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ABSTRACT

Therapeutic immunoglobulin G (IgG) antibodies have comparatively long half-lives because the neonatal
Fc receptor (FcRn) binds to the IgG Fc at acidic pH in the endosome and protects IgG from degradation. To
further prolong the half-lives, amino acid-substituted antibodies having high affinity to FcRn are being
developed, and one such therapeutic antibody (ravulizumab) has been approved. In this study, we
investigated the binding property to FcyR and the conformation of seven FcRn affinity-modulated
adalimumab variants to clarify the impact of the amino acid substitutions on the function and conforma-
tion of IgG Fc. The amino acid substitutions in T254-P261 caused a change in deuterium uptake into some
regions of Fc in HDX-MS analysis, but those at T311, M432 and N438 did not cause such a change. The
conformations around F245-L255 (FLFPPKPKDTL) were particularly influenced by the amino acid substitu-
tion in M256-P261, and the conformational changes of this region were correlated with the decrease of
the affinity to FcyRllla. Additionally, we investigated the conformational difference of Fc between a Fc
fusion protein (etanercept) and a native IgG (adalimumab). Although the Fc fusion proteins were expected
to have similar FcRn affinity to IgGs, the affinity of etanercept to FcRn was lower than that of adalimumab,
and its half-life was shorter than those of the IgG antibodies. Differences in deuterium uptakes were
observed in the two regions where they were also detected in the adalimumab variants, and the
conformational differences appeared to be an important factor for the low FcRn affinity of etanercept.
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Introduction of ravulizumab shown in the prescribing information is
49.7 £ 8.9 days, which is approximately 4-fold longer than
that of eculizumab and other therapeutic antibodies, and the
interval of maintenance doses is 8 weeks.”

In addition to ravulizumab, satralizumab, which is an anti-
IL-6 receptor antibody with increased affinity to FcRn, has
been approved, and therapeutic antibodies with YTE
(M252Y/S254T/T256E) mutation, such as MEDI8897 (anti-
respiratory syncytial virus (RSV) antibody) and MEDI4893
(anti-Staphylococcus aureus alpha-toxin antibody), are in clin-
ical trials.!'™"* Moreover, many other mutations have been
studied for their potential to modulate affinity to FcRn, such
as the TH (P257I/N434H), N434H, QA(T307Q/N434A) and
QL (T250Q/M428L) mutations.'*'® Most of these mutations
are located in the FcRn-binding sites (interface of CH2-CH3)
of the Fc region, and thus the amino acid substitutions may
influence the conformation and other functions of Fc (e.g., the
binding to FcyR and Clq). In fact, it has been reported that
introduction of a YTE mutation into humanized anti-RSV
monoclonal antibody MEDI-524 decreased the affinity to
FcyRlIlla, and introduction of some other substitutions also
influenced the affinity to Fcy receptors.'™** Moreover, the
conformational change by YTE mutation has been well studied
by crystal structure determination and hydrogen deuterium
exchange-mass spectrometry (HDX-MS), and it was reported
that the deuterium uptake (conformation) of some regions of
Fc were different between the native IgG and YTE variant.”' >

Immunoglobulin G (IgG) antibodies have comparatively long
half-lives; for example, the half-life of IgG1 is approximately
21 days in healthy humans.' This prolonged half-life of IgG
antibodies can be explained by their interaction with neonatal
Fc receptor (FcRn). FcRn, a heterodimer of the MHC-class
-I-like heavy chain and the P,-microglobulin (f,m) light
chain, plays a critical role in regulating IgG homeostasis.”™*
FcRn binds to the Fc domain of IgG at pH 6.0-6.5, but binds
weakly or not at all at pH 7.0-7.5.” Therefore, FcRn protects
IgG from degradation by binding to IgG in the endosomes,
then releasing IgG into plasma.’

IgG antibodies have become an important therapeutic
option for many diseases, and many types of engineered anti-
bodies have recently been developed. Among these engineered
antibodies, amino acid-substituted antibodies having high affi-
nity to FcRn are being developed to prolong the half-lives of
IgG antibodies and thereby reduce the required dose and
frequency; a prominent example is the recently approved ther-
apeutic antibody ravulizumab.”® Ravulizumab (ALXN1210)
differs from eculizumab by 4 amino acid substitutions, and
like eculizumab is a complement component C5 inhibitor.
Two of the amino acid substitutions are M428L and N434S
(LS mutation) in the Fc region; these modulate the affinity to
FcRn.” The remaining two amino acid substitutions are in the
complementarity-determining region; these substitutions
modulate the affinity to the antigen.'® The terminal half-life
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However, studies about the conformational changes of Fc
caused by the introduction of amino-acid substitutions in
order to enhance FcRn binding have been limited to YTE
variants, and the effects of amino acid substitutions intended
to enhance FcRn affinity on the conformation of Fc and the
relation between the conformational changes and the function
of Fc remain to be elucidated.

