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The TGF-b inhibitory activity of antibody 37E1B5 depends on its H-CDR2 glycan
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ABSTRACT
Excessive transforming growth factor (TGF)-b is associated with pro-fibrotic responses in lung disease, yet
it also plays essential roles in tissue homeostasis and autoimmunity. Therefore, selective inhibition of
excessive and aberrant integrin-mediated TGF-b activation via targeting the a-v family of integrins is
being pursued as a therapeutic strategy for chronic lung diseases, to mitigate any potential safety
concerns with global TGF-b inhibition. In this work, we reveal a novel mechanism of inhibiting TGF-b
activation utilized by an avb8 targeting antibody, 37E1B5. This antibody blocks TGF-b activation while not
inhibiting cell adhesion. We show that an N-linked complex-type Fab glycan in H-CDR2 of 37E1B5 is
directly involved in the inhibition of latent TGF-b activation. Removal of the Fab N-glycosylation site by
single amino acid substitution, or removal of N-linked glycans by enzymatic digestion, drastically reduced
the antibody’s ability to inhibit latency-associated peptide (LAP) and avb8 association, and TGF-b
activation in an avb8-mediated TGF-b signaling reporter assay. Our results indicate a non-competitive,
allosteric inhibition of 37E1B5 on avb8-mediated TGF-b activation. This unique, H-CDR2 glycan-mediated
mechanism may account for the potent but tolerable TGF-b activation inhibition and lack of an effect on
cellular adhesion by the antibody.
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Introduction

The transforming growth factor (TGF)-b family of cytokines
play essential roles in mammalian development and normal tis-
sue homeostasis.1-3 The effects of TGF-b signaling can be bene-
ficial or deleterious, and they are cell-type and context specific.4

For example, in normal epithelial cells, TGF-b acts as a media-
tor of cell cycle arrest and differentiation, whereas in fibro-
blasts, TGF-b promotes differentiation of fibroblasts into pro-
fibrotic myofibroblasts.4,5 Moreover, excess TGF-b activity is
associated with disease conditions such as chronic obstructive
pulmonary disease (COPD) and idiopathic pulmonary fibrosis
(IPF).6 However, TGFB1 gene-deficient animals die as
embryos,7 suggesting a key role for this pathway in develop-
ment, and a global blockade of TGF-b is associated with
impaired regulatory T cell (Treg) function, which may promote
autoimmunity.8 Therefore, regulating aberrant and excessive
TGF-b activity is an attractive therapeutic approach, which
would aim to limit damaging TGF-b activity, yet maintain the
normal homeostatic levels of this potent growth factor.

One approach to dampen excessive TGF-b signaling is by
targeting specific TGF-b activation pathways. TGF-b is
expressed as a pro-protein and processed by a furin-like con-
vertase into a latency-associated peptide (LAP) and mature
TGF-b1 protein.9,10 The LAP remains bound to the mature

TGF-b1, preventing receptor binding.11 There are a number of
TGF-b activation pathways that have been described, including
pH dependent activation12 and exposure to reactive oxygen
species.13 However, av-integrin-mediated TGF-b-activation
offers an attractive therapeutic approach because these integrin
pathways have been shown to be elevated in chronic lung dis-
ease and are more tractable to therapeutic intervention.9,14-17

The av subunit heterodimerizes with a number of b integrin
subunits.18 The b6 and b8 subunits appear to be dominant
with regards to TGF-b activation in vivo, as ITGB6 ¡/¡ and
ITGB8 ¡/¡ recapitulate the TGFB1 knockout mouse pheno-
type.19 Targeting the av subunit may not be an ideal therapeu-
tic approach because this integrin has a number of
physiological functions, including cell adhesion, mediated by
av:vitronectin interactions.20 However, targeting chronic aber-
rant TGF-b activation discretely via b8 blockade may be more
therapeutically viable.

Both b6 integrin and b8 integrin subunits uniquely hetero-
dimerize with av, and both have been shown to be elevated in
lung disease.21,22 In preclinical mouse models, therapeutic tar-
geting of the integrin results in decreased TGF-b activation and
subsequent efficacy.21,23 Latent TGF-b complex binds to either
avb6 or avb8 via the arginine-glycine-aspartate (RGD)-peptide
located within LAP, and avb8 shows binding specificity to
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latent TGF-b compared to other RGD-containing proteins.24,25

The mechanism of TGF-b activation by the two b subunits is
hypothesized to be different. Alphav-b6-mediated TGF-b activa-
tion is via cytoskeletal reorganization,26 whereas avb8-mediated
TGF-b-activation is postulated to occur via metallo-proteolytic
cleavage of the latent TGF-b, which then frees TGF-b from the
pre-protein complex upon binding.23 Additionally, avb8 has
been shown to predominantly adopt a constitutively activated
conformation upon interaction with latent TGF-b.23

