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Transmission of HIVacross mucosal barriers accounts for the majority of HIV infections worldwide. Thus, efforts aimed at

enhancing protective immunity at these sites are a top priority, including increasing virus-specific antibodies (Abs) and

antiviral activity at mucosal sites. Mucin proteins, including the largest cell-associated mucin, mucin 16 (MUC16), help

form mucus to provide a physical barrier to incoming pathogens. Here, we describe a natural interaction between Abs

and MUC16 that is enhanced in specific disease settings such as chronic HIV infection. Binding to MUC16 was

independent of IgG subclass, but strongly associated with shorter Ab glycan profiles, with agalactosylated (G0) Abs

demonstrating the highest binding to MUC16. Binding of Abs to epithelial cells was diminished following MUC16

knockdown, and the MUC16 N-linked glycans were critical for binding. Further, agalactosylated VRC01 captured HIV

more efficiently in MUC16. These data point to a novel opportunity to enrich Abs at mucosal sites by targeting Abs to

MUC16 through changes in Fc glycosylation, potentially blocking viral movement and sequestering the virus far from the

epithelial border. Thus, next-generation vaccines or monoclonal therapeutics may enhance protective immunity by

tuning Ab glycosylation to promote the enrichment of Abs at mucosal barriers.

INTRODUCTION

Sexual transmission of HIV across mucosal barriers accounts
for the majority of new HIV infections each year. Women are at
particular risk of infection, with young women twice as likely as
young men to be infected with HIV via heterosexual
transmission.1,2 Although an effective HIV vaccine remains
elusive, enhancing protection at mucosal sites is key to
provide protective immunity in next-generation vaccine
strategies. Passive transfer of neutralizing antibodies (Abs)
against HIV can provide protection against mucosal chal-
lenge,3,4 and beyond neutralization, Fc-mediated Ab effector
functions have been implicated in protection against HIV.5,6

Recently, targeting of broadly neutralizing Abs to mucosal

compartments resulted in increased protection of non-human
primates from mucosal challenge,7 suggesting that strategies
aimed at increasing the concentration of virus-specific Abs at
mucosal sites may provide enhanced protection from infection.
However, as vaccination cannot induce mutations in the Fc,
identifying natural Ab modifications that increase Ab con-
centration at mucosal sites represents a novel opportunity to
enhance immunity against HIV and other mucosal pathogens.

All mucosal surfaces are lined with a thick layer of mucus that
provides a protective physical barrier for the underlying
epithelium by trapping pathogens and microbes. Anti-micro-
bial peptides, immune proteins, and Abs are present within
mucus, and can be bound to a lattice of heavily glycosylated
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mucin proteins that line the membranes.8 The specific
mechanisms by which these immune proteins are bound in
mucus are not fully understood but may hold the key to vaccine
or therapeutic strategies aimed at enriching antiviral Abs along
these vulnerable tissues. Cell-associated mucin proteins
including the largest mucin, mucin 16 (MUC16), line the
endocervix, endometrium, and fallopian tubes to provide an
additional barrier for pathogens to overcome in order to reach
the epithelium.9,10 Because the endocervix is lined by a single
layer of columnar epithelial cells that is highly susceptible to
infection by HIV,11 the mucin barrier provides an additional
protective layer against infectious agents.

In this study, we aimed to determine whether Abs could be
selectively enriched at mucosal barriers, ultimately identifying
novel means to promote higher concentrations of HIV-specific
Abs at these sites. Here, we identified an interaction between
IgG and the mucin, MUC16, which is selectively enhanced in
chronic HIVþ subjects. Specifically, particular Fc glycosylation
patterns, independent of Ab subclass, were associated with
enhanced binding to MUC16, and manipulation of the glycan
structure modulated MUC16 binding interactions, and sub-
sequent capture of virus. Together, these data highlight a novel
opportunity to promote HIV-specific Ab enrichment above
mucosal membranes through altered Ab glycosylation that may
immobilize incoming virus to provide enhanced protection
from infection.

RESULTS

Abs from HIVþ patients preferentially bind to MUC16

Previous studies demonstrate increased levels of IgG1 and IgG3
Abs in the cervicovaginal secretions (CVS) of HIVþ compared
with HIV-negative women.12 Although the increased amounts
of IgG in CVS likely result from hypergammaglobulinemia
associated with HIV infection,13 we reasoned that there might
be specific interactions between Abs from HIVþ individuals
and mucus proteins that may allow them to retain high levels of
Abs within mucus. Thus, to determine whether specific proteins
in mucus bind differentially to Abs during HIV infection, we
examined the capacity of Abs isolated from chronic HIVþ

patients or healthy controls to bind to a number of proteins that
associate with epithelial cells at mucosal membranes. Among the
proteins found at these sites that may interact with Abs,14 no
differences were observed in Ab binding to galectin proteins
Gal-1, Gal-3, Gal-7, and Gal-9 (Figure 1a). Next, we probed the
capacity of Abs to interact with some of the most abundant
proteins at the mucosal barrier in the female reproductive tract,
the membrane-associated mucin proteins, MUC1 and MUC16.
Although Abs were able to bind to recombinant fragments of
both mucins, limited differences were observed between the
groups in binding to MUC1 (Figure 1b, left). In contrast, Abs
purified from subjects with chronic HIV infection exhibited
significantly enhanced binding to MUC16 (Figure 1b, right).

