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Abstract

While the development of a protective HIV vaccine is the ultimate goal of HIV research, to date
only one HIV vaccine trial, the RV144, has successfully induced a protective response. The 31%
protection from infection achieved in the RV144 trial was linked to the induction of non-
neutralizing antibodies, able to mediate ADCC, suggestive of an important role of Fc-mediated
functions in protection. Likewise, Fc-mediated antiviral activity was recently shown to play a
critical role in actively suppressing the viral reservoir, however, the Fc-effector mechanisms within
tissues that provide protection from or after infection are largely unknown. Here we aimed to
define the landscape of effector cells and Fc-receptors present within vulnerable tissues. We found
negligible Fc-receptor expressing NK cells in the female reproductive and gastrointestinal mucosa.
Conversely, Fc-receptor expressing macrophages were highly enriched in most tissues, but
neutrophils mediated superior antibody-mediated phagocytosis. Modifications in Fc domain of
VRCO1 antibody increased phagocytic responses in both phagocytes. These data suggest that non-
ADCC mediated mechanisms, such as phagocytosis and neutrophil activation, are more likely to
play a role in preventative vaccine or reservoir-eliminating therapeutic approaches.
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Introduction

While a vaccine able to induce broadly neutralizing antibodies (bnAbs) against HIV remains
a top priority, to date no vaccine strategy has induced antibodies with appreciable
neutralizing coverage of global viral quasispecies. However, a reduced risk of infection
and/or enhanced viral control post-infection has been observed in both human 1 and non-
human primate (NHP) studies, 23 both associated with the induction of non-neutralizing
antibodies with potent Fc-mediated effector functions. Additionally, while the broadly
neutralizing antibody b12 was able to provide sterilizing protection from infection, the
protective efficacy of this monoclonal was partially lost upon the ablation of FcR binding
activities 4.

Beyond their role in preventing infection, Fc-effector functions have also been implicated in
post-infection control and clearance of viral infections including Ebola ® and Influenza 6.
Likewise, antibody-effector function has been linked to spontaneous and durable control of
viral load in HIV infection 78, Importantly, control of the viral reservoir is critically
dependent on the Fc effector functions of bnAbs, as loss of Fc-effector activity leads to the
rapid loss of viral control despite potent neutralizing activity °. Thus, while delivery of
potent neutralizing antibodies drives a transient reduction in plasma viremia in both NHP 10
and humans, 11 the viral reservoir nearly always rebounds due to incomplete antibody-
mediated eradication of reactivated cells suggesting that the enhanced Fc-mediated antibody
effector functions, able to recruit innate immune Killing, particularly at sites where the
reservoir hides, may enhance the elimination of infected cells.

Antibodies are able to recruit a wide array of antiviral functions via interactions between the
crystallizable Fc fragment and Fc receptors, complement, or lectin-like receptors found on
innate immune cells 12 Fc receptors exist for each of the immunoglobulin isotypes and are
involved in directing disparate innate immunological functions that range from direct
antiviral activity via phagocytosis, cellular cytotoxicity, complement activation, cytokine
secretion to indirect immune regulation via the direction of anti-inflammatory responses
often aimed at dampening inflammation 13. Thus, Fc receptors link the specificity of the
adaptive immune system to the powerful effector functions of the innate immune system.
However, because both the distribution of innate immune cells 14 as well as the range of Fc-
mediated effector functions they can mediate 1° differs from tissue compartment to
compartment, it is likely that the potency of any given monoclonal antibody will depend on
the distribution of FcRs on distinct subsets of innate immune cells within target tissues.

Because HIV infections largely occur through mucosal membranes, 16 and persistent
reservoirs likely hide in lymphoid tissues 17 and the intestinal tract, 1 in this study, we
aimed to define the antibody effector functions available within mucosal and lymphoid
tissues that can be harnessed in the context of future prophylactic/therapeutic strategies.
Surprisingly, tissue-resident NK cells expressed negligible levels of Fc receptors, suggesting
that tissue-resident NK cells are unlikely to contribute to antibody-mediated protective
immunity at the site of infection. However, FcyRII- and FcyRII1-expressing macrophages
and neutrophils, were present in tissues collected from both HIV-seronegative and -
seropositive subjects. While tissue-resident neutrophils were less abundant, they mediated
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more effective phagocytic clearance of immune complexes. Neither macrophage- nor
neutrophil-mediated clearance was affected by inflammatory cytokines associated with
enhanced risk of HIV acquisition 19, Moreover, Fc-engineered VRCO1 antibodies drove
improved mucosal phagocytic activity, offering a means to further increase innate immune
antiviral activity aimed at preventing or clearing infection. These data strongly argue that
antibody-driven functional activities mediated by cells other than NK cells are more likely to
afford protection from infection as well as have therapeutic activity within mucosal and
lymphoid tissues.

