells.

In terms of immunotherapy, the fact that many tumors overexpress Eph receptors and/or

ephrin ligands provides the opportunity to boost the immune response to receptor or ligand
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detived peptides. A current Phase I/II clinical trial for recurrent glioma indicated that a
vaccination strategy using dendritic cells pulsed with glioma-associated antigens, including an
EphA2ss3.801 peptide, elicited a strong CD8" T cell response in approximately 58% of patients
(380). Along with cancer vaccination strategies, other Eph-targeted immunotherapies are
being explored. Monoclonal antibodies are a popular strategy for targeting Eph receptors given
their high affinity and specificity for their cognate target, and both activating and inhibitory
monoclonal antibodies against Ephs/ephrins are under development. EphA2 was the first
receptor targeted for monoclonal antibody development, and several strongly agonistic
antibodies were identified (387). Among these, a humanized version of mAb B233 was
developed that had improved FcyRIII binding capacity and showed promising results in
eliciting a strong antibody-dependent cell-mediated cytotoxicity antitumor response against
several types of cancer including ovarian, lung, and breast cancer xenografts (759). Another
study demonstrated that a single chain antibody capable of simultaneously binding both
EphA2 and CD3 in the TCR complex led to T cell-mediated destruction of EphA2" tumor

cells in a humanized mouse model (382).

Given the decline in funding for malaria research over the past decade (3§3), repurposing
other approved drugs could be a more cost-effective way of identifying adjunctive therapies
for cerebral malaria. Developing strategies to target Eph receptors in malaria will not be
without major obstacles including specificity and balancing the costs versus benefits of
immunosuppression. All of the aforementioned strategies have specific strengths and
weaknesses, yet even with the inherent difficulty in targeting such a complex signaling system
many of these treatment methods promise exciting new therapeutic avenues to treat this

difficult disease.
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Future goals in translating these studies to human malaria

The use of animal models for the studies included in this dissertation has been absolutely
instrumental in identifying new mechanisms responsible for the development of
immunopathology in severe and cerebral malaria. While we will continue to use mouse models
for these reasons, our long-term goal is always to identify translatable features of our findings
to human malaria. While we included several pieces of evidence supporting the correlation
between ephrin ligands and malaria-associated neurological symptoms in humans in Chapter
II, we have only just begun to expand upon and validate our data in mice with additional
human studies. For example, we are working to implement the diagnosis of malarial
retinopathy (384) in patients recruited for our studies in Yaoundé, Cameroon so that we can
look specifically at differences in the concentration of ephrin-A ligands in plasma of patients
with retinopathy-positive versus retinopathy-negative cerebral malaria. If retinopathy-positive
patients have significantly higher levels of circulating ephrin-A1l in comparison to retinopathy-
negative patients, this could potentially serve as an additional biomarker to confirm cerebral

malaria in patients.

To further validate the relevance of endothelial-expressed EphA2 to human CM, we are
exploring the options for examining EphA2 expression levels on brain sections collected at
autopsy from patients who died of confirmed cerebral malaria. While there is considerable
difficulty in obtaining these samples due to issues in obtaining family consent and often
reduced capabilities in processing such tissue on-site (272), determining if EphA2 protein
expression is increased in patients who have died of cerebral malaria in comparison to patients

who have died of unrelated causes that are not associated with brain trauma or inflammation
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will be absolutely essential in order to continue pursuing EphA2 inactivation/blocking

strategies in the search for an adjunctive therapy for human CM.