In this study, we prepared seven engineered antibodies
including a YTE variant (six for enhancing and one for impair-
ing FcRn binding) based on an anti-tumor necrosis factor (TNF)
therapeutic antibody (adalimumab), and examined their binding
to FcyRs and the conformation of their Fc regions. The con-
formation of Fc was analyzed by HDX-MS, which has been used
extensively to analyze protein conformations in solution.**"*°

We also evaluated the functional and structural changes of
Fc that resulted from substituting another protein for the
antigen-binding fragment (Fab). Etanercept is a therapeutic
fusion protein consisting of the extracellular portion of the
TNF receptor (TNFR) and IgG Fc, and its half-life is shorter
(approximately four days) than those of IgG antibodies.””
Previously, we showed that the affinity of etanercept to FcRn
was approximately 4-fold lower than that of adalimumab.*®
Since the affinity of etanercept to FcRn increased after papain
digestion, it seems likely that the receptor domain of the Fc-
fusion protein makes a difference in the conformation of the
FcRn-binding region of Fc or interferes with the binding
between the Fc domain and FcRn by steric hindrance.”® In
this study, the conformation of etanercept and the binding
properties to Fcy receptors were compared to those of adali-
mumab to clarify the conformational and functional changes of
the Fc by substitution of the Fab region by TNFR.

Results

Production of engineered antibodies having high or low
affinity to FcRn

To prolong the half-lives of IgG antibodies while also realizing
reductions in the dose and injection frequency, amino acid-
substituted antibodies having high affinity to FcRn have been
developed. In this study, the seven engineered antibodies (six
for enhancing and one for impairing FcRn binding) shown in
Figure la were analyzed to clarify the impact of the amino acid
substitutions on the function and conformation of IgG Fc.
Amino acid substitutions of the LOW variant were a mixture
of amino acid mutations that have been reported to decrease
the affinity to FcRn.*> Although the positions of amino acid
substitutions are shown by both the standardized number of
IgGl (EU numbering) and the number of the adalimumab
sequence in Figure la, the positions are indicated by the num-
ber of the adalimumab sequence hereafter. Positions of the
amino acid substitutions are shown in the 3-dimensional
(3D) structure model of IgG (protein data bank ID: 1HZH)
and in the amino acid sequences (Figure 1b, 1c). The amino
acid-substitution sites are divided into three regions (indicated
by colors) that are proximal to the FcRn-binding region.*
The engineered antibodies were produced as described in
the Materials and Methods section. Electrophoretic patterns of
the produced antibodies were similar to that of commercially

available adalimumab (Humira®) (Supplemental Figure la).
The size of these antibodies calculated by dynamic light scat-
tering (DLS) was similar to that of adalimumab (about 10 nm),
and the DLS peaks were almost single (the area volume average
of the main peaks was almost 100%, as shown in Supplemental
Figure 1c). Moreover, multimers were scarcely detected even in
the size-exclusion chromatography analysis (Supplemental
Figure 2). Therefore, the produced antibodies were considered
to have sufficient purity for analyses. Their binding properties
to FcRn were analyzed using surface plasmon resonance (SPR).
The analytes were injected at the concentrations of 670, 335,
168, 83.8, and 41.9 nM. The sensorgrams at the concentration
of 670 nM and the Kp, values calculated by steady state analyses
are shown in Figure 2a and 2b. The FcRn affinity of the
engineered antibodies with amino acid substitutions to
enhance FcRn-binding was higher than that of adalimumab,
and the LOW variant did not bind FcRn, as expected.

SPR analyses of the affinity between engineered
antibodies and Fcy receptors

We investigated the impact of the amino acid substitutions that
modulate the affinity to FcRn on the FcyR-binding properties of
the engineered antibodies. Five species of Fcy receptors (FcyRI-
His, FcyRlIla-His, FcyRIIb-His, FcyRIIla-His and FcyRIIIb-His)
were captured to a sensor chip via anti-His antibody, and then the
analytes were injected at the concentration described in the figure
legend (Figure 2c-2i). The sensorgrams of FcyRIla, FcyRIIb,
FcyRlIIla and FcyRIIIb varied according to the species of amino
acid substitutions (Figure 2c, 2g, 2h, 2i), although those of cyRI
were not very different (Figure 2e). Since it was reported that
a two-state model could be used to calculate the Kp value of
FcyRIIIa binding™* and we confirmed that long-term injection
delayed the rate of dissociation as seen in the two-state reaction
(data not shown), the affinity of FcyRIIla was calculated using
a two-state model. The variants of IH, YTE and LOW showed low
responses in the sensorgrams, and the Kp, values were compara-
tively higher than those of adalimumab (Figure 2c, 2d, and
Supplemental Figure 3). The Kp, values of FcyRI calculated using
a 1:1 binding model differed slightly among the variants, but the
difference was less pronounced than in the case of FcyRIIla
(Figure 2f and Supplemental Figure 4).

The Kp, values of FcyRIIa, FcyRIIb and FcyRIIIb could not be
calculated because the dissociation rates were too fast to analyze by
sensorgram fitting and the usable concentrations of the engineered
antibodies were too low to calculate by steady-state analysis.
However, the responses of the IH, YTE and LOW variants to
FcyRIIa, FcyRIIb and FcyRIIIb tended to be low, as with the
responses of these same variants to FcyRIIla (Figure 2g, 2h and
2i). At least in the case of the IH, YTE and LOW variants, the
amino acid substitutions seemed to affect the conformation of the
Fc. Next, therefore, ; therefore,we investigated the sites of confor-
mational change of Fc using HDX-MS.

