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CDA47 is an antiphagocytic “don’t eat me” signal that inhibits pro-
grammed cell removal of self. As red blood cells (RBCs) age they
lose CDA47 expression and become susceptible to programmed cell
removal by macrophages. CD47 '~ mice infected with Plasmodium
yoelii, which exhibits an age-based preference for young RBCs,
were previously demonstrated to be highly resistant to malaria
infection. Our study sought to test the therapeutic benefit of
CDA47 blockade on ameliorating the clinical syndromes of experi-
mental cerebral malaria (ECM), using the Plasmodium berghei
ANKA (Pb-A) murine model. In vitro we tested the effect of anti-
CD47 mAb on Plasmodium-infected RBC phagocytosis and found
that anti-CD47 treatment significantly increased clearance of
Plasmodium-infected RBCs. Infection of C57BL/6 mice with Pb-A
is lethal and mice succumb to the clinical syndromes of CM
between days 6 and 10 postinfection. Strikingly, treatment with
anti-CD47 resulted in increased survival during the cerebral phase
of Pb-A infection. Anti-CD47-treated mice had increased lympho-
cyte counts in the peripheral blood and increased circulating levels
of IFN-y, TNF-a, and IL-22. Despite increased circulating levels of
inflammatory cytokines, anti-CD47-treated mice had reduced
pathological features in the brain. Survival of ECM in anti-
CDA47-treated mice was correlated with reduced cellular accumu-
lation in the cerebral vasculature, improved blood-brain barrier
integrity, and reduced cytotoxic activity of infiltrating CD8*
T cells. These results demonstrate the therapeutic benefit of
anti-CD47 to reduce morbidity in a lethal model of ECM, which
may have implications for preventing mortality in young African
children who are the highest casualties of CM.
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M alaria remains a major public health challenge in devel-
oping countries. According to the World Health Organi-
zation (WHO), in 2018, there were an estimated 218 million
cases and 405,000 malaria-related deaths. About 93% of these
deaths were reported from the WHO African regions alone and
were mostly caused by the most virulent form of human malaria,
Plasmodium falciparum infections. Cerebral malaria (CM) is a
major pathogenic consequence of P. falciparum infection and a
leading cause of malaria deaths in African children under 5y of
age. Currently, there is no treatment available to suppress
the clinical syndromes of CM and patient symptoms are man-
aged by administration of antimalaria drugs to control para-
sitemia and supported by adjunct therapies including exchange
transfusion (1).

CDA47 is a 50-kDa transmembrane surface protein with an
extracellular IgV domain that is ubiquitously expressed at vary-
ing levels across all cell types (2, 3). CD47 is a potent “don’t eat
me” signal regulating programed cell removal (PrCR) (4, 5).
When CD47 binds to inhibitory receptor signal-regulatory
protein-a (SIRPa), on the surface of phagocytic cells, the
immunoreceptor tyrosine-based inhibitory motif within the
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cytoplasmic domain of SIRPa of phosphorylates tyrosine phos-
phatases SHP1/2, which inhibit the myosin assembly necessary
for phagocytosis (6-8). CD47 is the predominant surface marker
of red blood cell (RBC) turnover; newly produced RBCs have
high surface expression of CD47, which degrades as a function of
RBC age. The importance of CD47 expression on RBCs was
demonstrated when labeled CD47 knockout cells were rapidly
cleared after transplantation into wild-type mice. Furthermore,
these studies used SIRPa antibodies to block phagocytosis
in vitro and demonstrated that CD47, the ligand for the inhibi-
tory receptor SIRPa, is critical to preventing PrCR of healthy
RBC:s (9, 10).

