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ABSTRACT: Antibody polyreactivity can be an obstacle to translating a candidate antibody into a
clinical product. Standard tests such as antibody binding to cardiolipin, HEp-2 cells, or nuclear
antigens provide measures of polyreactivity, but its causes and the means to resolve are often
unclear. Here we present a method for eliminating antibody polyreactivity through the computa-
tional design and genetic addition of N-linked glycosylation near known sites of polyreactivity. We
used the HIV-1-neutralizing antibody, VRCO07, as a test case, since efforts to increase VRC07
potency at three spatially distinct sites resulted in enhanced polyreactivity. The addition of N-linked
glycans proximal to the polyreactivity-enhancing mutations at each of the spatially distinct sites
resulted in reduced antibody polyreactivity as measured by (i) anti-cardiolipin ELISA, (ii) Luminex
AtheNA Multi-Lyte ANA binding, and (iii) HEp-2 cell staining. The reduced polyreactivity trended
with increased antibody concentration over time in mice, but not with improved overall protein
stability as measured by differential scanning calorimetry. Moreover, glycan proximity to the site of
polyreactivity appeared to be a critical factor. The results provide evidence that antibody polyreac-
tivity can result from local, rather than global, features of an antibody and that addition of N-linked
glycosylation can be an effective approach to reducing antibody polyreactivity.
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Figure 1. Schematic overview of the method to reduce polyreactivity by introduction of proximal N-linked glycan. Antibody
reactivity to autoantigens may be caused by amino acid residue(s) in a localized region (showed as red semi-sphere). The addi-
tion of a glycan (colored green) proximal to the polyreactive-enhancing residues can potentially mask the interaction between

the localized region and autoantigens.

Introduction

In recent years, therapeutic antibodies have been
successfully used to treat various diseases including
rheumatoid arthritis, cancer, and infections of the
lower respiratory tract.'™® A substantial fraction of
antibody development often focuses on improving
the properties of existing antibodies such as their
affinity, neutralization potency, and effector func-
tions, while reducing their polyreactivity.5!* Anti-
body polyreactivity,!%!? the ability of an antibody to
recognize multiple structurally unrelated antigens,
may occur with “natural” antibodies isolated from
sera'*'® and may also arise as a byproduct of the
antibody engineering process.!' Polyreactivity may
not only interfere with normal cellular functions,!”!®
but may also reduce antibody half-life,'® thus poten-
tially signaling safety issues or increasing required
levels and/or frequency of dosage.2’ When polyreac-
tivity originates from alterations generated during
the process of antibody engineering, the specific sites
on the antibody responsible for the polyreactivity
may be localized.2! We hypothesized that one poten-
tial means to reduce polyreactivity could involve the
attachment of a large molecule, such as an N-linked
glycan, proximal to the polyreactive site on the pro-
tein, to mask this site from interacting with autoan-
tigens (Fig. 1). We chose N-linked glycosylation
since it is genetically encoded and has been used in
other aspects of antibody engineering, such as the
improvement of neutralization potency,?? solubil-
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ity, and stability, as well as the conjugation
of small molecule drugs to antibodies.2®

Here we present proof-of-concept that the poly-
reactivity of an antibody can be eliminated through
addition of an N-linked glycan proximal to a poly-
reactive site. We tested three different polyreactive
variants of the anti-HIV-1 antibody VRC07,'! a more
potent somatic variant of antibody VRC01,2"28
closely related to antibody NIH45-46.2° We applied a
computational algorithm to identify residues capable
of accepting N-linked glycan and measured binding
of the resultant glycosylated VRCO7 variants to car-
diolipin, HEp-2 epithelial cells, and a panel of auto-
antigens. We performed pharmacokinetics studies in
mice, tested proximity requirements of masking gly-
can, and used differential scanning calorimetry
(DSC) measurements to assess the effect of glycan
addition on overall protein stability. The methods
described here can be integrated into processes of
antibody engineering to improve therapeutic anti-
bodies of interest.

