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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 T, is correlated with
physical stability. However, amorphous nilvadipine is more stable
than nifedipine, even though the two had similar T 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 T 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, Tg,
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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-

2 1
= (a)
] -
§ o8
o
w 0.6 |
3
"\
£ 04}
g 02|
<
o 1 ] 1 1
0 05 1 15 2
2
£
({3
S o8
o
wn 0.6
-
2 o4
s o
2 02}
<€
0 i i
0 5 10
Time (h)

15

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 T, 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.,
10mm 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 pl 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); A, ) 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.
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Fig. 3. Typical crystal shape observed for the amorphous NTR enantiomers and their solid dispersions: (a) without polymer, (b) 10% HPMC, (c) 10% HPMCP and (d) 10% PVP.
The left side of each micrograph was taken from the (= )-NTR samples, and the right side from the (+)-NTR samples. The bars in the micrographs correspond to 100 wm.

4.6 mm x 250 mm) with a mobile phase of n-hexane/ethanol = 10/1
(1 ml/min). Since NTR is a photo sensitive compound, NTR samples
were handled under dim light (<1201x).

2.2. Determination of the overall crystallization rate of
amorphous NTR enantiomers

Amorphous solid dispersions of the NTR enantiomers were
prepared by melt-quenching drug-polymer mixtures. One NTR
enantiomer and a polymer were initially dissolved in a solvent that
was suitable for both components. Ethanol/acetone (1:1) was used
for the NTR-HPMC and NTR-HPMCP combinations, and ethanol
was used for the NTR-PVP combination. Next, the solvent was
rotary-evaporated to obtain a homogeneous drug-polymer mix-
ture. Approximately 4 mg of the pulverized mixture was weighed
into an aluminum pan for DSC, and was kept at around 180 °C in the
cell of a DSC (DSC2920, TA Instruments) for approximately 2 min
under dry nitrogen gas flow (30 ml/min). The melted sample was
transferred to a desiccator containing phosphorus pentoxide, and
the desiccator was stored ata constant temperature of 30-70°C. For
the pure NTR enantiomer, the resolved enantiomer crystal (4 mg)
was melt-quenched as described above to obtain an amorphous
sample.

After certain periods of time, the change in heat capacity (AG,)
at Ty was measured for the stored amorphous samples by DSC at a
heating rate of 20 °C/min. The amount of amorphous drug remain-
ing in the sample at time ¢, x(t), was calculated according to Eq.

(1):

ACpt
ACro

x(t) = (1)

where AGy: and ACyg are the AC, values at time t and initially,
respectively. The time required for 10% of the amorphous NTR to
crystallize (tgp) was estimated as an indicator of the crystallization
tendency. The time-profiles of x(t) were analyzed according to the

Avrami equation (Eq. (2), n=3) to calculate tgq:
x(t) = exp[—kt"] (2)

where k is the crystallization rate constant and n is the Avrami
index. HPLC analysis of stored NTR samples showed no evidence of
degradation during melt-quenching and subsequent storage.

2.3. Determination of nucleation rate and crystal growth rate of
NTR enantiomer

The nucleation rate and the crystal growth rate were determined
for samples prepared in a space between two glass disks separated
by a stainless steel ring. The NTR enantiomer-polymer mixture,
which was described above, or the crystalline NTR enantiomer
(1.5-2 mg) was placed on a clean glass disk (thickness: 0.12 mm,
diameter: 16 mm) and heated at 180°C in the DSC with a stainless
steel ring (inner diameter: 6 mm, thickness: 20 Lm) as a spacer.
After the sample had melted completely, it was covered with
another glass disk (thickness: 0.12 mm, diameter: 12 mm) to yield
an amorphous layer between the glasses. Attention was paid to
ensure that the layer was free of bubbles. For measurements at tem-
peratures above 40 °C, the sample was stored in the chamber of a
heating/cooling stage for microscopy (THMS600, Linkam Scientific
Instruments), which had been adjusted to a prescribed temper-
ature in advance. The moisture in the chamber was removed by
purging with dry nitrogen gas for 10-15 min. Microscopic images
of the sample were recorded at appropriate time intervals by a digi-
tal camera (DXM1200F, Nikon Corporation) attached to a polarized
light microscope (ECLIPSE E600 POL, Nikon Corporation) witha 10x
objective lens. In order to minimize possible photo degradation
of NTR by the polarized light, the light source of the microscope
was shut off when images were not recorded. For measurements
at 30°C, the samples were stored at 30°C in desiccators contain-
ing phosphorous pentoxide. After an appropriate period of storage,
microscopic images of the sample were recorded, and the sample
was again stored at 30°C in a dry state.
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2.3.1. Measurement of nucleation rate

The nucleation rate of the NTR enantiomers was estimated from
time-profiles of nucleation site density determined from micro-
scopicimages of the stored samples. Nucleation site density per unit
volume was calculated from the number of nucleation sites per unit
area and the depth of field of the lens used for data collection. The
depth of field was calculated to be 8.46 um from the wavelength of
the light (546 nm) and the numerical aperture of the lens (0.25). For
samples with more than a dozen nucleation sites per fixed field at
the end of the observation period, nucleation sites were counted in
one fixed field. For samples with less than a dozen nucleation sites
per field near the end of the observation period, and those stored at
30°C, nucleation sites were counted for 12 individual areas in one
sample, and the average value from the 12 individual images was
regarded as the number of nucleation sites per field. The nucleation
rate was obtained from the slope of time-profiles of the number of
nucleation sites per unit volume (nucleation site density) at steady
state. In cases showing preferential nucleation and growth at the
sample periphery, these sites were not included in the analysis. The
reported nucleation rates were average values of those obtained for
at least three samples prepared separately.

2.3.2. Measurement of crystal growth rate

The crystal growth rates at temperatures above 40°C were
measured concurrently with the nucleation rate measurements as
described above. The measurements at 30 °C were carried out using
samples that showed more than a dozen nucleation sites per one
field after a few months of storage in desiccators containing phos-
phorous pentoxide. The sample was placed in the chamber of the
heating/cooling stage controlled at 30<C, and the growth of crys-
tals was observed in a fixed field. The radius of each crystal was
estimated from a circular approximation by using Lumina Vision
software (Mitani Co.). The average crystal growth rate was calcu-
lated from the increase in the radius as a function of time based on
observations of at least 20 crystals.