Analyses of the conformation of adalimumab variants
using HDX-MS

The sequence coverage map obtained by HDX-MS analysis of
the control adalimumab is shown in Figure 3. Other than the
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a
- - Example of
L substitution substitution h
Bl Ei) (EU numbering) |(adalimumab) sub_stltu_ted
antibodies
IH P257I P261I
N434H N438H
LS M428L M432L Ravulizumab
N434S N438S (approved)
N434H N434H N438H MTRX1011A
QA T307Q T311Q
N434A N438A
aL T250Q T254Q
M428L M432L
M252Y M256Y MEDI-8897,
YTE S254T S258T MEDI4893,
T256E T260E GSK2800528
1253A 1257A
LOW H310A H314A
H435A H439A
C
Adalimumab (control) 201 TYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVF LFPPKPKDmEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQY300
s s - - - ! . s
N434H 201 300
QA 201 300
QL 201 Q 300
YTE 7 T e 300
LOW 201 A 300

—
Adalimumab (control) 301 NSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPP 400

H 301 400
LS 301 400
N434H 301 400
QA 301 Q 400
QL 301 400
YTE 301 400
LOwW 301 A 400
=
Adalimumab (control) 401 VLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK 451
H 401 H 451
LS 401 L S 451
N434H 401 H— 451
QA 401 A 451
QL 401 ———L 451
YTE 401 451
Low 401 A 451

Figure 1. Adalimumab variants used in this study. (a) Abbreviations of adalimumab variants and their amino acid-substitution sites. (b) Positions of the amino acid
substitutions shown in the 3D structure model of IgG (protein data bank ID: THZH). The positions are shown in color. (c) Amino-acid sequences of adalimumab variants.
The substituted amino acids are shown in sequences of the variants, and the regions containing the amino acid substitutions are shown in color. The colors used

correspond with those in (b).

N-glycosylation site, almost all sites of the full-length Fc were
covered, and the deuterium uptake by the detected peptides
was compared among samples. Here, the peptides having
amino acid substitutions were excluded from the analysis of
deuteration level because different sequence peptides could not
be compared directly by HDX-MS analysis. Figure 4a—4e show
the sequences and uptake plots of the peptides with variable
deuterium levels. At the region of Peptide-1 (residues 245-255:

FLFPPKPKDTL), the IH, YTE and LOW variants showed
higher uptake of deuterium than adalimumab did (Figure 4a),
and at the region of Peptide-5 (residues 440-448:
YTQKSLSLS), the IH and LOW variants showed higher uptake
(Figure 4e). Since Peptide-5 of the YTE variant could not be
detected, possibly due to the lower generation of this peptide by
pepsin digestion, the deuterium uptake could not be compared
with that of adalimumab. At the sequences of Peptide-2



e19233664 (&) T.SUZUKIET AL.

a b
= 80 FcRn —IA:alimumab 1.0E-06 - Steady state analysis
x 50 ! — _ BOE07 -
)]
2 ‘ _::34H 2 6007 -
o — [a)
S 40 - —al X' 4.0£07 -
o —YTE
o 0E-07 -
20 — LOW 20E00 N.C.
0.0E+00 -
0 . . ¥ X Q@ R F o &N
0 200 400 AR A R N
sec N <
c d &
1907 cp16a (FoyRilla)
> 6.0E-07 -
o
5 Two state model
g g 4.0E-07 -
) [a]
N X 5 0E07 -
04 : : 0.0E+00 -
0 200 400 r X @ y <&
sec R4 F & \/O\$
& >
AN
@ f \7&
_ 120 1 CD64 (FeyRI) 1:1 binding model
= 100 - 4.0E-09
9
o 80 .
s 60 =
8 & 2.0E09
é 40
20
. . . 0.0E+00
0 200 400 SR F LS
sec & N4 A
¥
g h i
_.50 - CD16b (FeyRIllb)  ~250 4 CD32a (FcyRlla) = 50 CD32b (FcyRllb)
o
ST, R —
g = 3
c 30 -
o
A % 20 T
@ e —
e
200 400 0 200 400
sec sec sec

