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Nanotechnology has had a great impact on science, technology, and society since 2000, and its applications in medi-
cine are also progressing in the diagnosis, treatment, and prevention of disease. In this review, international trends in
nanomedicine regulation are introduced, including the definition of nanomedicines and the evaluation of liposomes and

iron nanoparticles.

Key words——nanomedicine; definition; liposome; iron nanoparticle; comparability

1. [FU&®»IC

F /0 aY— (BEMINLIEGN SnDEEE
MAE<ED EFonsREEa->7=01E, BES
< 2000 E L D KETHB S NZEEF /70 /0
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2. F/ERREE

I BEGOHEL, SHBORNE 51
MR EEC I VRRD EEZ NS, UTFIZK
KRHESENORHEINTWDEF ) T/ 0d—5%
BWEF /T /oyt EEICE TS5 ER, F
¥EgE, EEITNEE (Points to consider) 2N
L7\ (Table 1).

2-1. BAMEZRSFF (Furopean Medicines Agen-
cy; EMA) EMA TiL, BELDORE - Z41% -
FHEOFMICB W THLIREFZE> Tha e
b E 35 52 B4 Committee for Human Medicinal
Products (CHMP) 28T, 2006 412 Reflection
paper on nanotechnology-based medicinal products
for human use? 2IEHINTWS, Zhid, FES
DF )57 aP— R U EERORFRI
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= OHA LT DI EEEEINRST L BHTR
HEETDIOOTRBNWS, F/F77/ 09—tk
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ZHRREBROBRE - PHOEDIZT /T /0o~
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FIAF 4 OHELTYRY —LEE (Cae-
lyx, Myocet), RNUT—#&F >N EEA (Peg-

Table 1. Control Subject and Condition of Nanoctechnology
by Regulatory Agencies

Regulatory Year Control subject and conditions

agency
EMA 2006 Control subject: Production and applica-
tion of structures, devices and systems

Condition:

@ ““‘Nanometer scale’’ ranges from the
atomic level at around 0.2 nm up to
around 100 nm.

@ ““Nanomedicine” is defined as the
application of nanotechnology in
view of making a medical diagnosis
or treating or preventing diseases. It
exploits the improved and often nov-
el physical, chemical and biological
properties of materials at nanometre

scale.
Health 2010 Control subject: Manufactured product,
Canada material, substance, ingredient, device,

system, or structure

Condition:

@ It is at or within the nanoscale (1 to
100 nm, inclusive) in at least one
spatial dimension, or

@ It is smaller or larger than the
nanoscale in all spatial dimensions
and exhibits one or more nanoscale
phenomena.

FDA 2011 Control subject: Engineered material or
end product

Condition:

(D Whether an engineered material or
end product has at least one dimen-
sion in the nanoscale range (approx-
imately 1 nm to 100 nm), or

@ Whether an engineered material or
end product exhibits properties or
phenomena, including physical or
chemical properties or biological
effects, that are attributable to its
dimension (s}, even if these dimen-
sions fall outside the nanoscale
range, up to 1 um.

intron, Somavert), E5F TN HRLBESET (Copa-
xone), J /58] (Rapamune, Emend) 7233815
5NTW5S, Lnl, 7/ A= =P XTiEdH3
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Presented by Medical*Online

— 261 —



No. 1

45

22, NFHEEYE (Health Canada) /14
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Fiz, ZOE¥EEFOEHT

o S 2 —)V7 &, “lam £L_E 100 nm B4

T oEEEL,

o F A=)V DBIR” LiE, TP Xick

K95 T2, WHE, PoBL BAL s, >

AT LB BHWERHEORMETHO, H4 DEF -

T - IOV WE AT AL, WERAREE &

BEHLESEETSH 5.

=51

o ‘LG INET &LIE, T/ ATV TOI ¥

B, mEeT o 2 ofililE By 5.
EENTNWD,

2-3. KEEREZXSEE (Food and Drug Admin-
istration; FDA) FDA IZBWTE, 2006 4Eiz
JFD IOV FAG T A —AEMB L. O
HAD T Hx =&, FI R FTUTIEE
> T Y TLR L THER FDA Hlfil S 85 Ok
BEL7=BRF A2 RREICT HHIH Y T 0 —F R RET S
BT AEE>TNWS. Y Z T, FDA MNIdT 285
IIEESES, AW, EREES I RER K
UEEHE WS EHRIARELES T8 &,
SEMBIARMS, (LR, RUOBREERS &Nz
TIRATIE AR R B LD S, 2011 L 20T/ F
/Y — ¥R T 4—RE “Considering
Whether an FDA-Regulated Product Involves the
Application of Nanotechnology (FDA 2SR GIHELR
EEOERIICS /T al-NRHEhThwa )
EDDNOBED" BT A RI T "NHAY X &5

WL TWa, 2L, FDA JREIT 58508/
RTFUTNEGNTHDRES N, 3T 707
Il ym&m}ﬂ LTM%W:E“‘B'{)‘ [ZDWT D FDA @

?5:“”"&571.‘60) Cldzwn & sz:m%) FDA 155 ;@gg
WA )T U T IEELTNWENE DD,
/T YR L TWAENE D NIDNT
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DEBERH /- EEBHWEHLED, LLTWS, Z
T, LS TFYTIVIERERE SR EL T
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HFTERARAELETTU TN EEDEENS,
BN F /A= 5TU 7 IV EED X
FTo /0P lEaDEEERNT 520
ThHD., EBITNSRBAT—I) (F/AT—IVEsE
&) THRIEETS0d LW EEM XIS >
N IR EDQEY I FEYE 213> E D KRN
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T ZEERCEREELIHETS Z &tk
B OIB RN ERT D 2 LIER D5
BT2EDEANSTHS. £/2, Plomhs
100nm” WS U i, WEEHHICET 5K
INBERES, WINEESR, RO FEES,
EIEME LR (ISO), R J1BHFEHERS (OECD)
DOF )T 0P CHETEZT—F TN~ F
1 —, BESLERUIER, KEBERaZICLDIERS
N/=ERE, FEEE, XNIPHTELDNTWS, Z
N5ORHEEEZER L, FDA BNBREEEZEDH S
BIRENF ) ITFITINEEATODENE D, Xid
F T AP —DIEHANEENTVWENE SN E
BT H8AOBBRS > FELT “Wlmbhb
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100 nm & WD A —JVINEBENEREL LT
5, anl, “FoTRCERT S, ME{bEmEs
PN AR E 2 EDREIHSE” &L Tn
BDWE, FIAT—INDORTFUTIVNET DEED
SWEEISR, FDA BRI REROZRE, HH
P, NT7+—< X, WH ToRLAREE~FE
ERELELDNSTH D, INLF /A r— i
HUSENIIHEOS BEEBICEELED D &
LT, £%EnmfiHEosn Agowd, X3
BRI OBEED LH, BHOFEERAD R ENETS
NTW5s, £/, ERELTIum 285E LRI
ELT, D) STHRICERTSFEER->TWE 0D
Lk, o/ 57 /) 0o e 5 e
BN A ZORT—ILDTT U T ILERENT B0,
2) 100 nm P\ EDEEFFDON, ¥ 70X —)b
OIFUTIIEREMUES T/ T /0P —i
R UIBRKERTH D LIVRNWT T U 7L
(ﬁx@ﬁi@f@ TR T TaA L —
, BE#HEINAEDO, BHRENMEEINED
(D, IZHEBRICH AN T HNZHE) 28057
HTHDHTEEBNTNDS,

