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Importance of Neonatal FcR in Regulating the Serum
Half-Life of Therapeutic Proteins Containing the Fc Domain
of Human IgG1: A Comparative Study of the Affinity of
Monoclonal Antibodies and Fc-Fusion Proteins to Human
Neonatal FcR

Takuo Suzuki,* Akiko Ishii-Watabe,* Minoru Tada,* Tetsu Kobayashi,*
Toshie Kanayasu-Toyoda,* Toru Kawanishi,” and Teruhide Yamaguchi*

The neonatal FcR (FcRn) binds to the Fc domain of IgG at acidic pH in the endosome and protects IgG from degradation, thereby
contributing to the long serum half-life of IgG. To date, more than 20 mAb products and 5 Fc-fusion protein products have
received marketing authorization approval in the United States, the European Union, or Japan. Many of these therapeutic
proteins have the Fc domain of human IgG1; however, the serum half-lives differ in each protein. To elucidate the role of FcRn
in the pharmacokinetics of Fc domain-containing therapeutic proteins, we evaluated the affinity of the clinically used human,
humanized, chimeric, or mouse mAbs and Fc-fusion proteins to recombinant human FcRn by surface plasmon resonance analysis.
The affinities of these therapeutic proteins to FcRn were found to be closely correlated with the serum half-lives reported from
clinical studies, suggesting the important role of FcRn in regulating their serum half-lives. The relatively short serum half-life of
Fc-fusion proteins was thought to arise from the low affinity to FcRn. The existence of some mAbs having high affinity to FcRn
and a short serum half-life, however, suggested the involvement of other critical factor(s) in determining the serum half-life of such
Abs. We further investigated the reason for the relatively low affinity of Fc-fusion proteins to FcRn and suggested the possibility
that the receptor domain of Fc-fusion protein influences the structural environment of the FcRn binding region but not of the

FcyRI binding region of the Fc domain.

d (1). This prolonged half-life of IgG can be explained by the

interaction with neonatal FcR (FcRn). FcRn is a heterodimer
of the MHC class I-like H chain and the $,-microglobulin (8,m) L
chain (2). Although this receptor was originally studied as
a transporter of IgG from mother to fetus, subsequent studies have
shown that this receptor also plays a critical role in regulating IgG
homeostasis (3, 4). FcRn binds to the Fc domain of IgG at pH 6.0
6.5 but not, or weakly, at pH 7.0-7.5 (5). Therefore, FcRn protects
IgG from degradation by binding to IgG in endosome and releases
1gG into plasma (6). As indicated by previous studies in which
amino acid substitutions in the Fc domain of IgG for modifying
the affinity to FcRn can alter the serum half-life of the IgG, the
affinity to FcRn is thought to play a critical role in determining the
serum half-life of IgG (7-12).

I n healthy humans, IgG1 exhibits a long serum half-life of ~21
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Recently, therapeutic use of mAb products has become more
important for various diseases, including cancer as well as auto-
immune and infectious diseases (6, 13, 14). In addition to the
mAbs, the Fc-fusion proteins (e.g., etanercept, alefacept, and
abatacept) have been developed and have received considerable
attention. These Fc-fusion proteins consist of an extracellular
domain of membrane receptor linked to the Fc portion of human
IgG1. They work like Abs by binding to ligands for the receptors.
The receptor portions of etanercept and alefacept are, respectively,
the extracellular ligand-binding portion of the human 75-kDa
TNFR and the extracellular CD2-binding portion of the human
leukocyte function Ag 3. Abatacept consists of the extracellular
domain of human CTLA-4 linked to the modified Fc portion of
human IgGl.

Most of the mAb products and Fc-fusion protein products have
the Fc domain of human IgG1 (6, 14). Accumulating evidence
regarding their clinical use has revealed that their serum half-lives
are variable, ranging from 4 to 23 d, regardless of the presence of
the Fc domain of human IgG1 (6). Although many factors such as
m.w., posttranslational modifications including glycosylation,
electrical properties, interactions with FcRs or target molecules,
and features of the target molecules may influence their serum
half-life, the reasons for the variability of half-life have not been
elucidated. Among such factors, FcRn might play a critical role in
regulating half-life; however, comparative studies between the
affinities of these therapeutic proteins to FcRn and their half-lives
in humans have not been reported. Therefore, although some Fc
domain-containing therapeutic proteins exhibit shorter half-lives
in humans, it remains unclear whether the shorter half-lives are
due to the lower affinity to FcRn or other factors.
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In this study, we examined the affinity of clinically used mAbs
and Fc-fusion proteins to recombinant human FcRn by surface
plasmon resonance (SPR) analysis. The analytes used were human
Ab (adalimumab), humanized Abs (daclizumab, omalizumab,
palivizumab, and trastuzumab), chimeric Abs (infliximab and
rituximab), mouse Ab (muromonab-CD3), and Fc-fusion proteins
(etanercept, alefacept, and abatacept). We found that the affinities
of the therapeutic proteins tested to FcRn were closely correlated
with their serum half-lives, with a few exceptions. Because Fc-
fusion proteins, which have relatively short half-lives (4-13 d),
were shown to have lower affinity to FcRn than mAbs, we further
investigated the reason for this difference by examining the af-
finity of the proteins to FcyRI or the affinity of papain-digested
proteins to FcRn in SPR analyses. Our results suggested the
possibility that the receptor portions of Fc-fusion proteins make
a difference in the higher-order structure of the FcRn-binding
region of Fc (i.e., CH2-CH3 interface) or interfere with binding
between the Fc domain and FcRn by steric hindrance.

Materials and Methods

Therapeutic proteins and reagents

Abatacept (Bristol-Myers Squibb, Princeton, NJ), adalimumab (Abbott,
Baar, Switzerland), alefacept (Biogen ldec, Cambridge, MA), daclizumab
(Hoffmann-La Roshe, Nutley, NJ), etanercept (Takeda Pharmaceutical, Osaka,
Japan), infliximab (Tanabe Phamaceutical, Osaka, Japan), muromonab-CD-3
(Jansen Pharmaceutical, Tokyo, Japan), omalizumab (Novartis Pharma
Schweiz, Bern, Switzerland), palivizumab (Abbott Japan, Osaka, Japan),
rituximab (Zenyaku Kogyo, Tokyo, Japan), and trastuzumab (Chugai
Pharmaceutical, Tokyo, Japan) were purchased via reagent distributors.
Recombinant human TNF-a was purchased from Wako (Osaka, Japan).

Purification of human FcRn

Stably transfected CHO cells expressing both the soluble portion of the
hFcRn H chain (residues 1-267 of mature protein) and ,m were provided
by P. J. Bjorkman (California Institute of Technology, Pasadena, CA).
Expression and purification of hFcRn were performed according to the
method previously reported by West and Bjorkman (15), with slight
modifications. Briefly, the CHO cells expressing soluble hFcRn and $.m
were cultured in a-MEM containing 5% dialyzed FBS, 100 uM methio-
nine sulfoximine, and penicillin/streptomycin. Cell culture supernatant was
collected every 2-3 d and was filtered with a 0.45-pum filter, and sodium
azide was then added to 0.05%. The harvested supernatant was acidified to
pH 5.8 and then applied to a human IgG column. After washing the col-
umn with 50 mM Bis-Tris (pH 5.8), hFcRn complexed with B,m was
eluted with 40 mM Bis-Tris/20 mM Tris (pH 8.1). The eluted fractions
containing hFcRn were applied to a Uno-Q1 column, and hFcRn was
eluted with pH gradient using 40 mM Bis-Tris/20 mM Tris (pH 8.1) and 40
mM Bis-Tris/20 mM Tris (pH 5.8).

SDS-PAGE and Western blotting

Each fraction of protein eluted from the Uno-QIcolumn was diluted in 1X
SDS loading buffer and was separated in 15% polyacrylamide gel (Bio
craft, Tokyo, Japan). After the electrophoresis, the gels were stained with
Imperial protein stain (Pierce, Rockford, IL). For Western blotting, pro-
teins separated by SDS-PAGE were electroblotted onto polyvinylidene
difluoride membranes (Millipore, Billerica, MA). The membranes were
immunoreacted with rabbit anti-hFcRn H chain peptide (Leu'**-Gly'*%)
Ab produced by Medical and Biological Laboratories (Nagoya, Japan) and
then with HRP-conjugated secondary Abs (Cell Signaling Technology,
Danvers, MA). The bands of hFcRn were detected using ECL Plus Western
blotting detection reagents (Amersham Biosciences, Piscataway, NJ).