Figure 2. SPR analyses of the binding between Fc receptors and adalimumab variants. (a) Representative sensorgrams of FcRn binding. Immobilized level of FcRn,
approximately 50 RU; Analytes, 670 nM. (b) Kp values of FcRn binding calculated by steady state analysis. The analyte concentrations used for the calculation were 10.5,
20.9, 41.9, 83.8, 168, 335 and 670 nM for the IH, LS, N434H, QA, QL and YTE variants, and 41.9, 83.8, 168, 335, 670 and 1340 nM for native adalimumab. N.C., not
calculated. (c) Representative sensorgrams of CD16a (FcyRllla) binding. Capture level of CD16a: approximately 120 RU; Analytes: 335 nM. (d) Kp values of FcyRllla binding
calculated by a two-state model. The analytes concentrations used for the analyses were 20.9, 41.9, 83.8, 168 and 335 nM. The analyzed fitted curve is shown in
Supplemental Figure 3. (e) Representative sensorgrams of CD64 (FcyRI) binding. Capture level of CD64: approximately 60 RU; Analytes: 41.9 nM. (f) Kp values of FcyRI
binding calculated by a 1:1 binding model. The analytes concentrations used for the analyses were 2.62, 5.23, 10.5, 20.9 and 41.9 nM. The analyzed fitted curve is shown
in Supplemental Figure 4. (g-i) Representative sensorgrams of CD16b (FcyRlllb), CD32a (FcyRlla) and CD32b (FcyRIIb) binding. Capture levels of CD16b, CD32a and
CD32b: approximately 120 RU, 190 RU and 240 RU, respectively. Analytes: 670 nM. Colors of the sensorgrams in (c), (e), (g), (h) and (i) are the same as those in (a).
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Figure 3. Sequence coverage map obtained by HDX-MS of intact adalimumab. The detected peptides were used to compare the deuterium uptake between samples.

(residues 311-322: TVHQDWLNGKE), Peptide-3 (residues
338-352: KTISKAKGQPREPQV) and Peptide-4 (residues
373-384: VKGFYPSDIAVE), the IH variant showed signifi-
cantly higher uptake than adalimumab and the other variants
did, and at the sequence of Peptide-2, the QL variants showed
slightly higher uptake. The uptake plots of all peptides mon-
itored in this study are shown in Supplemental Figure 5. The
uptake plots of the peptides overlapping with Peptide-1 were
similar to that of Peptide-1 shown in Figure 4.

The regions with variable deuterium levels in the sequences
of adalimumab variants are shown in Figure 5. The colored
lines above the sequences are the regions containing the amino
acid-substitution sites that are also shown in Figure 1c, and the
colored boxes show the regions with variable deuterium levels.
Since the deuterium uptakes were monitored using the pep-
tides of adalimumab as the library, the peptides containing the
amino acid substitutions (e.g., Peptide-1 of QL variant) could
not be detected. Concerning the regions of Peptides 1-5, the
peptides having deuterium uptake different from that of adali-
mumab are shown by an orange line, the peptides having
deuterium uptake similar to that of adalimumab are shown
by a black line, and the peptides that could not be detected are
shown without a line.

The regions with variable deuterium levels are shown in the
3D structure model (Figure 6). Peptides 1-5 in Figure 6a
correspond with those in Figures 4 and 5. The mutation sites
and the peptides with variable deuterium levels of each variant
are shown in Figure 6b-6h. The amino acid substitutions in the
residues T254-P261 described by a red line in Figures 2¢ and
Figure 5 tended to affect the conformation of IgG Fc. The

deuterium uptakes of Peptide-1 were particularly variable,
and correlated with the affinity to FcyRIIla (Figure 2d).

Differences in the binding property and conformation of
Fc between adalimumab and etanercept

We next compared the binding properties to Fc receptors and
the conformation of Fc of etanercept, a TNFR-Fc fusion pro-
tein, to those of adalimumab. Figure 7 (panels a and b) shows
the FcRn binding of adalimumab and etanercept. The response
of the sensorgrams of etanercept was lower than that of adali-
mumab, and the calculated K, value of etanercept was about
fourfold higher than that of adalimumab, as in our previous
report.”® The Ky, values for the binding to FcyRI and FcyRIIla
were similar between adalimumab and etanercept, but the
sensorgrams of these therapeutic proteins did not correspond
(Figure 7c, 7e) because of the difference in the association and
dissociation rate constants (Supplemental Table 1). Although
the Kp values of the binding of FcyRIIa, FcyRIIb and FcyRIIIb
to adalimumab and etanercept could not be estimated because
of the fast dissociation, the sensorgrams of the two proteins
were different (Figure 7g, 7h, and 7i). These data indicate that
the fusion of the receptor region (i.e., the extracellular domain
of TNFR) to the Fc affects the binding between Fc and Fc
receptors.

To determine the differences in the conformation of Fc, HDX-
MS analyses were performed. The uptake plots of all peptides
monitored are shown in Supplemental Figure 6. The deuterium
uptake plots of peptides that exhibited a difference between ada-
limumab and etanercept are shown in Figure 8a-8d. There were
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Figure 4. HDX-MS analyses. (a—e) Sequences and uptake plots of the peptides with variable deuterium levels. All samples were analyzed three times, and the data are
shown as mean=SD. The residues are shown by the number of the adalimumab sequence.

two regions that showed differences in deuterium uptake levels
(the peptides shown in (a) and (b), and those in (c) and (d) are
overlapped). The identical sample (i.e., adalimumab) in different
analytical runs showed almost the same results (Adalimumab-1
and Adalimumab-2 in Figure 8a-8d), but the deuterium uptakes
of etanercept were different from those of adalimumab. The
differences of uptake tended to be smaller than those observed
in the adalimumab variants, but the differences between adalimu-
mab and etanercept were statistically significant (e.g., the p-values
calculated by t-test at the time points of 1, 10 and 60 min were
<0.01 in all peptides shown in Figure 8a-8d). The regions
described above are shown in the 3D structure model of IgG Fc
(Figure 8e). The regions having different deuterium uptake
between adalimumab and etanercept were the same regions
shown as Peptide-1 and Peptide-5 in Figures 4, 5 and 6.