Minagawa and colleagues have recently developed an
avb8-selective targeting monoclonal antibody, 37E1B5,
which inhibits IL-1b-induced airway remodeling via inhibit-
ing TGF-b activation, but does not significantly inhibit
avb8-mediated cell adhesion.23 Mutagenesis analyses indi-
cated that the binding epitope of 37E1B5 in b8 is located dis-
tant from the RGD binding pocket, and the conclusion is
supported by the electron microscopy of an avb8-37E1B5
Fab complex, which revealed that 37E1B5 Fab bound at the
b8 subunit head-hybrid junction orientated away from the
ligand binding pocket.23 Furthermore, electron microscopy
imaging shows that 37E1B5 binding induced b8 head-hybrid
domain angle changes, supporting an allosteric inhibition
mechanism by the antibody.23

The 37E1B5 antibody contains N-linked glycosylation
sites in the heavy chain variable region sequences. In this
study, we have shown that the H-CDR2 glycan of the anti-
body is critical for TGF-b inactivation, but not for avb-
binding. Interestingly, removing the glycosylation site by a
single amino acid substitution, or removal of the N-glycans
by enzymatic digestion drastically reduces the ability of
37E1B5 to inhibit TGF-b activity, while avb8 binding ability
was conserved. We further show that 37E1B5 inhibitory
activities are directly associated with the H-CDR2 glyco-
forms as we demonstrated the relationships between the gly-
can structure and the TGF-b inhibitory activity. Coinciding
with structural studies by Minagawa et al., the novel glycan-
mediated mechanism elucidated from this work suggests that
37E1B5 may have improved safety profiles compared to
those that inhibit both integrin and TGF-b functions or
others that broadly affect TGF-b activation.

Results

37E1B5 H-CDR2 is occupied with a complex glycan

The murine antibody 37E1B5 encodes two variable region N-
linked glycosylation sites, NLS and NYT, one located at posi-
tions 19-21 in the heavy chain framework 1 (FW-1), and the
other, a germline gene encoded site, at the H-CDR2 positions
59-61 (Fig. 1). Humanization removed the NLS glycosylation
site in the FW-1 region, generating antibody “Beta8,” which
did not adversely affect binding or biological activity of the
antibody (data not shown). To assess the H-CDR2

glycosylation site, we first determined the relative occupancy of
Fc and H-CDR2 N-glycosylation sites in the Chinese hamster
ovary (CHO) cell-expressed Beta8 by LC-MS peptide mapping.
The results showed that the Fc N-glycosylation site at amino
acid 297 was fully occupied as expected. Furthermore, high lev-
els of site occupancy (>85 %) were observed at H-CDR2 site
N59 (data not shown), suggesting that amino acid N59 in H-
CDR2 is adequately exposed for glycosylation to occur. We
then determined the complexity of the H-CDR2 glycan by pro-
filing the released, labeled oligosaccharides of CHO-expressed
Beta8. This method provides a profile of the combined N-gly-
cosidase F released glycan pool (Fc and Fab glycans), whereby
the released glycans are fluorescently labeled with 2-aminoben-
zamide (2AB) and separated by hydrophilic interaction chro-
matography (HILIC). The results showed that a range of Beta8
glycoforms, predominantly of the complex-type, were found at
these N-linked glycosylation sites (Fig. 2A). Subsequent site-
specific glycan analysis by reduced antibody LC-MS, confirmed
the predominant Fc glycoform to be a biantennary complex-
type neutral glycan, FA2, which is typical for N297 in CHO-
expressed IgG. However, the H-CDR2 site contained a range of
glycoforms, distinct from the Fc, with predominantly the bian-
tennary, charged (sialylated) glycoform FA2G2S2 present
(Fig. 2B). We further created a H-CDR2 aglycosylated variant,
Beta8-AG, by asparagine (N) to glutamine (Q) substitution at
position 59. Reduced antibody LC-MS analysis of the aglycosy-
lated variant Beta8 N59Q showed no H-CDR2 glycan, but the
glycosylations at the canonical N297 site in the Fc region
(Fig. 2C).

The H-CDR2 glycan is critical for 37E1B5 activity but not
for avb8 binding

We initially assessed the activities of Beta8 and the H-CDR2
aglycosylated variant, Beta8-AG, in enzyme-linked immuno-
sorbent assays (ELISAs). In the avb8 binding ELISA, Beta8-AG
shows nearly identical binding activity to avb8 compared to its
H-CDR2 glycosylated parental antibody Beta8 (Fig. 3A), indi-
cating that the Fab glycan is not involved in antigen binding.
However, when assessed in a LAP-avb8 binding inhibition
assay where Beta8 antibodies were co-incubated with recombi-
nant avb8 before being added to the plate-immobilized LAP,
Beta8-AG shows greatly reduced inhibitory activity, in compar-
ison to H-CDR2 glycosylated Beta8 (Fig. 3B). This indicates
that the H-CDR2 glycan plays a critical role in Beta8 biological
activity.

To determine if antibody valency plays a role in the LAP
binding inhibition of Beta8, we tested Fab formats of Beta8 and
Beta8-AG. There was a modest reduction in binding of the Fab
format of Beta8 to avb8 (Fig. S1), showing multivalent IgG
improves binding. In the LAP-avb8 binding inhibition assay,
however, Beta8 Fab still inhibited avb8 binding to LAP effec-
tively, in comparison to Beta8 IgG (Fig. 3C). Moreover, as with

Figure 1. The amino acid sequences of the heavy chain variable region of murine 37E1B5. The CDR regions are shown in italic and underlined. The N-linked glycosylation
signals, NLS and NYT at the positions 19-21 and 59-61, are high-lighted as yellow, respectively.

