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ABSTRACT We have recently shown that MUC16, a component of the glycocalyx of
some mucosal barriers, has elevated binding to the G0 glycoform of the Fc portion
of IgG. Therefore, IgG from patients chronically infected with human immunode-
ficiency virus (HIV), who typically exhibit increased amounts of G0 glycoforms,
showed increased MUC16 binding compared to uninfected controls. Using the rhe-
sus macaque simian immunodeficiency virus SIVmac251 model, we can compare
plasma antibodies before and after chronic infection. We find increased binding of
IgG to MUC16 after chronic SIV infection. Antibodies isolated for tight association
with MUC16 (MUC16-eluted antibodies) show reduced Fc�R engagement and anti-
body-dependent cellular cytotoxicity (ADCC) activity. The glycosylation profile of
these IgGs was consistent with a decrease in Fc�R engagement and subsequent ADCC
effector function, as they contain a decrease in afucosylated bisecting glycoforms
that preferentially bind Fc�Rs. Testing of the SIV antigen specificity of IgG from SIV-
infected macaques revealed that the MUC16-eluted antibodies were enriched for
certain specific epitopes, including regions of gp41 and gp120. This enrichment of
specific antigen responses for fucosylated bisecting glycoforms and the subsequent
association with MUC16 suggests that the immune response has the potential to di-
rect specific epitope responses to localize to the glycocalyx through interaction with
this specific mucin.

IMPORTANCE Understanding how antibodies are distributed in the mucosal envi-
ronment is valuable for developing a vaccine to block HIV infection. Here, we study
an IgG binding activity in MUC16, potentially representing a new IgG effector func-
tion that would concentrate certain antibodies within the glycocalyx to trap patho-
gens before they can reach the underlying columnar epithelial barriers. These stud-
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ies reveal that rhesus macaque IgG responses during chronic SIV infection generate
increased antibodies that bind MUC16, and interestingly, these MUC16-tethered anti-
bodies are enriched for binding to certain antigens. Therefore, it may be possible to
direct HIV vaccine-generated responses to associate with MUC16 and enhance the
antibody’s ability to mediate immune exclusion by trapping virions within the glyco-
calyx and preventing the virus from reaching immune target cells within the mu-
cosa. This concept will ultimately have to be tested in the rhesus macaque model,
which is shown here to have MUC16-targeted antigen responses.

KEYWORDS antibodies, SIV infection, mucosal immunology

Recent human immunodeficiency virus (HIV)-related vaccine trials in humans and
macaques show partial protection associated with antibodies (Abs) that do not

show broadly neutralizing activity (1–3). Therefore, there is a greater interest in the
potential effector function of these antibodies and the potential mechanism of pro-
tection. Recent effort has been accelerated toward understanding how nonneutralizing
antibody activity could block HIV infection at mucosal surfaces (4).

Mucosal surfaces are the first barrier to pathogens in the female reproductive tract
(FRT) and are protected by two distinct layers of mucins. The most superficial layer is
composed of secreted gel-forming mucins, which constitutes mucus. Within the FRT,
the gel-forming mucins include MUC5AC and MUC5B, which are secreted by goblet
cells residing in the columnar epithelium of the endocervix. Between the columnar
epithelial cells and the mucus is a covering of glycoproteins and glycolipids known as
the glycocalyx. This layer contains the second layer of mucins, the cell-associated
mucins. In the FRT, the cell-associated mucins present are MUC16 and MUC1 (5).
Although these cell-associated mucins are shed into mucus, they are predominantly
expressed on the epithelial surface to fortify the glycocalyx. Interestingly, in the case of
MUC16, there is shedding from the uterodome during the receptive phase of the
menstrual cycle (6). However, the overall mucin levels, both cell associated and gel
forming, in cervical vaginal mucus are not altered throughout the menstrual cycle, but
the glycosylation patterns on the mucins present are (5).

These protective layers also contain innate and adaptive immune proteins such as
antibodies. In our previous studies, we demonstrated that some of these antibodies can
tightly associate with FRT mucus (7). Other publications suggest that antibodies can
work with mucus to inhibit pathogen movement by trapping in protective mucus layers
(8, 9). Recently, we reported that the cell-associated mucin MUC16 contains an IgG
binding function with preferential binding to IgG with a G0 glycoform (10), which is Fc
mediated and of high affinity. MUC16 is a large cell-associated mucin, extending �500
nm into the lumen and strategically located at the glycocalyx of the epithelium in
mucosal surfaces such as the upper FRT and the lung (5, 11). This interaction would
fortify the glycocalyx with antibodies that could facilitate pathogen trapping. We have
found evidence that endogenous IgG colocalizes with MUC16 present on the surface of
the endocervix, showing that this interaction is feasible in vivo (10). Having MUC16 and
IgG localized to the endocervical epithelium could play a protective role; it has been
shown that the entire FRT, from labia to ovaries, is a potential site of acquisition (12, 13).