SPR analyses

Analysis of affinity between FcRn and Fc domain-containing therapeutic
proteins. The purified recombinant hFcRn was diluted with 10 mM sodium
acetate (pH 5.0 or 4.5) and was immobilized onto a CMS5 biosensor chip
(Biacore, Uppsala, Sweden) using an amine coupling kit (Biacore) at
relatively low densities (mainly 300-350 resonance units) to avoid mass
transport limitation. The reference cell was treated with N-hydrox-
ysuccinimide/1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and etha-
nol amine using an amine coupling kit without injecting the FcRn. Fc
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domain-containing proteins were diluted with the running buffer (50 mM
sodium phosphate/150 mM NaCl [pH 6.0]) and injected at 25°C. The
running buffer was allowed to flow at a rate of 20 pl/min. The injections
were performed using the KINJECT mode (volume, 40 l; dissociation
time, 150 s). For regeneration, the regeneration buffer (100 mM Tris/200
mM NaCl [pH 8.0]) was injected for 4 min. Kinetic constants were cal-
culated from the sensorgrams using the bivalent analyte model of BIAe-
valuation software 4.1.

To obtain the consistent results, we would indicate two points. First, it is
necessary to set the bulk refractive index to zero to avoid wrong fitting,
because the binding is rapidly reached to the near-equilibrium state. Second,
it is necessary to set the injection point correctly. For example, if the
sensorgrams of infliximab shown in Fig. 2 were analyzed with the injection
point shifted to 0.5 s earlier, the values of k,,, k4, and Kp were 1.95E+05
M™'s™!,0.136 57", and 697 nM, respectively. When the injection points of
the sensorgrams are unclear, it may be better to use the average values of
data resulting from two or more different injection points.

Analysis of affinity between FcyRI and Fc domain-containing therapeutic
proteins. Recombinant human FcyRI, which consists of human FcyRI
(GIn'5-Pro**®) and His-tag, was purchased from R&D Systems (Minne-
apolis, MN). Fc domain-containing proteins were immobilized to a CMS5
biosensor chip in 10 mM sodium acetate (pH 5.0) using an amine coupling
kit. Kinetic analyses of FcyRI binding were performed according to
Ellsworth et al. (16) with some modifications. The running buffer, HBS-EP
(10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.005% Surfactant P20
[pH 7.4]) (Biacore), was allowed to flow at 20 pl/min. The injections of
FcyRI were performed using the KINJECT mode (volume, 40 wl; disso-
ciation time, 150 s). To regenerate the immobilized proteins, the re-
generation buffer (10 mM glycine-HCI [pH 1.8]) was injected for 15 s.
Kinetic constants were derived from the sensorgrams using the 1:1 binding
model of BIAevaluation software 4.1.

Papain digestion

The papain (Wako) was activated in the buffer (50 mM sodium phosphate/
150 mM NaCl [pH 6.0], 1 mM cysteine, 4 mM EDTA, and 1 mg/ml papain)
at 37°C for 15 min. Next, 1 mg/ml Ab or Fc-fusion protein was digested
with 0.1 mg/ml activated papain in 50 mM sodium phosphate (pH 6.0), 150
mM NaCl, 0.1 mM cysteine, and 4 mM EDTA at 37°C for 24 h.

Results

Purification of soluble human FcRn

FcRn binds to the Fc domain at acidic pH and then releases it at
neutral pH. Recombinant soluble hFcRn expressed from CHO cells
was purified using a human IgG column by binding at pH 5.8 and
releasing at pH 8.1. The fraction purified by the IgG column was
electrophoresed at lane 10 of SDS-PAGE gel (Fig. 1B). This
fraction was then purified using an anion-exchange column with
a pH gradient elution. The elution diagram is shown in Fig. 1A.
Three main peaks were observed. The proteins in these peaks were
electrophoresed (Fig. 1B) and subjected to Western blot analysis
using anti-hFcRn H chain peptide Ab (Fig. 1C). Several bands
were observed at ~32 kDa in these fractions, and these bands were
immunoreactive to anti-hFcRn H chain peptide Ab. These results
indicated that the purified FcRn had several isoforms, possibly
because of the difference in posttranslational modification, in-
cluding glycosylation or proteolysis. As shown in Fig. 1C, the
signals of the higher m.w. bands of hFcRn tend to be weak. There
is a possibility that the sugar chain at Asn'? of hFcRn interfered
with the reactivity of the hFcRn to the anti-hFcRn H chain peptide
Ab used. We analyzed the affinity of therapeutic mAbs and Fc
fusion proteins to FcRn by SPR using the peak I, I, or III fractions
eluted from the anion-exchange column. The Kp values were
higher when peak I was used as a ligand in SPR analyses than
when peaks II or III were used (data not shown). Because the m.w.
of the proteins in peak I was smaller than that in peak II/IIT and the
protein content of peak I varied depending on the lot of the cell
culture supernatant, peak I seemed to consist of immature FcRn.
The Kp values calculated from the experimental data using peaks
1I and III were comparable (data not shown). We, therefore, used
the main peak (i.e., peak III) in the following experiments.
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FIGURE 1. Purification and electrophoretic characterization of re-
combinant human FcRn. A, The elution diagram of the anion-exchange
chromatography used for the purification of recombinant human FcRn. B,
SDS-PAGE of the proteins in the fractions indicated in A. The protein
applied to the anion-exchange column was electrophoresed in lane 10. The
gel was stained with Imperial protein stain. C, Western blot analysis of
eluate from the anion-exchange column by anti-hFcRn H chain Ab.

SPR analyses of the affinity between FcRn and Fc
domain-containing proteins

Purified FcRn was immobilized onto a CM5 biosensor chip at rel-
atively low densities as described in Materials and Methods. Five or
six concentrations of Fc domain-containing therapeutic proteins
were then injected. Because injection at higher concentrations
caused nonspecific binding to flow cells, we analyzed the affinity of
therapeutic proteins using sensorgrams obtained at the concen-
trations at which nonspecific binding was not observed. For ex-
ample, infliximab was injected at concentrations of 670, 335, 168,
84, and 42 nM, and we analyzed the affinity to FcRn with the bi-
valent analyte model (Fig. 2). The colored lines were observed
sensorgrams, and the black lines were fitting lines generated by the
BIAevaluation software. The Kp, value (= kq;/k,;) calculated from
these sensorgrams was 727 nM. The affinities of adalimumab and
etanercept to FcRn were 672 and 3612 nM, respectively (Fig. 2).
The affinities of the 11 kinds of Fc domain-containing proteins to
FcRn were measured (Fig. 3). Adalimumab, daclizumab, infliximab,
palivizumab, and rituximab were injected at concentrations of 42—
670 nM. The concentrations of abatacept, alefacept, and etanercept
used were 168-5360 nM, and those of muromonab-CD3, omalizu-
mab, and trastuzumab were 84—1340 nM. Under this condition, the
tested therapeutic proteins, except for muromonab-CD3, bound to
FcRn. The Kp values measured in our experiments and the serum
half-lives in humans reported in the literature are shown in Fig. 3A.
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FIGURE 2. Representative sensorgrams of SPR analyses. Infliximab
(upper panel) or adalimumab (middle panel) was injected at concentrations
of 42-670 nM and etanercept (lower panel) at concentrations of 168-5360
nM. The colored lines are the observed sensorgrams, and the black lines
are fitting lines generated by the bivalent analyte model of BIAevaluation
software. The association of KINJECT was started at ~100 s, and the
dissociation of KINJECT was at ~220 s. The table describes the kinetic
values calculated from the sensorgrams of infliximab, adalimumab, and
etanercept.

The Kp values and the average values of the serum half-lives are
plotted in Fig. 3B. The K, values were closely correlated to the half-
lives (contribution ratio = 0.8675) when the results were analyzed
after excluding the data for infliximab, rituximab, and trastuzumab
(Fig. 3C). Concerning infliximab, rituximab, and trastuzumab,
which have relatively short half-lives and comparable affinity to
other long half-life Abs to FcRn, other critical factor(s) seemed to be
involved in regulating their half-lives (see Discussion). Although it
was impossible to plot the data for mouse mAb muromonab-CD3,
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Structure NOMPrOPTItETY  Binding target Afﬁ;‘%‘;\f;h Half-life (days) cited from the literature
Human antibody Adalimumab TNFa 672 14.7-19.3  Weisman et al., 2003
H ized antibody Dacli t CD25 846 20 Vincenti et al., 1998
Omalizumab IgE 1237 20 Casale et al., 1997
Palivizumab RSV F protein 750 19-27 Subramanian et al., 1998
Trastuzumab HER2 773 27-10 Tokuda et al., 1999
Chimeric antibody  Infliximab TNFa 727 9.5 Comillie et al., 2001
Rituximab CD20 508 9.4 Maloney et al., 1997
Lo Mouse antibody Muromonab-CD3 CD3 ND 0.75 Hooks et al., 1991
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which exhibited no significant binding to human FcRn, the half-life
of this Ab in humans is the shortest (0.75 d) among the therapeutic
proteins examined in this study (21). These results also show the
importance of the binding affinity to FcRn in determining the serum
half-life. The correlation described above was also observed when
other fractions of hFcRn described in Fig. 1 (peaks I and II) were
used in SPR analyses (data not shown).

