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Key Points

• AMPD3 activation reduces
red blood cell half-life, which
is associated with increased
oxidative stress and
phosphatidylserine exposure.

• AMPD3 activation causes
malaria resistance through
increased RBC turnover and
increased RBC production.

The factors that determine red blood cell (RBC) lifespan and the rate of RBC aging have

not been fully elucidated. In several genetic conditions, including sickle cell disease,

thalassemia, and G6PD deficiency, erythrocyte lifespan is significantly shortened. Many

of these diseases are also associated with protection from severe malaria, suggesting

a role for accelerated RBC senescence and clearance in malaria resistance. Here, we re-

port a novel, N-ethyl-N-nitrosourea–induced mutation that causes a gain of function in

adenosine 59-monophosphate deaminase (AMPD3). Mice carrying the mutation exhibit

rapid RBC turnover, with increased erythropoiesis, dramatically shortenedRBC lifespan,

and signs of increased RBC senescence/eryptosis, suggesting a key role for AMPD3 in

determiningRBChalf-life.Micewere also found tobe resistant to infectionwith the rodent

malariaPlasmodium chabaudi.Wepropose that resistance toP. chabaudi ismediated by

increasedRBC turnover andhigher ratesof erythropoiesis during infection. (Blood. 2016;

128(9):1290-1301)

Introduction

The lifespan of red blood cells (RBC) is tightly regulated, lasting some
120 days in humans and 51 days in mice.1 Senescent RBCs are cleared
from thebloodstreambymacrophages of the reticuloendothelial system
and are replaced with new erythrocytes.2-4 This destruction is not
random, and it is highly dependent on RBC age.4 The factors de-
termining the rate of RBC aging, and thereby RBC lifespan, have not
been fully elucidated.

In several genetic conditions, including pyruvate kinase deficiency,
sickle cell disease, thalassemia, hereditary spherocytosis, and G6PD
deficiency,5,6 erythrocyte lifespan is significantly shortened. In most
cases, cells show signs of increased senescence, including increased
oxidative stress and phosphatidylserine (PS) exposure.2,7-9 Intrigu-
ingly, many of these diseases are also associated with protection from
severe malaria,10,11 which has led some authors to propose a role for
RBC senescence and clearance in malaria resistance.12-14

RBC lifespanmay be critically regulated by changes in intracellular
adenosine nucleotide (adenosine triphosphate [ATP], adenosine
59-diphosphate [ADP], and adenosine 59-monophosphate [AMP])
levels.15,16 For example, the shortened lifespan of RBCs in pyruvate
kinase–deficient individuals and associated pathology has been linked
to reduced RBC ATP levels. Similarly, ATP loss contributes to
pathology in sickle cell disease.17 Erythrocytic ATP levels are
controlled by adenosine monophosphate deaminase (AMPD3), which
converts AMP to inosine 59-monophosphate (IMP) and plays an

important role in maintaining the adenylate energy charge or the ratio
of ATP to AMP. Thus, ATP loss may be mediated through AMPD3,
which converts AMP to IMP. In most cells, the conversion of ITP back
to AMP by adenylsuccinate synthetase and adenylsuccinate lyase
balances AMPD3 activity. However, in RBCs, the machinery for
conversion of IMP back to AMP is absent, and to maintain AMP/ATP
levels, AMPD3 is inactivated. Reactivation of AMPD3 by oxidative
stress has been linked to the ATP loss associated with RBC death.18,19

As yet, it is unknown if AMPD3 plays an independent role in
determining RBC lifespan.

Here, we report a novel, N-ethyl-N-nitrosourea (ENU)–induced
mutation that causes a gain of function in AMDP3. Mice carrying the
mutation exhibit reduced erythrocyte ATP, increased GTP, rapid RBC
turnover with increased erythropoiesis, dramatically shortened RBC
lifespan, and signs of increasedRBC senescence.Micewere also found
to be highly resistant to infection with the rodent malaria Plasmodium
chabaudi.