Formalin-fixed, paraffin-embedded tissue slides from normal human colon, rectum,
mesenteric lymph node, vagina, cervix and uterus were obtained from the Massachusetts
General Hospital tissue repository. Fresh HIV-negative tissue samples from colon and
cervix, collected from healthy regions, outside of cancerous lesions, were obtained through
the Ragon Institute Tissue Platform. Biopsy samples from rectum, ileum and inguinal lymph
nodes, from HIV+ donors and HIV- controls were obtained from the University of
Minnesota. Tissue samples were unmatched (i.e. rectum, ileum, lymph node were collected
from independent donors) and therefore each tissue type was treated independently in the
analysis. All HIV+ patients were treated with anti-retroviral therapy (ART) and were
biopsied at different stages of infection (acute, early, chronic or AIDS). 13 rectal biopsies
(all from HIV+ subjects), 42 ileal biopsies (15 uninfected HIV- controls, 27 HIV+ subjects)
and 35 inguinal lymph node biopsies (11 uninfected HIV- controls, 24 HIV+ subjects) were
analyzed. Viral Load (VL) and CD4 counts were measured at the time of biopsy. All tissue
donors were adults, between 20 to 63 years of age (median= 40). All samples were analyzed
in a blinded fashion.

Immunohistochemistry

Antigen-retrieval and signal detection were performed as previously described 20, The
following primary Abs were used: goat polyclonal anti-NKp46 (R&D Systems), mouse anti-
CD56 (clone 123C3, Dako), mouse anti-CD68 (clone KP1, Dako), mouse anti-neutrophil
defensins (clone D21, Leica Biosystems), mouse anti-CD16 (clone 2H7, Leica Biosystems),
rabbit anti-CD32 (clone EPR6657(2), Abcam), mouse anti-CD20 (clone L26, Dako), rabbit
polyclonal anti-CD3 (Dako). The following control Abs were used: mouse 1gG1 (Dako),
goat IgG (R&D Systems), mouse 1gG2a (Abcam) and rabbit 1IgG (Abcam).

Immunofluorescence

Antigen-retrieval and autofluorescence masking were performed as previously described 20,
The primary and control Abs were used as above. The following detection Abs were used:
goat anti-mouse 1gG1 Alexa Fluor 488, goat anti-rabbit IgG Alexa Fluor 594, and goat anti-
mouse 1gG2a Alexa Fluor 647 (Life Technologies).
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Microscopy

Slides were scanned using a Zeiss MIRAX MIDI slide scanner in the brightfield mode or a
TissueFAXS (Tissue Gnostics, based on a Zeiss Axio Imager Z2 microscope) in the
fluorescence mode.

Image Analysis

Cell counts were performed using the TissueQuest analysis software (TissueGnostics) on
fluorescence images.

Flow cytometry

Flow cytometric evaluation of Fc receptor expression was performed on freshly isolated
cells from enzymatically digested colon and cervical tissues. 1x10° colon or 1x10° cervical
cells were stained in two panels with anti-CD3 Alexa Fluor 700 (clone UCHT1), anti-CD56
PE-Cy7 (clone NCAM16.2), anti-CD64 FITC (clone 10.1), anti-CD89 PE (clone A59), anti-
CD45 PE-Cy5 (clone HI30), anti-CD15 PacificBlue (clone W6D3), anti-CD16 BV510
(clone 3G8), anti-CD32 APC (clone FUN-2), anti-CD64 R-PE (clone 10.1, Dako), blue
viability dye (Life Technologies). Cells were washed and fixed with Perm A buffer (Life
Technologies). Intracellular staining with anti-CD68 FITC (clone KP1, Dako) was
performed in the presence of permeabilization buffer (Perm B, Life Technologies). The data
was acquired using an LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo
and SPICE version 5.1.

Generation of VRCO1 variants

Antibody variants were expressed as previously described 2. In brief, CMV/R mammalian
expression vectors for the VRC- 01 1gG1 light and heavy chains were obtained from the
NIH AIDS Reagent Program. Following sequence verification, DNA was isolated via maxi-
prep (Qiagen), and used to transfect suspension cultures of human embryonic kidney (HEK)
293F cells grown in Freestyle media (Invitrogen) using 25 kD branched PEI (PolySciences).
Antibodies were transiently expressed for 7 days at 37 °C, 5% CO,. Fc domain amino acid
point mutations were incorporated via QuikChange PCR (Stratagene, La Jolla, CA).
Sequences for each construct were previously described 21.