The affinity between FcyRI and Fc domain-containing proteins

Because the affinities of Fc fusion proteins (etanercept, alefacept,
and abatacept) to FcRn were lower than those of mAbs, the FcRn-
binding region (CH2-CH3 domain interface) of Fc-fusion proteins
seems to be structurally different from that of mAbs. We also
analyzed the affinity of these proteins to FcyRI to test whether the
structural environment around the FcyRI-binding region (hinge
proximal region of CH2) is different between Fc-fusion proteins
and Abs. Because the regeneration procedure in the SPR assay
inactivated FcyRI but not Fc domain-containing therapeutic pro-
teins, therapeutic proteins were immobilized to CM5 biosensor
chips, and FcyRI was used as an analyte. The sensorgrams of Fc-
fusion proteins (abatacept, alefacept, and etanercept) and mAbs
(adalimumab and infliximab) are shown in Fig. 4A. The data were

analyzed with a 1:1 binding model. The Kp, values of the two Fc
fusion proteins (alefacept and etanercept) and Abs (adalimumab
and infliximab) were comparable (Fig. 4B). The Kp values ob-
tained in this study were similar to the data reported for IgG
[reviewed by van de Winkel and Anderson (26)]. In contrast,
abatacept had a lower affinity to FcyRI. In abatacept, a series of
selected mutations those can alter the binding affinity to FcyR
were introduced to reduce Fc-mediated cytotoxic effects (Fig. 5)
(28, 29). Therefore, the data in Fig. 4 show that the change in the
affinity of Fc domain to FcyRI, which is caused by amino acid
substitutions, was detected in our experiments. These results
suggest that the region interacting with FcyRI (i.e., the hinge
proximal region of CH2) was not structurally different between Fc
fusion proteins, except for abatacept, and Abs examined.

The affinity between FcRn and Fc domains generated by
papain treatment

In Fig. 5, the amino acids sequences of abatacept, alefacept, eta-
nercept, adalimumab, infliximab, and omalizuamb are aligned.
The differences in the primary structure of the Fc regions were
Glu®" and Met®’® of etanercept, which are attributed to the IgG1
allotype, and Ser'®?, Ser'®®, and Ser'”* of abatacept, which are due
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to the engineering for decreasing affinity to FcyR and improving
protein production (28). To test the possibility that this limited
structural difference or posttranscriptional modifications such as
glycosylation can give rise to the difference in binding affinity to
FcRn, we digested the Fc-fusion proteins or mAbs with papain
and analyzed the affinity of their Fc domains to FcRn. The elec-
trophoretic pattern of etanercept and adalimumab digested with
papain is shown in Fig. 6A. Both etanercept and adalimumab were
digested sufficiently for 24 h at 37°C under the conditions de-
scribed in Materials and Methods, whereas digestion was not
sufficient after incubating for 2 h. Therefore, the therapeutic
proteins digested with papain for 24 h were used for the SPR
analyses. The sensorgrams of etanercept (670 nM) and adalimu-
mab (670 nM) were much different without incubation with pa-
pain, but they became almost identical after papain digestion (Fig.
6B). We measured the affinities to FcRn of five therapeutic pro-
teins (etanercept, alefacept, adalimumab, infliximab, and omali-
zumab) digested with papain (Fig. 6C). Etanercept and alefacept
are Fc-fusion proteins with low affinity to FcRn, and omalizumab
is an Ab showing lower affinity to FcRn than other Abs. Because it
was possible that the proteins were cleaved, in part, into smaller
fragments than the Fc domain, the estimated Kp values may have
been larger than the actual values. However, it was very clear that
the affinities of etanercept, alefacept, infliximab, and omalizumab
were increased by papain treatment (Fig. 6C).

The affinity of Fc-fusion protein and Abs became comparable
after papain digestion, showing that the differences in amino acid
- sequences or posttranslational modification of the Fc domain did

not contribute to the difference in the binding affinity of these
proteins to FcRn. It therefore seems likely that the receptor domain
of the Fc-fusion protein makes a difference in the higher-order
structure of the FcRn-binding region of Fc (i.e., CH2-CH3 in-
terface) or interferes with the binding between Fc domain and FcRn
by steric hindrance. Moreover, such a difference or interference
seems to be involved in determining the affinity to FcRn for some
kinds of Abs, because the Kp values of infliximab and omalizumab
were also increased significantly by papain treatment.

The affinity between FcRn and therapeutic proteins binding
with target molecules

On the basis of the results suggesting the possibility that another
region besides the Fc domain influences the affinity of Fc domain-
containing proteins to FcRn, we assumed that binding with the
target molecule would also change the affinity to FcRn. Because
adalimumab, infliximab, and etanercept bind to the same target
molecule, TNF-a, we analyzed the effects of binding with TNF-a
on the affinity of these therapeutic proteins to FcRn. First, 02680
nM TNF-a was added to 335 nM infliximab and incubated for at
least 1 h. The resulting mixture was then injected into the flow
cell, and the affinities to FcRn were analyzed. By adding TNF-a,,
the shape of the sensorgram was drastically altered (Fig. 7A). The
Abs (adalimumab and infliximab) can maximally bind to two
TNF-a trimers, whereas etanercept binds to one TNF-a trimer.
When the relative concentrations of TNF-a are low, three mole-
cules of the Ab can bind to each TNF-a trimer, and cross-linked
TNF/Ab complexes are formed (30). To evaluate the affinity
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between FcRn and TNF-o-binding proteins, excess TNF-a was
added to adalimumab, infliximab, and etanercept (8-fold molar
excess to 42-670 nM Abs and 4-fold to 168-2680 nM etanercept)
to avoid forming nonuniform complexes. The sensorgrams were
fitted by the bivalent analyte model (Fig. 7B). Although the fitted
lines did not completely match the observed sensorgrams, the Kp
values of infliximab, adalimumab, and etanercept to FcRn were
calculated to be 2057, 1321, and 4286 nM, respectively (Fig. 7C).
The affinity of infliximab—TNF-a complex or adalimumab-TNF-a
complex was lower than that of infliximab or adalimumab, re-
spectively (Fig. 7C). These results suggest that at least for these
anti-TNF-a. Abs, binding with target molecules decreases the
affinity to FcRn. They may also suggest that the anti-TNF-o Abs
complexed with TNF-a will be degraded more rapidly than anti—
TNF-a Abs free from TNF-a in vivo.

Discussion

To our knowledge, this is the first article to elucidate the affinities of
clinically used Fc domain-containing therapeutic proteins to FcRn in
a comparative study. Because the affinities of these therapeutic
proteins to FcRn were found to be highly correlated with the serum
half-livesin humans, with the exception of infliximab, rituximab, and
trastuzumab, theimportance of FcRninregulating the serum half-life
of Fcdomain-containing therapeutic proteins was suggested. Thekey
observation was that the Fc-fusion proteins showed lower affinity to
FcRnthan Abs. These data provided us with one of the answers to the
question of why the Fc-fusion proteins containing the Fc domain of
human IgG1 exhibit a shorter half-life than human IgG1.

In the current study, we used the bivalent analyte model of
BIAevaluation software. Most studies analyzing Fc-FcRn inter-
actions have used the bivalent analyte model (15, 31) or the het-
erogeneous ligand model (7, 15, 31). Although the sensorgrams in
our experiments were able to be fitted by both models, they were
better fitted by the bivalent analyte model. Considering that two
molecules of hFcRn bind to each IgG, resulting in a 2:1 binding

stoichiometry (15), the bivalent analyte model seems to be suit-
able. It has been reported that the dual bivalent analyte model
better fits the data of the FcRn-Fc interaction (32), although there
are cases in which the bivalent analyte model does not work well.
In the article about the dual bivalent analyte model, it was spec-
ulated that high-affinity and low-affinity types of FcRn existed on
the surface of the BIAcore chip and that the low-affinity type
receptor was probably an experimental artifact (32). Possibly
because the content of the low-affinity type of FcRn on the chip is
comparatively low in our immobilizing condition, the sensorgrams
in our experiments might have been well-fitted by the bivalent
analyte model.