The idea of antibodies trapping antigens in the mucosal lumen is not a novel
concept and was originally described in 1975 using IgA (14). This process, known as
immune exclusion, has been extended to the HIV field, whereby anti-HIV dimeric IgAs
(dIgAs) can trap simian-human immunodeficiency virus (SHIV) in the mucosal layer,
thus blocking infection (15, 16). Although systemic anti-HIV IgG has been shown to
contribute synergistically to mucosal anti-HIV dIgA protection from SHIV infection (17),
the potential for mucosal anti-HIV IgG to perform immune exclusion is just beginning
to be shown. In a recent study, intrarectally applied anti-HIV IgG1 was shown to protect
5/6 rhesus macaques from intrarectal challenge (18). Although this study showed the
feasibility of IgG to protect at the mucosal surface, an understanding of how to target
IgG to the mucosa from a vaccine or passive infusion has yet to be elucidated.
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IgG is glycosylated at asparagine 297 on the Fc portion of the antibody. Glycan
branches extend corresponding to their galactose content, with G0 bearing no galac-
tose, G1 having one galactose, and G2 having two galactose branches. These glyco-
forms can also contain fucose and have bisecting GlcNAc residues and terminal sialic
acid moieties. During a state of inflammation, such as chronic HIV infection, these
antibodies are modified toward a G0 state, meaning that they are galactose deficient
(19). It is the enrichment of these antibodies to the G0 state during HIV infection that
leads to the observed higher affinity for MUC16 (10). This tuning of glycoforms can
influence the effector function of these antibodies (20). Therapeutic antibodies that are
engineered to be afucosylated have the greatest potency for lymphoma treatment (21).
HIV antibodies engineered with afucosylated and bisecting glycoforms have the high-
est binding to Fc�RIIIa and have elevated antibody-dependent cellular cytotoxicity
(ADCC) compared to other antibody glycoforms (22–24).

The potential importance of the Fc portion of HIV-specific antibodies and the effect
of glycoform and IgG subclass on anti-HIV function is an area of robust debate (25).
Reports focused on influenza and anthrax vaccines have shown a dependence of in vivo
neutralization on Fc function (26–28). These results have been extended to work with
HIV, demonstrating that Fc-engineered antibodies can exhibit increased neutralization,
highlighting the dependence on Fc for blocking infection (29–31). However, the
controversy continues relating to an HIV vaccine, as a pair of recent reports suggest that
the Fc effector function, ADCC, is dispensable for blocking infection in the rhesus
macaque SHIV challenge model (32, 33). It is likely that different antibodies and
infection models emphasize different antibody functions to mediate protection. For
example, it is a possibility that less-potent antibodies, such as b12, may require
additional Fc effector functions to provide protection (34). Therefore, it is critical that
the field better understand the protective mechanism of known antibody effector
functions and seek to identify new potential effector functions to increase the potential
efficacy of HIV vaccines in development.

Here, we show that IgG isolated from the plasma of simian immunodeficiency virus
SIVmac251-infected rhesus macaques has increased binding to MUC16, relative to IgG
from the same animals before infection. Isolation of the antibodies that bind most
tightly to MUC16 revealed that these MUC16-eluted IgGs contain a distinct glycosyla-
tion profile, which skews them away from Fc�R binding and ADCC effector function and
toward increased MUC16 binding. Interestingly, these MUC16-eluted antibodies are
enriched for certain SIV antigen specificities. The findings from this study suggest a
novel effector function for some SIV-elicited antibodies, which are targeted to the
glycocalyx through interaction with Fc receptors in MUC16. This would place such
antibodies within overlying mucosal surfaces, imparting the potential to trap the virus
before it could reach resident target cells and thus block infection by immune exclu-
sion.

RESULTS
MUC16-eluted IgGs have elevated binding to MUC16 and a distinct glycosyla-

tion profile. We recently reported an IgG binding activity in MUC16 that preferentially
associates with glycoforms of IgG that are increased during chronic HIV infection (10).
In order to assess whether this occurs in the rhesus macaque model, we obtained
plasma from 6 rhesus macaques before and 150 days after SIVmac251 challenge. This
is well beyond the 21- to 40-day acute-to-chronic SIV infection transition phase, and
therefore, they were chronically infected (35). We first wanted to confirm that the
MUC16 tissue distributions are similar between rhesus macaques and humans. Similar
to our findings from previous work in the human endocervix, we found robust
expression of MUC16 on the columnar epithelial surface of the rhesus macaque
endocervix (Fig. 1A, MUC16 in red, E-cadherin in green, and nuclei in blue). IgG isolated
from rhesus macaques that were chronically SIV infected had significantly elevated
binding (P value of �0.05 by a sign test) to MUC16 compared to IgG from the same
macaques prior to infection, as shown by a MUC16 enzyme-linked immunosorbent
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FIG 1 Isolation and characterization of MUC16-eluted IgG from SIV-infected rhesus macaques. (A) Fluorescence deconvolution image (magnification, �100) of
MUC16 expression in rhesus macaque endocervical epithelium. Red, MUC16; green, E-cadherin; blue, nuclei. Bar, 10 �m. (B) MUC16 ELISA binding for plasma
IgG before and after SIV infection (n � 6 rhesus macaques). (C) Isolation of the MUC16-eluted IgG using GuHCl, as shown by Coomassie staining on an SDS-PAGE
gel. HC denotes the heavy chain, and LC denotes the light chain. The table shows the percent yield of MUC16-eluted IgG. (D) MUC16 ELISA binding for plasma
IgG before and after MUC16 purification (n � 6 rhesus macaques). (E) Proteomic analysis of glycoforms enriched in MUC16-eluted IgG compared to
GuHCl-treated input controls (n � 3 rhesus macaques). Median values are displayed as center bars, with error bars showing the ranges. Each symbol (triangle,
square, and circle) represents an individual monkey. *, P value of �0.05 by a sign test.
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assay (ELISA) (Fig. 1B). With the exception of one rhesus macaque, all the protein
G-purified IgG showed elevated binding to MUC16 following SIV infection. Therefore,
we were able to recapitulate the increase in MUC16 binding following infection that we
see in human subjects in the rhesus macaque model.

