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The N-glycans attached to the Fab and Fc domains play distinct
roles in modulating the functions of antibodies. However, post-
translational site-selective modifications of glycans in antibodies
and other multiply glycosylated proteins remain a challenging
task. Here, we report a chemoenzymatic method that permits
independent manipulation of the Fab and Fc N-glycans, using
cetuximab as a model therapeutic monoclonal antibody. Taking
advantage of the substrate specificity of three endoglycosidases
(Endo-S, Endo-S2, and Endo-F3) and their glycosynthase mutants,
together with an unexpected substrate site-selectivity of a bacte-
rial a1,6-fucosidase from Lactobacillus casei (AlfC), we were able
to synthesize an optimal homogeneous glycoform of cetuximab in
which the heterogeneous and immunogenic Fab N-glycans were
replaced with a single sialylated N-glycan, and the core-
fucosylated Fc N-glycans were remodeled with a nonfucosylated
and fully galactosylated N-glycan. The glycoengineered cetuximab
demonstrated increased affinity for the Fcyllla receptor and signif-
icantly enhanced antibody-dependent cell-mediated cytotoxicity
(ADCC) activity.
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M onoclonal antibodies are an important class of therapeutic
proteins widely used for the treatment of cancer and au-
toimmune and infectious diseases (1, 2). IgG antibodies contain
two heavy chains and two light chains that form three major
domains: two identical Fab domains responsible for antigen
binding and an Fc domain that is engaged in Fc receptor-
mediated effector functions. All IgG1 antibodies contain N-
glycans at the highly conserved N297 glycosylation sites (3). It
has been shown that the fine structures of the Fc N-glycans (e.g.,
the status of core fucosylation or terminal sialylation) are critical
in defining an antibody’s effector functions such as antibody-
dependent cell-mediated cytotoxicity (ADCC) and antiin-
flammatory activities (2, 4-8). On the other hand, Fab glycosylation,
which is present in some monoclonal antibodies and about 20%
of circulating i.v. immunoglobulins, can play an important role
for immunity, antigen recognition, and serum half-life of anti-
bodies (9, 10). Thus, a method to selectively manipulate Fc and
Fab glycosylation is highly desirable for better understanding
the roles of antibody glycosylation and for developing more
efficient antibody-based therapeutics. Unfortunately, the con-
ventional genetic method has been unable to selectively alter
the nature of glycans at different sites of a multiply glycosylated
protein.

We and others have previously described a chemoenzymatic
method for glycan remodeling of glycoproteins (including anti-
bodies) that uses an endoglycosidase and endoglycosynthase pair
for deglycosylation and subsequent glycosylation with defined N-
glycans (11-19). In particular, we have shown that the Endo-S
and Endo-S2 enzymes and their corresponding glycosynthase
mutants, including Endo-S D233Q and Endo-S2 D184M, are
efficient and highly specific for antibody Fc glycosylation (13—
15), whereas the Endo-F3 and its glycosynthase mutant (such
as Endo-F3 D165A) demonstrated more relaxed substrate
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specificity but required core-fucosylated GIcNAc as an acceptor
(16, 20). Recently, we have shown that Endo-F3 mutant could
achieve certain site-selectivity in enzymatic glycan remodeling of
human erythropoietin that carries N-glycans at three distinct
sites (20). Despite these progresses, discriminative and site-
selective glycan modification of antibodies carrying both Fc
and Fab glycosylation remains to be achieved.