MABS 105



the IgG, Beta8-AG Fab was inactive in the LAP binding assay
(Fig. 3C). Taken together, these results indicate that antibody
valency, although augmenting binding, has little or no effect on
antibody inhibition of LAP-avb8 interaction. In contrast, the
H-CDR2 glycan is crucial for Beta8 biological activity, but not
for avb8 binding.

A complex-type Fab glycan in H-CDR2 is essential for the
full bio-activity of Beta8

To further characterize the role of H-CDR2 glycosylation, we
generated a number of additional distinct antibody glycoforms
by enzymatic digestion of CHO-cell expressed Beta8, or by

Figure 2. Characterization of Beta8 glycosylation. Relative quantitation of released glycans (Fc and Fab) by 2-aminobenzamide (2-AB)-labeled oligosaccharide profiling
(A). Site-specific glycan analysis by reduced antibody LC-MS of heavy chain combined, de-convoluted mass spectra for Beta8 (B) and the aglycosylated Beta8-AG (N59Q)
variant (C).

106 P. TSUI ET AL.



expressing Beta8 in different CHO host cell lines. A schematic
overview of the approaches we used to generate the different
antibody glycol forms for the characterizations is shown in

Fig. 4A. N-glycosidase F digestion was used to produce degly-
cosylated Beta8 antibody where both H-CDR2 and Fc N-linked
glycans were removed. Neuraminidase digestion was used to
produce desialylated Beta8 glycoforms lacking terminal N-ace-
tylneuraminic acid (NeuAc), instead terminating in galactose,
also with low levels of glycoforms terminating in N-acetylglu-
cosamine (GlcNAc). Expression of Beta8 in a Lec8 CHO
mutant cell line, with defects in UDP-galactose transporter
(UGT) activity, was used to produce antibody glycoforms lack-
ing terminal galactose, instead terminating in GlcNAc with bi-,
tri- and tetra-antennary forms produced. Expression of
murine-human chimeric 37E1B5 in a CHOK1-derived
MGAT1 (mannosyl (a-1,3-)-glycoprotein b-1,2-N-acetylgluco-
saminyltransferase) “knock out” cell line, was used to produce
oligomannose glycoforms, specifically Man-5.22,27 The profile
of the glycan variants are confirmed by reduced antibody LC-
MS analysis (Fig. S2A-2D).

To assess the functional role of the H-CDR2 glycan of Beta8,
we used a TGF-b-dependent reporter assay to examine TGF-b
activation. In this assay (Fig. 4B, C), avb8C HeLa cells are
co-cultured with TMLC (mink lung epithelial cells) that express
luciferase under the control of a PAI-1 promoter, thus
sensitively detecting TGF-b signaling.28 Prior to co-culture,
HeLa cells were enriched for avb8 expression using flow
cytometric sorting (“HeLa-B8”). TMLCs cultured alone and in
co-culture with HeLa-B8 cells represent 0% and 100% maximal
response, respectively (Fig. 4B). A TGF-b neutralizing
antibody, 1D11, inhibited HeLa-B8 cell-mediated TGF-b
induced reporter activity to that of background levels in the
assay (Fig. 4B). The reporter responses were maximally
inhibited by CHO-G22 cell expressed Beta8, which contains
predominantly complex-type biantennary, sialylated H-CDR2
glycoforms, with reporter activity being reduced to 39 § 9%
reporter activity (Fig. 4C). Beta8 H-CDR2 glycoforms lacking
sialic acid, terminating instead in GlcNAc (Lec8 expression) or
galactose (desialylated) demonstrated a reduced ability to
inhibit TGF-b activation compared to Beta8, and showed
52 § 5% and 48 § 4% reporter activities, respectively (Fig. 4C).
The Beta8 oligomannose (CHOK1-derived MGAT1 cell
expression) and deglycosylated Beta8 (N-glycosidase F
digestion) glycoforms show further reduced reporter activities
of 69 §1 % and 80 §4 %, respectively (Fig. 4C). These data
clearly demonstrate the critical role of the H-CDR2 glycan in
inhibiting TGF-b activation and that complex-type, sialylated
H-CDR2 glycoforms are required for maximal biological
activity of Beta8.

Role of glycan in the pharmacokinetics properties of Beta8
in mice

Antibody glycosylation has been hypothesized to affect anti-
body pharmacokinetics (PK).29 To examine whether desialyla-
tion (DE) and H-CDR2 aglycosylation by N59Q mutation
(AG) had any effect on the PK properties of Beta8 (WT), we
determined the PK parameters of the antibodies using
humanized avb8-BAC mice.17 The mice were dosed with 1 and
10 mg/kg of each antibody and the level of plasma antibody
concentrations were quantified using a human Fc capture
ELISA. A non-linear, dose-dependent clearance was observed

Figure 3. Binding of Beta8 and Beta8-AG to avb8 (A). Recombinant avb8 was
coated to the ELISA wells. Antibody binding was detected using a HRP-conjugated
goat anti-human Fc antibody. Inhibition of avb8 binding to LAP ((B) and C).
Recombinant LAP was coated to the ELISA wells. The amount of the recombinant
avb8 protein that generated 75% maximum binding signals was mixed with seri-
ally diluted Beta8 and Beta8-AG (B) or Fabs of Beta8 and Beta8-AG (C), and the
reaction was incubated at room temperature. The ability of avb8 binding was
detected by an HRP-conjugated anti-avb8 antibody.

