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The nfa1 Gene Contributed on the Contact-dependent
Pathogenic Mechanisms of Naegleria fowleri
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Abstract

Free-living Naegleria fowleri is a causal agent of
primary amoebic meningoencephalitis in mainly
children and young adults, An nfa7 gene, encoding
360 bp of nucleotides, was cloned from a N, fowleri
cDNA library by SEREX method, By immunohisto-
chemistry and a confocal microscope, Nfa1 protein
was found in amoebic pseudopods, especially in
food-cups, when amoeba was in contact with target
cells, When an anti-Nfal antibody was added to the
coculture system, the cytotoxicity of N, fowleri
trophozoites onto target cells was decreased, and
the severe morphological destruction of rat micro-
glial cells cocultured with N, fowleri trophozoites
was reduced, In a tansfection system, an expres-
sion vector with an nfal gene was successful
transfected into nonpathogenic N, gruberi, and
transgenic N, gruberi showed the increasing in vitro

cytotoxicity, The siRNA decreased the expression
levels of nfa7 mRNA and Nfal protein in transfected
N. fowleri trophozoites, On the immunization of
mice with the rNfa1 protein, the protective immunity
of host was induced, Thus, mice showed the
prolonged mean survival times in PAM-developed
mice, In final, the nfa7 gene and Nfa1 protein play an
important role in the pathogenesis of N, fowleri
infection,

Key Words: Naegleria fowleri; nfal gene, Cyto-
toxicity, Protective immunity, Recombinant protein
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ArA) Zolwal (free-living amoeba) & E 47} g4rol|A]
AFAGS ot A S A= At S EA6HH Aot
7t otrutEE X AA7HA = ArotwluH(Naegleria spp.),
7¥Aotelvt(Acanthamoeba spp.), Balamuthia 2 Sappinia
opuu} So] BuEw g AfobuEt Z(genus
Naegleria) o= 2F 30015 o] o] Q&= Ao 2 HuF 9
oul? O F WgAol 3 & eAfolul(Naegleria
fowlern= A, o2 9 ThE APFEE A A of
HupAl 48k G (primary amoebic meningoencephalitis;
PAM)S fraksheh ¥ 2008\l w] 2ol A 7158 74 Sy
& % 070l T o= ghgejafrobutel 7 ¥ o] PAMO.
2 APgsh= Abo] dAet o ALl E A Yo H (A
4R, 20099 74 3097, BAZA AAA o= F 200
o3¢ PAM ¥ a7k HaE 1 gz, FuloAE o
S Aobuulof o8k PAM $hA} BHA) ol = o} A] K 31|31
A it

& A frotuhE 35C 9] 2olX HA 0w Aetn
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Fig. 1. Life-cycle of Naegleria fowleri.

40~50C oM &= AE0] 7Fsstth. 2717} 7~20 umeolal &
Aol Wl kgl opwnly  Al7](amoeboid stage),
10~18 ym A =9] 2715 ZEaL o] FHte] UF Bl ¢
Al7](cystic stage)ot YA HRE ZH= HEF A7)
(flagellate stage)Z TAEE AEALE 7HAL 9t} (Fig.

1)

Aol 25, 37, dF3H Soll wek 3%
9 (trophozoite) |4 E(cyst) O & vl =1 o] 2 ¥4
374 (encystation) 013}1 otH, W 2 A7) $2 3
e I3oA JFFo T AdEEd o2 edaAy

(excystation) 0|2} gt} S 334 A oA Ho| BZE3} A
Z2HE ARNE Hoshe 9824 E¢3H (encysting)
&2 Aotk shue] 3 (nucleus) 3 Al EA W] &%
(cytoplasmic vacuoles), 23E (food VdLuOleb) FEX
oH, 1 F e|Hy
Ak A (ribonucleoprotein)2 E‘L_T}f}?} AXE olmle 2}

(contractile vacuoles)E-< wo] z¢

7} EA 24| (autophagosome) & 3 F
o|F "o AZLEALAZF YA
3 gEo] AR Axd W 7494 —EE% w3lstA |
o} A7} 4 (autophagy) A E 0] glapA oA B
E5o] g2 dWd F3 ZZ(protein degradation
pathway)ltl], o] & ez 2 H AR Algtd ok el
o = Al E ] *§Z°ﬂ a2 D asieh ! A7 E A ZHgof
gt AFEL2 ob A ZEGA o] AWk F Qg A|39] W7 A
S HFE ?ﬂ‘:} T 3L A 2 kEE A A
71E 9 7120 2 o] & E |, ofrul ZHAF 2 A5 9l