Here, we report an efficient chemoenzymatic method that
permits highly site-selective enzymatic glycoengineering of both
Fc and Fab glycans of cetuximab, a chimeric mouse-human anti-
epidermal growth factor receptor (anti-EGFR) therapeutic antibody
used for the treatment of colorectal cancer and squamous-cell car-
cinoma of the head and neck (21). Cetuximab is glycosylated in both
Fab and Fc domains at the N88 and N297 sites of the heavy chain,
respectively, with tremendous heterogeneity in the N-glycan struc-
tures (22, 23). The majority of the Fc N-glycans are core fucosylated,
which has been shown to have much lower binding affinity to FcyIlla
receptor (FcyRIIla) and lower ADCC activity than the corre-
sponding afucosylated antibody. Two glycoengineered anti-EGFR
antibodies with low fucose (Fuc) content, imgatuzumab (GA201)
and tomuzotuximab (CetuGEX), showed enhanced ADCC activity
and improved therapeutic efficacy in clinical trials for treatment
of head and neck cancer (24-26). On the other hand, about 30%
of the N-glycans in cetuximab are terminated with one or two a1,3Gal
epitopes that turn out to be the major cause of anaphylaxis observed
in some patients with cetuximab treatment (21, 27). Thus, we sought
to develop a method enabling independent glycoengineering of
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Fig. 1. Glycan remodeling of cetuximab using Endo-F3 and Endo-S and their
glycosynthase mutants. Fuc, fucose; Gal, galactose; GIcNAc, N-acetylglucosamine;
Man, mannose; NeuAc, N-acetylneuraminic acid.

the Fab and Fc glycans to provide a homogeneous glycoform of
cetuximab with enhanced ADCC activity and without the allergic
aGal epitope. By taking advantage of the substrate specificity of
several endoglycosidases and their glycosynthase mutants, together
with an unexpected site-selectivity of a bacterial al,6-fucosidase, we
were able to independently remodel the Fc and Fab glycans of
cetuximab into a homogeneous glycoform carrying a uniformed
sialylated N-glycan at the Fab domain and a nonfucosylated
galactosylated N-glycan at the Fc domain that showed significantly
enhanced ADCC activity.

Results and Discussion

Global Glycan Remodeling of Cetuximab Using Endo-F3 D165A and
Endo-S D233Q. To examine the feasibility of chemoenzymatic gly-
can remodeling of cetuximab, we first performed a global glycan
remodeling of the antibody (Fig. 1). We began our glycan remod-
eling by first treating cetuximab with a mixture of Endo-F3, which
is efficient for cleaving core-fucosylated complex N-glycans, and

Endo-S2, which is specific for hydrolyzing both complex and high-
mannose glycans at the Fc region of IgG. This treatment resulted in
a global deglycosylation of the Fab and Fc glycans, leaving an an-
tibody intermediate (1) with only the core Fucal,6GlcNAc moiety
left at the original glycosylation sites. Cetuximab has two C-terminal
lysine variants: the major component that has the C-terminal lysine
cleaved and the minor one with the C-terminal lysine, which is
uncleaved (28). To monitor this reaction and other reactions after
glycan modification, we used LC-MS analysis to separate and
characterize the light chain and heavy chain of cetuximab after re-
duction. Deconvolution of the MS data of the heavy chain of the
intermediate (1) showed two distinct m/z species of 49,919 and
50,050 Da in good agreement with the calculated theoretical
masses of the endoglycosidase-cleaved product (S Appendix, Fig.
S14). The resulting homogenous glycoform of cetuximab (1)
confirms previously reported hydrolyzing activity of Endo-F3 for
core fucosylated glycans. In contrast to Endo-S or Endo-S2, which
are specific for hydrolyzing Fc N-glycans, Endo-F3 was also effi-
cient in removing glycans attached to the Fab domain. Next, we
examined the glycosylation of the intermediate (1) with two gly-
cosynthase mutants, Endo-S D233Q and Endo-F3 D165A, on
which we previously reported (13, 16). Using a sialylated bian-
tennary complex type N-glycan (SCT) oxazoline (2) as the donor
substrate, we found that Endo-F3 D165A was able to transfer the
sialylated N-glycan to all four sites when an excess of SCT oxa-
zoline was used to give the product, 3. The result demonstrated
the power of the glycosynthase mutant Endo-F3 D165A to effi-
ciently mediate glycan transfer to both the Fab and Fc domains.
The deconvoluted LC-MS data of the glycoengineered cetuximab
(3) showed a major peak at 53,922 Da and a minor peak at 54,050
Da, which were consistent with the calculated masses for the heavy
chain plus two SCTs (SI Appendix, Fig. S1B). On the other hand,
glycosylation of 1 with the glycosynthase mutant Endo-S D233Q
and the glycan oxazoline (2) led to selective glycosylation at the Fc
domain, giving selectively the Fc glycosylated product (4) (Fig. 1).
The deconvoluted MS of the heavy chain of 4 showed two distinct
species of 51,921 and 52051 Da, which were consistent with the
calculated masses for N-glycan transfer to only one of the
Fucal,6GIcNAc heavy chain sites (SI Appendix, Fig. S1C).