Methods

For detailed methods, see supplementalMaterials andmethods (available on the
BloodWeb site).
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Animals

Mice were bred under specific-pathogen–free conditions. All procedures
conformed to the National Health and Medical Research Council code of
practice. Seven-week-old SJL male mice received intraperitoneal (IP) injections
of 150mg/kgENUat 1-week intervals.MutagenizedG0micewere crossedwith
background SJL. G1s were bled at 7 weeks for blood analysis. The G1 49372
mouse displayed a mean corpuscular volume 3 standard deviations higher than
average; it was then crossedwith SJL, and the resultingG2swere used for further
experiments.

Whole-exome sequencing

DNA from 2 phenodeviant MRI49372 was isolated using a QIAGEN
DNeasy blood and tissue kit (Hilden, Germany). $ 10 mg of DNA was
prepared for paired-end genomic library using a kit from Illumina (San
Diego, CA). Exome enrichment was performed using an Agilent Sure select
kit. Samples were sequenced on a Hisequation 2000 platform. The variant
calling and filtering methodology has been fully described elsewhere.20

Briefly, we mapped the short sequence tags (reads) on the mouse genome
(mm9/NCBI37) usingBWAV0.6121 andBOWTIE2.22 Nucleotide variants
were called using SAMTOOLS V0.1.1923 and GATK.24 From our variant
filtration process, we retained those that are “common” and “private” to the
2 mutants, namely at an allelic frequency of 1 and not shared by other SJL
mice and ENU mutant mice previously sequenced. Remaining variants
were annotated using ANNOVAR.25

Complete blood count

Complete blood counts were obtained using an ADVIA 2120 hematology
system. Reticulocyte count was determined by counting thin smears from tail
blood stained in 10% Giemsa solution.

Western blots

Protein was separated by SDS-PAGE26 using 8% gradient gels. Because the
anti-AMPD3 antibody only recognizes native-state protein, lysates were
not denatured prior to SDS-PAGE. Mouse monoclonal ACTB or rabbit
polyclonal AMPD3 (Abcam) was used for immunoblotting. Band density
was calculated using ImageJ.

Purine analysis

Magnetic activated cell sorting–separated mature RBCs (CD712), which
were then washed in ice-cold PBS, and 20 ml packed cells were either snap
frozen or incubated at 37°C, 50% hematocrit in Hank’s balanced salt
solution containing 2 mM AMP or 2 mM 13C15N-U-AMP. Samples were
collected at 0, 1, or 2 hours and washed in mouse tonicity phosphate-
buffered saline. Packed cells were aliquoted and snap frozen. RBC aliquots

were quenched and lysed in 200 ml ice-cold acetonitrile:water stable-
isotope–labeled (13C) internal standards. A ZIC-pHILIC LC-QTOF platform
was used for global metabolome detection of mature RBCs. Untargeted
data processing and statistical analysis were performed on the automated
IDEOM pipeline.27 Metabolite identification of purines was based on
accurate mass, retention time, and authentic chemical standards, which is a
level 1 standard of identification by theMetabolomics Standards Initiative.28,29

Targeted analysis and isotope enrichment were determined by extraction of
ion chromatograms based on accurate mass using MassHunter software
(Agilent).

Erythropoiesis

Bone marrow and spleen cells from mutant and wild-type (WT) mice were
stainedwith anti-TER119 and anti-CD44 (eBioscience). Cells were analyzed on
a BD FACSARIA-II flow cytometer, recording 10 000 events per sample.
Populations were gated as described previously.30 A Quantikine mouse/rat
immunoassay (R&D Systems) was used to measure plasma erythropoietin
concentration according to the manufacturer’s instructions. Plasma bilirubin
was measured using TBIL strips on the VetTest Chemistry Analyzer (IDEXX
Laboratories).

Half-life and senescence

RBC half-life was determined by IV administration of 1 mg NHS-biotin-ester
dissolved in saline. Acute hemolysis was achieved by IP injection of 60 mg/kg
phenylhydrazine on 2 consecutive days. After the second injection, blood was
collected by tail snip each day for 7 days and stainedwith anti-TER119 and anti-
CD71 (eBioscience). Cells were resuspended in mouse tonicity fluorescence-
activated cell sorting containing 108 counting beads per microliter, and the
number of TER1191CD712 cells per bead was calculated. PS exposure, Ca21

content, and reactive oxygen species (ROS) were measured by flow cytometry,
in conjunctionwithAnnexinV-FITC,FlUO3/AM,andH2DCFDA, respectively.