MABS 107



and accounted for the target-mediated elimination at the
1 mg/kg dose and assumed both target-mediated and
FcRn-mediated clearances at the 10 mg/kg dose of the antibod-
ies. A PK model was iteratively developed using the observed
serum concentrations and including inter-compartmental
distribution, non-specific clearance (CL) and target-mediated
elimination. The nonlinear mixed effects software NONMEM
(Icon Development Solutions, Version 7.3) was used to derive
the PK parameters. Based on a comparison of the 5 simulated
models, the WT 6¼ DE D AG clearance model was the best fit
to the data, with a DOFV of 4.906 (p < 0.05, 1 DF) to the base
model. Although the WT 6¼ DE 6¼ AG clearance model had a
DOFV of 7.971 (p < 0.05, 2 DF) to the base model, its
additional degree of freedom does not result in a significant
improvement with respect to the WT 6¼ DE D AG model.
Based on the WT 6¼ DE D AG clearance model, WT Beta8 was

cleared at a slower rate than the DE and AG variants at a rate
of 0.353 mL/hr/kg, compared to 0.486 mL/hr/kg, respectively.
The PK clearance derived from models WT 6¼ DE D AG and
WT 6¼ DE 6¼ AG, and the software NONMEM is shown in
Table 1. A more complete PK clearance analysis of all 5 models
is shown in Supplementary Table 1.

Discussion

The integrin b8-specific antibody 37E1B5 has been shown to
inhibit TGF-b activity via an allosteric, non-competitive
mechanism.23 In our study, we report the discovery and
characterization of an H-CDR2 encoded, N-linked glycosyla-
tion site in 37E1B5 that plays an essential role in conferring
antibody activity. Removal of the Fab N-linked glycans by
mutation or enzymatic digestion abolished the ability of the

Figure 4. Inhibition of TGF-b activation by 37E1B5 requires a complex glycan. Schematic overview of the different antibody glycoforms assessed for bioactivity and PK
properties, illustrated for the binantennary glycan FA2G2S2 (A). TMLC-HeLa cell co-culture TGF-b signaling reporter assay. Relative luciferase units (RLU) from TMLC
reporter cells show baseline luciferase reporter activity (“TMLC”). Relative luciferase units (RLU) from TMLC and HeLa avb8C cell co-culture show maximal luciferase
reporter activity (“TMLC C HeLa); and the anti-TGF-b mAb 1D11 (“anti-TGFb-1D11,” 7.5 mg/mL) effect on the TGF-b dependent luciferase reporter activity in the TMLC
and HeLa avb8C co-culture. Mouse IgG1 (“mIgG1,” 7.5 mg/mL) was used as the isotype control. (B). Maximum response of TGF-b dependent luciferase reporter activity
by 37E1B5 variants in the TMLC co-culture assay with HeLa avb8C cells. (C). Data shown is the mean §SEM from 3 independent experiments.
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antibody to inhibit both LAP binding to avb8 and TGF-b
activation. On the other hand, the H-CDR2 encoded, N-linked
glycan is not required for binding of the antibody to avb8. Fab
glycan characterization, by enzymatic digestion or by
expression in carbohydrate-engineered host cells, showed that
maximal TGF-b inhibition is achieved with the variant that
carries a mature, complex-type, sialylated glycan, whereas
truncated (e.g., Lec8 derived), or immature (e.g., oligomannose)
glycoforms showed the least activity in the TGFb reporter
assay. Removal of the H-CDR2 N-linked glycosylation by
N59Q substitution or N-glycosidase F digestion abolished
Beta8 TGF-b inhibitory activity.

Minagawa et al., reported that the binding epitope of
37E1B5 is located at the bI domain of b8, which is »28 A

�
distal

to the LAP/RGD ligand binding site, based on modeling of the
b3 integrin subunit, a structure homologous with b8.23 The
spatial distance suggests that a direct interaction between the
LAP/RGD binding pocket in b8 and the antibody backbone is
unlikely. Electron microscopy of 37E1B5 Fab and b8 complex
indicated that antibody binding appears to induce a conforma-
tional change in b8, whereby 37E1B5 induces a bend in the bI
domain, holding the integrin in a bent formation.23 Our results
indicated that, in addition to the binding-induced conforma-
tion change, the H-CDR2 glycan of the antibody sterically hin-
ders and prevents LAP and avb8 interaction. The apparent
correlations between the ability to inhibit LAP:avb8 interaction
and the Fab glycan complex-type further support the steric hin-
drance effect, although we could not rule out the possibility that
the same steric hindrance could also prevent the recruitment of
a metalloproteinase to the integrin:LAP complex, thereby pre-
venting the enzymatic liberation of active TGF-b. Additionally,
conferring LAP-avb8 binding inhibition and TGFb activation
inhibitory activities by introducing an N-linked glycosylation
site to H-CDR2 of a 37E1B5 binding competing, non-neutraliz-
ing anti-avb8 antibody 2A10 strongly support the critical role
of the Fab-glycan in the functionality of the antibody.30 As the
electron-microscopy of the glycan-engineered 2A10 and b8
complex revealed a similar structural change similar to 37E1B5
and b8 complex,30 these results strongly argue that the H-
CDR2 glycan is also responsible for the induced conforma-
tional change of b8 upon binding.