Discussion

In this study, we first examined the conformation and the
function of the Fc of FcRn affinity-modulated adalimumab
variants having amino acid substitutions in three regions
(T254-P261, T311-H314 and/or M432-H439) where substitu-
tions are frequently introduced in order to enhance FcRn
affinity. With the exception of the binding to FcyRI, the differ-
ences of the binding of the adalimumab variants to all the
FcyRs (FcyRIlla, FcyRIIIb, FcyRIla, and FcyRIIb) showed
a similar tendency. In particular, the IH, YTE and LOW var-
iants tended to show a lower response than the other variants,
as shown in the sensorgrams of Figure 2. The calculated Kp
values of the binding of these variants to FcyRIIIa were highest
for IH, followed in order by YTE and LOW, as shown in Figure
2d. This order was the same for the deuterium uptake from
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Adalimumab (control) 201 TYICNVNHKPSNTKVDKKVEPKSCDKTHTGPPCPAPELLGGPSYFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQY 300
H o - L I 300
LS 201 300
N434H 201 300
QA 201 300
QL 201 Q 300
YTE 201 -T-E 300
LOW 201 A 300
Adalimumab (control) 301 NSTYRVVSVLTVLHGDWLNGKENKCKVSNKALPAP | HRTTSKARGGPREPQVY TLPPSRDELTKNQVS L TCLVRGFYPSD TAVENE SNGQPENNYKTTPP 400
H L T 400
LS 301 400
N434H 301 400
QA 301 ———— | Q 400
QL 300 ————————- e R 400
YTE 301 400
LOW 301 A — 400
Adalimumab (control) 401 VLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLIPGK 451
IH 401 H —— 451
LS 401 L S 451
N434H 401 H 451
QA a0 A 451
QL 401 L 451
YTE 401 451
LOW 401 A -—— 451

D Peptide-1 D Peptide-2 D Peptide-3

Peptide-4 D Peptide-5

Figure 5. Regions with variable deuterium levels in the sequences of adalimumab variants. The colored boxes show the regions with variable deuterium levels. The
orange lines in the colored boxes show the peptides with deuterium uptake different from that of adalimumab, and the black lines in the boxes show the peptides with

deuterium uptake levels similar to those of adalimumab.

0.17 to 10 min of Peptide-1 (Figure 4a). Since Peptide-1 is
located near the interaction sites between IgG and
FcyRIIla,>** the conformational change of Peptide-1 might
relate to the binding to FcyRIIIa. It has been reported that the
affinity of YTE variants to FcyRIIIa is lower than that of native
IgGs and that the antibody-dependent cell-mediated cytotoxi-
city (ADCC) activity of YTE variants is markedly lower than
that of native IgGs.">*> The variants showing low affinity to
FcyRlIIIa in this study were thought to have low ADCC activity.

On the other hand, Peptide-1 is also located near the inter-
action sites between IgG and FcyRI, but the affinity of the
adalimumab variants to FcyRI was not related to the level of
deuterium uptake of Peptide-1. Although the overall receptor-
ligand interaction site is similar in all Fcy receptors, there are
differences between FcyRI and the other Fcy receptors. For
example, it was reported that the total interaction surface in the
complex of Fc with FcyRI is the greatest among all Fcy
receptors,”® and it was reported that the unique interaction
between the FG loop of FcyRI and the carbohydrate units of
the Fc glycans substantially contributed to the high affinity
between FcyRI and antibodies.”” Therefore, the conforma-
tional change of Peptide-1 might not strongly affect the affinity
between FcyRI and antibodies.

Similarly, the deuterium uptakes of Peptide-5 of the IH and
LOW variants were higher than that of adalimumab. In a previous
report that revealed a difference between a native IgG and the YTE
variant by HDX-MS analysis, a large increase in deuterium uptake
was observed in the region equivalent to Peptide-1 of the YTE
variant, and an increase in the region equivalent to Peptide-5 was
also detected.”” Although Peptide-5 of the YTE variant could not
be detected in this study, it is likely that the conformation around
Peptide-5 is different between adalimumab and its YTE variant. In
the case of the IH variant, the N438H substitution was located near

Peptide-5 (Figure 6b). However, the N434H variant containing the
same substitution did not exhibit a difference in the deuterium
uptake of Peptide-5 (Figure 6d). Moreover, the deuterium uptake
of Peptide-5 of the LS and QA variants, which contained the
substitutions N438S and N438A, respectively, was also similar to
that of adalimumab (Figure 6c and 6e). Therefore, the conforma-
tional change around Peptide-5 of the IH variant was not caused
by the N438H substitution, but was related to the P2611 substitu-
tion. There are five regions showing different deuterium uptake in
the IH variant. Since Peptide-1 and Peptide-2 are structurally
proximal to the P261I substitution, there is a possibility that the
conformations of Peptide-1 and Peptide-2 are directly affected by
this substitution. However, the structural locations of Peptide-3,
Peptide-4 and Peptide-5 are far from the P2611 substitution. Since
Peptide-3, Peptide-4 and Peptide-5 are comparatively close to
Peptide-1, there is a possibility that the conformational changes
are mainly caused by the conformational changes of Peptide-1. In
the case of Peptide-5, the deuterium uptake of the IH and LOW
variants of this peptide were especially similar to those of Peptide-1
in this study, and the deuterium uptake of the YTE variant was
thought to be higher than that of a native IgG, adalimumab, as
described above. The conformational difference around Peptide-1
might tend to change the conformation of Peptide-5.