In addition to our ongoing studies aimed at addressing the relevance of EphA2 and ephrins
to human CM, we are also interested in expanding upon our findings in Chapter III by
assessing differences in platelet characteristics and expression profiles in patients with
uncomplicated versus severe malaria. While thrombocytopenia has long been appreciated as a
feature of malaria in both mice and humans (250, 385), little is known about the specific
platelet components and mechanisms by which platelets are involved in malaria pathogenesis.
Given our findings in mice, we have current ongoing studies assessing the expression of
different platelet o-granule and dense granules markers on platelets isolated from the
peripheral blood of individuals with differing severities of malaria. In addition to looking at
the granule content and activation status of patients with malaria, we could also incorporate
platelet staining for Eph receptors and ephrin ligands in order to determine if there is any
cotrelation between the expression levels of these molecules and malaria symptoms/severity
in humans. While surface expression of several of these markers is indicative of platelet
activation status, they do not necessarily represent the activation capacity or complete granular
content of the platelets. We can supplement this analysis by stimulating platelets from malaria
patients ex viwo with powerful platelet agonists such as thrombin (386) and determining if the
platelet components released into the supernatant differ between patients with uncomplicated
versus severe malaria. Finally, as platelet RNA sequencing is becoming more mainstream (387-
389), our goal is to compare the transcriptomic profiles of platelets from patients with different
malaria statuses to identify genes, such as potentially Nbeal2, that are differentially expressed

and potentially correlate with either protection or disease severity. Since thrombocytopenia is
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present in patients with both symptomatic and asymptomatic malaria (390, 397), defining
characteristics of platelets that differ between different subsets of patients infected with
Plasmodium could aid in understanding that qualities of platelets that are important for

pathogenesis.

Concluding remarks

Opverall, this dissertation significantly enhances our understanding of how components of the
immune system such as CD8+ T cells and platelets mediate immunopathology in cerebral
malaria. The discovery that the receptor EphAZ2 is critical for the process of malaria-associated
blood-brain barrier breakdown in mice highlights a new mechanism by which Plasmodium
infection alters the expression of host molecules that subsequently contribute to an aberrant
and pathogenic immune response. The study of Eph receptors and ephrin ligands in
immunology is an expanding area of research, and given the fact that the association with the
immune system has only emerged in the past 15 years it is highly likely that more roles for this
unique cell-cell communication system in the immune response to infectious disease have yet
to be revealed. Ephs and ephrins represent promising therapeutic targets for several reasons.
Given the high evolutionary conservation of this family of molecules, it is probable that the
development and testing of therapeutics in animal models will be highly translatable in
humans. Indeed, there are several Eph/ephrin-targeting strategies that are cutrently in various
phases of clinical trials. It is also beneficial that there are several different strategies for
targeting these interactions, all with promising leads, providing for a variety of mechanisms
for attacking the same targets. Further, many currently existing drugs have been found to have
activity against Eph receptors allowing for potential testing and repurposing of these drugs for

new pathological conditions without the need for starting from the beginning of the drug
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development process. Targeting Eph receptors has also been shown to overcome resistance
to several existing therapies, particularly in cancer, and may enhance the effects of existing
therapies, such as antimalarials, in a combination approach. It is possible that given the large
number of members in the Eph family, certain Ephs or ephrins may be able to functionally
compensate for other inhibited members which would be difficult to overcome
therapeutically. Among the biggest challenges, the nearly ubiquitous expression of Ephs and
ephrins, while all have different patterns of expression, almost guarantees detrimental side-
effects from any targeted therapeutic strategy as Eph-ephrin interactions are also crucial for
adult tissue homeostasis in various organs. However, in the case of such an acute and deadly
complication as cerebral malaria the potential benefits of a short-term anti-Eph therapy may

outweigh the risks.

While EphA2 presents itself as a promising therapeutic target for both liver-stage and blood-
stage malaria, our findings in platelets are more important to understanding the basic biology
and mechanisms behind malaria-associated immunopathology. Although depleting platelets in
patients would clearly not be the goal in translating our results to humans, understanding that
platelet ai-granules are critical components in mediating pathology in malaria can help inform
and potentially identify biomarkers for patients predisposed to developing severe malaria.
Additionally, further studying the contribution of platelet-CD8+ T cell interactions to organ
damage in malaria could inform strategies for potentially decoupling this interaction which

may improve disease outcomes.