Results

Engineering N-linked glycans on polyreactive
VRCO7 derivatives

In this study, we sought to reduce the polyreactivity
of three different polyreactive VRO7 derivatives:
VRCO07-avl, VRCO07-av2, and VRCO07-av3 (Table I).
These derivatives were developed as part of an effort

Glycan Masking of Polyreactivity



Table I. Construct Names and Mutations of VRCO7 Variants Evaluated in this Study

Heavy chain mutations

Light chain mutations

VRCO07-avl G54W-130Q-S58N -

VRCO07-av1l-gl G54W-130Q-S58N-M73N-S75T -

VRCO07-av1-g2 G54W-130Q-S58N-R71N-M73T -

VRCO07-av2 - AAAA N terminus (E1A-12A-V3A-L4A)
VRC07-av2-gl - AAAA N terminus-R24N
VRCO07-av2-g2 - AAAA N terminus-S26N-Y28T
VRCO07-av3 - A43R

VRCO07-av3-gl - A43R-R45N-V47T

to improve the neutralization potency of VRC07.M
The advantage of using these variants as a test case
was that the specific mutations which led to poly-
reactivity were known (Supporting Information Fig.
S1 and Tables S1 and S2). For VRCO07-avl, the
hydrophobic mutation Gly54Trp appeared to be the
cause of polyreactivity, as other heavy chain muta-
tions in this variant, I1e30GIn and Ser58Asn, were
not polyreactive, and polyreactivity has been
observed with other variant at residue 54 (Support-
ing Information Fig. S1 and Tables S1 and S2).5!
For VRCO07-av2, polyreactivity resulted from four
alanine mutations at the N terminus of the light

W54y

chain. For VRC07-av3, alteration of the heavy-light
chain interface, with an Ala43Arg mutation of the
light chain, induced polyreactivity. We used a com-
putational protocol, which included an energetic fil-
ter and an N-linked glycan occupancy prediction
algorithm,®® to identify positions where N-linked
glycans were likely to be successfully added. One or
two positions proximal to heavy chain Trp54, to light
chain N terminus, and to light chain Arg43 (for
VRCO07-avl, VRCO07-av2, and VRCO07-av3, respec-
tively) were then selected for the introduction of an
N-glycosylation sequon (Table I and Fig. 2). In total,
five glycan mutants were produced. SDS-PAGE

VRCO7 HC |k

VRCO07-av3 glycan design

VRCO07-av2 glycan design

Figure 2. Design of N-linked glycan mutants. Top-left: polyreactive-enhancing residues (colored in red) for each of the three
VRCO07 variants (W54 for VRCO1-av1, Light chain AAAA N terminus for VRC07-av2, and R43 ¢ for VRCO07-av3). Top-right: res-
idues positions to introduce N-linked glycans for VRC07-av1. Bottom left: residues positions to introduce N-linked glycans for
VRCO07-av3. Bottom right: residues positions to introduce N-linked glycans for VRC0O7-av2. The polyreactive-enhancing residues
and the positions where the N-linked glycans were designed are colored red and yellow, respectively. The distances between
the Cg atoms of polyreactive-enhancing residues (W54, R43, ¢, and A3.¢, respectively) and the designed glycans are labeled

(in A).

Chuang et al.
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Figure 3. SDS-PAGE analysis of PNGase F treated and untreated glycan constructs. In all PNGase F treated lanes there is a
reduction of molecular weight for both the heavy and the light chain due to the presence of the intrinsic N-linked glycans at the
constant region of the heavy chain and variable region (residue 72) of the light chain. Deglycosylation of VRC07-av1-g1 and
VRCO07-av1-g2 (lanes 2,4) resulted in larger reduction of molecular weight for the heavy chain as compared to the other con-
structs, suggesting that glycans were added to the heavy chain Fab of VRC07-avi-g1 and VRCO07-av1-g2, respectively. Degly-
cosylation of VRC07-av2-g1, VRC07-av2-g2, and VRCO07-av3 (lanes 6, 8, 10) resulted in larger reduction of molecular weight as
compared to VRCO7-av2 and VRCO07, suggesting that an additional glycan was added to the light chain of these three

constructs.

analysis with and without PNGase F digestion (an
amidase that cleaves between the protein-proximal
N-acetylglucosamine and asparagine moieties of
high mannose, hybrid, and complex oligosaccharides
on N-linked glycoproteins) demonstrated designed
N-linked glycans to be successfully added with all
five glycan constructs (Fig. 3). Glycan composition
analysis using combination of ultra performance lig-
uid chromatography (UPLC) and exoglycosidase
digestion showed VRCO07-avl-gl, VRCO07-avl-g2,
VRC07-av2-gl, and VRC07-av2-g2 to have similar
N-glycan profiles, comprising of mixtures of complex
type N-glycans with core fucosylation and sialylated
structures (Supporting Information Figs. S2 and
S3). VRCO07-av3-gl had a distinct glycan profile
which appears to correspond to predominantly high
mannose N-glycans.