In the TGF-b reporter assay, we consistently observed
incomplete inhibition of TGF-b activation by Beta8. This could
be due to the unique mechanism by which Beta8 binds to the
integrin or due to other TGF-b activating pathways, such as
other av integrins being present on the HeLa cells or reporter
cells or soluble plasma proteins in the assay. We tried to

establish a primary cell assay using human lung fibroblasts;
however, unlike previously published reports,22 we did not
detect any avb8 expressed on multiple cell lines. Instead, we
predominantly detected avb1, which was primarily responsible
for the activation of TGF-b in this co-culture system (data not
shown). We did find a subpopulation of HeLa cells with an
enhanced level of avb8 expression, which we were able to selec-
tively use for our studies to establish a suitable avb8-dependent
functional assay system. Even though we did not observe com-
plete TGFb inhibition by Beta8, we were able to use HeLa cells
as an endogenous source of biologically active avb8 and gener-
ate robust data that could discriminate subtle glycan effects.
Future studies using other blocking approaches to these path-
ways may elucidate the pathways responsible for full TGF-b
activation in this cell system.

The observed differences in clearance between Beta8 and
desialylated Beta8 (Beta8-DE) is consistent with the previously
described mechanism of carbohydrate-binding receptor medi-
ated clearance through the asialo-glycoprotein receptor.31

However, the observed faster clearance of Fab aglycosylated
Beta8-AG compared to Beta8 is unexpected, and it may be
accounted for by other factors affecting the PK of the antibody,
such as Beta8-AG being more susceptible to proteolysis or
chemical degradation in vivo by removing the bulky Fab
glycan.32

The phenomenon of variable region glycosylation affecting
antibody function is rare, yet a few have been reported. For
example, Jacquemin et al. has shown that a Factor VIII (FVIII)
inhibitory antibody derived from patients treated with recom-
binant FVIII uses a variable region glycan to modulate the anti-
FVIII antibody’s inhibitory activity.33 By modeling the FVIII:
FVIII antibody complex, the authors suggested that the Fab gly-
can is on an exposed loop of CDR1 away from the antibody
binding site, and that only the outer arms of the glycan (not the
core) could make contact with the antigen.33 Beta8 appears to
use a similar mechanism to inhibit TGF-b activation. Inhibi-
tion of avb8-mediated TGF-b activation through a glycan-
mediated allosteric mechanism can be effective, as the inhibi-
tion will occur without needing to saturate target binding.
Additionally, sparing the important cellular functions of the
integrin by using a non-competitive, allosteric mechanism spe-
cific to avb8, and not broadly to all av integrins, could result in
Beta8 being an attractive candidate for therapeutic
development.

Materials and methods

Reagents

37E1B5 antibody was provided by Dr. Stephen Nishimura of
University of California at San Francisco. All enzymes were
purchased from New England Biolabs (Ipswich, MA) and
Clontech (Mountain View, CA). Recombinant human integrin
avb8 (Cat# 4135-AV) and TGF-b1 latency associated peptide
(Cat# 246-LP/CF) were purchased from R&D Systems (Minne-
apolis, MN). The goat anti-mouse IgG Fc-HRP (Cat# 115-035-
071, Lot# 92577) and the mouse anti-human IgG-Fc-HRP
(Cat# 209-035-098, Lot# 115868) were purchased from Jackson
ImmunoResearch (West Grove, PA). Biotinylated anti-human

Table 1. Model-based pharmacokinetic parameter estimates for comparison of the
wild type (WT), fully glycosylated (AG) and the desialylated (DE) Beta8 in mice. PK
parameters derived from the non-linear mixed effects software NONMEM (Icon
Development Solutions, Version 7.3).

Parameter
CL model

WT 6¼ DE D AG
CL model

WT 6¼ DE 6¼ AG

Number of estimated parameters 11 12
D Objective with base model 4.906 7.971
CL-WT (mL/hr/kg) 0.353 0.392
CL-AG (mL/hr/kg) 0.486 0.617
CL – DE (mL/hr/kg) 0.486 0.508
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CD51 (av) (Cat# 327906) and the HRP conjugated streptavidin
(Cat# 405210) were purchased from BioLegend (San Diego,
CA). TMB peroxidase substrate was purchased from KPL (Gai-
thersburg, MD). BlockerTMCasein was purchased from Ther-
mal Scientific (Walkersville, MD). Antibody positions are listed
according to the Kabat EU numbering convention.34

