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Figure 4. Effects of lipid components on intracellular trafficking and
cytotoxicity of DXR. (A, B) Intracellular concentrations of DXR
encapsulated in PEG-modified liposomes 24 h after adding the
liposomes to HeLa cells with suppression of trafficking-related
proteins. siRNAs were used to suppress the expression of proteins
involved in the intracellular trafficking of phospholipids from the ER/
Golgi apparatus to the cell membrane (ORP2 and PITP) (A) and the
extracellular efflux (ABCAI, ABCBI, ABCCI, and ABCG1) (B). **p
< 0.01 vs the corresponding control group. Values are presented as
mean #+ SD (1 = 6). (C) Cytotoxicity of DXR encapsulated in PEG-
modified liposomes. in HeLa cells with suppression of PITP and
ABCBI expression. Cytotoxicity was evaluated using a WST-8 assay.
#%P < 0,01 vs the corresponding control group lacking DXR; TP <
0.01 vs the corresponding control group. Values are presented as mean
+ SD (n = 6). (D) Evaluation of complexes of PITP, phospholipids,
and DXR. Liposomes generated using NBD-labeled DSPC (1.0 ug)
and DXR (0.1 ug) were mixed with HeLa cell lysates containing PITP
(10 g protein). (E) Intracellular concentrations of DXR at 24 h after
adding liposomes to Hela cells with suppression of ORP2 and PITP
expression. **P < 0.01 vs the corresponding control group. Values are
presented as mean + SD (n = 6).

a substrate of ABCB1.3373° However, when cells were treated
with DXR encapsulated in PEG-modified liposomes, we found
that the intracellular concentrations of DXR were increased by
the suppression of ABCB1 and PITP expression (Figures 4A
and 4B). In fact, suppression of ABCBI and PITP expression
increased the cytotoxicity of DXR encapsulated in PEG-
modified liposomes in HeLa cells (Figure 4C). These
observations suggest that PITP is involved:in the intracellular
trafficking of liposome-encapsulated DXR. Although, several
reports have shown that PITP is involved in the transport of
phosphatidylcholine and phosphatidylinositol,’***” there are

no reports showing that PITP is involved in DXR transport.
Therefore, we evaluated the formation of complexes of PITP,
liposomal phospholipids, and DXR. As shown in Figures 4D
and 4E, DXR formed a complex with PITP in the presence of

- phospholipids, and the intracellular concentration of DXR
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increased following suppression of PITP expression and
preincubation with phospholipids. These results indicate that
the intracellular trafficking of DXR released from liposomes to
the endosome/lysosome is controlled by PITP, which forms a
complex with phospholipids and DXR released from DXR-
encapsulated liposomes (Figure S).
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Figure S. Predicted mechanism ‘of the intracellular trafficking of
liposome-encapsulated DXR.

It is known that the intracellular trafficking of DXR is
controlled by passive diffusion. Therefore, while several studies
have focused on the intracellular uptake process of DXR
encapsulated into liposomes,u‘a's’39 few have described the
intracellular trafficking after intracellular uptake. Here, we
showed that DXR forms a complex with PITP and
phospholipids, and that DXR was subject to intracellular
trafficking as a complex in cells exposed to DXR-encapsulated
liposomes. To our knowledge, there are no reports showing
that liposomal lipids and encapsulated drugs form a complex
with specific intracellular proteins, or that the intracellular
trafficking of drugs requires complex formation. These findings
demonstrate the importance of elucidating the interactions
between encapsulated drugs and other intracellular proteins/
liposomal components in order to improve the pharmacological
activities and safety of encapsulated drugs.

It well-known that PITP is involved in the intracellular
trafficking of phosghoﬁpids from the ER/Golgi apparatus to the
cell membrane.”**®*” Therefore, transport of DXR by PITP—
phospholipid complexes was responsible for the enhanced
extracellular efflux of DXR. Moreover, because the cytotoxicity
of DXR was increased by the suppression of PITP expression
(Figure 4C), it seems likely that DXR transport by PITP—
phospholipid complexes  contributes to a decrease in the
pharmacological effects of DXR. Because chols and PEG-
modified ghospholipids are not subject to intracellular transport
by PITP,'® PITP is unlikely to form a complex with either
component, preventing an increase in the extracellular efflux of
DXR via PITP complexes. PITP is involved in the transfer of
lipid components between different membrane compartments
and known as the conserved proteins in many cellular processes
in various types of cells.*” In the present study, we showed that

dx.doi.org/10.1021/mp400505a | Mol. Pharmaceutics 2014, 11, 560~567
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DXR formed a complex with PITP and phospholipids and that
DXR underwent intracellular trafficking as a complex in cells
exposed to encapsulated DXR. These findings suggest that
PITP controls the efflux of encapsulated DXR and might
provide a defensive mechanism against liposomal formulations
in cancer cells. Taking these factors into consideration, to
achieve potent pharmaceutical activities at low doses, the
construction of liposomes lacking components that are subject
to intracellular transport by PITP is effective for suppressing
the extracellular efflux of DXR. In future studies we intend to
evaluate the effects of other liposomal components, including
cationic phospholipids, to provide further insight into the
design of liposomes capable of enhancing the pharmacological
properties of the encapsulated agents.

In conclusions, we determined the intracellular trafficking
mechanism of PEG-modified phospholipids in vitro, and
showed that PEG modification affects the intracellular
trafficking of the modified molecules. We next showed that
DXR increased the expression of PITP, ABCAI, and ABCBI,
which are involved in the intracellular trafficking of
phospholipids. DXR encapsulated into liposomes increased
the extracellular efflux of liposomal phospholipids. We also
found that the intracellular trafficking of DXR is controlled by
PITP, which forms a complex with phospholipids and DXR in
DXR-encapsulated liposomes. DXR-encapsulated PEG-modi-
fied liposomes have already been approved for clinical use in
several countries and are expected to be promising anticancer
agents. To date, there have been very few reports describing the
intracellular trafficking of PEG-modified phospholipids or DXR.
We believe that our findings might help with efforts to prepare
novel formulations of DXR, including encapsulation in PEG-
modified liposomes, to enhance the therapeutic effects and
reduce unexpected toxicity of DXR.
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Block copolymer micelles have shown promise for the intracellular delivery of chemotherapeutic agents,
proteins, and nucleic acids. Understanding the mechanism of their intracellular trafficking and fate,
including the extracellular efflux of the polymers, will help improve their efficacy and minimize their
safety risks. In this Leading Opinion paper, we discuss the molecular mechanism of block copolymer
micelle trafficking, from intracellular uptake to extracellular efflux, on the basis of studies with HeLa
cells. By using FRET (fluorescence resonance energy transfer) with confocal microscopy, we found that,
following their intracellular transport via endocytosis, the micelles dissociated into their polymeric
components in late endosomes and/or lysosomes. Furthermore, we confirmed that the intrinsic proteins

Keywords:

Block copolymer micelles
Intracellular trafficking
Intermembrane transport

NPC1 NPC1 and ORP2 are involved in the intermembrane transfer of polymers from the endosome to the
ORP2 plasma membrane via the ER (endoplasmic reticulum) by using knockdown experiments with siRNAs.
ABCB1 After the polymers were transported to the plasma membrane with the aid of ORP2, they were extruded

into the cell medium via ABC transporter, ABCB1. Experiments with ABCB1-expressing vesicles indicated
that the polymer itself, and not the fluorescent compounds, was recognized by the transporter. These
findings, and the analysis of related mechanisms, provide valuable information that should help mini-
mize the potential risks associated with the intracellular accumulation of block copolymer micelles and
to improve their therapeutic efficacy.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction distribution of the active substances included |& - i(}{. Moreover,

finely tuning the design of the block copolymers can increase their

Drug delivery systems that use nanometer-sized carriers show
promise for the targeted transfer of chemotherapeutic agents,
proteins, and nucleic acids to tissues or organs. Nanomaterials have
been extensively studied as drug carriers, and some formulations
for cancer treatment have been applied clinically |i-3|. Block
copolymer micelles have recently received considerable attention
as targetable carrier systems |4—7{. The formulation of block
copolymer micelles can alter the pharmacokinetic characteristics
such as the volume of distribution, clearance, half-life, and tissue

* Corresponding author. Tel./fax: +81 3 3700 9662.
E-mail address: vy { i1+ (K. Sakai-Kato).
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longevity in the bloodstream and allow the controlled release of the
drugs, which consequently improves the pharmacodynamics of the
drugs and/or avoids systemic toxicity.