As the endocervix is vulnerable to HIV infection, we next
determined whether both Abs and MUC16 are present in the
same region of the reproductive tract. Thus, an endocervical

explant from a healthy donor was stained for the presence of
IgG and MUC16 and visualized by fluorescence microscopy.
Consistent with previous studies demonstrating the presence
of MUC16 lining the endocervix,8,15 MUC16 staining was
observed on the apical side of the columnar epithelium
(Figure 1c). The staining of the MUC16 at the epithelial
border across the entire tissue section highlights the ideal
localization of MUC16-mediated Ab enrichment to protect the
underlying epithelium. Dispersed IgG staining was observed
throughout the tissue section, consistent with prior studies
demonstrating the presence of IgG within the reproductive
tract.16,17 Interestingly, an accumulation of IgG was observed at
the apical side of the columnar epithelial cells, overlapping with
surfaces occupied by MUC16. Thus, interactions between Abs
and MUC16 have the potential to concentrate Abs within the
glycocalyx covering the luminal surface of the endocervix,
enhancing mucosal barrier function.

Native MUC16 within tissues is much larger and likely
glycosylated differently from recombinant MUC16, thus we
next determined whether Abs from HIVþ patients could also
interact with naturally produced MUC16. Native MUC16 was
purified from OVCAR3 cells and binding of Abs was evaluated.
Consistent with our results using recombinant MUC16, HIVþ

Abs demonstrated enhanced binding to native MUC16 com-
pared with Abs from healthy controls (Figure 1d). To determine
whether purified MUC16 was conformationally distinct on the
cell surface, potentially abrogating Ab binding, Abs from HIVþ

patients were incubated with either wild-type (WT) OVCAR3
cells, which naturally express MUC16,18 or MUC16-knockdown
OVCAR3 cells. As shown in Figure 1e, Ab binding was detected
on WT OVCAR3 cells, but reduced on MUC16-knockdown
cells. Together, these data demonstrate that Abs can interact with
native shed and cell-associated MUC16.

Chronic HIV infection enhances the production of MUC16
binding Abs

To begin to identify features of Abs that confer enhanced binding
to MUC16, we sought to determine whether Abs with enhanced
MUC16 binding are preferentially induced in subjects with
different HIV-associated clinical disease outcomes, such as
spontaneous control of HIV infection, previously associated with
the induction of unique Ab Fc profiles.19 We compared Abs from
HIV controllers and chronic HIV patients with and without
antiretroviral treatment for binding to MUC16. Interestingly, no
differences were observed in Ab binding to MUC16 between the
different HIV patient groups, suggesting that HIV infection
alone, rather than viremia, induces an increase in Abs with
MUC16 binding abilities (Figure 1f).

The Ab response during HIV infection is dynamic, and Abs
generated during acute infection differ from those produced
during chronic infection with regard to subclass, antiviral
function, and epitope specificity.13,20 Thus to determine at
which point during infection Abs gain an enhanced capacity to
bind to MUC16, Abs from acutely HIV-infected patients
(o1 year post infection) was compared with Abs from chroni-
cally infected HIVþ patients (42 years) and healthy controls
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for MUC16 binding. Although limited binding was observed
for Abs from acute infection, Abs from HIV patients infected
for at least 1 year had enhanced MUC16 binding (Figure 1g).
As hypergammaglobulinemia arises within the first 3 months of
infection,13 it is likely that qualitative changes in the Ab, rather
than the total amount of Ab, must change over the first year of
HIV infection resulting in the generation of Abs with enhanced
MUC16 binding abilities.

To determine whether Abs generated in other viral infections
also exhibit amplified binding to MUC16, we examined the
capacity of Abs induced during acute influenza infection or
chronic hepatitis C virus (HCV) infection to bind to MUC16.
Enhanced MUC16 binding was not observed in subjects with
acute influenza infection or chronic HCV infection (Figure 1h).
Combined, these data demonstrate that there is an increase in the
amounts of Ab with optimal capacity to bind to MUC16 induced
in the context of chronic HIV infection.

