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BERTIERL, LA, “REREE” OFT “55
SBT LARGEFELTWA K57 EBILOKREED
FEATB] EEZALLLNER A,

o TREE) 2, EHbAELARIRDNTINE
T, MDD T~y 734 L[22. Haeckel 1866], 75 A
& F3—HSEEF LU TC[23. Whittaker 1969], ~— 2" U Z23%k
TR S W7z [24. Margulis 1970, TRAEE® ] &V LFRT
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3. RAEAY (Protist) 1X, FAEY & BEL WS HE
2E25ET, ETHENEHEETT, BAEAYIT,
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B THRBEEIC R o BIEOKEETT,

FEBMEEBOEES (*)

ITEDEY T, DIEICA U B Rt B
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REEY
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HEE - BEKKE
Symbiotic algae and Kleptochloroplast

B LI, EXFOLMTHD LBRE L, 20
eI AND L, BICEEOHBIZENY 3,

o= (Fig. 20) IXES A ZHFM TR, o =i,
BEEMEOHIBEEMD O T2, RERITEKELTE
ETCWET, oI HaNEE L TV AB R L e
X4 D iRHEEE % (zooxanthella) 725 . EARKEL 2T
TWHDTY, HEEL, ity alivyablso
PR, AR, BB, BB L V- EASYIC
bHIENIEAEZ LT, EREZEBEZ L TWET,

WKBRE T, S I ERFELEBYESTHEY O
TSN CREREIE D4 7 1 L 5 (zoochlorella) 3 5.3 =
LR TEES (Fig. 25), Flzid, LR UL Hla
o RZE, UV —r b RS LT3 EHE
WHEI o LI 2FOLORVWET, TS Y —r b
KZ, BEOHEEIZLWADTTMN, 4/ oL 5
DHERIBENRD D50, BT, ¥r A, x5
2 Th, BEZE5ZTBITIEEAX LET,

AT o LT ERORLEEWIL. 7T A —3, KB
fMEREE, ZLRDIIENTE, HLKEZAHD
FRAEBIZIZLT D Lo THNN H0TT,

zooxanthella=°Pzoochlorellad> [ 1Z. 34w L g
N TEY, BEETEO ZkitEL S ThET,
HARE, EARMICETZOMIAN THRBEES LT,
HREZBEZ TEZITHIND, BEARERE L LT
BELTWVWET,

BENOEREEZES CTRIAT EH LM bATH
Y, BFHEMOU IV VOB, IART v
TV Rl EOBRERIED OEREZRNERD . B
DRI EEZE D B ORNET, BEFEEOETHE
It L7cH > Y 53 (Dinophysis acuminata, Fig. 9) 72 &
DIRHEE B, #E B (Mesodinium rubrum 72 &, Fig.
26), KGR & ot RERETYOMEIZ S, Fl
DWHEN CEREEZ B> THHFO LD & LTHIAT
DHOBRMENTWETY, BOEEN D' - - HEfE
W TEERE SFEENRTVET,

HEBIOBERE L EWIL. BB LELEAREEZRE
FRICIT O BERBEDTTR, BEFRTHLL21TH
5 E DT, MRIZEREEREER STV T, £5
THEETT, LT, EBRCAARICEEL-BE L
LTOEEFEZLTHVET, THWIEHTHE, #5
LEBEOME NS LNVER A,

EMOMFIE, COLCMELEID, &4
o TV OBBEDOHMIANILAEFB LT, SEREER
EMOHFREADHL, A1 HER TV B AT,

ORI, BEE LTERELTVS, HAWILAE
LTWeEYE, TEARYBENEN T L%
BEELELEZ, TATH, BALERTOARNWEED
B, EEEFVET, RBROTFHE NS
TLXY, BEEVWIAEZH, LT, Hon4tExT
WD ZDEWEYOHMROBEAE, T—B. BRL S
NDEI o7 bELS BVWES,

(X& - BJIEE

Fig.24 o= (MM XHFREEREM)
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- Fig. 26 Mesodinium rubrum (Myrionecta rubra)
WECART HBERBEOMM, 7 U7 a2

BeTDHBBERBLZFS, (BFEMEMR  RRBEKRE

- RUEEELE TEARAOHEESZ 7 b X
Gz £ 9)

Acknowledgment

MO MR 5 K;i\ ZOMEREDF 212, ELWEEZ TRMHEVWELEZ LA, Z0B2EV T, E
<HALBm L ETET, BE. RAESY, 2L UREEAMOMAOBNEZ, IVELDOFLITH-THH 2 5SS
:ferD Z &f %mofiﬁ—o

BERCH K (W7 K5 Fig. 1 (iﬁﬁ@ﬁlfﬁf: H). Fig. 24 (Y 2)

MR L (P K%) Fig.2 (¥ 7 F)

S R F(E 1L K ) Fig. 10 (Coscinodiscus WSEMEE)

— B REMERERT (ARSI RS . EHERELCRALROKETFZERT), (WHEMERGEHBRIIKEE) Fig. 14 (70~ #)
KEEZRER, BTRIER, MER—EELERYER AT Fig. 20 (7 a7 L7 S0 b)

?':?ﬁﬂ%ﬁﬂ E(# P KE) Fig. 21 (&% ¥ 3 U U OlFEEF)

TEARDWEETZ 7 NoRE]  GESCHAR 2011 BEMY I 7 o AWEEEE) LY
BEEBREE KREKEGEMTL I 7 aL£MiE) - LsE () KEREHEY v 7 —)
Fig. 9 (B¥FE R - BEEEROMPHE T H - £45). Fig. 12 (AAF ¥ e X L), Fig. 13 (F4 7 F 2 HEOMHE -
%), Fig. 26 (Mesodinium rubrum)

BEEOTROWEDIE, BIINKRE,

(40)
-326-



Protozoological Garden Vol. 2 (2011)

References.

[1] McCourt et al. (2004) Charophyte algae and land plant origins. TRENDS Ecol. Evol., 19: 661-666.

[2] Bhattacharya and Medlin (1995) The phylogeniy of plastids: A review based on comparisons of small-subunit
ribosomal RNA coding regions. J. Phycol., 31: 489-498.

[3] Suzaki and Williamson (1986) Cell surface displacement during euglenoid movement and its computer simulation.
Cell Motil. Cytoskeleton, 6: 186-192.

[4] Geitler (1930) Ein griines Filarplasmodium und andere neue Protisten. Archiv fiir Protistenkunde, 69: 614-636.

[5] Fukuda and Endoh (2006) New details from the complete life cycle of the red-tide dinoflagellate Noctiluca
scintillans (Ehrenberg) McCartney. Eur. J. Protozool, 42: 209-219

[6] Holwill and Patricia (1974) Dynamics of the hispid fllagelum of Ochromonas danica The role of Mastigonemes. J.
Cell. Biol, 62: 322-328.

[7] Ichinomiya et al. (2011) Isolation and characterization of Parmales(Hetetokonta/Heterokontophyta/Stramenopiles)
from the Oyashio region, western North Pacific. J. Phycol, 47: 144-151.

[8] McFadden (1990) Evidence that cryptomonad chloroplasts evolved from photosynthetic eukaryotic endosymbionts.
J. Cell Sci., 95: 303-308.

[9] Sepsenwol (1973) Leucoplast of the cryptomonad Chilomonas paramecium. Exp. Cell Res., 76: 305-409

[10] Cavalier-Smith (1993) Kingdom protozoa and its 18 phyla. Microbiol. Mol. Biol. Rev., 57: 953-994.

[11] Okamoto et al. (2009) Molecular phylogeny and description of the novel Katablepharid Roombia truncata gen. et
sp. nov., and establishment of the Hacrobia taxon nov. PLoS One, 4: ¢7080

[12] Margulis (1970) Origin of Eukaryotic Cells. (Yale University Press).

[13] Gibbs (1981) The chloroplasts of some algal groups may have evolved from endosymbiotic eukaryotic algae.
Annals New York Acad. Sci., 361: 193-208.

