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Highlights

e Inactivation of BPGM protects against malaria

e Protection is linked to increased erythropoiesis after
parasite-induced hemolysis

e Reduced ATP levels in mutant erythrocytes reduces parasite
replication
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In Brief

Susceptibility to malaria is influenced by
host genetics. Xu et al. demonstrate that a
mutation in erythrocyte
bisphosphoglycerate mutase protects
against Plasmodium infection.
Resistance involves both increased
erythropoiesis in response to rising
parasitemia and hemolysis and reduced
intra-erythrocytic parasite replication
associated with decreased energy
metabolism with low ATP levels.
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SUMMARY

The replication cycle and pathogenesis of the Plasmodium malarial parasite involves rapid expansion in red
blood cells (RBCs), and variants of certain RBC-specific proteins protect against malariain humans. In RBCs,
bisphosphoglycerate mutase (BPGM) acts as a key allosteric regulator of hemoglobin/oxyhemoglobin. We
demonstrate here that a loss-of-function mutation in the murine Bogm (Bpgm"'6F) gene confers protection
against both Plasmodium-induced cerebral malaria and blood-stage malaria. The malaria protection seen in
Bpgm"6®" mutant mice is associated with reduced blood parasitemia levels, milder clinical symptoms, and
increased survival. The protective effect of Bpgm”esp involves a dual mechanism that enhances the host’s
stress erythroid response to Plasmodium-driven RBC loss and simultaneously alters the intracellular milieu
of the RBCs, including increased oxyhemoglobin and reduced energy metabolism, reducing Plasmodium
maturation, and replication. Overall, our study highlights the importance of BPGM as a regulator of hemoglo-

bin/oxyhemoglobin in malaria pathogenesis and suggests a new potential malaria therapeutic target.

INTRODUCTION

Malaria is a severe threat to global health, with an estimated 200
million cases and >400,000 deaths annually (World Health Orga-
nization, 2018). Malaria is caused by infection with different spe-
cies of the protozoan parasite Plasmodium (P. falciparum,
P. malariae, P. ovale, and P. vivax), with P. falciparum being the
deadliest (Cowman et al., 2016; de Koning-Ward et al., 2016;
White et al., 2014). The clinical symptoms of malaria occur at
the blood stage, when the parasites replicate rapidly and lyse
red blood cells (RBCs), causing anemia and high fever that can
be severe (SMA [severe malarial anemia]). In addition, cyto-
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adherent parasitized RBC (pRBC) can accumulate in brain cap-
illaries that cause obstruction of blood flow and inflammation in
situ; this cerebral malaria (CM) syndrome is the most lethal form
of the disease (de Koning-Ward et al., 2016; Mishra and Newton,
2009; Rasti et al., 2004). Combined, SMA and CM represent the
most severe malaria-associated cause of morbidity and mortal-
ity (Rasti et al., 2004).

Malaria is a striking example of human genetic effects in sus-
ceptibility to a lethal infection. Genetic studies in human popula-
tions have established the malaria-protective effect of several
RBC-specific protein variants (Huang et al., 2018; Langlais
et al., 2017; Torre et al., 2018). A clear example is the protective
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effect of hemoglobin (Hb) alleles linked to sickle cell anemia
(HbS) or thalassemias (HbC, HbE); although homozygosity for
mutant HbS alleles causes life-threatening anemia, heterozy-
gotes are asymptomatic and show strong protection against ma-
laria (Goheen et al., 2017; Taylor et al., 2012). Likewise, ACKR1
(Duffy antigen, DARC) is used by P. vivax as a surface receptor
for RBC invasion, and the absence of DARC expression partially
protects against P. vivax infection. In fact, P. vivax has driven the
fixation of Duffy negativity in sub-Saharan Africa (Culleton et al.,
2008; Miller et al., 1976). Deletion of the CI"/HCO3z~ anion
exchanger of RBCs, SLC4A1, causes southeast Asian ovalocy-
tosis, which is associated with the reduced incidence of malaria
(Genton et al., 1995; Jarolim et al., 1991). Furthermore, glucose-
6-phosphate dehydrogenase (G6PD) deficiency is high in certain
malaria-endemic areas of Africa, Asia, the Middle East, and
Papua New Guinea, and has been shown to protect against
malaria in vivo (Louicharoen et al., 2009). Recently, large
genome-wide association studies (GWASs) have confirmed the
importance of Hb variants, ABO blood groups, and G6PD in ma-
laria vulnerability, and have also detected novel risk loci MAR-
VELDS3, ATP2B4, glycophorins (FREM3/GYPE), and CD40LG
(Langlais et al., 2017; Band et al., 2015).

The impact of genetic factors on susceptibility to malaria has
been investigated in mouse models of CM and SMA caused by
infection with P. berghei ANKA (PbA) and P. chabaudi AS
(PcA), respectively. Although neither of these models perfectly
reproduce all aspects of pathogenesis of the corresponding hu-
man syndromes, they have proven useful for genetic studies,
testing drugs, and assessing vaccine candidates (Moradin
etal., 2016; Torre et al., 2018). The mouse model of PbA-induced
experimental CM (ECM) retains several features of human CM,
including brain edema, parenchymal hemorrhage, sequestration
of pRBCs, infiltration of inflammatory leukocytes, and severe
neurological features that include convulsion, paralysis, and
coma (Howland et al., 2015). Likewise, the mouse model of
blood-stage malaria induced by PcA shares a number of features
with human SMA, including severe anemia, splenomegaly, hepa-
tomegaly with sequestration of infected RBCs in these organs,
and stress erythropoiesis (Hernandez-Valladares et al., 2005).

Genes discovered as affecting Plasmodium pathogenesis in
mice have provided valuable entry points to investigate possible
similar effects in human populations (Huang et al., 2018; Torre
et al., 2018). We have shown that deficiency in pyruvate kinase
(PklIr), which is required for glycolysis and ATP synthesis in
RBCs, protects mice against blood-stage infection with PcA
(reduced blood-stage parasitemia, increased survival) (Min-Oo
et al,, 2003). Subsequent studies in human RBCs infected
ex vivo with P. falciparum showed that homozygosity or hetero-
zygosity for PKLR deficiency reduces infection phenotypes (Ayi
et al., 2008). Furthermore, longitudinal studies in populations
from malaria-endemic areas showed that heterozygosity for a
unique PKLR variant (R41Q) was associated with a reduction in
attacks of P. falciparum and an increased number of P. vivax in-
fections (Berghout et al., 2012; van Bruggen et al., 2015).

In this study, genome-wide chemical mutagenesis was used in
mice to identify genes that affect malaria pathogenesis. A mouse
mutant that bore a mutation in RBC-specific enzyme bisphos-
phoglycerate mutase (BPGM) was found to be strongly pro-
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tected against both blood-stage and cerebral malaria. Our study
investigated the mechanism of malaria protection conferred by
BPGM deficiency. We observed that at steady state, mutant
mice display erythrocytosis (elevated hematocrit [HCT], high
Hb) with moderately enhanced erythropoiesis, which is dramat-
ically exacerbated during Plasmodium infection. Furthermore,
BPGM deficiency is linked to drastic metabolic changes in
RBCs, including severely reduced ATP/guanosine triphosphate
(GTP) levels, that are associated with impaired parasite matura-
tion and replication. This is concomitant to reduced blood para-
sitemia levels during in vivo Plasmodium infection. Hence, the
malaria-protective effect of BPGM deficiency involves metabolic
changes in mutant RBCs at steady state and a more robust
erythropoiesis in response to decreased oxygen tissue delivery
from increased Hb oxygen affinity and also from hemolysis
from the parasite replication in pRBCs.

RESULTS

A Mutation in Bpgm Protects against ECM Induced by
PbA

A genome-wide in vivo mutagenesis with N-ethyl N-nitrosourea
(ENU) was used to identify recessively inherited mutations that
provide protection against lethal neuroinflammation in a mouse
model of ECM induced by PbA (Caignard et al., 2014). Mutagen-
ized B6 GO males were crossed to wild-type (WT) C57BL/10J
(B10) females, and the resulting G1 males were backcrossed
to B10 to generate G2 progenies. G2 females were then back-
crossed to the G1 male to generate G3 pedigrees, which were
phenotyped for resistance to infection with PbA (Figure 1A).
While susceptible mice rapidly develop lethal neurological symp-
toms (tremors, seizures, paralysis, coma) between day 5 (d5) and
d8 post-infection (p.i.), ECM-resistant mice remain largely symp-
tom-free and survive beyond d13 p.i.