Fc-mediated binding to MUC16

As Abs can be divided into two distinct functional domains—
the variable Fab domain involved in antigen binding and the
constant Fc domain involved in directing effector function—we
next aimed to define which domain interacts preferentially with
MUC16. Enzymatic digestion of a polyclonal pool of IgG from
chronic HIV patients (HIVIG) was performed with papain or
IdeS to produce Fab or F(ab)2, respectively, and Fc domains.
Overall, the cleaved Fc domains from HIVIG demonstrated
preferential binding to MUC16 compared with Fab and/or
F(ab)2, with the Fc domain mediating approximately 60% of
whole IgG binding to MUC16 (Figure 2a). To confirm the role
of the Fc domain in the Ab/MUC16 interaction, we used a pair
of monoclonal Abs (mAbs), VRC01 and Rituximab (RTX), that
exemplify the two extremes (low and high) of MUC16 binding,
representing a consistent surrogate of polyclonal IgG to dissect
Ab determinants of binding (Figure 2b). VRC01 and RTX were
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Figure 1 Antibodies (Abs) from HIVþ patients preferentially bind to mucin 16 (MUC16). (a, b) Bulk IgG from HIVþ patients or healthy subjects was
assayed for binding to galectins (a) or mucins (b) by ELISA. (c) An endocervical explant from a donor was stained for MUC16 (FITC), cytokeratin 7 (blue;
marks simple epithelium), and IgG (red) and imaged by fluorescence microscopy. The black and white inset shows overlap of IgG and MUC16. ROI i and ii
show regions of cell-associated MUC16 (ROI i) as well as shed MUC16 (ROI ii). (d) Bulk IgG from HIVþ patients or healthy subjects was assayed for
binding to native MUC16 isolated from OVCAR3 cells by ELISA. (e) Bulk IgG from chronic HIVþ patients was labeled with Cy5 and assayed for binding to
either wild type (WT) or MUC16-knockdown OVCAR-3 cells by flow cytometry. (f) Bulk IgG from different HIV patient populations (elite (EC) or viremic
controllers (VC); chronic progressor off ARV (UTx) or on ARV (Tx)) was assayed for MUC16 binding by ELISA. (g) Bulk IgG from acute (0–3 or 6–12
months) or chronic HIV infection (12 months;42 years) or healthy subjects was assayed for binding to MUC16 by ELISA. (h) Bulk IgG from HIVþ , HCVþ ,
influenza patients or healthy subjects was assayed for binding to MUC16 by ELISA. **Po0.01, ***Po0.0005, ****Po0.0001 by Mann–Whitney analysis
(two groups) or Kruskal–Wallis analysis (three or more groups). FITC, fluorescein isothiocyanate; ROI, region of interest.
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cleaved to produce Fab or F(ab)2 and Fc domains, and binding
to MUC16 was assessed. The Fc domain bound MUC16 at
approximately equal levels as whole IgG, whereas the F(ab)2

domain bound at approximately half of the binding of whole
IgG (Figure 2c). As we observed F(ab)2 binding, but not Fab
binding to MUC16, it is possible that the increased binding is
attributable to the detection of two Fabs in the F(ab)2 cleavage
condition by the anti-Fab detection reagent. Thus, we
performed surface plasmon resonance (SPR) to determine
the binding affinity of Fc, Fab, and F(ab)2 of VRC01 and RTX to
MUC16. Consistent with our results in the ELISA, the Fc
portion of the VRC01 bound to MUC16 with approximately

eightfold greater affinity than F(ab)2, whereas binding of the
Fab portion was undetectable (Figure 2d). These data suggest
that while some level of F(ab)2 binding to MUC16 can occur, a
majority of binding is mediated via the Fc domain. In addition,
both the Fc and F(ab)2 of RTX showed reduced binding affinity
to MUC16 comparable to the level of VRC01 F(ab)2 binding,
further supporting the hypothesis that the Fc domain of Abs
mediates differential binding to MUC16.

Ab subclass does not account for differential MUC16
binding

As the Fc domain of Abs can be rapidly modulated during an
immune response to drive differential Ab functionality via
subclass selection and glycosylation,21 we next aimed to
determine whether specific subclasses preferentially enhanced
binding to MUC16. No relationship was observed between bulk
subclass Ab titers or gp120-specific subclass titers and MUC16
binding (Figure 2e), pointing to a non-subclass mediated
mechanism for enhanced MUC16 binding.

Elevated levels of agalactosylated Abs correlate with
enhanced MUC16 binding

The Fc domain of IgG contains a glycosylation site at N297,22

and beyond subclass selection differences, Ab Fc glycosylation
can be tuned during an immune response, aimed at modulating
Ab interactions with Fc receptors and complement.23 More-
over, the Ab glycan varies widely with age, sex, and auto-
immune diseases,24 and significant changes in IgG glycosy-
lation have been observed in HIV infection, marked by the
accumulation of high levels of agalactosylated Abs,19,25 also
observed in active rheumatoid arthritis (RA) flares.26 Given the
similarity in Fc glycosylation in HIV and RA, we hypothesized
that Abs from RA patients also exhibit enhanced binding to
MUC16. Indeed, Abs from RA patients bound to MUC16 at
higher levels, similar to those from HIV patients, and trended
toward enhanced binding to MUC16 compared with Abs from
healthy controls (Figure 3a). As it is unlikely that Abs from RA
patients and HIV patients share similar antigen-binding
domains and subclass selection profiles, these data suggest
that alterations in Fc glycosylation may have a role for
the observed increase in MUC16 binding. Interestingly, Abs
from influenza and HCV infection exhibit lower levels of
agalactosylation (Supplementary Figure S1 online), support-
ing the hypothesis that differential Fc glycosylation may
modulate enhanced MUC16 binding.