Among the therapeutic proteins tested in this study, the Fc fusion
proteins showed relatively lower affinities to FcRn (Figs. 2, 3),
although the affinities to FcyRI are comparable to those of Abs
(Fig. 4). Although the Fc domain binds to FcRn via the CH2-CH3
domain interface (33), the primary structures of the Fc domains of
tested therapeutic proteins were almost the same, and cleavage of
the Fc domains from Fab or the receptor region gave similar Kp
values to FcRn (Fig. 6). These results suggest that the receptor
regions of Fc-fusion protein alter the conformation of the FcRn-
binding region (CH2-CH3 domain interface), not of the FcyRI-
binding region (hinge proximal region of CH2 domain), or cause
steric hindrance on the CH2-CH3 domain interface. The influence
of regions besides the Fc domain on FcRn-binding regions would
also be the case for Abs, as shown in Fig. 7.

Our results presented in this study can provide valuable in-
formation regarding the molecular design of novel Fc domain-
containing therapeutic proteins and demonstrate the usefulness
of FcRn-binding analysis in the characterization of Fc domain-
containing therapeutic proteins. In addition to the Fc fusion pro-
teins used in this study, rilonacept, a Fc-fusion protein consisting of
ligand-binding domains of the extracellular portions of the human
IL-1 receptor component (IL-1RI) and IL-1 receptor accessory
protein linked to the Fc portion of human IgG1, and romiplostim,
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from the same series of experiments are also shown as controls.

a Fc-peptide fusion protein consisting of human IgG1 Fc domain
linked at the C terminus to a peptide containing two thrombopoietin
receptor-binding domains, were approved recently (34, 35). The

those of etanercept and alefacept were 168-5360 nM, and those of oma-
lizumab were 42-1340 nM. Each bar shows the average Kp value + SD,
which was calculated from three independent experiments. *+p < 0.01.
NS, no significant difference according to Student ¢ test.
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development of Fc-fusion proteins will receive further attention.
Although the Fc domains are used with the intent of prolonging
the half-lives of receptor proteins, the half-lives tend not to be
fully prolonged to the level of IgG1. It remains unclear whether
the receptor regions of Fc-fusion proteins alter the conformation
of the CH2-CH3 domain interface or the regions cause steric
hindrance on the binding site of FcRn; however, the molecular
design of Fc-fusion proteins having a higher affinity to FcRn
might be possible in either case.

Reflecting the increasing interest in the development of mAbs and
related products, the newly revised guideline for such products was
adopted by the European Medicines Agency in 2008 (www.emea.
europa.eu/pdfs/human/bwp/15765307enfin.pdf). In the guidelines,
it is mentioned that FcRn-binding activity should be provided, as
appropriate, in product characterization. Because regions other than
the Fc domain might affect the affinity of the protein to FcRn (Figs.
6, 7), the affinity to FcRn should be evaluated as an important
quality attribute related to the pharmacokinetic profile, even if the
protein has a native Fc domain of IgGl, especially in cases of Fc-
fusion proteins. Meanwhile, because it was demonstrated that ox-
idation of two labile methionines, Met?*? and Met*?%, in human
IgGl1 attenuates binding of the Ab to FcRn (36), alteration of the
affinity to FcRn during the production process or storage will reflect
structural changes of the protein, including Met oxidation, that will
lead to shortening the serum half-life. In addition to IgG, albumin is
also known to bind to FcRn in a pH-dependent manner and is
protected from degradation (37, 38). The albumin-fusion proteins
(e.g., albumin-IFN) or drugs having an albumin-binding moiety are
being developed. FcRn-binding characteristics would also be im-
portant as a quality attribute of such products, which is related to the
pharmacokinetic profile.

As mentioned above, the existence of several Abs having a short
half-life and high affinity to FcRn suggested the involvement of
other critical factor(s) in regulating the serum half-life of Abs such
as trastuzumab, rituximab, or infliximab. Trastuzumab is a hu-
manized Ab directed against human epidermal growth factor re-
ceptor 2 (HER?2), which is expressed in some types of breast cancer
cells. It has been reported that trastuzumab is taken up by HER2-
expressing cells via HER2-mediated endocytosis (39, 40). Ritux-
imab, a chimeric Ab directed against CD20, is also internalized in
an Ag-mediated manner (41). Because the ligand-dependent in-
ternalization is followed by degradation of Abs, this property
seems to be an important reason for the short half-life of trastu-
zumab and rituximab. It has been reported that, in general, the
half-life of monoclonal IgG Abs increases depending on the de-
gree of humanization in the order of murine < chimeric < hu-
manized < human (6, 41, 42). Because infliximab and rituximab
are chimeric Abs, the involvement of common factors influencing
“the half-life of chimeric Abs such as the presence of human anti-
chimeric Ab would be another reason for the shorter half-life.

As shown in Fig. 7, the affinities of infliximab—TNF-a complex
and adalimumab-TNF-a complex seemed to be lower than those
of infliximab and adalimumab. If the affinity of therapeutic pro-
teins/target molecules complexes to FcRn is lower than that of the
free therapeutic proteins, the complexes will be degraded faster.
Therefore, the half-lives of such therapeutic proteins seem to be
shortened in the case that the target molecules are abundant in the
bodies of patients. In contrast, if the affinity to FcRn of therapeutic
proteins/target molecule complexes is higher than that of the free
drugs, the complexes of drug and target molecules will have
longer half-lives than free drugs. Because there are many factors
affecting the elimination of Abs [reviewed by Tabrizi et al. (41)],
further studies are necessary to elucidate the critical factors im-
pacting the half-lives of Fc domain-containing proteins, in addi-
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tion to the affinity to FcRn. Binding characteristics of the Fc
domain-containing proteins or their complex with target mole-
cules to FcyRs would be one of the important issues to be ex-
amined in regard to the impact on their elimination.

In conclusion, we showed the importance of the affinity to FcRn in
determining the serum half-life of Fc domain-containing therapeutic
proteins. Furtherinvestigation regarding the molecular structures that
regulate the affinity of the engineered protein to FcRn will accelerate
the development of therapeutic proteins with a desired half-life.
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In this study, we measured the release of drug from liposome-encapsulated doxorubicin (DXR) in human
and mouse serum. While human serum did not induce DXR-release, mouse serum significantly induced
DXR-release in a temperature- and time-dependent manner. Release of DXR was clearly observed in
ultrafiltrated mouse serum, indicating that low-molecular substances affect DXR-release. Therefore, the
level of Na*, CI=, NH4*, and urea nitrogen in each type of serum was measured. Only the concentration
of NH4* in mouse serum was significantly higher than that in human serum. Furthermore, addition of
ammonium acetate to human serum induced DXR release at the same level observed in mouse serum.
These results indicate that the NH4* concentration in serum might greatly affect the release of DXR from

liposomes.

1. Introduction

Recently, various liposomal products have been developed
and applied to clinical treatment (Coukell and Brogden 1998;
Maurer et al. 2001). It is a global requirement that evaluation
standards for liposomal products are established to ensure their
quality (Burgess et al. 2002). The main purpose of using lipo-
somalization is to stabilize drugs in vivo and to control release.
For example, the serum half-life of DOXTL®, which is the anti-
tumor agent doxorubicin (DXR) encapsulated in a PEGylated or
so-called ‘stealth’ liposome, is about 90 h (Fujisaka et al. 2006),
while that of injected DXR is less than 1h (Mross et al. 1988).
Therefore, drug release (or leakage) is one of the most impor-
tant formulation properties of liposomal products for quality
assessment. In vitro drug-release tests for appropriately mea-
suring drug release from liposomes would be very useful for
assessing lot-to-lot variability or the release characteristics of
liposome products. At present, however, few studies have exam-
ined how we should assess in vitro drug-release appropriately.
From this standpoint, we have studied whether or not an in vitro
release test, which is related to in vivo stability, can be estab-
lished. Tt’s preferable that such an in vitro drug-release test is
based on the in vivo release mechanism and correlates with the
invivo release profiles. In order to achieve in vivo relevance, drug
release should be measured under conditions that are as near as
possible to the physiological condition. Thus, as a first step, we
have investigated the utility of human or mouse serum in the
assessment of DXR release from stealth liposome-encapsulated
DXR (DXR-SL).

2. Investigations, results and discussion

DXR-SL were incubated with mouse or human serum at various
temperatures (37,45, or 52 °C), and the ratio of DXR release was
measured. As a result, mouse serum induced significant DXR
release from DXR-SL in a temperature- and time-dependent
manner (Fig. 1). In the case of human serum, however, the DXR-
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release rate was extremely low, even at 52 °C. To our knowledge,
it has not been reported that drug release from liposomes differs
greatly between human serum and mouse serum.