Malaria remains a severe global public health issue and will remain so for the foreseeable

future. It is imperative that we continue to adjust our understanding of how the immune
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system is involved in balancing both malaria control and pathogenesis in order to inform the
development of novel therapeutic and vaccine strategies. By focusing our efforts on gaining a
better mechanistic understanding of how CD8+ T cells and platelets contribute to organ
pathology in severe and cerebral malaria, we have identified several key proteins, including
EphA2 and Nbeal2, that are critical for the induction of malaria-associated immunopathology.
These findings pave the way for many future studies that will aim to further dissect the
interplay between CD8+ T cells, EphA2, and platelets in malaria and promise an exciting new

chapter in the field of malaria immunology.
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Appendix Figure 1. Activated astrocytes upregulate EphA2 and ephrin-A ligands in
response to Plasmodium infection. Median fluorescent intensity (top row) and frequency
(bottom row) of EphA2 (left column) and ephrin-A (right column) positive activated
astrocytes isolated from brains of C57BL /6] mice six days post-infection with PbA (n=>5 mice)
in comparison to naive mice (n=2 mice). Activated astrocytes were identified by GFAP

expression. Bars represent the mean = SEM.
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Appendix Figure 2. Platelets form conjugates with activated CD8+ T cells during
Plasmodium infection in an o-granule dependent manner. Frequency of
CD44+CD8+CD41+ T cell-platelet conjugates in whole blood of C57BL/6] and Nbeal2-/-
mice five days after PbA infection (n=>5-8 mice/group) in compatison to naive mice (n=1-2
mice/group). Prior gates include size and granularity, live cells, and CD3+. Boxes represent
the median * the 25" and 75" percentiles with minimum/maximum whiskers. Statistical

analyses: Kruskal-Wallis test with Dunn’s multiple comparisons. Only statistically significant

(p<0.05) values are shown.
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Fig. A3
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Appendix Figure 3. Mice with dysfunctional platelets have a blunted Plasmodium-
reactive CD8+ T cell response. Frequency of Plasmodinm-reactive GAP50+ CD8+ T cells
in whole blood of C57BL/6] and Nbea/2-/- mice five days after PbA infection (n=5-8
mice/group) in comparison to naive mice (n=1-2 mice/group). Prior gates include size and
granularity, single, live, CD3+, and CD4-CD8+ cells. Boxes represent the median + the 25"
and 75" percentiles with minimum/maximum whiskers. Statistical analyses: Kruskal-Wallis
test with Dunn’s multiple comparisons. Only statistically significant (p<<0.05) values are

shown.
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Appendix Figure 4. Functional CD8+ T cells present in the brains of mice with ECM
are predominantly low-affinity. Affinities of Plasmodium GAP50-reactive CD8+ T cells
isolated from the brains of C57BL/(] (left), IFN-y-GFP reporter mice (center), and IL-10-
GFP reporter mice (right) at day 6 post-infection with PbA. Affinities of bulk CD8+ T cells
isolated from brains of C57BL/6] mice are shown while affinities specifically from GFP+
CD8+ T cells isolated from brains of IFN-y-GFP and IL-10-GFP reporter mice are shown.
Each point represents an individual CD8+ T cell. Graph includes combined data from 2 (right)

or more (left and center) independent experiments.
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The following is a print of a published review:

King T and Lamb T (2015) Interferon-y: The Jekyll and Hyde of Malaria. PLoS Pathogens.
11(10): €1005118. https://doi.org/10.1371/journal.ppat. 1005118
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Introduction

Interferon gamma (IFN-v) is a key mediator of inflammatory immune responses induced pri-
marily by interleukin-12 (IL-12). IFN-y secretion by both innate and adaptive immune cells is
essential for control of intracellular pathogens and tumors, yet aberrant production of IFN-y
contributes to autoimmunity and inflammation in certain disease settings. These divergent
roles are well illustrated in the context of malaria, a disease caused by infection with protozoan
parasites of the genus Plasmodium. IFN-y is a central cytokine in controlling Plasmodium
infection in both the liver and blood stages of the parasite life cycle, but it can also exacerbate
the severity of malarial disease depending on the temporal and spatial production of IFN-y.
Here, we review the types of immune cells that produce IFN-y during malaria and discuss the
IFN-y-induced effector mechanisms that can aid in killing Plasmodium parasites but also con-
tribute to the pathogenesis of malaria.

Which Immune Cells Produce IFN-y during Malaria?