Addition of N-linked glycosylation substantially
reduced polyreactivity

To evaluate the effect of N-linked glycan addition,
we used three different assays to evaluate antibody
polyreactivity: (1) Anti-cardiolipin ELISA, (2) Lumi-
nex AtheNA Multi-Lyte ANA (Wampole Laborato-
ries), which tests antibody reactivity against self
antigens (SSA/Ro, SS-B/La, Sm, ribonucleoprotein
(RNP), Jo-1, double-stranded DNA, centromere B,
and histone), and (3) HEp-2 cell staining. At an anti-
body concentration of 100 pg/ml, all five N-linked
glycan variants displayed substantially lower cardio-
lipin binding activity (60-90%) compared to the
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parental polyreactive variants (Fig. 4 and Support-
ing Information Table S1). In the Luminex AtheNA
Multi-Lyte ANA tests, VRC07-avl exhibited poly-
reactivity against two self antigens (SSA and Jo-1),
VRCO07-av2 against three (SSA, Jo-1, and Histone),
and VRCO07-av3 against three (SSA, Jo-1, and His-
tone), while all five glycan constructs had no sub-
stantial reactivity against any of the tested self-
antigens (Fig. 5 and Supporting Information Table
S2). For all three polyreactive VRCO7 variants, visi-
ble fluorescence was observed with HEp-2 cell stain-
ing (Fig. 6 and Supporting Information Fig. S4),
whereas four of the five glycan mutants showed no
substantial fluorescence; in the single case where
fluorescence was observed (VRCO07-avl-gl), the
intensity of HEp-2 cell staining was substantially
lowered than for the parental VRC07-av1.

Addition of N-linked glycosylation had variable
effects on antibody neutralization potency

To measure the effect of the addition of N-linked gly-
can on HIV-1-neutralization potency, both parental
polyreactive variants and N-linked glycan variants
were evaluated on a panel of 20 HIV-1 strains (Sup-
porting Information Table S3). For VRC07-avl, the
neutralization potency of the N-linked glycan var-
iants was substantially reduced (approximately 60-
and 150-fold for VRC07-avl-gl and VRCO07-av2-g2,
respectively), while for VRC07-av2 and VRCO07-av3,
the addition of N-linked glycan induced a modest
change in neutralization potency (approximately 2.5-

Glycan Masking of Polyreactivity



A. Anti-cardiolipin ELISA for VRC07-av1 variants
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Figure 4. Cardiolipin reactivity of VRCO7 variants. Shown is
the cardiolipin ELISA results at different antibody concentra-
tions for (A) VRCO7-av1 and its glycan mutants (B) VRCO07-
av2 and its glycan mutants, and (C) VRC07-av3 and its gly-
can mutant. Synagis (Palivizumab), an anti-RSV monoclonal
antibody, was used as the negative control. 2F5, a polyreac-
tive HIV-1 antibody, was used as the positive control. In all
three cases, the glycan variants had a decrease of approxi-
mately 60% to 90% in cardiolipin reactivity at the highest
antibody concentration (100 pg/ml).

and 9.5-fold for VRC07-av2-g1 and VRCO07-av2-g2,
respectively, from VRCO07-av2; approximately 2.5-
fold for VRC07-av3-gl from VRCO07-av3). In general,
the effect of the N-glycan addition on antibody neu-
tralization trended with its proximity to the
paratope.

Addition of N-linked glycan generally increased
antibody concentration over time

To assess whether the reduction of polyreactivity in
vitro via addition of N-linked glycan translated to
increased antibody concentration over time in vivo,
antibody VRCO07, three polyreactive variants, and

Chuang et al.