24. FT-IR

FI-IR spectra were collected using a FT/IR-6300 (JASCO Cor-
poration) by the KBr method at ambient room temperature.
Transmission spectra were obtained for KBr disks containing
1-1.5% sample at a resolution of 0.4cm~! within the range of
4000-400 cm~!. An accumulation of 128-256 scans was acquired
for each disk.

3. Results

3.1. Effects of polymers on the overall crystallization rates of NTR
enantiomers in solid dispersions

Nosignificant differences in the melting point (158 °C), T (33 °C)
and ACp at Tg (0.40]/g/K) were observed between (—)-NTR and (+)-
NTR. Table 1 shows the T values of amorphous solid dispersions
of (—)-NTR and (+)-NTR. There appeared to be no significant dif-
ference in the Ty values between the two. The solid dispersions
containing HPMC (10-20%) and 5% PVP showed T values similar
to that of each NTR enantiomer alone. T values for solid disper-
sions containing 10% PVP were slightly higher than that of each NTR
enantiomer alone, whereas solid dispersions containing HPMCP
(10-20%) exhibited Ty values slightly lower than that of each NTR
enantiomer alone.

Fig. 2 shows time-profiles of overall crystallization of NTR
enantiomers at 60 °C. No significant differences in the overall crys-
tallization profiles were observed between (—)-NTR and (+)-NTR
without polymer (Fig. 2(a)), and between (—)-NTR and (+)-NTR in

Table 1
Tg of pure NTR enantiomers and their solid dispersions with a polymer.
Polymer Polymer Tg® [°C]
content [%]
(-)-NTR (+)-NTR
None 0 33.2 +01 331+02
HPMC 10 33.1+£1.0 330+07
20 33.1+08 33.0+07
HPMCP 10 31.2+07 310+ 04
20 308+ 1.2 305+ 09
PVP 5 33.0+02 33.1+02
10 363 £12 362+ 08

2 Average + standard deviation (n=3).

solid dispersions containing 10% PVP (Fig. 2(b)). In contrast, differ-
ences in time-profiles between the enantiomers were observed for
solid dispersions containing 10% HPMC or HPMCP: (+)-NTR crys-
tallized more slowly than (—)-NTR, as shown in Fig. 2(c) and (d).
Table 2 shows the tgg values for the amorphous NTR enantiomers
obtained for NTR alone and NTR in the solid dispersions. The tgg
values for (—)-NTR without polymer and those of solid dispersions
containing 5-10% PVP were almost the same as the tqq values for
(+)-NTR without polymer and those of solid dispersions containing
5-10%PVP, respectively, at the temperatures studied. The tqq values
at 50 and 60 °C for (+)-NTR were 1.5-2.0 times longer than that for
(—)-NTR in solid dispersions containing 10-20% HPMC or HPMCP.
At40°C, however, any difference between the enantiomers was not
clear.

3.2. Effects of polymers on the nucleation rate and crystal growth
rate

Fig. 3 shows the typical micrographs of NTR crystals grown from
amorphous pure enantiomers and their solid dispersions with a
polymer. The recrystallized NTR enantiomers without polymers
showed a melting point of 158 °C, suggesting the same crystal form
as the originally resolved stable one. The melting point of the sam-
ples containing 10% HPMC, HPMCP and PVP was approximately
151°Cin all cases, regardless of the various crystal shapes shown
in Fig. 3. The difference from the melting point of the pure enan-
tiomers would have been due to melting point depression by the

Table 2
teo for NTR enantiomers with and without polymer.
Temperature Polymer  [%] too® [h]
[°C]
(—)-NTR (+)-NTR
40 None 0 41 (1) 41 (1)
HPMC 10 230, 240" 230, 2302
HPMCP 10 49 (1) 49 (1)
50 None 0 57 (02) 57 (0.1)
PVP 10 250 (10) 240 (4)
HPMC 10 17 (0.4) 25 (0.1)
HPMCP 10 6.1 (0.3) 11 (0.3)
60 None 0 11 (0.1) 1.1 (0.1)
PVP 5 35 (0.1) 36 (0.1)
10 25+£3¢ 25+3¢
HPMC 10 3.8,4.1° 6.7,6.9"
20 8.7 (0.3) 15 (0.4)
HPMCP 10 1.5+0.2¢ 2.7+03¢
20 3.2 (0.1) 6.4 (0.2)

? The values in parentheses are standard error estimated from single experiments
using Origin 8.1 software (Lightstone Corp.).

b Results with two values represent the results obtained from duplicate experi-
ments using separately prepared samples.

€ Mean = standard deviation (n=3).
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Fig. 4. Time profiles of the number of nucleation sites per field of view for (+)-NTR
at 50°C (), 60°C(x) and 70°C (A). The dotted lines show the linear regression at
steady state.

added polymers, as the melting point fell gradually with increasing
polymer content (data not shown). The data suggested that differ-
ences in crystal habit, rather than polymorphism, might have been
responsible for the differences in crystal shape among the solid
dispersions.

Fig. 4 shows the typical time-profiles of the nucleation of amor-
phous NTR enantiomer stored at various temperatures. The lower
the storage temperature, the longer the period required before
the first crystal was observed. The nucleation rates at steady state
were obtained from the slope of the lines in Fig. 4, and these
were plotted against storage temperature (Fig. 5). As expected from
the similar overall crystallization profiles of the NTR enantiomers
(Fig. 2(a) and (b)), no significant difference in the nucleation rates
between (—)-NTR and (+)-NTR was observed for amorphous NTR
alone and the solid dispersions containing PVP within the temper-
ature range studied (Fig. 5(a)). In contrast, the nucleation rates of
(+)-NTR were lower than those of (—)-NTR in the solid dispersions
containing HPMC and HPMCP (Fig. 5(b)) within the temperature
range of 50-70°C. At 40°C, however, the differences in the rates
between (—)-NTR and (+)-NTR were not pronounced. These results
were consistent with the tgg values of the enantiomers shown in
Table 2.

Fig. 6 shows the typical time-profiles of the NTR crystal growth
at 60 °C. Crystal radius increased linearly with time, and the growth
rate was estimated from linear regression of the plots. The higher
the temperature, the faster the crystals grew within the tempera-
ture range studied (Fig. 7). In contrast to the nucleation rates, no
significant growth rate differences between the NTR enantiomers
were observed, irrespective of the absence or presence of any poly-
mer.