To further verify that the N-glycan was specifically transferred
to the Fc domain, product 4 was digested with the protease IdeS
and reduced, followed by LC-MS analysis. IdeS is a protease
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Fig. 2. Site-specific glycoengineering of cetuximab for enhanced ADCC activity and diminished allergic reaction. Fuc, fucose; Gal, galactose; GIcNAc,

N-acetylglucosamine; Man, mannose; NeuAc, N-acetylneuraminic acid.
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Fig. 3. LC-electrospray ionization-MS analysis of the glycosylation pattern of
the glycoengineered cetuximab (9). The deconvoluted spectra of the heavy
chain and the fragments are shown. (A) Full-length heavy chain (HQC). (B) Fc
fragment. (C) Fd fragment. (D) Light chain (LC). Fuc, fucose; Gal, galactose;
GIcNAc, N-acetylglucosamine; Man, mannose; NeuAc, N-acetylneuraminic acid.

from Streptococcus pyogenes that specifically cleaves IgG antibodies
below the hinge region to give a dimeric F(ab’)* domain and two
monomeric Fc domains (SI Appendix, Fig. S2) (29, 30). Treatment
of product (4) with IdeS followed by reduction gave three antibody
fragments corresponding to the light chain, the Fd domain, and the
Fc domain. LC-MS analysis of the digested product confirmed that
only the Fc domain carried a full-size sialylated N-glycan (SI Appen-
dix, Fig. S34), while the Fd domain still carried the Fucal,6GIcNAc
moiety (SI Appendix, Fig. S3B) and the light chain was intact with-
out any modification (SI Appendix, Fig. S3C).

Site-Specific Defucosylation Activity of an «1,6-Fucosidase from
Lactobacillus casei on the Deglycosylated Cetuximab. Next, we ex-
amined enzymatic defucosylation of antibody intermediate 1
aiming to produce an afucosylated Fc glycoform (Fig. 2). We
have previously shown that an al,6-fucosidase from bovine kid-
ney could remove the Fuc from the Fucal,6GIcNAc moiety of
the deglycosylated rituximab, but with relatively low activity,
requiring a long incubation time (13). Recently we have cloned
and expressed an al,6-fucosidase from L. casei (AlfC), which
demonstrated a much higher activity for al,6 defucosylation
(31). The deglycosylated intermediate (1) was incubated with the
AIfC overnight at 37 °C and the enzymatic reaction was moni-
tored by LC-MS analysis. Surprisingly, even a prolonged di-
gestion with the AIfC gave a product, compound 5, in which only
one of the two core Fuc moieties on the heavy chain was re-
moved (SI Appendix, Fig. S44). A detailed IdeS digestion and
LC-MS analysis of the generated subunits verified that the
product was compound 5, in which only the Fuc moiety at the
Fc domain was selectively removed by the enzyme AIfC while
the Fucal,6GIcNAc moiety, located at the Fab domain of in-
termediate 1, was resistant to defucosylation by the enzyme. LC-
MS analysis of the IdeS-generated subunits indicated that the Fc
domain carried only a GlcNAc moiety (SI Appendix, Fig. S4B),
the Fd carried a Fucal,6GIcNAc moiety (SI Appendix, Fig. S4C),
and the light chain remained unchanged (SI Appendix, Fig. S4D).
This result was unexpected. It is not clear whether this was due to
less accessibility at the Fab glycosylation site or because of the
unique substrate specificity of the al,6-fucosidase, which may be
further investigated through structural studies of the enzyme-—
substrate complex.