[14] Cai et al. (2003) Apicoplast genome of the coccidian Eimeria tenella. Gene, 321: 39-46.

[15] Waller and McFadden (2005) The apicoplasst: a review of the derived plastid of apicomplexan parasites. Curr.
Issues Mol. Biol., 7: 57-80. :

[16] Lang (1963) Electron-microscopic demonstration of plastids in Polytoma. J. Eukaryot. Microbiol., 10: 333-339.
[17] Tyler et al. (2006) Phytophthora genome sequences uncover evolutionary origins and mechanisms of pathogenesis.
Science, 313: 1261-1266.

[18] Moore et al. (2008) A photosynthetic alveolate closely related to apicomplexan parasites. Nature, 451: 959-963
[19] Horiguchi and Pienaar (2004) Ultrastructure of a new marine sand-dwelling dinoflagellate, Gymnodinium
quadrilobatum sp. nov. (Dinophyceae) with special reference to its endosymbiotic alga. Eur. J. Phycol., 29: 237-245.
[20] Reyes-Prieto (2008) Multiple genes of apparent algal origin suggest ciliates may once have been photosynthetic.
Curr. Biol., 18: 956-962.

[21] Cavalier-Smith (1999) Principles of protein and lipid targeting in secondary symbiogenesis: Euglenoid,
Dinoflagellate, and Sporozoan plastid origins and the eukaryote family tree. J. Eukaryot. Microbiol., 46: 347-366.

[22] Hackel (1866) Generelle Morphologie der organismen. (Berlin).

[23] Whittacker (1969) New concepts of kingdoms of organisms. Science, 163: 150-160

[24] Margulis (1970) Whittaker’s five kingdoms of organisms: minor revisions suggested by considerations of the
origin of mitosis. Evolution, 25: 242-245.

T DA STk
THADBETZ 7 bR GESTHAR 2011 2ETIS 7 o A miEEE)
f&ﬁ@@%t%JKﬂ%ﬁéﬁéé%@ﬁ%®-%m\$%vﬁﬁgnt§@mgambfpifo
IRAFEAN=2T 4 - VU —X3 BEOSEEL R (EEE 1999 L85 - TS RIS )
[RELWVBEERDRKT T 7 NRRAY KT v o) (BFHER 2005 EAEEEE)
TR  GRSUEF A 2010 A HiE— %)

’ Information.

MEEOHMLS) KRETOEMONEL. BT LLVELWI L2RETELOTESH D E/A. <ET
SEREIZELATES LOBENLET, ,

l Websites.

BETM X7 nEPEER— 52— (http//www.shiokaze-kouen.net/micro/)
BINEECCEB)BEAFR—L— (httpsi/sites.google.com/site/symchlorosome/)

(41)
-327-



EFBOURS

AR E D WU (ZEARDY) A7) f

R EA /KA 5

K ==Hf

e

SRR % N L TR 2 BRI E R0
MERLTANVABLCHONE L ZATH DD,
FEHREFHIZBWTH )T MNAR) VI A,
VTINIT, FRET A= EOEREEZE
MY OFER) VMO T WS, GERITE
THEICL D, TEER N IVIKOFEIE A THEK
DOFFIZEEENT WL, FNTHF v 7
DI BN R R HIF O /INESIKE % A L 7 B
FRETWD, BEBREEOREARDBGRERZ
HuiC, IR CTHIE SN RmEAICE Y &
mRKDTERENS T EIZL A, wWhWwbE-]
BHTH B, KOEFEFHGLE RN 7 BYRFIC 72
BIEND TR, MEBNRZERBRREIZDRD

D, REZBBUCERTS. —7, WHEETIZED
EWETEANEIET A2 TOM, Uk - /8 - 8
IRAHED RSN, KIIEZHICEFEFLZIT 5.
FDI0, BEREEKOERIZIE, BERLLB
E Vo T KIS WB & 70 o T B,

1848 FFE MG o7/~ T v o@D a L I OKFHEST
WZBWTIE, 3TAPRBRELTLIAADLEN»T
L7:Y, COFBEFTIEBICKEKRDHBELEISED
N, 1854 SEDBEHRAT TIZKER EH AT L T
TAREL TS, ZOBEORES VLY S ES
DIFEN EENE. —F, EHREICBNTLAD
BROEEBIZARE L, 1993FEDI VY 5 —F—

DKEARERLIZ2 ) T FAK Y D MEDKTR
EFHBEAETIE, BRHEZIOFBACRATFESN
%2 hAED BT <, 1996 4F I IR
HEHDOKEKEN L) T PARY) IV AED
HCREFEKEGT, M ER® 6 E5Ro 8800 AA
FIELZEENBY,

ERNDACREGIZEE T BT 2 Va8, ERIz
RS, ME - 74 NVAEELREL 2K RERRK
BDPHESINTVE (R, MHBEHAKRRGEEG
DFLEHIINE, BEISEMIAREDL 84
T OEAGER DEMBEILDFE L, HEADF
DHND 5 E, BAK-RKTIX1ETH 72 (K
2). PEOBIENRE L SN TERBYI R 7
TREEMHEIZTETE RV, BEHII3 FALLEIC
RO, RSB SR T OFFAKICERLED
VA7 eEEns.

I?ﬁﬁﬁmﬁg

K2 L CEOBRETAWEERD D 5 FisE &
LTiE, ZUTRNARYD L, DTVTT, R
FT A= N ERFEELR D ELTEITONS
2, AT ENLIIMA T, N —HEHDFGEHS
MRBE o7V A 7 u0ARI L AEFFERKSR
B, FIOEFEHFERIZELDLNFV TSI A0k
RBEEVHONT WS,

—RIZERIZEET B &, EERIZE DRk
BDOF =T 2 M BAVIZTTA L | BF)DHEH &

WEARRLE LAL, R&L TAL, 2dth 2E859 | BN REE IS ALY

EHESE @ 162-8640 I E X F 1L 1-23-1

50 (50)

WREE vol76 No.l 20124 1H8

0368-5187/12/%500/3 3L /JCOPY

-328-



FEKRERRS

x1

x2

KR, HEEELRLREE
Ehie3 (1982~1996 £E) ¥

d o Y [ACEOREREMNE FE] L H, b

NAD, BT hLREDOERIZL HKOERT, &
GhbD R WRERRABTERENHRILTAEIE, &6
WCEHRBEPNSCBRERETHSH LT, KR
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BT BEOBELEOMBMEBICRELERT
b HEh BEEEICLYEEREOF -V AL
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7.28
5.01
445
11.80
445
11.80
1.53
2.20
14.01
518

®3 JUTPARUIOLE, I7IVIT7ECERDHES omEHITHLTH 10 FFHET, w0
(2006 )"

:%%ﬁﬁt@mﬁ@m,ku%tbmﬁﬁ
WHORETIE2HBEW(ERI?. 0k

RO PEOEREZIHIIIZR L TWBE L
ST, T L AEPNOBREERF OFEEIEK
HONTWEEBRITRETIE LTS
P B AT, TR 20(2008) FEE O E
HLE L72AGE O BERREDER TIZ,
209 AGEEZEATF 21 FEEG 10%) 128
WTC, ZUTMNARY VA, BIUOBR
DITNVITHHHENTBND, biE

United States 6,071 205 18,953
United Kingdom 3,678 6.26 2,945
Germany 1,204 146 3,661
New Zealand 736 17.80 1,214
Canada 728 2.30 3,661
Belgium 402 3.30 1,238
Ireland 367 8.70 65
Spain 262 064 897
Sweden 103 113 1,277
Finland 6 011 272
SN 18 0.01 86

007 e BT bR BRSTEL TWD &

i SCER &) dk

I L, JEE, MER, B, FREOREL
EOEREET S, ENOREFBRESEFIZBITS
BREIRMIZ6 BH(4~8 H) T, #% 1~2AM TiE
RIZLET S, DI 1A - A NOEFEIT 4~
16% DREHHERENH D & ENL. FIEDFRHE
FEHeNTBLT, BEEIIBW IR
BIFEFREDNERTH 5. BREEIPFETE
RWRIEREFIIBWTIE, FREEDEEI &E
OFETHY, AIDS(BEREFRERNSIEBERE) I
BT 5 HAART (Highly Active Anti-Retroviral
Therapy) REREREREII BT 5 EHBHESE
2 & B RBREEDEEIEROLE IR TH
L, ZAFVERFR, NoxEwf Ly, TYAW
AV UBFELNLZ L LHD.