Several ECM-resistant mice appeared in pedigrees from the
G1 male Darrion. Exome sequencing of 3 resistant G3 mice
identified a homozygous mutation in exon 2 of the Bpgm
gene (T-to-C nucleotide transversion), causing a non-conserva-
tive leucine-to-proline substitution at position 166 (L166P;
Bpgm*156F) (Figure 1B). Bogm""®%F homozygotes were partially
but significantly protected against ECM, with survival beyond
d10 in >50% of mice, compared to heterozygotes
(Bogm*-7567"*) and WT B6, which were ECM susceptible (Fig-
ure 1C). Loss of integrity of the blood-brain barrier (BBB) is a
pathological feature of lethal neuroinflammation in ECM-sus-
ceptible animals that can be assessed by Evans blue extrava-
sation (Figures 1D and 1E; Ghazanfari et al., 2018). In contrast
to PbA-infected B6 controls who readily accumulated the dye
(at d6 p.i.), Bogm"'%%F mice showed reduced dye accumula-
tion, indicating the retention of BBB integrity. Another feature
of PbA-induced ECM is the infiltration of inflammatory myeloid
and lymphoid cells in the brain that drives pathogenesis in sus-
ceptible animals. Investigation of cellular infiltration in the brain
of PbA-infected mice at d6é p.i. by flow cytometry (fluores-
cence-activated cell sorting [FACS]) showed significantly
reduced accumulation of CD45" cells in ECM-resistant
Bpgm“"%5" mice, compared to controls, including decreased
numbers of CD4" and CD8* T cells, B cells, macrophages,
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Figure 1. An ENU-Induced Mutation in Bogm Protects against ECM In

Days Post Infection

duced by PbA

(A) Breeding scheme for the production of ENU-induced homozygote mutants. G2 females were backcrossed to the G1 male (Darrion) to generate G3 offspring

that were phenotyped for susceptibility to PbA-induced ECM.

(B) Whole-exome sequencing identified a L166P amino acid substitution in exon 2 of Bogm in mice derived from the Darrion pedigree.

(C) Male and female mice were infected with PbA; survival of WT (Bogm™'*; n = 18), heterozygote (Bpgm“'667/*; n = 10), and homozygote mutants (Bogm

27) are shown. A log-rank (Mantel-Cox) test was used to determine significance

(D) Evans blue dye extravasation assay was performed to assess the integrity of the BBB. WT and Bpgm'

with PbA, and brains were dissected and photographed.

L166P; n=

(***p < 0.0001).

L166P mice were injected with Evans blue dye on d6 p.i.

(E) The dye was extracted from the brain 1 h post-injection and quantified by optical density measured at 610 nm, and expressed as micrograms of dye per gram

of tissue.
(F) Blood-stage parasitemia levels were determined on thin blood smears and are
counted per mouse.

expressed as a fraction of pRBC (% parasitemia). A minimum of 500 RBCs were

The data in (E) and (F) are presented as means + SDs; p values are calculated using 2-tailed unpaired Student’s t test (***p < 0.001; ****p < 0.0001). See also

Figure S1.

and neutrophils (Figure S1). Blood parasitemia (percentage of
pRBCs) levels tested at days 4, 5, and 6 p.i. (Figure 1F) were
significantly lower in Bogm"7%%” mice than in controls (total
parasite load 0.779 x 10° + 0.047 versus 1.268 x 10° =
0.067/mL of blood, respectively; p < 0.0005), suggesting a pri-
mary effect of the mutation on parasite replication in blood.
These results show that ECM resistance in Bpgm® %" mutants
is expressed primarily as reduced blood-stage replication of
the parasite concomitant to decreased intensity of
neuroinflammation.

L166P Impairs BPGM Protein Stability and Function in
RBC

BPGM is an RBC-specific trifunctional enzyme that synthesizes
2,3-bisphosphoglycerate (2,3-BPG). This enzyme bypasses the
generation of 1 molecule of ATP in glycolysis (the Rapoport-Lue-
bering shunt), which in turn generates an important glycolytic in-
termediate, 2,3-BPG, that facilitates Hb oxygen delivery (Chu
etal., 2014; van Wijk and van Solinge, 2005). From BPGM solved
structure, L166P does not map to any known functional domains
involved in the BPGM catalytic cycle (Craescu et al., 1992;
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Figure 2. Leucine-to-Proline Substitution at
Position 166 Impairs BPGM Stability and Ac-
tivity

(A) Multiple sequence alignment of BPGM shows
that leucine at position 166 is invariant across ver-
tebrates.

(B) Surface diagram of WT BPGM (cyan). Residue
L166 (magenta), depicted in stick representation, is
located in helix 7 (purple).

(C) Close-up of WT BPGM focusing on residue
L166.

(D) Close-up of P166 BPGM variant featuring the
unraveling of helix 7, with P166 mutation (magenta)
depicted in stick representation.

(E) Protein extracts from whole blood (top panel),
placenta, spleen, and splenocytes (after RBC lysis;
bottom panel) of WT and Bogm"'®%" mice were
analyzed for BPGM protein expression by immu-
noblotting. The expected molecular mass of BPGM
is 30kDa.

(F) Stability of WT (BPGM-"®®) and mutant
(BPGMP'%%) variants expressed in transfected
HEK293 cells as FLAG-tagged recombinant pro-
teins were analyzed by immunoblotting following
treatment with CHX (100 ng/mL) for 2, 4, 6, 8,and 12
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Patterson et al., 2010; Wang et al., 2004). However, L166 is
invariant among vertebrates, and the L166P substitution is
non-conservative, suggesting possible structural or functional
effects on BPGM (Figure 2A). Furthermore, molecular modeling
of L166P on the structure of BPGM predicts that P166 causes
a major structural change, including the loss of a domain-linking
a-helix (Figures 2B-2D; Kundu et al., 2013).

BPGM is a 30-kDa protein that is known to be highly ex-
pressed in erythroid cells and RBC-rich organs (Pritlove
et al., 2006). Comparative protein expression shows abundant
BPGM expression in the RBCs, spleen, and placenta of con-
trols, while in some of the Bogm""¢" mutants, the protein is
undetectable (Figure 2E), suggesting that L166P adversely af-
fects protein expression or stability in primary cells. This was
further investigated in HEK293 cells stably expressing trans-
fected epitope-tagged (FLAG) WT (L166) and mutant (P166)
BPGM, and was treated with the protein synthesis inhibitor
cycloheximide (CHX). The disappearance of BPGM was moni-
tored over time by immunoblotting (Figure 2F) and was quan-
tified (Figure 2G). While the half-life of WT L166 variant was
measured at >10 h, the half-life of mutant P166 variant was

4 Cell Reports 32, 108170, September 22, 2020

untreated sample (T = 0 h). The data are shown as
means + SDs; p values are calculated using Sidak’s
multiple comparison tests (*p < 0.05; ***p < 0.0001)
for 3 independent experiments.

(H) LC-MS analysis of 2,3-BPG levels in the blood of
WT and Bpgm“'%¢F mice, and transfected HEK293
cells expressing BPGM-"®® or the BPGMF'6®
variant.

Blood HEK293

reduced to <3 h (Figures 2F and 2G). Finally, the amount of
2,3-BPG in primary RBCs from WT and Bpgm"’" mutants
and in HEK293 cells stably expressing transfected L166 and
P166 proteins was determined (Figure 2H). There was a strong
reduction in 2,3-BPG levels in mutant RBCs and in corre-
sponding transfected cells compared to controls. These re-
sults suggest a loss of stability of the P166 variant linked to
a possible misfolding of the protein that ultimately leads to a
loss of enzymatic activity in the erythroid cells.