of TP a2l }“ﬂﬂ}z(amoebmm) 22 A
< JA5HH ofHu} 7H 5 2
S A5 Y FL AR 314% ]fﬂ ‘%"? et
g HArotrukel] oJg PAM(EEA ofwubg
)2 ofwule]] & FH FojlA] °§ L ==
1 o o} wf|u}o] gokgo] QAo 7 FE o] HAEHE Ao =
HA ok *" Cerva 2@ Novak (1968)¢]'* ¥ B w10) u}
W A ZE&2u7]ofollA] 16959 PAMEAZL A8
+o 7oA A= ATk aL st ol 2o PAM
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F9 779 A2 A9 B F (nasal cavity) & F3A] o]
FolAEH], H7tel Eoi ofHule] JFFol v At
(mucosal membrane)& &t 1 Fo F A7 (nasal
nerve)g %3] 3 ¢(olfactory bulb)#} =g
A Fakr] o 2 MAAIA 7+ T 7~10U] o] AFo]] o]
gth’ PAMS do7l opule] Fa 7‘“—‘?*14\—‘:‘
73 Al (central nervous system)o|H, 7+ & ZAFS
TE, SRR, HAAR, TE, ALP(38~40T), AHA Y
SR, WA Ze] AT 83 WA Bule 2AH =

[Fee] [ S R = A 5
A2 ol PAME 15 AE7} oh B2 7 e9)o)
S74 thigell ko] ofEj 9] AbgE o] 95%0]3el o]21
pow, dA7EA A 259} PHe vulg ol
1:]_ 1, 4, 16

Afrobuute] WA 7] (pathogenic  mecha-
nisms)-& o} &3] a4 A= GUAT, S5 /‘ﬂE‘)ﬂ
°}UﬂHH A% (adhesion)o] dojd thg SFHEAIES

Lol A EWH E3 (cytopathic effect)7} °‘01‘r}\3}.1_
Eiﬂ‘ﬂ‘:} 7P s gy zfotulubs TN EL FoAM 5
ABAZ Eol 2 & &, suckerlike appendage
(food-cup¥} FL3 +22 7H535H EE amebostome?]
e TF2EL o] 43 AAM ¥2E(phagocytosis) T Ea
(enzyme) 5-& #H|5t= M E-83l (cytolysis) 2ol <J3)
A 27 24& g3@ S 7 02 L3 £ fibronectin
S 53 FEAfrobdubrt A=, integrin-like
protein & protein kinase C7} #+¢] ghth= Zo] Bl ¥
o} P A EL o Fodsls Wol @ A(viluence factor) 22X
+ phospholipases,’

28-
enzymes,””

426
neuraminidases,”’ pore forming
1, 32 =
protease’” > So] B ¥i gt} A

Fritzinger % (2006)-2 X A (complement) 9] 232 &3}
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(membrane attack complex) 2 o8] 7}A] AT S4 o

9Jgk pore-forming protein?] 34 0 2 H ] o}wu}o] =S

H33H= CD59-like proteing 2330tk 1 29 o

By =753 Aelshd & afrotHute] Welrjde
2E O 22 7 o] 7hs sttt (Fig. 2).

AHA ¥el7]dL HEA W73 (contact-dependent
pathogenic mechanism) 22 o}wu} HEZo] B= 3
9l food-cup FZAY amoebostome TZAE2S FAJs}
of FHAE FHeto] AERAANE FEshs Aol
(Fig. 2A). T4 Bl 7142 IS4 #9171 d (contact-
independent  pathogenic mechanism)og 84
(soluble) €322 (cytolytic factor) & HH|s}o] FTAA|
%2 sk 3olchFig, 28). s AL 978
7 el EAA S e §AZ1 R oful Ak ofolee] 4
Z| A 39 83 7|Ao T dHA L Y+ A7 EA] (auto-
phagy) #+7d o]t}(Fig. 20).