Plasmodium infection induces IFN-y production from a variety of innate and adaptive immune
cell subsets at different stages of the life cycle. Studies in mice have demonstrated that natural
killer (NK) cells are one of the earliest sources of IFN-y during the liver stage [1], as well as
blood stage [2], of malaria. For example, C57BL/6] mice depleted of NK cells and infected with
a nonlethal Plasmodium yoelli strain showed a 58% abrogation of IFN-y production at 24
hours postinfection [2]. Human NK cells have also been shown to rapidly produce IFN-y upon
incubation with Plasmodium falciparum-infected red blood cells (iRBCs) in vitro [3]. Bridging
innate and adaptive immunity, both natural killer T (NKT) cells and y8 T cells can contribute
to IFN-y production during Plasmodium infection. Studies suggest a significant proportion
(50%) of y3 T cells from humans infected with P. falciparum secrete IFN-y [4], while NKT cells
in mice secrete IFN-y in response to sporozoites and liver stage parasites [5]. While there is
likely significant redundancy in IFN-y production from leukocytes in response to both liver
stage and blood stage Plasmodium parasites, studies using IFN-y eYFP reporter mice infected
with P. berghei ANKA suggest that NK cells contribute greater to IFN-y production than both
NKT and y8 T cells at early time points postinfection, and the production of IFN-y from NKT
and y8 T cells remains fairly stable over time [6].

Once an adaptive immune response is initiated, both CD4* and CD8" T cells become a
major source of IFN-y in response to both liver stage [7] and blood stage malaria. The finding
that both CD4" [8] and CD8" [9] T cells isolated from Plasmodium-infected humans produce
IFN-y is also observed in many mouse models of malaria. Secretion of IFN-y by both CD4"
and CD8" T cells increases around day seven postinfection with blood stage P. berghei ANKA
in both the spleen and brain [6]. While IFN-y is the canonical cytokine that has been used to
define CD4" T cells as Th1 cells, it has been widely observed that Th1 cells can simultaneously
produce other inflammatory cytokines including IL-2, TNF-a, and IL-17 during an adaptive

PLOS Pathogens | DOI:10.1371/journal.ppat.1005118  October 1, 2015



@.PLOS | PATHOGENS

212

immune response. A subset of IFN-y/IL-10 double-producing CD4" T cells have been observed
in humans infected with Plasmodium [8,10], and mouse models of malaria suggest that IFN-y/
IL-10 double-producing cells are an important source of IL-10 that limit immunopathogenesis
of malaria [11] at the cost of inhibiting control of the infection [12].

What Evidence Suggests That IFN-y Is Protective during Malaria?

There have been several correlations between IFN-v levels in the periphery and protection
against severe malaria in humans. The protective capacity of IFN-y in malaria appears to be, in
part, related to the timing of IFN-y production with the early appearance of IFN-y after infec-
tion in humans correlated with protection against the development of clinical symptoms of
malaria in some studies [13]. However, study conclusions are often complicated by factors that
include differing patterns of Plasmodium transmission between study sites or varying levels of
pathogen coinfection giving rise to conflicting data. Experiments in mice also suggest that early
IFN-vy production is protective against experimental cerebral malaria (ECM), and peripheral
levels of IFN-y can drop just before the onset of ECM [14] with a similar phenomenon poten-
tially occurring in humans [15]. This introduces a time-dependent sampling variable that can
pose problems when attempting to establish a correlation between disease severity and periph-
eral IFN-y levels. Nevertheless, in a study where human volunteers were infected over time
with several low doses of Plasmodium iRBCs and treated to clear the infection, protection from
a challenge infection was positively correlated with numbers of circulating IFN-y-producing
CD4" T cells [16]. The natural resistance of the Fulani tribe in Mali to Plasmodium infection
has also been correlated with elevated levels of IFN-y [17], suggesting a protective role for IFN-
Y against malaria.

Similar to human malaria, IFN-y also appears to play a protective role against blood stage
Plasmodium infection in mice. Mice lacking IFN-y experience higher and more prolonged
blood stage parasitemia compared to IFN-y-sufficient mice when infected with the rodent par-
asites P. yoelii yoelii or P. chabaudi adami [18]. Additionally, a separate study found that IFN-y
levels were markedly higher 24 hours post blood stage infection in mice infected with nonlethal
strains of P. chabaudi or P. yoelli when compared to mice infected with lethal strains of P. yoelli
or P. berghei [2] emphasizing the potential benefits of IFN-y to disease control in mice.