Nonheme iron

Liver and spleen tissue was dried at 45°C for 48 hours and then placed in a 10%
hydrochloric acid/10% trichloroacetic acid solution to digest for 48 hours at
65°C. Samples were centrifuged, and 200 ml supernatant was added to 1 ml
1,10-phenanthrolinemonohydrate solution and incubated for 15minutes at room
temperature. After incubation, absorbance was measured at 508 nm.

Osmotic fragility

Bloodwas incubated 1:100 inNaCl solutions ranging from0 to 160mmol. After
30 minutes at 37°C, samples were centrifuged and the absorbance of the
supernatant measured at 545 nm. Percentage lysis was calculated by comparison
with 100% lysis at 0 mmol NaCl.

Lysis in culture

Blood was incubated 1:100 in supplemented RPMI at 37°C for 24 hours.
Samples were centrifuged, and supernatant was collected for analysis by
absorbance at 545 nm. The percentage of cells lysed was calculated by
comparison with samples that were completely lysed by freezing and
thawing.

Infections

Experiments used either the rodent parasite P. chabaudi adami DS (408XZ) or
P. berghei ANKA. Parasite stocks were prepared from passage through resistant
C57BL/6 andSJL/Jmice, respectively, as describedpreviously.31Experimental
mice were infected with an IP dose of 13 104 parasitized RBCs. Blood stage
parasitemia was determined by taking thin smears from tail blood (1ml per day
fromdays 7-14 postinfection) stained in 10%Giemsa solution. The percentages
of infected reticulocytes and infected mature red cells were calculated.

Table 1. Hematological parameters of wild-type, MRI49372/1, and
MRI49372 mice

WT MRI49372m/1 MRI49372m/m

WBC 9.6 6 0.7 10.6 6 0.5 20.2 6 2.3**

RBC 10.3 6 0.2 8.8 6 0.4 5.9 6 0.4***

HGB 106.1 6 8.2 93.0 6 7.7 71.2 6 7.9**

MCV 53.1 6 0.5 56.2 6 0.4* 71.6 6 2.1*

RDW 14.6 6 0.2 14.1 6 0.2 21.9 6 1.0***

%Retic 2.3 6 0.3 6.0 6 1.1* 52.6 6 6.5**

%Macro 0.3 6 0.1 1.3 6 0.3** 40.2 6 5.5***

%Micro 0.4 6 0.04 0.2 6 0.01*** 0.7 6 0.1***

PLT 897.7 6 48.7 962.9 6 64.3 1181.4 6 59.3*

Automated full blood analysis on WT (n 5 15), SJL/J-Ampd3T689A/1 (n 5 21),

and SJL/J-Ampd3T689A (n 5 14) mice. Values are mean 6 SEM.

HGB, total hemoglobin g/L; MCV, mean corpuscular volume (fL); PLT, number

of platelets 103 cells/mL; RBC, number of red blood cells 3 106 cells/mL; RDW, per-

centage red cell distribution width; WBC, number of white blood cells 3 103 cells/mL;

%Macro, % macrocytic cells; %Micro, % microcytic cells; %Retics, % reticulocytes.

*P , .05; **P , .01; ***P , .001.
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Results

MRI49372 founders display a macrocytic anemia

In screen looking for dominant ENU-induced novel malaria/red cell
phenotypes, we identified a G1 animal (MRI49372) with leukocytosis,
thrombocytosis, reticulocytosis, macrocytosis, and anisocytosis, ac-
companied bymoderate anemia.Weconfirmed that this phenotypewas
heritable byprogeny testing. Intercrossing2 affectedG2miceproduced
the WT phenotype in 25% of progeny, the G1 founder phenotype in
50% (therefore heterozygotes [MRI49372/1]), and a more severe
abnormal blood phenotype in the last 25% (homozygote for causa-
tive mutation [MRI49372]) (Table 1). Wright-Giemsa–stained blood
smears of the more severe phenotype confirmed a macrocytic anemia
and also showed increased target cells, blister cells, acanthocytes,
polychromasia (Figure 1A-B), and elevated reticulocyte and platelet
counts (Table 1). The MRI49372 phenotype is consistent with a
hemolytic anemia. Mutants also exhibited significant splenomegaly,

with a twofold increase in spleen index inMRI49372/1 and a fourfold
increase in spleen index in MRI49372 (Figure 1C-D).