7)) S NARY Ty ABOBIHIIE L, ML
R, HAHVIICHEESCHEIEICE THEDNH
BNTWw3. BEFHTOER,LSL, b MR,
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e M) &, bR EEDE CHILEICENE R R
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genotype II, &AWL 7 VEN AL HIZENT
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meleagridis( b ) B ONEIZREEFINSE {, §E
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52 (52)

ERLTWES,

I IWIFTICDODNT

T NTYTREZT T IVHEER [Giardia lam-
blia (syn. G. intestinalis, G. duodenalis)] O Ry
WEDVRETA P7VITIIWERBEICEL
KRBT 4N SADWEELH T4, AEHITEM
T, KEELIANPORY, FEEAOZHBIZ
LT 5. TR, B LI REANE
HEL, YAMSEERICHHENS, YA MI5
~8X8~12 um DFEERILT, 4 DD, MM, @
i, WL EEBEINS.

W TR CTIIBREMRMEO WY X MEBTO%E
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ORIGINAL ARTICLE

A New Glucose-é—phosphate Dehydrogenase Deficiency
Variant, G6PD Mizushima, Showing Increases in Serum
Ferritin and Cytosol Leucine Aminopeptidase Levels

Yosuke Suga* Akira Nagita* Rintaro Takesako* Isao Tanaka*
Kaichiro Kobayashi* Makoto Hirai,t and Hiroyuki Matsuokat

Summary: We made a diagnosis of glucose-6-phosphate dehydro-
genase (G6PD) deficiency with a new mutation of 848A —~ G (exon
8) in a 16-year-old male patient presenting with severe hemolysis.
He was administered a diclofenac sodium suppository (50mg) at
the time of first visit to our hospital because of pyrexia. In the acute
phase, pyrexia, severe general fatigue, lumbar back pain, hemoglo-
binuria, and jaundice developed. Laboratory blood examinations
showed hemolysis, and remarkable increases in serum ferritin and
cytosol leucine aminopeptidase levels. Serum interleukin-6 and
interferon-y levels were also increased. No liver injury was found.
He had neonatal jaundice persisting over 3 weeks. He did not have
a history of chronic hemolysis or hyperbilirubinemia. Increases in
serum ferritin or cytosol leucine aminopeptidase levels in G6PD-
deficient patients were not reported earlier. In this case, it is
presumed that infection and administration of anti-inflammatory
agents induce the hemolytic episode and that hypercytokinemia
deteriorates the disease condition.

Key Words: G6PD, G6PD deficiency, hemolysis, ferritin, cytosol
leucine aminopeptidase, new mutation, hypercytokinemia, inter-
leukin-6, interferon-y

(J Pediatr Hematol Oncol 2011;33:15-17)

lucose-6-phosphate dehydrogenase (G6PD) deficiency is

the most common of the intraerythrocytic enzyme
deficiencies, and about 140 genotypes have been described.
New variant cases, however, are still found.! Compared with
malaria endemic areas, the incidence of G6PD deficiency is
very low (< 0.5%) in Japan.? Among such cases, 11 G6PD
variants were found sporadically>® We encountered a
G6PD-deficient patient with a new genome mutation. He
developed acute hemolysis and remarkable increases in
serum ferritin concentration and cytosol leucine aminopepti-
dase (LAP) activity after pyrexia. No G6PD-deficient
patients with increases in serum ferritin and cytosol LAP
levels were reported earlier. Herein, we describe a new
-genome mutation of G6PD and its clinical features.

CASE :
A patient was a 16-year-old boy. He visited our hospital
because of fever of 39°C in the afternoon of March 11, 2007. He
was observed as an outpatient after administration of a diclofenac
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sodium suppository (50mg) because no remarkably abnormal
findings were found. He was admitted to our hospital the next day
because of development of general fatigue, lumbar back pain, and
a poor appetite as well. At the time of hospitalization, he was
alert and had body temperature of 39.8°C, blood pressure of 110/
S0mm Hg, regular pulsation, and heart rate of 90/min. There
were no abnormal physical findings except icteric bulbar con-
junctiva. Laboratory blood examinations showed high serum levels
of total bilirubin (T-Bil) and C-reactive protein at 4.8 mg/dL and
3.321mg/dL, respectively. No other abnormal findings were
observed in the blood examinations (Table 1). An influenza antigen
test was negative. Chest x-ray film showed no abnormal findings.

He had neonatal jaundice which persisted over 3 weeks and
was resolved without any treatment. The maximum serum T-Bil
level was 16.4mg/dL on the 13th day after birth. He has had
bronchial asthma from 1 year and 3 months of age. At the age of
9 years and 11 months, he was hospitalized because of high fever,
general fatigue, and a poor appetite after administration of
mefenamic acid and diclofenac sodium. At that time, hyperbilir-
ubinemia (T-Bil: 3.6mg/dL) was recorded. Although there were
several occasions in which he was administered such agents, similar
episodes did not occur then. He had no history of blood
transfusion.

CLINICAL COURSE DURING HOSPITALIZATION

Although intravenous antibiotics (cefotiam) and oral
acetaminophen were administered after admission, pyrexia,
severe general fatigue, lJumbar back pain, and poor appetite
persisted. Hemoglobinuria and mild progression of anemia
were found on the second hospital day, and serum aspartate
aminotransferase, lactate dehydrogenase, and indirect bilir-
ubin levels were increased, suggesting intravascular hemo-
lysis. Serum ferritin concentration and cytosol LAP activity
(Ono Pharmaceutical Co Ltd, Osaka, Japan) were also
remarkably increased. On the second day, serum levels of
interleukin-6 (38.7 pg/mL) and interferon-y (6.4 IU/mL) were
increased, although serum levels of interleukin-1p (< 10pg/
mL) and tumor necrosis factor o (2.2 pg/mL) were normal.
The morphology of peripheral blood erythrocytes and the
ultrasound examination of kidneys showed normal. Direct
and indirect Coombs tests were both negative. Serum
haptoglobin concentration (< 10mg/dL) was decreased.

As drug-induced allergy or G6PD deficiency was
suspected based on the above findings, all medications
were discontinued in the evening of the second hospital day.
The fever reduced gradually, and was free on the fourth
day. Most marked findings indicating intravascular hemo-
lysis were found on the third and fourth days. Plasma
fibrinogen and fibrinogen degradation products levels were
422 mg/dL and 36.5pg/mL, respectively, on the third day.
Serum blood urea nitrogen and creatinine concen-
trations were the highest on the third day, whereas serum
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TABLE 1. Laboratory Data

March 12 March 13 March 14 March 15 Convalescent Phase Reference Value
WBC (/ul) 3900 6100 4600 5300 7600 3000-8900
RBC (x 10%/uL) 381 354 323 296 399 420-550
Hemoglobin (g/dL) 13.2 12.3 11.1 10.3 13.7 13.5-17.0
Platelet (x 10%/ul) 16.2 13.2 10.9 12.5 29.9 12.0-39.0
CRP (mg/dL) 33 6.5 7.6 3.9 0.3 <0.40
AST (IU/L) 36 71 95 96 13 10-35
ALT (IU/L) 16 17 18 36 9 7-42
y-GTP (IU/L) 19 20 19 20 16 5-60
LDH (U/L) 239 638 1282 1339 152 120-240
Total Bil (mg/dL) 48 5.7 5.6 42 0.9 0.2-1.0
Direct Bil (mg/dL) ND 0.7 0.2 ND 0.2 <0.3
Indirect Bil (mg/dL) ND 5.0 5.4 ND 0.7
BUN (mg/dL) 11.1 12.3 153 13.4 13.0 8-20
Creatinine (mg/dL) 0.88 0.89 0.91 0.81 0.84 0.60-1.10
Uric acid (mg/dL) 6.2 ND 4.2 3.9 7.3 3.5-7.5
Ferritin (ng/mL) ND 1457 1443 ND 24 22.5-233.0
C-LAP (1U/L) ND 393 428 348 25 <33

v-GTP indicates y-glutamy! transpeptidase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; Bil, bilirubin; BUN, blood urea nitrogen;
C-LAP, cytosol leucine aminopeptidase; CRP, C-reactive protein; LDH, lactate dehydrogenase; ND, not done; RBC, red blood cells; WBC, white blood cells.

uric acid concentration was the lowest on the fourth day.
General fatigue and back pain disappeared as pyrexia
resolved.