The prevalence of IFN-y-producing CD4" and CD8" T cells has been associated with a
greater likelihood of uncomplicated malaria [8], as well as reduced severe malarial anemia [9]
in humans. However, experiments in mice have demonstrated that IFN-y production by NK
cells, NKT cells, and y8 T cells can also play a major role in the control of Plasmodium infec-
tion. NKT cells have been shown to inhibit parasite growth within hepatocytes in a partially
IFN-y-dependent manner [5]. Also, despite the prominent role of CD4" and CD8" T cells in
contributing to serum IFN-y levels during malaria, Y3 T cells in mice are able to control liver
stage Plasmodium infection in the absence of o T cells [19], demonstrating that y8 T cells are
an important source of IFN-y with respect to parasite control.

What Immune Effector Mechanisms Responsible for Controlling
Plasmodium Infection Are Activated by IFN-y?

IFN-y secreted by CD4" Th1 cells is critical for optimal activation of CD8" T cells, B cells, and
macrophages, all of which perform vital roles in the control of Plasmodium infection (Fig 1).
The primary immune effector mechanisms by which IFN-y can influence destruction of Plas-
modium-infected cells include increasing the cytotoxic potential of CD8" T cells, inducing pro-
duction of cytophilic antibodies by B cells and enhancing phagocytic abilities of immune cells
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Fig 1. Effector mechanisms induced by IFN-y during malaria. Various immune cell subsets produce IFN-y in response to Plasmodium infection. NK, y3,
and NKT cells are largely responsible for early production of IFN-y in response to liver and blood stages of the parasite and play a role in early control of
parasite growth. IFN-y-producing CD8" T cells have also been shown to limit intrahepatic parasite growth through an IFN-y-inducible, nitric oxide-dependent
mechanism (1). Once an adaptive immune response is initiated, IFN-y produced by CD4™" T cells optimally activates CD8" T cells, B cells, and macrophages.
IFN-y influences isotype switching in B cells leading to production of cytophilic antibodies capable of binding free parasites and blocking red blood cell
invasion (2), mediating parasite clearance through opsonization (3), and binding the surface of infected red blood cells promoting antibody-dependent
phagocytosis (4). Production of IFN-y from CD4* T cells also optimally activates macrophages to phagocytose infected red blood cells and free parasites (5).
Al of these mechanisms are important for optimal control of parasite growth during Plasmodium infection.

doi:10.1371/journal.ppat.1005118.9001

such as macrophages. It should be noted that the latter two functions are not mutually
exclusive.

IFN-y exerts its effects on immune cells that express the IFNGR1/2 cell surface receptor,
and signaling through this receptor results in activation of transcription factors such as IRF1,
STAT1, JAK2, IRF9, CIITA [20], and T-bet [21]. This leads to expression of a number of pro-
teins such as nitric oxide synthase and FcyRI (CD64, a high-affinity Fc receptor) [20], as well
as induction of B cell class-switching to the IgG2a antibody isotype [21]. As a result, the afore-
mentioned events can lead to enhanced phagocytosis and destruction of intracellular
pathogens.

Regarding liver stage parasite development in mice, CD8" T cells induced by a DNA vacci-
nation encoding the gene for a P. yoelli liver stage antigen were shown to be absolutely essential
for protection of mice from a P. yoelli sporozoite challenge infection [22]. This protection was
entirely dependent on IFN-y production from Plasmodium-specific CD8" T cells as well as
IFN-vy-inducible nitric oxide synthase production from Plasmodium-infected hepatocytes [22]
leading to direct intracellular parasite killing.