Whole-exome sequencing of 2 homozygous G3 animals identi-
fied 9 mutations common to both animals. In order to identify the

Table 2. List of nonsynonymous gene candidates held in common
between both mutants sent for whole-exome sequencing

Chromosome Location

Base

Gene name LOD score nRef Var

7 81356970 A T Cpeb1 0.69 32

7 114536169 A T Pde3b 2.58 21

7 110809847 A G Ampd3 6.55 22

7 104260195 G A Trim34a 0.51 11

6 40680762 C T Mgam 0 6

1 119678820 T G Ptpn4 1.19 4

12 72652426 T A Dhrs7 0.23 4

13 81521252 C G Gpr98 1.19 4

16 29409849 T A Atp13a4 0.23 4

LOD, logarithm of the odds; Ref, reference; Var, variant.
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Figure 1. MRI49372 macrocytic anemia and splenomegaly. (A) Representative light microscopy image of Wright-Giemsa–stained WT thin smear. (B) Representative light

microscopy image of Wright-Giemsa–stained Ampd3T689A thin smear. (C) Representative spleens from WT, MRI49372/1, and MRI49372 mice. (D) Spleen index, calculated

as spleen weight (g)/mouse weight (g) for WT (n 5 7), MRI49372/1 (n 5 8), and MRI49372 (n 5 7). Black bars represent median. ***P , .001. P values calculated using the

Student t test.
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causative mutation, N2 mice were generated by crossing pheno-
deviant MRI49372 mice to BALB/c, and polymorphic single-
nucleotide polymorphisms were genotyped. 12/13 affected mice
were heterozygous across three chromosome 7 single-nucleotide
polymorphisms, giving a logarithm of the odds score of 2.38 and
suggesting a link between blood phenotype and this region of the
genome (supplemental Figure 1). The 4 candidate mutations within
this region were sequenced in a larger cohort of MRI49372, and it
was found that the A-to-G base substitution in Ampd3 at location
7:117953361 associated completely with the abnormal blood
phenotype (Table 2). The mutation causes a substitution of alanine
for threonine at position 689 in the AMPD3 protein (Figure 2A).
Therefore, the allele has been termed Ampd3T689A, and the strain is

SJL/J-Ampd3T689A. This mutation is predicted to disrupt an a helix
within the highly conserved catalytic site of the protein (Figure 2B;
supplemental Figure 2). Although theWKLSTCDmotif containing
the residue is a predicted phosphorylation site, 2D western blot
analysis showed no evidence that AMPD3 phosphorylation was
altered in mutant mice (supplemental Figure 3).

The Ampd3T689A mutation causes an activation of AMPD3

AMPD3 is the erythrocyte-specific isoform of AMP deaminase; it
catalyzes the hydrolytic deamination of adenosine monophosphate to
IMP, abranchpoint in the adenylate catabolic pathway (Figure 2C). It is
tightly regulated and helps to maintain ATP levels and the cellular
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Figure 2. The MRI49372 phenotype is caused by

a mutation in Ampd3. (A) Representation of the posi-

tion of the mutation within the protein. (B) Sequence

alignment showing conserved residues in AMPD3.