Tissue phagocytosis assay

A tissue phagocytosis assay was developed based on a previously described THP1-based
phagocytosis assay 22. In brief, biotinylated gp120 antigen was incubated with 1 pm
diameter red fluorescent neuravidin beads (Life Technologies) at a 4:1 protein: bead ratio
(4pg protein:1ul bead suspension), overnight at 4°C. Beads were subsequently washed twice
in PBS- 1% BSA in order to remove excess unbound antigen, and then resuspended at a final
dilution of 1:100 in PBS-BSA. Immune complexes were formed by incubating gp120-coated
beads with antibodies for 2hrs at 37°C: different doses of HIV-1G (NIH AIDS Reagent
Program, Division of AIDS, NIAID, NIH: Catalog #3957, HIV-IG from NABI and NHLBI),
VRCO1 wild type and VRCO01 Fc mutants: FcRylla enhancing- S239D/1332E/G236A
(SDIEGA), 23 complement enhancing- S267E/H268F/S324T (SEHFST), 24 two FcRyllla
enhancing- $239D/1332E (SDIE) 23 and $S239D/1332E/A330L (SDIEAL) 23. Immune
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complexes were then co-cultured with 1x10° colonic or 1x10° cervical cells for 2 hrs at
37°C. Additionally, inflammatory cytokines and chemokines (recombinant human MIP1la.,
recombinant human MIP1p, recombinant human IL-8, recombinant human IP-10 -R&D
systems), each at 200 ng/ml, were added to cervical mucosa, in a subset of experiments, to
induce an inflammatory environment prior to co-culture with immune complexes. All cells
were washed and stained with anti-CD45 BV510 (clone HI30), anti-CD3 Alexa Fluor 700
(clone UCHT1), anti-CD56-PE-Cy7 (clone NCAM16.2), anti-66b Pacific Blue (clone
G10F5), blue viability dye, anti-CD68 FITC (clone KP1). The data were acquired using a
BD LSRII flow cytometer. Bead uptake was evaluated by FlowJo analysis and phagocytic
score (% cells taking up beads x mean fluorescent intensity (MFI1)/1000) was calculated.

Statistics

Descriptive measures (median, inter quartile range, frequency and percent) were used to
summarize the data. Logarithmic transformation was performed to facilitate normalization
of the data distribution. Two-way analysis of variance (ANOVA) with Dunn’s post hoc
analyses were used to compare phagocytosis between cell types stimulated by different
conditions (gp120-beads alone or immune complexes) and to compare the effect of cytokine
treatment on cells stimulated by different conditions. One-way ANOVA with Dunn’s post
hoc analyses were used to compare groups of: uninfected and HIV-infected individuals with
controlled or uncontrolled viremia and subjects at different stages of HIV disease (acute,
early, chronic, AIDS and uninfected controls) to test differences in cellular counts.
Spearman’s rank correlations were used to examine bivariate associations between cellular
counts and viral load or CD4 count. Paired t-tests were used to compare phagocytic activity
induced by gp120-beads and immune complexes formed by VRCO1 antibody and different
VRCO01 Fc mutants. Reported p-values are two sided and values of p < 0.05 were considered
significant. Statistical analysis and graphing were performed using GraphPad Prism
Software.

Results

Differential NK cell, macrophage and neutrophil distribution in mucosal tissues

Given that the distribution of innate immune cells may vary among different tissues, 142 the
biological activity of functional antibodies is highly dependent on the availability of each
effector cell type at the site of transmission or viral replication. Thus, we first aimed to
define the frequency and localization of these cells within healthy tissues, as this would
represent the landscape of effector cells available to antibodies induced by a prophylactic
vaccine or passive monoclonal therapeutic prevention strategy. Specifically, healthy samples
from rectum, colon, vagina, cervix, uterus, and lymph node were stained for NKp46 or
CD56 (NK cell markers), CD68 (macrophage marker) and 1-, 2-, 3- defensins (resting
neutrophil marker, with its expression limited to inactivated mature neutrophils) to
determine the location of these innate effector cells.

Overall, the distribution of tissue-resident NK cells varied widely depending on the tissue
type (Figure 1a). Rectum-, colon-, and vaginal mucosal-resident NK cells were found
primarily in intraepithelial spaces, while NK cells in the endocervix and uterus were largely
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found in the mucosal lamina propria. Lymph node-resident NK cells were found sparsely
distributed in the lymph node cortex, outside of follicles. Overall, the frequency of tissue-
resident NK cells was variable (median cells per mm2: colon = 29, vagina = 27, ectocervix =
8, endocervix = 15, uterine endometrium = 74, lymph node = 9), relatively low in intestine
and lymph node, with the greatest number in the uterine endometrium, where NK cells are
known to be enriched and play an important role in fertilization and pregnancy 26.

In contrast, macrophages were more prevalent in the gastrointestinal tract lamina propria,
densely localized directly beneath the epithelium, and in the lymph node (median cells per
mm?: colon= 560, lymph node = 500, Figure 1b). Other tissue compartments, including the
upper genital tract, also showed slightly greater numbers of macrophages (median cells per
mm?: uterus endometrium = 153, Figure 1d), with the exception of the lower female
reproductive tract, where macrophages were less frequently observed (median cells per
mm?: vagina = 7, ectocervix = 12, endocervix = 17).