Next, we wanted to isolate and characterize the antibody subset that is most
responsible for this elevated binding to MUC16. Utilizing an established tosyl-activated
magnetic bead-based purification method, we isolated MUC16-eluted IgG from each
animal. This high-affinity Fc-mediated interaction is reminiscent of C1q binding to IgG,
where there is a small subset of antibodies that bind very tightly and are not dissoci-
ated under standard dissociation conditions, such as 3 M NaCl, 5 M urea, or beta-
mercaptoethanol (36). Under the conditions of this experiment, the bound IgG could be
eluted only by denaturation with 6 M guanidine hydrochloride (GuHCl) followed by a
refolding step where GuHCl is removed by buffer exchange into phosphate-buffered
saline (PBS). Because the refolding process could potentially influence antibody activity,
we included an important control where input IgG was denatured with GuHCl followed
by buffer exchange back to PBS prior to being used in functional assays (10). In the
presented Coomassie-stained gel (Fig. 1C), the 3 antibody populations, from 1 repre-
sentative monkey used in this study, are shown through the process of purification:
input IgG, GuHCl-treated input IgG, and MUC16-eluted IgG. As is evident from the
Coomassie-stained gel, the purified MUC16-eluted IgG is a minority species and rep-
resents roughly 5% of the total input IgG that went into to the purification (calculated
by dividing MUC16-eluted IgG that was yielded by the total input IgG that was
incubated with the MUC16 beads) (Fig. 1C). In addition, the Coomassie-stained gel
reveals that the isolation process of the MUC16-bound IgG does not lead to IgG
degradation. Importantly, there is very little IgG remaining on the tosyl-activated beads
after purification (Fig. 1C, last lane), showing that the detachment of IgG from MUC16
beads was efficient. Next, we wanted to confirm that enrichment for MUC16 binding
IgG resulted in an enrichment of binding to MUC16. MUC16-eluted IgG indeed had
elevated binding to MUC16 compared to input IgG for all 5 of the purified samples (Fig.
1D) (P value of �0.05 by a sign test) and therefore was enriched for MUC16 binding.

Previously, we showed that MUC16-associated human IgG has a distinct glycosyla-
tion profile, an enrichment in fucosylated bisecting glycoforms, compared to input IgG
(10). Therefore, we wanted to assess whether these MUC16-associated IgGs also have
a distinct glycosylation pattern. We evaluated antibodies from 3 randomly chosen
monkeys for proteomic glycosylation analysis and found an increase in fucosylated
bisecting glycoforms (Fig. 1E, blue symbols) and a decrease in afucosylated bisecting
glycoforms (red symbols) in MUC16-eluted IgG relative to input IgG, similar to what is
observed in human studies (10). Thus, we can purify a MUC16-eluted IgG population
with a distinct glycosylation profile from the plasma of SIV-infected rhesus macaques.

MUC16-eluted IgG has reduced binding to Fc�Rs and is deficient at performing
ADCC. MUC16-eluted IgG was next assessed for Fc-mediated effector functions. First,
the binding of MUC16-eluted IgG from 3 SIV-infected rhesus macaques to rhesus
macaque Fc�RIIA, -IIB, and -IIIA (each of them being allele 1) was determined by an
ELISA. As a control, GuHCl-treated input antibodies were also evaluated. To compare
binding, the median area under the curve (AUC) was measured, a reliable method for
evaluating antibody titrations (37, 38). MUC16-eluted IgG had decreased binding to all
rhesus macaque Fc receptors compared to GuHCl-treated control antibodies (Fig. 2A to
C), as expected based on the glycosylation profile of these MUC16-eluted IgGs. All the
Fc�Rs had similar reductions in the median AUC, with Fc�IIIA having a 36.7% reduction,
Fc�IIB having a 41.7% reduction, and Fc�RIIA having a 40.4% reduction. Therefore,
although the MUC16-eluted antibodies have an enriched association with MUC16 (Fig.
1D), they have decreased Fc�R binding compared to GuHCl-treated input antibodies.

We next measured the impact of this decrease in Fc�R engagement by MUC16-
eluted IgG on effector function activity. Since we observed an increase in fucose in
MUC16-eluted IgG in both humans and monkeys, we next carried out an assay to
measure ADCC, as it has been shown that ADCC activity is inversely correlated with the
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presence of fucose (10). We did not investigate antibody-mediated cellular phagocy-
tosis (ADCP) activity as this process occurs independently of fucose (39). To assess
ADCC, we used a modified rapid fluorometric ADCC (RFADCC) assay, where CCR5-snap-
tagged EGFP-CEM-NKr target cells are sensitized with SIV CM239 AT-2 inactivated virus

FIG 2 Fc�R ELISA binding of MUC16-eluted IgG. Binding to rhesus macaque low-affinity Fc�Rs (Fc�RIIA, -IIB, and
-IIIA) was determined for MUC16-eluted IgG compared to SIV-positive GuHCl-treated input IgG (n � 3 SIV� rhesus
macaques). Median values are displayed as center bars, with error bars showing the ranges. The area under the
curve (AUC) was measured for each graph.
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by spinoculation and incubated with antibodies along with peripheral blood mononu-
clear cells (PBMCs) as effector cells (40). Cellular cytotoxicity is determined by measur-
ing the decrease in enhanced green fluorescent protein (EGFP) expression in CCR5-snap
tag-expressing cells, i.e., cell lysis due to ADCC (40). Input IgG, GuHCl-treated input IgG,
and MUC16-eluted IgG from 4 SIV-positive (SIV�) and 3 SIV-negative (SIV�) rhesus
macaques were assessed for their ability to induce cytotoxicity in target cells. As a
positive control, we utilized a rhesus macaque monoclonal antibody, 311.H (gp120 V3
loop), with known ADCC activity in this assay. As negative controls, we utilized a rhesus
macaque monoclonal antibody, 6.10B (gp120 CD4 binding site [CD4bs] and CCR5
binding site [CCR5bs]) and a commercially available anti-respiratory syncytial virus
antibody, Synagis. The gating strategy for measuring percent cytotoxicity is shown for
the positive-control antibody 311.H (Fig. 3A) and for MUC16-eluted IgG (Fig. 3B). The
ADCC potency of the tested IgGs was calculated by back-gating the number of the
target cells losing the EGFP signal but retaining the CCR5-snap tag, compared to the
total number of target cells (gate P3 in Fig. 3A and B). Whereas input IgG and
GuHCl-treated input IgG showed efficient killing of target cells, MUC16-eluted IgG had
a decrease in ADCC activity (Fig. 3C, blue symbols). Similar to the analysis of Fc�R
binding, the median AUC was measured to show differences in cytotoxicity. For all 4
matched GuHCl-treated and MUC16-eluted samples, the MUC16-eluted AUC was lower,
and the median AUC was reduced by 66.8% (Fig. 3D). The low level of ADCC activity of
these MUC16-eluted IgGs was most comparable with that of the negative-control
monoclonal SIV IgG antibody 6.10B (Fig. 3D, purple symbol) and similar to that of the
input from the animals before SIV infection (yellow and black symbols). Therefore, the
MUC16-eluted antibodies are unable to perform the classical IgG effector functions of
Fc�R binding and ADCC activity, illustrating a distinct specialized effector function of
MUC16 binding which would localize this population of antibodies to the glycocalyx.