3.3. FT-IR

FT-IR spectra (4000-400cm~1) of (—)-NTR and (+)-NTR were
indistinguishable from one another for both the amorphous and
the crystalline forms. Similarly, the FT-IR spectra of amorphous
solid dispersions were almost the same for (—)-NTR and (+)-NTR
with any polymer. Fig. 8 shows the spectra for crystalline (—)-NTR
(dotted line in Fig. 8 (a)), NTR solid dispersions containing 25-75%
HPMC and HPMC alone (dotted line in Fig. 8 (c)) in the range of
1800-1550cm™, corresponding to C=0 stretching region of NTR.
Spectra with and without an asterisk represent that of (—)-NTR

te in logarithm (im3/s)

ionra

Nucleat

30 40 S50 60 70
Temperature (°C)

Fig. 5. Plots of nucleation rate as a function of temperature. Error bars represent
standard deviation for at least triplicate experiments. (a) A, a: without polymer, O,
®: 10% PVP and (b) O, B: 10% HPMC, ¢, : 10% HPMCP. Open symbols represent
(—)-NTR and solid symbols represent (+)-NTR.
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Fig. 6. Typical time profiles of the radius of NTR crystals in (+)-NTR alone (a), and
solid dispersions with 10% HPMC (®), 10% HPMCP (¢) and 10% PVP (®)at60°C.
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and (+)-NTR, respectively. Despite its vicinity to the asymmetric
carbon, carbonyl group of (—)-NTR and (+)-NTR showed same
spectra even in the presence of HPMC. Likewise, no difference
in spectra between solid dispersions of (—)-NTR and (+)-NTR
containing HPMCP was observed (data not shown).

Fig. 9 shows the spectra in the range of 3650-3150cm™!, cor-
responding to NH stretching vibrations of nifedipine derivatives
(Konno and Taylor, 2006), where the changes in peak position
were obvious upon mixing with polymers as solid dispersions.
There were also no obvious differences in the spectra between the
two enantiomers. The peak around 3350 cm~! was assigned to the
NH stretching vibration that was expected to be involved in the
hydrogen bonding between the drug and a polymer. The peak posi-
tion was shifted from 3360cm~"! to 3337 cm~! by amorphization,
and additionally shifted to 3291 cm~! in the presence of 50% PVP
(Figs. 9(b)and 10). On the other hand, for solid dispersions prepared
with HPMC and HPMCP, the peak position showed a degree of shift
to a higher wavenumber (Figs. 9(c) and (d) and 10). The peak posi-
tion for solid dispersions with 75% HPMCP was nearly equal to that
of the pure NTR crystals. These changes in peak position showed
the same tendency for both (+)-NTR and (—)-NTR.

4. Discussion

The overall crystallization of (—)-NTR proceeded faster than that
of (+)-NTR in solid dispersions with HPMC or HPMCP (Fig. 2(c)
and (d)), while that for solid dispersions with PVP proceeded at
almost the same rate, regardless of NTR chirality (Fig. 2(b)). The
nucleation rates of (—)-NTR were greater than those of (+)-NTR
in solid dispersions with HPMC or HPMCP at 50-70°C (Fig. 5(b)),
while no difference in nucleation rates between the NTR enan-
tiomers was observed for solid dispersions with PVP (Fig. 5(a)). The
Tg values for samples using (—)-NTR or (+)-NTR were almost the
same (Table 1), suggesting that the differences in the overall crys-
tallization profiles and nucleation rates between the enantiomers
are not due to differences in molecular mobility between (—)-NTR
and (+)-NTR in solid dispersions with HPMC or HPMCP. The dif-
ference in physical stability between the two enantiomers may be
explained by the difference in strength of NTR-polymer interac-
tion between them. The results obtained from FT-IR measurements
indicate that PVP interacts with NTR through hydrogen bonding at
the NH moiety of NTR (Figs. 9 and 10). Almost the same degrees of
shift in wavenumber for NH stretching suggest a similar strength
of hydrogen bond interaction for (—)-NTR and (+)-NTR. PVP poly-
mer chains possess an asymmetric carbon in a monomer unit, and
are composed of monomer units with an equal ratio of R and S
configurations. Therefore, (—)-NTR and (+)-NTR are considered to
interact with PVP through hydrogen bonds of the same strength and
number, resulting in a similar degree of physical stability between
(=)-NTR and (+)-NTR. In contrast, HPMC and HPMCP are cellulose
derivatives that are polymers of optically active b-glucose, and thus
are expected to interact differently (strength and/or number) with
NTR enantiomers, resulting in the difference in physical stability
between (—)-NTR and (+)-NTR, although differences in interaction
were not detectable by FT-IR. At 40 °C, however, the differences in
physical stability between the enantiomers with HPMC or HPMCP
were not remarkable (Table 2, Fig. 5). We do not have a satisfactory
explanation for the loss of the difference in stabilization by HPMC
and HPMCP. However, one possible explanation is as follows: The
temperature dependence of the nucleation rate exhibits a maxi-
mum just above Tg because the nucleation rate is influenced by both
molecular mobility and thermodynamic factors; an increase of tem-
perature increases the molecular mobility, and thus the nucleation
rate, whereas nucleation is thermodynamically favored at lower
temperatures. A barrier due to molecular mobility is considered to
play a predominantrole in nucleation within the temperature range
below the maximum point (Hancock and Zografi, 1997; Andronis
and Zografi, 2000). Therefore, loss of the difference in physical
stability between the enantiomers at 40 °C may be due to the pre-
dominant contribution of molecular mobility, since the molecular
mobility is suggested to be similar for (—)-NTR and (+)-NTR in solid
dispersions, as indicated by the T values (Table 1). However, phys-
ical stability data at temperatures below 40 °C, which are difficult
to obtain within the commonly used experimental time scale, are
needed in order to support this speculation.

In contrast to the nucleation rates, no significant difference
in the crystal growth rates between the NTR enantiomers was
observed for solid dispersions with HPMC or HPMCP (Fig. 7). The
crystal growth rates for solid dispersions with HPMC or HPMCP
were similar to those for each NTR enantiomer alone, indicating
that the effects of HPMC and HPMCP on the crystal growth rate
were small. This might be one of the reasons why differences in
the crystal growth rate between the NTR enantiomers could not be
detected in solid dispersions with HPMC or HPMCP.