Lastly, we examined the frequency and location of neutrophils within the same tissues
(Figure 1c). In general, neutrophils were the least abundant cell type in the rectal and colonic
mucosa and in the upper female genital tract (median cells per mm?: colon= 7, endocervix=
10, uterus= 3); however, in vaginal tissue, often seen in epithelium, neutrophils were present
at similar levels to NK cells and slightly outnumbered macrophages (median cells per mm?2=
39, Figure 1d). Lymph node neutrophils were found to be more abundant than NK cells, but
less frequent than macrophages (median= 110).

Taken together, these data suggest distinct tissue-specific distribution profiles for each innate
immune cell subset. Specifically, the data argue that macrophages are the most abundant
innate immune cell-type within intestine and lymph node, while comparable levels of NK
cells and neutrophils are observed in vaginal tissue, suggestive that distinct antibody-
dependent mechanisms may play a dominant role at distinct portals of HIV entry as well as
in curative strategies.

Different FCR expression profiles in tissues

Fc receptor expression varies both depending on the maturation state of the cell as well as on
its tissue localization 4. Thus, to gain deeper insights into the Fc receptor distribution on
innate immune cells within tissue compartments, fresh colon and cervix specimens were
collected from HIV-seronegative subjects. The tissues were mechanically disrupted and
enzymatically digested to generate a cell suspension for flow cytometric interrogation using
a panel of antibodies to detect FcyRI (CD64), FcyRIl (CD32), FcyRII (CD16), and FcaR
(CD89) on NK cells, macrophages and neutrophils.

NK cells were defined as FSC!°W, SSC!oW CD45+ CD3- CD56+ lymphocytes (Figure 2a,
b). In contrast to blood NK cells, very few tissue-resident NK cells expressed FcyRII with
slightly more FcyRIl+ NK cells observed in cervical tissues compared to colon. As
expected, no FcyRI+ or FcaR+ colonic or cervical NK cells were detected; yet, variable, but
always detectable levels of FcyRII+ NK cells were observed in the gastrointestinal tract.
Expression of functional CD32 molecules on human NK cells has been shown to be linked
to an allelic polymorphism of the FCGR//C gene that can drive the expression of functional
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FcRyllc isoforms 27. This polymorphism may account for the high levels of FcRyll+ NK
cells observed in the two donor samples.

Mucosal macrophages were larger and more granular and were defined as FSCintermed,
sscintermed cD45+ CD3-CD68+ (Figure 2a, b). Two distinct populations of macrophages
were consistently observed in colonic samples: CD68M9" and CD68!°W (Figure 2a). The
majority of dominant CD68!°% macrophages expressed a single FcyRIl or no FcyR, while
~40% of the CD68MI" macrophages co-expressed FcyRI/FcyRII or expressed FcyRII alone
(Figure 2f). FcyRII and FcRa expression on total colonic macrophages was negligible
(Figure 2c, e) with FcyRI1 restricted to CD68/°W and FcaR restricted to CD68Migh
macrophages (Figure 2c). In contrast, macrophages in the female reproductive tract
exhibited a very different Fc-receptor profile. Only CD68"9" macrophages were observed in
cervical tissues (Figure 2b). Moreover, these macrophages expressed all Fc-receptors
frequently with a dominant expression of FcRyll, followed by FcRy| detected on the
majority (70%) of cervical macrophages. FcRylll and FcRa expressing macrophages were
also more frequent in the female reproductive tract compared to gastrointestinal
macrophages (Figure 2d, ). Notably, higher frequencies of FcyR co-expressing
macrophages were found in the cervix compared to the gut, including dominant double
positive FcyRI+ FcyRII+ macrophages and up to 20% of cervical macrophages expressing
all three Fc-receptors (FcyRI+FcyRII+FcyRIII+), a population that was never observed in
the intestinal tract. In summary, these data highlight the remarkable diversity in FcR
expression on macrophages at distinct mucosal sites, as has been previously reported for
lymphoid tissues 15,

Neutrophils were defined as small, highly granular, FSC!°¥, sschigh cD45+, CD3-,
CD15+ cells (Figure 2a, b). Both colonic and cervical neutrophils expressed FcRylll and
FcRa but negligible levels of FcR-yl and FcRyll. Interestingly, while previous studies
suggest that all neutrophils constitutively express FcyRIla, albeit at 4- to 5-fold lower levels
compared to FcyRI11b 28, we only observed FcyRII expression on ~14% of colon resident
neutrophils and ~9% of cervical neutrophils. Thus, here we report a dominant FcyRIIl and
FcaR profile on tissue-resident neutrophils.