Bpgm"76°P Mutants Display Erythrocytosis

We assessed the effect of Bogm* " on hematological parame-
ters at steady state (Figure 3A). Compared to WT controls,
Bpgm“"%" mutants exhibited increased HCT (95% confidence in-
terval [Cl], 0.05054-0.09126 L/L, p < 0.001), RBC (95% ClI,
0.3470-1.189 x 10"%/L, p < 0.01), Hb (95% Cl, 9.617-24.78 L/L,
p < 0.001), and mean corpuscular Hb (MCH) (95% ClI, 0.02792-
0.9121 pg, p < 0.5) levels and developed significant macrocytosis
of their RBCs, concomitant with elevated serum erythropoietin
(EPO) levels (Figure 3B). There was no effect of the Bogm* 765" mu-
tation on the percentage of circulating reticulocytes and no
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Figure 3. Bogm""%" Mutant Mice Display Erythroid Abnormalities at Steady State

(A and B) Hematological parameters of WT or Bogm"'%%" mutants were assessed (n = 10 per group) (A), along with serum EPO levels (B). MCH, mean corpuscular
hemoglobin; MCV, mean corpuscular volume; RBC, red blood cells.

(C) p50 values calculated from venous blood analysis from WT (n = 5) and Bogm mutants (n = 6).

(D and E) Bone marrow (D) and splenic (E) cells from WT and Bpgm" 76" mice were labeled with antibodies against erythroid markers CD71 and Ter119 (CD71*/
Ter119" total erythroid precursors) and analyzed by flow cytometry (FACS) at steady state. Representative FACS contour plots are shown, with the proportion of
total cells in quadrant indicated by number.

(F and G) CD71*Ter119" viable cells in the bone marrow (F) and spleen (G) are shown.

(H and 1) CD71 and FSC-H were used to further identify sub-populations of CD71*Ter119" erythroid precursors into group | (erythroblast populations: pro-
erythroblasts, basophilic, polychromatophilic, and orthochromatophilic erythroblasts) and group Il (reticulocytes) (gating strategy shown in Figure S2). Each dot
represents 1 mouse.

All of the data are shown as means + SDs. Statistical significance was calculated using 2-tailed unpaired Student’s t test (*p < 0.05; **p < 0.001; ***p < 0.001;
****p < 0.0001; ns, non-significant). See also Figures S2-S4.

L166P

associated splenomegaly (data not shown). These findings sug- In humans, erythrocytosis in rarely reported patients with 2,3-
gest that Bogm" 6% loss-of-function mutation causes erythrocy-  BPG deficiency is associated with the increased affinity of Hb for
tosis, which is similar to clinical reports of BPGM-deficient pa- oxygen and the decreased rate of oxyhemoglobin dissociation
tients (Lemarchandel et al., 1992; Petousi et al., 2014). (Prchal and Gregg, 2005). The Hb oxygen dissociation curve is
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the relationship between the oxygen tension and the Hb oxygen
saturation in blood, with p50 being the oxygen tension when Hb
is 50% saturated with oxygen. When Hb-oxygen affinity in-
creases, the oxyhemoglobin dissociation curve shifts to the left
and decreases p50 and thus tissue oxygen delivery. Since in
venous blood, where Hb oxygen is markedly decreased
compared to arterial blood, one can determine the p50 values
from venous blood using its pH, pO., and Hb oxygen saturation
(Agarwal et al., 2007; Lichtman et al., 1976). When this was per-
formed in WT and Bpgm-"®F mutant mice (Figure 3C), the
Bpgm“%%F mutation was found to be associated with signifi-
cantly decreased p50 in mutant (26 mmHg) versus controls
(36 mmHag), reflecting increased intrinsic affinity of Hb for oxygen
in the mutant (left-shifted Hb oxygen dissociation).

The effect of Bogm“'9%F on erythropoiesis in bone marrow
and spleen was monitored at steady state using the expression
of the transferrin receptor (CD71) and glycophorin A-associated
protein (Ter119) and published flow cytometry (FACS) gating
strategies (Figure S2A; Chen et al., 2009; Koulnis et al., 2011;
Liu et al.,, 2006). An increase in the percentage and total
numbers of CD71*Ter119" cells was detected in the bone
marrow and spleen of mutants compared to controls (Figures
3D-3G). Sub-populations of erythroid progenitors can be
further distinguished by forward scatter intensity (FSC) to esti-
mate cell size (Chen et al., 2009; Liu et al., 2006), segregating
group | erythroblasts, which represent all of the stages of
maturing erythroblasts, and group Il, which represents reticulo-
cytes. Compared to controls, the total number of
CD71*Ter119" reticulocytes in Bpgm-'%®" mice showed a
marked significant increase in the bone marrow (95% Cl,
6.603-19.48 x 10° cells, p < 0.001) (Figure 3H), with a similar
trend noted in the spleen (95% Cl, —0.2664 to 9.874 x 10°
cells, p = 0.0619) (Figure 3l). Moreover, erythroid precursors
from Bpgm*'%%F mutants in the bone marrow and spleen dis-
played a significant decrease (median fluorescence intensity
[MFI]) in CD71 expression (Figures S2B-S2E). Further immuno-
phenotyping by FACS using cell-specific markers failed to
detect a major effect of the Bpgm*"%" mutation on major im-
munocyte compartments in the spleen and bone marrow (Fig-
ures S3 and S4).

These results indicate that the Bogm mutation is associ-
ated with the increased intrinsic affinity of Hb for oxygen and the
increased erythropoiesis in the bone marrow and spleen at
steady state.

L166P

Increased Stress Erythropoiesis Response to
Plasmodium Infection in Bpgm"'6¢" Mutants

The impact of the Bogm"'6%" mutation on erythroid response to
malaria was first tested in the PbA model of ECM by monitoring
erythroid populations on d6 p.i., before the onset of mortality in
WT controls (Figure 4). Bogm""%%" mutants reflected increased
erythropoietic activity in the periphery with a higher percentage
of circulating reticulocytes (Figure 4A), concomitant with signifi-
cantsplenomegaly (Figures 4B and 4C). Inresponse to PbA infec-
tion, both controls and mutants showed a marked increase in
erythropoiesis; however, this response was higher in the mutant,
with greater numbers and proportion of CD71*Ter119* erythroid
precursors in the bone marrow (Figures 4D and 4F) and spleen
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(Figures 4E and 4G). The stronger response of Bogm-"%* mu-

tants was seen for both group | and group Il precursors (Figures
4H and 4l). This increased erythropoietic response may
contribute to a faster recovery from hemolytic stress induced
by PbA infection, hence dampening disease severity in the
mutant (Fowkes et al., 2008; Lamikanra et al., 2007).

An erythroid mechanism of protection against PbA-induced
ECM would be a unique situation since ECM-resistant mutants
previously identified in our screen invariably involved mutations
dampening neuroinflammation, with no impact on blood-stage
parasitemia (Bongfen et al., 2012; Kennedy et al., 2014; Torre
et al., 2015, 2017). Hence, we tested the impact of Bogm*'66F
in response to infection with PcA, a parasite whose pathogenesis
is strictly restricted to blood-stage replication, with high levels of
parasitemia causing lethal anemia, without CM (Chang and Ste-
venson, 2004). Inbred mouse strains have different susceptibil-
ities to PcA-induced blood-stage malaria, with B6 mice (onto
which the Bogm"'6¢” mutation arose) being highly resistant (Ste-
venson et al., 1982; Yap and Stevenson, 1992). To test a protec-
tive effect of Bogm"'%%F against blood-stage disease, we back-
crossed the Bogm-'%®" mutant allele on the PcA-susceptible
genetic background of A/J mice (A/J.Bogm-"®%F strain). The
transfer of the Bpgm""%" mutation onto the A/J background
protected A/J.Bpgm"-"%" mice against blood-stage infection,
with increased survival (Figure 5A; 80% survival), with reduced
blood parasitemia throughout (Figure 5B), and at the peak of
infection (Figure 5C; 44% peak parasitemia), when compared
to A/J controls (100% lethality; 58% peak parasitemia). In addi-
tion, A/J.Bogm""6%F mice contained the infection, exhibiting a
progressive decrease in parasitemia starting at d10 and
continuing up to d20 p.i. (Figure 5B). These results show that
A/J.Bpgm""%8F mice can restrict the blood-stage replication of
PcA and show a greater capacity to recover from high parasite-
mia, demonstrating a strong protective effect of BPGM defi-
ciency against severe malaria-induced anemia.