It may be worth to note that PVP decreased the crystal growth
rate of NTR enantiomers more than HPMC and HPMCP at all the
temperatures studied (Fig. 7). On the other hand, PVP did not always
decrease the nucleation rate of NTR more effectively than HPMC or
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Fig. 8. FT-IR spectra of crystalline (—)-NTR, solid dispersions of NTR enantiomer containing HPMC, and HPMC alone. HPMC content was (a) 25% (b) 50%, and (€)75%. Dotted
line in (a) represents the spectrum for crystalline (—)-NTR, and dotted line in (c) represents the spectrum for HPMC alone. The spectra with an asterisk are those of (—)-NTR.

HPMCP. For example, the nucleation rate of NTR at 60°C was fol-
lowing order; (—)-NTR, (+)-NTR ~ (—)-NTR-HPMCP > (- )-NTR-PVP,
(+)-NTR-PVP > (—)-NTR-HPMC > (+)-NTR-HPMC, (+)-NTR-HPMCP
(Fig. 5). PVP seems to decrease the crystal growth rate more effec-
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Fig. 9. FT-IR spectra of (a) crystalline and amorphous NTR enantiomers, and their
amorphous solid dispersions with (b) PVP, (c) HPMC and (d) HPMCP. Percentages
represent the weight percentage of polymer in the solid dispersions. The spectra
with an asterisk are those of (—)-NTR.
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Fig. 10. Changes in FT-IR peak position showing the NH stretching region. +: (-)-
NTR without polymer (crystalline); x: (+)-NTR without polymer (crystalline); A, a:
without polymer (amorphous); O, B: HPMC; ¢, 4: HPMCP; O, @: PVP. Open symbols
represent (—)-NTR and solid symbols represent (+)-NTR.

tively than the nucleation rate of NTR, whereas HPMC and HPMCP
decrease only the nucleation rate of NTR. The reason for the dif-
ferent stabilizing effects of the polymers for the nucleation and
crystal growth of NTR is not clear. The growth rate of NTR may
only be decreased by strong interactions such as hydrogen bonding
between NTR and PVP, which is detectable by FT-IR (Figs. 9 and 10).
Weak drug-polymer interactions, which are not detectable by FT-
IR, may decrease the nucleation rate of NTR, as well as hydrogen
bond interactions between drug and polymer.

5. Conclusions

Using NTR enantiomers as model drugs, the effects of stere-
oselective drug-polymer interaction on the crystallization rate of
amorphous solid dispersions were elucidated. The chiral polymers,
HPMC and HPMCP, retarded the crystallization of (+)-NTR more
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effectively than that of (—)-NTR. The difference in physical stability
at 50-70°C would be due to stereoselective interaction. Stereose-
lective interaction affected the nucleation process more markedly
than the crystal growth process. Since the stereoselective interac-
tion between NTR enantiomers and HPMC or HPMCP would have
been relatively weak, the impact of the interaction on the physical
stability of amorphous NTR solid dispersions was obscure at room
temperature.
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The purpese of the present study was to clarify the feasibility of *F-NMR for assessing the molecular mobil-
ity of flufenamic acid (FLF) in solid dispersioms. Amorphous solid dispersions of FLF containing poly-
(vinylpyrrolidone) (PVP) or hydroxypropylmethylcellulose (HPMC) were prepared by melting and rapid cooling.
Spin-lattice relaxation times (7, and T, ) of FLF fluorine atoms in the solid dispersions were determined at vari-
ous temperatures (—20 to 150 °C). Correlation time (7.), which is a measure of roetational molecular mobility, was
calculated from the observed T, or T, value and that of the T; or 7, minimum, assuming that the relaxation
mechanism of spin-lattice relaxation of FLF fluorine atoms dees not change with temperature. The 7, value for
solid dispersions containing 20% PVP was 2—3 times longer than that for solid dispersions containing 20%
HPMC at 50 °C, indicating that the molecular mebility of FLF in selid dispersions containing 20% PVP was
lower than that in solid dispersions containing 20% HPMC. The amount of amorphous FLF remaining in the
solid dispersions stored at 60 °C was successfully estimated by analyzing the solid eche signals of FLF fluorine
atoms, and it was possible to follow the overall crystallization of amorphous FLF in the solid dispersions. The
solid dispersion containing 20% PVP was more stable than that containing 20% HPMC. The difference in stabil-
ity between solid dispersions containing PVP and HPMC is considered due to the difference in molecnlar mobil-
ity as determined by 7. The molecular mobility determined by F-NMR seems to be a useful measure for assess-

ing the stability of drugs containing filuorine atoms in amorphous solid dispersions.

Key words *F-NMR; molecular mobility; stability; crystallization; solid dispersion

Amorphous solid dispersions are used for improving the
dissolution rate and solubility of poorly soluble drugs. How-
ever, drugs in amorphous form are generally less stable than
crystalline drugs because of their higher emergy state and
higher molecular mobility. It is well known that polymeric
excipients can reduce the crystallization rate of many amor-
phous drugs.*™'? This stabilization by poly(vinylpyrroli-
done) (PVP) is partly attributable to its ability to decrease
molecular mobility, as indicated by increases in the glass
transition temperature (7, g).g) Therefore, it is of great interest
to estimate the molecular mobility of drugs in solid disper-
sions. Although *C-NMR relaxation measurements are use-
ful for assessing the molecular mobility of drugs in solid dis-
persions, the low sensitivity of 1*C because of its low natu-
ral abundance is a drawback of *C-NMR. In contrast to *C,
I5F has very favorable sensitivity in NMR experiments, since
it is present in 100% natural abundance, is second only to the
proton in its resonance frequency (except *H) and has a spin
quantum number of 1/2. The receptivity for °F is 83% of
that for 'H and 4700 times of that for *C.* Many drugs con-
taining fluorine atoms are listed in The Japanese Pharma-
copoeia. In contrast, almost all pharmaceutical excipients do
not contain fluorine atoms. F-NMR may therefore have an
advantage over *C-NMR or 'H-NMR for selectivity and sen-
sitivity when assessing the molecular mobility of drugs con-
taining fluorine atoms in pharmaceutical dosage forms such
as solid dispersions.

The orientations and molecular mobility of flufenamic
acid (FLF)*® and "F-labeled o~tocopherol'® in a lipid bi-
layer were studied using '°F-NMR. Structures and molecular
mobility of *F-labeled peptides and proteins in biological
membranes were also investigated." % To the authors’
knowledge, application of F-NMR to studies of drug mo-
lecular mobility in solid dispersions has not been reported.