To elucidate this difference, DXR release from DXR-SL was
measured in the filtrate of each serum after ultrafiltration (3 kDa
or 10 kDa cut-off). Ultrafiltrated mouse serum induced signif-
icant DXR release, although it was slightly lower than that in
unfiltered serum (Fig. 2A). In human serum, the DXR-release
rate in the filtrate was also slightly lower than that in unfil-
tered serum. This result indicates that low molecular substances
largely affect the release of DXR induced in mouse serum. When
DXR-SL was incubated with rat or bovine serum, in addition
to human and mouse serum, only mouse serum induced DXR
release from DXR-SL (Fig. 2B). Next, we compared the DXR-
release rate in four kinds of serum: two kinds of fresh serum
collected from CD-1 mice and BALB/c mice (prepared in our
laboratory), commercial mouse serum that had been used in the
above tests, and human serum. As a result, significant DXR
release was observed in only the commercial mouse serum,
while the DXR-release rate in fresh mouse serum was equiv-
alent to that in human serum (Fig. 2C). These results indicate
the possibility that the low molecular substances affecting drug
release are specific to the commercial mouse serum.
Therefore, we measured the concentration of typical low molec-
ular substances in blood, such as Na*, CI~, NH;* and urea
nitrogen, in each type of serum. Surprisingly, the NH4" level
of the commercial mouse serum was 100-fold higher than that
of human serum (Fig. 3A). Likewise, the NH4* level was sig-
nificantly high in another commercially available mouse serum.
On the other hand, the concentration of urea nitrogen in the
commercial mouse serum was one-twentieth of that in human
serum. The concentration of sodium or chloride was normal
in all serum. Next, we examined the effect of NH* level on
DXR release from DXR-SL. It was expected that the pH of the
commercial mouse serum would be higher than that of human
serum. However, there were no differences in pH between mouse
and human serum (data not shown). Thus, we added ammonium
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Fig. 3: NH,4* level affects DXR release. A) Na*, CI~, NH4* and urea nitrogen in
human (white column), fresh mouse serum (gray column), commercial
mouse serum (black and shaded column) were measured. B) Ammonium
acetate was added to human serum at a final concentration of 1.34 mg/ml
which is almos! same as the NH4* level in mouse serum. The DXR-release
rate in this modified human serum was measured as described in Fig. 1

acetate solution to human serum to the same NH,* level in com-
mercial mouse serum without changing the pH, and measured
the DXR-release rate in the adjusted human serum. As in mouse
serum, significant DXR release was observed in human serum
with ammonium acetate (Fig. 3B). These results suggest that the
high NH4* level is one of the causes of the high DXR-release
rate in commercial mouse serum.

It is unclear why the NH;™" level is markedly increased in com-
mercial mouse serum. Commonly, the blood NH;* level should
be measured immediately after blood drawing and centrifuga-
tion. Hemolysis and leaving the samples as whole blood at room
temperature are causes for elevated test values (Howanitz et al.
1984; Lindner and Bauer 1993). AMP deaminase in red blood
cells catalyzes the production of ammonia from protein and
amino acids (Nathans et al. 1978). Although we did not inves-
tigate the effects in full, we found that, even in human serum,
repeating freeze-thaw cycles and long storage tended to increase
the DXR-release rate (data not shown). Thus, the high NHs* may
be due to a delay in collecting serum after blood drawing, hemol-
ysis, repeating freeze-thaw cycles, or long storage. Itis important
to stress, however, that the commercial mouse serum used in our
examinations is fully compatible with immune assays, such as
ELISA or immunostaining, for which it is generally used.
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DXR is encapsulated in liposomes by a remote loading method
based on the gradient of ammonium sulfate. The mechanism
of accumulation is believed to be as follows (Haran et al.
1993). Removal of ammonium sulfate from the extraliposomal
medium of liposomes creates an ammonium sulfate gradient
[(NH4)2SO4}iip.>[(NH4)2SO4]mea. The very high permeability
coefficient of neutral NHj3 leads to fast diffusion of NH3 into the
extraliposomal medium. For every NH3 molecule that leaves
the liposome, one proton is left behind, forming a pH gradi-
ent across the liposomal membrane. Because DXR is a weakly
basic compound (pKa = 8.25), nonionic DXR in the extraliposo-
mal medium diffuses through the lipid bilayer, is protonated and
trapped as an ionic form, and accumulates in the intraliposomal
aqueous phase by forming a precipitate with sulfate ions. The
process can be summarized as an exchange between NHj3 efflux
and DXR influx. Therefore, the addition of high concentration
ammonium salt to the extraliposomal phase of DXR-SL may
induce NH3 influx into intraliposomes. As a result, the intrali-
posomal pH may be elevated, and nonionic DXR may diffuse
out through the lipid bilayer of liposomes. While the details of
the mechanism remain to be elucidated, we speculate that the
significant DXR release from DXR-SL in the commercial mouse
serum could be caused by high NH4* levels in this way.

Our data revealed that 1) there was almost no DXR release from
DXR-SL in human serum, while mouse serum induced signif-
icant DXR release; 2) the high NH4* level in mouse serum,
especially in commercial mouse serum, is one of the factors
leading to the markedly high DXR-release rate; and 3) the con-
centration of NH4* in the test solution can greatly affect the
release of DXR from DXR-SL. Thus, if serum or plasma is used
for an in vitro drug-release test of liposomal products that are
prepared by ammonium sulfate gradient, it will be necessary to
control both the lot and the storage period.

3. Experimental
3.1. Materials

Hydrogenated soy phosphatidylcholine (HSPC) and (N-(carbonyl-
methoxy polyethyleneglycol 2000)-1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine (DSPE-PEG2000) were purchased from Nippon Oil and Fat
(Tokyo, Japan). Cholesterol (Chol) was of analytical grade (Wako Pure
Chemical, Osaka, Japan). Adriacin® injection 10 (Kyowa Hakko Kirin Co.,
Ltd.), which is doxorubicin (DXR) injection, was purchased from a gen-
eral sales agency for drugs in Japan. Mouse, rat serum (Valley Biomedical,
Inc., VA), and human serum (Biopredic International, Rennes, France) were
obtained from KAC Co., Ltd. (Kyoto, Japan). Another mouse serum was
obtained from Cedarlane Laboratories Limited (Ontario, Canada). Bovine
serum was purchased from Invitrogen (Carlsbad, CA). Fresh mouse serum
collected from CD-1 mice was supplied by Charles River (Kanagawa,
Japan). Sepharose CL-4B and Sephadex G-25 prepacked columns, PD-10
Desalting Columns, were purchased from GE Healthcare Japan (Tokyo,
Japan).

3.2. Liposome preparation

DXR-SL composed of HSPC/Chol/DSPE-PEG2000 (56.5/38/5.4 molar
ratio) was prepared by a modified ethanol injection method (Maitani et al.
2001). DXR was encapsulated into liposomes by remote loading using an
ammonium sulfate gradient (Lasic et al. 1992). Briefly, all lipids were dis-
solved in about 5 ml of ethanol, and the ethanol was removed with a rotary
evaporator leaving behind about 1 ml of the ethanol solution. Next, 4 ml of
300 mM ammonium sulfate was added to the ethanol solution. Liposomes
formed spontaneously after further evaporation of the residual ethanol. After
five freeze-thaw cycles, liposomes were extruded through a series of polycar-
bonate filters (Nucleopore, CA) with pore sizes ranging from 0.4 to 0.1 pm.
The mean diameter of resulting liposomes was determined by dynamic light
scattering using a DLS-7000 (Otsuka Electronics Co. Ltd., Osaka, Japan).
The diameter of extruded liposomes was in the range of 110% 30 nm. Fol-
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lowing extrusion, liposomes were ultracentrifuged at 80.000 rpm for 45 min
at 4 “C, and suspended in normal saline. The concentration of phospholipid
was determined by colorimetric assay using Phopholipids C (Wako Pure
Chemical Industries, Ltd.. Osaka. Japan). DXR was added to the liposomes
at a DXR/liposome ratio of 0.2:1 (w/w), and liposomes were incubated for
1 hat 55 “C. The liposome-encapsulated DXR, DXR-SL, was exchanged by
eluting through a PD-10 Desalting Column equilibrated with normal saline.

3.3. Release of doxorubicin

DXR-SL (DXR 200 p.g/ml) was incubated in each serum (final 90% (v/v))
for indicated time at 37, 45 or 52 °C. After incubation, samples were passed
through a Sepharose CL-4B column equilibrated with normal saline to
separate the liposomal DXR from serum protein and free drug. The frac-
tion of liposomal DXR was mixed with an equal volume of hydrochloric
acid/isopropanol. and the fluorescent intensity was read at 590 nm (excitation
470 nm). The release rate was calculated from the amount of liposomal-
DXR. For ultrafiltration, 4 ml of each serum was ultrafiltrated on centrifugal
filter units (NMWL 10k or 3k, AmiconUltra, Millipore Corporate Headquar-
ters, Billerica, MA), and 2 ml filtrate was used for release assay. Ammonium
acetate was dissolved in water (134 mg/mL) and added to human serum at a
final concentration of 1.34 mg/mL which is almost same as the NH,* level
in mouse serum.