Aol RAYEIA 71450l ASHHA ofrlee]

Q 75S B3ete FAAEY] F2Y0| 7FsstAl =l
t], Fig. 2014 X0l £ A7 5o 93f sh-&ej Aol
2R E = nfal, hsp70 2 actin 5 AA} 50] 25 0]
%%@ﬂAﬂ&@%wgﬂa%@%ﬂmaﬂqn“%
£ =EdAE ghgejafroldute] A Welr1Hd A%
A A7 #ofsle fAAR HAE nfal £
(Naegleria fowlerig. 3€] A A2 S8 o] sty o] A
225 upA Wi E)ol djs) st st

H =
[ w—

Shin $°& N, fowleri¢] ¢cDNA libraryE 333 N,
fowleriol| thgt A 2 WIS Aist o, 1
< 0] £3}9] immunoscreening g 3 2 F-AA
Z293I 9 EHI(SEREX  Method,
methodg} E&]&), N, fowleri®] $1Z(pseudopodia) &

A5
=
=

serum reaction

D) Contact W wﬂo, Actin.. |

Starvation,

Cell death

I

Apoptosis

Autoph ugy

Encystation | e

l Autophagosomal proteins.. ?? ‘

Fig. 2. Three hypothetical mechanisms for Naegleria fowleri patho-
genesis. (A) Contact-dependent mechanism. (B) Contact-independent
mechanism. (C) Autophagy mechanism.
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3], food-cupsel] £o|# 02 Wsl= Z& &elete] nfal
FAAZ Wit

1. ERMES SN

Nzol 2EYR afi FARY BANRHY =
(molecular and biological characterization)& €o}xR il
2} 9714 9 #A (sequencing data), 7]&2] FAF FAAE
o] A Hlal(homology search) & %% ¢l

(recombinant protein; tNfal protein)& AJ4Fs} Tt

o

1) nfal A9 G714 4 4

gg Aol iul 2R F2YE nfal FAAE ags
A2 E (start codon) 0.2, taad £EFE(stop codon)
o 2 o]-gsh= 120719 or]:=4H(360bpe] DNA H714 %)
< 23 Qloirh ¥ wa, uhy g (expression vector)<l
TOPO WE || nfal FAAZ F238}3L E coli Fd A&
S o] g3to] AL A3 WA (recombinant protein;

Nfal protein)& AJAkshs Al 28-S ZH:90T

2) A ¥l

shgelgollslel nfal §aAel DNA 971428
GeneBank ¢ 52 (Accession number AF230370) 3+ &
7180 229 FAAERZ DNA d714 E9] FFAdS 1
wg A, o2 AEAY myohemerythrin fHA2HER
26~43%2] AEA)S 7k31 Q) e} P Myohemerythrin O,
LRt e A2 A4 A 9l Nfal & A o] myohemery-
thrin @ A3 =2 AEAS Bl AL ofYARh nfal &
A7} obslute] Aol F23 88 gk Aojehe A
< 11 FA AT

3) Nfa1R| 23 gl 2

2299 nfal FAAE $d WEQ] TOPO HE o 22
Y3k, E. coli 8 A AR o] §ato] A& Alzxg ol
(tNfal protein)2 13.1 kDa2] B2 2t 3 ) cHe4
A 8571 93l Tag Sl dS 22 Tag-fusiond™ 2
2 17.1 kDa ¢}) (Fig. 3A).

2 BN ZaE £
g elAfolin 23 e 2298 nfal 442 Aol

£33 EA(immunocytological characters)& ZolR3l

A} 8}-Nfal8H4) (anti-Nfal antibody) & A4k 9o W H
A EZA3}8HA 29 (immunocytochemistry)& A3}

o,

1) 3-Nfa13HA) 4+

E299 nfal FAAE Tdsto] d A2 dwd
(rNfal protein)& nF$-20] 27 Y2 13} A F o4& iNfal
50 mg# complete adjuvantZ 1:1(v/v) & 4] 1A FUH A
o, 3F 740 2 2, 3A}o| A= rNfal 25 mg¥} incomplete
adjuvant® 1:1 (v/v) 2 4014 FYetAaL, 3575 wpAl 4
zho| A& rNfal 25 mgd A2 E5-E 11 (v/v)ZE 41014
#0esch. 3% F30o] By F ool Bolg Aok
FA7L] S Fg F 3-Nfal 2234 (polyclonal
antibody) 2 AHg-3t ek ¥ Nfal el dof g gt 223}

A
PM 1 2 3 4
(kDa) — -—
52- M T
27- E
20-
14- - 70 >
<=13.1 kDa
10- "
B S (¢ $
YRR SR RO R AP
(kDa)
52.-
37 =
20 -
14-
10 -

Fig. 3. SDS-PAGE and western blotting results. A) Lane 1
and 2 show a N. fowleri lysate and a recombinant His-tag
fusion Nfa1 protein. Lane 3 and 4 show reacting bands by
western blotting using an anti-Nfa1 polyclonal antibody. B)
All lanes show band patterns of recombinant His-tag fusion
Nfa1 proteins with anti-Nfa1 monoclonal antibody produced
from various hybridoma clones. PM, prestained marker.
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A (monoclonal antibody) &) A2k A E§3H(cell fusion)
714¢] hybridoma technique2 o]&3}¢lom, e t}
239 FF2A E5F13.1 kDao] 4o v-3-&
B} (Fig. 3B)." %!