A. ANA test for VRCO7-av1 variants
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Figure 5. Luminex AtheNA Multi-Lyte ANA test results for
each VRCO7 variant. Shown is the Athena ANA results for (A)
VRCO07-av1 and its glycan mutants (B) VRC07-av2 and its
glycan mutants, and (C) VRCO07-av3 and its glycan mutant.
The horizontal dash line indicates an ANA score cutoff of
125. Synagis (Palivizumab), an anti-RSV monoclonal anti-
body, was used as the negative control. 2F5, a polyreactive
HIV-1 antibody, was used as the positive control. In all three
cases, the parental VRCO7 variants were reactive to a num-
ber of autoantigens, while for the glycan variants no positive
reactivity was observed against any autoantigen.

four glycan mutants were injected into mice (five
animals in each group), and antibody concentration
at different time points was determined (Fig. 7; Sup-
porting Information Fig S5 and Table S4); note that
in this experiment, we were unable to evaluate
VRCO07-avl-g2 as its binding toward the RSC3
probe,2” which was used to measure serum-antibody
concentration, was too low to be accurately quanti-
fied (Supporting Information Fig. S6). VRC07-avl
and VRCO07-av2 showed significantly lower average
area under the serum-antibody concentration-time
curve (AUC) as compared to wild type VRCO07

PROTEIN SCIENCE ‘ VOL 24:1018-1030 1023



A. Polyreactive VRCO7 variants

VRCO7-av1

VRCO07-av2

VRCO07-av3

VRCO7-av1-g1

VRCO07-av2-g1

Single glycan added to polyreactive VRCO7 variants

VRCO7-av1-g2

VRCO07-av2-g2

VRCO07-av3-g1

Synagis

Figure 6. HEp-2 cell staining results at antibody concentration of 50 ng/ml. (A) Results for VRCO7 variants, and (B) results for
control antibodies. Synagis, an anti-RSV monoclonal antibody, was used as the negative control. 2F5, a polyreactive HIV-1 anti-
body, was used as the positive control. The addition of glycan reduced the fluorescent signal in all test cases, indicating lower

reactivity toward HEp-2 cells.

(49.5%, P < 0.01 for VRC07-avl; 47.5%, P < 0.005 for
VRCO07-av2). VRCO07-av2-gl showed significantly
higher AUC (52.2%, P < 0.05) relative to VRC07-av2,
while VRC07-avl-gl and VRC07-av2-g2 also showed
modestly higher average AUC compared to VRCO7-
avl (9.0%) and VRCO07-av2 (32.0%), respectively.
VRCO07-av3 also showed modest decrease (16.2%) in
terms of average AUC as compared to the wild type.
Unexpectedly, VRCO07-av3-gl showed significant
decrease in terms of average AUC as compared to
VRCO07-av3 (55.0%, P <0.0001). Thus, addition of
polyreactivity-inducing mutations reduced AUC
relative to the parent VRCO7 in three out of three
cases (avl-av3), while the addition of masking gly-
can increased AUC, in three out of four cases, with
VRCO07-av3-gl being the sole outlier.

1024 PROTEINSCIENCE.ORG

N-glycan proximity and polyreactivity masking

To examine whether reductions in polyreactivity
through N-glycan addition were due to local versus
general masking, we designed 10 VRC07-glycan var-
iants in which the masking N-linked glycan was
positioned further from the polyreactivity-inducing
mutations than with the initial five variants (Sup-
porting Information Table S5). Cg distances between
these N-glycan variants and the polyreactive-
inducing mutations were greater than 20 A, while
Cp distances for the initial five N-glycan variants
were between 5.3 and 10.5 A. Based on the anti-
cardiolipin ELISA assay (Supporting Information
Fig. S7 and Table S6), the reduction in VRC07-av1l
binding to cardiolipin was substantially less than all
three control

glycan mutants as compared to

Glycan Masking of Polyreactivity
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Figure 7. Pharmacokinetics (PK) studies for VRCO7 variants in mice. Shown are the average sera antibody concentration at dif-
ferent time points (left) and the AUCs for each individual animal (right) for (A) VRC07, VRC07-av1, and VRCO07-avi-g1 (B)
VRCO07, VRCO7-av2, VRC07-av2-g1, and VRCO07-av2-g2, and (C) VRCO07, VRCO7-av3, and VRCO7-av3-g1.