The development of these drug carriers for the cellular uptake of
therapeutic proteins and nucleic acids is of particular interest.
Because nucleic acids, proteins, and peptides are not taken up into
cells via passive diffusion, their intracellular uptake by nanocarriers
is a key to targeting the delivery of these compounds at the cellular
or organelle level. Specifically, the incorporation of these com-
pounds into nanocarriers will improve the efficiency of their
intracellular uptake or delivery to specific organelle, thereby
ensuring their therapeutic effects. Furthermore, clarifying the
intracellular trafficking mechanisms may also facilitate the
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discovery of new drug delivery strategies, such as targeting to
specific cell organelles. Thus, to improve the efficiency of the
intracellular uptake of these compounds, it is essential to under-
stand the detailed mechanism of their trafficking including the fate
of the micelles and their component polymers after their uptake via
endocytosis. To this end, the use of covalently bound fluorescent
reagents as probes has gradually shed light on the internalization
pathways and intracellular localizations of polymeric nano-
particulate carriers | 11-17%].

In parallel, the safety of these carriers must be investigated. To
ensure that these materials are safe, it is essential to know whether
the components of the carriers are accumulated inside the cell or
undergo sequestration (i.e., metabolism or efflux). The potential
long-term effects of these novel polymers when used as nanosized
particles have not yet been determined. To address this issue, we
investigated the intracellular fate of polymer micelles conjugated
with doxorubicin (Dox) in Hela cells | 14]. We demonstrated that
Dox is endocytosed and localized to the endoplasmic reticulum,
and that an ABC transporter, ABCB1, is involved in the efflux of the
polymer from these cells. However, many factors remain unknown,
for example, where do the micelles dissociate into their constituent
polymers after internalization? What are the molecular mecha-
nisms involved in trafficking to each organelle and in the efflux of
polymers or micelles? Moreover, the trafficking phenomenon we
found previously was limited to the case of Dox-conjugated poly-
mers. Questions remain regarding the trafficking of other block
copolymers, for example, those conjugated with different com-
pounds or those with different poly(ethylene glycol) (PEG) lengths.

In the present study, we constructed three micelles by using
three block copolymers {doxorubicin, Nile Red, and DBD (4-(N,N-
dimethylsulfamoyl)-2,1,3-benzoxadiazole)) with different poly(-
ethylene glycol) (PEG) lengths (Mw 5000 or 12,000), detailed de-
scriptions of which can be found in Section 3.1. To investigate the
structural integrity of the micelles inside the cells, fluorescence
resonance energy transfer (FRET) micelles were also constructed by
using two types of polymers, that is, polymers with covalently
bound Nile Red and polymers with covalently bound DBD. The
trafficking of the micelles and their components, from intracellular
uptake to extracellular efflux, was evaluated and the intrinsic
molecules involved in the trafficking process were identified.

2. Materials and methods
2.1. Materials

Poly(ethylene glycol)—poly(aspartate) (PEG—P(Asp)) block copolymers with
conjugated Dox were synthesized by Nippon Kayaku Co., Ltd. (Tokyo, Japan) [ 17
Dextran (Dextran Texas Red, Molecular weight 10,000), polystyrene particles
(FluoSphere Red, average particle size; 40.1 nm), Dulbecco's modified Eagle’s Me-
dium (DMEM), RPMI-1640, penicillin/streptomycin, and Opti-MEM [ were pur-
chased from Life Technologies (Brooklyn, NY, USA). Fetal bovine serum (FBS) was
obtained from Nichirei Biosciences (Tokyo, Japan). Fluorescently labeled amorphous
silica particles (Sicastar RedF, average particle size; 45.5 nm) were obtained from
Micromod Partikeltechnologie (Rostock, Germany). Isolated mammalian cell
membranes containing human ABCBT, for vesicle transport assays, (SB-MDR1-K-VT)
were purchased from SOLVO Biotechnology (Hungary). All chemicals used in this
study were of the highest purity available. HeLa cells (Health Science Research Re-
sources Bank, Osaka, Japan) were cultured in DMEM. The medium was supple-
mented with 10% FBS, 100 U/mL penicillin/streptomycin. Cells were grown in a
humidified incubator at 37 °C/5% CO,.

2.2. Synthesis of the DBD-conjugated polymer and Nile Red-conjugated polymer

Poly(ethylene glycol)—poly( aspartate) block copolymer (PEG—P(Asp)) was ob-
tained as described previously | 15 1. The degree of polymenzanon of PEG—P(Asp)
was determined to be 3545 by neutralization titration (Supplementary Fig 1-1),

For the synthesis of DBD-conjugated polymer, PEG—] P(Asp) (100 mg) and
dimethylaminopyridine (23 mg, 0.8 equiv. for COOH) were dissolved in DMF (1.5 mL)
and then DBD-ED (13 mg, 0.2 equiv.) and 4-phenyl-1-butanol (25 pL, 0.7 equiv.) were
added. Diisopropylcarbodiimide (36 plL, 1.0 equiv.) was added to the solution and
stirred at room temperature for 5 h. Diisopropylcarbodiimide (36 pL, 1.0 equiv.) was
added again and the solution was stirred for 18 h. The reaction mixture was then

dropped into a mixture of ethyl acetate and hexane (1:3). The resulting precipitate
was filtered, washed with the mixture of ethyl acetate and hexane (1:3), and dried
under vacuum to obtain the DBD-conjugated polymer (99 mg) as a powder. TH NMR
spectra in DMSO-dg and the assignment are shown in Supplomentary (BN

For the synthesis of the Nile Red-conjugated polymer, PEG—P(Asp) (100 mg) and
dimethylaminopyridine (28 mg, 1.0 equiv.) were dissolved in DMF (1.5 mL) and then
Nile-Red (8.8 mg, 0.1 equiv.) and 4-phenyl-1-butanol (36 L, 1.0 equiv.) were added.
Diisopropylcarbodiimide (36 pL, 1.0 equiv.) was added to the solution, which was
then stirred at room temperature for 18 h. The reaction mixture was dropped into a
mixture of ethyl acetate and hexane (1:3). The resulting precipitate was filtered,
washed with the mixture of ethyl acetate and hexane (1:3), and dried under vacuum
to obtain the Nile Red-conjugated polymer (109 mg) as a powder. TH NMR spectra in

DMSO0-dg and the assignment are shown in Supplemontary P -3

2.3. Physicochemical properties of block copolymer micelles

The particle size and polydispersity index (PDI) of the block copolymer micelles
were determined with a Zetasizer Nano ZS instrument (Malvern Instruments,
Worcestershire, UK).