HETH /57 /0903503 F /EHEGIC
B4 a2ERITH0nED, FROBOGEIZEL L
&ht, HATHEW SN, /BEEREELOND
FhasmEFRIC L (Table2), TNSITMA,
WHEARREOF J AF 1> ELTHEBEATVWS
BFNc T 0w 7 HESEI IV EENH D, 9

3. BEHORFICETEEER

F / EESRICEEE U 2 8L B OB 6 SCEE,
FDA & EMA /p53EIHEN TS (Table 3).

3-1. FDA

@ 2002 4 ““Guidance for Industry; Liposome
Drug Products—Chemistry, Manufacturing, and Con-
trols; Human Pharmacokinetics and Bioavailability;

Table 2. Examples of Nanomedicines Approved in Japan®

Liposomes AmBisome, Doxil, Visudyne
Polymer-conjugated drugs  SMANCS
Nanocrystal drugs EMEND

Other nanoparticle drugs Abraxane, Resovist

2 Because nanomedicines have not been defined in Japan, products
containing materials in the submicron range are listed as “‘nanomedicines’
in this table.

and Labeling Documentation, Draft (Table 4)7
B CEETIE chemistry, manufacturing and con-
trol (CMC) &EWDFEMNHNWSND) MEIEET
%, AR, BROMEELAET>EEREER
TR T A—5 DREERORIE, BETER/NT A—F
ORERVZOEHOEENE, FYWMSKOUR
V—ADERBTHAEEOER, HHoREiks
B, BBEAEROEBFHNRLINTVS., KRS
T RITA RS T, VRV —LEHOF- )T
CHST SREMRSERIF & L TERINTh S
M, BEICET2REREE GEmyr, 258 M
¥, HEMN) 2EHLTWS. I, BERS
A, URY —LADF A XU RY — L O

Table 3. Regulatory Documents Relating to Nanomedicines
in FDA and EMA

FDA

@ Draft Guidance for Industry; Liposome Drug Products
Chemistry, Manufacturing, and Controls; Human Phar-
macokinetics and Bioavailability; and Labeling Documen-
tation (2002)

@ Draft Guidance on Doxorubicin Hydrochloride (2010)

EMA

® Reflection paper on non-clinical studies for generic
nanoparticle iron medicinal product applications (2010)

@ Reflection paper on the data requirements for intravenous
liposomal products developed with reference to an inno-
vator liposomal product, Draft (2011)

Table 4. Guidance for Industry; Liposome Drug Products—
Chemistry, Manufacturing, and Controls; Human Phar-
macokinetics and Bioavailability; and Labeling Documenta-
tion

CHEMISTRY, MANUFACTURING, AND CONTROLS
A. Description and Composition
B. Physicochemical Properties
C. Description of Manufacturing Process and Process
Controls
Control of Excipients: Lipid Components
Control of Drug Product: Specifications
Stability
Changes in Manufacturing
HUMAN PHARMACOKINETICS AND BIOAVAILABILITY
Bioanalytical Methods
In Vivo Integrity (Stability) Considerations
Protein Binding
In Vitro Stability
Pharmacokinetics and Bioavailability

O @ my
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(rigidity) 4 OHAEERREID, & oIy AP SR T, IR D W TR I Rl &

DRNEGL, AR OB, PR E ol
MELTORMEEEBEY 7T 50THD,
Ji, b b TCOERPREAER A AT RA T E ) T
BT LIEE T, D AR DR, 2)
In vivo CO5E4E (integrity) D44, 3) k4
SNB DR, 4) In vitro 4e5ENE, 5) M ENEE
B ENA AT AN TEY T BT DS B EA
SEL XN T WA, In vive TO integrity D434, I
185 2N OREE OFITICE D, PNEEEYRLeE
FIZ D R — LA E Ui L sy, 7z ik
& N EOREE SN ER G - D 1Tk
BEOD A RARRIZI A B D T 5 Z LTk
0, IR TomEECRED LR ES O NS & &
BT, FE), OGN 2 Sl SOsSE Of &
fERICFRD L AR oNd LEAOND.

@ 2010 4 “Draft Guidance on Doxorubicin
Hydrochloride’’®

RV E S MRS PEG E86Y R — L
BB DB FE S PETEC B VT 2 2 RIS ERE R 2
T EHAT O AMFEHENTWS, ART T MIA
&2 Z0d, B PEGEM Y R — L 855 & B
W, BHRGTHZ RFVYINETL DU RY —LN
OWNE Sk GRET B U LAREE), 512
BEAO(EZERS (N SR ORI R IREE, &
&N, PEG BOEX, invitro DIRHIRE) HE
HTHDHI EEiRE Uk, ERITRE S 172 885

T3, RFEVYINEZ COREHFEIZDNTIE, 4
DOEELFEIGREINTHY, THSHTRTOF
JEAYS F < WITIE, 95%LLED RFEVILE S DA
HPAREERD, RELERFVIES D NEEFH
RRCIESHA T RF VIV E Y > O fFI N
BT ENMEINTNS, Y EFRFESER R &
LT, IIRENABEEZNGE UZEKRRR GiE D
RFEVIEEREESNERFVIILEL D
AUC & Coy), K Uin vitro 3B & U TR RS
BIENGEHEINTHS, PEAPHEE RS in
vivo [T BV B U R — L BRI O B E o R & AR
TBHEEBI, WML ENRIEICRET 208 FiE
ORFENEREREFEO L TEETH L EEZONS,
32, BUMNEZESFT (European Medicines Agen-
cy; EMA) EMANSOHEHEINTWSEF ) ES

NTWVD RPN TH 5.