Distinct mucosal phagocytic activity profiles

As tissue-resident NK cells very rarely expressed Fc receptors (Figure 2e), suggesting poor
antibody-directed functionality, we aimed to define the functional capacity of mucosal
macrophages and neutrophils, which frequently expressed Fc receptors. As both innate
effector cell types are critically involved in the rapid phagocytic clearance of immune
complexes in the blood, we evaluated the phagocytic potential of these cells from the
different mucosal sites using a tissue phagocytosis assay. Gp120-coated fluorescent beads,
complexed with a pool of HIV specific polyclonal antibodies (HIVIG), no antibodies, or a
pool of non-specific polyclonal antibodies from healthy individuals (IVIG), were added to
mucosal cell suspensions (colon or cervical cells). Both neutrophil and macrophage
phagocytic activity demonstrated a dose dependent increase in phagocytic uptake in the
presence of increasing HIV-specific antibodies and unaltered phagocytosis from the baseline
level, in the presence of non-specific antibodies (Figure 3a, b, c, d). Interestingly, despite
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their lower frequencies, colonic neutrophils showed more robust phagocytic activity,
significantly outperforming colonic macrophages (Figure 3a, c). By contrast, cervical
macrophages exhibited identical phagocytic potentials as cervical neutrophils (Figure 3b, d),
highlighting striking differences in macrophage, but not neutrophil activity, isolated from
different mucosal sites. Given that neutrophils represent a much smaller fraction of total
innate effector cells within the gut in healthy individuals (Figure 1), the contribution of both
neutrophils and macrophages to absolute phagocytosis would likely be similar at the
moment of transmission, where poor macrophage responsiveness will be counterbalanced by
their sheer abundance.

Unaltered cervical phagocytic activity in the presence of inflammatory cytokines
associated with increased risk of HIV infection

Epidemiological studies in young women in Africa suggest that sexually transmitted
infections that cause inflammation are strongly associated with increased susceptibility to
HIV infection 29, Specifically, elevated levels of macrophage inflammatory protein
(MIP)-1a, MIP-1B, interleukin (IL)-8 and interferon-y inducible protein-10 (IP-10) in the
cervico-vaginal lavage of women prior to infection have all been linked to increased risk of
HIV infection 1°. Moreover, MIP-1a., MIP-1B, IL-8 are essential for the establishment of
productive simian immunodeficiency virus (SIV) infection in rhesus macaques 30. Thus, we
next sought to examine whether alterations in the inflammatory milieu might alter the
phagocytic activity of mucosal-resident macrophages and neutrophils or whether vaccine or
monoclonal therapeutic antibodies would continue to provide protection irrespective of
inflammation. Cell suspensions from cervical mucosa were treated overnight with MIP-1a,
MIP-1p, IL-8 and IP-10, after which their phagocytic activity was determined. No
differences in phagocytosis were observed between untreated and cytokine treated cervical
macrophages (Figure 4a) or cervical neutrophils (Figure 4b). These data suggest that
cytokine exposure associated with an increased risk of HIV acquisition does not impair the
phagocytic potential of tissue-resident phagocytes, rendering phagocytic activity an
attractive mechanism to drive preventative immunity or therapeutic clearance in the setting
of existing inflammation.

Alterations in Fc-effector cells in HIV infection

In addition to their role in protection from infection, 8 growing interest lies in the potential
application of monoclonal therapeutics in HIV eradication. Importantly, the viral reservoir
likely persists within the gut 18 and the lymph nodes, specifically the germinal centers 7.
Therefore, optimized monoclonal therapeutic strategies able to recruit local innate effector
killing may drive more effective reservoir elimination. Given that previous studies have
shown altered distribution of mucosal NK cell subsets in the gut in HIV infection, 20 it is
possible that other innate immune cells and Fc-receptors may change during infection. Thus,
we quantified the frequency of FcyRII+ macrophages (Figure 5a, b) and FcyRII+
neutrophils (Figure 5c, d) in gastrointestinal and lymph node sections from 27 HIV-infected
subjects at different stages of disease and 15 seronegative controls. In lymph node and
ileum, stable levels of macrophages were observed during HIV-infection (Figure 5e, f).
Likewise, neutrophil numbers were also constant in these compartments (Figure 5g, h),
however, infiltrating neutrophils were observed in the lymph nodes in the early phase of HIV
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infection (documented seroconversion within the last 6 months), and several subjects in the
chronic stage of the disease (Figure 5h). Notably, these infiltrating neutrophils were
observed in both the T-cell zone and B-cell follicles (Figure 5i, j), suggesting that these
innate effector cells may gain access to the immunologic sanctuaries where the reservoir is
thought to persist. Interestingly, this neutrophil expansion was strongly correlated with
viremia (data not shown) and negatively correlated with absolute CD4 counts in acute, early
and chronic patients (Figure 5k), arguing that active viral replication, due to incomplete
reservoir control, may drive the recruitment of neutrophils to the lymph node. In contrast to
the associations observed for neutrophils, no link was observed between macrophage
numbers and viremia in lymph nodes (data not shown). However macrophage numbers were
inversely associated with viremia in the rectum (Figure 5I) and ileum as compared to
uninfected controls (data not shown).