The effect of the Bogm-7%F mutation on the erythropoietic
response during induction and recovery from PcA-induced he-
molytic stress was also investigated. To corroborate the results
of these experiments with those obtained in PbA infection (Fig-
ures 1, 3, and 4), we used the original Bogm"-7%" stock on a
B6 genetic background, which, albeit resistant to PcA infection,
is still informative for the effect of the Bogm mutation on erythroid
parameters. On d10 p.i., Bogm"~"%®F mutants exhibited spleno-
megaly (Figures 5D and 5E), accompanied by an ~2-fold
increased expansion of CD71*Ter119* erythroid cells of the
spleen (groups | and Il), in comparison to WT controls (Figures
5F and 5G). No significant differences were observed in the num-
ber of CD71*Ter119" erythroid precursors between Bogm"'65"
and WT mice in the bone marrow at that time point (Figures
S5A and S5B). These results suggest a more robust erythroid
response in Bpgm*"%F mutants compared to controls following
a purely hemolytic infection with PcA. Our data are in agreement
with the reported critical importance of splenic stress erythropoi-
esis to the outcome of malaria (Weiss et al., 1989; Yap and Ste-
venson, 1992). The results demonstrate that the Bogm-"%* mu-
tation confers protection against both blood stage and CM in
mouse models of these diseases, linked in part to the superior
erythroid response of the mutant.
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Figure 4. Altered Erythropoietic Response of Bpgm“ssp Mutants in Response to PbA-Induced ECM

L166P

Erythroid response of WT and Bogm mice to PbA infection (d6 p.i.).

(A) Reticulocytes were counted on thin blood smears stained with new methylene blue (1,000 cells per data point) and expressed as a percentage of total RBCs.
(B) Spleen index was calculated as the square root of the mass of the spleen (grams) divided by the body mass (grams).

(C) Photographs of infected spleens from WT and Bogm®* 66"

mutants (d6 p.i.).

(D-G) FACS analysis of CD71*Ter119* cells from the bone marrow (D) and spleen (E) of PbA-infected control and mutant mice. Representative contour plots are
shown in (D) and (E), while total numbers are shown in (F) and (G), respectively.

(H and I) Similar to Figure 3, CD71 and FSC-H were used to distinguish the subpopulations of erythroid progenitors (I, erythroblast populations; Il, reticulocytes),
demonstrating a greater number of these cells in PbA-infected mutant mice compared to controls. Each dot represents 1 mouse.

All of the data are shown as means + SDs. Statistical significance was calculated using 2-tailed unpaired Student’s t test (*p < 0.05; ***p < 0.001).

Finally, we tested the erythroid response of the mutant to he-
molytic anemia caused by phenylhydrazine (PHZ; Figures 5H, 5,
S5C, and S5D). Compared to controls, Bogm-'%%F mutants
showed elevated erythropoietic activity in the spleen in the
form of increased group | and Il of CD71*Ter119* erythroid pre-
cursors (Figures 5H and 5l). These observations suggest a stron-
ger erythropoietic response of Bpgm" 6" mutants, irrespective
of the nature of the hemolytic stimulus.

Reduced Intra-erythrocytic Replication of Plasmodium
in Bpgm"796F Mutant Cells In Vivo

We monitored the capacity of PbA and PcA parasites to replicate
in RBCs from control and Bpgm-%%" mutants. Plasmodium
development in RBC infected in vivo was analyzed by monitoring
parasite DNA (Hoechst stain) in cells by FACS, using a CD71/
Ter119 gating strategy (Figure S6; Malleret et al., 2011, 2015).

This DNA staining procedure can also estimate the numbers
and frequency of ring forms versus late-stage forms to monitor
both replication and maturation of intra-erythrocytic parasites
(Figure S6). We observed an ~5% decrease in the proportion
of Plasmodium late-stage parasites in mutant RBCs compared
to controls for both PbA infection (95% CI, —6.560 to —1.756,
p < 0.01) (Figures 6A-6C) and PcA infection (95% CIl, —12.07
to —1.013, p < 0.05) (Figures 6D-6F). This suggests that the
Bpgm“"%5F mutation creates an intracellular environment that is
less permissive to replication and maturation of the malarial
parasite in RBCs.

Effect of the Bpgm"'7°P Mutation on RBC Metabolism

Steady-state metabolites levels were analyzed in WT and mutant
RBC extracts (Method Details) with relative quantitation of 134
detected metabolites (Table S1). MetaboAnalyst 3.0 (Xia et al.,

Cell Reports 32, 108170, September 22, 2020 7




¢? CellPress

OPEN ACCESS

A D
S
©
2
<
>
@
204 - Bpgm™* (n=12)
—&~ Bpgm‘®® (n=10)
T
0 2 4 6 8 10 12 14 16 18 20
Days Post Infection
B . F g oo
607 -a Bpgm™ 8
g 50{ =& Bpgm* % & ooof
& 404 >
2 o 25 4001
o T2
Y o ?
° 20 |‘+: < 200
° ~
104 o
(@] 0o
6 7 8 9 10 11 12 13
Days Post Infection
C 8o, H 2 1200
® — © o~ 1000
E | a =g
8 607 a £ X 800;
‘B P =
< A @ 8 6004
@ -
0 401 %’ﬁ S P 4001
°
ES =
E 200
20 (8] .

—_—
WT  Bpgmtiee

WT  Bpgm-165?

s p— ]
WT  Bpgmt'66®

Cell Reports

WT  Bpgm-166P E 2.57
=) -
2 —
é 2.0 o
g ogeo
s e
8 15
Q
n
1.0+

.
WT  Bpgm*16s

4001 *

w
<1
il

in spleen (x10°)
N
3

N
o
=]

T

o
5)
CD71*Ter119* Viable Cells

WT Bpgm''" WT Bpgm"1es®
| I

| 2
*k E *k
[ —) (&) s 8004
o Q2 &) o
e}
T X 600
1% 5 &
° = O 4004 «
o 5 @ —
ozo F £ 200 z} %@
= <%
a
o 0

V\’/T Bpgr'nump V\I/T Bpg;nUBSP

Figure 5. Altered Erythropoietic Response of Bogm"%%" Mutants following PcA-Induced Blood-Stage Malaria

BpgmL166P

with PcA.

was introduced in the genetic background of PcA-susceptible A/J mice (A/J.Bogm"'6F). Control (A/J) and mutant mice (A/J.Bpgm"%%") were infected

(A) Survival plot of infected WT female and A/J.Bogm* %" female mutant mice. A log-rank (Mantel-Cox) test was used to calculate significance (****p < 0.0001).
(B) Blood parasitemia levels were determined on thin blood smears and were plotted over the period of time that preceded mortality in A/J controls.
(C) Maximum blood-stage replication during this period is shown and expressed as the peak parasitemia. A minimum of 500 RBCs were counted per data point

shown. The effect of Bogm-"%"

PcA.

(D and E) Representative spleens of WT and Bpgm*-'5°"

mutation on erythropoietic response was analyzed on d10 p.i. of WT and Bpgm'

L166P mutants (on a resistant B6 background) with

mice identified splenomegaly in mutant mice (D), which was quantified in (E).

(F) Significant increase in CD71*Ter119* maturing erythroid precursors in the spleen of PcA-infected Bogm“'66F mice.

(G) Significant increase in group | and group Il CD71*Ter119* maturing erythroid precursors in the spleens of PcA-infected Bogm“'66” mice compared to controls.
(H and I) WT and Bpgm" %" mice were treated with PHZ at 50 mg/kg body weight on d0. Erythroid cell populations were analyzed on d5 post-injection. Similar
analysis to (F) and (G), but for CD71*Ter119* maturing erythroid precursors in the spleen following treatment with PHZ.