While blocking the interaction of CD47 is important for pro-
moting phagocytosis, CD47 blockade alone is not sufficient and
requires concurrent expression of a prophagocytic or “eat me”
signal on the surface of the target cell (11). Subsequent studies
identified cell surface expression of calreticulin (CRT) as the
predominant prophagocytic signal that preferentially promotes
phagocytosis of tumor cells while sparing healthy cells upon
CD47 blockade (12). The role of CRT as a prophagocytic signal
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is intriguing in the context of transcriptionally silent enucleated
RBCs, as activated macrophages have been demonstrated to
secrete CRT that binds to asialoglycans on the surface of target
cells, leading to macrophage CD91-mediated PrCR, and can
thus act as a cell extrinsic prophagocytic signal (13, 14).
Previous reports have demonstrated that CD47 plays an im-
portant role in Plasmodium infection. During late-stage malaria
infection (15 d postinfection) CD47 has been demonstrated to
counterbalance high levels of phosphatidyl serine on both un-
infected and infected RBCs the dynamics of which play an im-
portant role in malarial anemia (15). Experiments by Banerjee
et al. (16) were the first to demonstrate that Plasmodium yoelii,
which preferentially infects young RBCs that possess high ex-
pression of CD47, are protected from PrCR; this suggested that
blockade of the CD47 “don’t eat me” signal can provide thera-
peutic benefit in Plasmodium infection (16). Furthermore, dis-
ruption of SIRPa has been demonstrated to increase
phagocytosis of P. falciparum-infected RBCs (17). In this study,
we have investigated the therapeutic benefit of CD47 blockade
on parasite burden and survival from the clinical syndromes of
experimental CM (ECM) in mice caused by infection with
Plasmodium berghei ANKA parasites. P. berghei ANKA (Pb-A) is
a lethal model of severe malaria where infected mice succumb to
ECM (C57BL/6 mice) or severe anemia (BALB/c mice). Our
results show that CD47 blockade by injection of anti-CD47 mAb
protected 80% of C57BL/6 mice against ECM and death.

Results

Treatment with Anti-CD47 Enhances Macrophage-Mediated PrCR of
Plasmodium-Infected RBCs In Vitro. CD47 blockade alone is not
sufficient to promote PrCR; there must be a prophagocytic signal
on the surface of the target cell. We initiated our studies by
examining the expression of prophagocytic signal CRT on the
surface of RBCs from mice over the course of Pb-A infection in
BALB/c mice. In this murine model of severe malaria, 100% of
Pb-A-infected BALB/c mice develop lethal severe anemia and
hyperparasitemia. Blood was collected from BALBc mice in-
fected with 10° parasites of a transgenic strain of Pb-4, which
constitutively expresses GFP, on days 0, 5, 10, 15, and 20 post-
infection. Flow cytometry analysis was used to determine the
percentage of CRT™ parasitized RBCs (pRBCs) over the course
of infection. A gradual but significant increase in the percentage
of CRT* pRBCs was observed over the course of infection
(Fig. 14). Additionally, pRBCs from infected mice had signifi-
cantly higher levels of CRT on their cell surface compared to
RBCs from uninfected mice (Fig. 1B). Given the inherent tran-
scriptional silence of mature RBCs, it is likely that prophagocytic
CRT on the surface of RBCs over the course of malaria infection
is achieved in a cell-extrinsic manner, likely by macrophage se-
cretion as has been demonstrated previously (13).

We then determined whether CD47 expression on RBCs
during Plasmodium infection prevents efficient cellular clearance
by performing in vitro phagocytosis assays. We tested the effect
of mouse anti-CD47 mAb, MIAP410, compared to IgG1 isotype,
and PBS controls when RBCs from a Pb-A-infected mouse were
coincubated with syngeneic mouse macrophages. Anti-CD47
treatment resulted in a 4.7-fold increase in pRBC phagocytosis,
supporting the hypothesis that CD47 blockade in vivo may re-
duce parasite load and potentially reduce morbidity and mor-
tality (Fig. 1C). In addition to mouse phagocytosis assays, we also
tested the efficacy of human anti-CD47 mAb, Hu5F9G4, against
P. falciparum—infected human RBCs. Similar to our observations
in the mouse model, we found that CD47 blockade with
Hu5F9G4 lead to a 2.3-fold increase in phagocytosis compared
to the IgG4 isotype control (Fig. 1D). These results confirmed
that CD47 blockade promotes PrCR of pRBCs in both murine
and human in vitro models.
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CD47 Blockade Promotes Survival of the Cerebral Phase of Pb-A
Infection. To determine whether CD47 blockade could serve as
a promising therapeutic against CM, we measured the effect of a
single dose of anti-CD47 on susceptibility to ECM in the Pb-A
murine model. In this murine model of ECM, C57BL/6 mice
develop symptoms that resemble the clinical features of
human CM during the cerebral phase (days 6 to 10) of infection.
Mice that do not develop ECM will instead develop severe
anemia and hyperparasitemia after day 15 postinfection, which is
also lethal. C57BL/6 mice infected with 10° Pb-A parasites were
treated with either PBS or MIAP410, an anti-CD47 monoclonal
antibody (mAb), on day 3 postinfection and susceptibility to
ECM, as well as peripheral parasitemia, was compared. We
found that 100% of PBS-treated mice developed ECM and
succumbed 6 to 9 d postinfection. Conversely, 80% of the
MAIP410-treated mice did not develop ECM and survived the
cerebral phase of infection (Fig. 24). On day 5 postinfection,
PBS-treated mice had 3.1% parasitemia compared to MIAP410-
treated mice, which had 2.2% parasitemia (Fig. 2B). There was
no significant difference in peripheral parasitemia during the
cerebral phase of infection (SI Appendix, Fig. S1). Furthermore,
MIAP410-treated mice that developed ECM compared to
MIAP410-treated mice that did not develop ECM could not be
predicted based on parasitemia.