Expression host cells

A CHOK1 cell derivative, CATSMGAT KO, was generated to
produce Man-5 antibody glycoforms.35 Briefly, the MGAT1
gene which encodes mannosyl (¡1,3-)-glycoprotein-1,2-N-
acetyL-glucosaminyl-transferase was knocked out from the
Chinese hamster ovary (CHO) K1 cells by a zinc-finger
nuclease pair targeting the coding region of MGAT1. ZFN
plasmids were transfected into host cells by nucleofection
using standard protocols. MGAT1 KO cells were enriched by
treatment with phyto-hemagglutinin (PHA) for 2 passages.
PHA-resistant cells were stained with fluorescent Galanthus
nivalis lectin (GNA)-FITC to detect high-mannose glycosyla-
tion of cell-surface proteins. Strongly staining cells were then
sub-cloned by FACS into 96-well plates. Genotype of the
MGAT-1 knockout was confirmed by sequencing. A CHO
Lec8 cell line, deficient in the UDP-galactose transporter
(UGT) activity, was obtained from ATCC (ATCC
CRL-1737). The Lec8 cell line was used to produce antibody
glycoforms lacking terminal galactose. CHO (G22) is a high-
yielding CHO transient expression cell line created by engi-
neering the suspension-adapted CHO-K1 host cells to
express the Epstein-Barr virus (EBV) nuclear antigen-1
(EBNA-1) with and without the co-expression of the gene
for glutamine synthetase (GS).36

Transfection and protein purification

Approximately 1 £ 106 CATSMGATKO cells/ml were seeded
in CDCHO C6 mM glutamine media (Life Technologies/
Thermo Fisher) 24 hr pre-transfection, and then transfected
with 37E1B5 in pEN vector.37 Adherent Lec8 cells (ATCC)
were grown in Alpha MEM with 10% fetal bovine serum
(Thermo Fisher Scientific). Cells were grown to 80% confluency
in a Corning Cell Stack 10-Stack chamber with 6360 cm2 cell
growth area (Sigma Aldrich) and transfected with pEFCMVOE
vector using 1 mg/ml DNA and Lipofectamine 2000 (Thermo
Fisher Scientific) at a 1:2.5 ratio (w/v) and according to the
manufacturer instructions. Conditioned media was harvested
for protein purification at Day 8 post transfection. The cells
were removed by centrifugation and the supernatant was fil-
tered through a 0.2 micron filter. The secreted antibody pro-
teins were purified from the conditioned media directly on
1 mL HiTrap protein A columns (GE Healthcare, NJ), accord-
ing to the manufacturer’s instructions. Purified antibody sam-
ples, typically >95% homogeneity, were dialyzed against
phosphate-buffered saline (PBS), flash frozen, and stored at
¡70�C. Monomer content after purification was determined by
analytical size-exclusion chromatography (SEC). As needed,
preparative SEC was used to remove soluble aggregate until
>98% monomeric protein is obtained. Deglycosylated Beta8
antibody was prepared by overnight incubation at 37�C with

2U/mg of N-glycosidase F (Sigma-Aldrich). Beta8 antibody
lacking terminal N-acetylneuraminic acid (NeuAc) was pre-
pared by incubation at 25�C for 2 hours with 0.02 mU/mg of
neuraminidase (Roche). Following enzymatic digestion, anti-
body proteins were re-purified using Protein A columns, as
described above. To generate Fab, 30 mgs of IgG was digested
for 5 hours at 37C with 0.75 mL of immobilized papain
(Thermo Scientific) under the recommended buffer conditions.
The cleaved mixture was dialyzed against PBS and Fab purified
from Fc by passage over a 1 mL rProtein A FF column (GE
Healthcare).

Determination of N-glycosylation site occupancy by LC-MS
peptide mapping

Glycosylated and deglycosylated antibody samples were pre-
pared by overnight incubation at 1 mg/mL in 10 mM Tris HCl,
pH 8 with and without 2 units of N-glycosidase F (Sigma-
Aldrich). For each sample, 100 mg of protein at 1.6 mg/ml was
denatured and reduced in 5.2 M Guanidine, 85 mM Tris,
0.7 mM EDTA, 16 mM DTT, pH 7.6 for 30 minutes at 37�C.
Following reduction, samples were incubated with 40 mM
iodoacetamide at room temperature in the dark for 30 minutes.
Reduced and alkylated protein was buffer-exchanged into 2 M
urea, 100 mM Tris pH 7.6 and incubated at 37�C for 4 hours
with trypsin at a 1:20 enzyme:substrate ratio. Protein digests
were analyzed by RP LC-MS using an Acquity UPLC coupled
to a Synapt G2 QToF mass spectrometer (Waters, Milford,
US). For each sample, 5 mg of tryptic digest was injected onto a
150 mm £ 2.1 mm, 1.7 mm particle size BEH300 C18 analytical
column held at 55�C (Waters, Milford, US). Peptides were
eluted at a constant flow rate of 0.2 mL/min using a 75 min
binary gradient; solvent B was increased from 0% to 35%. The
column was cleaned prior to the subsequent injection, by oscil-
lating between high (95%) and low (5%) solvent B for 5 min.
Solvent A (water) and B (acetonitrile) were supplemented with
0.02% (v/v) trifluoroacetic acid. Spectra were acquired between
50-2500 m/z using a data-independent mode of acquisition and
processed using MassLynx (Waters, Milford, USA). Relative
intensities of isotope- and charge-deconvoluted spectra for
non-glycosylated and deglycosylated peptides, differing in mass
by 1 Da, were used to determine relative glycosylation site
occupancy for both Fab (H-CDR2) and Fc N-glycosylation
sites.