In the comparison of the 3D structure between the YTE variant
and a native IgG, it was reported that the structural difference was
only slight, and the greatest difference between C, atoms (1.1 A)
occurred for the residues at position 254 (position 258 of
adalimumab).?! Therefore, we considered that the conformational
change of the YTE variant around Peptide-1 was probably not
a long-range change. Such a slight difference was enough to affect
the binding to FcyRs and possibly changed the conformation of
the other regions, though the distance of the change in the IH and
LOW variants might be longer than that in YTE variant.
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a FcyR binding
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Figure 6. The regions with variable deuterium levels in the 3D structure of IgG Fc. (a) All regions with variable deuterium levels. Peptides 1-5 correspond to those in
Figure 4 and 5. (b—h) The amino acid substitution sites and the peptides with variable deuterium levels of each variant.

There was a possibility that the change of the conformation and
the binding to FcyRIIla were caused directly by the amino acid
substitutions, and via the change of glycan structure. The differ-
ence of glycan structure among the variants was possibly caused by
the conformational difference of the variants, but the difference of

the expression conditions between the purchased adalimumab and
the variants might influence the glycan structures. The galactose
contents of the variants were higher than that of adalimumab
(Supplemental Table 2). It was reported that the deuterium
uptakes around FLFPPKPKDTL (Peptide-1) are low in the highly
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Figure 7. SPR analyses of the binding of adalimumab and etanercept to Fc receptors. (a) Representative sensorgrams of FcRn binding. (b) Kp values of FcRn binding
calculated by steady state analysis. (c) Representative sensorgrams of CD16a (FcyRllla) binding. Capture level of CD16a: approximately 250 RU. (d) Kp values of FcyRllla
binding calculated by a two-state model. (e) Representative sensorgrams of CD64 (FcyRI) binding. Capture level of CD64: approximately 80 RU. (f) Kp values of FcyRI
binding calculated by a 1:1 binding model. (g—i) Representative sensorgrams of CD16b (FcyRlllb), CD32a (FcyRlla) and CD32b (FcyRlIb) binding. Capture levels of CD16b,
CD32a and CD32b: approximately 400 RU, 600 RU and 480 RU, respectively.

(>99%) galactosylated antibody.”® Considering that the deuterium  variants would not have been sufficiently large to influence their
uptakes of the LS, N434H and QA variants were not different from  structures. Moreover, since the deuterium uptakes of the YTE and
that of adalimumab, the difference of galactose contents of these  IH variants at Peptide-1 were higher than that of adalimumab, the
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conformational change seems not to have occurred through the
change in glycan structure.

On the other hand, it was reported that antibodies with
high galactose contents tended to have high affinity to
FcyRIITa.**?? Since the IH, YTE and LOW variants have

higher galactose contents than adalimumab, their low affinity
to FcyRIIla was not related to the difference of galactose
contents. Moreover, the afucosylated antibody is known to
have high affinity to FcyRIIla, and the binding of the fully
afucosylated antibody was previously analyzed using



a method similar to that used here.*’ In adalimumab and the
variants, the contents of antibodies with afucosylated complex
type glycans that were reported to have the highest affinity to
FcyRIIIa were low, and those with high mannose type glycans
were 5.4-12.9%. Considering the difference between afucosy-
lated and fucosylated antibodies reported by Kanda et al.,*’
the influence of afucosylated glycans on the affinity to
FcyRIIla was likely not large. Therefore, the conformational
changes induced by the amino acid substitutions were
thought to be important for the difference of the binding to
FcyRIlla.

The YTE variants have been reported to possess high affinity
to FcRn at neutral pH and to show high deuterium uptakes.*
In this study, the YTE and IH variants had high deuterium
uptakes among the variants in which amino-acid substitutions
were introduced in order to enhance FcRn binding. The IH
variant has also been reported to have high affinity to FcRn at
neutral pH,'* and in our experiment, the binding of the IH
variant to FcRn was highest among the variants at pH 7.4 (data
not shown). The conformational change of the YTE and IH
variants might have increased the binding at neutral pH, which
is negative for enhancing the half-life in vivo. Also in this
respect, the conformational change of Fc should be avoided.
The introduction of amino acid substitutions into T254-P261
tends to cause conformational change, especially around
Peptide-1. This result was supported by reports that the
methionine-oxidized IgG1 containing the oxidized methionine
at M253 (M256 of the adalimumab sequence) exhibited differ-
ent deuterium uptake at Leu-243, Phe-244 and Lys-247 (Leu-
246, Phe-247 and Lys-250 in the adalimumab sequence located
in Peptide-l).26’38 Moreover, in our results, the higher confor-
mational change of Peptide-1 appeared to influence the con-
formation of the other regions of Fc. It is thus thought to be
suitable to introduce amino-acid substitutions in the regions
other than T254-P261 (e.g., M432-N438) in order to enhance
the FcRn affinity.