To determine if anti-CD47-mediated PrCR is involved in the
prevention of ECM, C57BL/6 mice were treated three times a
week with 400 pg of anti-colony-stimulating factor 1 receptor
(CSF1R) 2 wk prior to and throughout the course of Pb-A in-
fection in order to deplete resident monocytes and macrophages.
Depleted mice were infected with 10° Pb-A parasites and treated
with either PBS or MIAP410 on day 3 postinfection and sus-
ceptibility to ECM, as well as peripheral parasitemia was com-
pared. Despite long-term macrophage depletion, MIAP410-
treated mice had reduced susceptibility to ECM and had simi-
lar survival rates to MIAP410-treated mice that had not received
anti-CSF1R depletion (Fig. 2 C and D and SI Appendix, Fig. S2).
These data suggest that while anti-CD47 treatment enhanced
PrCR in vitro, in vivo survival of ECM is independent of the
regulatory role of CD47 on RBC clearance, or at least by the
anti-CSF1R-depleted phagocytes.

CD47 Blockade Results in a More Productive but Less Pathologic
Immune Response in Blood. Complete blood counts (CBC) were
used to evaluate the effect of anti-CD47 treatment on peripheral
blood during Pb-A infection. Pb-A-infected mice were treated
with PBS or MIAP410 on day 3 postinfection and their blood was
examined at the onset of the cerebral phase of infection on day 6.
On day 6 postinfection, PBS- and MIAP410-treated mice had
minimal signs of anemia. MIAP410-treated mice had 6.8 x 10°
RBC/pL and PBS-treated mice had 7.5 x 10° RBC/uL, as well as
comparable level of parasitemia (Fig. 34 and B). There was also
minimal difference between PBS compared to MIAP410-treated
mice for additional RBC parameters; hemoglobin (11.9 g/dL vs.
10.5 g/dL), hematocrit (41.9% vs. 37.0%), mean corpuscular
volume (55.7 L vs. 54.6 fL), and mean corpuscular hemoglobin
concentration (15.8 g/dL vs. 15.6 g/dL). These levels of drop in
red cell parameters, ~10%, are comparable to data in nonhuman
primates and humans after the first dose of blocking anti-CD47
antibodies (18). These results demonstrate that anti-CD47
treatment minimally impacts RBC parameters, nor does it ex-
acerbate anemia (Fig. 34). There was a 1.8-fold increase in cir-
culating white blood cells (WBC) in MIAP410-treated mice
compared to PBS-treated mice (Fig. 34). Specifically, MIAP410-
treated mice had a 1.9-fold increase in circulating lymphocytes
compared to PBS-treated mice, whereas there was no significant
difference in circulating neutrophils, monocytes, or eosinophils
(Fig. 3C). To further investigate the anti-CD47-mediated in-
flammatory response to Pb-A during the cerebral phase of
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Anti-CD47 treatment enhances programmed cell removal of Plasmodium-infected RBCs in vitro. (A) Percent CRT* pRBCs isolated from Pb-A-GFP

infected BALB/c mice on days 0, 5, 10, 15, and 20 postinfection (*P < 0.05, **P < 0.01; ns, not significant). (B) Representative histogram of CRT surface ex-
pression on TER119* RBCs from an uninfected mouse (white) and TER119*GFP* pRBCs from Pb-A-infected mouse day 20 postinfection. (C) Ter119*GFP* Pb-A
PRBCs were enriched by FACS and coincubated with syngeneic mouse macrophages following treatment with anti-CD47 mAb (MIAP410) compared to IgG1
isotype and PBS vehicle controls. Fold-change phagocytosis was determined by FACS analysis of GFP* macrophages across treatments compared to PBS control
(****P < 0.0001). (D) P. falciparum isolate 2D3-GFP* human pRBCs were enriched by FACS and coincubated with human macrophages in the presence of anti-
CD47 mAb (Hu5F9G4) compared to 1gG4 isotype and PBS vehicle controls (***P < 0.0009).

infection, serum was collected from the same mice on day 6
postinfection with Pb-4 for Luminex cytokine and chemokine
profiling. Of the 39 cytokines and chemokines measured, three
were significantly up-regulated by MIAP410-treated mice: in-
terferon (IFN)-y, tumor necrosis factor (TNF)-a, and interleukin
(IL)-22 (Fig. 3D and SI Appendix, Fig. S3). The cytokine profile
of the anti-CD47-treated mice along with their increased cir-
culating leukocytes suggests that blockade promotes a shift to-
ward a more inflammatory immune response to Pb-A4 infection.