(D 2010 4 ““Reflection paper on non-clinical stu-
dies for generic nanoparticle iron medicinal product
applications’’ 19

EMA 7 513, MRIGEZSO R ZAEE i #es
ELUTHRIHZ T BET 7 fi-T B O 1 55 B0 56
BT D IEERRBCE T2 7L 7 g -
J3— (reflection paper; RP) WHEMEIN TS, &
KR M IBFE & LT ORI A = X L2 D0
TS NI la o THEWAS, et nm 31 Lok
ZHPESHRRL T AN ECR O 7 0T 7 — DIl
DAEN, FZTHERILZ06, gz
783 N5 > A7 2 A DB BS O ER AL
AR 2 &5 A 6N Tnwa, £k, o0
T =P TORDABOIED, FEF O W RS
NOWOIABBHENTNWD, &< O{LESRIESE
D I D ITEER MR H T W & 7= R 1 3K E A &
R EIREGHOBEE, @S IERMEPICE RIS )Y
[ — R FTE T UL R — OHEHER 2R EEZ S
N57%, 2HERIIRT TORE S OREHE
DEEFEE O TRATEY T 4 — D) %
R ZEWEDERFNCRSGEEEINS (DEDE
WEE RS ERE N EFEAD). —F, LEE
it a BRI & S IR AT, BEHR
EDFIN B 8 B DS IGETE 2 /Wi D AR E
SEERBRITNIE E X R, UL L& < OB IR S
A/ EEBIZEL T, BORSOFL )T O
BRI E 2 T3k LIERILPIC A - 2B OEZ)
%5y DAENENRE  REGEALS R B~ D5, (K
M, i) 2HETLIIEEBEHLAMATH S
0, BEHHEEZITH > THREHBOKRNEIEN
BETHD, EWFHFESEED LRGN E S S
NBIEBRBENTNVWDS, 5, EhBI3sMm
IR S EYENRE/N TS A—F D IIRITE T < £
BRI DO A2 59, BERRRALOE AR IC P
AR ORFE bR, BUNEOBEANSE
ETHDHN, BT 5HBIIBEBEARTRETHS
72 D IEFRAR BRI B W TR EAL R R EER N D 4
1 (Biodistribution) %% W 7z RNEYRE D LR
PEETHD I EOMBRIRNATENTVS, K
12, 8 JRTEAITE, PR<EBUTFTO3IDO
a2N—FAZ N, D0 D M, 2) H#ENE
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% (reticuloendothelial system; RES) : & « 1J >
JNE - FFIRO 7 v X—HEE, 3) ERRGHLE - B
RbODENME FATER SEEICRDDEYN
Mg (B, B OFERE, OO, o
L, FNFITBIT B8 /BT OBRE O LEE R
WEBETHHIENELENTNS,

@ 2011 £ “‘Reflection paper on the data require-
ments for intravenous liposomal products developed
with reference to an innovator liposomal product”,
Draft!V

E 5T BEMA M SI3TA < —REDREIRIES U 3 —
LBIE R DT & U EREERESRL THH
SNZURY—LBENCETARPORS T h (L
T, “URYV—LRP R 7N EBHTDH) R
HahTwsg, EREESKEE<FEUTERLS, E
PO EREAET 2, HROBREIRCT
I ZNA A = ZDRIRITTR B DS, FBHIR IR IR R
DO CEmEReER, HETORRSRE
DRE, FHEEREE, FHERBE) DK
& 2 HERREORNTHR IR DR AEm W &
MEENTWD,

3-3. F+/EZESE “comparability ([E%4:/E
)" (20T ERULAZEMAOURY—L
RP F5 7 Tk, EMA Guideline on similar bio-
logical medicinal products'? 2T NELE S L
THEFTWD, F—7— K& LT “comparability”
WHY, EEZURY—LRP FF7FTH “com-
parability” E WS EEMNSEHIN TS, “Com-
parability”’ {3 HA O HHISCE T “FESE/ FEE
FERENTWA, Comparability (“[EI&ME/REME")
EWSEER, (N1 FEERZOMEEERBOH
R O RS/ R B, Y (SRS EON
A F R (M TIZ/NA 4323 5 — Biosimilar &
IEHRENTWS) ORSE/FEEM, tdnT
HONZMWETH D, DBEO/NA L HEHICET
DI O T, RSN/ FEET & TR
FEBEHKICH LT, N1 FEBEROBERENE>
P E—THBDENITEB2ERTHOTIERL,
HEFECBOLTEUENS S, D, SERE
MENOERNRD-7-ELTH, BREFKOZEMNE
PEMEICHEE P EE KT T SRR
TEDLEEEKRT D) SHBAIHTWS, ik,
“BEARIE/FETHENENZIFMET 5 —HEDOE

27 M “Comparability exercise’” [[E &k /R & %
FEVERE) TH D, NAARBREREMEIIRTS 4
B/ FEERmIESE) 13,

(1) FHEEFERRIC, BURRENT & BRI

(2) EESECETHSRETERR ON14%
GROBERARERLE TR R ETERER EHT
%) EohERE (FEE/ FEETMmER TB
VT S FEEIE DR,

B) QOFEBIISUT, JEEEERE, ERHRIC
K5l EEERENTBREORRICEES
T, B, REEORKRBELESDHEANE
W) B —ZANA =T, BRERSEST
BN RS/ HETHD T L EHER
Eixs. ZOR%ENE - FIEMEFMEEDEAN2E
ZAHED, RREEKEZSHFEILUTHEEINS YR
V—LRP BZ7 MZELTHEBENTED, 8
HOBREEBICBITHEHEN RS LM
(bioequivalency) &WHEHRIZHL SN TN,
F/z, “generic” LVWHFEHHNENTBET,
“EFREEFHASRLUTHRB SN U B — L 8E
ELTNWD, EELVEBRNTIERE NEESOHEICHE
95k (Directive 2001/83/EC) 7% 2003 4E{Tik
iT& 4, Similar Biological Medicinal Product & W
INAF LI T—BHOREHBFOLDO T
U =S B SN2 U Ry — A BEITIE
B ETNAF L2 5D & D R/ BH o
BB I TR,

FIT, EMAURY—LRP R57NTIE, &
HERFZBRELEZURY —LAEREBEREICBN
T, BHEOBBEERICBU DBy RS T
TR <, NA B & EE R RSN/ RE T
WOT7 T O—FTHD I ENHMAINTWBEHEBIIC
DNTHERL N, 1O

RIS RERE R B E U BREERT
(DERBERSL EHDRSVE—-TH D, QERERE
& F-—HE BET, RS0 - R s
ha8FITH5, 22T, USRS OR—M&,
QB DO EYZNIFSEEOEAN S, (LESREE
i, NAAEEREOEEEBLT, URY—LE
FIOFHIZ DWTEZE LW,

O #/RERHS ORI

wE, TE-—E] SW3EDRGOLEEEN 5
22— LTW3BEICAVnSIS. L, N
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AFEHEFOEE SRS XN EESENTH

D, HEETH DY I8 MO E R TI
— KGO AT 5T, RS NE - Th D &%
RS H D, 5 AE O W — Pk OB E T
B M TR OB S I IR 2 LB &<
KR FEE IR R DI 2 FIT AN D T & il A
TH5H, 51, Y N0 HEED L HITHRE
A L O o PR 2R TR DO, 24k
TSRS EEA I B 78 B DT, [l ERT I LRI
RBGEMIFEEAETHD. Lo T, £2<DNA
e TV T 20k D [ —1E) DR Tl s <,
CE RSy BRI ORI E R &2 .