Ab glycan structures can be divided into classes based on the
number of galactose molecules incorporated into the glycan,
with G0 containing no galactose, G1 containing one galactose,
and G2 containing two galactose molecules.22 As HIV-infected
subjects and RA patients exhibit an enrichment of G0 Abs,
the relationship between the abundance of G0, G1, and G2
structures and MUC16 binding was explored in a population
of HIVþ patients with variable Ab glycosylation following
glycan analysis by capillary electrophoresis.27 A significant
positive correlation was observed between MUC16 binding and
G0 glycan levels across the entire population (Figure 3b).
Conversely, a significant negative correlation was observed

a b c
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Figure 2 Fc-mediated binding to mucin 16 (MUC16). (a) HIVIG was
cleaved with IdeS to generate F(ab)2 fragments, or papain to generate
intact Fc or Fab fragments, and assayed for MUC16 binding. The percent
binding compared with whole IgG is shown. (b) VRC01 or Rituximab (RTX)
was assayed for MUC16 binding by ELISA. (c) Fab, F(ab)2, or Fc
fragments of VRC01 or RTX were assayed for MUC16 binding by ELISA.
Percent binding of whole IgG is shown. (d) Fab, F(ab)2, or Fc fragments of
VRC01 or RTX were assayed for MUC16 binding by surface plasmon
resonance (SPR). Raw SPR curves are shown in (i) and KD in (ii). (e) Total
IgG subclass (top panel) or gp120-specific subclass titers (bottom panel)
in IgG from HIV patients were determined by multiplex analysis. A
Spearman correlation coefficient was used to determine correlations
between MUC16 binding and Ab titers. ****Po0.0001 by unpaired t-test.
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with the relative abundance of G2 containing Abs, as G2 and
G0 are inversely correlated. The same glycan/MUC16 bind-
ing relationships were confirmed in a replication cohort of
acute and chronic HIV patients, influenza patients, HCV
patients, RA patients, and healthy subjects (Supplementary
Figure S2).

Although G0-containing Abs are enriched in HIV and RA
patients compared with healthy subjects, G0-Abs are less abun-
dant than G1 and G2 Abs in HIVþ subjects (Supplementary
Figure S3), suggesting that G0-Abs preferentially bind to
MUC16. Moreover, although healthy patients show less
binding to MUC16 relative to HIVþ donors (Figure 1b),
the abundance of G0-containing Abs also correlates with
enhanced MUC16 binding in a healthy cohort (Figure 3b,
bottom panel), consistent with a role for G0 glycosylation in the
selective tuning of MUC16 binding, regardless of patient
population. mAb glycosylation varies due to differences in the
host expression cell line,28 and as VRC01 bound better than
RTX to MUC16 (Figure 2b), we determined the relative
percentage of G0, G1, and G2 glycan structures on these mAbs.
Interestingly, the enhanced MUC16 binding with VRC01 was
linked to higher G0 glycosylation whereas lower MUC16
binding and lower G0 glycosylation with RTX (Figure 3c).
Similar results were observed with two additional HIV-specific
mAbs, F240 and 2G12, where differential G0 content was linked
to MUC16 binding (Supplementary Figure S4), further

supporting a role for G0 glycosylation in preferential
MUC16 binding, independent of antigen specificity.

To confirm the role of the G0 glycan in enhanced MUC16
binding, G0-Abs were enriched from HIVIG using the Erythina
cristagalli lectin, which specifically binds to terminal b1,
4-linked galactose,29 thus binding to G1/G2-containing Abs,
and depleting these species, while enriching G0 structures in the
unbound pool. G0-enriched Ab fractions bound MUC16
at approximately 80% of the amount of the input HIVIG,
whereas G1/G2-enriched Ab fractions bound MUC16 at 20% of
input HIVIG (Figure 3d). Similarly, removal of the terminal
galactose from HIVIG by enzymatic digestion with b1,
4-galactosidase to generate G0-Abs resulted in increased
binding to MUC16 compared with undigested Abs
(Figure 3e), further supporting the hypothesis that G0-Abs
have an enhanced capacity to bind to MUC16.

Increased binding affinity to MUC16 is modulated by
smaller Fc glycan structures

To quantitatively measure the impact of the Fc glycan on
binding to MUC16, we performed SPR analysis of the HIV-
specific mAbs VRC01 and 2G12, which showed high and low
MUC16 binding, respectively (Figure 2b, Supplementary
Figure S4A), and polyclonal HIVIG after: (i) the enzymatic
removal of sialic acid and galactose from the glycan, thus
generating G0 glycoforms or (ii) after enzymatic removal of the