We also evaluated the functional and structural change of Fc
by substitution of the Fab region to TNEFR in this study. The
FcRn-binding site is distant from the fused sites between TNFR
and the Fc, although the FcyRs-binding sites are comparatively
proximal. However, both the binding property to FcRn and
FcyRs were different between etanercept and adalimumab. The
conformational difference of the adalimumab and etanercept
Fcs was detected by the HDX-MS. The regions having different
deuterium uptake were the same as in Peptide-1 and Peptide-5
of the engineered adalimumab shown in Figure 4, although
unlike the IH, YTE and LOW variants, Peptide-1 and Peptide-5
of etanercept showed lower deuterium uptakes compared with
those of adalimumab. Considering the FcRn-binding sites (the
CH2-CH3 interface of Fc), it is reasonable that these differ-
ences of conformation caused the low affinity to FcRn of
etanercept, although it is not to be denied that the steric
hindrance by the TNFR region occurs simultaneously.

This is the first report to clarify the conformational differ-
ence between adalimumab and etanercept. Considering that
TNEFR is fused to the N-terminus of Fc, it appears that the
fusion of TNFR distorts the structure around Peptide-1 and the
structural change around Peptide-1 affects the structure
around Peptide-5. It is thought that the conformational
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difference is an important factor for the lower FcRn affinity
and the shorter half-life of etanercept. Since there are Fc fusion
proteins having affinity to FcRn comparable to that of IgGl
antibody (e.g., rFIX-Fc*'), the suppression of the distortion
caused by the fusion with proteins appears to lessen the decline
in the affinity to FcRn.

In conclusion, we clarified the conformation change of Fc
by the amino acid substitutions for modulating the affinity to
FcRn and the substitution of the Fab region to TNFR, and the
relation between the conformational change and the function
of Fc. These findings will be useful for antibody engineering
related to the FcRn affinity and for further understanding of
the relation between the conformation and the function of Fc.

Materials and methods
Materials

Adalimumab (Abbott AG, Baar, Switzerland) and etanercept
(Takeda Pharmaceutical, Osaka, Japan) were purchased via
reagent distributors. Recombinant human FcRn was expressed
using stably transfected Chinese hamster ovary (CHO) cells
provided by Pamela J. Bjorkman (California Institute of
Technology, Pasadena, CA) and was purified according to the
method previously reported.28 Recombinant human Fcy
receptors (CD16a, CD16b, CD32a, CD32b and CD64) with
His tags were purchased from Sino Biological (Wayne, PA).

Preparation of engineered antibodies with modulated
affinity to FcRn

DNA fragments encoding the variable region of the heavy-
chain and light-chain of adalimumab were synthesized by
Integrated DNA Technologies, and subcloned into pFUSE-
CHIg-hG1 and pFUSE2-CLIg-hk vectors (InvivoGen), respec-
tively. Since the allotype of the constant region encoded by
pFUSE-CHIg-hG1 (E356 and M358) was different from adali-
mumab, the relevant parts were substituted to D356 and L358
by a synthesized DNA fragment. The expression vectors
encoding the engineered adalimumab variants reported as
hhigh-affinityvariants to FcRn (the IH, LS, N434H, QA, QL
and YTE variants), and that encoding the engineered adalimu-
mab, which does not bind to FcRn (the LOW variant), were
constructed by substitution using synthesized DNA fragments
(Eurofins Genomics, Tokyo). All the engineered antibodies
were expressed using the FreeStyle MAX CHO Expression
System (Invitrogen, Carlsbad, CA). Briefly, CHO-S cells were
co-transfected with the plasmid vectors expressing the heavy
chain and light chain of engineered adalimumab by using the
FreeStyle MAX Reagent (Invitrogen), and they were then cul-
tured for 1 week in FreeStyle CHO Expression Medium (37°C,
8% CO2). The cell culture supernatant was collected by cen-
trifugation (400 x g for 10 min) and filtered with a 0.22-um
bottletop filter (Corning, Tewksbury, MA), and then applied to
a HiTrap Protein A HP column (GE Healthcare,
Buckinghamshire, UK) equilibrated with 20 mM phosphate
buffer (pH 7.2). Since only the expressed LOW variant did
not bind to a HiTrap Protein A HP column, a HiTrap protein
G HP column was used for purification of the LOW variant.
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After the column was washed with 20 mM phosphate buffer
(pH 7.2), mAbs were eluted by 0.1 M sodium citrate (pH 4.0)
(for the protein A column) or 0.1 M glycine-HCI (pH 2.5) (for
the protein G column), and neutralized by 1 M Tris-HCI (pH
8.0), followed by buffer exchange to phosphate buffer (pH 7.2)
using a centrifugal filter (Amicon® Ultra-15; Millipore).