2.4. Evaluation of the intracellular trafficking of block copolymer micelles

To quantify the intracellular uptake of the polymers, we used a final polymer
concentration of 50 pg/mL in this study. HeLa cells (5 x 10*) were seeded onto 6-well
plates in medium containing 10% FBS and 100 U/mL penicillin/streptomycin. After
incubation for 24 h at 37 °C/5% CO, the cells were exposed to 50 pg/mL micelles in
culture medium. After incubation for pre-determined durations, the incubation
medium was replaced with Hanks' balanced salt solution (HBSS). The cells were
trypsinized with 0.25% trypsin—ethylenediamine tetraacetic acid (EDTA) (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
(15,000x g, 4 °C, 10 min). The fluorescence intensity of the resultant supernatant
was measured on a fluorescence spectrophotometer (F-7000; Hitachi High-
Technologies, Tokyo, Japan) using 440 nm excitation and 580 nm emission for
DBD-conjugated polymers, 580 nm excitation and 640 nm emission for Nile Red-
conjugated polyniers, and 470 nm excitation and 590 nm emission for Dox-
conjugated polymers. The fluorescence intensity was normalized with respect to
the protein content of the cells. The protein concentration was determined by using
a Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA, USA).

2.5. Confocal microscopy

To observe the colocalization of block copolymer micelles with the intracellular
compartment, specific intracellular compartment components were labeled by us-
ing fluorescent dyes. All dyes for confocal microscopy were purchased from Life
Technologies and used in accordance with the manufacturer's instructions. Endo-
somes were labeled with transferrin conjugated to Alexa Fluor 488 or Alexa Fluor
594, and lysosomes were labeled with LysoTracker Green DND-26 or LysoTracker
Red DND-99. The ER was labeled with ER-Tracker Green or ER-Tracker Red, and the
Golgi apparatus was labeled with Bodipy-FL C5-ceramide or Bodipy-TR C5-ceramide
complexed to BSA. Confocal microscopy was performed as previously described | 14].
Briefly, cells (1.0 % 10°) were plated on 35-mm glass-bottom dishes coated with
poly-i-lysine (Matsunami Glass, Osaka, Japan) in medium containing 10% FBS and
100 U/mL penicillin/streptomycin. After incubation for 24 h, cells were exposed to
50 pg/mL micelles in culture medium. At a pre-determined time after addition of the
micelles, cells were washed and kept in HBSS for imaging with a confocal micro-
scope (Carl Zeiss LSM 510; Carl Zeiss Microscopy GmbH, Germany). Pseudocolor
luminescent images were captured using LSM Image Browser (Carl Zeiss chroscopy
GmbH, Germany).

An FRET experiment was performed using FRET micelles composed of DBD-
conjugated polymers and Nile Red polymers (9:1, w:w). Cells were exposed to
50 pg/mL FRET micelles in culture medium. Two hours after addition of the micelles,
cells were washed and kept in medium without micelles and then imaged with a
confocal microscope at 2, 10, and 24 h after addition of the micelles.

2.6. Endocytosis inhibition and Golgi destruction

To investigate the mechanism of endocytosis of the prepared micelles, 10 pg/mL
chlorpromazine (a clathrin-mediated. endocytosis inhibitor), 150 pm genistein or
2.0 mm methyl-p-cyclodextrin (MBCD) (caveolae-mediated endocytosis inhibitors),
or 50 um 5-(N-ethyl-N-isopropyl) amiloride (a macropinocytosis inhibitor) were
used | ¢ 17(. Each endocytosis inhibitor was added to the culture medium 30 min
before the addition of the micelles. To inhibit ER-to-Golgi transfer, to investigate
whether ER-to-Golgi transfer is involved in the intracellular trafficking of micelles or
polymers, cells were incubated in medium containing 1 ug/mL brefeldin A 30 min
before the addition of the micelles | i::i.

2.7. Small interfering RNA (siRNA) transfer

To clarify which intrinsic proteins are involved in the intracellular trafficking and
efflux of the polymers, the expression of specific proteins was down-regulated by
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using siRNA. Stealth RNAi oligonucleotides (25-mer, Life Technologies), which unlike
conventional siRNAs can reduce the cytotoxic interferon response |i%], were ob-
tained from Life Technologies. The siRNA sequences used in this study are shown in
i«lite 1. As a negative control, the Stealth RNAi High GC Negative Control Duplex (Life
Technologies) was used | i4]. The Stealth RNAi oligonucleotides were transfected
into cells by using Lipofectamine RNAIMAX (Life Technologies) according to the
manufacturer’s protocols. Briefly, the cells were incubated for 24 h. Each siRNA was
then added, and the cells were incubated for a further 48 h, at which time the mi-
celles (50 pg/mL) were added. Western blotting was used to confirm the down-
regulation of each protein as described previously {14}, After the cells were incu-
bated with the micelles, the culture medium was replaced with HBSS. Cells were
trypsinized and lysed to quantify the intracellular amount of polymer as described
above (Section 2.3). :

2.8. Transport experiment

To investigate ATP-dependent transport, mammalian cell membrane vesicles
expressing ABCB1 were used according to the manufacturer’s instructions. Sus-
pensions of vesicles expressing ABCB1, and control vesicles without ABCB1 (50 pL
each), were plated on a 96-well plate. Samples (0.75 uL) at the indicated concen-
tration and reaction buffer (25 pL) were added to each well, and the plates were
incubated at 37 °C for 5 min. After washing by centrifugation (1500x g, 5 min, 4 °C),
the fluorescence intensity of the polymers after intravesicular transport was
measured using a fluorescence spectrophotometer as described in Section 4. The
fluorescence intensity of intravesicular polymers incubated with MgATP was sub-
tracted from that of polymers incubated without MgATP.

2.9. Statistical analyses

Results are presented as the mean + SD of more than three experiments.
Analysis of variance was used to test the statistical significance of the differences
among groups. Two-group comparisons were performed with a Student's t-test.
Multiple comparisons between control and test groups were performed with a
Dunnett’s test.

3. Results

3.1. Chemical structures of block copolymers and physicochemical
properties

We used three different kinds of micelles formed from Dox-
conjugated, DBD-conjugated, and Nile Red-conjugated PEG—
P(Asp) block copolymers, respectively (Supplementary Fig. 1),
hereinafter referred to as Dox-conjugated polymers, DBD-
conjugated polymers, and Nile Red-conjugated polymers, respec-
tively. Dox-conjugated polymers consisted of PEG (M,y ~5000) and
P(Asp) (polymerization degree, 30) with partially conjugated
doxorubicin (ca. 45%) to the side chain of the P(Asp) | 15}. DBD-
conjugated polymers consist of PEG (My ~12,000) and P(Asp)
(polymerization degree, 35—45), with partially conjugated DBD (ca.
10%) and 4-phenyl-1-butanol (ca. 43%) to increase the hydropho-
bicity to the side chain of the P(Asp). Nile Red-conjugated polymers
consist of PEG (M,, ~12,000) and P(Asp) (polymerization degree,
35—45) with partially conjugated Nile Red (ca. 10%) and 4-phenyl-
1-butanol (ca. 53%) to increase the hydrophobicity to the side chain
of the P(Asp). When these block copolymers were dissolved in
aqueous medium, they spontaneously formed micelles with

Table 1
The siRNA sequences used in this study.