a b
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Figure 3 Elevated levels of agalactosylated antibodies (Abs) correlate with enhanced mucin 16 (MUC16) binding. (a) Bulk IgG from HIVþ or rheumatoid
arthritis (RA) patients or healthy subjects was assayed for binding to MUC16 by ELISA. (b) The relative abundance of glycan structures in bulk IgG from
HIVþ patients (top panel) or healthy subjects (bottom panel) was determined by capillary electrophoresis (CE). Spearman correlation coefficients
indicate a significant positive (red), significant negative (blue), or no correlation (white) between relative glycan abundance and MUC16 binding. (c) The
relative abundance of total G0, G1, and G2 glycan structures in VRC01 and Rituximab (RTX) was determined by mass spectrometry. (d) HIVIG was
enriched for G0-Abs using ECL beads. Bound Abs were eluted and compared with unbound Abs for binding to MUC16 by ELISA. The data are expressed
as percent binding to unenriched HIVIG Abs. (e) HIVIG was treated with or withoutb-galactosidase and assayed for MUC16 binding by ELISA. **Po0.005
by unpaired t-test.
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entire glycan by PNGaseF. Consistent with the ELISA data
demonstrating that removal of galactose increases binding to
MUC16 (Figure 3e), truncation of the glycan to G0 dramati-
cally increased Ab affinity to MUC16 compared with
undigested Abs (Figure 4a). Unexpectedly, the affinity of
VRC01 and HIVIG binding to MUC16 was also increased
when the Fc glycan was removed completely by PNGaseF
(Figure 4a). Similarly, removal of the glycan increased the
binding affinity of RTX to MUC16 compared with undigested
Ab (Figure 4b). Conversely, RTX binding to Protein A, an Fc
glycan-independent interaction, was not significantly altered
with removal of the glycan, whereas binding to FcgRIIIa, an Fc
glycan-dependent interaction, was disrupted (Figure 4b), as
expected.30,31 Of note, RTX does not have an N-linked
glycosylation site in the Fab region, and only has an Fc glycan,
thus the increased binding affinity following PNGaseF diges-
tion supports the role of the Fc in mediating the interaction with
MUC16 (Figure 2b,c). Together with the G0-MUC16 associ-
ation within patient cohorts (Figure 3b, Supplementary
Figure S2), these data provide compelling evidence that
G0-containing Abs have greater affinity for MUC16. As G0
represents the smallest naturally occurring Fc glycan structure,
these data suggest that smaller or no glycan structures confer
enhanced MUC16 binding.

MUC16 glycosylation is required for Ab binding

Given the role of the Fc glycan in modulating Ab binding to
MUC16, we hypothesized that the glycans on MUC16 may also
modulate binding to the Abs. MUC16 is glycosylated with both
O- and N-linked glycans that accounts for nearly 30% of the
protein mass.32 To determine whether MUC16 N-linked
glycans modulate binding of Abs, MUC16 was digested with
PNGaseF to remove N-linked glycans, and the binding affinity

to the mAbs was measured by SPR. Strikingly, PNGaseF
treatment of MUC16 resulted in complete loss of binding to all
Abs (Figure 4c), indicating that N-linked glycans on MUC16
are critical for Ab binding.

Fucosylation also impacts MUC16 binding

In addition to galactose, three additional sugars can be modified
to alter Ab functionality: fucose reduces Ab Fc binding to
FcgRIIIa, thus reducing ADCC;33 bisecting GlcNAc enhances
binding to FcgRIIIa thereby enhancing ADCC;34 and sialic acid
can dampen inflammation and ADCC.35 To gain greater
resolution of the glycan modifications that preferentially
interact with MUC16, Abs from HIVþ patients were incubated
with beads coated with MUC16, and bound Abs were eluted
before glycan characterization by mass spectrometry (Supple-
mentary Figure S4). The frequency of specific Ab glycan
structures in the total pool of Abs was compared with those in
the MUC16-bound fraction to define the preferred structures
that bound to MUC16. MUC16 pull-down captured the G0F
glycan structure most abundantly, followed by G1F, G2F,
G0FB, and G1FB (Figure 5a). Calculation of the percentage
enrichment of MUC16-bound Abs compared with the input
HIVIG demonstrated that MUC16-bound Abs were enriched
for G0F, G1F, G2F, G1FB, and G0FB but reduced for G0B, G1B,
and G2B (Figure 5b). Moreover, collective analysis of total G0,
G1, and G2 glycans (including all substructures þ /� fucose,
sialic acid, and bisecting GlcNAc) demonstrated an enrichment
of G0 structures in MUC16 bound Abs whereas G1 and G2
structures were reduced compared with input levels in HIVþ

Abs (Figure 5c). Similarly, collective analysis of total glycan
structures that include fucose and/or the bisecting GlcNAc
highlights the preferential binding of all fucosylated Abs, but
not afucosylated bisected glycosylated Abs (Figure 5d).