Reduced antibody LC-MS

Reverse-phase LC-MS analysis of reduced antibody samples
was performed using an Acquity UPLC coupled to a Synapt
G1 quadruple time-of-flight mass spectrometer (Waters, Mil-
ford, US). Purified protein at 1 mg/ml was reduced by incu-
bation at 37�C for 30 minutes in 10 mM DTT, 10 mM Tris
HCl, pH 8. Two mg of reduced protein was injected onto a
50 mm £ 2.1 mm, 1.7 mm particle size BEH C4 analytical
column held at 65�C (Waters, Milford, US). Protein was
eluted at a constant flow rate of 0.15 mL/min using a 15
minute binary gradient; solvent B was initially held at 5% for
3 minutes, increased to 25% over the next minute, then to
45% over 10 minutes before increasing to 95% over the final
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minute. The column was cleaned prior to the next injection
by oscillating between high (95%) and low (5%) solvent B
for 7 minutes. Solvent A (water) and B (acetonitrile) were
supplemented with 0.01% (v/v) trifluoroacetic acid and 0.1%
(v/v) formic acid. Spectra were acquired between 500–4500
Th. Key instrument parameters included Cve ionization
mode, source voltage: 3.4 kV, sample cone voltage: 50 V,
source temperature: 140�C, desolvation temperature: 400�C.
Heavy chain spectra were processed using MassLynx
(Waters, Milford, USA) to determine relative ion intensities
for the predominant Fab (H-CDR2) and Fc antibody
glycoforms.

Released, 2-aminobenzamide-labeled oligosaccharide
profiling

N-glycan release, fluorescent labeling with 2AB and relative
quantitation by UPLC-FLR were performed as detailed in
the literature.38 Briefly, N-glycans were released at 5 mg/ml
in 50 mM Tris HCl, pH 7.8 with 7.5 units of N-glycosidase
F by overnight incubation at 37�C. Released glycans were
labeled with 2-AB using (Prozyme 2AB labeling kit). Excess
2AB was removed using HILIC cartridges and clean up sta-
tion base plate (Prozyme) operated via a vacuum manifold.
Analysis of the 2AB-labeled N-glycans was performed on a
Waters Acquity UPLC BEH Glycan column (2.1 mm
£150 mm, 1.7 mm particle). 2AB-labeled dextran ladder
standard containing glucose unit (GU) oligomers (Prozyme)
was used for glycan retention time normalization converting
retention times into glucose units. Instrumentation used
included an Acquity UPLC with a fluorescence detector
(Waters, Milford, MA, USA).

avb8 binding ELISA

Recombinant human avb8 diluted in PBS (2 mg/ml) was
coated on 96-well Maxisorp plates (Nunc) overnight at 4�C.
Plates were then blocked with 3% bovine serum albumin
for 1 hour at room temperature. After washing, titrated
antibodies were added and allowed to incubate for 1 hour.
After three washes in PBS, peroxidase-conjugated anti-
human Fc (1:20,000) was used as the detection antibody.
The wells were washed 3 times and TMB substrate solution
(KPL) was added. The reaction was stopped with 2 N
H2SO4 and the absorbance at 450 nm was measured. In the
avb8 competition binding ELISA, a fixed amount of mouse
37E1B5 (0.05 mg/ml) was mixed with serial diluted Beta8
IgG (10 mg/ml) or Beta8 Fab (3.33 mg/ml) and then added
to the avb8-coated wells. After 1 hour incubation at room
temperature, the plate was washed 3 times in PBS. Mouse
37E1B5 binding was detected with peroxidase-conjugated
anti-mouse Fc (1:20,000).

LAP and avb8 binding inhibition

Recombinant human LAP diluted in PBS (4 mg/ml) was coated
on 96-well Maxisorp plates (Nunc) overnight at 4�C. Plates
were then blocked with 3% casein (Thermo Scientific) for
2 hours at room temperature. After washing, a fixed amount of

avb8 (50 mg/ml) was mixed with serially diluted Beta8 antibod-
ies and added to the LAP-coated wells. After 2 hours incuba-
tion at room temperature, the plate was washed 3 times in PBS.
The avb8 binding was detected by adding the biotinylated-
anti-av antibody (1:1000) and incubated at room temperature
for 1 hour. After washing, peroxidase-conjugated streptavidin
(1:3000) was added and plates were incubated for 30 min. The
wells were then washed 3 times and TMB substrate solution
(KPL) was added. The reaction was stopped with 2 N H2SO4

and the absorbance at 450 nm was measured.