—, VIR — LBEIDEE, ZHETICRRS
NTWD DR — L BHOF R kAL
AMTHO, FOH—EERTIEZWETHAD
(F=7zL, HISHEU TN AhMHDRS & NG E
BREOERMICHESESE T PanNy RO F & LT
FIFEND U RY — 2L (virosome &IHEN2) A3
W TR EN TN 5S).

@  BHIO 4 R S

IR DY HFN R G S WO BREANBILES TH
B3, §F S RiFORP QT D TE
| OEH, VRITERIB T OEMIREIIKET
B ZEMNS, ERMEPICHRIE e tic SR
AERTEERBOELEE, LBERMEFICERIR
SR BB E T IUL R — O IEH 2R T &5
AB6ND. TOY, Wi OIS RERE SRR
HITCI 2 BB M b T OE RS O BREHER O [F
L NI F TR YT 1+ —DOREN) 2RT
T EITED R EEYENICRSE I NS, L
o T, B O{LEEE RIS O FRIRG S R
TIRRIGEIE 2R Wz dRISERBELEE SN
IRV, DSE O [EFEEIE SO LY FERIRI ST A
R0 ClE, EWFORSEERTIENT
EIUE, FEERER - BRI X 2E R - HelED
FEREHE LN EINTWS (=720, LR
H D ARZA AR SOIIEHEACHE) O E B A HIE 23
EEG, RONAFTTRATEY T4 OEEDIERE
PROBE LIRS TR NWEEROEELEE, Eh%
R TOIER, & 5123 NZARBNEEED 5 0
BHET TRV S ERERABR TOKEZTS I & &
o TnD).

—F, NAFBEHEICBNTL, ERO@BOED

RS MBI & H—TH D, EWDRIHRT
T ERWIBGATE <, WG O TR W IR N
HBEEAITH - TH, NS A, R, PREn
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Liposomes are widely used as drug delivery vehicles to transfer chemotherapeutic agents, proteins, and
nucleic acids into target cells. To improve therapeutic effects and reduce unexpected toxic side-effects, it
is necessary to understand the mechanism of liposomal uptake into cells, and the intracellular fate of
internalized liposomes. The intracellular fate of synthesized components used in the construction of
liposomes remains unclear. In the work presented here, we investigated the trafficking processes
from intracellular uptake to extracellular efflux using conventional liposomes constructed with phos-
pholipids (DOPC) and cholesterols (Chol). Following intracellular transport of liposomes via endocytosis,
DOPC was localized in the endoplasmic reticulum (ER) and Golgi apparatus after escape from the
endosome/lysosome, whereas Chol was only localized in the ER. Moreover, proteins involved in the
intracellular trafficking of liposomal components were identified. Additionally, we showed that DOPC
was partly effluxed via ABCG1, while Chol was partly effluxed via ABCA1 or ABCB1; suggesting that each
liposomal component examined in this study was effluxed through different transporters. Our findings
offer valuable information regarding targeted delivery to specific intracellular organelles, and how to

Keywords:

Liposomes

Intracellular trafficking
Endosomal/lysosomal escape
ER-to-Golgi transport
Transporter

possibly avoid unexpected toxic effects following multiple applications of liposome formulations.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Drug delivery systems using nano-materials are promising
technologies for the effective transfer of chemotherapeutic agents,
proteins, and nucleic acids. Their use offers improved pharmaco-
kinetic properties, controlled and sustained release of drugs, and
lower systemic toxicity. The commercial availability of liposomal
doxorubicin (Doxil) and albumin-nanoparticle-based paclitaxel
(Abraxane) has focused attention on this innovative and exciting
field. This is especially true of liposomes, which are spherical
vesicles consisting of a lipid bilayer that can encapsulate various
types of drugs into an inner aqueous phase or lipid bilayer [1,2].
These properties of liposomes are expected to enable them to be
effective drug carriers. It has been shown that liposomes are able to
efficiently accumulate in tumors because of enhanced permeability
and retention effects, which are in turn due to an increase in
vascular permeability and the poor state of the lymphatic tissue
in vivo [3]. Therefore, many researchers have studied liposomes as
drug carriers, and some liposomal formulations for cancer

* Corresponding author. Tel./fax: +81 3 3700 9662.
E-mail address: kumikato@nihs.gojp (K. Sakai-Kato).

0142-9612/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biomaterials.2012.07.030

treatment have been applied clinically. Surface modification of
liposomes by water-soluble polymers such as polyethylene glycol,
or specific ligands such as antibodies and peptides, have also been
studied for tumor-selective drug delivery [4—6].

Following administration into the body, it is known that lipo-
somes with access to target tissues are taken up into cells via
various types of endocytosis [7,8]. Since nucleic acids, proteins, and
peptides are not taken up into cells via passive diffusion, the
intracellular uptake of liposomes is a key factor for liposome-
mediated delivery of these compounds and ensuring they have
adequate therapeutic effects. As far as the intracellular transport of
liposomes is concerned, many researchers have reported that
conventional liposomes are taken up into cells via clathrin-
mediated endocytosis [8,9]. It has been reported that the physico-
chemical properties and surface modification of liposomes affect
intracellular uptake mechanisms with many findings related to the
intracellular uptake of liposomes [10—13].

Nucleus- or mitochondria-selective drug delivery using lipo-
somes has been achieved by modification of specific ligands [14,15].
However, there are fewer reports related to the targeted transport
of liposomes into other organelles, such as Golgi apparatus or
endoplasmic reticulum (ER). Kheirolomoom and Ferrara reported
that endogenous cholesterol (Chol) was taken up into cells via
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caveolae-mediated endocytosis [12]. Hao et al. reported that
endogenous Chol was transported to cell membranes via the ER
[16]. The elucidation of molecules involved in intracellular trans-
port of endogenous Chol continues [17,18]; however, there are few
reports regarding the intracellular transport of synthesized Chol as
a liposome component. We have reported the intracellular traf-
ficking of block copolymers from uptake to efflux {19]. Although the
intracellular uptake mechanism of phosphatidylcholines has been
reported previously [18], there is little literature about their intra-
cellular trafficking mechanisms of liposomes. Thus, details about
the intracellular trafficking mechanisms of liposomes and/or their
components remain unclear; therefore, the elucidation of the
intracellular trafficking process from uptake to efflux of liposomes
and/or their components offers valuable information for targeted
delivery to various organelles.

It has also been reported that excess accumulation of fatty acids
leads to activation of mitochondrial B-oxidation, generating reac-
tive oxygen species involved in tumor growth [20]. Therefore, the
elucidation of extracellular efflux mechanisms of liposomal
components in cancer cells, especially phospholipids, might
contribute to avoiding unexpected tumor growth and toxicity
following multiple administrations of liposomal formulations.

In the present study, we selected conventional liposomes
composed of DOPC and Chol as a model liposomal formulation, and
investigated the intracellular trafficking process from intracellular
uptake to extracellular efflux of liposomal components. The intra-
cellular trafficking of DOPC and Chol was evaluated based on the
fluorescent intensity of nitrobenzoxadiazole (NBD)-conjugated
derivatives according to another report [21]. The intracellular
trafficking of liposomal components, from intracellular uptake to
extracellular efflux, was evaluated and then factors involved in the
intracellular trafficking of liposomal components were determined.
The effects of Chol on intracellular trafficking of phospholipids
were also investigated.