Table 2
Particle sizes and PDI of block copolymer micelles used in this study.

Particle size PDI
31.7 £ 0.11 0.180 + 0.011

DBD-conjugated polymer micelles
NR-conjugated polymer micelles 314 £ 067 0.184 £ 0.006
Dox-conjugated polymer micelles 323 +£0.19 0.180 + 0.014
DBD:NR (9:1)-conjugated polymer micelles 324 +0.18 0.198 £ 0.005

Each value represents the mean £ S.D. (n = 3).

hydrophobic cores. We constructed FRET micelles by mixing DBD-
conjugated polymers with Nile Red-conjugated polymers. The

particle sizes of the resultant micelles (~30 nm) are shown in
Tahle 2.

3.2. Endocytosis of block copolymers

To investigate the intracellular transport mechanisms of the
micelles and their components, we used confocal microscopy to
observe the intracellular trafficking of fluorescent micelles
composed of Dox-, Nile Red- or DBD-conjugated polymers. All three
of the different types of fluorescent micelle colocalized with the
endosomes after 1 h in HelLa cells (Fig. 1A). At 2 h-post-incubation,
most of the micelles colocalized with the lysosomes although some
were distributed outside the vesicles (Fig. 1B).

The use of endocytosis inhibitors to clarify the endocytosis
mechanism demonstrated that the internalized amounts of fluo-
rescent micelles in HeLa cells were significantly suppressed at 2, 24
and 48 h in the presence of chlorpromazine (rig. 2). Genistein and
MBCD also inhibited the intracellular uptake of all of the micelles at
24 and 48 h, although the extent of inhibition was less in the case of
genistein and MBCD compared with that of chlorpromazine. These
results indicate that the intracellular uptake of the micelles pro-
ceeded mainly through clathrin-mediated endocytosis. Caveolae-
mediated endocytosis also contributed to the uptake over time.

3.3. Dissociation of micelles into polymers in HeLa cells

We then attempted to identify the intracellular location where
the block copolymer micelles dissociate into polymers after inter-
nalization. We constructed an FRET system to track the structural
integrity of the micelles once they were internalized into the HelLa
cells. FRET is a distance-dependent process in which excitation
energy is absorbed by a molecular fluorophore (the donor) and
then transferred to a nearby fluorophore (the acceptor). It is a
highly sensitive technique for investigating biological phenomena
that produce changes in molecular proximity {20.21]. We used
micelles consisting of DBD-conjugated polymers and Nile Red-
conjugated polymers (9:1, wjw; Fig. JA). The mixing ratio of 9:1
of DBD-:Nile Red-conjugated polymers resulted in the formation of

Target gene Sense strand

Antisense strand

MLNG4 5'-GCUGA AGGAU UAAAC AAUGA CUUCA-3
ORP1 5'-GCACC UCUGA GGAGU UGGAU GAAAU-3/
NPC1 5'-CCCUC GUCCU GGAUC GACGA UUAUU-3’
CERT 5'-ACGUG AGAAG UUGGC UGAAA UGGAA-3/
Sec31A 5'-CCAGG CCAAU AAGCU GGGUG UCUAA-3'
ORP2 5'-GAGAG GAGAG GUGAC CACCU GAGAA-3'
PITP 5'-GGAUA UUUAC AAACU UCCAU CGCCA-3'
ABCA1 5'-UUUAG AUGCU GGACA CUGCC AAGGC-3'
ABCB1 5'-UCCCG UAGAA ACCUU ACAUU UAUGG-3’
ABCC1 5'-CCGGU CUAUU CCCAU UUCAA CGAGA-3'
ABCG1 5’~UCUCG CUGAU GAAAG GGCUC GCUCA-3'

Snap-25

5'-CAUGG AGAAG GCUGA UUCCA ACAAA-3

5’-UGAAG UCAUU GUUUA AUCCU UCAGC-3
5'-AUUUC AUCCA ACUCC UCAGA GGUGC-3"
5'-AAUAA UCGUC GAUCC AGGAC GAGGG-3/
5'-UUCCA UUUCA GCCAA CUUCU CACGU-3'
5'-UUAGA CACCC AGCUU AUUGG CCUGG-3’
5'-UUCUC AGGUG GUCAC CUCUC cucuc-3
5'-UGGCG AUGGA AGUUU GUAAA UAUCC-3/
5'-GCCUU GGCAG UGUCC AGCAU CUAAA-3'
5'-CCAUA AAUGU AAGGU UUCUA CGGGA-3'
5'-UCUCG UUGAA AUGGG AAUAG ACCGG-3'
5-UGAGC GAGCC CUUUC AUCAG CGAGA-3'
5'-UUUGU UGGAA UCAGC CUUCU CCAUG-3/
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Fig. 1. (A) Confocal images showing the intracellular transport of micelles at 1 h after the addition of the micelles to Hela cells. The endosomes are labeled with Alexa Fluor-
conjugated transferrin. Scale bars = 20 pum. (B) Confocal images showing the intracellular transport of micelles at 2 h after the addition of the micelles to-HeLa cells. The lyso-

somes are labeled with LysoTracker Red or Green. Scale bars = 20 pm.

block copolymer micelles with the most effective FRET efficiency. At
2 h after the addition of the micelles, we washed the cells with fresh
medium to stop any further entry of micelles into the HeLa cells,
whereupon only red (in web version) fluorescence was observed in
the vesicular structure (ig. 2B). Together with the result of the
cellular uptake experiments, these results show that the block co-
polymers mostly maintain their micellar structure for at least 2 h
after their internalization. Confocal microscopy images were taken
at time intervals up to 24 h after the addition of the micelles. The
fluorescence of the vesicular structures changed to yellow (in web
version) after 10 h and then to green (in web version) after 24 h
suggesting that the micelles gradually dissociated into polymers
upon localization in the endosomes and/or lysosomes (¥ig. 3B).

3.4. Intracellular trafficking of block copolymers

Using confocal microscopy, we further examined the intracel-
lular trafficking of block copolymers with conjugated fluorescent
compounds after their internalization. The fluorescence of all three
polymers was colocalized to the ER, but not to the Golgi apparatus
of the Hela cells (Fig. 4). This is consistent with our previous study
showing that Dox-bound micelles colocalize to the ER but not to the
Golgi apparatus | 14].

3.5. Molecular mechanisms of intracellular trafficking from
endosomes/lysosomes to the cytoplasm and ER

In the case of cholesterol, there is some evidence for a direct
pathway from endosomes to the ER |22 :3]. We, therefore,