We measured G6PD activity of the patient’s erythro-
cytes according to the WST-8/1-methoxy phenazine metho-
sulfate method.!® The G6PD activity was decreased to less
than 10% of that of the wild type. Furthermore, we
performed genetic analysis, which revealed that he had a
point mutation (CDNA848A —G) in exon 8. Amino acid
substitution would be 183 Asp to Gly. His family members
also underwent the measurements of G6PD activity and the
genetic analyses. They showed that his younger sister,
mother, and mother’s mother were gene carriers, and that
their enzymatic activities were 90%, 50%, and 50%,
respectively (Fig. 1). There are no relatives from overseas
regarding the past 3 generations.

DISCUSSION

The patient’s genome mutation site has not been
reported earlier and there are no relatives from overseas
in his ancestry, suggesting that this mutation does not
originate from a common ancestor but is sporadic. We wish
to nominate the new mutation as G6PD Mizushima. The
World Health Organization classified the mutation of
G6PD into class I to V depending on the enzyme activity
and symptoms.!? The patient’s G6PD activity was lower

H@ OO0 O
9 O O

B Hemizygous case of G6PD Mizushima (848 A—G)
@ : Heterozygous case of GBPD Mizushima (848 A-34/G)
[I:%ild type of GBPD gene

O&Q: Not tested

FIGURE 1. Family tree of the case.
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than 10%, and he presented with an acute hemolytic
episode. On the basis of these findings, he was classified as
class II. Clinical symptoms of class II are general fatigue,
anemia, and jaundice in the acute phase,!? which are
compatible with the patient’s clinical findings. A cluster of
mutations in exons 10 and 11 has been reported to cause a
severe phenotype (class I, chronic nonspherocytic hemolytic
anemia).! As the patient’s mutation site was away from
exons 10 and 11, it is probably why his symptoms were
milder than those of class I.! His younger sister’s G6PD
activity was 90%, although she was gene carrier. In the field
conditions, we sometimes encounter a young woman with
heterozygous G6PD variant who shows nearly a normal
level of the enzyme activity. With WST-§ test kits, we are
regretful to describe that it is difficult to distinguish young
women to be G6PD heterozygous or to be wild types.

Mild increases in serum ferritin concentration in
G6PD-deficient patients were reported.!! The increases
were presumed to be because of both shortened life-span
and increased break down of erythrocytes, or to be caused
in increased storage iron attributed to blood transfusion.!!
Increases in serum ferritin concentration were mild in
patients with sickle cell crisis who did not undergo blood
transfusion.!? Moreover, increases in serum ferritin con-
centration are considered in liver injury, hemochromatosis,
inflammatory syndromes, cytolysis, Still disease, and
hemophagocytic syndrome.!*'* He had no history of blood
transfusion. Serum ferritin concentration was within the
normal range in the convalescent phase and was remarkably
increased in the acute phase. Serum alanine aminotransferase
activity was normal in the present acute phase. Ferritin is
induced by some cytokines,'> and its serum concentration is
remarkably elevated in hypercytokinemia.!® Serum levels of
interleukin-6 and interferon-y were increased. These suggest
that the remarkable increase in serum ferritin concentration
is because of hypercytokinemia.

LAP is classified as cytosol and microsome. It is con-
sidered that serum cytosol and microsome LAP activities
increase in liver injury and biliary disorders, respectively.!”
Cytosol LAP assay kit used in this case used r-leucinamide
as a substrate, which is predominantly catalyzed by cytosol

© 2011 Lippincott Williams & Wilkins
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LAP. High cytosol LAP activity is found in lymphocytes
and many other organs as compared with erythrocytes:'®
An earlier report showed that increases in serum cytosol
LAP activity were found in patients with measles and
rubelia.!® We have treated several cases of hemophagocytic
syndrome showing remarkable increases in serum cytosol
LAP activity and ferritin concentration (unpublished data).
Cytosol LAP is induced by some cytokines.?® Although
hypercytokinemia is thought to disorder various tissues,
neither liver injury nor biliary disorders were found in this
acute phase. Remarkable increases in serum cytosol LAP
activity were found in the acute phase but not in other
hemolytic disorders such as hemolytic uremic syndrome
and spherocytic anemia. Serum levels of interleukin-6 and
interferon-y were increased in this case. On the basis of
these results, we presume that abundant cytosol LAP was
induced in activated tissues under hypercytokinemia and
released into blood stream during erythrophagocytic
process. This pathologic state would be the results in a
remarkable increase in serum cytosol LAP activity.

The hemolytic attack in G6PD-deficient patients is
thought to be developed with oxidant stress triggered by
infection.! Uric acid has an antioxidant effect. Serum uric acid
concentration was decreased as compared with serum urea and
creatinine concentrations in the acute phase, suggesting that
oxidant stress was also increased in this patient. Erythrocytes
exposed oxidant stress are developed not only intravascular
hemolysis but also erythrophagocytosis in the reticuloendo-
thelial system, which is activated and secretes quantities of
cytokines. These are presumed that factors exacerbating the
disease conditions are hypercytokinemia as well as infection
and administration of anti-inflammatory drugs.
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A critical role for phagocytosis in resistance to malaria
in iron-deficient mice
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Both iron-deficient anemia (IDA) and malaria remain a threat to children in developing
countries. Children with IDA are resistant to malaria, but the reasons for this are unknown.
In this study, we addressed the mechanisms underlying the protection against malaria
observed in IDA individuals using a rodent malaria parasite, Plasmodium yoelii (Py). We
showed that the intra-erythrocytic proliferation and amplification of Py parasites were not
suppressed in IDA erythrocytes and immune responses specific for Py parasites were not
enhanced in IDA mice. We also found that parasitized IDA cells were more susceptible to
engulfment by phagocytes in vitro than control cells, resulting in rapid clearance of para-
sitized cells and that protection of IDA mice from malaria was abrogated by inhibiting
phagocytosis. One possible reason for this rapid clearance might be increased exposure of
phosphatidylserine at the outer leaflet of parasitized IDA erythrocytes. The results of this
study suggest that parasitized IDA erythrocytes are eliminated by phagocytic cells, which
sense alterations in the membrane structure of parasitized IDA erythrocytes.

Key words: Iron-deficient anemia - Macrophages - Malaria - Phosphatidylserine

Introduction number in industrialized countries. Iron deficiency adversely

affects cognitive performance, behavior and physical growth, and

Iron deficiency is the most common and widespread nutritional
disorder in the world. In many disorders resulting from a lack of
iron, hemoglobin synthesis is deeply suppressed, resulting in
iron-deficient anemia (IDA). IDA is characterized by small
erythrocytes (microcytic) that contain less hemoglobin (hypo-
chromic). IDA is mainly caused by a low dietary intake of iron,
but can also be caused by chronic intestinal hemorrhage
associated with hookworm infestation or by vitamin A deficiency,
which is critical for iron metabolism. Both are common in
developing countries [1]. Nearly half of the children living in
developing countries are estimated to suffer from IDA; twice the

Correspondence: Dr. Hajime Hisaeda
e-mail: hisa@med.gunma-u.ac.jp

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

IDA patients experience impaired gastrointestinal function and
altered patterns of hormone production and metabolism [1].
Moreover, morbidity due to infectious diseases is increased in
iron-deficient populations because of its adverse effects on the
immune system [1, 2]. Based on this, the World Health
Organization recommends iron supplementation for children
and pregnant women to treat IDA.