Giddens et al.

Site-Specific Glycoengineering of Both Fab and Fc Glycans to
Generate an Optimized Glycoform of Cetuximab. With the genera-
tion of the discriminately tagged glycosylation sites in in-
termediate 5, we sought to introduce different N-glycans at the
Fab and Fc domains using the distinct substrate specificity of
Endo-F3 D165A and Endo-S D233Q to generate a homogenous
glycoform of cetuximab, which would be expected to have en-
hanced ADCC activity and diminished allergic reactions (Fig. 2).
In one approach, glycosylation of intermediate 5 with SCT
oxazoline (2) under the catalysis of Endo-F3 D165A gave anti-
body glycoform 7 in which only the fucosylated GIcNAc moiety
on the Fab domain was transformed with the complex N-glycan,
because Endo-F3 D165A was highly selective for glycosylating
the core-fucosylated GIcNAc moiety (16). The site-selectivity of
Endo-F3 D165A-catalyzed glycosylation of 5 was verified by LC-
MS analysis of product 7. Deconvolution of the LC-MS data of
the heavy chain of 7 indicated that only one SCT was attached to
the heavy chain of 7 (SI Appendix, Fig. S5A4). To identify which
site the glycan was transferred to, the transglycosylation product
(7) was subjected to IdeS digestion and reduction, followed by
LC-MS analysis. Deconvolution of the MS data of the Fc frag-
ment showed that the Fc domain remained in the GlcNAc-Fc
form after the reaction (SI Appendix, Fig. S5B). In contrast, the
Fd fragment carried a full-size sialylated N-glycan (SI Appendix,
Fig. S5C), while the mass of the light chain of 7 remained the
same (SI Appendix, Fig. S5D). In an alternative approach, gly-
cosylation of the intermediate (5) with a fully galactosylated
glycan oxazoline (6) under the catalysis of Endo-S D233Q
yielded glycoform 8 in which only the GlcNAc moiety at the Fc
domain was glycosylated, due to the fact that the Endo-S D233Q
mutant was specific for transforming Fc domain glycans (13).
The site selectivity was confirmed by IdeS digestion and LC-
MS analysis of the Fc and Fd fragments generated from the
transglycosylation product (8) (SI Appendix, Fig. S6). With the
discriminated glycosylation at the Fc and Fab domains, the in-
termediates (7 or 8) were further transformed at the Fab or Fc
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Fig. 4. MALDI-TOF-MS spectra (negative-ion mode) of 2-AA-labeled Fc
and Fab N-glycans from commercial cetuximab and the glycoengineered
cetuximab (9) released by PNGase F treatment. (A) Fc glycan from gly-
coengineered cetuximab (9). (B) Fab glycan from the glycoengineered
cetuximab (9). (C) Fc glycan from commercial cetuximab. (D) Fab gly-
can from commercial cetuximab. Fuc, fucose; Gal, galactose; GIcNAc,
N-acetylglucosamine; Man, mannose; NeuAc, N-acetylneuraminic acid;
NeuGc, N-glycolylneuraminic acid.
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Fig. 5. SPR analysis of the binding of FcyRllla with commercial cetuximab
and the glycoengineered cetuximab (9). (A) Binding with commercial cetuximab
with the concentration of FcyRllla at twofold serial dilutions starting at 500 nM.
(B) Binding with glycoengineered cetuximab with the concentration of FcyRllla
at twofold serial dilutions starting at 62.5 nM. The color curves represent the
fitting lines for the analysis of the SPR data.