CDA47 Blockade Preserves Blood-Brain Barrier Integrity and Prevents
ECM. The pathology of ECM is characterized by neurological
symptoms, coma, and death, proposed to result from
inflammation-induced cellular retention or accumulation within
the cerebral vasculature and dysfunction of the blood-brain
barrier (19). On day 6 postinfection, 100% of PBS-treated mice
had succumbed to ECM or had reached morbidity end-point
criteria. Conversely, MIAP410-treated mice showed no symp-
toms of ECM and 100% of cage mates not euthanized for his-
topathology survived the cerebral phase of infection. We
compared histopathology of MIAP410-treated and PBS-treated
mice by H&E staining of paraffin-embedded tissues from all
major organs during the cerebral phase (day 6) of Pb-A infection.
Most strikingly, MIAP410-treated mice had reduced cellular
accumulation in the brain compared to PBS-treated mice, which
had increased leukocytes surrounding the meningeal vessels,
within the brain blood vessel lumen, and within the Virchow
Robins space (Fig. 4 A-D). Furthermore, PBS-treated mice
exhibited decimated meningeal architecture, whereas MIAP410-
treated mice had intact meningeal architecture. One of the PBS-
treated mice was so severely affected by the clinical syndromes of
ECM that histopathologic examination revealed a hemorrhage
(black arrowhead in SI Appendix, Fig. S4B) within the
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interstitium of the spinal cord, whereas no lesions were observed
in the MIP410-treated mice (SI Appendix, Fig. S4). Reduced
cellular accumulation was also observed in the liver of the
MIAP410-treated mice compared to PBS-treated controls, pos-
sessing decreased RBCs and WBCs within the liver parenchyma
and blood vessel lumen. Additionally, there was reduced obser-
vation of Plasmodium metabolite hemozoin (represented by
black arrowheads in SI Appendix, Fig. S5) within the tissue of
MIAP410-treated mice compared to PBS-treated mice.

The histopathology in the brain and other tissues demon-
strated that mice treated with MIAP410 lacked the cellular ac-
cumulation observed as a result of Pb-A infection in PBS-treated
controls, suggesting anti-CD47-treated mice maintained vascu-
lar functionality. An Evans blue permeability assay was used to
measure blood-brain barrier integrity, Evans blue is an intravital
dye that binds to albumin, which does not cross the blood-brain
barrier under normal conditions (20). MIAP410-treated, PBS-
treated, or uninfected control mice were injected with 2 mL/kg
2% Evans blue 30 min prior to being euthanized on day 6
postinfection. Brains were then harvested, imaged, processed,
and the optical density (OD) of Evans blue dye within the brain
was measured at 620 nm by absorbance plate reader (Fig. 4E).
As expected, PBS-treated mice had increased levels of Evans
blue in the brain, confirming that the Pb-4—infected PBS-treated
mice experience severe effects of CM, specifically vascular
leakage at the blood-brain barrier. However, CD47 blockade-
treated mice had significantly lower levels of Evans blue in the
brain, indicating that CD47 blockade protects the blood-brain
barrier from vascular leakage (Fig. 4F).

CD47 Blockade Reduces CD8" T Cell Accumulation and

Proinflammatory Response in the Brain during ECM. To examine
the effect of CD47 blockade on a cellular level, CD8* T cells
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Fig. 2. CDA47 blockade-treated mice survive the cerebral phase of Pb-A infection. (A) Pb-A infection survival curves of PBS and anti-CD47-treated (MIAP410)
mice. Cerebral phase of infection is 6 to 10 d postinfection. (B) Percent parasitemia over the course of Pb-A infection in C57BL/6 mice treated with PBS or anti-
CD47 (MIAP410) plotted as mean + SEM (n = 5). (C) Pb-A infection survival curves of PBS and anti-CD47 treated (MIAP410) macrophage-depleted mice.
Depletion was achieved by established methods using anti-CSF1R for 2 wk prior to infection and was continued throughout the experiment. (D) Percent
parasitemia over the course of Pb-A infection in macrophage-depleted C57BL/6 mice treated with PBS or anti-CD47 (MIAP410) plotted as mean + SEM (n = 5).