investigated whether the molecular mechanisms involved in the
transport of cholesterol or other lipid analogs are also implicated in
the intracellular trafficking of block copolymers. To elucidate the
molecular mechanisms of block copolymer transport in Hela cells,
we used siRNAs to down-regulate the expression of specific lipid
transport proteins. We hypothesized that the suppression of spe-
cific intracellular transport processes would decrease the extra-
cellular efflux of the block copolymers, thereby leading to an
increase in the intracellular amounts of each polymer. Fig. 5A shows
the intracellular components and the typical lipid transport pro-
teins we investigated. At 48 h after transfection with stealth RNAis,
the expression of each protein was down-regulated in Hela cells,
which allowed us to investigate the role of these proteins in poly-
mer transport (Supplementary Fig. 2). Initially, we investigated
lipid transport proteins that are involved in intracellular trafficking
from endosomes/lysosomes to other compartments, including the
ER. These proteins included metastatic lymph-node gene 64 pro-
tein (MLN64) (4], oxysterol-binding protein-related protein 1
(ORP1) |25}, and Niemann—Pick C1 protein (NPC1) | 26,271, Fig. 5B
shows the amounts of intracellular polymer increased upon sup-
pression of NPC1 expression. Confocal microscopy also revealed
that the transport of polymers from endosomes or lysosomes to the
ER was suppressed when NPC1 expression was knocked-down
(Fiz. 5C). These results suggest that NPC1 partially controls the
intracellular trafficking of the polymers from the endosomes or
lysosomes to the ER. On the other hand, they also indicate that
MLN64 and ORP1, which are sterol-binding proteins that are
involved in organizing late endosomal membrane trafficking, are
not involved in the trafficking of these polymers. To determine
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Fig. 2. The effect of endocytosis inhibitors on the intracellular amounts of polymers. The intracellular transport of micelles was evaluated at 2, 24, and 48 h after the addition of
micelles to Hela cells. Each endocytosis inhibitor was-added to the cells 30 min before the addition of the micelles. **P < 0.01 compared with the corresponding control group.
1P < 0.01, compared with the corresponding group of “cells incubated for 2 h". Each value represents the mean + SD (n = 6).

whether the absence of NPC1 also leads to increased retention of
other polymers or nanoparticles that are internalized via endocy-
tosis, we tested dextran, polystyrene nanoparticle, and silica
nanoparticle. We found that the amounts of intracellular dextran,
polystyrene nanoparticles, and silica nanoparticles were not
affected by the suppression of NPC1 expression (Supplementary
Fig. 4). These results thus show that NPC1 is not involved in traf-
ficking of all polymers or nanoparticles from NPC1-positive late
endosomes.

ER-to-Golgi transport is a major trafficking route for lipid mol-
ecules. Therefore, we investigated the involvement of ER-to-Golgi
transport in the intracellular trafficking of block copolymers by
examining whether trafficking was affected if ER-to-Golgi trans-
port-related proteins were inhibited. We selected CERT, a known
ceramide-transfer protein {2824}, and sec31A, a component of
COPII that is required for the budding of vesicles from the ER | 20,31
(Fi¢. 5A) for this assessment. The intracellular amounts of polymer
were not affected by CERT or sec31A knockdown (Suppfementary
iy 4A), nor were they affected by the presence of brefeldin A, an
inhibitor of the transport pathway from the ER to the Golgi appa-
ratus | i8] (Supplementary Fig, 4F). These results suggest that the
ER-to-Golgi transport system is not involved in polymer trafficking,
which is consistent with our results indicating that the polymers
did not localize to the Golgi apparatus (i"io. iB).

3.6. Molecular mechanism for the extracellular efflux of polymers

To investigate the transport of polymers to the plasma mem-
brane, ‘we examined oxysterol-binding protein-related protein 2
(ORP2) |32--34] and phosphatidylinositol transfer protein (PITP)
[45-37]. These proteins are both involved in the intracellular
transport of lipid molecules (Fig. 5A). Knockdown experiments
using siRNAs against each protein revealed that the intracellular
amounts of all three polymers did not change with the suppression
of PITP, but increased upon the suppression of ORP2, a molecule
involved in the trafficking of endogenous cholesterol (I'i¢. ). On the

“other hand, the -intracellular amounts of dextran, silica nano-

particles, and polystyrene nanoparticles were not affected by the
suppression of ORP2 expression. (Supplementary Fig S4).

We previously reported that ABCB1, a member of the ATP-
binding cassette (ABC) transporter family, is involved in the efflux
of Dox-conjugated block copolymers | 14]. ABCB1, also known as
MDR-1 or P-gp, is an efflux pump for various drugs. In this study,
we assessed the involvement of other types of ABC transporters and
exocytosis in the extracellular efflux of polymers from Hela cells.
The knoclkdown of various ABC transporters (ABCA1, ABCB1, ABCC1,
and ABCG1) caused the intracellular amounts of all polymers at
24 h after micelle addition to increase when ABCB1 expression was
suppressed, but not when ABCA1, ABCC], or ABCG1 expression was
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Fig. 3. (A) Schematic of FRET micelles used to investigate the structural integrity of micelles in Hela cells. The fluorescent intensity of the donor, DBD (excitation 440 nm; emission
580 nm), enhanced the effective excitation of the acceptor, Nile Red (excitation 580 nm; emission 640 nm). (B) Confocal images of the fluorescent spectral shift that corresponds to
the dissociation of FRET micelles. Cells were exposed to 50 pg/mL FRET micelles in culture medium. Two hours after the addition of micelles, the cells were washed and kept in
medium without micelles; they were then subjected to confocal imaging at 2, 10, and 24 h after the addition of the micelles. Scale bars = 50 pm.
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Fig. 4. Confocal images showing the intracellular localization of polymers at 24 h after the addition of micelles to HeLa cells. ER (A) and Golgi apparatus (B) were labeled with ER-

Tracker and BODIPY-ceramide, respectively. Scale bars = 20 um.

suppressed (Fig. 7A). On the other hand, the suppression of ABCB1
transporter expression did not lead to an increase in the intracel-
lular amounts of dextran, polystyrene nanoparticle, or silica
nanoparticle (Supplementary Fig. 5B).

With respect to exocytosis, the intracellular amounts of the
polymers were also unaffected by the presence of snap-25, a known
exocytosis-related protein (Fig. 7B).

3.7. The transport of polymers by ABCB1

The possibility remained that efflux only occurred for fluores-
cent compounds that were no longer conjugated to the polymers.
Therefore, to further confirm the involvement of the ABCB1
transporter in the efflux of block copolymers, we used membranes
expressing ABCB1. ATP-dependent transport increased at higher
polymer concentrations for DBD-, Nile Red-, and Dox-conjugated
polymers (¥iz. 2A). All of the block polymers were transported
through the membranes that expressed ABCBI1, but were not
transported through control membranes that lacked ABCB1
(Fin. ¢B). To examine whether ABCB1 recognizes the conjugated
fluorescent compounds or the polymer itself, we also examined the
ATP-dependent transport of free DBD, Nile Red, and Dox and found
that intravesicular uptake of DBD and Nile Red did not occur
(¥ig. 8C). Transport was observed for Dox, which is a well-known
substrate of ABCB1. These findings indicate that the intravesicular
fluorescence observed in our study and extracellular efflux
observed in Iip. 7A did not stem from free fluorescent compounds,
but rather from the fluorescent compounds conjugated to the
polymers. Therefore, ABCB1 recognizes the block copolymer.

4. Discussion

The aim of this study was to elucidate the molecular mecha-
nisms involved in the intracellular trafficking and extracellular
efflux of block copolymer micelles and their components. In this
study, we used block copolymer micelles conjugated with the
fluorescent compounds Dox, DBD, and Nile Red.

The intracellular uptake of micelles was inhibited in the pres-
ence of chlorpromazine in Hela cells (Fig. ?), suggesting that all
micelles are taken up into the cells via clathrin-mediated endocy-
tosis. However, caveolae-mediated endocytosis was also observed
to some extent in all micelles as the incubation time progressed.
The P85 amphiphilic triblock copolymer, which is composed of
poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO), is
internalized predominantly through caveolae-mediated endocy-
tosis, although in the micelle form P85 is internalized exclusively
through clathrin-mediated endocytosis | 12 %3],

FRET is a technique that-has been used recently to measure the
stability and dissociation of drug delivery system carriers and the
release of encapsulated drugs. By using FRET micelles, we deter-
mined that micelle dissociation occurs within endosomes or lyso-
somes after internalization via endocytosis. This result indicates
that the release of encapsulated drugs from these micelles will
occur in endosomes or lysosomes.