3.4. Ion levels in serum

Measurement of Na*, C1~, NH4* and urea nitrogen in each serum was out-
sourced to the Mitsubishi Chemical Medience Corporation (Tokyo. Japan).
Na* and CI~ were measured by electrode method. NH,* and urea nitrogen
were measured by indophenol colorimetric method (Fujii-Okuda method)
and urease-LEDH method, respectively.
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Doxorubicin, a highly effective anticancer drug, produces severe side effect such as cardiotoxicity, which s
mainly caused by its metabolite, doxorubicinol. While in vitro studies by measuring cellular concentration
of doxorubicin have been reported, there have been no reports on measuring cellular concentration of the
metabolites. In this report, we developed a sensitive and high-throughput method for measuring cellular
concentrations of doxorubicin and its metabolites by ultra-high-performance liquid chromatography.

ﬁ;"‘” cg:ish IS The method achieved more than 96% recovery of doxorubicin and its metabolites from cell homogenates.
chrl:r;lafo gl}:l;hy q Using simple separation conditions, doxorubicin and its three main metabolites, and the internal stan-
Doxorubicin dard, were separated within 3 min. The method has a limit of quantification of 17.4 pg (32.0 fmol) injected

doxorubicin. This high sensitivity enables the detection and intracellular quantification of doxorubicin
and its metabolite, doxorubicinol, in cell homogenates, and its use will facilitate studies of the relationship

Doxorubicinol

between doxorubicin pharmacokinetics and therapeutic outcome.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The anthracycline doxorubicin, which was originally produced
by Streptomyces peucetius var. caesius, is one of the most widely
used anticancer agents, and it has a broad spectrum of activ-
ity against a variety of malignancies [1,2]. However, the clinical
use of doxorubicin is limited by the side effect of cumulative
dose-dependent irreversible chronic cardiomyopathy by doxoru-
bicin and its metabolite, and optimal dose schedules remain
a matter of debate [3]. In vitro studies have demonstrated a
relationship between intracellular doxorubicin levels and cyto-
toxicity [4,5]. It was proposed that monitoring of intracellular
doxorubicin concentrations could help elucidate the relationship
between anthracycline pharmacokinetics and therapeutic outcome
[6]. Although doxorubicinol, which is one of the major metabo-
lites, has more potent cardiotoxic action than doxorubicin [3], there
have been no reports on measuring intracellular level of doxorubi-
cinol, probably due to the detection sensitivity. In this report, we
developed a method for measuring intracellular concentrations of
doxorubicin and its metabolites.

Abbreviations: UHPLC, ultra-high-performance liquid chromatography; PMSF,
phenylmethylsulfonyl fluoride; Triton X-100, polyoxyethylene(10) octylphenyl
ether; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum.
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A number of methods for the simultaneous quantification of
doxorubicin and its metabolites in biological samples are based
on high-performance liquid chromatography (HPLC) with fluores-
cence detection [7-11]. Efforts to quantify anthracycline drugs in
blood and tissues have encountered methodological difficulties,
possibly because of a combination of failure to achieve chromato-
graphic resolution of the various metabolites and the high affinity
of these drugs for cellular constituents [12].

Ultra-high-performance liquid chromatography (UHPLC) is a
new category of separation techniques that is based upon well-
established principles of liquid chromatography. The resolution,
sensitivity, and speed of analysis are dramatically increased by the
use of 2-pm particles in the stationary phase, high linear velocities
for the mobile phase, and instrumentation that operates at higher
pressures than those used in HPLC [13-15].

Because doxorubicin intercalates into DNA, to achieve good
recovery we used two enzymes during sample preparation that are
commonly employed in the purification and degradation of DNA. By
using UHPLC, we developed a simple and high-throughput method
with high sensitivity for the analysis of intracellular doxorubicin
and its metabolites.

2. Materials and methods
2.1. Drugs and chemicals

Doxorubicin hydrochloride and daunorubicin hydrochloride
were purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
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Japan). Doxorubicinol hydrochloride and doxorubicinone were
purchased from Toronto Research Chemicals Inc. (North York,
Canada). Doxorubicinolone was synthesized from doxorubicinol
by acidic hydrolysis (0.5N HCIl) at 50°C for 24 h. Aglycone was
extracted with chloroform by a liquid-liquid extraction method
[16].

DNase I, phenylmethylsulfonyl fluoride (PMSF), proteinase K,
and zinc sulfate heptahydrate were obtained from Sigma-Aldrich
Corporation (St. Louis, MO, USA). Polyoxyethylene(10) octylphenyl
ether (Triton X-100), magnesium chloride, sodium dihydrogen
phosphate dehydrate, and phosphoric acid were obtained from
Wako Pure Chemical Industries, Ltd. HPLC-grade isopropanol,
HPLC-grade acetonitrile, and HPLC-grade methanol were obtained
from Kanto Chemical Co., Inc. (Tokyo, Japan).

2.2. Cell culture

Hela cells (Health Science Research Resources Bank, Osaka,
Japan) and HT29 cells (American Type culture Collection, VA, USA)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen Corp., CA, USA) supplemented with 10% fetal bovine
serum (FBS; Nichirei Biosciences Inc., Tokyo, Japan) and 100 U/mL
penicillin-streptomycin mixture (Invitrogen). Cells were grown in
a humidified incubator at 37 °C and 5% CO,.

2.3. Preparation of samples for HPLC

Cells were washed with PBS, resuspended in 300 pL PBS and
lysed on ice with an ultrasonic homogenizer (Astrason, Misonix Inc.,
IN, USA). The lysed samples were treated with enzymes according
to the method of Anderson et al. [4]. Five microliters Triton X-100
(5%) and 5 L proteinase K (10 mg/mL) were added to an aliquot
of 200 L cell homogenates. After brief mixing, the samples were
incubated for 1 h at 65C in a water bath. An aliquot of 2.5 pL PMSF
(10 mM in isopropanol) was added and the samples were incubated
for 10 min at room temperature. Then 5 wL MgCl; (0.4 M) and 10 L
DNase I (1 mg/ml) were added and the samples were incubated in
a water bath at 37 “C for 30 min.

Each 225 L sample was then mixed with 225 L methanol and
22.5 L ZnSO4 (400 mg/mL) and centrifuged at 15,000 x g for 5 min
in a microcentrifuge (Model 3740, Kubota Corp., Tokyo, Japan); the
supernatants were then collected. A 30-pL aliquot of each super-
natant was mixed with 5 pL of the internal standard (daunorubicin,
10 wg/mL in methanol), 50 L ice-cold methanol and 15 pL Milli-Q
water, and filtered through a 0.20-pm filter (Millex-LG, Millipore
Corp., Tokyo, Japan). The filtrates were transferred to autosampler
vials before UHPLC analysis.

The amounts of protein in cell homogenates were determined
using BIO-RAD protein assay reagent (BIO-RAD, CA, USA).

2.4. HPLC apparatus

High-throughput quantification of doxorubicin and its metabo-
lites was performed using a Hitachi LaChrom ULTRA system,
equipped with an L-2160U pump, an L-2200U automated sample
injector, an L-2300 thermostatted column compartment, and an
L-2485U fluorescence detector (Hitachi, Tokyo, Japan).

2.5. Chromatographic conditions

Samples were analyzed on a Capcell Pak C18 IF column
(2.0 x 50 mm; particle size, 2 wm; Shiseido Corp., Tokyo, Japan).
The mobile phase consisted of a 50-mM sodium phosphate buffer
(pH 2.0): acetonitrile mixture (65:27 v/v). The mobile phase was
delivered at a rate of 300 wL/min and the column temperature was
maintained at 25 °C. The fluorescence detector was operated at an

doxorubicin

l Hydrolase-type
deglycosidation

doxorubicinolone

doxorubicinone

(b)

CHy
doxorubicin (1.S.)

Fig. 1. Schematic showing the chemical structure of doxorubicin and its metabolites
(a) and the chemical structure of daunorbicin, the internal standard (b).

excitation wavelength of 470 nm and an emission wavelength of
590 nm. A volume of 5 L of sample was injected each time.

2.6. Confocal analysis of live cells

The intracellular distribution of doxorubicin was examined by
live-cell confocal microscopy (Carl Zeiss LSM 510, Germany). Dedi-
cated software supplied by the microscope manufacturers was used
to collect data, and images were exported as TIFF files. HeLa cells
(1.5 x 10%) were plated into 35-mm glass-bottomed dishes coated
with poly-L-lysine (Matsunami, Osaka, Japan) and cultured in
DMEM containing 10% FBS and 100 U/mL penicillin-streptomycin
mix. After 2 days of incubation (37 <C, 5% CO,), the culture medium
was replaced and the cells were exposed to 1 g/mL doxorubicin.
After 1 h, cells were washed and kept in Hanks’s Balanced Salt Solu-
tion (Invitrogen) for subsequent imaging by confocal microscopy.