Malaria is still a major health problem, resulting in more than
200 million infections and around a million deaths annually [3].
Almost all victims of malaria are children under 5 years of age
living in sub-Saharan Africa [3], whose geographical and age
distribution completely overlap those of IDA. Thus, the coex-
istence of IDA and malaria seems common, and IDA may
modulate the course of malaria. In Kenya, however, clinical
malaria is significantly less frequent among iron-deficient
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children [4]. In infants from Papua New Guinea, iron supple-
mentation increased the prevalence of parasitemia [5]. In the
largest study, involving Zanzibari children, routine supple-
mentation with iron and folate was found to increase the risk of
severe malaria and death [6]. Taken together, these findings
suggest that routine supplementation with iron, or iron plus
folate, increases childhood morbidity and mortality from malaria.
Recently, one study assessed the effect of iron supplementation
on the intermittent preventive treatment of malaria [7]; however,
the mechanisms involved are still not fully understood.

Here, we addressed the mechanisms underlying decreased
susceptibility to malaria in IDA individuals using a mouse malaria
model. We found that macrophages preferentially sensed and
engulfed parasitized erythrocytes from IDA mice, resulting in
rapid clearance of the parasite from the circulation. One possible
reason for this rapid clearance may be increased phosphat-
idylserine (PS) exposure at the outer leaflet of parasitized IDA
erythrocytes.

Results
Induction of IDA

C57BL/6 mice were fed with a chemically defined iron-deficient
diet to mimic IDA, the most prevalent form of anemia observed in
endemic areas of malaria. The effect of this diet on hematopoiesis
was assessed by measuring a number of hematological variables
(Table 1). Ten weeks of an iron-deficient diet resulted in
decreased erythrocyte and hemoglobin concentrations. The
MCV (mean corpuscular volume, volume per individual erythro-
cyte) was also reduced in these mice, confirming the successful
induction of IDA characterized by microcytic anemia.

Mice with IDA are protected from early death due to
malaria

Iron-deficient mice were infected with Plasmodium yoelii (Py) and
the kinetics of infection assessed by evaluating the daily levels of

Table 1. Hematological variables in mice after 10-wk feeding with
iron-deficient diet

Control D
Hematocrit (%) 50.0+0.82* 34.3+0.47
Hemoglobin (g/dL) 12.340.35* 8.040.40
RBC count (10%cmm) 911.7 +44.97* 731.0+41.70
MCV (fl) 55.04+2.51* 47.1+3.04
MCH (pg) 24.7+0.90 23.2+0.84
MCHC (g/dL) 13.6+1.07 10.93+1.03

Each value represents mean+SD from six mice. Asterisks indicate
significant difference between control and ID group. MCV: mean
corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC:
mean corpuscular hemoglobin concentration.
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parasitemia and survival rates. Py has two substrains, PyL and
PyNL, each with differing virulence. Infection of iron-sufficient
mice with the virulent strain, PyL, resulted in a rapid increase in
parasitemia that killed all mice within 10 days (Fig. 1A).
Interestingly, IDA mice showed markedly lower levels of
parasitemia throughout the period of infection and survived
longer than iron-sufficient control mice. They finally succumbed
to infection with low levels of parasitemia, presumably due to
severe anemia (Fig. 1A). Mice infected with LDgo of the PyNL
strain (less virulent than PyL) experienced peak levels of
parasitemia 3 wk after infection followed by complete eradication
of the parasites. Mice cured of PyNL infection showed sterile
immunity against otherwise-lethal infections by PyL [8]. IDA
mice had low levels of parasitemia and all of them survived
(Fig. 1B). A detailed evaluation showed that the numbers of late
trophozoites and shizonts were significantly reduced (Fig. 1C).
These results clearly demonstrated that IDA mice were protected
from death caused by acute Py infection. This protection was not
limited to infection with Py, as similar results were obtained
when IDA mice were infected with the P. berghei NK65 strain
(data not shown).

IDA has no effect on parasite growth

To address the mechanisms underlying resistance to malaria in
IDA, two possibilities were raised. One relates to the direct effects
on the parasites themselves; the development/growth of the
parasites is suppressed in IDA erythrocytes. The other is that iron-
deficiency modulates host immunity to enhance the eradication
of parasites. We first focused on the intra-erythrocytic develop-
ment of the malaria parasites. Erythrocytes isolated from IDA
mice during the early phase of PyL infection were cultured in the
presence of 10% normal mouse serum and periodically observed
under a microscope. The purified infected cells were almost ring-
infected and developed into late trophozoites within 3h. They
developed into mature schizonts after nuclear division within 6 h.
PyL parasites grew equally well in IDA erythrocytes and control
erythrocytes (Fig. 2A). To further mimic the in vivo situation, we
used serum from IDA mice. Under these conditions the parasites
still grew in the presence of IDA serum (Fig. 2A). Furthermore,
we did not observe any differences in the number of merozoites
within the individual mature schizonts in vivo (Fig. 2B). These
results seem to exclude the possibility that IDA adversely affects
the development/growth of malaria parasites.

Acquired immunity is not involved in resistance of IDA
mice to malaria

We next analyzed the effects of IDA on host immunity. Our
previous reports showed that infection with PyL, but not PyNL,
activates Tregs, indicating that the virulence of Py is determined by
immunosuppression associated with Treg activation [9]. Activation
of Tregs during infection with PyL requires TLRY signaling in DCs
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in parasitemia (%) between IDA and control mice. In the right panels, asterisks indicate statistical significance (p<0.05) using the Breslow-
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mice. (C) Parasitemia during each erythrocytic stage in mice infected

with PyL. The results from three individual mice obtained 6 days after infection are shown. Four repeated experiments showed similar results.

[10]. It is quite possible that Tregs are not activated in IDA mice
due to insufficient TLRY signaling because IDA erythrocytes
contain much less hemoglobin/heme (data not shown), the source
of a known malaria-derived TLR9 ligand, hemozoin [11]. Thus, we
analyzed the immune responses in IDA mice. First, we assessed the
number of cells involved in protection against malaria in the spleen
6 days after infection with PyL (Fig. 3A). Infection with PyL clearly
increased the population of spleen cells. Unexpectedly, the number
of whole splenocytes and splenic CD4"CD25™ T cells in IDA mice
was less than that in control mice. There was no increase in the
number of macrophages.

IFN-y production by whole spleen cells in response to ConA
was evaluated using ELISA. Infection of control mice with PyL
markedly reduced the production of IFN-y; however, infection
of IDA mice reduced it to an even greater degree (Fig. 3B). The
production of IgG antibodies specific for the malaria parasite was
also assessed. Humoral immunity to the malaria parasite was
induced after infection with PyL in iron-sufficient mice. However,
IDA mice had much lower total 1gG levels (Fig. 3C). Thus, neither
humoral nor cellular responses were enhanced in IDA mice.

We further evaluated the functional properties of splenic
Tregs by investigating the suppression of TCR-driven T-cell

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

proliferation. CD47CD25" T cells isolated from IDA mice were
cultured with CD4"CD25™ T cells from uninfected mice in the
presence of ConA. Tregs from uninfected mice suppressed
proliferation in a dose-dependent manner. Infection of iron-
sufficient mice with Pyl markedly enhanced the suppressive
function of Tregs, reflecting Treg activation (Fig. 3D). Tregs in
IDA mice had much stronger suppressive abilities (Fig. -3D),
presumably resulting in reduced immune responses in these mice.
Again, we saw no evidence for the enhancement of acquired
immunity in IDA mice.