VRCO1-avl-gl and VRCO1l-avl-g2, for VRCO07-av2
the reduction of reactivity was substantially smaller
for two of the three control glycan mutants (VRCO7-
av2-cl and VRC07-av2-c3) as compared to VRCO1-
av2-gl and VRCO1-av2-g2, and for VRC07-av3 the
reduction of reactivity was substantially smaller for
two of the four control glycan mutants as compared
to VRC07-av3-gl. All control glycan mutants showed
low reactivity toward autoantigens in Luminex
AtheNA Multi-Lyte ANA tests, except for VRCO07-
av2-c3 which showed reactivity toward SSB (Sup-
porting Information Fig. S8 and Table S7). As for
the Hep-2 cell staining experiments (Supporting
Information Fig. S9), two control glycan mutants
showed strong fluorescence, and one showed minor
fluorescence; for VRC07-av2 all three control glycan
mutants showed minimal to no visible fluorescence;

Chuang et al.

for VRC07-av3 one control glycan mutant (VRCO07-
av3-cl) showed minor fluorescence, while the other
three control glycan mutants showed minimal to no
visible fluorescence (Supporting Information Fig.
S9). Taken together, these results suggested that the
addition of N-linked glycan over 20 A from the
polyreactivity-enhancing mutations can reduce poly-
reactivity (as observed with three of the ten >20 A
variants), but this reduction is less substantial and
less frequent than the reduction observed with more
proximal N-glycans.

Relationship between overall protein stability
and reduction in polyreactivity via addition of
N-linked glycan

N-linked glycan can affect protein stability, and pro-
tein stability may in turn affect polyreactivity. To

PROTEIN SCIENCE ‘ VOL 24:1018-1030 1025



investigate whether altered protein stability might
account for altered polyreactivity, we evaluated the
thermostability of VRCO07 variants using DSC (Sup-
porting Information Fig. S10 and Table S8). For
VRCO07-avl and VRCO07-av3, the addition of
polyreactivity-enhancing mutations did not alter
thermostability compared to the parent VRC07, and
addition of polyreactivity-masking glycans to these
variants did not improve thermostability (in most
cases a decrease of transition temperature 7,1 was
observed), suggesting that the polyreactivity of
VRCO07-avl and VRC07-av3 was not a result of
reduced thermostability. For VRC07-av2, there was
a 4 °C decrease of T\,,1 as compared to VRC07. How-
ever, among the three variants (VRCO07-av2-gl,
VRC07-av2-g2, and VRCO07-av2-c2) which were
deemed not polyreactive based on all three assays,
two of them (VRC07-av2-g1 and VRC07-av2-c2) did
not have better thermostability as compared to
VRCO07-av2, suggesting that for these two cases the
reduction of polyreactivity by N-linked glycan addi-
tion was not a result of improved thermostability.
Overall, these results indicate that the reduction of
polyreactivity by addition of N-linked glycan that we
observed was likely not a result of improved overall
protein stability.

Discussion

In addition to the polyreactivity that arises through
antibody engineering such as with the polyreactive
variants of antibody VRCO07 described here, antibody
polyreactivity can arise naturally. Polyreactive anti-
bodies are generally removed from the B-cell reper-
toire through clonal deletion;?! a complementary
mechanism, however, was recently described for the
polyreactive Hy10 antibody, which involved N-glycan
masking of the polyreactive site.>> Thus, the
approach described in this article for masking poly-
reactivity through the introduction of a proximal
N-linked glycan appears to have precedent in natu-
ral processes of antibody development.?%3? Overall,
our results suggest that the glycan-masking
approach can be used as part of the antibody engi-
neering process to improve the safety and half-life
of lead antibody candidates. In addition to the N-
linked glycan approach described here, other meth-
ods that introduce large molecules at specific sites
of the protein, such as site-specific PEGylation,®?
may also have utility in reducing antibody
polyreactivity.