MUC16-eluted SIV IgG is enriched for gp41 whole-antigen binding plus gp41
and V2 linear peptide binding. Next, we evaluated the antigen specificity of the
MUC16-eluted antibodies to demonstrate that the SIV-specific antibodies generated
during chronic SIV infection could associate with MUC16 and mediate immune exclu-
sion by trapping in the glycocalyx. Therefore, we isolated MUC16-eluted IgGs from 14
SIVmac251-infected and 2 noninfected rhesus macaques and evaluated their SIV anti-
gen binding using a panel of SIV antigens in an established and validated Luminex
bead-based assay (41). The IgG from all the noninfected rhesus macaques revealed no
SIV antigen binding (data not shown). Next, we probed antigen binding in the input
IgG, GuHCl-treated input IgG, and MUC16-eluted IgG from 14 SIVmac251-infected
rhesus macaques. Whereas the magnitudes of binding to gp120, gp130, and gp140 SIV
Env antigens were comparable between input, GuHCl-treated input, and MUC16-eluted
IgG (Fig. 4A to D), there was a significant increase in binding to gp41 for MUC16-eluted
IgG (Fig. 4E) (raw P value � 0.002; false discovery rate [FDR] P value � 0.027). Binding
to Gag proteins (p55 and p27) was slightly lower for the MUC16-eluted IgG than for the
GuHCl-treated input albeit without statistically significant differences (Fig. 4F and G).

In order to investigate this increase in gp41 specificity further, we next measured
linear antigen peptide binding to MUC16-eluted IgG from 8 SIVmac251-infected rhesus
macaques to further map the antibody binding epitope. In addition, we included gp120
linear peptide epitopes to interrogate gp120 interactions beyond whole-antigen bind-
ing, as linear peptide binding does not always translate to what is observed using
whole antigens. Purified antibodies were screened against overlapping peptides cov-
ering full-length SIVmac239 and SIVsmE660 Envs, including V2 (amino acids [aa] 163 to
183), V3 (aa 302 to 312), V3 (aa 320 to 343), V4 (aa 419 to 437), C5 (aa 501 to 524), gp41
immunodominant domain (gp41-ID) (aa 600 to 626), C-gp41-ID (aa 618 to 632), and
Kennedy epitope (KE) (aa 711 to 734) regions. In the gp41 region, binding to the
C-gp41-ID (aa 618 to 632) immunodominant epitope was found to be significantly
higher in the MUC16-eluted IgG than in the GuHCl-treated input IgG (Fig. 5) (raw P
value � 0.008; FDR P value � 0.039). There was also a statistically significant increase in
binding to the V2 (aa 163 to 183) linear peptide (Fig. 5) (raw P value � 0.008; FDR P
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FIG 3 ADCC activity of MUC16-eluted IgG. (A and B) Gating strategy for percent cytotoxicity in the positive-control antibody 311.H (A) and MUC16-eluted IgG
(B). SSC, side scatter; FSC, forward scatter. (C) The ADCC activity of MUC16-eluted IgG was quantified by a modified RFADCC assay. As a reference, the input
IgG and GuHCl-treated IgG from SIV-positive and -negative animals were used. In addition, a positive control, 311.H, and negative controls, 6.10B and Synagis,
were used (n � 4 SIV� and 3 SIV� rhesus macaques). Median values are displayed as center bars, with error bars showing the ranges. (D) The area under the
curve was calculated under each condition.
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value � 0.039). V3 (aa 320 to 343) epitope binding was elevated in the MUC16-
associated IgG, without achieving statistical significance (Fig. 5) (raw P value � 0.07;
FDR P value � 0.21). In contrast, V3 (aa 302 to 312), C5 (aa 501 to 524), and gp41 (aa
600 to 626) binding all trended lower in the MUC16-associated IgG, albeit insignifi-
cantly, than in the GuHCl-treated bulk IgG, and V4 binding (aa 419 to 437) and KE
binding (aa 711 to 734) were similar between the fractions. Thus, subsets of MUC16-
eluted antibodies are enriched for particular SIV specificities, as shown through native

FIG 4 Binding of MUC16-eluted IgG to SIV antigens. SIV antigen binding specificities of the different IgG fractions, input IgG, GuHCl-treated IgG, and
MUC16-eluted IgG, are shown. Binding was assayed for gp140 SIVsmE660 (A), SIV gp140 (B), SIVmac251 gp130 (C), SIVmac239 gp120 (D), SIV gp41 (E), SIV p27
(F), and SIV p55 (G). IgG BAMA specific activity was calculated as the ratio of [blank and background-subtracted MFI (within the linear range of the BAMA) �
dilution]/total IgG (micrograms per milliliter). Each point represents an individual macaque (n � 14 rhesus macaques). *, FDR-corrected P value of �0.05 by a
sign test.