= To whom correspondcnce should be addressed.  e-mail: aso@nihs.go.jp

This paper describes the feasibility of F-NMR for assessing
the molecular mobility of FLF in PVP or hydroxypropyl-
methylcellulose (HPMC) solid dispersions, and discusses the
effect of polymer excipients on the crystallization tendency
of FLF in solid dispersions in terms of differences in molecu-
lar mobility.

Experimental

Materials FLF (Fig. 1) was purchased from Wako Pure Chemical In-
dustry (Osaka), and PVP and HPMC were from Sigma (St. Louis, MO,
U.8.A.). FLF solid dispersions with PVP or HPMC were prepared by melt-
ing and cooling of mixtures of FLF with PVP or HPMC. The solid disper-
sions obtained were confirmed to be amorphous from microscopic observa-
tion under polarized light. :

Nuclear Magnetic Relaxation Measurements '“F-NMR measure-
ments were carried out using a model INM-MU25 pulsed NMR spectrome-
ter (JEOL DATUM, Tokyo) operating at a resonance frequency of 25 MHz.
Time profiles of spin—spin relaxation of the °F atoms of FLF were measured
using the “solid echo” pulse sequence to overcome the dead time of the in-
strument. Spin—lattice relaxation time in the laboratory frame (7)) was meas-
ured using the inversion recovery pulse sequence. Spin-lattice relaxation
time in the rotating flame (7,) was measured at spin locking intensity of
10G.

DSC Measurements T, of FLF-PVP and FLF-HPMC solid dispersions
was measured by DSC using 2 model 2920 differential scanning calorimeter
and a refrigerator cooling system (TA Instruments, Newcastle, DE, U.S.A.).
Approximately 5mg of each solid dispersions was put into an aluminum
sample pan and then sealed hermetically. T, was measured at a heating rate
of 20 °C/min. Ternperature calibration of the instrument was carried out
using indium.

OOH

-0

CF,

Fig. 1. Structure of FLF

© 2009 Pharmaceutical Society of Japan
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Results and Discussion

Molecular Mobility of FLF as Measured by “F-NMR
Spin-Lattice Relaxation Time 7T, and T, o of fluorine
atoms of FLF in PVP and HPMC solid dispersions were
measured using a pulsed NMR spectrometer in the tempera-
ture range from —20 to 150 °C. T} is sensitive to the molecu-
lar motion on the time scale of the resonance frequency
(MHz order). On the other hand, T; , is sensitive to the mo-
lecular motion with a frequency equivalent to the intensity of
spin locking field (typically mid kHz order).?” The tempera-
ture dependence of 7} and T}, exhibits minimum at a specific
temperature at which the molecules of interest have molecu-
lar motion with MHz time scale or mid kHz time scale pre-
dominantly. The resonance frequency of 25 MHz, lower than
that of a conventional high resolution NMR spectrometer,
was used to observe T, minimum in the temperature rage
studied. Figure 2 shows the temperature dependence of T,
and T}, of FLF fluorine atoms in PVP and HPMC solid dis-
persions. For FLF-PVP solid dispersions (7:3), the mini-
mum of T; or T}, was observed at about 90 °C and 60 °C, re-
spectively (Fig. 2A). When the PVP content decreased to
20% (w/w), T, and T , 0f FLF at temperatures above 70 °C
could not be determined due to rapid crystallization. Similar
temperature dependence of T or Tj, was observed for the
FLF-HPMC solid dispersions (Fig. 2B). The temperature
difference between T and T} , minimum is considered to be
due to the difference in the time scale of molecular motion
reflected on T} (MHz order) and T, p (mid kHz order). Since
the molecular motion on MHz time scale becomes predomi-
nant at higher temperature than molecular motion on mid
kHz time scale, T; minimum is observed at higher tempera-
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Fig. 2. Temperature Dependence of 7, and T, \p Of FLF Flucrine Atoms in
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ture than T}, minimum.

We made following assumptions in order to estimate the
molecular mobility of FLF from T} and T, p of FLF fluorine
atoms: first, we assumed that FLF fluorine atoms in the solid
dispersions relaxes mainly via dipolar interaction, and that
the contribition of the spin-rotation interaction mecha-
nism®” is negligible. While relaxation via the spin—rotation
interaction mechanism has been reported for liquid sam-
ple,>Y complete domination of dipolar interactions has
been reported for fluorine atoms for polycrystalline van der
Waals molecular solid.”® We also made an assumption that
the contribution of the cross-relaxation between fluorine and
proton atoms can be considered small. It is known that relax-
ation is not intrinsically single-exponential when cross-relax-
ation between fluorine and proton atoms takes place.'® How-
ever, we assumed small contribution of the cross-relaxation,
because the relaxation of FLF fluorine atoms in the solid dis-
persions was exponential within experimental uncertainty. In
studies of molecular motions, a large number of models de-
scribing molecular motions have been proposed for calcula-
tion of the spectrum density function.”® We used a simple
model that the molecular motion reflected on T} or T} p s rep-
resented by single correlation time for the purpose of com-
paring the mobility of FLF in the PVP and HPMC solid dis-
persions. According to the above assumptions, T, and T; p &€
described by Egs. 1 and 2.29

1 6 y‘ﬁz{ T 4z, }

L 20 /5 |l+eit  1+4alt @
1 3 yAR? 3, 57, 27

T T o s Dz + cz + cz @

T, 20 5 |1+4elt? 1+l 1+4wic?

where 7, is the correlation time that characterizes molecular
recrientations, and @, and @, are the resonance frequencies
of fluorine atoms in the static magnetic field and spin locking
field, respectively. 7, » and % are the gyromagnetic ratio of
fluorine, the distance of neighboring fluorine atoms, and the
Plank constant divided by 27, respectively. Equations 1 and
2 infer that 7, and T, become minimal when @7, is approx-
imately 0.62°” and @, 7, is approximately 0.52,*) respec-
tively. When the minimum of T} or T, is observed, we can
calculate the unknown value, 7, in Egs. 1 and 2. If 7 is
known, the 7, value can be calculated from the observed T
or T, value, assuming that » does not change with tempera-
ture.