The impact of N-linked glycan on neutralization
potency of the VRCO07 variants appeared to correlate
with the position of the added glycan relative to the
paratope. Two of the five glycan variants, VRCO07-
avl-gl and VRCO07-avl-g2 showed substantially
impaired neutralization compared to the parental
VRCO07-av1l construct; this was likely due to the cen-
tral position of the polyreactive-inducing Trp54 resi-
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due in the middle of the antibody paratope [Fig. 2],
with the addition of a proximal N-linked glycan
likely sterically interfering with antibody-antigen
binding or removing critical functional residues
directly (e.g., Arg713%). Three other glycan variants
mostly retained their parental neutralization
potency, these were positioned
polyreactive-enhancing residues at the rim of the
paratope (VRCO07-av2) or outside of the paratope
altogether (VRC07-av3). We note that the benefits of
reducing polyreactivity might outweigh modest
reductions in antibody potency; alternatively, other
sites of N-linked glycan—positioned further from the
paratope—might better retain function.

All three polyreactive VRCO07 variants showed
lower AUC as compared to the parent VRCO07, and
three of the four polyreactivity-reducing glycan addi-
tions showed increased AUC, suggesting that
increased polyreactivity—as evaluated by the assays
used in this study—does generally translate into
reduced AUC. For one glycan addition, however, we
did observed a substantial decrease in AUC indicat-
ing the factors governing AUC to not be completely
predictive. These results confirm the potential of gly-
can masking as a means of improving the pharmaco-
kinetics profile of a target antibody as well as the
importance of experimentally validating the AUC of
glycan-masked antibodies to ensure the engineered
glycans to not lead to unfavorable immunogenicity
or other issues.

We observed that the reduction in polyreactivity
by N-glycan masking was more pronounced when
the masking glycans were positioned closer to the
polyreactive-inducing mutations and that the reduc-
tion of polyreactivity via N-glycan addition was not
a result of increased overall protein stability. This
suggests a steric mechanism of N-glycan masking.
We did observe, however, 3 of 10 glycan variants, in
which glycans were added over 20 A from the site of
the polyreactive-inducing mutation, to have reduced
polyreactive. In this context we note that N-glycan
additions can be over 2 kDa in mass and over 20 A
in size, and that further investigation is likely
needed to define the long-distance effect of N-glycan
additions.

As part of the proof-of-principle for N-linked gly-
can reduction of polyreactivity, we provide a compu-
tational protocol for the identification of suitable
positions on a protein surface to introduce N-linked
glycan. The protocol first filters residue positions
where asparagine mutation and threonine/serine
mutation at two residues downstream will likely dis-
rupt the overall fold of the protein through side
chain modeling and energetic evaluation. Then
NGlycPred, a Random Forest classifier®® that pre-
dicts N-linked glycan occupancy based on structural
and sequence information, was used to evaluate the
glycan occupancy of the remaining candidate

and near
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residues. For the five glycan mutants we designed,
the overall fold was not disrupted by the insertion of
an N-X-T/S sequon, and an N-linked glycan could be
successfully attached to each antibody. In addition to
antibodies, the procedures described here could be
used more generally to modulate proteins of interest,
by site-specific addition of N-linked glycosylation,
which—in addition to reducing polyreactivity and
improving pharmacokinetics—could also be used to
positively modulate other properties such as solubil-
ity or immunogenicity.