a b c

Figure 4 Increased binding affinity to MUC16 is modulated by smaller Fc glycan structures. (a) VRC01 (top), 2G12 (middle), and HIVIG (bottom) were
digested with enzymes to produce G0, or aglycosylated antibodies (Abs) and binding affinity to MUC16 was determined by surface plasmon resonance
(SPR). Raw SPR curves and bar graphs of KD values for indicated groups are shown. (b) Rituximab (RTX) was digested with PNGaseF to produce
aglycosylated Abs, and binding affinity to MUC16 (top), protein A (middle) or FcgRIIIA (bottom) was determined by SPR. Raw SPR curves and bar graphs
of KD values for indicated groups are shown. (c) N-glycans on MUC16 were removed by digestion with PNGaseF and binding affinity of indicated Abs to
digested MUC16 was determined by SPR. Raw SPR curves are shown.
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Because fucose and the bisecting GlcNAc are typically (but not
exclusively) added in a reciprocal order,36 reduced bisecting
glycan binding may be related to a preferential interaction
between MUC16 and fucosylated Abs. Moreover, the relative
abundance of G0F-containing Abs correlated with MUC16
binding in both HIVþ subject and healthy control populations
(Figure 5e, Supplementary Figure S5), supporting the
hypothesis that G0 fucosylated structures promote MUC16
binding. Finally, to test whether reducing fucosylation alters Ab
binding to MUC16, the mAb VRC03 was produced either in
WT or in stable FUT8 knockdown (the enzyme that adds
fucose) 293T cells, the latter demonstrating reduced MUC16
binding (Figure 5f). Taken together, these data support a role
for Ab fucosylation in promoting Ab/MUC16 interactions.

MUC16-bound Abs captures HIV

Capture of infectious HIV at mucosal barriers could serve to
block transmission by immobilizing/neutralizing incoming
HIV, leading to protective immunity.37,38 Given the apical
localization of MUC16 above the epithelium (Figure 1c,
Gipson et al8), MUC16-bound Abs may be well positioned to
capture incoming virions at a distance from the underlying
epithelium, thereby helping prevent infection. To determine
whether MUC16-bound Abs could capture virus, fluorescent
HIV viral particles were incubated with MUC16-bound
HIVIG (10 or 100 mg ml� 1) or Abs from a healthy subject
(100 mg ml� 1), and the number of HIV particles trapped by
MUC16-bound Abs was quantified by confocal microscopy.

Although Abs from healthy controls trapped HIV particles to
similar levels as MUC16 alone, MUC16-bound HIVIG trapped
significantly more HIV particles at the highest concentration
(100mg ml� 1) of HIVIG only, likely related to the low
abundance of HIV-specific Abs within the polyclonal HIVIG
pool (Figure 6a).39 In addition to the visualization of viral
capture by microscopy, viral capture was quantified by p24
ELISA. As G0 forms of Abs increase binding affinity to MUC16,
the G0 glycoform of VRC01 was directly compared with the
undigested VRC01. As shown in Figure 6b, VRC01 G0
captured higher amounts of HIV compared with undigested
VRC01, and significantly higher virus than the healthy Ab
control, indicating that increased MUC16 binding affinity
results in increased viral capture. Together, these functional
data indicate that MUC16-bound Abs not only bind to MUC16,
but can capture HIV virions, potentially resulting in the
sequestration of the virus above the epithelial border.

DISCUSSION

Reducing transmission of HIV across mucosal barriers is
critical to ending the HIV epidemic, and identifying inter-
actions that enhance mucosal protection will be a key to provide
sterilizing immunity. Approaches aimed at naturally inducing
Ab enrichment at mucosal barriers through vaccination or
therapeutics could have a profound impact on limiting
infection. Here, we demonstrate an interaction between the
cell-associated mucin protein, MUC16, and Abs. Moreover,
this interaction was preferentially enhanced in the context of

a b c
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Figure 5 Agalactosylated and fucosylated antibodies (Abs) are enriched in mucin 16 (MUC16)-bound Abs. (a) MUC16-bound Abs were analyzed by
mass spectrometry to determine glycan structure. The relative intensity values for input or MUC16-bound Abs for the indicated glycan are shown. (b) The
percent enrichment of the indicated glycan structure in the MUC16-bound Ab pool compared with the input Ab pool is shown. (c, d) The percent
enrichment of total G0, G1, or G2 glycan structures (c) or fucosylated (G0F, G1F, G2F), fucosylated and bisected (G0FB, G1FB) and bisected structures
(G0B, G1B, G2B) (d) in the MUC16-bound Ab pool compared with the input Ab pool are shown. (e) The relative abundance of fucosylated glycan
structures in bulk IgG from HIVþ patients (top panel) or healthy subjects (bottom panel) was determined by capillary electrophoresis (CE). Spearman
correlation coefficients indicate a significant positive (red), significant negative (blue), or no correlation (white) between relative glycan abundance and
MUC16 binding. (f) VRC03 monoclonal Ab produced in either wild-type or FUT8kd 293T cells to produce fucosylated or afucosylated Abs, respectively,
was assayed for MUC16 binding by ELISA.
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chronic HIV infection, allowing us to identify a specific
glycoform that confers enhanced binding and affinity to
MUC16 and subsequent viral capture.