2. Materials and methods
2.1. Materials and cells

1,2-Dioleoyl-sn-glycero-3-phosphatidyicholine  (DOPC) and Chol were
purchased from Sigma—Aldrich (St. Louis, MO, USA). NBD-labeled DOPC and Chol
were obtained from Avanti Polar Lipids (Alabaster, AL, USA). Dulbecco’s modified
Eagle’s Medium (p-MEM), RPMI-1640, penicillin/streptomycin, and Opti-MEM 1
were purchased from Life Technologies (Brooklyn, NY, USA), and fetal bovine serum
(FBS) was obtained from Nichirei Biosciences (Tokyo, Japan). All other chemicals
used in this study were of the highest purity available. HeLa (Health Science
Research Resources Bank, Osaka, Japan) and HT-29 cells (American Type Culture
Collection, Manassas, VA, USA) were cultured in p-MEM and RPMI-1640, respec-
tively. The media were supplemented with 10% FBS, 100 U/ml penicillin/strepto-
mycin. Cells were grown in a humidified incubator at 37 °C/5% CO,.

2.2, Preparation of liposomes

Liposomes used in this study were prepared according to the Bangham method
[22]. Briefly, DOPC and Chol were mixed in chloroform at a molar ratio of 1:1, and the
mixture was dried by evaporation and vacuum desiccation. The resultant lipid film
was re-suspended in phosphate-buffered saline (pH 7.4) under mechanical agita-
tion. After hydration for 30 min at room temperature, the dispersion was sonicated
for 10 min in a bath-type sonicator (Honda Electronics, Aichi, Japan) and for 3 min in
a tip-type sonicator (Sonics, Newtown, CT, USA). Liposomes were sized by repeated
extrusion through polycarbonate membrane filters (Avestin, Ottawa, Canada) with
a pore size of 100 nm. The particle sizes, polydispersity index (PDI), and {-potentials
of liposomes were determined by a Zetasizer Nano ZS instrument (Malvern
Instrument, UK).

2.3. Evaluation of intracellular trafficking of liposomes

For quantifying intracellular phosphatidylcholines and Chol derived from lipo-
somes, the liposomes containing NBD-labeled DOPC and Chol at a molar ratio of 5.0%
were used in this study. Cells (5 x 10*) were seeded on six-well plates in medium
containing 10% FBS and 100 U/mL penicillin/streptomycin. After incubation for 48 h

at 37 °C[5% COy, cells were exposed to 50 pg/mL liposomes in culture medium. After
incubation for pre-determined durations, the incubation medium was replaced with
Hanks' balanced salt solution (HBSS). Cells were the trypsinized with 0.25% trypsin-
ethylenediamine tetraacetic acid (Life Technologies), washed with HBSS three times,
and suspended in lysis buffer {1.0% Triton X-100 in HBSS). The cell suspension was
then shaken and centrifuged (15,000 x g, 4 °C, 10 min), and the fluorescence
intensity of the resultant supernatant measured (excitation wavelength, 474 nm;
emission wavelength, 533 nm) using a fluorescence spectrophotometer (F-7000;
Hitachi High-Technologies, Tokyo, Japan). The fluorescence intensity was normal-
ized with respect to the protein content of cells. The protein concentration was
determined using a Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA, USA).

24. Confocal microscopy

To observe co-localization, endosomes and lysosomes of cells were labeled with
AlexaFluor-594-conjugated transferrin (Life Technologies) and LysoTracker Red
DND-99 (Life Technologies), respectively, in accordance with the manufacturer’s
instructions. For labeling of the ER and Golgi apparatus, CellLight (Life Technologies),
which is a fluorescent protein-signal peptide fusion for specific labeling of organ-
elles, was used according to the manufacturer’s instructions. The confocal micros-
copy observation was performed according to the previous report [19]. Briefly, cells
(1.0 x 10°) were plated on 35-mm glass-bottom dishes coated with poly-L-lysine
(Matsunami glass, Osaka, Japan) in medium containing 10% FBS and 100 U/mL
penicillin/streptomycin, After incubation for 48 h, cells were exposed to 50 pg/mL
liposomes in culture medium. At a predetermined time after addition of liposomes
containing NBD-labeled DOPC or Chol, cells were washed and kept in HBSS for
imaging with a confocal microscope (Carl Zeiss LSM 510; Carl Zeiss Microscopy
GmbH, Germany). Pseudocolor luminescent images were captured using LSM Image
Browser (Carl Zeiss Microscopy GmbH, Germany).

2.5. Endocytosis inhibition and Golgi destruction

Endocytosis was inhibited using 10 pg/mL chlorpromazine, a clathrin-mediated
endocytosis inhibitor; 150 pum genistein or 2.0 mwm methyl-f-cyclodextrin, caveolae-
mediated endocytosis inhibitors; and 50 um 5-(N-ethyl-N-isopropyl) amiloride,
a macropinocytosis inhibitor [23,24]. Each endocytosis inhibitor was added to
culture medium at 30 min before the addition of liposomes. To inhibit ER-to-Golgi
transfer, cells were incubated in medium containing 1 pg/mL brefeldin A and
30 um nocodazole for 30 min before the addition of liposomes [25].

2.6. SiRNA transfer

Stealth RNAI oligonucleotides (25 mer) were obtained from Life Technologies.
The siRNA sequences used in this study can be seen in Table 1. As a negative control,
the Stealth RNAi High GC Negative Control Duplex (Life Technologies) was used [19].
The Stealth RNAI oligonucleotides were transfected into cells using Lipofectamine
RNAIMAX (Life Technologies) according to the manufacturer’s protocols. At 48 h
before the addition of liposomes, each siRNA was added to cells, and incubated for

Table 1
Sequences of siRNAs used in this study.