FIG 5 Linear peptide binding to MUC16-eluted IgG. Linear epitope mapping of purified IgG (GuHCl control and MUC16 eluted) against overlapping peptides
covering full-length SIVmac239 and SIVsmE550 Envs was performed. Linear epitope regions are indicated along the x axis with amino acid position ranges (by
SIVmac239 numbering). The percentage of total Env binding for each epitope is calculated as 100 � the magnitude of binding to each epitope/sum of the
magnitude of binding to all epitopes (n � 8 rhesus macaques). *, FDR-corrected P value of �0.05 by a sign test.
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antigen and linear peptide binding. This reveals that during the immune response to a
specific antigen, the resulting antibodies can be targeted to fortify the glycocalyx.

DISCUSSION

In this study, we took advantage of the unique features of SIV infection in the rhesus
macaque model to gain insights into how the resulting SIV-specific antibodies pro-
duced during chronic infection could interact with MUC16 through their Fc domain.
Antibodies enriched for MUC16 association were characterized, and insights into the
potential mucin binding effector function were revealed. As we previously reported for
chronically HIV-infected individuals, we found that IgGs that associate with MUC16 are
also increased during chronic SIV infection. Purification and characterization of the
MUC16-eluted IgG subpopulation in chronically infected rhesus macaques revealed
that these antibodies have a distinct glycosylation profile from the overall plasma
antibody population containing fucosylated bisecting glycans (Fig. 1E), which has an
enriched MUC16 association (Fig. 1D). Beyond increased MUC16 binding, decreased
Fc�R binding, and a lack of ADCC function (Fig. 1D and Fig. 2 and 3), these MUC16-
associated IgGs are enriched for certain SIV antigen specificities for whole antigen and
linear epitopes. Together, these differences suggest that during specific humoral
responses, the immune system has the potential to direct certain antigen specificities
to be targeted to accumulate within the columnar epithelial glycocalyx, where MUC16
is expressed, in the upper FRT, lungs, and potentially even the surface of the eye (5, 11,
42). This observation is consistent with MUC16 association being a new effector
function for IgGs. Although the results presented here are consistent with an antibody
enrichment of mucosal barrier function, further study is required to determine if this
localization within the glycocalyx barrier leads to trapping of the pathogen before it
can reach underlying cells in vivo.

Consistent with the potential for such pathogen trapping, we previously reported
that MUC16 could capture HIV through antibody-specific interactions in an in vitro
assay (10). Here, we gain further mechanistic insights into this new potential effector
function by showing that these MUC16-eluted antibodies have an alternative glycosy-
lation pattern. As expected, this population of MUC16-eluted antibodies, enriched for
fucosylated bisecting glycoforms, had decreased binding to Fc�R, which prefers afu-
cosylated bisecting glycoforms. Instead, the MUC16-enriched fucosylated bisecting
glycoforms showed increased interactions with MUC16 and a loss of function in an
ADCC assay relative to plasma antibody populations. Importantly, this pattern of
enrichment was seen in all animals evaluated. Unexpectedly, the MUC16-enriched
fucosylated bisecting glycoform antibody population was also enriched for certain
specific native antigen populations in gp41. Likewise, there was an increased interac-
tion with linear peptides encoding gp120-V2, gp120-V3, and the C-gp41 immunodom-
inant domain (C-gp41-ID) (aa 618 to 632). There was also a concomitant decrease in the
binding specificity for other linear peptides, including V3, C5, and the gp41-ID (aa 600
to 626). The inability of these antibodies to carry out ADCC is most likely due to the
alteration in the glycosylation profile as revealed in the Fc�R binding studies. Inefficient
Fc�R binding, which is necessary for efficient ADCC activity, would lead to decreased
ADCC activity in this type of tissue culture assay system.

We propose that the antigen specificity of the binding antibodies reflects the local
immune environment present at the site of infection. For example, it has been reported
in many studies that a nonneutralizing antibody response to gp41 is typically seen first
during HIV infection in humans (43). This is believed to be a consequence of antigen
mimicry, where the virus stimulates previous responses to antigens of commensal
bacteria in the gut (44–46). Therefore, some of these early antibodies generated to
gp41 and expanding and optimizing previous commensal bacterial responses would be
targeted to effector functions associated with mucosal barriers. It remains to be
determined if similar antigen-specific responses are associated with the fucosylated
bisecting glycoforms that we previously observed to be enriched for MUC16 association
in humans after HIV infection (10). Given the results from this study, one could
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speculate that a subpopulation of these gp41-specific antibodies is preferentially
deployed to the MUC16-containing glycocalyx of mucosal sites to fortify the mucosal
barrier against future virus exposure utilizing this novel effector function of mucin
binding leading to immune exclusion through HIV tethering (43, 47–49). Fortifying the
endocervical epithelium could be an important deterrent to transmission, especially
since multiple models have shown that this site is the major portal of transmission
(50–52). Therefore, taken together, data from these studies are consistent with a novel
effector function of fortifying glycocalyx barrier function by adding a layer of pathogen-
specific antibodies.

In this study, we extend our discovery of Fc receptors in MUC16 to the nonhuman
primate model. A viable primate model will be necessary for the future evaluation of
the potential role that this novel effector function might play in vaccine efficacy. Like
in humans, we observe an increase in the concentration of plasma antibodies with the
ability to interact with the MUC16 Fc receptors as the immune environment transitions
to an inflammatory phenotype during chronic infection. This effector function, the
tethering of antibodies to MUC16, would impart antigen binding specificities to the
protective glycocalyx layer. Such tethering could function to trap pathogens, such as
HIV, in the glycocalyx and neutralize the virus through a mechanism of immune
exclusion.