Although mucus alone slows the transit of viruses, the
antiviral function of virus-specific Abs in mucus has been
suggested in the context of herpes simplex virus-2 (HSV-2)
where the presence of HSV-2-specific Abs within mucus
decreases movement of that virus, correlating with reduced
vaginal infection in mice.40 The synergy of Abs and mucus is
likely mediated through multiple mechanisms including
increasing the size of the pathogen by immune complex
formation, and higher affinity interactions with particular
mucus components such as mucins or additional Fc-interacting
proteins.17,40,41 In the case of HSV-2, Ab glycosylation on HSV-
2-specific Abs was critical in slowing virus transit through
mucus,40 yet the mucus proteins engaged in this HSV-2 slowing
process and specific Ab modifications that resulted in enhanced
viral trapping are unclear. However, the results raised the
exciting possibility that strategies aimed at increasing Ab
abundance within mucus could effectively reduce pathogen
infection across mucosal membranes. Here, we demonstrate a
preferential interaction of Abs and MUC16 that can be
enhanced by altering Ab glycosylation to shorter, agalactosy-
lated fucosylated Abs that allows for capture of virus.

Generation of Abs with enhanced MUC16 binding capacity
was not specific to HIV infection and was detectable in the
setting of active RA (Figure 3a), but not in influenza or HCV
infection, suggesting that specific inflammatory profiles, rather
than infection per se, drive Ab modifications that enhance Ab
binding to MUC16. Of note, while we only evaluated plasma
Abs in this study, locally produced mucosal Abs may have
distinct glycan profiles that allow for differential binding to
mucosal proteins and will be probed in future studies. However,
plasma Abs can access mucosal sites,42 allowing for enrichment
of systemic Abs with enhanced MUC16 binding activity at
MUC16-lined surfaces.

ELISA binding data, mass spectrometry analysis, and
associations in patients point to the preferential binding of
G0-containing Abs to MUC16 (Figures 3 and 5c). These data
were validated by SPR studies, demonstrating that truncation of
the Ab glycan to G0 on both polyclonal and monoclonal Abs
dramatically increased the affinity of Ab binding to MUC16

(Figure 4a). Intriguingly, removal of the glycan by PNGaseF
digestion also increased binding affinity of Abs to MUC16
(Figure 4a). The presence of different glycan structures (e.g.,
G0 vs. sialylated) or removal of glycan alters the CH2
domain,31,43–45 potentially impacting the flexibility/shape
of the Ab, with G0 glycans representing the shortest naturally
occurring structures, suggesting a possible mechanism of
interaction between these two proteins. Alternatively, as
the MUC16 N-linked glycans are critical for Ab binding
(Figure 4c), it is possible that larger Fc glycans with multiple
galactose and sialic acid residues may antagonize or hinder
binding to MUC16 through glycan/glycan interactions, similar
to the mechanism by which fucose hinders interaction with
FcgRIIIA.33 Future structural and glycosylation analyses may
point to the specific mechanism of interaction, but together, our
data demonstrate that Ab affinity to MUC16 can be tuned via
alteration in galactosylation to potentiate viral capture.

In addition to the importance of G0 to improve MUC16
binding, natural Abs that preferentially bind to MUC16 tend
toward enhanced fucosylation and reduced bisection. Both
enhanced fucosylation33 and reduced bisection34 are indepen-
dently linked to diminished ADCC activity, and thus the
preference of fucosylated Abs by MUC16 may offer a non-
inflammatory advantage at mucosal membranes, as virus-
immune complexes decorated with fucosylated Abs would limit
highly-inflammatory cytolytic activity and pathology if
detected by NK cells at mucosal membranes.

Methods to glyco-engineer Abs to produce particular glycan
structures have been established,46 rendering it feasible to
produce broadly neutralizing Abs with an enhanced capacity to
bind to MUC16. We demonstrate here that HIV-specific mAbs
can be modified to enhance MUC16 binding (Figure 4a),
indicating that existing monoclonal therapeutics can be
optimized to take advantage of enhanced MUC16 binding
capacity to protect the underlying mucosa. Further, it is likely
that particular vaccine vectors/adjuvants may selectively skew
and tune Ab glycosylation to produce Abs with shorter glycans.
Thus, next-generation vaccine design efforts may be able to
modulate Ab/MUC16 interactions to trap virus within mucus,
leading to enhanced protection from infection.

Beyond enrichment, enhancing Ab binding to MUC16
resulted in improved viral capture (Figure 6b). Viral capture

a b

Figure 6 Mucin 16 (MUC16)-bound antibodies (Abs) capture HIV. (a) MUC16 was coated onto microscopy plates at 2mg ml� 1. Abs were incubated at
10mg ml� 1 (HIVIG) or 100 mg ml�1 (HIVIG and healthy IgG) before washing and incubation with a fluorescent HIV (HIV-RFP). Trapped HIV was imaged
by confocal microscopy (left), and the number of trapped virus was quantified using Image J (right). (b) Indicated Abs (1 mg ml�1) were incubated with
plate-bound MUC16, followed by incubated with 10 ng ml�1 of HIV (SF162). After 1 h, plates were washed and the amount of virus captured was
determined by p24 ELISA. **Po0.005 by unpaired t-test.
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has been associated with protection and reduced transmitted
viruses,38,47 but Ab trapping of virus at the mucosa by non-
neutralizing Abs may provide the virus with an enhanced
capacity to infect. Although targeting neutralizing Abs to FcRn
led to enhanced protection from infection, enrichment of non-
neutralizing Abs on FcRn may result in more transcytosis of
virus, and infection.48 MUC16 extends up to 300 nm into the
lumen, forming a dense sheet of proteins that protect the
underlying epithelium,49 thus virus trapped by MUC16-bound
Abs will be sequestered above the epithelial surface and FcRn,
and any capacity to transcytose. Moreover, MUC16 has a
protease cleavage site that enables the ectodomain to be shed
from the epithelial surface into mucus.49,50 Thus, it is plausible
that upon immune complex mediated cross-linking of one or
more MUC16 proteins, the complexes would be shed far from
the surface in a larger complex with soluble MUC16 for removal
in mucus.