Target gene Sense strand Antisense strand

MLN64 5'-GCUGA AGGAU UAAAC 5'-UGAAG UCAUU GUUUA
AAUGA CUUCA-3’ AUCCU UCAGC-3'

ORP1 5'-GCACC UCUGA GGAGU 5'-AUUUC AUCCA ACUCC
UGGAU GAAAU-3' UCAGA GGUGC-3'

NPC1 5'-CCCUC GUCCU GGAUC 5'-AAUAA UCGUC GAUCC
GACGA UUAUU-3' AGGAC GAGGG-3’

CERT 5'-ACGUG AGAAG UUGGC 5'-UUCCA UUUCA GCCAA
UGAAA UGGAA-3' CUUCU CACGU-3/

sec31A 5'-CCAGG CCAAU AAGCU 5'-UUAGA CACCC AGCUU
GGGUG UCUAA-3' AUUGG CCUGG-3'

ORP2 5'-GAGAG GAGAG GUGAC 5’-UUCUC AGGUG GUCAC
CACCU GAGAA-3' CUCucC cucuc-3'

PITP 5'-GGAUA UUUAC AAACU 5'-UGGCG AUGGA AGUUU
UCCAU CGCCA-3' GUAAA UAUCC-3/

ABCA1 5-UUUAG AUGCU GGACA 5'-GCCUU GGCAG UGUCC
CUGCC AAGGC-3' AGCAU CUAAA-3'

ABCB1 5'-UCCCG UAGAA ACCUU 5'-CCAUA AAUGU AAGGU
ACAUU UAUGG-3' UUCUA CGGGA-3'

ABCC1 5'-CCGGU CUAUU CCCAU 5’-UCUCG UUGAA AUGGG
UUCAA CGAGA-3' AAUAG ACCGG-3/

ABCG1 5'-UCUCG CUGAU GAAAG 5'-UGAGC GAGCC CuuuC
GGCUC GCUCA-3/ AUCAG CGAGA-3¥

snap-25 5'-CAUGG AGAAG GCUGA 5'-UUUGU UGGAA UCAGC

UUCCA ACAAA-3'

CUUCU CCAUG-3'
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6 h. Then, the culture medium was replenished and the cells were incubated for
a further 42 h.

2.7. Statistical analyses

Results were presented as the mean + SD of greater than three experiments.
Analysis of variance was used to test the statistical significance of the differences
among groups. Two-group comparisons were performed by Student’s t-test, and
multiple comparisons between control and test groups were performed by Dun-
nett’s test.

3. Results
3.1. Physicochemical properties

The physicochemical properties of liposomes containing NBD-
labeled DOPC or Chol were evaluated by measuring the
particle sizes, PDI, and {-potentials. The mean particle sizes and
PDI were approximately 110 nm and 0.060, respectively
(Table 2). The {-potentials of NBD-labeled liposomes were
approximately —0.050 mV (Table 2), because of weak anionic
properties based on phosphate groups of DOPC. These physico-
chemical properties of liposomes correspond to those previously
reported [26,27].

3.2. Intracellular transport

To investigate the intracellular transport mechanisms of lipo-
somes and their components used in this study, the intracellular
amounts of liposomes were quantified in HeLa and HT-29 cells.
Liposomes were labeled with NBD-labeled DOPC or Chol, and
intracellular uptake of liposomes into cells was studied using
confocal microscopy. DOPC and Chol were observed to co-localize
with endosomes at 1 h after the addition of each liposome in
Hela cells (Fig. 1A). Following endocytosis inhibitory experiments,
the intracellular amounts of liposomes made with DOPC and Chol
in HelLa and HT-29 cells were significantly suppressed at 2 h after
the addition of each liposome in the presence of chlorpromazine
(Fig. 1B). These observations agree with previously published
‘results regarding intracellular transport mechanisms of liposomes
with a similar composition [28,29].

3.3. Intracellular localization of DOPC/Chol

We examined the intracellular localization of DOPC and Chol by
confocal microscopy. DOPC was co-localized to the ER and Golgi
apparatus at 24 h after the addition of liposomes in Hela cells,
while Chol was co-localized to the ER only (Fig. 2). These results
suggest that the spherical structure of liposomes might be
degraded before liposomes are transported to the ER or Golgi
apparatus, and that DOPC and Chol are trafficked separately in the
cells. Moreover, these findings also suggest that the intracellular

Table 2
Particle sizes, PDI, and {-potentials of liposomes used in this study. Each value
represents the mean =+ SD (n = 3).

Particle size PDI Zeta-potential

(nm) (mvV)
DOPC:chol: NBD-labeled 110+ 1.6 0.058 + 0.014 -0.073 £ 0.20
DOPC (45:50:5 at a
molar ratio)
DOPC:chol NBD-labeled 111 + 4.8 0.059 + 0.009 —0.055 + 0.19
chol (50:45:5: at a
molar ratio)
DOPC:NBD-labeled 107 £23 0.068 + 0.021 —~0.066 + 0.28

DOPC (95:5 at a
molar ratio)

trafficking pathway from the endosome to the ER or Golgi appa-
ratus differs between DOPC and Chol.

3.4. Trafficking mechanisms from the endosome/lysosome to the
cytoplasm

To elucidate the trafficking mechanisms from the endosome/
lysosome to the cytoplasm for DOPC or Chol derived from lipo-
somes, the inhibitory effects of metastatic lymph-node gene 64
protein (MLN64) [30], oxysterol-binding protein-related protein 1
(ORP1) [31-33], and Niemann-Pick C1 protein (NPC1) [34] (all lipid
transport-related proteins) were evaluated in HeLa and HT-29 cells
(Fig. 3A). Under these conditions, when the extracellular efflux of
liposomal components was decreased following suppression of
specific intracellular transport processes, the intracellular amounts
of each liposomal component were increased. As shown in Fig. 3B,
the intracellular amounts of DOPC and Chol at 24 h after the
addition of liposomes were increased when ORP1 and NPC1
expression were suppressed, respectively. Confocal microscopy
revealed that the transport of DOPC and Chol from endosome/
lysosome to the ER or Golgi apparatus was suppressed when ORP1
and NPC1 expression were knocked-down, respectively (Fig. 3C).
These results suggest that the intracellular trafficking of DOPC and
Chol from endosome/lysosome to the ER/Golgi is partly controlled
by ORP1 and NPC1, respectively.

3.5. ER-to-Golgi transport in intracellular trafficking of DOPC/Chol

To investigate the involvement of ER-to-Golgi transport in
intracellular trafficking of DOPC/Chol, the inhibitory effects of ER-
to-Golgi transport-related proteins were examined in Hela and
HT-29 cells. We selected CERT, a known ceramide-transfer protein
[35,36], and sec31A, a component of COPII required for vesicle
budding from the ER [37,38] (Fig. 3A). Following knockdown
experiments, the intracellular amounts of DOPC at 24 h after the
addition of liposomes were increased when CERT or sec31A
expression were suppressed (Fig. 4A). However, the intracellular
amounts of Chol were not affected by CERT or sec31A knockdown
(Fig. 4A). Moreover, the intracellular amounts of DOPC were
increased in the presence of brefeldin A, an inhibitor of the trans-
port pathway from the ER to the Golgi [25], but was not increased in
the presence of nocodazole, an inhibitor of the transport pathway
from the Golgi to the ER [25] (Fig. 4B). Transport of DOPC was
arrested in the ER by CERT knockdown, but intracellular trafficking
of Chol was not affected by CERT knockdown (Fig. 4C). These results
may indicate that although DOPC trafficked intracellularly via ER-
to-Golgi transport, the ER-to-Golgi transport system is not
involved in trafficking of Chol.