The values of » calculated from the 7 and T}, minimum
observed for the FLF-PVP solid dispersion (7:3) were 2.3
and 2.4 A, respectively, and similar » values were obtained
for the FLF-HPMC solid dispersion (7 : 3). These values are
comparable to the reported value (2.174A) for 3-(trifluo-
romethyl)phenanthrene,” indicating that dipole interaction
between neighboring fluorine atoms can be considered the
predominant relaxation mechanism of FLF fluorine atoms in
the solid dispersions. The difference between the  values ob-
tained in this work and the reported value suggests that the
possibility of the spin-rotation interaction mechanism and/or
dipole interaction between fluorine and proton atoms cannot
be excluded as a relaxation mechanism of FLF fluorine
atoms. ‘

Figure 3 shows the temperature dependence of 7, calcu-
lated from T and T, for FLF fluorine atoms in the solid dis-
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persions. The 7, of FLF fluorine atoms in PVP solid disper-
sions calculated from T, was 8.2 ys at 50°C, which was
about 3 times larger than that in HPMC solid dispersions
(2.6 us), indicating that the molecular mobility of FLF was
lowered more strongly by PVP than by HPMC.

The 7, values calculated using T; values differ from those
calculated from T, values. The slope of temperature depend-
ence of 7, changed around T,. These findings suggest that the
assumption that the molecular motion reflected on T and T},
is represented by a single 7, may be too simple to describe
the molecular motion of FLF in the solid dispersions at tem-
peratures studied, and that two or more molecular motions,
such as rotation of trifluoromethyl group and motions with
larger scales than rotation of triffuoromethyl group, may be
reflected on T; and T, Further studies including 'H-NMR
relaxation measurement and dielectric relaxation measure-
ments will be needed to identify the detailed molecular mo-
tion of FLF in the solid dispersions.

Correlation between Crystallization Tendency and
Molecular Mobility of FLF in Solid Dispersions Crystal-
lization proceeds viaz formation of crystal nuclei and crystal
growth. As a measure of the crystallization tendency of
amorphous FLF in solid dispersions, the overall crystalliza-
tion rate of amorphous FLF in the solid dispersions was esti-
mated from the time profiles amorphous FLF remaining in
the solid dispersions instead of measuring the nucleation rate
and growth rate. Amorphous FLF remaining in the solid dis-
persions was estimated by analyzing solid echo signals of
FLF fluorine atoms. Figure 4 shows the solid echo signal of
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Fig. 3. Temperature Dependence of 7, of FLF Fluorine Atoms in PVP and
HPMC Solid Dispersions
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Fig. 4. Typical Solid Echo Signal of Fluorine Atoms of FLF in the Freshly
Prepared Solid Dispersion Containing 20% (w/w) PVP and That of Fluorine
Atoms of Crystalline FLF
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fluorine atoms of FLF in solid dispersions containing 20%
(w/w) PVP and that of fluorine atoms of crystalline FLE. The
signal for the solid dispersions was describable by the
Lorentzian relaxation equation (Eq. 3), and its relaxation
time (T, ) was approximately 140 us. Crystalline FLF exhib-
ited Gaussian relaxation signals (Eq. 4), and its relaxation
time (T,g) was approximately 30 ps. These results indicate
that amorphous FLF in solid dispersions is considered to ex-
hibit Lorentzian relaxation signals.

I=lyexp(—1/Ty) @)
I=Iexp{—2/(2T%; 0]

where I, and I represent the signal intensities at time 0 and z,
respectively. Figure 5 shows solid echo signals for the fluo-
rine atoms of FLF in the solid dispersions stored at 60 °C.
Samples stored at 60 °C exhibited biphasic decay signals, and
signals were describable by summation of the Gaussian
(solid line) and Lorentzian (dashed line) equations (Eq. 5).

I=I{PLexp(—t/Ty)+Pg exp(—12T756)} ®

where P, and Pg are the ratio of fluorine atoms exhibiting
Lorentzian and Gaussian relaxation process, respectively, and
P, +Pg=1. Assuming that the T and T, values are 140 and
30 us, respectively, P, values of FLF in the solid dispersions
were estimated by curve fitting. P; values of the solid disper-
sions decreased with increasing storage time, indicating that
crystallization of amorphous FLF in solid dispersions takes
place during storage at 60 °C. To certify the reliability of the
P, values obtained by F-NMR measurements, change in the
heat capacity at T, (AC,(T,)) was determined for the solid
dispersions stored at 60 °C for various periods as a measure
of amorphous FLF remaining, and was compared with the
value of P;. As shown in Fig. 6, the P value was propor-
tional to the AC,(T,) value, and was considered to be a useful
measure of amorphous FLF remaining in the solid disper-
sions.

Figure 7 shows the time profiles of the Py values for FLF
solid dispersions containing 20% (w/w) PVP or HPMC at
60°C. The decrease in the ratio of Lorentzian fluorine atoms
was faster for HPMC solid dispersions than for PVP solid
dispersions, indicating that the overall crystallization rate of
FLF in HPMC solid dispersions is larger than that in PVP
solid dispersions. The overall crystallization rate depends on
both molecular mobility (the rate of diffusion across the in-
terface between crystalline and amorphous phase) and ther-
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Fig. 5. Typical Solid Echo Signals of Fluorine Atoms of FLF in the Solid
Dispersions Containing 20% (w/w) PVP Stored at 60°C
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modynamic factors, such as free energy difference between
crystalline and amorphous form.>>'”) Differences in the over-
all crystallization rate of amorphous FLF are consistent with
those in the molecular mobility (Fig. 3), suggesting that the
molecular mobility as determined by the “F-NMR spin-lat-
tice relaxation times may be one of the factors determining
crystallization rate, and useful as a measure of the physical
stability of FLF in solid dispersions. The T, values of the
solid dispersions containing 20% PVP and 20% HPMC were
23°C and 15 °C, respectively, indicating that molecular mo-
bility reflected on T ¢ is higher for the solid dispersion con-
taining HPMC than for that containing PVP. The T, data
seem to support the speculation obtained from NMR data.
However, the scale of molecular mobility reflected on T, g 18
considered to be larger than that reflected on 7. Further stud-
ies should be conducted to elucidate the quantitative correla-
tion between the physical stability of amorphous FLF and the
molecular mobility determined by *F-NMR.