All of the data are shown as means + SDs, with the exception of (A). Statistical significance was calculated using 2-tailed unpaired Student’s t test (*p < 0.05; **p <

0.001; ****p < 0.0001).

2015), unsupervised principal-component analysis (PCA), and
partial least-squares discriminant analysis (PLS-DA) were used
to generate two-dimensional score plots (Figure 7A). Hierarchi-
cal clustering analysis of the top differentially present 50 metab-
olites is shown in Figure 7B as a heatmap, in Figure 7C as a vol-
cano plot (adjusted p < 0.05 and a fold change [FC] > 1.5), and in
Table S2. Overall, the Bogm-"%%F mutation strongly affects
several metabolites and associated pathways. As expected
and relative to WT cells, Bogm*"9®” RBCs show the accumula-
tion of 1,3-BPG and the almost complete absence of 2,3-BPG
in agreement with the loss of BPGM enzymatic function (Fig-
ure 7C). The Bpgm"-7%%" mutation is associated with a strong

8 Cell Reports 32, 108170, September 22, 2020

reduction of all triphosphate, diphosphate, and monophosphate
nucleotide pools (ATP, GTP, UTP, TTP) compared to controls,
suggesting that purine/pyrimidine energy metabolism is
compromised in mutant RBCs (Figure 7D). Reduced ATP levels
have been associated with decreased permissiveness of Plas-
modium replication in mouse and human models of PKLR defi-
ciency (Ayi et al., 2009; Min-Oo et al., 2003). Metabolite set
enrichment analysis identified significant enrichment (p < 0.05)
for other differentially expressed metabolites and pathways,
including amino acid metabolism, and pentose phosphate
pathway, suggesting further pleiotropic effects of the mutation
(Figures S7A and S7B).
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Figure 6. Bogm""%6 Impairs Intraerythrocytic Growth of Plasmodium Parasites
FACS analysis was performed on whole blood from PbA- and PcA-infected WT and Bogm" 66" mutant mice using a method adapted from Malleret et al. (2011,
2015) (see Figure S6). Mice were infected with either 10° PbA-pRBC or 10° PcA-pRBC intravenously.
On d6 p.i. with PbA (A-C) or d7 p.i. with PcA (D-F), blood was stained with Hoechst 33342 and with anti-CD71 and anti-Ter119 antibodies.
(A and D) The proportion of total pRBC is defined as Hoechst positive cells, and are indicated.
(B and E) Cells displaying lower or higher Hoechst signals contain ring-stage parasites and late-stage parasites, respectively.

(C and F) The proportion of intracellular late-stage PbA and PcA parasites are graphed for WT controls and for Bogm
significant decrease in the proportion of late-stage parasites in the mutant.
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All of the data are shown as means + SDs. A 2-tailed unpaired Student’s t test was used to calculate significance (“p < 0.05; **p < 0.001). Related to Figure S6.
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(A) PCA and PLS-DA from the metabolic profiles of normalized (median normalized and log-transformed) and background-corrected values of WT (n = 5) and
Bpgm""%%" (n = 5) mice RBC replicates. Each point represents an extract from an individual mouse.
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These results indicate that BPGM deficiency has a strong ef-
fect on the intracellular milieu of RBCs, including decreased en-
ergy metabolism with very low ATP/GTP pools.

DISCUSSION

We have identified a novel ENU-induced mutation that protects
mice in vivo against lethal cerebral malaria (PbA). ECM protec-
tion in these mice is phenotypically expressed as reduced severe
anemia and blood parasitemia, absence of neurological symp-
toms, and increased survival. As opposed to previous protective
mutations identified in our screen (Themis, Jak3, Usp15,
Ccdc88b, Irf8, Irf1) that cause imbalance in inflammatory re-
sponses to infection, this mutation does not seem to affect the
number or function of immune cells (Torre et al., 2018). Instead,
the mutation affects RBC protein BPGM (Bpgm-%6F). In addi-
tion, the mutation protects against blood-stage malaria (PcA),
with protection similarly expressed as reduced parasitemia
and increased survival. The combined protective effect of the
Bpgm"-"%F mutation against different Plasmodium parasites
that cause lethality by distinct pathologies (ECM versus SMA),
but yet use the RBC as a replicative niche, first suggested a
non-immune, RBC-specific effect of Bpgm~'%®" that would
impede parasite replication, causing reduced blood-stage para-
sitemia and ultimately reduced lethality in both ECM (PbA) and
SMA (PcA) models.

BPGM is an RBC-specific enzyme that synthesizes 2,3-BPG
from 1,3-BPG (Chu et al., 2014). The L166P variant causes loss
of BPGM function in mutant RBCs: (1) it affects a highly
conserved residue (L166) in the protein; (2) the leucine-to-proline
substitution at position 166 is predicted to affect BPGM struc-
ture, including loss of a structured a-helix; (3) the P166 variant
is unstable with a reduced half-life, and is virtually undetectable
in mutant mature RBCs; and (d) RBCs from Bogm*"¢F mice or
transfected cells expressing the L166P variant show severely
reduced 2,3-BPG levels. In RBCs, 2,3-BPG is the main allosteric
regulator of Hb. 2,3-BPG shifts the equilibrium between the oxy
and deoxy states of Hb by preferentially stabilizing the unli-
ganded form (Hong and Gotlib, 2014; van Wijk and van Solinge,
2005). BPGM deficiency in Bogm-%%" mutants causes erythro-
cytosis, with elevated circulating RBCs and total Hb, and
increased erythropoiesis (Ter119*/CD71* erythroid precursors)
in the bone marrow and spleen at steady state. This is attributed
to insufficient levels of 2,3-BPG, resulting in increased O,-bound
Hb, decreased oxygen delivery to tissues (lower p50), and
compensatory erythropoiesis (Hoyer et al., 2004; Oliveira et al.,
2018). Our studies show that the Bogm""®F mutant identified

¢ CellP’ress

in our screen phenotypically mimics human BPGM deficiency
with the accumulation of 1,3-BPG and an almost complete
absence of 2,3-BPG , reduced rate of oxygen dissociation
from Hb, and decrease in corresponding p50 values.

We propose that BPGM deficiency protects against malaria
through a dual mechanism that involves (1) a more productive
erythropoietic response to replenish the loss of Plasmodium-in-
fected RBCs and (2) a reduced rate of intraerythrocytic parasite
replication in mutant RBCs. The loss of BPGM is associated with
an increased erythropoiesis at steady state linked to the reduced
gaseous exchange performance of mutant RBCs. However, in
response to hemolytic stress caused by infection with either
PbA and PcA (or following treatment with PHZ), compensatory
stress erythropoiesis is dramatically superior in mutant mice
compared to controls, particularly in the spleen. Superior eryth-
ropoiesis response to mounting parasitemia and RBC destruc-
tion is expected to provide a significant physiological advantage
via more efficient replacement of infected RBCs. This would
dampen the malaria-induced anemia and would allow other pro-
tective physiological responses to develop (immune functions).
In humans and in mouse models of experimental infection, the
strength of the erythroid response is a key determinant of the
severity of blood-stage disease. Low reticulocytosis is a major
factor in the onset and intensity of SMA, while recovery is
compromised by inadequate erythropoiesis (Chang and Steven-
son, 2004; Lamikanra et al., 2007; White, 2018). Also, in humans,
dys-erythropoiesis in the bone marrow has been found in
P. falciparum- and P. vivax-infected individuals, while in mouse
models, protection against SMA is linked to the dramatic ampli-
fication of splenic erythropoiesis (Abdalla et al., 1980; Chang and
Stevenson, 2004; Weiss et al., 1989; Wickramasinghe et al.,
1989). These observations support superior erythropoiesis as
contributing to the malaria-protective effect of BPGM deficiency.