3.6. Extracellular efflux mechanisms of DOPC/Chol

To investigate the transport of DOPC/Chol to the cell membrane,
we closely examined oxysterol-binding protein-related protein 2
(ORP2) [39—41] and phosphatidylinositol transfer protein (PITP)
[42—44]. These are both involved in the intracellular transport of
lipidic molecules (Fig. 3A). Following knockdown experiments
using siRNA against each protein, the intracellular amounts of
DOPC at 24 h after the addition of liposomes were increased when
PITP expression was suppressed (Fig. 5A). The amounts of Chol
were increased when ORP2 expression was suppressed (Fig. 5A).
We have already indicated that the ABC transporter is involved in
the efflux of doxorubicin-bound block copolymers [19]. Therefore,
the involvement of the ATP-binding cassette (ABC) transporter and
exocytosis in the extracellular efflux of DOPC/Chol was investigated
in Hela and HT-29 cells. Following knockdown experiments of
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B
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120 - B HT-29 cells
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Fig.1. (A) Confocal images showing intracellular transport of DOPC/Chol at 1 h after the addition of liposomes to HeLa cells. Liposomes were labeled with NBD-labeled DOPC (green)
or Chol (green) for separate evaluation of their intracellular localization. The endosomes/lysosomes were labeled with AlexaFluor-594-conjugated transferrin/LysoTracker Red DND-
99 (red). Scale bars, 20 pm. (B) The intracellular transport of DOPC/Chol at 2 h after the addition of liposomes in HeLa and HT-29 cells. Each endocytosis inhibitor was added to cells
at 30 min before the addition of liposomes. “'P < 0.01 compared with the corresponding control group. Each value represents the mean + SD (n = 6). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

various ABC transporters (ABCA1, ABCB1, ABCC1, and ABCG1), the
intracellular amounts of DOPC at 24 h after the addition of lipo-
somes were increased when ABCG1 expression was suppressed
(Fig. 5B). The intracellular amounts of Chol were increased when
the expressions of ABCA1 or ABCB1 were suppressed (Fig. 5B). With
respect to exocytosis, following inhibition of snap-25, a known
exocytosis-related protein, the intracellular amounts of DOPC and
Chol were increased in HelLa cells but not in HT-29 cells (Fig. 5C).

phospholipid (DOPC) ER marge

3.7. Effects of Chol on intracellular trafficking of DOPC

To investigate the effects of Chol on intracellular transport of
DOPC, we used liposomes without Chol. The intracellular amounts
of DOPC in Hela cells were significantly suppressed in the presence
of chlorpromazine, and this was independent of Chol (Fig. 6A).
Intracellular trafficking processes involving DOPC in Hela cells
were affected by Chol. Following suppression of proteins involved

cholesterol ER marge

Fig. 2. Confocal images showing the intracellular localization of DOPC/Chol at 24 h after the addition of liposomes in Hela cells. Liposomes were labeled with NBD-labeled DOPC
(green) or Chol (green) for separate evaluation of the intracellular localization of each component. ER and Golgi apparatus were labeled with CellLight-RFP (red). Scale bars, 20 pm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Elucidation of escape mechanisms of DOPC/Chol from endosome/lysosome to the cytoplasm. (A) Schematic of proteins suppressed by siRNA. (B) The intracellular amounts of
DOPC/Chol under suppressing conditions for each protein (MLN64, ORP1, and NPC1) at 24 h after addition of liposomes to HeLa and HT-29 cells. siRNAs against the targeted proteins
were transfected using Lipofectamine RNAIMAX according to the recommended protocols. “P < 0.01 compared with the corresponding control group. Each value represents the
mean + SD (n = 6). (C) Confocal images showing the intracellular localization of DOPC/Chol under suppressing conditions for ORP1 or NPC1 at 24 h after the addition of liposomes to
Hela cells. Liposomes were labeled with NBD-labeled DOPC/Chol (green), and ER/Golgi apparatus were labeled with CellLight-RFP (red). Scale bars, 20 pm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

in transport from the endosome/lysosome to the cytoplasm, the
intracellular amounts of DOPC derived from liposomes with Chol
were only increased when ORP1 was suppressed. However, the
intracellular amounts of DOPC derived from liposomes without
Chol were increased when ORP1 or NPC1 were suppressed (Fig. 6B).
When CERT or sec31A expression was suppressed, the increased
amounts of intracellular DOPC derived from liposomes without

Chol were lower than those derived from liposomes containing
Chol (Fig. 6C). In addition, the intracellular amounts of DOPC
obtained from liposomes without Chol were increased when PITP
or ORP2 expression were knocked-down (Fig. 6D). With respect to
extracellular efflux, although DOPC derived from liposomes with
Chol were effluxed via ABCG1, DOPC derived from liposomes
without Chol were effluxed via ABCA1 or ABCB1 (Fig. 6E).
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referred to the web version of this article.)

4. Discussion

The aim of this study was to elucidate the trafficking mecha-
nisms involved in the intracellular transport and extracellular
efflux of liposomal components. In the present study, we used
liposomes containing NBD-labeled DOPC and Chol. As shown in

Figs. 1B and 7, the intracellular uptake of DOPC and Chol, which are
liposomal components, was inhibited in the presence of chlor-
promazine in Hela and HT-29 cells; suggesting that both compo-
nents are taken up into the cells via clathrin-mediated endocytosis.
Kheirolomoom and Ferrara reported that endogenous Chol is taken
up by cells via caveolae-mediated endocytosis [12]. On the other
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Fig. 5. Elucidation of the extracellular efflux mechanism of DOPC/Chol. (A) The intracellular amounts of DOPC/Chol under suppressing conditions for ORP2 or PITP at 24 h after the
addition of liposomes to HeLa and HT-29 cells. (B) The intracellular amounts of DOPC/Chol under suppressing conditions for various ABC transporters (ABCA1, ABCB1, ABCC1, and
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liposomes to Hela and HT-29 cells. siRNAs against the targeted proteins were transfected using Lipofectamine RNAIMAX according to recommended protocols. *P < 0.01 compared

with the corresponding control group. Each value represents the mean + SD (n = 6).

hand, most of liposomes are reported to be taken up into cells via
clathrin-mediated endocytosis [8,9]. Our results would suggest that
liposomes constructed with DOPC and Chol are taken up into cells
via clathrin-mediated endocytosis when their structures are
spherical according to our experimental conditions. With respect to
intracellular localization of both components following intracel-
lular uptake, DOPC was localized to the ER and Golgi apparatus, and
Chol was localized to the ER (Fig. 2). This suggests that each lipo-
somal component might be transported via different intracellular
trafficking process after endocytosis. These findings indicate that

the liposomes used in this study are degraded somewhere between
the endosomes and the ER/Golgi apparatus.