We also investigated the molecular mechanisms involved in the
intracellular trafficking of the block copolymers. When NPC1
expression was inhibited, the intracellular amounts of polymer
increased (ii¢. 5B). Confocal microscopy revealed that the knock-
down of NPC1 expression suppressed the transport of the polymers
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Fig. 5. (A) Intracellular components and typical lipid transport proteins. The expression of these proteins was suppressed by siRNA. (B) Intracellular amounts of polymers under
suppressing conditions for each protein (MLN64, ORP1, and NPC1) at 24 h after the addition of micelles to Hela cells. Cells were transfected with siRNAs against the targeted
proteins by 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 micelles under suppressing conditions for NPC1 at 24 h after the addition of micelles to Hela cells,
The ER was labeled with ER-Tracker. Scale bars = 20 pm.
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Fig. 7. (A) Effect of siRNA-induced knockdown of ABC transporters on the intracellular
amounts of polymers. The figure shows the intracellular amounts of polymer under
suppressing conditions for various ABC transporters (ABCA1, ABCB1, ABCC1, and
ABCG1) at 24 h after the addition of micelles to HeLa cells. (B) The intracellular
amounts of polymers under suppressing conditions for snap-25 at 24 h after the
addition of micelles to Hela cells. The cells were transfected with siRNAs against the
targeted proteins by using Lipofectamine RNAIMAX according to the recommended
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from endosomes or lysosomes to the ER (g 5C). Our results also
suggest that ER-to-Golgi transport is not involved in the intracel-
lular trafficking of block copolymers (Supplemientary i 4). This is
consistent with our observation that the polymer did not localize to
the Golgi apparatus (I'i¢. 4B). Taken with the results of the FRET
micelle experiments, the confocal images suggest that the micelles
used in this study dissociate into their individual components in
late endosomes, and after dissociation, the polymers are extracted
by NPC1 from the endosomes and transferred to the ER (Fi¢. 4). We
confirmed that 4-phenyl-1-butanol, which was conjugated to the
polymers to increase their hydrophobicity, was not released from
the polymers under the experimental conditions used
(Supplementary Fig. 6). Therefore, the release of the conjugated
compounds is not the driving force for the dissociation of the mi-
celles in late endosomes or lysosomes. The driving force for this
dissociation remains to be elucidated.

NPC1 facilitates the trafficking of low density lipoprotein-
derived cholesterol from the late endosome to various destina-
tions such as the plasma membrane, the trans-golgi network, and
the ER {39}, Similarly, it appears that NPC1 enhances the trafficking
of dissociated polymers from late endosomes to the ER. Although
direct trafficking from the late endosome to the plasma membrane
is a possibility {40}, such trafficking would probably represent a
small proportion of the total trafficking given our finding that the
inhibition of trafficking from the ER to the plasma membrane led to
the retention of most of the intracellular block copolymers. Sahay G
et al. reported that NCP1 is an important regulator of the major
recycling pathways of lipid nanoparticle-delivered siRNA, although
they did not investigate the trafficking of the carrier components,
but rather tracked the labeled siRNA. They demonstrated that
NPC1-deficient cells show enhanced cellular retention of lipid
nanoparticles inside late endosomes because of the decrease in
motility of late endosomes |[4,41]. These findings indicate that
NPC1 is a key factor in determining the fate of block copolymers.

Although some of the block copolymers might have been
retained in vesicles and transferred to lysosomes, the dissociated
polymers in the late endosomes were transported to the ER. Our
results also indicate that encapsulated drugs could be released from
these micellar carriers in late endosomes and diffuse into the
cytoplasm at this stage, demonstrating that such micelles are
suitable for the intracellular delivery of degradable compounds,
such as nucleic acids or proteins, and can minimize the degradation
of these compounds in lysosomes. We also investigated the extra-
cellular efflux mechanisms of block copolymers. As shown in Fiz. 6,
the transport of block copolymers to the cell membrane was
affected by ORP2 (Fiz. 9). ORP2 is involved in the vesicle-
lndependent intermembrane transport of lipophilic compounds
-34], and the ER possesses closed sites at the cell membrane

4 »|. Hao et al. reported that endogenous cholesterol is transported
to cell mermbranes via the ER | 42]. Therefore, the block copolymers
in the present study might also be transferred to the cell membrane
via these closed sites (Fig. ). Following the transfer to the plasma
membrane, efflux of the block copolymers mainly occurred via
ABCB1 but not ABCA1, ABCC1, or ABCG1 (Figs. 7 and 4). SNARE
proteins, such as snap-25, control the extracellular efflux of various
compounds, including proteins and lipids, via exocytosis |44 451,
Although the expression levels of SNARE-related proteins are high
in specific cancer cells, including HeLa cells [ 44-- 46, exocytosis did
not appear to be involved in the extracellular efflux of block co-
polymers from Hela cells (Iig. 7B), and the block copolymers used
in our studies were effluxed only through the ABCB1.

Lastly, we investigated the molecular mechanism of block
copolymer efflux through transporters by using vesicles that
expressed ABCB1. All of the polymers, regardless of PEG chain
length, polymerization degree of P(Asp), or fluorescent compound,
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Fig. 8. ATP-dependent uptake of polymers by ABCB1-expressing membrane vesicles. Suspensions of membranes expressing ABCB1, or control membranes that did not express
ABCB1 (50 pL each) were plated on a 96-well plate. (A) Increasing polymer transport with increasing polymer concentration. Samples at the indicated concentration were added to
each well, respectively, and the plates were incubated at 37 °C for 5 min. After washing by centrifugation, the fluorescence intensity of the transported polymers was measured.
Each value represents the mean + SD (n = 6). (B) Transport of fluorescent polymers into vesicles expressing ABCB1. **P < 0.01, compared with the corresponding control group. Each
value represents the mean + SD (n = 6). (C) Transport of free fluorescent compounds into vesicles expressing ABCB1. **P < 0.01, compared with the corresponding control group.

Each value represents the mean = SD (n = 6).

underwent similar transport into the vesicles expressing ABCB1
(Figz. ¢B). Free DBD and Nile Red were not, however, transported
through ABCB1 (Fig. 8C), indicating that the observed changes in
fluorescence did in fact correspond to the transport of the polymers
and not to that of dissociated Dox, DBD, or Nile Red. This result
indicates that the block copolymers themselves are crucial to their
transport by ABCB1, and that the conjugated fluorescent compound
is not recognized by ABCB1. The ABCB1 transporter plays a critical
role in drug clearance, including urinary excretion in the kidneys,
and biliary excretion in the liver [47]. We are currently investigating
the role of the ABCB1 transporter in the dynamics and clearance of
the polymer and encapsulated drugs in vivo.