Furthermore, the findings from this study suggest that the immune response has
the potential to direct antibodies enriched for certain antigenic specificities to interact
with MUC16 and enrich the relatively weak protective function of the glycocalyx.
Because of the apparent glycoform specificity of the MUC16-IgG interaction, it is
theoretically possible to optimize vaccine responses with certain adjuvants or vaccina-
tion sites to increase MUC16 tethering (20). Interestingly, this ability of MUC16 to tether
antibodies through Fc-specific interactions could also be a function of other cell-
associated mucins, such as MUC1 in the FRT and MUC13 in the gut (53, 54).

Defining the optimal determinants of IgG-MUC16 interactions could provide an-
other potential correlate of protection during the evaluation of human and macaque
vaccine trials. The study of additional cell-associated and secreted gel-forming mucins
could identify additional undefined desirable effector function determinants, which
could be optimized during vaccine development. By modifying adjuvant selection,
delivery systems, and vaccination regimens, it should be possible to optimize antibody-
mucin interactions of current inefficient vaccines and promote virion trapping at the
mucosal defense line.

MATERIALS AND METHODS
Macaques. Indian rhesus macaques were inoculated with SIVmac251 via vaginal challenge (rhesus

macaques N998, CF35, BV74, R908, DI28, DL31, and DB53), rectal challenge (DE09), or penile inoculation
(IT14, HA55, HC21, HC22, FF18, GH26, and BE94). Plasma was isolated �150 days after infection. In
addition, for a subset of animals (IT14, HA55, HC21, HC22, FF18, GH26, and BE94), preinfection plasma
draws were conducted to serve as negative controls.

Ethics statement. All macaques (Macaca mulatta) were housed at the Tulane National Primate
Research Center (TNPRC) in accordance with Association for Assessment and Accreditation of Laboratory
Animal Care International standards. All primate studies were reviewed and approved by the Tulane
University Institutional Animal Care and Use Committee under protocol number P0240. Rhesus ma-
caques were provided ad libitum with monkey chow (Lab Fiber Plus primate diet-DT; PMI Nutrition
International, St. Louis, MO) and supplemented with fruits, vitamins, and Noyes’ treats (Research Diets,
New Brunswick, NJ). All clinical procedures were carried out under the direction of a laboratory animal
veterinarian and performed under anesthesia using ketamine, often in combination with tiletamine
(Telazol), with all efforts made to minimize stress, improve housing conditions, and provide enrichment
opportunities (e.g., objects to manipulate in the cage, varied food supplements, foraging and task-
oriented feeding methods, and interaction with caregivers and research staff).

Mass spectrometry-based glycan analysis. Gel-excised IgG heavy chains (IgG purified from rhesus
macaques HC21, GH26, and DL31) were digested with LysC in 100 mM Tris-HCl buffer (pH 8.25). Peptides
were extracted by dehydration with a water-acetonitrile-formic acid solution (40:50:5) followed by a
water-acetonitrile-formic acid solution (15:80:5), lyophilized, and resuspended in 0.5% formic acid. Liquid
chromatography-mass spectrometry (LC-MS) was carried out using a Q-Exactive Orbitrap (Thermo
Scientific) or a Velos Orbitrap Elite (Thermo Scientific) mass spectrometer. The relative amounts of each
N-glycan-modified species were determined by summing the total intensity from all of the observed
charge states in the mass range of m/z 500 to 2,000 with an error of 10 ppm measured using Xtract
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(Thermo Scientific). Parallel titrations of input IgG were analyzed to establish that the observed amounts
of each species are in the linear range of detection. The total intensity from all 16 N-glycans profiled was
used to normalize the total intensity across each sample in order to compare the relative amounts of
each N-glycan species. All samples were run in technical triplicates. To measure the percent increase for
particular glycoforms, the normalized intensity for the MUC16-eluted IgG was divided by the normalized
intensity for the input IgG.

Immunofluorescence. Sectioned frozen endocervical macaque tissues were fixed in 3.7% formal-
dehyde in PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)] buffer and blocked with normal donkey
serum prior to staining. For adherens junction identification, anti-E-cadherin-488 (clone 36; BD Biosci-
ences) was used. To identify MUC16 expression, tissues were stained with anti-muc16 (clone oct125;
Abcam). A donkey anti-mouse secondary antibody, labeled with Cy5 (Jackson ImmunoResearch), was
also utilized. Antibody specificity was confirmed by negative results with the respective isotype and
secondary control antibodies. Hoechst (Invitrogen) was used for staining of nuclear material. After
staining, mounting medium (DakoCytomation) and coverslips were applied and sealed with clear nail
polish.

Imaging and image analysis. Images were obtained by deconvolution microscopy on a DeltaVision
RT system collected on a digital camera (CoolSNAP HQ; Photometrics) using a 100� oil objective.

MUC16 capture assay. IgG was isolated from rhesus macaque plasma using protein G�-agarose
beads (Thermo Fisher) according to the manufacturer’s instructions. Five micrograms of a recombinant
human CA125 fragment of MUC16 (aa 13360 to Gln14347; R&D Systems) was covalently bound to 30 �l
of tosyl-activated M-280 magnetic beads (Life Technologies) overnight at 37°C with rotation end over
end in 300 �l 3 M ammonium sulfate– 0.1 M sodium phosphate buffer. MUC16-bound beads were next
aspirated, and 50 �g of purified IgG was added in 0.1 M sodium phosphate buffer with rotation end over
end at room temperature (RT) for 4 h. This was scaled up to 10 reactions for a total of 50 �g MUC16 and
500 �g of IgG per rhesus macaque. Beads were washed 3 times with PBS with 1% Tween 20. MUC16-IgG
beads from these 10 reaction mixtures were next pooled, and Abs were eluted in 100 �l 6 M guanidine
HCl, followed by buffer exchange into PBS using 40,000-molecular-weight-cutoff (MWCO), 0.5-ml Zeba
spin desalting columns (Thermo Scientific). This was repeated for IgG from each animal. As a control,
input antibodies were incubated with 6 M guanidine HCl for 10 min and buffer exchanged into PBS. The
percent yield of MUC16-eluted IgG was calculated by dividing the amount of MUC16-eluted antibody by
the total IgG incubated with MUC16 beads. To ensure that IgG was efficiently eluted and was not
degraded during the purification process, 10 �l of the eluate was compared to 10 �g of the input IgG by
SDS-polyacrylamide gel electrophoresis followed by Coomassie staining with SimplyBlue safe stain
(Thermo Fisher Scientific).