We also investigated the intracellular trafficking mechanisms of
DOPC and Chol. Under these conditions, when the extracellular
efflux of liposomal components was decreased by suppressing
specific intracellular transport processes, the intracellular amount
of each liposomal component was increased. As shown in Fig. 3, the
intracellular amounts of DOPC and Chol were increased, and the
intracellular trafficking of DOPC and Chol to the ER or Golgi appa-
ratus was suppressed, when expression of ORP1 and NPC1 was
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endocytosis inhibitor was added to cells at 30 min before the addition of liposomes. (B) The intracellular amounts of DOPC under suppressing conditions for each protein (MLN64,
ORP1, and NPC1) at 24 h after the addition of liposomes with or without Chol. (C) The intracellular amounts of DOPC under suppressing conditions for CERT or sec31A at 24 h after
the addition of liposomes with or without Chol. (D) The intracellular amounts of DOPC under suppressing conditions for ORP2 or PITP at 24 h after the addition of liposomes with or
without Chol. (E) The intracellular amounts of DOPC under suppressing conditions for various ABC transporters (ABCA1, ABCB1, ABCC1, and ABCG1) at 24 h after the addition of
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corresponding control group. Each value represents the mean + SD (n = 6).

inhibited, respectively (Fig. 3C). Our results suggest that DOPC and
Chol are transferred separately from the endosome/lysosome to the
cytoplasm by ORP1 and NPC1, respectively (Fig. 7). Because NPC1 is
only localized in the late endosomes [45,46], these findings suggest
that liposomes, at least those used in this study, are degraded into
their individual components in the late endosomes. Additionally, it
has been previously reported that NPC1 directly transports lipo-
philic compounds into the cytoplasm, and that this does not occur
via lysosomes [45,46]; therefore, it is believed that Chol is not

transferred into lysosomes with various types of degrading
enzymes. Recently, conjugation of Chol to various drugs has been
studied for improved stability of certain physiological conditions
[47,48). The modification of Chol enables the evasion of transfer to
lysosomes because of NPC1-mediated transport {45,46]. Therefore,
Chol modification is suitable for the intracellular delivery of
degradable compounds such as nucleic acids or proteins.

The intracellular trafficking of Chol derived from liposomes was
not affected when ER-to-Golgi transport was suppressed (Fig. 4).
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Our results also suggest that ER-to-Golgi transport is not involved
in the intracellular trafficking of Chol (Fig. 7), corresponding with
our results relating to the intracellular localization of Chol (Fig. 2).
Some researchers have reported that endogenous Chol is trans-
ported to the ER but not via the Golgi apparatus following transfer
to the cytoplasm [16,17]. These results may indicate that the
synthesized liposomes containing Chol are transported along
similar pathways as endogenous Chol. Because the amounts of
intracellular DOPC were increased by CERT/sec31A suppression and
Golgi destruction (Fig. 4), it is suggested that DOPC is partly
transported to the Golgi apparatus via the ER (Fig. 7). It is known
that CERT and sec31A are involved in the ER-to-Golgi transport of
ceramide [35,36] and membrane-to-membrane transport of lipidic
compounds [37,49]. DOPC possesses a similar molecular structure
as ceramide; therefore, the intracellular trafficking of both
compounds might be controlled by these proteins.

We investigated the extracellular efflux mechanisms of DOPC
and Chol. As shown in Fig. 5A, the transport of DOPC and Chol
derived from liposomes to the cell membrane was controlled by
PITP and ORP2, respectively. It has been reported that PITP and
ORP2 are involved in vesicle-independent intermembrane trans-
port of lipophilic compounds [39—44], and that the ER and Golgi
apparatus possess closed sites at the cell membrane [50]; therefore,
DOPC and Chol might be transferred to the cell membrane via these
closed sites. Following knockdown experiments of various ABC
transporters, DOPC was observed to be mainly effluxed via ABCG1,
and Chol was effluxed via ABCA1 and ABCB1 (Fig. 5B); indicating
that both components are effluxed via different pathways (Fig. 7). It

is known that ABCA1 is involved in phosphatidylcholine/Chol
transport [51]. DOPC derived from DOPC/Chol liposomes were
effluxed via ABCG1, not ABCA1 (Fig. 5B); suggesting that the affinity
of Chol to ABCA1 is higher than that of DOPC. Additionally, Chol was
also effluxed via ABCBI, also known as P-glycoprotein (P-gp)
(Fig. 5B). It has been reported that anti-cancer drug resistance
based on the over-expression of P-gp is overcome by Chol-
containing liposomal formulations [52]. Therefore, the competi-
tive inhibition by Chol against P-gp might be involved in over-
coming anti-cancer drug resistance in one way or possibility.

We showed that the intracellular trafficking mechanisms of
liposomal components are nearly identical in HeLa and HT-29 cells.
However, the involvement of exocytosis in extracellular efflux of
liposomal components was only observed in Hela cells (Figs. 5C
and 7). It has been reported that the extracellular efflux of
various components, including proteins and lipids, via exocytosis is
controlled by SNARE proteins such as snap-25 [53,54]. The
expression levels of SNARE-related proteins are high in specific
cancer cells, including Hela cells [53—55]. Therefore, these cells
might possess another extracellular efflux mechanism of liposomal
components by constructing exocytic vesicles containing DOPC or
Chol.

In conventional liposomal formulations, Chol is included as
a helper lipid to control membrane fluidity and liposomal stability
[56]. In the present study, we also investigated the effects of Chol on
intracellular trafficking of DOPC derived from liposomes. As shown
in Fig. 6, the intracellular trafficking of DOPC derived from lipo-
somes without Chol was partly controlled by NPC1, ORP2, and
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ABCA1, which are involved in the intracellular trafficking of Chol.
The involvement of CERT/sec31A controlling ER-to-Golgi transport
was decreased in the intracellular trafficking of DOPC derived from
liposomes without Chol (Fig. 6C). These findings suggest that the
intracellular trafficking of DOPC is affected by Chol-containing
liposomes. The intracellular transport of DOPC is partly controlled
by proteins involved in Chol trafficking; however, the affinity of
Chol for each protein is assumed to be higher than that observed for
DOPC. Therefore, it is considered that the intracellular trafficking of
DOPC might be affected by Chol when it is one of the liposomal
components.

5. Conclusions

In the present study, we have demonstrated the intracellular
trafficking processes of liposomal components from intracellular
uptake to extracellular efflux in vitro. Moreover, the proteins and
transporters involved in the intracellular trafficking of liposomal
components have been identified. In addition, we showed that Chol
affected the intracellular trafficking of phosphatidylcholines; sug-
gesting that the intracellular trafficking of one liposome compo-
nent is affected by another component. There has been a recent
focus on nanoscale drug delivery systems using liposomes. These
are thought to be promising technologies for the effective delivery
of chemotherapeutic agents. Because nucleic acids, proteins, and
peptides are not taken up into cells via passive diffusion, the
intracellular uptake of these compounds using carrier-mediated
technology is key research field. The findings obtained from this
study may offer valuable information regarding the targeted
delivery of drugs to various organelles, and formulation design for
controlled release in specific organelles. Additionally, we believe
that our findings might also contribute to avoiding unexpected
toxic side-effects following the intracellular accumulation of lipo-
somal components.
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