All of the micelles used in this study showed the same intra-
cellular trafficking and the same proteins were involved in that
trafficking, independent of PEG chain length, polymerization de-
gree of P(Asp), and the hydrophobic moiety introduced into the
core segment within the range investigated. To determine whether
the intracellular trafficking and the molecular mechanism were
specific to the block copolymer we used, we tested the more hy-
drophilic polymer dextran. Dextran is a macropinocytosis marker,
and in fact its internalization was inhibited by the macro-
pinocytosis inhibitor EIPA (Supplementary Fig. 7). Because it is
possible that macropinosomes directly fuse with NPC1-positive late
endosomes |4}, dextran can be recycled to the extracellular milieu
by NPC1. However, NPC1 was not involved in the trafficking of
dextran from the late endosome (Supplementary Fig. 3). Moreover,
knockdown of ORP2 and ABCB1 expression, which is involved in
block copolymer trafficking, was not involved in the intracellular

trafficking of dextran (Supplementary Fig. 5). We also tested a hy-
drophobic nanoparticle (a polystyrene nanoparticle) and a hydro-
philic nanoparticle (a silica nanoparticle) with respect to their
intracellular trafficking. The internalization of these nanoparticles
was mediated by both clathrin-mediated endocytosis and caveolae-
mediated endocytosis (Supplementary Fig. 7) similarly to the block
copolymers and micelles we used. However, NPC1, ORP2, and
ABCB1 were not involved in the intracellular trafficking of these
nanoparticles (Supplementary Figs. 2 and 5). Yet, the efflux of
dextran, polystyrene nanoparticles, and silica nanoparticles is
controlled by the exocytosis protein snap-25 (Supplementary
Fig. ). Thus, the findings described in this report regarding the
intracellular fate of the block copolymers and the intrinsic proteins
involved in their trafficking are specific to these block copolymers.
From a safety standpoint, further studies are needed to elucidate
the physicochemical properties of block copolymers that determine
their intracellular trafficking and fate so that we might be able to
predict the potential for accumulation of newly developed block
copolymers inside cells and/or their efflux from cells. It will also be
necessary to elucidate the intracellular trafficking and fate of block
copolymers in different cell types.

5. Conclusions

We have characterized here the intracellular trafficking and fate
of different block copolymer micelles and their dissociated poly-
mers, from intracellular uptake to extracellular efflux. In addition,
we identified three proteins that are involved in the intracellular
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Fig. 9. Predicted mechanism of intracellular trafficking of micelles and polymers used in this study.

trafficking of these polymers: NPC1, ORP2, and ABCB1 (Fig. ¢). By
using FRET micelles, we showed that the dissociation of the mi-
celles occurs mainly in late endosomes and that NPC1 seems to
have a key role in the dissociation of micelles and in the inter-
membrane transfer of the block copolymers.

Exocytosis is well-known efflux route for nanoparticles inter-
nalized by endocytosis. Our study has elucidated a unique traf-
ficking and efflux route for the components of block copolymer
micelles in which NPCT and ORP2 play essential role in the transfer
of the block copolymers to their efflux via the transporter ABCB1.
This route can prevent the accumulation of components inside the
cells after intracellular uptake via endocytosis. Such knowledge
may help improve the therapeutic efficacy and minimize the safety
risks of block copolymer micelles.
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The IgG2 subclass of antibodies has emerged as an attractive thera-
peutic framework. However, a method for sufficiently separating the
three IgG2 disulfide isoforms has not been developed. Here, we
report a method for efficient separation of monoclonal IgG2 isoforms
by means of high-performance liquid chromatography on a column
packed with 2 um nonporous ODS silica particles. Under optimized
conditions, the isoforms were separated with high resolution
because mass transfer resistance in the stationary phase was reduced
by the use of the small, nonporous particles. The number of sepa-
rated peaks was more than twice that reported previously. The run-
to-run repeatability of the 1gG2 separation pattern was satisfactory,
and the day-to-day repeatability of the retention time of the main
peak was good (relative standard deviation 0.9%). The separation
pattern can be expected to be useful for monitoring quality consis-
tency of therapeutic antibodies.

1. Introduction

Human monoclonal antibodies, including three of the four
subclasses of immunoglobulin G (IgG1, IgG2, and IgG4), have
been widely used as therapeutic drugs. Although members of
the IgG1 subclass are the most widely used therapeutic anti-
bodies, the IgG2 subclass has emerged as an attractive thera-
peutic framework in situations in which effector functions are
undesirable or unnecessary for therapeutic activity;’* the
effector functions of IgGs depend on their affinity for Fcy
- receptors, which decreases in the order IgG1, IgG3 > IgG2,
-1gG4.>* The most characteristic structural differences between
the four subclasses are the numbers and positions of disulfide
bonds linking Cys residues in the hinge regions:® IgG1 and IgG4
have two, whereas IgG2 has four (Fig. 1).
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Fig. 1 Schematic showing human IgG subtypes, with disulfide links.

IgG2 antibodies were recently shown to exist in three disul-
fide-mediated structural isoforms.®® The effect of structural
heterogeneity on antibody function has attracted much atten-
tion,” and interconversion between the isoforms in vivo and their
pharmacokinetics have also been studied.® In addition to struc-
tural heterogeneity, IgGs also show heterogeneity in various other
properties, such as charge. Gaining a comprehensive under-
standing of the structure and stability of the isoforms is impor-
tant for quality control, and with this goal in mind, separation of
the isoforms by means of high-performance liquid chromatog-
raphy (HPLC) has been studied.*** However, although resolution
has been improved, separation of the IgG2 isoforms remains
insufficient. Here, we report the development of a method for
highly efficient separation of IgG2 isoforms by means of HPLC on
a column packed with 2 pm nonporous ODS silica particles.

2. Experimental
2.1 Materials

The following commercially available monoclonal IgGs (1gG1,
IgG2, and IgG4 subclasses) were purchased from reagent
distributors: infliximab (hereafter referred to as IgG1#1), tras-
tuzumab (IgG1#2), panitumumab (IgG2#1), denosumab
(IgG2#2), and natalizumab (IgG4#1). Trifluoroacetic acid (TFA),
acetonitrile, and ethylenediaminetetraacetic acid were
purchased from Wako Pure Chemical Industries (Osaka, Japan).
Other reagents were obtained from Sigma-Aldrich Co. (St. Louis,
MO, USA).
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2.2 HPLC conditions

IgG2 isoforms were separated on a Hitachi LaChromUltra HPLC
system equipped with an L-2160U pump, an L-2200U automated
sample injector, an L-2300 thermostatted column compart-
ment, and an L-2485U fluorescence detector (Hitachi, Tokyo,
Japan).

IgG2 isoforms were separated on a Presto FF-C18 column
(250 x 4.6 mm; particle size, 2 pm; Imtakt Corp., Kyoto, Japan)
with mixtures of water containing 0.1% TFA (mobile phase A)
and acetonitrile containing 0.1% TFA (mobile phase B) at a flow
rate of 400 pL min~'. Samples were injected under loading
conditions of 31, 32, 33, or 34% B, and the proportion of B was
increased to 44, 43, 42, or 41% B, respectively, by means of a
linear elution gradient starting at 0 min and ending at 60 min.
The column was then flushed for 5 min with 95% B. The column
temperature was maintained at 85 °C, the detector was operated
at 220 nm, and the column pressure was approximately 15 MPa.

2.3 Reduction and alkylation of IgGs

IgG samples were diluted to 1 mg mL™" in a pH 7.5 buffer
containing 7.5 M guanidine hydrochloride, 0.1 M Tris-HCl, and
1 mM ethylenediaminetetraacetic acid to a final volume of
0.5 mL. Dithiothreitol (final concentration 5 mM) was added to
the samples, which were then incubated at 37 °C for 35 min.
After the addition of iodoacetic acid (final concentration 13
mM), the samples were cooled to room temperature and then
incubated at room temperature in the dark for 1 hour.*

3. Results and discussion

Incomplete separation of intact IgG2 isoforms by means of
reversed-phase HPLC on columns packed with 5 um porous or
spherically porous particles has been reported.’®* In this study,
we improved the separation by using a stationary phase packed
with smaller (2 pm), nonporous particles.