2) AGH X2 435}8H8 54
g ejAfrobula 278 FEYE nfal F72e] F44
A& (antigenicity) 2 ME W EE Y X](cellular localiza-
tion)E 2o} XA} anti-Nfal tHE-28A9} peroxidase
WA § A7 ARS8 immunolocalization 23 A3 % u]
AA aFwArotulul(Naegleria gruberi)®] 9%
o7 e1skort el froflstel okt
Z-5 0] A (species-specific) & HAF T},
B in vivo AP 2 vpg-20] e foboh 2+
7 Qe A PAMo] Sl vh9-29] W2 o4 1l
A g goboliitel ool 2 wg
o] A5 g FAZA o] 4745 HofFAt.” TEM
RS A FFo| A B P Nfal Bhill 4.2 o}
uke] =3 A X (food cup) Folof] F2 FFEsh= T2
2 915955} nlo] i Ao R wa s, B2 A
74 (confocal microscope)g o]-g-a T2 oA EE‘E,?O Nfal
@ oflule) 915 53], BT AAELE(phago-
cytosis)Z Aol & food-cupol ZH L& 3 QI on,
FAAZ7} 91E ) 53] food-cupel A FHHE= A0 B

o} shg el frobule o] W UAt] ABAS HolFen

3. WOl REXI=EML| =4

B-gejAfoluul 2 RE 2299 nfal AR} opHut
o] WA ol AFA o] JIEAE Lol 1A} in vitro A E
E A (cytotoxicity) 28, FA2F BA7H A (gene transfec-
tion) A& 2 H- A2} 23 97 (gene knock-down) A &S

Al st gict.

1) 8-Nfal3A|9} in vitro A 54
&2 AHrobuluke] 4d (rophozoite)E BAAEE
Z, CHO A|¥(Chinese hamster ovary cells), 24 ¥
(macrophage) @ A7 AW A E (miroglial cel )55 748
S AT e 2A e AESRE 23 gl
o &3t in vitro M| E57 ARl 9loiM F-Nfal 223
A B dFEFA S T %A 2 (coculture system,
22 7] 871 Well oprule] Yt S BAAESS
Sk Wk 2ol Folohd bl o
FEo FANEES 3t NEEAL 2w 020 54
AHdn) 7 #Z(TEM, SEM)& §_ AEEA A B
0 FEUPA A F-Nfal A1 Azl S o obvel
wopo] ozt g3 Sol BAHTOle ¥5
ol Wojo] AFH A,

0:]0]: %o

2) 32 A8 (transgenic) o}wiu}

E299 nfal fFAAY] HA9H #EFTE s
23te, HIH A A Aol uuyl TR Aol H[uR(N,
gruber) 2 nfal - AAE transfection 3f= F- A4 EA4)17¢

Fig. 4. Confocal microscopic findings of the Nfa1 protein in Naegleria
fowleri trophozoites cocultured with CHO cells (red color) for 3 hr (A)
and 6 hr (B). Strong fluorescent signals were shown in the food-cups
of the N. fowleritrophozoite (x400).
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%(gene transfection) A8 £33 A3 nfal F-AAS
Zk31 QIE transfection vector7} 1B AHroln}e] Al
A= Z transfection $2-2 ¢33 F 02 I2|1L nfalfr
P B Fol A% PR B Sl
& AA S JF Wzl vl (transgenic N, gruber)=
AAT ol et AT Ao] 7t Z7hh et P

N

3) 22} &8 9 A (gene knock-down)

g e Arobaluk e nfal fr AL W o] ofwubatA] ol A
SIS 9 foho] AR AT W 3105
%ol B 112}, double- stranded”! 2 antisense RNAY 9} RNAi
(RNA interference) 7H3 & 7|2 =2 3t siRNAZ o] g3} 1}
SEAfroldule] QY3 (N, fowleri trophozoites) W=
ZOANAY. A A7 nfal AR ¥ o] knockdown
Ao #FH oW, FAA T g A ESAS Gt
A} nfal A o] AAIE shggjArobuate A
E5Xo| Astgo] A&, F2YH nfal FAATL ol
uo] WA #Eo] 9l5-& Harstglrt,

SEUEVIEE
& Afotul 2R F2Y W nfal FAA7} ofuin}
9] food-cups& 0] &8 A F2H Lo A= o] Qo 12
Q18) obuule] HAA ol F 23 g FFala glgo] &
350}, shgelAfotelt 29 A %52) WolH e (protec-
tive immunity) < B7] 8] A 2% Nfal g 2L wp-9-~
of | “*171 T APH PAME FEAA nh¢-20 AbEES
BATFORA SF2HY 329 ol WS dobn uz}
}%E}(Flg. 5).