3. Results and discussion
3.1. Chromatograms

Fig. 1a shows the chemical structure of doxorubicin and the
doxorubicin metabolites that were studied in this report, and the
structure of the internal standard (daunorubicin) (Fig. 1b). Because
these chemicals show native fluorescence, they can be sensitively
analyzed by the detection of this fluorescence. Fig. 2 shows the
chromatograms resulting from the analysis of a standard solution
of doxorubicin, doxorubicinol, doxorubicinolone, doxorubicinone,
and the internal standard. All compounds were separated within
3 min with good resolution owing to the use of UHPLC. The pres-
surewas 26.6 MPa at a flow rate of 300 p.L/min, but the pressure was
not high enough to adversely affect the stability of the column. High
repeatability of analyte retention times was achieved; the relative
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Fig. 2. Chromatogram of doxorubicin and its metabolites. The chromatographic
conditions are described in Section 2. 1, doxorubicinol; 2, doxorubicin; 3, doxorubi-
cinolone; 4, daunorubicin (internal standard); 5, doxorubicinone.

standard deviation (R.S.D.) of each peak was less than 0.13% (n=5),
for each analyte, at a concentration of 50 ng/mL. The conditions of
separation of doxorubicin and its three metabolites were very sim-
ple in that the elution was isocratic, and the mobile phase consisted
of only two different solvents, whereas some reported methods
require three different solvents [7,8]. Fig. 3a is a chromatogram
of a homogenate from untreated Hela cells, and Fig. 3b is a chro-
matogram of an equivalent homogenate spiked with doxorubicin
and its metabolites at a concentration of 500 ng/mL. No interfer-
ing peaks were observed, and doxorubicin, the three metabolites,
and the internal standard separated well. These results show that
the separation conditions were optimized with selectivity to each
compound.

3.2. Detection limits and quantitation limits

Detection limits and quantitation limits of doxorubicin and
its metabolites were determined based on the signal-to-noise
approach, (S:N ratio, 3:1 for detection limits and 10:1 for
quantitation limit) (Table 1). The quantitation limits of dox-
orubicin, doxorubicinol, doxorubicinolone, and doxorubicinone
ranged between 11.7 and 24.5 pg/injection. The quantitation limit
of 17.4pg/injected doxorubicin (32.0 fmol/injected doxorubicin)
was about 2 times lower than the limit ever reported using conven-
tional HPLC [8], and more than 10 times lower than other reported
values [7,9-11]. We suggest that the high resolution and sensitivity
of UHPLC are responsible for this improvement.

Table 1
Detection limits and quantitation limits of doxorubicin and its metabolites.

Compound Detection limit Quantitation limit
(pg/injection) (pg/injection)
Doxorubicin 5.2 17.4
Doxorubicinol 35 11.7
Doxorubicinolone 6.0 19.8
Doxorubicinon 74 245

The detection and quantitation limits of doxorubicin and its metabolites were
determined based on signal-to-noise ratios (3:1 for detection limits, and 10:1 for
quantitation limits).
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Fig. 3. Chromatograms of (a) HeLa cell homogenate and (b) HeLa cell homogenate
spiked with doxorubicin and its metabolites. The chromatographic conditions were
the same as in Fig. 2 and are described in Section 2. 1, doxorubicinol; 2, doxorubicin;
3, doxorubicinolone; 4, daunorubicin (internal standard); 5, doxorubicinone.

3.3. Drugrecovery

Doxorubicin and its metabolites have a high affinity for cellu-
lar constituents [12]. Confocal fluorescence imaging of a HeLa cell
that was exposed to doxorubicin for 1h showed that doxorubicin
had preferential affinity for the nucleus (Fig. 4). Drug recovery was
assessed by adding doxorubicin, doxorubicinol, doxorubicinolone,

Nucleus

Fig.4. Intracellular distribution of doxorubicin. HeLa cells were exposed to 1 pg/mL
doxorubicin for 1 h, washed, and observed by confocal microscopy. Scale bar: 10 pm.
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Table 2
The recovery of doxorubicin and its metabolites from Hela cell homogenates.

Compound Recovery rate

(%) R.S.D. (%)
Doxorubicin 102 33
Doxorubicinol 105 29
Doxorubicinolone 96 1.4
Doxorubicinone 98 2.1

Each compound (1 pg/mL) was added to HelLa cell homogenates, which were then
treated as described in Section 2. Mean values for percentage recovery are given
(n=3).

and doxorubicinone to homogenates of two representative human
cancer cell-lines, HelLa cells (derived from human epithelial carci-
noma) and HT29 cells (derived from human colon adenocarcinoma
grade II) before sample preparation. When the cell homogenate
was treated with only methanol and ZnSO,4, by a method pre-
viously used to study doxorubicin and its metabolites in plasma
[9], the percentage recoveries of doxorubicin, doxorubicinol, dox-
orubicinolone, and doxorubicinone were 84.1 +8.2%, 63.2 +3.0%,
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78.4+3.7%, and 88.7 + 2.7%, respectively, (n=3). Doxorubicinol is
harder to recover because it has higher affinity to the cellular
constituents, and this affinity to the cellular constituents causes
its cytotoxicity [3]. To obtain a higher drug recovery, the cells
were lysed by an ultrasonic homogenizer, and the cellular pro-
teins were further digested and solubilized with a combination of
Triton X-100 and the endopeptidase proteinase K. Nuclear DNA
was hydrolyzed by treatment with DNase I in the presence of
divalent cations. Using these enzymatic treatments in accordance
with the method of Anderson et al. [4], the recovery dramatically
improved (Table 2). Furthermore, for each compound, a satisfac-
tory within-day repeatability was achieved with R. S. D. of < 3.3%,
n=3.

3.4. Linearity of the calibration plots

We created calibration plots for doxorubicin, doxorubicinol,
doxorubicinolone, and doxorubicinone (Fig. 5). The y-axis is the
ratio of the peak area of each analyte tested to the peak area of the
internal standard (daunorubicin), and the x-axis is the concentra-
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Fig. 5. Linearity of the calibration curves of doxorubicin and its metabolites, Calibration plots for (a) doxorubicin, (b) doxorubicinol, (c) doxorubicinolone, and (d) dox-
orubicinone. The left and right panels show results for the same HPLC run, but the plots in the right panel focus on the lower concentration ranges. LS. denotes internal

standard.



1470 K. Sakai-Kato et al. / J. Chromatogr. B 878 (2010) 1466-1470

Table 3
Quantitation of doxorubicin and doxorubicinol in homogenates prepared from
doxorubicin-treated cells.

Sample Doxorubicin (ug/mg Doxorubicinol (pg/mg
cell protein) cell protein)

Hela cells 34 +055 0.057 + 0.0060

HT29 cells 35+038 0.048 + 0.0029

Cells were treated for 2 h with 10 wg/mL doxorubicin, and cell homogenates were
prepared and analyzed, as described in Section 2. Values are given as mean+S.D. (n
(dish number)=3).

20
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Fig. 6. Chromatogram of cell homogenate obtained 2 h after administration of dox-
orubicin. HeLa cells were exposed to 10 pg/mLdoxorubicin for 2 h. Cellhomogenates
were then prepared as described in Section 2. 1, doxorubicinol; 2, doxorubicin; 3,
daunorubicin (internal standard).

tion of the corresponding analyte. The plots were linear over a wide
range of concentrations (r? = 1.0; Fig. 5).

3.5. Quantitative determination of the levels of doxorubicin and
its metabolite in cells

The validated method described above was used for the simulta-
neous determination of doxorubicin and its metabolites in human
cancer cell-lines. Hela cells and HT29 cells were exposed to
10 pg/mL doxorubicin for 2h, and then washed with PBS. Chro-
matograms of the cell homogenates were obtained by UHPLC
(Fig. 6). As shown, doxorubicin and one of its metabolites, dox-
orubicinol, were detected in cell homogenates (Fig. 6). The results
of quantitative determination of doxorubicin and doxorubicinol are
shownin Table 3. Values are expressed as amounts per 1 mg cellular
protein in each dish, due to the diversity of cell numbers for differ-
ent dishes, and values are given as mean =+S.D. for three dishes of
the same cell type. The S.D. values for different dishes of the same
cell type were acceptable. Doxorubicinol is produced by cytoso-
lic carbonyl reductase through the NADPH-dependent aldo-keto
reduction of a carbonyl moiety in doxorubicin [17]; our results
first demonstrated that both human cancer cell-lines, HeLa cells
and HT29 cells, produced doxorubicinol from doxorubicin. In con-
trast, our results showed that deglycosidation at the daunosamine
sugar in doxorubicin, which produces doxorubicinone and doxoru-
bicinolone (Fig. 1a) [17], was negligible in these cancer cell-lines
(Fig. 6).