The effect of stationary phase particle characteristics on
plate height (H) can be determined with the van Deemter
equation:

B
H=A+;+Cu 1)

where H is the plate height,  is the linear velocity of the mobile
phase, and 4, B, and C are constants that account for contri-
butions to band broadening from eddy diffusion, longitudinal
diffusion, and resistance to mass transfer of analytes, respec-
tively. In the case of macromolecules, the effect of longitudinal
diffusion (the B term) is generally negligible. The major differ-
ence between porous and nonporous particles is that for porous
particles, resistance to mass transfer (the C term) is appreciable,
owing to stagnation of the mobile phase in the pores. The
Horvath-Lin equation describes the contribution of resistance
to mass transfer (Cy.g) for unretained solutes:*?

Okod,”
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where § is the tortuosity factor for porous particles, k, is the
ratio of the intraparticle void space to the interstitial void space
in the column, D,,, is the diffusion coefficient of the solute in the
mobile phase, and dj;, is the particle diameter. The contribution
of Cyag becomes appreciable when analytes with relatively high
molecular weights (relatively small Dr, values) are separated. An
increase in molecular weight results in a decrease in the diffu-
sion coefficient and an increase in the mass transfer resistance.
Therefore, the diffusion of large molecules in the pores makes a
large contribution to the mass transfer resistance. These facts
suggest that nonporous particles have a substantial advantage
over porous particles for efficient separation of large mole-
cules.”® Nonporous columns have previously been reported to
afford higher rates of peptide recovery than porous columns.*
Furthermore, decreasing the particle size also contributes to
decreases in the A and C terms of eqn (1), which in turn lead to a
reduction in H and thus to band broadening. On the basis of
these considerations, we used a stationary phase packed with
2 .pm nonporous particles.

Reversed-phase HPLC separation of IgG2 disulfide isoforms
is usually performed at high temperature (65-85 °C) and low
pH.”* The use of high temperatures decreases the net affinity
of the proteins for the stationary phase by increasing their
solubility in the mobile phase, thereby improving their
recovery.® In our system, increasing the column temperature
from 65 to 85 °C increased the peak area (Fig. 2), but did not
markedly change the separation performance. Therefore, we
used a column temperature of 85 °C, which was the highest
temperature we could use in our system. We confirmed that the
column could be used 200 times at temperatures higher than
80 °C without obvious performance degradation. Although we
used a relatively long column (250 mm) to obtain high resolu-
tion,* the elution time was almost the same as the elution times
reported by researchers who used shorter columns.*®

We obtained good separation by optimizing the mobile
phase gradient; we used the typical gradient of water and

30
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R — o
2 2 | M 2
£
£ NM\ 80°C
2 ' Wigtsnsonssssmonr
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Fig. 2 Effect of temperature on the chromatographic separation of IgG2#1.
Column, Presto FF-C18 (250 x 4.6 mm i.d.); mobile phases: (A) water containing
0.1% trifluoroacetic acid, (B) acetonitrile containing 0.1% trifluoroacetic acid;
mobile phase gradient, (B) samples were injected under loading conditions of
34% B, and the proportion of B was increased to 41% B, with a linear elution
gradient starting at 0 min and ending at 60 min; flow rate, 400 uL min~"; column
temperature, 65-85 °C; sample concentration, 2 mg mL™"; injection volume, 2 pL.
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acetonitrile containing TFA. The chromatograms of two
commercially available recombinant monoclonal IgG2s
(Fig. 3A) showed many peaks, and the number of separated
peaks was more than twice that previously reported
(a maximum of four partially separated peaks).*”*%**

Under optimized conditions, the run-to-run repeatability of
the IgG2 separation pattern was satisfactory (data not shown),
and the day-to-day repeatability of the retention time of one of
the main peaks was also good (relative standard deviation
0.9%). Therefore, the separation pattern of intact IgG can be
expected to be useful for monitoring product consistency.

We also analyzed two commercially available IgG1s and one
1gG4 under slightly modified separation conditions (the mobile
phase gradient was optimized in each case). The chromato-
grams of IgG1s and IgG4 showed one major peak and a few
minor peaks and were similar to chromatograms obtained by
previously reported methods.”* These results indicate that our
method separated IgG2 isoforms more effectively than the other
methods.

To date, three types of disulfide isoforms of IgG2 have been
reported. To determine whether our method could separate
only disulfide-mediated structural isoforms or whether other
variants could be differentiated by our method, we applied it to
the IgGs after they had been broken down into their heavy and
light chains by reduction with dithiothreitol and subsequently
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alkylation with iodoacetic acid. When we analyzed reduced and
alkylated IgGs with the same chromatography system, the
resulting chromatograms showed two sets of peaks, one set
derived from the light chains and the other from the heavy
chains (Fig. 4).° The light chains showed a single sharp peak,
while the peaks derived from the heavy chains of both IgG2s
were distributed inhomogeneously (Fig. 4A), and the distribu-
tion for the IgG2s differed from the distributions for the IgGis
and IgG4 (Fig. 4B and C). These results indicate that not only
heterogeneity in disulfide bonding but also heterogeneity
derived from other factors such as the charge or physicochem-
ical properties of the heavy chain might have contributed to the
separation obtained by means of our system. The observation of
IgG2 charge variants during cation-exchange chromatography
has been reported.’ Further experiments such as mass spec-
trometry are needed to determine the mechanism by which
members of the IgG2 subclass were separated.

In conclusion, the method we developed for HPLC on a
column packed with 2 pm nonporous ODS silica particles
showed markedly improved separation of recombinant IgG2
isoforms with good repeatability. We suggest that the separa-
tion was based in part on recognition of disulfide-based struc-
tural isoforms but that other possible separation mechanisms
might include heterogeneity in physicochemical properties
such as the charge and intermediate of protein refolding. Our
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Fig.3 Reversed-phase HPLC chromatograms of (A) IgG2s, (B) 1gG1s, and (C) IgG4. Mobile phase linear gradients starting at 0 min and ending at 60 min: IgG2#1, 34%
(0 min)~41% (60 min), 1gG2#2, 32% (0 Min)-43% (60 min), IgG1#1 and IgG1#2, 31% (0 min)}-44% (60 min), IgG4#1, 33% (0 min)-42% (60 min); column temperature,
85 °C; sample concentration, 1 mg mL™". The other conditions were the same as those described in the legend of Fig. 2.
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method can be expected to be useful for monitoring IgG isoform
distributions, which is important for ensuring product consis-
tency during the development and commercialization of ther-
apeutic antibodies.
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Regulatory science promoting improvement in developing environment of innovative drugs

Toru Kawanishi

Importance of regulatory science in development of innovative drugs is pointed out by the Council

for Science and Technology Policy in the Cabinet Office, and the pharmaceuticals-related divisions in

the NIHS have begun the regulatory science research for promoting improvement in developing envi-

ronment of innovative drugs since 2012. Nano-medicines, fully engineered protein drugs, nucleic acid

drugs, and gene therapy drugs have been selected as innovative drugs, and the point-to-consider docu-

ments for evaluating mainly quality and non-clinical safety of these drugs will be developed. In addi-

tion, the conditions for the first-in-human trial will be also proposed, especially from the standpoints of

quality and non-clinical safety evaluation.

Keywords: Nano-medicine, Nucleic acid drug, fully engineered protein drug, gene therapy drug
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