Finally, to analyze whether acquired immunity is involved in
the resistance of IDA mice to malaria, we infected T-cell and
iron-deficient athymic nude mice with PyL. As shown previously,
IDA euthymic mice showed lower levels of parasitemia and
prolonged survival compared with euthymic mice fed with an
iron-sufficient diet (Fig. 3E). IDA athymic mice clearly showed
lower levels of parasitemia than mice fed with an iron-sufficient
diet although they still succumbed to infection with PyL. These
results suggest that acquired immunity, in which T cells play a
central role, is required to survive infection by PyL, but it is not
involved in IDA-associated resistance to malaria during the early
phase of infection.
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Figure 2. Intra-erythrocytic development and amplification of PyL in
IDA erythrocytes. (A) Erythrocytes infected with the ring form of PyL
from IDA mice were cultured in the presence control serum (left
panels) or serum from IDA mice (left panels) and the developmental
stages assessed microscopically after the indicated culture periods.
The ratio of erythrocytes infected with ring form, late trophozoite, and
schizonts to the total number of erythrocytes infected with asexual
parasites is shown. Three individual mice were used in each group.
(B) The number of merozoites in schizont-infected erythrocytes in
whole blood obtained from IDA mice was counted under a microscope.
Blood smears were prepared on 7, 9, and 11 days after challenge. Data
represent the means+SD from 150 schizonts. Three repeated experi-
ments showed similar results.

Enhanced phagocytosis of IDA erythrocytes infected
with Py

Considering the resistance observed in IDA mice during the very
early phase of infection, innate immunity and/or more primitive
protective mechanisms might be operating. One of the first lines
of defense against blood-stage malaria is phagocytosis followed
by digestion of parasitized erythrocytes by phagocytic cells [12].
To examine the possibility that the phagocytic ability of
macrophages is involved in resistance, peritoneal macrophages
obtained from IDA mice were cultured with CFSE-labeled
parasitized erythrocytes purified from PyL-infected iron-sufficient
mice and analyzed for their phagocytic ability. Macrophages from
both iron-sufficient and iron-deficient mice phagocytosed para-
sitized erythrocytes, but not uninfected erythrocytes (Fig. 4A).
Activation of phagocytes in IDA mice could not explain this
phenomenon.

Previous reports showed that parasitized IDA erythrocytes are
engulfed by phagocytic cells [13]. Therefore, we assessed the
difference in susceptibility to phagocytosis between IDA and
control parasitized erythrocytes. Percoll-purified schizonts from
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IDA mice infected with PyL were labeled with CFSE and cultured
with peritoneal macrophages obtained from control mice. As
shown previously, a small population of CD11b* macrophages
ingested parasitized erythrocytes from iron-sufficient mice
(Fig. 4B). Surprisingly, almost all macrophages phagocytosed
parasitized IDA erythrocytes. CD11b* macrophages contained
higher levels of CFSE, suggesting engulfment of multiple para-
sitized erythrocytes (Fig. 4B). This enhanced susceptibility to
phagocytosis was limited to parasitized cells, as macrophages did
not ingest erythrocytes from uninfected IDA mice (Fig. 4B).
Similar results were obtained using macrophages isolated from
the spleen, in which the malarial parasites encounter host
immune cells (Fig. 4C). To further analyze these observations in
vivo, we intravenously inoculated uninfected mice with CFSE-
labeled parasitized IDA erythrocytes and examined their clear-
ance from the circulation. Uninfected erythrocytes were
constantly detected throughout the entire course of the experi-
ment (Fig. 4D). Consistent with the in vitro studies, purified
schizonts from IDA mice were more rapidly eliminated from the
circulation than those from control mice (Fig. 4D). This was more
obvious when purified ring-infected erythrocytes were used. The
clearance of ring-infected erythrocytes from IDA mice was
comparable to that of schizonts, whereas ring-infected iron-
sufficient erythrocytes were retained for up to 60 min (Fig. 4D).
F4/807 red pulp macrophages may be responsible for phagocy-
tosis of IDA parasitized erythrocytes in vivo (Fig. 4E).

The rapid clearance of parasitized IDA erythrocytes is due to
the enhanced ability of phagocytic cells to capture them. Mice
treated with carrageenan (CGN), which impairs the function of
phagocytic cells, showed a significant delay in the elimination of
IDA schizonts. In contrast, iron-sufficient schizonts were elimi-
nated regardless of whether they were treated with CGN
(Fig. 5A). Finally, we evaluated the contribution of enhanced
phagocytosis of parasitized IDA erythrocytes to the resistance of
IDA mice to malaria. Treatment with CGN completely reversed
the lower levels of parasitemia and prolonged survival of IDA
mice infected with PyL, but did not alter the course of infection in
iron-sufficient mice (Fig. 5B). These results indicate that phago-
cytosis of parasitized IDA cells plays a critical role in resistance to
malaria in IDA mice.

PS exposure in IDA parasitized erythrocytes

We next explored the mechanisms underlying the enhanced
phagocytosis specific for parasitized IDA erythrocytes by focusing
on alterations in the membrane structure, especially the
increased exposure of PS, which is usually located within the
inner leaflet of the lipid bilayer. Exposure of PS is one of the
hallmarks of apoptotic nucleated cells and provides an “eat me”
signal to phagocytic cells, resulting in rapid clearance of
apoptotic without any inflammatory consequences.
PS-dependent phagocytosis is involved in the physiological
clearance of erythrocytes after their natural lifespan [14];
therefore, we estimated the levels of PS exposure in IDA mice

cells
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Figure 3. Effects of IDA on acquired immunity in mice infected with Py. S

pleen cells obtained 6 days after infection by PyL were analyzed for (A) the

number of the indicated cells and for (B) IFN-y production after 48 h of culture with ConA. Data represent the mean +SD from 6 mice (A) or 3 mice
(B). *p<0.05. (C) Sera were obtained from the indicated mice 7 days after infection. Antibodies specific for parasite antigens were analyzed by ELISA.
The vertical and horizontal axes represent OD at 405nm and the dilution factor, respectively. Results represent the mean+SD of triplicate wells.
Each group contained three mice. (D) To examine the suppressive function of CD4*CD25* cells after PyL infection, CD4*CD25~ T cells (2 x 10%)
purified from uninfected mice were stimulated with ConA and APC in the presence of CD25* T cells from uninfected controls (filled triangles),
uninfected IDA (open triangles), infected controls (filled circles) and infected IDA (open circles) mice 5 days after infection at the indicated ratio to

CD4"CD25™ T cells. Asterisks denote significant differences (p<0.05) in *[H]-thymidine uptake (cpm) between infected controls and infected IDA
groups. (E) To assess the effects of IDA on susceptibility of T-cell-deficient nude mice, we infected the indicated mice with PyL and monitored
parasitemia and survival rate. Values for parasitemia are arithmetic means +SD from six mice in each group. *p<0.05, in parasitemia between iron-

sufficient and IDA WT mice and between iron-sufficient and IDA nude mice 7 and 9 days after infection, respectively (left panel). Two repeated

experiments showed similar results.

infected by PyL using flow cytometry to analyze the binding of
annexin V. Peripheral blood was stained with an anti-CD71
(transferrin receptor) antibody and Syto 16, which binds to
nucleic acids, to distinguish parasitized erythrocytes from
reticulocytes, which are increased in IDA mice. Syto 16 stained
both parasite-derived nucleic acids and the residual RNA in
reticulocytes. Because PyL invades mature erythrocytes — but not
reticulocytes — expressing CD71 [15], Syto 16™ cells within the
CD71" mature erythrocytes represented parasitized erythrocytes.
The percentage of annexin V-binding parasitized erythrocytes in
the IDA mice was markedly increased compared with that in the
control mice (Fig. 6), suggesting that increased exposure of PS

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

resulted in higher susceptibility of IDA erythrocytes to phagocy-
tosis. It should be noted that a substantial fraction of uninfected
erythrocytes bound annexin V, suggesting that infection may
have an effect on membrane remodeling in uninfected as well as
in infected cells.