within the brain of Pb-A-infected mice were characterized by
flow cytometry. During the peak of Pb-4 infection on day 6 mice
were perfused and brains were harvested, disassociated, and
analyzed by flow cytometry. While there was a subtle reduction
in CD8" T cells that had migrated into the brain tissue of anti-
CD47-treated mice compared to PBS-treated mice (Fig. 4G),
significant differences were observed in CD8" T cell cytokine
and granzyme production. CD8* T cells within the brain of anti-
CD47-treated mice produced lower levels of Granzyme B and
IFN-y (Fig. 4 H and I) at the site of pathogenic consequences of
ECM. In summary, treatment with anti-CD47 reduced the se-
verity of several events implicated in the pathogenesis of
CM—=cellular accumulation within the cerebral vasculature,
breakdown of the blood-brain barrier, and CD8* T cell cyto-
toxicity within the brain—promoting survival of Pb-4 infection.

Discussion

Abundant expression of CD47 across the hematopoietic lineage
makes CD47 blockade a potential strategy to modulate the im-
mune system. Several studies have demonstrated the broad
utility of CD47 blockade to promote innate immune cell clear-
ance (21-24) and adaptive immune responses (25-27). A recent
clinical trial has demonstrated the safety and efficacy of CD47
blockade with rituximab in relapsed, refractory (to rituximab and
chemotherapy) non-Hodgkin’s lymphoma patients with diffuse
large B cell lymphoma and follicular lymphoma (28), and in
myelodysplastic syndromes and elderly onset acute myeloid
leukemia patients in combination with azacytidine (29). The
specificity of anti-CD47 treatment is not limited to cancer cells
and is applicable to any target cell type upon which endogenous
CD47 levels may be counterbalancing prophagocytic signaling.
Indeed, we were able to identify increased levels of the pro-
phagocytic signal, CRT, on the surface of pRBCs (Fig. 14).
Furthermore, previous studies and our own in vitro data dem-
onstrate that blockade of CD47 signaling results in increased
phagocytosis of pRBCs (Fig. 1 C and D) (16, 17). Thus, we
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directly tested CD47 blockade as a therapeutic strategy against
Plasmodium infection in the murine model of CM.

Initially we assumed that CD47 blockade would enhance
PrCR of pRBCs leading to reduced parasite burden, as our
in vitro data supported this hypothesis. However, we observed no
significant difference in the peripheral parasitemia between
PBS-treated mice and anti-CD47-treated mice during the cere-
bral phase of infection (SI Appendix, Fig. S1). Long-term de-
pletion of macrophages sensitive to CSF1R antibodies also had
no effect on parasitemia or treatment outcomes during the early
phase of infection. Thus, while in vivo CD47 blockade conferred
protection during the cerebral phase of malaria infection, it
appears to do so in a CSF1R macrophage-independent manner
(Fig. 2). There are several possible reasons why CD47 blockade
did not significantly enhance PrCR in our in vivo model. First,
macrophage depletion with anti-CSF1R is imperfect, although
this method did lead to a significant reduction in splenic mac-
rophages in these experiments (SI Appendix, Fig. S2); the
expanding inflammatory monocyte subset is not targeted by this
approach and could have some RBC clearance potential, or
more likely, are responsible for the cerebral perivascular in-
flammation in the disease. Second, Pb-A infection in mice is
highly fulminant and parasite replication dynamics may out-
compete PrCR during the acute phase of infection. This is an
important point to consider given the age-based susceptibility of
different malaria parasites (30). Malaria species Plasmodium
vivax exhibit RBC susceptibility age restriction and can only in-
fect young RBCs and reticulocytes, while on the other extreme,
Plasmodium malariae only infect older RBCs (31, 32). However,
P. falciparum exhibits no restriction in age-based RBC suscep-
tibility, a feature that is associated with higher parasite burden
and disease severity. Lack of restricted RBC targets permits
species like P. falciparum and its mouse model Pb-A to possess
distinct replication dynamics in comparison to more restricted
strains of malaria. Since Pb-A infects both reticulocytes and
mature cells, it is feasible that CD47 was less effective on

Torrez Dulgeroff et al.