A second mechanism by which BPGM deficiency may
contribute to malaria protection (and reduced blood-stage para-
sitemia) is through reduced intracellular replication of the para-
site. This reduced replication is seen both for PbA, which infects
primarily reticulocytes, and PcA, a parasite that infects both re-
ticulocytes and RBCs (Figure 6; Deharo et al., 1996; Ott, 1968).
This suggests that changes in the intracellular milieu caused by
the loss of BPGM function and that are associated with reduced
permissiveness to Plasmodium replication are expressed in both
mature RBCs and reticulocytes (Lelliott et al., 2015; Stephens
et al., 2012). Quantifying the two forms of the intracellular para-
sites (early ring-stage and late-stage parasites) suggests that
the protective effect of the mutation is not through the reduced
rate of infection of mutant RBCs, but rather affects

(B) Heatmap showing the normalized and corrected levels of the 50 metabolites most differentially altered in Bogm“'%%F versus WT RBCs (p < 0.05). Each column
represents the relative level value normalized (median normalized and log-transformed) and corrected for the metabolites interrogated for each WT (n = 5) and
Bpgm*"%°" (n = 5) mice replicates.

(C) Volcano plot showing the relative fold change (FC) in the levels of the 134 metabolites quantified from WT and Bogm extracts. Each point represents the
average value of the relative FC between the mutant and WT of 1 metabolite in 5 independent replicates. The relative FC cutoff was set at (FC) > 1.5 (log, FC of
>0.53 [light gray broken vertical lines] and for an adjusted false discovery rate [FDR] of <0.05 [—log{adj p value} of > 1.3], light gray broken horizontal line). Green
and red dots indicate the overexpressed metabolites in WT and Bpgm'76°F RBCs, respectively.

(D) Boxplot showing individual values of metabolites from purine and pyrimidine pathways identified in the metabolite enrichment set (Figures S7A and S7B)
showing significant FC variations of steady-state levels between WT and mutants.

All of the data are shown as means + SDs. Two-tailed unpaired Student’s t test was used to calculate significance, and p values are indicated. The data are from a
representative experiment from 2 independent experiments. Related to Figure S7 and Tables S1 and S2.
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intraerythrocytic parasites, possibly due to an effect of the muta-
tion on the RBC intracellular milieu. This reduced intraerythro-
cytic replication would translate into lower overall blood-stage
parasitemia and resistance to both PbA and PcA infections.
Our metabolite analysis identifies a major impact of the Bogm
mutation on several pathways (particularly purine metabolism),
including severe reduction of tri-, di-, and monophosphate
nucleotide (ATP/GTP) pools, which is indicative of reduced en-
ergy stores in the mutant. Reduced ATP/GTP levels caused by
other erythroid mutations, including PKLR deficiency, have
been associated with the reduced maturation and decreased
intracellular replication of Plasmodium species in human and
mouse RBCs (Ayi et al., 2009; Min-Oo et al., 2003). The Plasmo-
dium genome is devoid of genes for the biosynthesis of purine
nucleosides, and thus the parasite is unable to synthesize pu-
rines de novo (Downie et al., 2008), relying instead on the salvage
of purines from the host RBCs via the conversion of adenosine
and inosine to hypoxanthine (Downie et al., 2008). In addition,
the parasite requires a considerable amount of triphosphate nu-
cleotides to maintain its high metabolic rate. Hence, reduced
parasite replication in Bogm mutant RBCs may be explained in
part by impaired purine metabolism and the reduced availability
of ATP/GTP. Anti-plasmodial therapies based on targeting Plas-
modium adenosine deaminase and purine nucleoside phosphor-
ylase with nucleoside or nucleotide analogs have shown prom-
ising therapeutic value (Cassera et al., 2011; Dziekan et al.,
2019). Finally, we cannot exclude the possibility that erythro-
cytes infected with mature forms of the PcA and PbA parasites
are preferentially eliminated by the mutant reticuloendothelial
system. Although our metabolomics data support a direct
intrinsic RBC-specific effect of the mutation on parasite replica-
tion in situ, and although our cellular immunophenotyping data
failed to detect differences between mutant and WT immune
cell numbers and functions, additional experimentation aimed
at characterizing the elimination of RBCs infected with different
forms of the parasite by WT and mutant macrophages would
be required to formally eliminate this possibility.

BPGM deficiency in humans is exceedingly rare, with only a
few patients ever described (Cartier et al., 1972; Hoyer et al.,
2004; Labie et al., 1970; Lemarchandel et al., 1992; Oliveira
et al., 2018; Petousi et al., 2014; Rosa et al., 1978). Rosa et al.
(1978) reported the first case of a patient with complete BPGM
deficiency, presenting with erythrocytosis, elevated Hb (>190
g/L), and RBC 2,3-BPG levels <3% of controls. Genetically, the
patient was compound heterozygote for a loss of function variant
(R89C) and a single nucleotide deletion at codon 19 of the protein
(Lemarchandel et al., 1992). Another patient with BPGM defi-
ciency (homozygote for R62Q) with erythrocytosis was
described, but in the context of additional G6PD deficiency
(Hoyer et al., 2004). Finally, Oliveira et al. (2018) recently reported
homozygosity for a novel BPGM variant at position 169 in a pa-
tient suffering from erythrocytosis. The clinical features of these
very rare patients are similar to the phenotype of the Bogm"'6"
mouse mutant reported here, establishing Bogm"'6%F as a valid
mouse model for the study of human BPGM deficiency.

Overall, a highlight of our study is how the loss of BPGM func-
tion protects against both CM and SMA, the two major causes of
malaria-related morbidity and mortality in humans. Our finding
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establishes BPGM as a new example of erythroid-specific pro-
tein in which functional variants affect the susceptibility to ma-
laria. Although our study only demonstrates this effect against
murine parasites PbA and PcA, the list of such erythroid-specific
genes and proteins include Hb (HbC, HbS, and HbE), GEPD,
PKLR, SLC4AT1, glycophorins, ABO blood groups, Duffy antigen
(FY), and heme oxygenase (HO1) (Huang et al., 2018; Torre et al.,
2018). The possibility that human BPGM deficiency may affect
the replication of the human Plasmodium parasites
(P. falciparum, P. vivax) in RBCs from rare BPGM-deficient pa-
tients remains to be tested and can reveal BPGM as a potential
malaria therapeutic intervention point. Likewise, the possibility
that genetic variants within or near the human BPGM gene affect
susceptibility to malaria needs to be examined in field and pop-
ulation studies from areas of endemic disease.
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Bacterial and Virus Strains
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ThermoFisher Scientific
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Experimental Models: Cell Lines
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GraphPad Prism Version 6 GraphPad N/A

Jalview Alias Jalview http://www.jalview.org/

FIJI- ImageJ ImageJ https://imagej.net/Fiji

BEDTools Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/

Annovar Wang et al., 2010 https://doc-openbio.readthedocs.io/
projects/annovar/en/latest/

PyMOL Patterson et al., 2010 https://pymol.org/2/

Samtools Li and Durbin, 2009 http://samtools.sourceforge.net/

MetaboAnalyst 3.0
Burrows-Wheeler alignment tool

Xia et al., 2015
Li and Durbin, 2009

https://www.metaboanalyst.ca/

http://bio-bwa.sourceforge.net/

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Philippe

Gros (philippe.gros@mcgill.ca).

Materials Availability

All reagents generated in this study are available upon request to the Lead Contact but may require a completed Materials Transfer
Agreement if there is potential for commercial application.

Data and Code Availability

The published article includes all metabolomic datasets generated and analyzed for this study in Tables S1 and S2.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and Ethics Statement

ENU-mutagenesis and breeding of informative pedigrees were performed as previously described (Kennedy et al., 2014; Torre et al.,
2017). Inbred mice were purchased from Jackson laboratories (Bar Harbor, ME). In addition to the originating C57BL/6 (B6) back-
ground (backcrossed to B6 for 4 additional generations), the Bpgm* 6" mutation was backcrossed onto the A/J genetic background
(four consecutive backcrosses) to generate the A/J.Bogm-'%%F mouse line. WT B6 or A/J mice were used as controls. All experiments
were performed with 8-13 weeks old mice that were age- and sex- matched. Genotyping of Bogm"'%¢F mice were performed using
standard PCR amplification on genomic DNA with primers 5-CTGAATGAGCGTCACTATGG-3' and 5-GTACCTCCCCAATTCT
GAAAC-3' primers, followed by restriction enzyme digestion with Mboll (New England BioLabs), and gel electrophoresis (Bpgm*'667
homozygotes displaying a single band of 607bp). Experiments were performed in accordance with the regulations of the Canadian
Council on Animal Care. All protocols were approved by the Animal Care Committee of McGill University (protocol: 5287).