Cytosolic Ca?* concentration increases in IDA
erythrocytes after infection with PyL

Finally, we analyzed the putative mechanisms underlying
PS exposure in parasitized IDA erythrocytes. The enzymes

www.eji-journal.eu

-339-

1369



& 1370

Chikako Matsuzaki-Moriya et al. Eur. J. Immunol. 2011. 41: 1365-1375

uninfected control uninfected IDA

infected control

infected IDA

in

o 0.8 7 schizont-rich

@ control
0 IDA

no erythrocyte

CD11b

ring-rich *
* *

uninfected
erythrocyte

recovered cell (%)

0.8 - uninfected erythrocyte

parasitized
erythrocyte

» CFSE 0.4 4

B uninfected parasitized 0.2 -
o erythrocyte control | control erythrocyte '

22

CD11b

5 10 15 30 60
minutes after inoculation

.
P

no erythrocyte parasitized parasitized

control erythrocyte IDA erythrocyte
L2
a
O
it
» CFSE
C parasitized parasitized Q
no erythrocyte ‘control erythrocyte  1DA erythrocyte E
o “less 2.46
= ,
[}

CFSE

» CFSE
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free erythrocytes (middle panel) isolated from control (filled columns) and IDA mice infected with Pyl (open columns). Mice were given
erythrocytes from uninfected recipients (bottom panel). Peripheral blood was collected and analyzed for CFSE™ cells using flow cytometry at the
indicated time points after inoculation. Values represent means+SD (n = 3) of the percentage of the transfused erythrocytes within the whole
erythrocyte population in the circulation. Asterisks indicate significant differences between IDA and control erythrocytes. (E) Splenic
macrophages, isolated from mice injected with the indicated cells labeled with CFSE, were analyzed for phagocytosis in vivo 90min after
injection. Data represent the mean (n = 3) of the percentages within each quadrant. Two repeated experiments showed similar results.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu

~340-



Eur. J. Immunol. 2011. 41: 1365-1375

Immunity to infection

A B
- - 100 -
0.35 4 parasitized 0.35 - parasitized IDA
0.3 4 control 0.3 - erythrocyte — 804
erythrocyte R
0.25 A 0.25 - 01 PBS o 604 *
0.2 4 0.2 B CGN E
2 40
0.15 o 0.15 * ‘B
@
;\;‘ 0.1 4 0.1 1 g 20 4
— 0.05 4 0.05 -
3 03
o 0 0~ 1 3 5 7 9 11
%3 0.8 q uninfected control 0.8 - uninfected IDA —&— PBS/ |
2 erythrocyte erythrocyte 100 4 PBS??S/TYO
§ 0.6 A 0.6 - © 80+ —&— CGN/control
g —&— CGN/IDA
2 40
0.4 4 0.4 4 4
S o
0.2 o 2 c
0.2 S 0
W
04 0 A 0 : *laks
5 10 15 30 60 5 10 15 30 60 0 5 10 15 20 25

minutes after inoculation

minutes after inoculation

days after infection

Figure 5. Reversal of resistance to Py by inhibiting macrophage phagocytosis. (A) Mice treated with (filled columns) or without CGN (open
columns) were inoculated with uninfected (bottom) or infected erythrocytes (upper) isolated from iron-sufficient (left panels) or IDA mice (right
panels). Transfused cells were analyzed as in Fig. 4D. (B) To evaluate the effects of blocking phagocytosis on the resistance to malaria, control (filled
symbols) and IDA mice (open symbols) treated with (triangles) or without (circles) CGN were infected with PyL. Parasitemia and survival rate were
monitored. Values for parasitemia are arithmetic means +SD from six mice in each group. Asterisks indicate significant differences in parasitemia
(upper panel) or in survival (lower panel) between IDA mice treated with or without CGN. Two repeated experiments showed similar results.

responsible for the changing the composition between the outer
and inner leaflets of the plasma membrane lipid bilayer are
scramblase, flippase and floppase (aminophospholipid translo-
case (APT)). Scramblase, located under the inner monolayer,
carries inner phospholipids to the outer monolayer following
an increase in cytosolic Ca®* concentration. Some studies
report that erythrocytes infected with malaria parasites show
substantial increases in Ca®* concentration [16], which led us to
examine the Ca®* concentration in IDA erythrocytes. As shown
in Fig. 7, fluorescence microscopic analyses of erythrocytes
stained with the Ca®*" indicator, Flou-4/AM, revealed a
marked accumulation of Ca®* in the cytosolic spaces within
parasitized IDA erythrocytes, whereas those from iron-sufficient
mice showed limited increases in Ca®>* associated with the nuclei
(parasites).

Discussion

Iron deficiency, leading to a typical microcytic hypochromic
anemia, is a widespread and common nutritional problem in
developing countries. Many people suffer from IDA in areas that
are endemic for malaria [2], and it is known that IDA individuals
are protected against malaria. Because IDA influences sporozoite
development in the liver [17], it is possible that the severity of the
blood-stage infection might be modified in humans due to
alterations during the earlier stages; however, in this study, we
found that IDA mice were highly resistant to erythrocytic-stage
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IDA control

Figure 7. Evaluation of intracellular Ca®* concentrations in erythro-
cytes from IDA mice. Erythrocytes from IDA or control mice infected
with PyL were obtained and analyzed. Intracellular Ca** was visualized
using Fuol-4/AM dye (green) under a fluorescence microscope. Parasite
nuclei were stained with Hoechst stain (blue). Scale bars indicate 10 ym
(original magnification: x 600). Three repeated experiments showed
similar results.

malaria, and we addressed the mechanisms underlying resistance
to malaria in IDA.

First, we analyzed whether IDA affects the intra-erythrocytic
development of the parasites. PyL parasites grew and proliferated
in IDA erythrocytes in a manner comparable with that in control
erythrocytes, even when cultured in the presence of low levels of
iron (Fig. 2A). The resulting schizont-infected IDA erythrocytes
contained similar numbers of intracellular merozoites to those in
control erythrocytes (Fig. 2B). An alternative possibility is that
IDA erythrocytes are more resistant to parasite invasion.
Although we could not test this because of technical limitations in
the use of murine parasites [18], it is unlikely, as Luzzi et al.
proved, that P. falciparum invades IDA erythrocytes to the same
degree as control erythrocytes [19]. Thus, we speculated that IDA
does not adversely affect the parasites themselves and that
resistance in IDA might be associated with host protective
mechanisms.

In addition to the lower levels of parasitemia during the very
early phase of infection, acquired immunity is not well devel-
oped, suggesting that primitive protective mechanisms may
operate. Indeed, we found that parasitized IDA cells were more
susceptible to engulfment by phagocytes than control cells in
vitro, resulting in rapid clearance from the circulation (Fig. 4).
Furthermore, inhibition of phagocytosis slowed the clearance of
parasitized IDA cells and abrogated resistance to infection by PyL
in IDA mice (Fig. 5), demonstrating that the resistance observed
in IDA mice was mainly dependent on phagocytosis. Our findings
also showed that phagocytosis of ring-stage parasites, prior to the
development of parasites capable of sequestration (Fig. 1C,
Fig. 4D), may account for the reduced incidence of severe malaria
in IDA patients. It would be interesting to investigate this using a
model of experimental cerebral malaria.

We speculated that the higher susceptibility of IDA erythro-
cytes to phagocytosis results from the exposure of PS during
parasite development, although we could not prove this experi-
mentally. As apoptotic nucleated cells are phagocytosed after
recognition by macrophages expressing receptors specific for PS
[20], erythrocytes with exposed PS might be taken up by these
macrophages. Several conditions, including aging, induce PS
exposure in erythrocytes resulting in their rapid clearance [14].
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Iron-deficiency may also increase PS exposure. One possible
mechanism is that IDA erythrocytes have reduced levels of
glutathione peroxidase, leading to higher sensitivity to oxidative
stress, a major cause of PS externalization by erythrocytes [21].
Oxidative stress also induces alterations in band 3 in erythro-
cytes, resulting in them being recognized and phagocytosed by
macrophages in a PS-independent manner [22].