Black letters represent residues conserved in 4/5 listed

species. Bold “T” is the position of the Ampd3T689A

mutation. (C) Simplified diagram of purine metabolism

showing reaction catabolized by AMPD3. Dotted line
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Accumulation of 13C/15N-labeled IMP in mature WT,

Ampd3T689A/1, and Ampd3T689A RBCs (CD712) in-

cubated at 37°C for 2 hours with labeled AMP. Data

points represent technical replicates from pooled bio-

logical replicates (n 5 3); black bars indicate median.
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adenylate pool. Reverse-transcription polymerase chain reaction in
embryonic day 14 livers showed amodest (1.5-fold) increase inAmpd3
transcript in homozygous mutants (supplemental Figure 4). In con-
trast western blotting showed a decrease in AMPD3 abundance in
reticulocytes (CD711) andmatureRBCs (CD712) (Figure 2D), aswell
as embryonic day 14 livers (supplemental Figure 4). The relative
abundances of ATP, ADP, AMP, IMP, guanosine monophosphate
(GMP), guanosine diphosphate (GDP), and guanosine triphosphate
(GTP) in mature RBCs were assayed by liquid chromatography-
mass spectrometry. Heterozygous cells contained approximately
half the levels of ATP, ADP, and AMP of WT cells but more than
double the amount of IMP, GMP, GDP, and GTP. Homozygote
cells were similarly deficient in ATP and ADP (but not AMP) and
hadmore striking increases in IMP (5.3-fold), GMP, GDP andGTP
(.50-fold) (Figure 2E). These results suggest the mutation results
in a more enzymatically active form of AMPD3; ie, a gain-of-
function mutation . To confirm this, mature RBCs were incubated
with labeled 13C15N-uniformly labeled AMP, and the accumula-
tion of 13C15N-IMP and 13C15N-ADP was measured over a period
of 4 hours. No 13C15N-IMP production was observed in WT mice.
However, significant levels of the IMP isotope were detected in
heterozygous cells, and even greater levels (sixfold) were found in
homozygous cells (Figure 2F). To confirm that the increased synthesis
of 13C15N-IMPwas not due to increased uptake of 13C15N-ADP (which
was also increased in Ampd3T689A cells), RBC lysates were incubated
with 13C15N-ADP. As in live cells, increased synthesis of IMP was
observed in Ampd3T689A RBC lysates compared with WT RBCs
(supplemental Figure 5).

The Ampd3T689A mutation decreases RBC lifespan

To understand the cause of macrocytosis and reticulocytosis
mediated by the Ampd3T689A mutation, erythropoiesis was inves-
tigated. Significantly higher proportions of erythroblasts were
observed in the spleen and bonemarrow, and significantly higher
concentrations of erythropoietin were found in the plasma of
mutant mice (Figure 3D), indicating elevated erythropoiesis.
Interestingly, homozygous mutants displayed oscillatory retic-
ulocytosis, fluctuating from 20% to 80% over a 5-day cycle
(Figure 3E). Following induction of an acute anemia (phenyl-
hydrazine injection), both WT and heterozygous mice showed
similar rates of recovery in red cell numbers. The already highly
depressed erythrocyte levels in the homozygous mice were not
significantly reduced by treatment and instead increased in the
days following (Figure 3F), suggesting that the elevated erythro-
poiesis in homozygous mice can outpace the destruction caused by
PHZ.

Elevated erythropoiesis, hyperbilirubinemia, and erythropenia
characterize erythrocytic destruction. In support of this hypothesis,
a significant increase in plasma bilirubin was observed in mutants
(Figure 4A). Erythrocytic half-life was significantly reduced in the
heterozygote (8.5 days) and homozygote (2.5 days) strains com-
pared with the WT (15.5 days) (Figure 4B). The RBC half-life in
splenectomizedmicewas similarly reduced (Figure 4C), indicating that
the spleen was not the major mediator of RBC destruction in mutant
mice. Furthermore, splenic iron levels were not elevated in the mutant
mice, as assessed by Perl’s blue staining (supplemental Figure 6) or by
measuring total nonheme iron (Figure 4D), although lower nonheme
iron was observed in homozygous spleens, which may indicate iron
deficiency related to excessive hemolysis. In addition, no differences
in osmotic fragility were observed between mutant and WT blood
(Figure 4E). As an alternative to increased splenic destruction, we