Cell Lines and Cell Culture

HEK293 cells (ATCC CRL-1573) were used for the generation of stably transfected cell lines expressing either the WT BPGM“'® or
mutant BPGMP ' variants. Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Wisent) supplemented with 10%
heat inactivated Fetal Bovine Serum (FBS) (GIBCO) and 100U/mL of Penicillin/Streptomycin (Hyclone) at 37°C with 5% CO.. For cul-
ture of stably transfected cells, plasmid containing full-length mouse Bpgm cDNA obtained from Origene was used (Cat#:
MR203358) as template for generation of BPGMF'®® protein variant through site-directed mutagenesis. 5'- GGATGTTCTGGAGAG
ACTTCCTCCCTACTGGAAGG -3’ and 5- CCTTCCAGTAGGGAGGAAGTC TCTCC AGAACATCC —3' primers were used. All
cDNA constructs were verified by Sanger sequencing. For protein stability studies, HEK293 cells (ATCC CRL-1573) were transfected
with flag-tagged WT BPGM-1%¢ and BPGM"'%® murine constructs using Lipofectamine 2000 reagent (ThermoFisher). Stably trans-
fected cells were generated following clonal selection and expansion in Geneticin (G418, 500ug/mL; ThermoFisher). All clones were
verified by immunoblot using rabbit polyclonal anti-BPGM antibody (Abcam, ab97497; 1:500) and mouse monoclonal anti-flag anti-
body (1:2000; Sigma-Aldrich, F1804-1MG).

METHOD DETAILS

Whole-Exome Sequencing

Exome capture was performed using SureSelect Mouse All Exon kit (Agilent Technologies) and parallel sequencing on lllumina HiSeq
2000 (100-bp paired-end reads). Reads were aligned with mouse genome assembly July 2007 (NCBI37/mm9) by Burrows-Wheeler
alignment tool (Li and Durbin, 2009). Coverage was assessed using BEDTools (Quinlan and Hall, 2010). Variants were called using
Samtools pileup and varFilter, and annotated using Annovar (Li and Durbin, 2009; Wang et al., 2010).

Parasites and Infection

Parasite strains used in this study are P. berghei ANKA (PbA) or P. chabaudi chabaudi AS (PcA). All PbA and PcA parasites were
maintained as frozen stocks at —80°C and routinely passaged in B6 or A/J mice to prepare infectious doses, as described (Bongfen
et al., 2012). Blood parasitemia was determined on thin blood smears stained with Diff-Quik reagents (Sigma Aldrich). Male and fe-
male mice were infected with 106 PbA pRBCs intravenously (i.v.; 0.2 mL), and were monitored three times daily for the appearance of
neurological symptoms of CM, which occurred typically within 5-8 days (Torre et al., 2015, 2017). Mutant mice remaining symptom-
free and surviving to d13 p.i. were considered to be ECM-resistant (Torre et al., 2015, 2017). For infection with PcA, female mice were
infected with 10* PcA pRBC i.v. and blood parasitemia was monitored daily on thin blood smears.

BPGM Protein Expression and Stability

Tissue and cell lysates were prepared in 20mM Tris-HCL pH 8, 150mM of KCL, 10% glycerol, 5mM MgCl, and 0.1% Np-40, and
dissolved in 1X Laemmli sample buffer and separated by electrophoresis on a 10% SDS-PAGE gel. BPGM protein expression
was monitored by immunoblotting using a rabbit polyclonal anti-BPGM antibody (1:500; Abcam, ab97497). To examine protein sta-
bility, stably-transfected HEK293 cells expressing either wild-type BPGM-"%® or the mutant BPGMP"'®® variant were treated with
cycloheximide (100ug/mL; Sigma-Aldrich) for 2, 4, 6, 8, 12h, at which point cell lysates were prepared and analyzed by immunoblot-
ting (anti-Flag antibody, 1:7000; Sigma-Aldrich, F1804-1MG). The L166 and P166 protein variants were modeled using the unli-
ganded structure of human BPGM (PDB: 3NFY) using PyMOL (Patterson et al., 2010).

BPGM Sequence Alignments

L166 amino acid conservation in BPGM was generated using Jalview multiple sequence alignment. Sequences were obtained from
UniProt (UniProtKB: P07738, P07952, P15327, Q3T014, Q4R6L7).

e3 Cell Reports 32, 108170, September 22, 2020



Cell Reports ¢? CellPress

LC-MS Quantification of 2,3-BPG

Transfected BPGM“'®® and BPGMP %6 cells were grown in DMEM media supplemented with 10% FBS on a 10cm dish until con-
fluency. Blood was collected in heparin coated tubes (Sarstedt) from WT and Bpgm"~"®®" mice, and the mouse plasma was
removed from the heparinized whole blood by centrifugation. Both HEK293 cells and RBCs were resuspended in dry-iced
80% methanol (MeOH) containing 0.5% formic acid and neutralized with 15% ammonium bicarbonate (NH4,HCO3). The superna-
tants were collected after a centrifugation at 17,000 x g for 5 min. The RBC lysates were subjected to an extra protein depletion
Spin Columns (10Ksin column, BioVision). Samples were dried using a refrigerated SpeedVac overnight and stored at —80°C until
analysis. The LC-MS method for the quantification of 2,3-BPG used reversed-phase ion-pairing chromatography coupled with
negative mode electrospray ionization to a stand-alone orbitrap mass spectrometer (Thermo Scientific) scanning from m/z 85-
1,000 at 1Hz at 100,000 resolution with LC separation on a Atlantis T3 column (150 mm X 2.1 mm, 3 um particle size, 100 A
pore size, Waters) using a gradient of solvent A (97%:3% H,0:MeOH with 10 mM tributylamine and 15 mM acetic acid), and sol-
vent B (100% MeOH). The LC gradient was, 0 min, 0% B, 200 pl/min; 2 min, 0% B, 200 wpl/min; 4 min, 20% B, 200 ul/min; 13 min,
80% B, 200 pl/min; 17 min, 100% B, 200 pl/min; 17.5 min, 100% B, 300 pl/min; 20 min, 100% B, 300 pl/min; 20.5 min, 0% B,
300 pl/min; 24 min, 0% B, 300 pl/min; 25 min, 0% B, 200 pl/min. Other LC parameters were column temperature at 25°C, auto-
sampler temperature at 5°C, and injection volume of 15 pL.

P50 Measurement

Venous blood was collected in heparinized capillary tubes from the submandibular vein and placed on ice and processed within
10 min after collection. The whole blood samples were injected into the GEM Premier 5000 analyzer (Instrumentation Laboratory,
MA 01730, United States) for the determination of blood gases. The pH, oxygen partial pressure (pO2) and oxygen saturation
(802) values were then determined electrochemically and venous oxygen tension and oxygen saturation were used to determine
the P50 (Agarwal et al., 2007; Lichtman et al., 1976).

Erythroid Cells Analyses

Whole blood was collected in EDTA tubes (Sarstedt), and hematological parameters were determined by standard automated
methods. Erythroid differentiation was analyzed by FACS prior to and 6 days p.i. with PbA and 10 days p.i. with PcA. Single cell sus-
pensions from spleen and bone marrow were prepared in Phosphate buffer saline (PBS) (Hyclone) containing 10% FBS (GIBCO) and
2mM EDTA (Invitrogen). 2.5 x 108 cells were blocked with anti-CD16/anti-CD32 (1:300, BioLegend) and stained with APC anti-Ter-
119 (clone Ter-119, 1:200, eBioscience), APC-eflouro 780 anti-CD45 (clone 30-F11, 1:400, eBioscience), PE anti-CD71 (clone
R17217, 1:200, eBioscience) for 30mins at 4°C. Non-viable cells were excluded using Zombie Aqua Dye-V500 (7-AAD) (1:400, Bio-
Legend). Data was acquired with a BD LSR Fortessa and analyzed using FlowJo software (Tree Star). Monitoring intra-erythrocytic
parasite development by FACS was performed as described (Malleret et al., 2011, 2015). Briefly, on d6 p.i. with PbA or on d7 p.i. with
PcA, near peak parasitemia, fresh whole blood was collected by cardiac puncture in EDTA containing tubes. 2.5uL of blood was
stained (20°C, 25mins) with Hoechst 33342 (Invitrogen) at a final concentration of 5ug/mL, followed by staining for erythroid cells
(Ter-119, CD71) as described (see above), followed by flow cytometry.