CD47 blockade reduces the pathologic features of experimental cerebral malaria and

promotes survival of hosts with Plasmodium infection


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907653118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907653118/-/DCSupplemental
https://doi.org/10.1073/pnas.1907653118

A 60-

20

vy}
N
(=]
[

PBS
B MiAP410

N
(3, ]
[
[

% Parasitemia
-_—
o
[

(3)]
[1

Units
H
(=) o
[ [
)
(vs]
(@]
=~ %
C —
-

1 1
PBS MIAP410

WBC HGB H MCV MCH MCHC
C D
30000~ * 100~
*%
80~
2 =
_ 20000 _ eo ) «
5 i
o =
o 40-
10000+
20+
0- 0-
neutrophil lymphocyte monocyte eosinophil |FN'Y TNF-a IL-22
Fig. 3. Effects of CD47 blockade on peripheral blood of Pb-A infected C57BL/6 mice. (A) The following blood parameters were measured during the cerebral

phase of infection on day 6 from PBS and anti-CD47 (MIAP410) -treated mice: red blood cells (RBC units = M/pL), white blood cells (WBC units = K/uL), he-
moglobin (HGB units = g/dL), hematocrit (HCT units = %), mean corpuscular volume (MCV units = fL), mean corpuscular hemoglobin (MCH units in picograms),
and mean corpuscular hemoglobin concentration (MCHC units in g/dL) (**P < 0.01). (B) Percent parasitemia of PBS and anti-CD47 (MIAP410) treated mice
on day 6 postinfection. There was no significant difference in parasitemia. (C) Absolute count of WBC subsets (neutrophil, lymphocyte, monocyte, and
eosinophil) were measured for during the cerebral phase of infection on day 6 from PBS and anti-CD47 (MIAP410) -treated mice (*P < 0.05). (D) Serum levels

of IFN-y, TNF-o, and IL-22 were measured by Luminex multiplex technology and are plotted as MFI + SEM (n = 5) (*P < 0.05, **P < 0.01).

clearance of mature infected RBCs and parasite growth
continued unabated.

The precise mechanisms of CM remain poorly understood.
Previous studies of CM have shown that the host immune re-
sponse is more indicative of the development of CM than pe-
ripheral parasitemia (33). This is supported by the fact that the
WHO definition of P. falciparum hyperparasitemia varies across
transmission areas and over time and is not a stable predictor of
severe malaria (34). Similarly, we observed that despite similar
levels of parasitemia, CD47 blockade significantly prevented
mortality of CM in the Pb-A C57BL/6 murine model. Surpris-
ingly, quantification of peripheral WBCs revealed that CD47
blockade led to an increase in circulating leukocytes, most of
which were lymphocytes. Moreover, serum levels of proin-
flammatory cytokines IFN-y and TNF-a, as well as IL-22, were
increased following CD47 blockade (Fig. 3). Previous studies
have demonstrated increased IFN-y production following CD47
blockade (25). These data are intriguing given the important and
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complicated role of IFN-y in the pathogenesis of ECM (35). It is
also possible that IL-22, a member of the regulatory cytokine IL-
10 family, previously reported to be protective in ECM (36), may
ameliorate the observed proinflammatory response. While
complex immune distinctions between anti-CD47-treated and
PBS-treated mice were observed in the circulation, these results
should be considered in the context of cellular and cytokine
levels during the pathogenesis of ECM in the brain.

CD47 blockade ameliorated several fundamental and inter-
connected hallmarks of ECM (Fig. 4). Histopathological exam-
ination revealed a reduction in cellular accumulation and
maintenance of vascular architecture in the brain. Evans blue
assay confirmed that CD47 blockade treatment reduced the
impairment of the blood-brain barrier associated with CM. The
reduced occurrence of CM observed with administration of anti-
CD47 likely involves complex pathways that result in prevention
of cerebral perivascular accumulations of leukocytes, perhaps
secondary to reduced stimulus to cause them to accumulate in
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Fig. 4. CD47 blockade reduces pathologic features of ECM. (A) H&E staining of brain tissue of PBS treated C57BL/6 mice on day 6 postinfection with Pb-A
taken at 10x and (B) 20x, compared to (C) anti-CD47 treated mice taken at 10x and (D) 20x. Red box represents field of view for 20x magnification. (E)
Representative images of brains following Evans blue permeability assay, to measure blood-brain barrier integrity, of C57BL/6 mice on day 6 postinfection
treated with PBS, anti-CD47 (MIAP410) compared to an uninfected control. (F) Quantification of blood-brain barrier permeability represented as fold-change
absorbance (ODg;0) over uninfected controls. (G) FACS quantification of CD8* T cells located within the perfused brain tissue of C57BL/6 mice on day 6
postinfection with Pb-A from PBS or anti-CD47 (MIAP410)-treated mice. (H) Percent of Granzyme B* CD8" T cells. (/) Percent of IFN-y* CD8* T cells. (n = 5)
(*P < 0.05).
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these vessels. These distinctions are also potentially integral to
the activation of CD8" T cells, which play a central role in the
pathogenesis of CM (37). Pb-A infection is associated with in-
creased cellular accumulation and cross-presentation to CD8*
T cells, leading to migration into the perivascular spaces within
the brain microvasculature. Perivascular APCs, presenting par-
asite antigen as a result of reduced blood-brain barrier integrity,
prime CD8* T cells, which upon activation release cytokines and
cytotoxic granules. CD47 blockade was demonstrated to reduce
cellular accumulation in the brain and improve the integrity of
the blood-brain barrier during Pb-A infection, which were cor-
related to a reduction in CD8™ T cell cytotoxicity.