determined if the mutant RBCs were more susceptible to spontaneous
lysis. Following ex vivo incubation for 24 hours at 37°C, .40% and
70% of heterozygous and homozygous blood cells, respectively, were
lysed, compared with only 20% of WT cells. (Figure 4F). We next
isolatedmature red cells (CD712) andmeasured expression ofmarkers
of cell senescence. Compared with WT, significantly higher levels
of ROS and intracellular Ca21 were observed in mutant cells, and
significantly higher levels of PS exposurewere observed heterozygous,
but not homozygous, cells (Figure 5). Together, these results indicate
that the shortened lifespan of Ampd3T689A RBCs is determined by
erythrocyte-autonomous factors and not the spleen. Given elevated PS
exposure is not observed in homozygous cells, it may not play a major
role in the observed hemolysis.

Ampd3T689A mice are resistant to erythrocytic-stage

P. chabaudi infection

Shortened RBC half-life is observed in many diseases known to
provide resistance to malaria, including hemolytic anemia, sickle cell
disease, thalassemia, G6PD deficiency, and hereditary spherocytosis.6

To test if the Ampd3T689A conferred a similar malaria resistance
phenotype, we challenged homozygous, heterozygous, and WT mice
with P. chabaudi. Indeed, 100% of the homozygous and 60% of the
heterozygous animals survived infection, whereas all the WT animals
died (Figure 6A); the survival phenotype also correlated with 90% and
50% reductions in peak parasitemia, respectively (Figure 6B). In
contrast, infection of the mutant mice with the reticulocyte preferring
P. berghei species did not result increased survival (supplemental
Figure 7C-D). A comparison of reticulocyte infection rates in
both species indicated no significant differences (supplemental
Figure 7A-B), collectively indicating that the large percentage of
reticulocytes inmutant mice was not a barrier to the development of
high parasitemia. During these experiments, it was also observed
that significantly more P. berghei gametocytes were present in
mutant mice (supplemental Figure 8); these gametocytes were also
able to undergo complete development in the mosquito and infect
new mice (data not shown).

To determine if the reduced P. chabaudi parasitemia was the result
of RBC-autonomous factors, an in vivo invasion and growth assaywas
conducted.31Blood fromAmpd3T689A/1 andWTmicewas labeledwith
different fluorescent markers, mixed in equal proportions, and injected
into P. chabaudi–infected WT mice while parasites were undergoing
schizogony. The parasitemia of each labeled populationwasmonitored
over 21 hours to determine differences in parasite invasion and devel-
opment. Parasiteswere detected by stainingRNA (thiazole orange) and
DNA (Hoechst). After 12 hours, 2 populations were visible: thiazole
orangelow/Hoeschtlow and thiazole orangehigh/Hoeschthigh, which likely
represent RBCs containing the ring stage and trophozoite stage of
parasite development, respectively.

At all time points, more parasites were observed in Ampd3T689A/1

than WT cells (Figure 6C). Although this difference was modest
(10%), it was significant at both 3 and 12 hours. At 12 hours, a
statistically significant increase in the proportion of trophozoites
was observed in heterozygous cells compared with WT cells,
almost double that ofWT cells (39%vs 20% inAmpd3T689A/1 cells)
(Figure 6D). Together, these results suggest that the environment
within Ampd3T689A/1 RBCs does not impede P. chabaudi growth
and, according to the parasite development data, may even favor a
faster rate of development. This was further supported by the
observation that humanRBCswith artificially elevated GTP levels
supported normal growth of Plasmodium falciparum (supplemen-
tal Figure 9).
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The Ampd3T689A mutation stimulates reticulocytosis

during infection

Mice carrying the Ampd3T689A allele exhibit splenomegaly, which
is positively correlated with malaria resistance.32,33 Therefore, it is
possible that the spleenmediates malaria resistance in the Ampd3T689A

line. To investigate this, femalemicewere splenectomized and then
infected with P. chabaudi. There was a significant delay to death
in the homozygous mice compared with splenectomized WT mice
(up to 4 days) (Figure 7A). Peripheral parasitemia levels were
significantly reduced in both mutant types compared with WT,
which is equivalent to that observed in nonsplenectomized animals
(Figure 7B).