In conclusion, *F-NMR is useful for elucidating the mo-
lecular mobility of drugs containing fluorine atoms in amor-
phous solid dispersions. 7, values of FLF fluorine atoms
were calculated from the F-NMR spin-lattice relaxation
data. The 7, value for solid dispersions containing 20% PVP

Vol. 57, No. 1

was 2—3 times longer than that for solid dispersions con-
taining 20% HPMC at 50 °C. Molecular mobility of FLF in
the solid dispersions containing 20% PVP was lower than in
those containing 20% HPMC, and this was consistent with
the fact that the overall crystallization rate of amorphous
FLF in the solid dispersion containing PVP was smaller than
in that containing HPMC. The molecular mobility deter-
mined by "F-NMR seems to be useful as a measure of the
physical stability of an amorphous drug in solid dispersions.
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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*

B

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 Fe-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 Fe-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 Fe 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 B,-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
IgG 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 Fe-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 Fe-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., postiranslational 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, althcugh 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 Idec, 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-o. 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 B,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 Bam
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-um 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 8,m was
eluted with 40 mM Bis-Tris/20 mM Tris (pH 8.1). The eluted fractions
containing hFcRn were applied to a Uno-Ql 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-Qlcolumn 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'*5-Gly'*S)
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 berween 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 pl; 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 BlAe-
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 cormrectly. 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,, kq;, and Kp were 1.95E+05
M™'s™",0.136 5™, 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 CM5
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
FcyR1 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. 14.
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 hFcRa interfered
with the reactivity of the hFcRun 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, II, 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 I/III and the
protein content of peak I varied depending on the lot of the cell
culture supernatant, peak I seemed to consist of immature FcRa.
The Kp values calculated from the experimental data using peaks
II and HIT 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 CMS5 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
BlAevaluation software. The Kp value (= k41/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, daclizamab, infliximab,
palivizumab, and rituximab were injected at concentrations of 42—
670 nM. The concentrations of abatacept, alefacept, and etanercept
used were 1685360 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 Kp, 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 trastazumab
(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 '};Zorl:lgroprmtary Binding target Afﬁ;l;y(;‘;;(:h Half-life (days) cited from the literature
Human antibody Adalimumab TNFa 672 14.7-19.3  Weisman et al., 2003
Humanized antibody Daclizumab CD25 846 20 Vincenti et al., 1998
Omalizumab IsE 1237 20 Casale et al., 1997
Palivizumab RSV F protein 750 19-27 Subramanian et al., 1998
Trastuzumab HER2 773 2.7-10 Tokuda et al.,, 1999
Chimeric antibody Infliximab TNFa 727 9.5 Comillie et al., 2001
Rituximab CD20 508 9.4 Maloney et al., 1997
oo Mouse antibody Muromonab-CD3 CD3 ND 0.75 Hookset al,, 1991
FIGURE 3. Kp values of binding between Fc - - —
domain-containing  therapeutic proteins and Fe-fusion protein Abatacept CD80/CD86 2633 13.1 prescr?bfng fnfoxmatfon
hECR dth lati ith the; half Alefacept CD2 2506 11.3 prescribing information
ircia and the correlation with their serum haif- Etanercept TNFa 3612 4 Lee etal., 2003
lives. A, The Kp values obtained in our study and
the half-lives in humans cited from the literature.
The half-life values were obtained from the article B 4000}  Etanercept
reviewed by Lobo et al. (6) [adalimumab (17), 3500} 14 »
daclizumab (18), etanercept (19), infliximab (20), -
: 3000f Abatacept
muromonab-CD3 (21), omalizumab (22), pal- ,E__ 000 Alefacept  * 722C%P
ivizumab (23), rituximab (24), and trastuzumab EZSOO - <
25)] or t facturer prescribing in- -
(25)] 0 from the manu. ac p ribi g i 2000 © Human antibody
formation. B, The graphical presentation of the 1500} Omalizumab . h
. . . : © Humanized antibody
Ky values and serum half-lives described in A. Trastuzumab  Infliximab  Adalimumab Palivizamab
. . - a i i i
The means of half-lives are plotted on the x-axis, 1000 ® o ® o Chlmen? anm‘)ody
and the values of affinity to FcRn are on the y- 500/ o Daclizumab ¢ Fe domain fusion protein
axis. Filled rhombi, Fc domain fusion proteins; 0 - Rituximab
closed circle, human Ab; gray circles, humanized 0 5 10 15 20 25
/f;bs; open circle, chimeric Abs. C, ~Regress‘ion T,, (days)
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= 2000} «
1500 Omalizumab
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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 CMS5 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. 44. 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 FeyRI, which is caused by amino acid
substitutions, was detected in our experiments. These results
suggest that the region interacting with FcyRI (ie., 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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FIGURE 4. The affinity of Fc-fusion proteins and
Abs to FcyRL The Fe-fusion proteins (abatacept, ale-
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Abatacept 482