Although we initially hypothesized that CD47 blockade would
enhance PrCR and attenuate disease burden by reducing para-
sitemia, we found that CD47 blockade reduced morbidity of
ECM through reducing the cytotoxicity of leukocyte infiltration
within the brain that is directly associated with disease patho-
genesis. While it is difficult to determine the precise order of
events that prevent ECM, given the ubiquity of CD47 expression
and complexity of ECM pathology, the effects of CD47 on CD8™
T cell cytotoxicity warrant further investigation. Our study rep-
resents a foundation for preclinical and clinical studies to in-
vestigate the prospect of anti-CD47 mAb administration to
reduce morbidity and mortality in CM patients, particularly in
young African children.

Materials and Methods

Mice, Parasites, and Infection. Age-matched female C57BL/6 or BALB/c mice
were obtained from The Jackson Laboratory. Mice from the I.L.W. laboratory
at Stanford University were maintained in the Stem Cell Institute and ex-
periments were carried out in accordance with guidelines set by the Stan-
ford University Administrative Panel on Laboratory Animal Care (Animal
Study Protocol 30109). Mice from the S.K. laboratory at the Food and Drug
Administration (FDA) were maintained at the facilities at the Center for
Biologics Evaluation and Research and experiments were carried out in ac-
cordance with the guidelines set forth for the care and use of laboratory
animals by the FDA (Animal Study Protocol 2002-21). Pb-A, Pb-A GFPCON
259cl2 obtained through BEI Resources, was used as the source of parasite
infection in both in vitro and in vivo experiments. Mice were infected by
intraperitoneal injection of 10° pRBCs from a donor mouse. Water for donor
mice was treated with 0.07 mg/mL pyrimethamine to select for GFP*
parasites.

CRT Expression. To determine the expression of CRT, mice were bled and
whole blood was stained with anti-CRT mAb (FMC 75) conjugated to phy-
coerythrin (PE) and Ter119 (Ly-76) conjugated to Alexa Fluor 700. pRBCs
were gated as Ter119*GFP* and the percent CRT* pRBCs and median fluo-
rescent intensity (MFI) were measured on an LSR Fortessa.

Phagocytosis Assays of RBCs by Mouse Bone Marrow-Derived Macrophages.
Macrophage derivation. Bone marrow-derived mouse macrophages were
generated by performing a bone marrow flush of the tibia and femur of
BALB/c mice that were 6 to 12 wk old. Bone marrow cells were mechanically
dissociated and treated with ACK lysis buffer for 5 min. Cells were then
differentiated in Iscove modified Dulbecco media + 10% FBS + 10 ng/mL
mouse macrophage colony stimulating factor for 6 to 8 d. Peripheral blood-
derived human macrophages were generated by Ficoll enrichment of white
blood cells from peripheral blood (Leukocyte Reduction System Chambers of
donor blood were purchased from the Stanford Blood Center). Cells were
treated with ACK lysis buffer for 5 min and then adherence selection for
30 min and cultured in RPMI + 10% human serum for 6 to 9 d.

Target cell isolation. Mouse pRBCs were purified from BLABc mouse pe-
ripheral blood infected with Pb-A GFPCON 259cl2 by FACS. Human pRBCs
were purified from type O donor blood infected in vitro with P. falciparum
3D7HT-GFP (courtesy of the Yeh laboratory at Stanford University, Cal-
ifornia, strain from BEI resources) using magnetic isolation with MACS col-
umns (Miltenyi Biotech).

Phagocytosis Assays of RBCs by Human Monocyte-Derived Macrophages. De-
rived macrophages were harvested and counted by hemocytometer. Once
purified, target cells were stained with carboxyfluorescein diacetate succi-
nimidyl ester (CFSE) to enhance target cell signal strength and then counted.
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Target cells were cocultured with macrophages at a ratio of 2:1 for 1 h in the
indicated treatment condition. CD47 blockade in vitro was achieved using
anti-CD47 mAb, for mice MIAP410 (Bio X Cell) was used and for human
Hu5F9G4 (Lonza) was used. Isotype control treatment for mouse was IgG1
isotype control (Bio X Cell) and for human was Ultra-LEAF purified 1gG4
isotype control (BioLegend). Mouse macrophages were labeled with anti-
mouse F4/80 (BioLegend), human macrophages were labeled with anti-
human Macrophage Marker (eBioscience). Percent phagocytosis (CFSE*
Macrophages) was quantified by FACS and normalized to PBS control to
calculate fold-change in phagocytosis across treatment conditions.