Materials and Methods

Computational design of glycan mutants

We designed glycan variants for three different
VRCO07 variants: VRCO07-avl, VRCO07-av2, and
VRCO07-av3 (Table I). The residue positions of the
VRCO07 Fab that were compatible with introducing
an N-linked glycan were first determined using an
in-house computational protocol (Supporting Infor-
mation Fig. S11). Briefly, starting from a input pro-
tein structure (here we used a crystal structure of
VRCO7- 130Qpuc-G54Wye -S58Npc 1), the protocol
first identified residue positions i for further consid-
eration only if: (1) the residue type of i was not a
proline, a cysteine that formed a disulfide bridge, or
a glycine that did not have general Ramachandran
torsional angles (determined by PROCHECK?®); (2)
the residue type of i + 1 was not a proline; and (3)
the residue type of i + 2 was not a proline, a cysteine
that formed a disulfide bridge, or a glycine that did
not have general Ramachandran torsional angles.
Next, for each selected position i, homology models
of the input protein with either N-X-T or N-X-S sub-
stitutions (mutations of position i to asparagine and
position i + 2 to threonine or serine) were generated
using SCAP.3"*® Entries for which the side chain
energies of the mutated residues evaluated by SCAP
were greater than 10 kcal/mol were filtered. Finally,
for each of the remaining entries, the NGlycPred
score®® (which predicts the glycan occupancy of the
N-linked glycosylation sequon using structural and
sequence information) for the asparagine position
was evaluated, and the entries with a NGlycPred
score of greater than 0.9 were considered compatible
for introducing an N-linked glycan. For each of the
three VRCO7 derivatives, we designed one or two
single glycan mutants by adding an N-linked glycan
to residues that were (a) compatible for introducing
an N-linked glycan and (b) were proximal to the res-
idue(s) causing polyreactivity (W54 for VRCO7-
avl, light chain AAAA N terminus for VRC07-av2,
and R43;c for VRCO07-av3), resulting in a total of
five glycan mutants (Table I). Additional glycan var-
iants were designed as controls by adding on to the
polyreactive variants glycan designed for the other
two polyreactive variants (e.g., adding LC S24N,
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which were designed for VRC07-av2, to VRC07-av1l),
resulting in a total of 10 control antibodies (Support-
ing Information Table S5).

Expression and purification of antibodies
Antibodies were expressed by transient co-
transfection of heavy and light chain plasmids into
HEK293F cells (Invitrogen) in suspension at 37 °C
for 4-5 days. The cell supernatants were passed
over Protein A agarose (Pierce), and bound antibodies
were washed with PBS and eluted with IgG elution
buffer into 1/10th volume of 1M Tris-HCI pH 8.0.

PNGaseF digestion analysis

Three microgram of antibody was digested with 1.5
ul of PNGaseF (500,000 units/ml, NEB) in a total
reaction volume of 15 pl. 1.5 pl of 10% NP 40 was
added to each reaction. The digest reactions were
incubated at 37 °C for 1 h. Digested samples were
analyzed on NuPAGE Bis-Tris Mini Gels 4-12%
(Invitrogen) in MES running buffer. Protein marker
was SeeBlue Plus2 Pre-stained Protein Standard
(Invitrogen).

Glycan Characterization with UPLC

100 pg of IgG sample was incubated with 10 pg of
IdeS protease (Ulrich von Pawel-Rammingen et al.,
EMBO, 2002) at 37 °C overnight. Fab and Fc
domains were separated by SDS PAGE. The gel
bands corresponding to intact Fab domains (100
kDa) were cut out and sequentially washed with
Acetonitrile and MilliQ Water and incubated over-
night at 37 °C with the enzyme Peptide N Glycosi-
dase F' (New England biolabs, UK). Glycans released
were eluted in MilliQ water and dried down in a
centrifugal evaporator. Dry glycans were labeled
with 2-aminobenzoic acid following supplier’s proto-
col (LudgerTag™ 2AA glycan labeling kit, Ludger,
UK) and purified with LudgerClean™ T1 Glycan
Cleanup Cartridges T1 cartridges. Eluted glycans
were then analyzed by UPLC using a BEH Amide
column on a Waters Acuity UPLC system (Waters,
UK) employing a gradient of solvent A (1.25 mM
ammonium formate, pH 4.4) and solvent B (acetoni-
trile). The sample was solvated in 50% MilliQ water,
50% solvent B and loaded onto the column pre-
equilibrated with 35% A. The gradient was
increased from 35 to 46% A over 22 min at 0.5 ml/
min and was further increased from 46 to 50% B
over 2 min at 0.5 ml/min. The gradient was then set
at 100% A for 2 min at 0.5 ml/min. Fluorescence
was detected using an excitation wavelength of
360 nm and a detection wavelength of 425 nm.
Assignment of glycan structures was further clari-
fied by sequential digestion of free glycans with a
panel of exoglycosidase enzymes.
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Assays to measure polyreactivity

Quanta Lite ACA IgG III ELISA Assay (INOVA
Diagnostics, catalog number 708625) was used to
test for IgG cardiolipin reactivity per the manufac-
turer’s instructions. Antibodies were tested at dilu-
tions starting at 100 pg/ml and titrated three fold.
Here we considered OD (450 nm) values of equal to
or greater than three fold of the background ELISA
signal as positives.