Thus, given the selective recruitment of neutrophils to the germinal centers and stable, albeit
low levels in intestine, the application of Fc-enhancing monoclonal therapeutics that could
selectively direct clearance of infected/reactivated cells may represent a promising novel
means by which to eradicate the viral reservoir to attain functional cure. Further, this study
demonstrates that Fc-receptor expressing macrophages decline in the gastrointestinal
mucosa but not in lymph nodes, suggesting their compromised effector cell potential for
reservoir eradication at specific sites.

Enhancing Fc-effector activity to drive more effective antiviral activity

The use of some of the most potent neutralizing antibodies to target and eliminate the viral
reservoir is gaining momentum 31. However, while these antibodies clearly diminish viral
loads transiently, 11 they have demonstrated limited success in eliminating latently infected
cells. Conversely, efforts in the monoclonal therapeutics community have shown that Fc-
effector function can be improved via Fc-modifications. Many Fc modifications have now
been identified, and each of these modifications can drive differential Fc-effector

activities 3233, Thus, we aimed to exploit these Fc modifications to identify Fc
enhancements that could augment the uptake of immune complexes by one of the most
potent bNAbs, VRCO1 34, The tissue phagocytosis assay was employed using immune
complexes generated with wild-type VRCO1 (WT) or the following mutants: the S239D/
I332E/G236A (SDIEGA) variant with enhanced FcRyIIA affinity, 23 the S267E/H268F/
S324T (SEHFST) variant with enhanced C1q affinity, 24 and the S239D/1332E (SDIE) and
S239D/1332E/A330L (SDIEAL) variants with enhanced FcRyll1A affinity 23. All antibodies
successfully boosted macrophage phagocytosis, and nearly all (with an exception of
SEHFST variant) boosted neutrophil phagocytosis, however the FcRylla enhanced
monoclonal variant, SDIEGA, was the most potent in enhancing phagocytosis of both innate
immune cells (Figure 6a, b). Interestingly, the complement enhancing-variant, SEHFST,
improved macrophage, but not neutrophil phagocytosis, possibly due to expression of
membrane C1q in gut macrophages 3° or an increased affinity for FcyRIla and FcyRI1b 36
of the S267E mutation. Nevertheless, none of the Fc enhancement strategies could improve
colonic macrophage responsiveness to the levels observed in neutrophils, confirming the
attenuated nature of macrophage potency in the gut environment and suggesting that

Mucosal Immunol. Author manuscript; available in PMC 2016 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sips et al. Page 10
harnessing the alternate innate immune effector cells may be critical for effective killing of
virally infected cells in the gut.

Overall, the data presented here suggest that clearance of reactivated latent cells may be

improved following the delivery of Fc-enhanced monoclonal therapeutics, specifically

targeting phagocytes as effector cells in anti-HIV-1 prevention or cure strategies.
Discussion

While mounting evidence points to a critical role for antibody Fc-effector function in
protection from infection 37 and eradication, 1911 knowledge about the principal tissue FcR+
effector cells, their Fc receptor profile, functional activity and their changes in infection is
critical to maximize the effectiveness of antibody-mediated functions, capable of containing
the infection at the site of HIV transmission and persistence. Here we found that while FcR+
NK cells were present at low frequencies in tissues, major differences in the distribution of
FcR+ macrophages and neutrophils were noticeable among the compartments. Specifically,
we observed a dominant population of macrophages in the intestinal tract, lymph node,
endocervix in addition to large proportions of neutrophils in female genital tract, especially
in the vaginal mucosa. Conversely, HIV-infection was associated with reduced macrophage
frequencies in intestinal tissues and increased neutrophil numbers in lymph nodes in the
setting of detectable viremia. Additionally, while neutrophil phagocytic activity was similar
between the FRT and Gl tract, unaltered in the presence of inflammatory cytokines, colonic
macrophages exhibited an attenuated functional profile compared to FRT macrophages.
Promisingly, Fc-engineered monoclonal variants were able to improve both macrophage and
neutrophil phagocytosis, providing a means to selectively promote these innate immune
effector responses both in the setting of preventative and curative strategies. Overall, the
study provides the first insights related to the specific innate immune Fc-effector
mechanisms in tissues that may confer the greatest level of protective or therapeutic
immunity for future rationally designed interventions.