Evans Blue Dye Extravasation

The integrity of the blood brain barrier in PbA infected mice was assessed by Evans blue exclusion assay, as described (Torre et al.,
2015). Briefly, mice were injected with 0.2mL of 1% Evans blue dye (Sigma Aldrich) on d6 p.i. with PbA. One hour later, mice were
exsanguinated and perfused with phosphate-buffered saline. Brains were then excised and incubated with dimethyl formamide for
48h to extract the dye, which was then quantified by optical density measured at 610nm.

Cellular Immunophenotyping

WT and Bpgm" %" mice were immunophenotyped at steady state. 2.5x10° bone marrow and splenic cells were stained with anti-
body cocktails: BV421 anti-CD11b (clone: M1/70, 1:500, Biolegend), PE-Cy5 anti-F4/80 (clone: BM8, 1:400, eBioscience), PE anti-
CD11c (clone: N418, 1:200, eBioscience), PerCP-Cy5.5 anti-Ly6G (clone 1A8, 1:300, Biolegend), FITC anti-Ly6C (clone: HK1.4,
1:400, Biolegend), and APC-eflouro780 anti-CD45 (clone 30-F11, 1:300, Invitrogen) for myeloid cells, and PE anti-TCRB (clone:
H57-597, 1:200, eBioscience), APC anti-NKp46 (clone: 29A1.4, eBioscience), PerCP-Cy5.5 anti-CD4 (clone: RM4-5, 1:300, eBio-
science), Alexa Fluor 700 anti-CD8a (clone: 53-6.7, 1:200, eBioscience), BV421 anti-B220 (clone: RA3-6B2, 1:400, Biolegend) and
APC-eflouro780 anti-CD45 (clone 30-F11, 1:300, Invitrogen) for lymphoid cells. Cellular infiltration in the brain was performed on
d5 p.i. with PbA as previously described (Torre et al., 2017). Infiltrating cells were stained with antibody cocktails: PerCP-Cy5.5
anti-CD4 (clone RM4-5, 1:300, eBioscience), PE anti-CD8a (clone 53-6.7, 1:400, eBioscience), FITC anti-TCRB (clone H57-597,
1:200, eBioscience), BV421 anti-CD19 (clone 6D5, 1:300, BioLegend), APC anti-CD11b (clone M1/70, 1:400, eBioscience), PE
anti-Ly6C (clone HK1.4, 1:3000, eBioscience), FITC anti-Ly6G (clone 1A8, 1:400, BioLegend) and APC-eflouro780 anti-CD45 (clone
30-F11, 1:400, Invitrogen). All non-viable cells were excluded using Zombie Aqua Dye-V500 (7-AAD) (1:400, Biolegend). Samples
were acquired using BD LSR Fortessa and analyzed using FlowJo software (Tree Star).
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EPO Quantification
Serum erythropoietin (EPO) was quantified by mouse EPO ELISA kit following the manufacturer’s instructions (R&D system,
MEPQOB).

Treatment with Phenylhydrazine
Hemolytic anemia was experimentally induced with one dose of neutralized phenylhydrazine (Sigma-Aldrich) at a concentration of
50mg/kg. Erythroid parameters were analyzed at d5 post-treatment and were performed as described above.

Metabolite Profiling

Authentic standards were obtained from Sigma Aldrich where possible. 1,3-Bisphosphoglyceric acid was synthesized as described
(Oslund et al., 2017), but not purified. It was used to determine retention time compared to 2,3-Bisphosphoglyceric acid. Water,
methanol, acetonitrile, acetic acid and tributylamine were obtained from Fischer Scientific. Metabolites were profiled at the Rosalind
and Morris Goodman Cancer Research Centre Metabolomics Core Facility. Blood was collected in EDTA coated tubes (Sarstedt)
from WT and Bogm-'6%F mice. Cells were washed with saline and centrifuged to remove the supernatant. Polar metabolites were
extracted by adding 500uL 80% MeOH, vortexing the samples for 1 minute and centrifuging at 21,130.2 x g for 10 minutes at
1°C. The supernatant was transferred to a microcentrifuge tube and dried by using a chilled vacuum centrifuge operating at a sample
temperature of - 4°C (Labconco). Samples were resuspended in 50 uL of HPLC-grade water before LC-MS analysis. For targeted
metabolite analysis, samples were injected onto an Agilent 6470 Triple Quadrupole (QQQ)-LC-MS/MS. Chromatographic separation
of metabolites was achieved by using a 1290 Infinity ultra-performance quatrinary pump liquid chromatography system (Agilent
Technologies. The mass spectrometer was equipped with an electrospray ionization source, and samples were analyzed in negative
mode.

Multiple reaction monitoring parameters (qualifier/quantifier ions and retention times) were obtained from the Agilent MRM data-
base and optimized using authentic metabolite standards. The quantifying and qualifying ion transitions for both 2,3-BPG and 1,3-
BPG were 264.9—166.9 and 264.9 —79.0, respectively. Using this method, 1,3-BPG elutes at 16.6 min, while 2,3-BPG elutes at
17 min. The source-gas temperature and flow were set at 150 °C and 13 L min~", respectively, the nebulizer pressure was set at
45 psi, and capillary voltage was set at 2,000 V. Chromatographic separation of the isomers and other meatabolites was achieved
by using a Zorbax Extend C18 column 1.8 um, 2.1 x 150mm? with guard column 1.8 um, 2.1 x 5mm? (Agilent Technologies). The
chromatographic gradient started at 100% mobile phase A (97 % water, 3% methanol, 10 mM tributylamine, 15 mM acetic acid, 5 uM
medronic acid) for 2.5 min, followed with a 5-min gradient to 20% mobile phase C (methanol, 10 mM tributylamine, 15 mM acetic
acid, 5 uM medronic acid), a 5.5-min gradient to 45% C and a 7-min gradient to 99% C at a flow rate of 0.25 mL min~". This was
followed by a 4-min hold time at 100% mobile phase C. The column was restored by back-washing with 99% mobile phase D
(90% ACN) for 3 min at 0.25 mL min~", followed by increase of the flow rate to 0.8 mL min~" over 0.5 min and a 3.85-min hold, after
which the flow rate was decreased to 0.6 mL min~—" over 0.15 min. The column was then re-equilibrated at 100% A over 0.75 min,
during which the flow rate was decreased to 0.4 mL min~", and held for 7.65 min. One minute before the next injection, the flow
was brought back to forward flow at 0.25 mL min~". For all LC-MS analyses, 5 pL of sample was injected. The column temperature
was maintained at 35°C. Relative concentrations were determined from external calibration curves. Data were analyzed by using
MassHunter Quantitative Data Analysis B.10.00 (Agilent Technologies). No additional corrections were made for ion suppression;
thus, concentrations are relative, not absolute.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs, pathway analyses, heatmaps, and all statistical tests were performed using GraphPad Prism 6.0 (GraphPad Software, Inc,
La Jolla, CA). Analyses were performed using Mantel-Cox log-rank, Sidak’s multiple comparison or two-tailed unpaired Student’s t
test as indicated in the figure legends. Statistical significance was considered as a p-value of p < 0.05. For all animal experiments an
individual mouse was considered a biological replicate. A minimum of 5 animals were used per experiment with a minimum of two-
independent experiments performed. “n” represents the number of animals. Individual data points with means and standard devi-
ations are shown for all dot plots. No data points were excluded. FlowJo software was used to visualize and quantify all FACS data.
MetaboAnalyst 3.0 (Xia et al., 2015) was used to analyze all metabolomics’ data. Representative contour plots are shown in Figures 3,
4,6, S2, S3, and S6.
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