1) HYZF2 &8 34 (immunoglobulin antibody)
Az Nfal @ AL npe-20] B0 & F¢lste] WY
A7 F, o5 Golr 7] 3) nhg-20] DX W

N. fowleri challenge
(1x10* trophozoites)

Mice

2 4 6 8 10 12

T 11 —
Immunization of rNfa1 protein Observation of survival rate
intraperitoneally and mean time to death

14 weeks

Fig. 5. Flow-chart of immunization and infection schedule.

2 2&(immunoglobulin) A= %—7@3}‘}:}"5'3], XAl
ahg-20] YT} A2 rNfal Tl 2 2
FA oA IgG (immunoglobulin G)«] FA7F =014 98
& 4 AN Fig. 6).

2) 494 9 9(experimental PAM) ]| g nl-g-2
o] FAEd

shg A frotHlute] Nfal S 2-&
T 494 PAMS rsto] nhe-2E5 0] Abg A& #s)
=), A%3 vl a5 It AP Lol 15,
L, opulul A3 iNfal il dwto 2 ‘?i‘li'* AR
FollAd 3t Abgdo] 2509 oloH, A
Nfal @9 -8 adjuvantE 2o] Egsto] ‘1.3/\12_1 np9-2
IFdME Hat AFgY o] 24,49 o]tk (Fig. 7). whehA 1}
S A-otrule] 7 ol thak Nfal vl A o] A2 (A )
7t & 01]*1«1 A ﬁé 3 %*3}01 up-9-2:9] F Abg I

\=|

g B A froldlu(N, fowleriy= Q1A vl 2 T} 2 A
FEEE oA L7 obuubd e o (PAM)S R2 i,
Abroblehe] WA 7128 ok e8] dhel A A o)

S A o ofl|ut o] HZ(adhesion)o] FQ3}chaL

ol;qu]-
g 3.0-
8 25-
<
2 20-
o
1.5-
1.0 -
0.5-
oL mim
Normal Adjuvant rNfal rNfal
(PBS) +PBS  +Adjuvant

Fig. 6. Serum IgG level in mice immunized with the rNfa1
protein. rNfa1, recombinant Nfa1 protein; PBS, phosphate
buffered saline.
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—e— Normal (PBS)
—=—rNfal

o 0
S S
|

A
\

0 12 14 16 18 20 22 24 26 28 30

Survival rate (%)
N
(e
| _o—]

I}
S
/

o

Days after V. fowleri infection

Fig. 7. Survival rate in mice infected intraperitoneally with
N. fowleri trophozoites post immunization with the rNfa1
protein.

Bt s Afrotrlut 258 A5 229 H nfaliy
AAbe s& e Aol wluk ] <DNA library 2 78 9222}
Frofrutel tigk ZHEH 2 HAEH S o] &-te] immu-
noscreenings &3 2 E MZ& iAot S22 €
nfal §-AAE 360 bpe] DNA €714 9e 2t a 9lom 131
kDao] #AtgS Zte gl dg wgstal 9k, Immuno-
cytochemistry 2823}, shgAffotmule] 95 (pseu-
dopodia) 53], food-cupsol] 50|40 2 w&ls}o] o}wu}
A HEA HA7| AT AAAS B lon, 3-Nfal 34 9] A
+ BAAE S o gt ghgefarolrut o] A 2S4S 7
2AZT, B A aFWAfolu(N,  gruberi)ol
nfal FAAE BA7Z G (transfection) Al7]|H FAAH
JF 8| A fotulE Fold AIESAL B on siRNA 5
0 2 gpgejarotulnl AA oM nfal FAA A A
718 g-gejatfrotunte] AEEAL st Az
iNfal 2 S g2 0] BA Y2 of ] M FYshd 9
Apfrobwlatel thet WA 7} & A=, HoH
o A¥AoR sEeiAfrotuule] JFIFES 2
PAME f =5t A 2¢ iNfal S A2 Wl np-9-
Pt AE7|7ko] AF =Tt THet] B, F2YE nfal
AR g yAfolute] HEA HelIdd F542
Q8-S G o UrhA & ofwinle] Bl % PAMY

Ak X2 D ojubel w9 485171 FQ8 AR}
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