MUC16 is present in multiple mucosal tissues, including
the reproductive and respiratory tracts, thus approaches to
enhance Ab binding to MUC16 offer a unique opportunity
to coat mucosal surfaces to provide protection from addi-
tional viral, bacterial, and parasitic infections. Moreover,
alternate Ab interactions likely exist for other mucin proteins,
such as MUC5AC/MUC5B in the respiratory tract or MUC2 in
the large intestine,51 offering additional opportunities and
strategies to selectively program Abs to line specific mucosal
barriers and improve anti-pathogen activity and protective
efficacy. In summary, we describe a novel interaction between a
mucosal protein, MUC16, and Abs that is enhanced through
modulation of the Fc glycan, highlighting a novel opportunity
to increase protection against virus transmission by enriching
mucosal surfaces with HIV-specific Abs.

METHODS

Patient Abs and mAbs. Plasma samples from HIVþ , HCV, influenza,
RA patients, and healthy subjects were obtained with MGH Insti-
tutional review board approval, and all patients provided written
informed consent. Bulk IgG was purified and quantified as described in
the Supplementary Methods. mAbs were purchased as indicated in
the Supplementary Methods.

Binding ELISA. Recombinant galectins (R&D Systems, Minneapolis,
MN), MUC1 (aa1–264; Origene, Rockville, MD), MUC16 (aa21005–
21992; R&D Systems), or native MUC16 isolated from OVCAR3 cells
(see Supplementary Methods for details) were immobilized onto
ELISA plates, and Abs were assayed for binding using detecting using
a-human IgG Fc (MP Cappel).

Microscopy. Cervical tissue was isolated from patients undergoing
hysterectomies at Northwestern Memorial Hospital and explants of
endocervix were preserved in OCT media (Study #00025456). Tissue
sections were stained as detailed in Supplementary Methods.

Cell-based Ab-MUC16 binding assay. WT or OVCAR3 cells stably
expressing an shRNA targeting MUC16 were incubated with Cy5-
labeled Abs from chronic HIVþ patients as detailed in Supplementary
Methods. Binding of Abs to cells, defined by mean fluorescence
intensity, was measured by flow cytometry.

Glycan analysis. The relative abundance of Ab glycan structures
were quantified by capillary electrophoresis or mass spectrometry as
previously described,27 detailed in Supplementary Methods.

Enzymatic digestions and glycan modification. Enzymatic digestion
was used to modify glycans as described in Supplementary Methods.
IgG was digested into Fab, F(ab)2, and Fc using IdeS (Genovis, Lund,
Sweden) and papain (Thermo Scientific, Cambridge, MA). Glycans
were digested with PNGaseF (NEB), neuraminidase (NEB), and
b1,4-galactosidase (EMD Millipore, Darmstadt, Germany). G0-Abs
were enriched using ECL-agarose beads (Vectors Labs, Burlingame,
CA) as described in Supplementary Methods.

SPR analysis. The binding affinity of digested Abs to recombinant
MUC16 (R&D), FcgRIIIA (R&D), and Protein A (Sigma-Aldrich, St. Louis,
MO) was determined by SPR as detailed in Supplementary Methods.

MUC16 capture assay. MUC16 was bound to magnetic beads and
incubated with pre-cleared HIVIG. Beads were washed, and bound
Abs eluted in 6M guanidine HCl before analysis.

Afucosylated Ab production. 293T cells stably expressing FUT8
shRNA were generated and transfected with a plasmid expressing the
heavy and light chains of IgG1 VRC03. Abs were purified by Protein A
and evaluated for MUC16 binding as described above.

Viral capture assays. The amount of HIV capture by MUC16-bound
Abs was determined by microscopy and p24 ELISA as detailed below
and in Supplementary Methods.

Microscopy-based viral capture. MUC16 was bound to a poly-
d-lysine-coated microscopy plate (MatTek, Ashland, MA), and Abs
were bound before the addition of fluorescent HIV.52 Captured virions
were imaged by confocal microscopy and enumerated using ImageJ.

ELISA-based viral capture. MUC16 was immobilized onto an ELISA
plate, and Abs were bound before the addition of HIV SF162. Captured
HIV was determined by p24 ELISA (Perkin-Elmer, Waltham, MA).

Statistical analysis. Data were analyzed for statistical significance
using GraphPad Prism (San Diego, CA) as detailed in Supplementary
Methods.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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