Severe anemia is one of the major causes of morbidity and
mortality during Plasmodium infection.34 Given that Ampd3T689A

mice have increased erythropoiesis when uninfected, it was thought
possible that a more brisk erythropoietic response may mediate
their increased survival. Reticulocyte levels were monitored daily
over the course of P. chabaudi infection in both splenectomized
and nonsplenectomized female mice. In nonsplenectomized mice,
Ampd3T689A/1 increased reticulocyte levels from 10% to 58%
over the course of infection. Despite displaying a similar level of
anemia (supplemental Figure 10) early in infection, nonsplenectomized
WT mice maintained reticulocyte levels at 5%. In Ampd3T689A

nonsplenectomized mice, reticulocytes remained at 50% (Figure 7C).
In splenectomized mice, the reticulocytes level was unchanged for
WT but altered for both splenectomized mutants; reticulocyte
levels remained steady inAmpd3T689A/1 splenectomizedmice and fell
from 43% to 19% in splenectomized Ampd3T689A mice (Figure 7D).
These results show that nonsplenectomized Ampd3T689A/1 mice
are able to increase erythropoiesis in response to P. chabaudi infection
and the nonsplenectomized Ampd3T689A mice reticulocytosis level
remained high throughout the course of the infection. This increase or
high reticulocytosis level may help alleviate anemia and increase
survival.

Discussion

The MRI49372 blood phenotype is caused by a gain-of-function

mutation in Ampd3

A mutation in Ampd3 in the MRI49372 line completely
cosegregates with the MRI49372 hematological phenotype.
This mutation is associated with an increase in the rate of
conversion of erythrocytic AMP to IMP. In the absence of
identified cosegregating exonic mutations, we conclude that the
MRI49372 blood phenotype is caused by a gain-of-function muta-
tion in Ampd3 that causes increased flux through the AMPD3
enzyme.

AMPD3 catalyses the conversion of AMP to IMP, providing an
important pathway for maintaining ATP levels within RBCs. In most
cell types, IMP can be converted back to AMP in a 2-step process
catalyzed by adenylosuccinate synthase and adenylosuccinate
lyase. However, adenylosuccinate synthase is inactive in human
(and presumably mouse) erythrocytes, preventing AMP salvage via
this pathway.35,36 AMPD3 is therefore normally repressed in human
RBCs to prevent irreversible loss of ATP, hemolysis, and anemia.16

The results from our experiments with labeled AMP suggest that
AMPD3 activity is similarly repressed in normal mouse erythrocytes
under normal circumstances. The MRI49372 mutation relieves this
repression.
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(B) Amount of reactive oxygen species in mature RBCs (CD712) as measured by

mean fluorescence intensity of H2DCFDA, for WT (n 5 7), Ampd3T689A/1 (n 5 7), and

Ampd3T689A (n 5 6). Combined results of 2 independent experiments are shown.
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Ampd3T689A has a shortened RBC half-life

Erythrocyte half-life was significantly shortened in Ampd3T689A

mutants. This could be due to a defect in red cell maturation, increased
RBC destruction, or a combination of both. The presence of elevated
reticulocytes with low numbers of mature RBCs in the Ampd3T689A

strain is suggestive of increased destruction; this could be mediated
either by excessive splenic clearance or by spontaneous lysis due to
intrinsic red cell factors. In hereditary spherocytosis, a disorder where
changes to membrane deformability cause excessive destruction of
RBCs in the spleen, the resulting chronic hemolysis and shortened
RBC half-life can be improved by partial splenectomy.37 As sple-
nectomy only marginally increased the RBC half-life in Ampd3T689A

mice, it can be assumed that aberrant splenic clearance is not the
major cause of hemolysis. Given that mutant RBC lifespan is also
decreased in vitro, cell-intrinsic factors are most likely to determine
the decreased RBC lifespan.