MUC16 binding ELISA. A recombinant human CA125 fragment of MUC16 (aa 13360 to Gln14347;
R&D Systems) was immobilized onto Ni-nitrilotriacetic acid (NTA) HISSorb plates (catalog number 35061;
Qiagen) at 1 �g/ml overnight at 4°C. Plates were washed with PBS containing 0.05% Tween 20, 3 times
between each step. Plates were blocked with bovine serum albumin (BSA) (5% in PBS) for 2 h. Purified
rhesus macaque IgG samples were added in triplicate at 0.1 mg/ml and incubated for 2 h with rocking
at RT. Anti-human IgG horseradish peroxidase (HRP) secondary antibody (catalog number 214-1002;
Kirkegaard & Perry Laboratories, Inc. [KPL]) was added at 100 �l per well at 2 �g/ml for 1 h at RT, covered.
The OPD (O-phenylenediamine) substrate (catalog number P5412; Sigma) diluted in phosphate citrate–
H2O2 buffer was added at 50 �l/well. Reactions were stopped with 2.5 N H2SO4 at 50 �l/well. Plates were
then read at an optical density at 492 nm (OD492) on a FLUOstar Optima plate reader (BMG Labtech).
Binding was tested for IgG purified from plasma before and after infection in Fig. 1B (rhesus macaques
IT14, HA55, HC21, HC22, FF18, GH26, and BE94). In addition, MUC16-eluted IgG and control input IgG
were assessed to show efficient enrichment in MUC16 binding IgG in Fig. 1D (rhesus macaques IT14,
HA55, R908, CF35, and BE94).

Enzyme-linked immunosorbent assay of Fc�R binding. Rhesus macaque Fc�R binding of purified
rhesus macaque IgG was quantified by an enzyme-linked immunosorbent assay (ELISA). Nickel plates
(catalog number 15442; Pierce) were coated overnight at RT with recombinant macaque His-tagged Fc�R
(55) diluted to 0.2 �g/ml in PBS. The following day, the plates were blocked for 1 h at RT with blocking
solution (25 nM Tris-buffered saline [TBS], 0.5% BSA, 0.05% Tween 20) and subsequently washed once
with washing buffer (0.05% Tween 20 in PBS). To test the ability of MUC16-eluted fractions of macaque
IgG (isolated from SIV� animals R908, IT24, and HA55) to bind the low-affinity Fc�Rs, the IgGs were
titrated in a 4-fold dilution series from 20 �g/ml to 0.062 ng/ml and incubated for 2 h at RT on the
Fc�R-coated plate. After washing twice, bound antibodies were detected using HRP-conjugated goat
Fab2 anti-human IgG(H�L) (catalog number 214-1006; KPL) added at a dilution of 1:1,500 for 1 h at RT.
After washing, 100 �l of the 3,3=,5,5=-tetramethylbenzidine (TMB) substrate (Southern Biotech) was
added to each well, and reactions were stopped by adding 50 �l/well 2 N H2SO4. The absorbance was
measured at 450 nm, with optical correction at 540 nm or 570 nm, using a SpectraMax M2 instrument
(Molecular Device). Data are displayed as the median values for the 3 monkeys in the antibody titration
graphs, with the area under the curve (AUC) for each individual monkey at the right.

Rapid fluorometric antibody-mediated cellular cytotoxicity assay. We characterized the
antibody-mediated cellular cytotoxicity (ADCC) activity profile of antibodies isolated from 4 SIV-infected
(IT14, HA55, GH26, and R908) and 3 uninfected (IT14, GH26, and BE94) animals. Specifically, for each
animal, we tested the input IgG, GuHCl-treated input IgG, and MUC16-eluted IgG. We used an optimized
rapid fluorometric ADCC (RFADCC) assay to measure ADCC, as reported previously (40). Briefly, 1 � 106

EGFP-CEM-NKr-CCR5-snap cells, sensitized with recombinant SIV CM239 AT-2 inactivated virus (38 �l of
virus with a p27 concentration of 362 ng/�l [�13.75 �g]) (56) by spinoculation (2 h at 2,000 rpm at 12°C),
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were used as targets, and human PBMCs were utilized as effector cells. This concentration of virus was
chosen based on results showing that CM239 virions have an average of 2,000 molecules of p27 (57).
Human PBMCs were used as they have lower background levels than monkey PBMCs in this assay (58).
The antibody activity was analyzed with 3-fold serial dilutions starting from a concentration of 10 �g/ml.
At the end of the reaction with IgG (2 h), the fixed samples were acquired (approximately 35,000
events/sample) on a BD Fortessa special-order instrument (BD Biosciences) and analyzed using FlowJo
software (TreeStar, Ashland, OR). ADCC activity (percent cytotoxicity) is defined as the percentage of
EGFP-CEM-NKr-CCR5-snap target cells that lose EGFP staining but retain the CCR5-snap tag dye (gate P3)
compared to the total number of target cells (gate P2). We used an SIV-specific rhesus macaque IgG,
311.H (gp120 V3 loop) (59, 60), as a positive control and 6.10B (gp120 CD4bS and CCR5bS) (61) and
Synagis (anti-respiratory syncytial virus; MedImmune) as negative controls for ADCC. Each IgG sample
from each individual monkey was tested in triplicate in two independent experiments. The means of the
triplicates for each monkey were calculated within each experiment, and a final mean from each of these
triplicates was then calculated over the 2 experiments. Data are displayed as the median values for each
group of monkeys in the antibody titration graph and areas under the curve for GuHCl SIV� versus
MUC16-eluted SIV� individual monkeys.