TGF-b Bioassay

TGF-b activation was measured using transformed mink lung
epithelial cells (TMLC) stably transfected with a portion of the
plasminogen activated inhibitor 1 (PAI-1) promoter linked to a
luciferase reporter (cells provided by Daniel Rifkin, New York
University) and cultured as described previously.28 HeLa-B8
cells (1.5 £ 104 cells/well) were co-cultured with TMLCs (1.5 £
104 cells/well) in a 96-well plate overnight in DMEM high
glucose (Life Technologies/Thermo Fisher) supplemented with
10 % FBS and 10 U/ml Penicillin G, 10 mg/mL streptomycin G
sulfate with or without test antibody. After 16 hours,
supernatants were removed and cells were lysed in 100 mL of
cell lysis buffer (Promega) and luciferase activity determined
using the luciferase assay system (Promega) by transferring
80 mL of lysate and mixing with 80 mL of substrate in a white
walled clear bottom 96-well plate. Samples were read
immediately on a luminometer and shown as either relative
luciferase units (RLU) or percent maximal response,
determined by using TMLCs alone as the baseline or 0 % con-
trol and TMLCs co-cultured with HeLa-B8 cells as maximal or
100% response in the assay.

Generation of the HeLa-B8 cell line

HeLa-B8 cells is a derivative of the HeLa cell line (ECACC).
Briefly, confluent HeLa cells maintained in MEM (Life Tech-
nologies/Thermo Fisher) supplemented with 10 % FBS, 1 %
non-essential amino acids (Life Technologies/Thermo Fisher)
and 10 U/ml Penicillin G (Life Technologies/Thermo Fisher),
10 mg/mL streptomycin G sulfate and prior to use, cells were
removed using accutase and resuspended in PBS at 1 £ 106

cells/mL. LIVE/DEAD fixable aqua dead cell stain (Life Tech-
nologies/Thermo Fisher, 1:1000) was added to the cells on ice
for 20 minutes. Cells were pelleted and washed in cold flow
cytometry staining buffer (eBioscience). Recombinant 37E1B5-
mIgG1 or isotype-mIgG1 (100 mg/ml of 1 £ 106 cells/ ml) was
added to the cells and incubated on ice for 30 minutes. Cells
were pelleted and washed and a secondary anti-mouse-Alexa-
647 (Jackson ImmunoResearch, 1:200) added to the cells and
incubated on ice for 30 minutes. Cells were pelleted and washed
and resuspended at 10£ 106 cells/ml in HeLa cell medium con-
taining 1% FBS. Cells were sorted on a BD FACSAria III cell
sorter (BD Biosciences) using Chi-37E1B5 antibody. High
avb8C sorted cells were then cultured in complete HeLa cell
medium, expanded and banked for future use. Cells remained
positive for high avb8 expression for at least 1 month of
culture.
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Mouse pharmacokinetic studies

The PK profiles of the Beta8 (WT) and its glycan variants,
aglycosylated (AG) and desialylated (DE) (1 and 10 mg/kg,
intravenous administration) were evaluated in plasma from
humanized avB8-BAC mice using a capillary micro-sampling
technique. This method allows up to 7 repeated longitudinal
bleeds to be taken at given time points from the same animal
(n D 4 mice per group). Levels of plasma antibody exposure
were quantified using a human Fc capture ELISA. Briefly,
Nunc Maxisorp plates were coated overnight at 4�C (0.3 mg/
well) with a goat anti-human IgG, Fc fragment specific cap-
ture antibody (Jackson ImmunoResearch, UK). Following
washing and blocking of plates with 2% w/v Marvel (M-
PBS) in PBS for 1h, dilutions of samples and standards
(0.001-1 mg/ml) in M-PBS were added to the plate (all at
100 ml per well) and incubated at room temperature for 1 h.
Following a washing step, a sheep anti-human kappa light
chain Affinity Purified HRP secondary antibody (1:15000
dilution, The Binding Site, UK) in M-PBS was added and
incubated at room temperature for 1 h. Following washing,
TMB was added and, after color development was stopped
with an equal volume of 2N H2SO4, absorbance was read at
450 nm.

Mouse pharmacokinetics analysis

A PK model was iteratively developed using the observed
serum concentrations in animals dosed with 1 mg/kg and
10 mg/kg of tested antibodies. The nonlinear mixed effects
software NONMEM (Icon Development Solutions, Version
7.3) was used for this purpose. The NONMEM “Objective
Function Value” (OFV), which is proportional to twice the
negative log-likelihood of the data,39 was used to assess
improvements to the goodness of fit provided by the model,
as compartments and interactions were added. The differ-
ence in OFV between 2 nested models is approximately x2-
distributed and can be used to carry out a likelihood ratio
test. An OFV improvement of 3.84 can correspond to a
nominal significance level of <0.05 (for one differing param-
eter, corresponding to 1 degree of freedom).39 The addition
of more parameters increases the magnitude of OFV
improvement required for a significant change (e.g., 5.99 for
2 differing parameters, corresponding for 2 degrees of free-
dom). The PK of the WT, deglycosylated (DE) and aglycosy-
lated (AG) antibodies were best described with a mixed
effects model including inter-compartmental distribution,
non-specific clearance (CL) and target-mediated elimination
phases, together with their biological variability. Once the
model was set up, combinations of differences between non-
specific clearances of the Beta8 variants were tested. Specifi-
cally, we analyzed models where WT, the deglycosylated
(DE) and the aglycosylated (AG) clearances were all different
and all constrained to be the same, and where only 2 out of 3
were the same (5 models in total).
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