No studies have yet investigated directly whether AMPD3 has a role
in programmed RBC death. However, a number of observations from
this study suggest that Ampd3T689A erythrocytes are undergoing
accelerated senescence; they have increased intracellular calcium,
PS exposure (in Ampd3T689A/1), and an increased proportion of
microcytic cells. They also exhibit a decreased concentration of
adenosyl nucleotides and significantly increased amounts of ROS,
both of which can trigger erythrocytic death.38 Taken together,
these observations suggest the following mechanism of reduced
RBC half-life: activation of AMPD3 causes depletion of ATP and
loss of ATP-dependent oxidative defense metabolism, which in turn
increases oxidative stress. Increased oxidative stress then triggers Ca21

influx, cell shrinkage, PS exposure, and cell death.

Another novel finding of this study is thatAmpd3T689Amice display
cyclic reticulocytosis, which oscillates between 20% and 80% over a
5-day cycle. Although spontaneous oscillatory reticulocytosis has
not previously been described in mice, similar phenotypes have been
observed in several clinical conditions, including cyclic neutropenia,
periodic chronicmyelogenous leukemia, cyclic thrombocytopenia, and
periodic autoimmune hemolytic anemia.39-41 In comparison with these
conditions, the oscillations observed in Ampd3T689A are remarkably
short. Most other hematologic oscillatory behaviors range from 12 to
80 days.41 For some of these conditions, the causes of pathology have
been identified,40,42-44 but these do not always explain why oscilla-
tions occur.45 Ampd3T689A may therefore provide a useful model for
investigating the underlying causes of cyclic hematopoiesis.

Ampd3T689A may cause malaria resistance through high

RBC turnover

This study provides the first evidence that host AMPD3 has a role in
the response to malaria infection. Although AMPD3 activation has
previously been shown to contribute to the pathology of sickle cell
disease,17 a condition well known to provide malaria resistance, this
study is the first study to provide a direct link between malaria infec-
tion and AMPD3 activation. It shows that activation of AMPD3
dramatically increases resistance to P. chabaudi infection, character-
ized by significant reductions in peak parasitemia and increased rates of
survival. Inhomozygousmutants, lowparasitemiamaybe explainedby
the short RBC half-life. Both splenectomized and nonsplenectomized
Ampd3T689A mice lose a quarter of their RBCs every day, and this
phenotype may be exacerbated during infection.46 Therefore, in these
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animals, a large proportion of merozoites may invade cells that will not
survive the full 24 hours the parasite needs to complete replication.

There aremany similarities betweenAmpd3T689A and other genetic
conditions known to provide malaria resistance. For example,
pyruvate kinase, sickle cell disease, G6PD, and thalassemia all show
shortened RBC half-life, increased reticulocytes, low RBC ATP, and
increased oxidative stress. In each case, a number ofmechanisms have
been proposed for the observed resistance, including decreased
invasion, decreased parasite growth, and increasedRBCsenescence.10

Although all processes may contribute to resistance, Ampd3T689A

highlights that a short half-life can have a large impact on the course of
parasitemia, even when parasite invasion rates are unaffected and
parasite growth rates are increased.

Our results showed thatAMPD3is critical tomaintain theATPwithin
RBCs. The fact that higher parasitemia was observed in Ampd3T689A/1

early in P. chabaudi infection suggested that the Ampd3T689A

mutation causes RBC-autonomous effects that favor parasite
growth (Figure 6B). This was further supported by the in vivo
invasion assay, which showed that P. chabaudi is able to both
invade Ampd3T689A/1 cells more easily and grow faster within
them (Figure 6C-D). We hypothesized GTP could be the effector
of this parasite growth. Further, in vitro assays with P. falciparum
and human red cells confirmed that GTP is able to increase
parasite growth in a dose-dependent manner (supplemental
Figure 9). Therefore, we excluded the role of GTP as an effector
mechanism for malaria resistance and reduced red blood cell half-
life.

In summary, our results demonstrate that AMPD3 is important
for regulating the lifespan of RBC. Its activation causes loss of
intracellular ATP levels and rapid RBC senescence and turnover.
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This, in turn, provides dramatic resistance toP. chabaudi andhighlights
the importance of RBC lifespan in controlling malaria. Our research
suggests activating erythrocytic AMPD3 as a therapeutic approach to
stimulate erythropoiesis during malaria infection.
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