In Vivo Mouse Treatments.

CD47 blockade. C57BL/6 mice were injected intraperitoneally with 100 pg of
anti-CD47 MIAP410 (Bio X Cell) in 0.1 mL of phosphate buffered saline so-
lution. Mice were treated with a single dose of anti-CD47 on day 3
postinfection unless otherwise noted.

Long-term macrophage depletion. Mice were treated injected intraperitoneally
with 400 pg of anti-CSF1R (Bio X Cell) in 0.1 mL of phosphate buffered saline
solution. Depletion began 2 wk prior to infection with Pb-A, mice were
treated three times a week, and continued to receive treatment three times
a week until experimental endpoints were reached.

Parasitemia and CBC. The peripheral parasitemia of experimental mice C57BL/
6 mice was determined by FACS analysis. For FACS, 1 pL of blood was stained
Ter119 (Ly-76) conjugated to Alexa Fluor 700 for 30 min and then diluted in
500 pL of FACS buffer (phosphate buffered saline solution + 2% FBS) for
analysis. Peripheral parasitemia was measured as the percent of Ter119*
RBCs that were Pb-A-GFP*, parasitemia was also confirmed by microscopy
on Giemsa-stained thin blood films. CBC were performed on the Sysmex XT-
2000iV analyzer system and confirmed by blood smears analysis prepared
with Wright-Giemsa stain.

Luminex. This assay was performed in the Human Immune Monitoring Center
at Stanford University. Mouse 38 plex kits were purchased from eBiosciences/
Affymetrix and used according to the manufacturer’s recommendations,
with modifications as described below. Briefly, beads were added to a
96-well plate and washed in a Biotek ELx405 washer. Samples were added to
the plate containing the mixed antibody-linked beads and incubated at
room temperature for 1 h followed by overnight incubation at 4 °C with
shaking. Cold and room temperature incubation steps were performed on
an orbital shaker at 500 to 600 rpm. Following the overnight incubation,
plates were washed in a Biotek ELx405 washer and then biotinylated de-
tection antibody added for 75 min at room temperature with shaking. The
plate was washed as above, and streptavidin-PE was added. After incubation
for 30 min at room temperature, wash was performed as above and reading
buffer was added to the wells. Each sample was measured in duplicate.
Plates were read using a Luminex 200 instrument with a lower bound of 50
beads per sample per cytokine. Custom assay Control beads by Radix Bio-
solutions was added to all wells.

Immunohistochemistry. During the cerebral phase of infection, on day 6
postinfection, portions of all major organs were harvested from mice from
each treatment group. Harvested tissues were fixed in 10% buffered neutral
formalin, routinely processed, and embedded in paraffin for sectioning and
staining. H&E staining was performed by the Animal Diagnostic Laboratory in
the Department of Comparative Medicine at Stanford University. Parafin-
embedded sections were shipped to Histowiz for immunohistochemistry,
CD11b (ab133357, clone EPR1344).

Evans Blue Permeability Assay. On day 6 postinfection with Pb-A, C57/BL6
mice treated with PBS or anti-CD47, as described above, were injected retro-
orbitally with 2 mL/kg 2% Evans blue and euthanized 30 min postinjection of
the dye. Brains were collected, rinsed with PBS, and imaged. Brains were
then mechanically dissociated and incubated in formaldehyde for 20 h at
55 °C, Evans blue-infused supernatant was transferred to 96-well plate and
ODsgyo was measured by absorbance plate reader.

Flow Cytometry Characterization of CD8* T Cells. On day 6 postinfection with
Pb-A, C57/BL6 mice, treated with PBS or anti-CD47 as described above, were
perfused and euthanized. Brains were harvested, weighted, and mechan-
ically dissociated in MACS buffer (PBS, 2% FBS, 2 mM EDTA). Dissociated cells
were counted and stained with the following antibodies: anti-CD3, anti-CD8,
anti-IFN-y, and anti-Granzyme B (BioLegend). Spleens were harvested,
weighted, and mechanically dissociated in MACS buffer. Dissociated cells
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were counted and stained for anti-CD3, anti-CD8, anti-IFN-y, and anti-TNF-«
(BioLegend).

Data Availability. All study data are included in the article and S/ Appendix.
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