New formulation technologies that aim to enhance the effective-
ness and safety of anticancer drugs are currently being developed.

For instance, long-circulating and sterically stabilized liposomes
containing doxorubicin can markedly increase tumor-specific
deposition of drugs and have been-approved as clinical products
[18]. Other carrier systems such as polymer micelles [19,20] are also
being developed for use with doxorubicin. In these technologies,
effective release of doxorubicin from the carrier into the target cells
is important for effectiveness and safety. Direct quantification of the
metabolites may facilitate the assessment and comparison of dox-
orubicin release from carriers, since it is presumed that metabolism
of doxorubicin takes place only after its release from the carri-
ers. Analytical methodology that enables the rapid quantification
of doxorubicin and its metabolites, particularly in targeted tumor
cells, will facilitate the optimization of carrier-based strategies for
doxorubicin delivery and will help provide insight into the toxicity
and bioavailability of doxorubicin incorporated into carriers such
as liposomes or polymer micelles.

4. Conclusions

Our results show that this methodology provides a significant
reduction in analysis time and a considerable increase in assay sen-
sitivity. We demonstrated that the method is sensitive enough to
quantify the levels of doxorubicin and its metabolite within cells,
and we predict that it will greatly facilitate studies of doxorubicin
pharmacokinetics and clarify the effect of doxorubicin metabolism
on therapeutic outcome at the cellular level. Furthermore, this
method can be applied to the evaluation of emerging formulation
technologies that are based on encapsulated doxorubicin.
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To clarify the contribution of drug-polymer interaction to the physical stability of amorphous solid
dispersions, we studied the crystallization rates of nitrendipine (NTR) enantiomers with identical
physicochemical properties in the presence of hydroxypropylmethylcellulose (HPMC), hydroxypropy-
Imethylcellulose phthalate (HPMCP) and polyvinylpyrrolidone (PVP). The overall crystallization rate at
60-C and the nucleation rate at 50-70-C of (+)-NTR were lower than those of (—)-NTR in the pres-
ence of 10-20% HPMC or HPMCP. In contrast, similar crystallization profiles were observed for the NTR
enantiomers in solid dispersions containing PVP. The similar glass transition temperatures for solid dis-
persions of (—)-NTR and (+)-NTR suggested that the molecular mobility of the amorphous matrix did
not differ between the enantiomers. These results indicate that the interaction between the NTR enan-
tiomers and HPMC or HPMCP is stereoselective, and that differences in the stereoselective interaction
create differences in physical stability between (—)-NTR and (+)-NTR at 50-70 °C. However, no difference
in physical stability between the enantiomers was obvious at 40"C. Loss of the difference in physical
stability between the NTR enantiomers suggests that the stereoselective interaction between NTR and
the polymers may not contribute significantly to the physical stabilization of amorphous NTR at 40°C.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nifedipine analogues are used for treatment of cardiovascular
disorders. Most of them are poorly water soluble and their bioavail-
ability is low when administered orally in crystal form. To improve
the bioavailability by increasing the dissolution rate and solu-
bility, amorphous solid dispersions of nifedipine analogues have
been studied over the past few decades (Suzuki and Sunada, 1998;
Chutimaworapan et al., 2000; Vippagunta et al., 2002; Hirasawa et
al.,, 2003a,b, 2004; Tanno et al., 2004; Karavas et al., 2005, 2006;
Wang et al., 2005, 2007; Kim et al., 2006; Konno and Taylor, 2006;
Huang et al., 2008; Marsac et al., 2008; Rumondor et al., 2009a,b).
Drugs in an amorphous state are more easily dissolved in water
than their crystalline counterparts. However, recrystallization to
a thermodynamically stable form during long-term storage is a
matter of concern. The physical stability of amorphous solid dis-
persions (crystallization tendency) has been reported to correlate
with several factors, such as molecular mobility (Aso et al., 2004;
Miyazaki et al., 2007), drug—excipient interactions and miscibility
(Matsumoto and Zografi, 1999; Marsac et al., 2006, 2009; Miyazaki
et al., 2004, 2006, 2007; Konno and Taylor, 2006; Haddadin et al.,
2009; Tao et al., 2009; Telang et al., 2009). The crystallization rate

* Corresponding author. Tel.: +81 3 3700 1141; fax: +81 3 3707 6950.
E-mail address: miyazaki@nihs.go.jp (T. Miyazaki).

0378-5173/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2011.01.035

of amorphous nitrendipine (NTR) increases with a decrease in the
glass transition temperature (Tg) associated with water sorption,
indicating that molecular mobility, in terms of Tg, is correlated with
physical stability. However, amorphous nilvadipine is more stable
than nifedipine, even though the two had similar Tg values, indicat-
ing that the difference in physical stability between nilvadipine and
nifedipine might be attributable to differences in chemical struc-
ture (Miyazaki et al., 2007). Hydrogen bond interaction between
felodipine and hydroxypropylmethylcellulose (HPMC) or hydrox-
ypropylmethylcellulose acetate succinate is considered to decrease
the nucleation rate of felodipine, since no significant change in
molecular mobility, reflected in Ty value, has been observed (Konno
and Taylor, 2006). Also, drug-excipient miscibility is reportedly
related to the physical stability of nifedipines. Drug crystallization
has been observed to occur earlier in solid dispersions showing
phase separation due to low miscibility of the drug with the excip-
ient polymers (Rumondor et al., 2009a,b; Marsac et al., 2010). In
order to develop stable amorphous solid dispersions, it is important
to clarify the relative significance of these factors for the physi-
cal stability of amorphous solid dispersions. Therefore, designing a
model system that is as simple as possible is the key to evaluation
of each individual factor.

NTR has an asymmetric carbon (Fig. 1), and is available as a
mixture of both enantiomers. These enantiomers can be resolved
by chiral chromatography. Since both enantiomers have identical
physical and chemical properties, including molecular mass, T,
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NO,

Fig. 1. Chemical structure of NTR. The asterisk represents asymmetric carbon.

melting point and density, the effects of molecular mobility and
chemical structure on their physical stability are expected to be the
same. Therefore, solid dispersions of NTR enantiomers may provide
a useful model system for studies of drug—polymer stereoselective
interaction. In the present study, HPMC and hydroxypropylmethyl-
cellulose phthalate (HPMCP) were used as chiral polymers, and
polyvinylpyrrolidone (PVP), an achiral polymer, was selected as
a control to investigate the effect of drug-polymer interaction on
the physical stability of amorphous NTR enantiomers. The over-
all crystallization rates were determined from the time-profiles
of amorphous drug remaining, as measured by differential scan-
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ning calorimetry (DSC). Furthermore, the nucleation and the crystal
growth rates of each NTR enantiomer in the solid dispersions con-
taining HPMC, HPMCP or PVP were determined by polarized light
microscopy. Measurements of Ty and Fourier-transform infrared
spectra (FT-IR) were carried out for evaluation of molecular mobil-
ity and drug-polymer interactions, respectively.

2. Materials and methods
2.1. Materials

PVP (PVP10) and HPMC (USP grade) were purchased from
Sigma-Aldrich, Inc. HPMCP (HP-55) was kindly obtained from Shin-
Etsu Chemical Co., Ltd.

NTR (Wako Pure Chemical Industries Ltd.) was resolved on
a CHIRALCEL OJ-H column (Daicel Chemical Industries, Ltd.,
10 mm x 250 mm) into two fractions of each enantiomer with a
mobile phase of n-hexane/ethanol (100/15, flow rate: 4 ml/min). A
500 wl of 1% NTR solution in n-hexane/ethanol (1/1) was injected,
and ultraviolet spectrophotometric detection was carried out at
254nm. The circular dichroism spectrum of the first fraction
exhibited a negative peak at around 360 nm, and the second one
exhibited a positive peak. Therefore, the first and second frac-
tions of NTR were designated (—)-NTR and (+)-NTR, respectively.
The optical purity of each enantiomer was determined to be more
than 99.96%, and the amount of photo degradation product of NTR
was determined to be less than 0.03% by liquid chromatography,
on a CHIRALCEL OJ-H column (Daicel Chemical Industries, Ltd.,
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Fig. 2. Crystallization profiles of each NTR enantiomer alone ((a); 4, 4) and the enantiomers in solid dispersions (O, ®) with (b) 10% PVP, (c) 10% HPMC and (d) 10% HPMCP
at 60 °C. Open symbols represent (—)-NTR and solid symbols represent (+)-NTR. The lines in the figures represent the best fit of the Avrami equation.