SIV binding antibody multiplex assay. The SIV antigen binding specificities of the different eluted
IgG fractions, MUC16-binding IgG, input IgG, and GuHCl-treated input IgG, from macaques were
determined by a custom SIV binding antibody multiplex assay (BAMA) as previously described (41).
Briefly, a total of 5 � 106 carboxylated fluorescent beads (Luminex Corp., Austin, TX) were covalently
coupled to 25 �g of one of the purified SIV antigens (recombinant SIVmac239 gp120 [Immune Tech-
nology, New York, NY], SIV p55 [Protein Sciences, Meriden, CT], SIV gp140 [of strain SIVMac32H {62},
kindly provided by Bing Chen, Harvard University, Boston, MA], gp130 SIVmac251 [ImmunoDiagnostics,
Gaithersburg, MD], recombinant SIV gp41 [ImmunoDiagnostics, Gaithersburg, MD], SIV p27 [ImmunoDi-
agnostics, Gaithersburg, MD], and SIVsmE660 gp140 [Immune Technology, New York, NY]) and incubated
with the eluted IgG fractions for 30 min. SIV-specific IgG was detected with anti-monkey IgG conjugated
to biotin, at 4 �g/ml, followed by washing and incubation with streptavidin-phycoerythrin (PE) (BD
Pharmingen). Beads were then washed and acquired on a Bio-Plex instrument (Bio-Rad, Hercules, CA),
and the readout was in mean fluorescence intensities (MFIs). Each sample was titrated (run at multiple
dilutions [1:5, 1:20, 1:80, 1:320, 1:1,280, and 1:5,120]). The first dilution at which the blank and
background-subtracted MFI was within the linear range of the assay was chosen for reporting. For
samples that were above the linear range of the assay at all dilutions tested, the MFI was set to the upper
limit for analysis purposes. IgG BAMA specific activity was determined to normalize the antigen-specific
binding magnitude with the IgG concentration in each sample. Specific activity was calculated as the
ratio of (blank and background-subtracted MFI � dilution)/total IgG (micrograms per milliliter), which
was measured by a macaque IgG ELISA. All assays were run under good clinical laboratory practice
(GCLP)-compliant conditions, including tracking of positive controls by using Levy-Jennings charts. The
rhesus macaques assessed with the BAMA were HC21, GH26, IT14, HA55, HC22, FF18, BE94, N998, R908,
BV74, CF35, DE09, DI28, and DL31.

Linear epitope mapping for SIV Env. Linear epitope mapping of the MUC16 binding IgG and
GuHCl-treated input IgG from rhesus macaques against SIV Env was performed as previously described,
with minor modifications (41, 63). Microarray slides in a quad-chamber format were provided by JPT
Peptide Technologies GmbH (Germany) by printing a library designed by B. Korber, Los Alamos National
Laboratory, onto epoxy glass slides (PolyAn GmbH, Germany). The library contains overlapping peptides
(15-mers overlapping by 12 aa) covering full-length Env sequences for SIVmac239 and SIVsmE660. Three
identical subarrays, each containing the entire peptide library, were printed in each hybridization area.
All array slides were blocked with PBS containing 1% powdered milk, 5% normal goat serum, and 0.05%
Tween for 1 h, followed by a 2-h incubation with each purified IgG fraction diluted in blocking buffer to
3.9 �g/ml of IgG and a subsequent 45-min incubation with goat anti-human IgG conjugated with Alexa
Fluor 647 (AF647; Jackson ImmunoResearch, PA). Array slides were scanned at a wavelength of 635 nm
with an InnoScan 710 AL scanner (Innopsys, Carbonne, France) using XDR (extended dynamic range)
mode. Scan images were analyzed using Mapix 8.0 software to obtain fluorescence intensity values for
all peptides. Binding magnitudes for epitopes that were targeted by the samples were summarized. The
magnitude of binding for each identified epitope was defined as the highest binding by a single peptide
within the epitope region. Linear peptide binding was assessed for rhesus macaques HC21, GH26, BE94,
N998, BV74, DE09, DI28, and DL31.

Statistical analysis. Statistical analysis for comparisons of responses between matched samples was
performed using a sign test. The results from comparisons between matched GuHCl- and MUC16-eluted
samples (Fig. 4 and 5) were corrected for multiple testing using the Benjamini-Hochberg false discovery
rate (FDR) method (64). The raw P values are the P values from the individual sign tests, and the FDR P
values are the Benjamini-Hochberg (64)-corrected P values. The alpha level was set to 0.05. P values of
�0.05 were considered statistically significant, indicating that the median difference in the responses
between the matched samples is not equal to zero. The AUC was calculated using the trapezoidal
method. The percent reduction of the AUC was calculated by subtracting the median AUC for
MUC16-eluted IgG from the median AUC for GuHCl-treated input IgG and dividing this value by the
median AUC for GuHCl-treated IgG. The analysis was performed using SAS proprietary software 9.4
(TS1M2) (2002 to 2012; SAS Institute, Inc., Cary, NC, USA). Graphs were generated in R 0.99.491 and
GraphPad Prism 7.
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