Accumulating data point to a role for ADCC in post-infection control of viremia in both
humans 38 and NHP 3940, By contrast, the role of Fc-mediated functions in blocking HIV
acquisition is indirect and more controversial 2441 with the most provocative evidence
emerging from the passive immunization studies employing neutralizing monoclonal
antibodies, 442 where the abrogation of FcR binding resulted in compromised protection
from infection 443. More recently, FcyR-mediated effector function was shown to contribute
substantially to the /n vivo capacity of several bNAbs to block viral entry, suppress viremia,
and confer therapeutic activity . However, directed Fc-receptor enhancing strategies aimed
at increasing protection from infection via ADCC, including the generation of
nonfucosylated b12, resulting in improved affinity for FcRyllla and more effective /n vitro
NK cell mediated-killing, did not increase protection from HIV acquisition in an NHP low
dose challenge model 41, These results suggest that enhanced NK cell ADCC may not
improve protective immunity, but instead other innate Fc-effector mechanisms may be more
critical. Along these lines, here we demonstrate that FcyRII1+ NK cells are nearly absent
from most vulnerable tissues (Figure 2), supporting the notion that ADCC activity will
depend heavily on the recruitment of peripheral blood NK cells to the site of viral invasion.
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Conversely, the employment of highly phagocytic cells, that represent the first line of innate
FcR activity, may provide a rational means by which the first infectious virions and/or
infected cells may be readily cleared prior to the establishment of a latent reservoir.

To date, little is known about the potential role of phagocytosis in blocking HIV acquisition.
However, /in vitro studies have demonstrated that HIV specific antibodies are able to inhibit
HIV in the presence of monocyte-derived macrophages 44. Moreover, Fc-mediated
phagocytosis, but not ADCC, was directly associated with protection from a SHIV162P3
challenge following Ad26 vaccination of NHP 3. Additionally, phagocytosis was also
indirectly implicated in post-infection viral control by non-neutralizing antibodies in NHPs
challenged vaginally with SHIV162p3 2. Here we report highly enriched resident phagocytes
at the sites of vulnerability (Figure 1). While neutrophils were relatively infrequent within
the gut lamina propria, these cells exhibited remarkably high phagocytosis (Figure 3), were
often seen in vaginal epithelium, and were highly abundant in the venules perfusing all the
tissues (Figure 1), potentially allowing for the rapid migration into the tissues upon
infection.

Intriguingly, despite their high abundance in the gut, intestinal macrophages exhibited a log
lower phagocytic activity than cervical macrophages, likely explained by distinct FCR
expression profiles, where all FCRs were expressed on cervical macrophages, and gut
macrophages predominantly expressed FcyRII (Figure 2). These substantially different
profiles reflect well established phenotypic and functional heterogeneity of tissue resident
macrophages, reflective of their anatomic origin #° and essential for their niche-specific
functions. For example, intestinal macrophages play a critical role in the maintenance of gut
homeostasis and the regulation of immune response to commensals 46. Thus under steady
state conditions, lamina propria macrophages display an anergic phenotype, demonstrated by
their inability to produce pro-inflammatory cytokines, 47 that may account for their poor
responsiveness to phagocytosis. In contrast, FRT macrophages may be poised to respond to
pathogens due to chronic exposure to non-self antigens, bacteria, and viruses strongly
pointing to their critical role as an innate effector that may confer enhanced protection in
heterosexual exposure. Furthermore, these inherent differences in phagocytic activity
observed in two distinct mucosal compartments could be directly linked to permeability of
mucosal barriers to infection, where rectal mucosa is more permissive to viral transmission
and systemic infection than vaginal mucosa as described in atraumatic SHIV infection
model 48,

Despite their low tissue-resident frequencies, neutrophils mediated the highest phagocytic
activity (Figure 3), implicating these cells as potentially critical Fc-effectors for both
prevention and therapeutic strategies. Neutrophils are able to phagocytose bacteria, fungi
and virions. Yet most of the work performed on neutrophils in HIV infection has focused on
their role in viral pathogenesis. Circulating neutrophils constitutively express FcyRIla and
4- to 5- fold higher levels of FcyRIIIb 28, FcyRIllb, the only glycosylphosphatidylinositol
(GPI)-anchored Fc-receptor, is 97% homologous in its extracellular domain to FcyRllla,
however, FcyRIIIb differs from FcyRIlla in its ability to drive phagocytosis 4°. While some
studies suggest that FcryRlla drives the bulk of neutrophil phagocytic activity, %0 the
functional interaction between FcyRIIIb and FcyRIla on neutrophils is unclear but likely
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collaborate to tune effector activity 51. Furthermore, neutrophils have been linked to vaccine
induced antiviral control of human papilloma virus in the FRT 52. Given that neutrophils are
stable during the menstrual cycle and retain unaltered activity in inflammatory conditions
(Figure 4), they may prove especially important in preventing heterosexual HIV-
transmission in women. Yet, because neutrophil activity was also potent in gut tissue (Figure
3), it is plausible that this innate immune effector cell may also contribute to the prevention
of rectal HIV transmission.