Although CD8" T cell responses have also been implicated in control of blood stage Plasmo-
dium infection in an IFN-y-dependent manner [23], the mechanism by which this could occur
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remains unclear since infected red blood cells do not express the major histocompatibility com-
plex class I (MHC-I) which is required for CD8" T cell recognition. On the contrary, antibodies
are known to be key effector molecules in Plasmodium infection and perform many well-char-
acterized functions important for parasite control and clearance such as blocking parasite rein-
vasion, parasite opsonization, and targeting of parasites for phagocytosis. IFN-y impacts the
antibody response and isotypes of malaria-specific antibodies produced, which is evident in
IFN-y”" mice that produce significantly less parasite-specific [gM, IgG3, and cytophilic [gG2a
than wild-type mice [24]. Thus, the role of IFN-v in the isotype switching of B cells to a cyto-
philic antibody isotype such as IgG2a increases the opsonic potential of antibodies.

IFN-y is a potent activator of macrophages and can increase canonical macrophage activi-
ties such as phagocytosis and the production of both proinflammatory cytokines and reactive
oxygen intermediates. In mice, IFN-y has been shown to enhance phagocytosis of P. chabaudi
AS iRBCs and free merozoites by peritoneal macrophages with mice lacking IFN-y exhibiting
lower levels of parasite phagocytosis than wild-type mice [25]. The phagocytosis-enhancing
role of IFN-y has been further demonstrated in vitro as macrophages isolated from C57BL/6]
mice treated with IFN-y exhibit enhanced phagocytosis of iRBCs, an effect inhibited by IL-10
treatment [25]. Since phagocytosis of iRBCs can occur in an antibody-dependent or antibody-
independent manner, the role of IFN-y on B cells and phagocytes is likely synergistic leading to
increased phagocytosis of opsonized parasites and parasite products.

How Does IFN-y Cause Pathology during Malaria?

The pathology associated with malaria is caused by the blood stages of Plasmodium infection
and, in particular, immune responses targeting iRBCs sequestered in various organs. In suscep-
tible C57BL/6] mice infected with P. berghei ANKA, which develop experimental cerebral
malaria (ECM), the IFN-y-induced immune response against iRBCs sequestered in the brain
and lung is required for pathogenesis of infection [6]. Furthermore, IFN-y”~ mice that are resis-
tant to ECM show decreased parasite and leukocyte accumulation in the brain [26]. This find-
ing has been attributed to robust IFN-y-induced expression of canonical adhesion molecules
such as ICAM-1 [26], as well as CD4" T cell IFN-y-induced expression of the chemokines
CXCL9 and CXCL10 that recruit IFN-y-producing CD8" T cells to the brain during ECM [6].
These pathogenic T cells induce cerebral pathology [6] most likely through perforin- and gran-
zyme-dependent disruption of the blood-brain barrier upon recognition of malaria-derived
peptides presented in the context of MHC-I on brain endothelial cells [27]. Thus, while IFN-y
is necessary for the recruitment of CD8" T cells to the brain during ECM [28], other effector
molecules produced by activated CD8" T cells such as perforin and granzyme B are the critical
mediators of pathology [29].

Perspectives

Studies in both humans and mice suggest a fine line between IFN-y-associated protection ver-
sus immunopathology in the immune response to malaria in which a threshold level is needed
for optimal control of parasitemia, yet aberrant expression can lead to pathology and the com-
plications of severe malaria. It is tempting to explore boosting the IFN-y response during
malaria therapeutically, given the associations between IFN-y and improved disease outcome.
For example, phase IIa clinical trials for the RTS,S pre-erythrocytic malaria vaccine candidate
showed a correlation between prolonged CD4* and CD8" T cell IFN-y responses against a
malaria-specific protein and protection upon challenge infection in human volunteers [30]. In
mice, the loss of protective immunity against P. chabaudi is associated with a decrease in mem-
ory CD4" Th1 cells after parasite clearance along with a concomitant decrease in IFN-y
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production from splenocytes [31]. Splenic IFN-y has been shown to be required for optimal

priming of effector and effector memory T cells by splenic innate cells [32], demonstrating the
importance of this cytokine in maintenance of optimal immunity. However, it is clear that the
dynamic roles of IFN-y during malaria are complex, and more work is needed to understand
the delicate balance of IFN-y necessary for achieving optimal protection while minimizing
pathology.
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