SPR assays

Analysis of affinity to FcRn

SPR assays were performed using a BIAcore T200 instru-
ment (GE Healthcare). The purified recombinant hFcRn
was diluted with 10 mM sodium acetate (pH 5.0), and
was immobilized onto a CMS5 biosensor chip (GE
Healthcare) using an amine coupling kit according to the
manufacturer’s instruction at relatively low densities
(mainly 50-100 RU) in order to avoid mass transport
limitation. The reference cell was treated with
N-hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide and ethanol amine using an amine coupling
kit without injecting the FcRn. The engineered antibodies
and etanercept were diluted with the running buffer (50
mM sodium phosphate/150 mM NaCl, pH 6.0) and injected
over 180 sec at 25°C. The running buffer was allowed to
flow at a rate of 30 ul/min. For regeneration, the regenera-
tion buffer (100 mM Tris/200 mM NaCl, pH 8.0) was
injected for 120 sec. Kinetic constants were calculated
from the sensorgrams by means of a steady state model
using BIAcore T200 evaluation software. To determine the
Kp between IgG and FcRn by SPR, various methods are
used, such as the bivalent analyte model, heterogenous
ligand model and steady-state analysis.**** Since the sen-
sorgrams of the adalimumab variants were highly different
from that of adalimumab, we did not choose the sensor-
gram fitting.

Analysis of affinity to Fcy receptors

The affinity of the engineered antibodies and etanercept to Fcy
receptors was analyzed using a His capture kit (GE
Healthcare). Anti-histidine antibody was immobilized at
about 8000RU to each flow cell using an amine coupling Kkit.
Recombinant human Fcy receptors with His-tags were diluted
with HBS-EP+ to 0.25-2 pg/ml and were captured for 60 sec at
a flow rate of 10 pl/ml. The running buffer, HBS-EP+ (10 mM
HEPES, 150 mM NaCl, 3 mM EDTA, 0.05% surfactant P20, pH
7.4) (GE Healthcare), was allowed to flow at 30 pl/min. The
engineered antibodies and etanercept were injected for 180 sec,
and the flow cells were regenerated with 10 mM glycine-HClI,
pH 1.5, for 60 sec. The capture levels of Fcy receptors for the
comparison between adalimumab and etanercept were raised
because the responses of etanercept were low.

Since the number of samples was large in the analysis of
affinity between the engineered adalimumab and Fc receptors,
the samples were analyzed 2 times in the reverse order to
prevent the effect of stability of diluted samples in the auto-
sampler. The K, values are shown as the average from the two
analyses, though the Kp, values calculated by the two analyses
were almost unchanged.

HDX-MS analyses

HDX-MS analysis was performed according to our previous
report.”® Sample preparation was automatically carried out
using the CTC PAL sample manager (LEAP Technologies,
Morrisville, NC). Briefly, the adalimumab variants or etaner-
cept at 2 mg/mL was diluted 20-fold with phosphate buffer
saline in D,O (pD 7.4) for HDX reaction. The dilutions were
separately incubated at 10°C for 0, 0.17, 1, 10, 60 and 240
min. Deuterium-labeled samples were quenched by addition
of quenching buffer (4°C) containing 300 mM Tris (2-carbox-
yethyl) phosphine hydrochloride (Sigma-Aldrich) and 4 M
guanidine-HCl (Thermo Fisher Scientific, Pleasanton, CA).
All time points were measured with three independent
experiments. The quenched sample solutions were subjected
to online pepsin digestion and analyzed by LC/MS using
a nanoACQUITY UPLC system (Waters, Milford, MA) and
SynaptG2-S Q-TOF mass spectrometer (Waters). Online pep-
sin digestion was performed using a Poroszyme Immobilized
Pepsin Cartridge (2.1 x 30 mm; Applied Biosystems, Foster
City, CA) in formic acid solution (pH 2.5) for 2 min at 10°C
at a flow rate of 300 uL/min. A reversed-phase ACQUITY
UPLC BEH C18 column (1.0 x 100 mm, 1.7 mm; Waters) was
used as an analytical column. The mobile phase A buffer was
0.1% formic acid solution and the mobile phase B was 0.1%
formic acid containing 90% acetonitrile. The deuterated pep-
tides generated by the pepsin digestion were eluted at a flow
rate of 30 uL/min with a gradient from 13% to 85% of
B buffer for 8 min. The mass spectrometry measurement of
the peptides was performed under the following conditions:
electrospray voltage of 3.0 kV, positive ion mode, trap colli-
sion energy of 4.0 V, sampling cone of 40 V, source tempera-
ture of 80°C, desolvation temperature of 100°C, and mass
range of m/z 100-2,000. Tandem mass spectrometry (MS/
MS) was performed by MS® experiment with a series of
low-high collision energies ramping from 10 to 40 V. For
the database search and the analysis of deuteration level,
ProteinLynx Global Server (PLGS) 2.5.3 software (Waters)
with an in-house database of the amino acid sequence of
Adalimumab and DynamX 2.0 software (Waters) were used,
respectively.
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