To date, only one case of sterilizing cure has been reported, however an array of different
strategies are being explored to rapidly eliminate reactivated cells. 53 Among them, efforts to
utilize monoclonals have been tested 31, Specifically, combinations of 2G12, 2F5, and 4E10
mAbs transiently controlled viremia in humans prior to viral escape, >4 similar to the effect
observed with 3BNC117 in NHPs °® and humans 11. Nevertheless, studies in HIV-infected
humanized mice demonstrate the clear need for Fc-effector functions in reservoir control 6.
Furthermore, recent data shows that tissue myeloid cells, particularly within mesenteric
lymph nodes and spleen, play a critical role in the phagocytosis of infected T cells ®7, thus,
particular Fc-modifications that can enhance myeloid clearance mechanisms at the sites of
virus persistence, including germinal centers, 17 may enhance the elimination of the viral
reservoir size. Moreover, FCR+ neutrophils were present within the GCs (Figure 5) where
they have been shown to collaborate in the induction of potent humoral immune

responses 8. Along these lines, the Fc- mutant SDIEGA, known to exhibit enhanced affinity
for FcyRII, drove enhanced macrophage- and neutrophil-mediated phagocytosis compared
to the wild type bNAb (Figure 6), pointing to specific Fc-modifications that could enhance
reservoir eradication.

In conclusion, our data demonstrate that unlike NK cells, phagocytic cells represent our
major mucosal tissue Fc-receptor bearing effectors prepared to respond to antibodies for the
rapid control and clearance of HIV. Additionally, mucosal macrophages and neutrophils
express FcaR, pointing to further opportunities to harness both 1gG and IgA molecules to
harness the full innate armamentarium within vulnerable mucosal tissues.
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Figure 1. Localization of innate immune cellsin tissues
NK cells (a), macrophages (b) and neutrophils (c) in colorectal mucosa, vagina, endocervix,

uterus endometrium and lymph node. Magnification 200x. Quantification of the cells is
depicted in (d). NK cells, circles, macrophages, squares, neutrophils, triangles. Open shape,
rectum; closed shape, colon.
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Figure 2. FcR expression profile on colonic and cervical innate immune cells

Gating strategy for NK cells, macrophages and neutrophils is depicted in (a) for colon and
(b) for cervix and a representative flow plot for each FcR is presented on colonic (c) and
cervical (d) macrophages. Percent of FcR expression on NK cells, macrophages and
neutrophils (€) in colon and cervix. The pie charts depict the co-expression profile of all Fcy
receptors in colonic CD68M9" and CD68!W and cervical CD68MIN macrophages (f).
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Figure 3. Phagocytic activity profilesin colon and cervix
Representative histograms of phagocytic activity of macrophages and neutrophils to gp120-

coated beads and gp120-directed immune complexes in colon (a) and cervix (b). Phagocytic
activity is represented as a phagocytic score =% of cells taking-up beads x MFI/1000 in
colon (c) and cervix (d). Colon, N=8; cervix, N=6.
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Figure 4. Phagocytic activity in cervix in the setting of inflammation
The phagocytic activity of cervical macrophages (a) and neutrophils (b) treated with

inflammatory cytokines: MIP1a, MIP1, IL-8 and IP-10 was compared to untreated cells.
Responses to gp120-beads and immune complexes (gp120-beads + HIV-Ig at 200ug/ml) are

depicted. N=5.
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Figure 5. Changesin Fc-effector expressing innateimmune cellsin tissuesduring HIV infection
Immunofluorescence staining of CD32+ macrophages in colon (a) and lymph node (b) and

CD16+ neutrophils in colon (c) and lymph node (d). Quantification of macrophages (e, f)
and neutrophils (g, h) in ileum and inguinal lymph node in subjects at different stages of
HIV disease (HIV neg, open circle; acute, closed circle; early, closed square; chronic, closed
triangle; AIDS, closed diamond). Infiltrating neutrophils into T-cell zone and B-cell follicles
in HIV infected lymph nodes (i, j). Neutrophil density in lymph nodes correlated with
absolute CD4 counts (k) in acute, early and chronically infected subjects. Macrophage
density in rectal biopsies correlated negatively with peripheral viral load (1).
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Figure 6. Enhancement of phagocytic activity via Fc-engineering

Phagocytic activity of macrophages (a) and neutrophils (b) to immune complexes was
evaluated using a VRCO01 WT and its Fc-enhanced variants at 4pg/ml (open circle, no
antibody; closed circle, wild type VRCO1; open square, SDIEGA, enhanced FcRylla
affinity; closed square, SEHFST, enhanced C1q (complement) affinity; open triangle, SDIE,
enhanced FcRyllla affinity; closed triangle, SDIEAL, enhanced FcRyllla affinity).

Phagocytic score is depicted.
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