domain, respectively, with a distinct N-glycan to achieve the
target glycoform of cetuximab (Fig. 2). Thus, glycosylation of 7
with glycan oxazoline 6 under the catalysis of Endo-S D2330Q
gave the fully glycosylated antibody (9) in which the Fab domain
carries a fully sialylated N-glycan and the Fc domain carries a
nonfucosylated and fully galactosylated glycan. On the other
hand, starting with intermediate 8, sialylated N-glycan was suc-
cessfully introduced to the Fab domain by glycosylation with
glycan oxazoline (2) under the catalysis of Endo-F3 D165A
mutant to afford the same final product (9) (Fig. 2). In all of the
enzymatic transformations, the reaction was monitored by LC-
MS analysis, and the glycosylation was pushed to completion by
using an excess of glycan oxazolines. Excess glycan oxazolines
were recovered in the form of free glycans and could be reused
after one-step conversion to the corresponding glycan oxazolines
following the previously described procedures (13, 32). All of the
antibody intermediates and the final product were purified by
protein A affinity chromatography.

The glycosylation pattern of the final product (9) was again
verified by LC-MS analysis. Deconvolution of the MS data of the
reduced heavy chain of 9 indicated the presence of two N-glycans
(found, 53,195 and 53,323 Da; calculated for heavy chain carrying
an SCT and an asialylated complex type glycan, M, = 53,194 and
53,322 Da, with or without the C-terminal Lys truncation, re-
spectively) (Fig. 34). The location of the respective N-glycan was
further confirmed by using IdeS digestion and LC-MS analysis of
the Fc and Fd fragments (Fig. 3 B and C); the light chain was
intact without any modification (Fig. 3D), suggesting that the
enzymatic transformations were highly specific and that non-
enzymatic modifications did not occur in the process.

Lastly, to further confirm the homogeneity of the site-specific
glycosylations, N-glycans attached at the Fc and Fab domains
were released and analyzed. The final product (9) was cleaved by
immobilized papain digestion to disconnect the Fab and Fc
fragments, which were separated by affinity chromatography.
Next, the N-glycans from the Fc and Fab fragments were re-
leased by PNGase F treatment, followed by anthranilic acid (2-
AA) labeling. MALDI-TOF MS analysis indicated that the Fc of
9 carried a single fully galactosylated nonfucosylated N-glycan
(Fig. 44) and the Fab carried a single fully sialylated N-glycan
(Fig. 4B). For comparison, the commercial cetuximab was also
subject to the same treatment, and the released 2-AA-labeled N-
glycans were analyzed by MALDI-TOF MS analysis. The results
indicated that Fc glycosylation contained at least four different
N-glycans (Fig. 4C) and that the Fab carried multiple N-glycans
(Fig. 4D), some of which were terminated with the ol,3Gal
and N-glycolylneuraminic acid epitopes. Thus, a complete site-
specific glycan remodeling of cetuximab at the Fc and Fab domains
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was achieved through the combined enzymatic transformations.
Our previous studies have demonstrated that the Endo-F3 mutant
(such as D165A) was able to transfer bi- and triantennary complex
type N-glycans to protein and Fc domains (16), and that the gly-
cosynthase mutant (such as D184M) generated from Endo-S2
could transfer all three major types of N-glycans at the Fc do-
main (14). Therefore, it is expected that an expanded library of
distinctly glycosylated antibodies could be constructed efficiently by
the combined use of these enzymes.

Binding of the Glycoengineered Cetuximab to FcyRINIA. Surface
plasmon resonance (SPR) was used to determine the binding
affinity of commercial cetuximab and the glycoengineered
cetuximab (9) to recombinant human FcyRIIla. Protein A was
immobilized to the CMS5 sensor chip and used to capture each
respective antibody. After capture, FcyRIIIa was injected over as
the analyte at various concentrations to measure the SPR re-
sponses. Representative SPR sensorgrams for the interaction
between both cetuximab products and FcyRIIla are shown in
Fig. 5. The dissociation constant (Kp) between the binding of
commercial cetuximab and FcyRIIla and that between the gly-
coengineered cetuximab (9) and FcyRIIIa was estimated to be
42 + 1 nM and 2.3 + 0.5 nM, respectively, using a 1:1 binding
model. The data indicated that removal of the core Fuc at the Fc
glycosylation resulted in an 18-fold increase of the affinity of the
glycoengineered cetuximab (9) for FcyRIIIa.