Alefacept 0.857

Etanercept 0.818

Adalimumab 0.779

Infliximab 0.763

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 FcRna 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 FcRu than other Abs. Because it
was possible that the proteins were cleaved, in part, into smaller
fragments than the Fc domain, the estimated Ky, 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 Ky, 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, 0-2680
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-q,
the shape of the sensorgram was drastically altered (Fig. 74). 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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Abatacept 1 M 1
Etanercept 1 LEPAQVAFTPYAPEPGSTCRLREYYDQTAQMCCSKCSPGQHAKVFCTKTSDTVCDSCEDSTY TQLWNWVPECLSCESRCSS 80
Alefacept 0 [¢]
Adaiignmnab 1 EVQLV. VQPERSLRLSCAASGE TF--DDYAMEWVRQAPCKGLEWVSATI TWNS -~GHIDYADSYV 64
Infliximab 1 ——-mmmm ~~EVKLEESGGELVQPGGSMKLSCVASCFIF - SNHWMNWVRQSPEKGLEWVAEIRSKSINSATHYAESV 66
Omalizumab 1 ——commmmmme EVQLV. VOPCGSLRLSCAVSGY SITSGY SWNWIRQAPCKGLEWVASITYD---GSTNYADSV 64
FIGURE 5. The amino acid sequences
du 2 GVLLTQRTLLSLVIALLFPSMASMAMHVAQPAVVLASSRGIASFVCEYASPGKATEVRVIVLRQADSQUVTEVCAATYMMG 81
of abatacept, alefacept, etanercept, an 81 DQVETOACTREQNRICTCREGWYCAL.SKQEGCRLCAPLRKCREGFGVARPGTETSDVVCKPCAPGTFSNTTSSTDICRRH 160
chains of adalimumab and infliximab. 1 FSQQTYGVVYGN 12
. : : 65 EGRFTISRDNAKNSLYLOMNSLRAEDTAVYYCAKVSYLSTASSLDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSCETA 144
T‘he amino acids marked with a star are 67 KGRFTISRDDSKSAVYLOMTDIRTEDTGVYYCSR-NYY-~GSTYDYWGQGTTLTVSSASTKGPSVFPLAPSSKSTSGETA 143
different among allotypes of IgG1l. The 65 KGRFTISRDDSKNTFYLOMNSLRARDTAVYYCARGSHYFGHWHEAVWGQGTLVTVSS----GPSVEPLAPSSKSTSGETA 140
gray arrow is the cleavage site of IgGl
. . . . 82 NELTFLDDSICTGTSSCNQVNLTIQCLRAMDTCLY ICKVELMY PPPYYL.GIGNGTQIYV-~IDPERC-~~EDSDOEPKSS 156
with papain (27). The amino acid se- 161 QICNVVAIPGNASMDAVCTSTSPTRSMAPGAVHLPQPVSTRSQETQPTREPSTAPSTSFLLEMGPSPPAEGSTGDEPKSC 240
quences were obtained from the follow- 13 VTFHVPSNVPLKEVLWKKQKDKVAELENSEFRAFSSFKNRVYLDTVSGSLITYNLTSSDEDEYEMESPNITDIMKFFLYV 92
. A . : 145 ALGCLVKDYFPEPVTVSWNSGALTISGVHTFPAVLOSSGLYSLSSVVTVPSSSLETQTY ICNVNHKPSNTKVDKKVEPKSC 224
ng 'hnks. gbatacept, htp://whalibdoc. 144 ALGCLVKDYFPEFVIVSWNSGALTSGVETFPAVLOSSCLYSLSSVVTVPSSSLETOTY ICNVNHKPSNTKVDKKVERKSC 223
who.int/druginfo/18_2_2004_INN91.pdf; 141 ucuvmmﬂwwswusczxmscvnmavngsscmsmsvvasssmmrncuvnmsnmvmq;mpxsc 220
alefacept,  http://whglibdoc.who.int/dru 157 h’";";ﬁ
ginfo/DRUG_INFO_14_4_2000_INN-84. 241 3 -svsu-ppxezém:steéVchvVWéBﬁ:béévm'mﬂ@méQms 320
pdf; etanercept, http://whglibdoc.who.int/ 93 2 SVFLEPPKPKD TLMI SRTPEVICVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNS TYIRE]
: NN- 225 i) 2 SVELEPPKPKDTIMISRTEEVTCVVVDVSHEDPEVKENWY VDGVEVHNAKTKPREEQYNS TY[iCUT
druginfo/DRUG_INFO_13_2_1999 1 224 s S DA DELLGGSSVELE P PKPKDTIM I SRTPEV ICVVVDY SHEDPEVKENWY VDGVEVANAK TKPREEOYNS TVRE E]
81.pdf; adalimumab, www.info.pmda.go. 221  SVELEPPKEKDTIM I SRTPEVICUVVDV S HED PEVKENWY VD GVEVENAKTKPREEQYNS TV
jp/shinyaku/g080405/10015900_22000A 237 R 216
MX01598_A100_1.pdf; infliximab, www. 321 B ng‘vsmc:.vxem?snm 3 400
info.pmda.go.jp/shinyaku/g020102/40031 173 i TRNQVSLTCILVKGEYPSDIAVERFLY]
. 305 ; 384
500_?1400AMY00013_Q100_2,pdf, and S0a B NGV SLTCLVKGEYPSDTAVE RS
omalizumab, www.drugbank.ca/drugs/ 301 N0V SLTCIVKGEYESDIAVE R
DB00043. P CH3 xx
Xl SNGOPENNY KT TR PVLDSDGSEFLY SKLTVDKSRHOQGNVE SCSVMHEALENHY TOKSLSLSPGH] 383
U W E SNGOPENNY KT TPEVLD SDGSFFLY SKLTVDKSRWOOGNVE SCSVMHEALHNHY TOKSLSLSEGH] 467
bk B SNGOPENNY KT TPPVLD SDGSFFLY SKLTVDKSRIWOQGNVF SCSVMHEALENHY TOKSLELSPGH 319
L SNGOPENNY KT TPPVL.DSDGSEELY SKLIVDKS RHOQGNVE SCSVMHEALENHY TOKSLSLSEGK 451
kLl W SNGO PENNY KT TP PVLDSDGSFFLY SKLIVDKSRROOGNVE SCSVMHEAT HNHY TOKSLSL.SPGH] 450
i WE SNGOPENNY KTTRRVLD SDESEFLY SKLIVDKSRWOOGNVE SCSVMHEALENHY TOKSLSLSPGH] 447

between FcRn and TNF-a-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-o. Abs, binding with target molecules decreases the
affinity to FcRn. They may also suggest that the anti-TNF-a 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-lives in humans, with the exception of infliximab, rituximab, and
trastuzumab, the importance of FcRninregulating the serum half-life
of Fc domain-containing therapeutic proteins was suggested. Thekey
observation was that the Fc-fusion proteins showed lower affinity to
FcRn than 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
BlAevaluation 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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FIGURE 6. Effects of papain digestion on the affinities of Fc domain-
containing therapeutic proteins to FcRn. A, The nonreduced SDS-PAGE of
etanercept and adalimumab digested with papain for 2 and 24 h. B, The
comparison between the sensorgrams of etanercept and adalimumab with
or without papain digestion. C, Comparison of the affinity to FcRn among
etanercept, alefacept, adalimumab, infliximab, and omalizumab, which
were digested or not digested with papain. The K, values were calculated
from the sensorgrams at the range of concentrations described as follows.
The concentrations of papain-digested etanercept, papain-digested alefa-
cept, adalimumab, papain-digested adalimumab, infliximab, papain-
digested infliximab, and papain-digested omalizumab were 42-670 nM;
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FIGURE 7. Effects of binding with the target molecules on the affinities of
Fc domain-containing therapeutic proteins to FcRn. A, The sensorgrams of
infliximab (335 nM) preincubated with TNF-a (0-2680 nM). B, The sensor-
grams of infliximab (upper panel), adalimumab (middle panel), and etanercept
(lower panel) preincubated with TNF-o (8-fold molar excess to 42-670 nM
Abs and 4-fold to 168—2680 nM etanercept). The sensorgrams were fitted by
the bivalent analyte model. C, The Kp, values calculated from the sensorgrams
shown in B. The values of infliximab, adalimumab, and etanercept derived
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.