Another ﬁossibﬂity is that the enzymes involved in PS expo-
sure are altered in IDA. Externalization of PS is regulated by three
enzymes: a Ca®’-dependent scramblase, which catalyzes the
bidirectional movement of phospholipids across the lipid bilayer;
an ATP-dependent APT, which mediates the energy-dependent
transfer of phospholipids from the outer to the inner leaflet; and a
third enzyme that mediates the energy-dependent transfer of
phospholipids from the inner to the outer leaflet [23]. It is
reported that activation of scramblase and dysfunction of APT are
responsible for PS exposure in erythrocytes [24, 25]. We
observed that cytosolic Ca®¥concentrations increased in para-
sitized IDA erythrocytes, which may indicate scramblase activa-
tion. Measuring ATP concentrations would be interesting to
deduce the activity of APT. Increases in Ca®"concentration also
activate calpain, a protease that degrades spectrin [26], which
might affect the structure and the susceptibility of erythrocytes to
phagocytosis.

As previously reported [2, 4], we found that T-cell responses
in IDA mice were decreased (Fig. 3A-C). In general, iron-
deficiency results in impaired immunity, mainly because the
enzymes regulating immune responses and DNA replication
require iron [27]. In addition to the lack of iron, activation
of Tregs may participate in downregulation of T-cell-
mediated immunity. Tregs from IDA mice showed enhanced
suppressive functions (Fig. 3D) presumably related to PS-
mediated phagocytosis of parasitized IDA erythrocytes. Because
PS receptors are responsible for the downregulation of inflam-
matory responses after uptake of apoptotic cells [20], activation
of Tregs might be one of the immunosuppressive consequences of
PS-mediated phagocytosis. Indeed, an immunosuppressive cyto-
kine crucial for Treg function, TGF-p, is vigorously produced
during phagocytosis of apoptotic cells [20]. Furthermore, Klein-
clauss et al. reported that Tregs are involved in the protective
effects seen after apoptotic cell administration in graft-versus-
host disease [28]. Thus, it is quite possible that parasitized IDA
erythrocytes with exposed PS have immunomodulatory char-
acteristics.

In conclusion, parasitized IDA erythrocytes tend to be elimi-
nated by phagocytic cells that sense alterations in the membrane
structure of parasitized erythrocytes. Resistance to malaria in
patients with hemoglobin variants is partially explained by the
higher susceptibility of mutant erythrocytes to phagocytosis
[29-31]. Here, we provide the first in vivo evidence that phago-
cytosis of parasitized erythrocytes is critical for resistance to
malaria in IDA mice. Evaluation of whether this is the case in
humans is important for the development efficient therapeutic
strategies for both malaria and IDA.
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Mice and parasites

Animal experiments were performed according to the guidelines
for animal experimentation of Kyushu University. C57BL/6 mice
(female, aged 5 wk) were obtained from Kyudo (Tosu, Japan)
and BALB/c nu/nu (nude) mice from CLEA (Japan). IDA mice
were bred as described elsewhere [32]. Briefly, C57BL/6 mice, or
nude mice, were fed either a control or iron-deficient diet for 10
wk. The diet contained 33% cornstarch, 22% casein, 5% cellulose
powder, 30% sucrose, 5% corn oil, 1% AIN-76 vitamin mixture
containing 20% choline chloride, 0.02% p-aminobenzoic acid,
and 4% Harper’s mineral mixture without ferric citrate. Ferric
citrate, providing 180 mg of iron per kg of final diet, was added to
the control diet. Iron-deficient diets contained <10mg/kg of
iron. Mice were housed in plastic cages fitted with stainless steel
mesh bottoms to prevent them from ingesting feces.

Blood-stage parasites of P. yoelii 17XL (PyL) and P. yoelii
17XNL (PyNL) were used in all the experiments (original source:
Middlesex Hospital Medical School, University of London 1984).
Those two strains have differing virulence, primarily caused by
differences in their host cell preference. Pyl preferentially invades
mature erythrocytes, whereas PyNL mainly infects reticulocytes
[15]. Mice were infected intraperitoneally with 25 000 Py-infected
erythrocytes obtained from mice freshly inoculated with a frozen
stock of the parasites. Parasitemia was checked by Giemsa staining
every 2 days and represented as the percentage of parasitized
erythrocytes within the total number of erythrocytes.

Hematological analysis

Whole blood was drawn from anesthetized mice by retro-orbital
venipuncture. The hemoglobin concentration was measured on
the day before challenge by the cyanmethemoglobin method
using Drabkin’s Reagent (Sigma, St. Louis, MO, USA) according
to the manufacturer’s instructions [33].

Separation of parasitized erythrocytes

Parasitized erythrocytes were prepared as previously described
[34]. Briefly, blood from Py-infected mice was collected with
heparin, and passed through a cellulose column to remove WBCs.
The RBC solution was placed onto 55% v/v Percoll (Sigma)/PBS
and centrifuged and the parasitized erythrocytes at the interface
were collected. The purity of the schizonts was usually >95%.
The pellets containing ring-infected and uninfected erythrocytes
were used as ring stage erythrocytes. In some experiments,
parasitized erythrocytes were stained with CSFE (Molecular
Probes, Eugene, OR, USA) at 1 uM or 5uM in PBS) for 20 min at
37°C followed by extensive washing.
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In vitro Plasmodium yoelii culture

In vitro culture of Py was started at 3% hematocrit, 1-5%
parasitized erythrocytes/total RBC, in PRMI-1640 supplemented
with 1001U/mL penicillin, 100ug/mL streptomycin, 2mM
L-glutamine and 10% inactivated mouse serum. Incubation was
carried out under mixed gas consisting of 90% N, 5% O, and 5%
CO, at 37°C for 12h.

ELISA for anti-malaria Abs

Serum from each animal was assayed. Antibodies recognizing Py
extracts coated onto Maxisorb plates (Nunc, Roskilde, Denmark)
were detected using HRP-conjugated goat anti-mouse IgG or
IgG2a, (Zymed Laboratories, San Francisco, CA, USA). Serum
samples were run in triplicate and absorbance was read at
405 nm.

Interferon (IFN)-y ELISA

IFN-y concentrations were measured in the supernatants from
5 x 10° whole spleen cells 48 h after stimulation with 2 pg/mL of
Con A using the mouse IFN-y Development Kit, Duo Set (R&D
Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions.

Cell purification and culture

Cell purification was performed using a magnetic cell sorting
system (MACS) according to the manufacturer’s instructions
(Miltenyi Biotech, Bergisch Gladbach, Germany). Mouse spleens
were prepared as single cell suspensions. To purify CD4*CD25™
T cells, the suspensions were incubated with phycoerythrin (PE)-
anti-CD25 antibodies (eBioscience, San Diego, CA, USA) followed
by anti-PE microbeads (Miltenyi Biotec). CD4¥CD25* cells were
positively selected and used as Tregs. The flow-through cells were
incubated with fluorescein isothiocyanate (FITC)-anti-CD4
(eBioscience) followed by anti-FITC microbeads, (Miltenyi
Biotec) to yield CD47CD25™ T cells. The purity of each cell
subset was routinely >80%. Purified CD4* CD25™ T cells and
naive CD4™ CD25~ T cells were stimulated with Con A at a
concentration of 2.5mg/mL in the presence of APC in 0.2 mL of
media (for 72h) and incubated with 1 Ci/well of [*H] thymidine
for the final 8h. Radioactivity was measured in a liquid
scintillation counter.

Flow cytometry

Single-cell suspensions stained with fluorescence-labeled anti-
bodies were analyzed using a FACSCalibur flow cytometer

www.eji-journal.eu

-343-

1373 &