Binding to EGFR+ Cells and ADCC Activity of the Glycoengineered
Cetuximab. We compared the binding of the commercial cetux-
imab and the glycoengineered cetuximab (9) to the target anti-
gen EGFR using the EGFR+ epidermoid carcinoma cell line
A431. As shown in Fig. 64, the glycoengineered cetuximab (9)
showed essentially the same affinity as that of the commercial
cetuximab, suggesting that the glycan remodeling did not affect
the affinity of the antibody for the target antigen. To investigate
whether the remodeled cetuximab demonstrated enhanced af-
finity for both CD16a polymorphisms (V/F), an ADCC assay was
conducted. The EGFR+ epidermoid carcinoma cell line A431
targeted by the anti-EGFR monoclonal antibodies, glyco-
engineered cetuximab (9), and commercial cetuximab were used
to trigger ADCC. The CDI16-dependent cytotoxic function
(ADCC activity) of natural killer (NK) cells was assessed by
measuring surface expression of CD107a (LAMP-1) by
CD56"CD3~ NK cells using flow cytometry analysis of four
healthy peripheral blood mononuclear cell donor populations.
Percent CD107a™ NK cell population mediating ADCC activity
is monitored by FACS at each antibody concentration (Fig. 6B). We
found that the glycoengineered cetuximab (9) showed enhanced NK
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Fig. 6. (A) The binding of glycoengineered cetuximab (9) and commercial
cetuximab with EGFR on A431 cells. (B) ADCC assays conducted using a 1:1
ratio of effector and target cells. ADCC activity was assessed by measuring
the percent CD107a+ NK cell populations by FACS. Red box, Glyco-
engineered cetuximab (9); blue circle, commercial cetuximab; black triangle,
antibody isotype control.
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cell activation and CD107a up-regulation as compared with the
commercial cetuximab control. Based on ECs, values, the glyco-
engineered cetuximab (9) was over eightfold more active than the
commercial cetuximab.

Conclusion

An efficient chemoenzymatic approach to site-specific glyco-
engineering of both Fab and Fc glycans of an intact monoclonal
antibody is described. This was exemplified by independent Fab
and Fc glycan remodeling of the monoclonal antibody cetuximab
by taking advantage of the substrate specificity of three endo-
glycosidases (Endo-S, Endo-S2, and Endo-F3) and their glyco-
synthase mutants, as well as an unexpected substrate site-
selectivity of the AIfC. The resulting homogeneous glycoform
of cetuximab, in which the heterogeneous and immunogenic Fab
N-glycans were replaced with a single sialylated N-glycan and the
core-fucosylated Fc N-glycans were replaced with a nonfucosylated
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function relationship of antibody glycosylation.
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Endo-S and the glycosynthase mutant Endo-S D233Q were expressed and
purified as described previously (13). Endo-F3 and the glycosynthase mutant
Endo-F3 D165A were expressed and purified as described previously (16).
The SCT oxazoline and the asialylated complex type glycan oxazoline were
synthesized following previously described procedures (33). The AIfC gene
(GenBank CAQ67984.1) was codon optimized for E. coli expression and
subcloned into the expression plasmid pCPD-L (34). The enzyme activity was
confirmed by assaying with p-nitrophenyl-a-L.-fucopyranoside following the
previously reported procedures (35). The binding affinity of cetuximab and
remodeled cetuximab to FcyRllla was determined by SPR. EGRF binding af-
finity and ADCC activity was measured using the EGFR+ epidermoid carci-
noma cell line A431. All glycoengineered intermediates and final products
were characterized using LC-MS analysis to confirm glycan removal or
transfer. Detailed materials and methods are in S/ Appendix, including ma-
terials, plasmid construction, enzyme expression and purification, antibody
purification and glycoengineering, EGRF binding and ADCC assay, LC-MS
analysis of antibodies, and MALDI-TOF MS analysis of released glycans.
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