Reactivity to HIV-1 negative human epithelial
(HEp-2) cells was determined by indirect immunoflu-
orescence binding of mAbs to HEp-2 cells (Zeuss Sci-
entific, Branchburg, NJ) as described previously.**
Briefly, 20 ul of antibody at 25 and 50 pg/ml was
placed on a predetermined spot on the surface of an
ANA HEp-2 kit slide, incubated for 25 min at room
temperature, washed, and developed with 20 ul of
goat anti-human Ig-FITC at 20 pg/ml (Southern Bio-
tech, Birmingham, AL) for 25 min. Incubations were
performed in humid chambers in the dark. Slides
were washed and dried; a drop of 33% glycerol was
placed on each spot prior to the fixing of coverslips.
Images were taken on an Olympus AX70 with Spot-
Flex FX1520 charge-coupled device (CCD) with a
UPlanFL 40X (numerical aperture, 0.75) objective at
25 °C in the FITC channel using SPOT software. All
images were acquired for the time specified in the fig-
ure legend. Image layout and scaling were performed
in Adobe Photoshop without image manipulation.

The Luminex AtheNA Multi-Lyte ANA test
(Wampole Laboratories) was used to test for mono-
clonal antibody reactivity to SSA/Ro, SS-B/La, Sm,
RNP, Jo-1, double-stranded DNA, centromere B, and
histone and was performed as per the manufac-
turer’s specifications and as previously described.*
Monoclonal antibody concentrations assayed were
50, 25, 12.5, and 6.25 pg/ml. Ten microliter of each
concentration were incubated with the luminex fluo-
rescent beads and the test performed per the manu-
facturer’s specifications. Here we considered result
outcome of equal to or greater than 125, which is
slightly higher than 120 suggested by the manufac-
turer, as positive.

HIV-1 neutralization

Neutralization was measured using single-round-of-
infection HIV-1 Env-pseudoviruses and TZM-bl target
cells (Hela cells engineered to express CD4 and
CCR5), as described previously.?”3® Neutralization
curves were fit by nonlinear regression using a 5-
parameter hill slope equation. The 50% inhibitory
concentrations (IC5p) were reported as the antibody
concentration or serum dilution required to inhibit
infection by 50%.

Mice pharmacokinetics study

Three polyreactive VRCO07 variants, four designed
VRCO07 glycan constructs, and VRCO07 wild type
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were evaluated in the mice pharmacokinetics study.
Groups of five 88-days-old female CB17SC-F SCID
mice (Taconic Biosciences) were intravenously
injected with 40 pg/500 pl of purified monoclonal
antibodies in PBS on day 0. Blood was collected
before injection on day 0, and 1, 2, 4, 7, and 14 days
after injection. Plasma antibody levels of VRC07 and
its mutants were quantified as described before.*°
ELISA plates (96 well) were coated with 2 pg/ml
RSC327 in PBS, incubated at 4 °C overnight and
blocked with blocking buffer (PBS containing 5%
Skim milk, 2% BSA and 0.1% Tween-20) at room
temperature for 1 h. Sera were diluted in blocking
buffer and added to the plate and incubated at room
temperature for 1 h, Horseradish peroxidase (HRP)-
conjugated anti-human IgG, Fecy-specific (Jackson
ImmunoResearch Laboratories), was added and
incubated at room temperature for 1 h. Tetramethyl-
benzidine (Sigma) HRP substrate was added to each
well, and the absorbance of the yellow color that
developed after adding 0.5M H,SO, was measured
at 450 nm. Purified monoclonal antibodies were
used as a standard, and the limit of detection was
10 ng/ml. Sera antibody concentration—time AUC
values were calculated using the WinNonlin soft-
ware (Pharsight). Two-tailed paired #-test was per-
formed for AUC between the polyreactive variants
and their respective glycan mutants or the wild

type.

Differential scanning calorimetry

DSC was performed using VP-DSC instrument
(MicroCal). Data were collected in the 40-100°C
range at a scanning rate of 1 °C/min. Antibody con-
centration was 0.5 mg/ml. The resulting thermo-
grams were corrected for the heat capacity of the
solvent by subtraction of the corresponding PBS
buffer scans. The data were analyzed using Origin
7.0 software (MicroCal).
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