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ABSTRACT
Antibodies have become a popular treatment for a wide variety of diseases. Within the

body, certain immune cells express Fcy receptors (FcyRs), that bind to the Fc region of
antibodies, and initiate cell activation. In response, the immune cells will release cytotoxic
granules that destroy the opsonized target. This process, antibody-dependent cell-mediated
cytotoxicity (ADCC), is primarily mediated by natural killer, although macrophages, neutrophils
and monocytes may also perform ADCC to an extent. ADCC response is triggered by antibody
binding and subsequent signaling through a single receptor, CD16a. Several recent
immunotherapies have investigated the potential of CD16a-expressing NK cells as a new disease
treatment. Additionally, the most common therapeutic antibody class 1gG1, binds to CD16a.
Despite the significance of CD16a connecting antibody binding to cytotoxic response, relatively
little is known about its structure and function. Herein, we detail the structure and function of
CD16a as well as propose a model for its binding to Fc. We show how CD16a glycosylation
changes its structure and regulates ADCC. The role of glycans is often overlooked. Even the
concept that glycosylation had any impact on CD16a affinity was a recent discovery. The deep
level of involvement that glycosylation has on CD16a highlights the importance of these

modifications on protein function. The tools we used to study them, including our novel NMR



labeling approach, provide researchers with techniques that will allow them to study glycans in-
depth. Another significant discovery is the CD16a affinity directly correlates with ADCC.
Several clinical trials are investigating “high affinity” NK cells as a treatment for multiple
different diseases. Although, the high affinity is referring to the cells being V158 homozygotes.
We have achieved higher affinity than V158, and provide evidence to suggest that further
improving CD16a affinity will lead to higher ADCC. The contents of this work provide a

compelling case for CD16a engineering for therapeutic use.
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CHAPTER 1

INTRODUCTION
Purpose
Natural Killer cells are a critical component of the immune system and a main expresser of
antibody receptor FcyRIIIa/CD16a. Many native and therapeutic antibodies utilize this receptor
to clear target diseases. Efforts to improve antibody-dependent cell-mediated cytotoxicity
(ADCC) have targeted antibody engineering, but relatively little about CD16a is known.
Structure and functional understanding of CD16a and NK cells as a whole will improve antibody
therapies and open the door for CD16a engineering for immunotherapy. This chapter will
discuss the nature and function of natural killer cell cytotoxicity, the use of NK cells in
immunotherapies, and the nature of the post-translational modification, glycosylation, on CD16a.
Natural Killer Cells
The immune system is generally separated into the adaptive and innate systems. The hallmark of
the adaptive immune system is its ability to adapt its response specific to the target, mediated
primarily through antibody-producing B cells and robust T cells. While highly effective, adaptive
immune response can be slow to respond to stimulus. In many cases, the innate immune system
is capable of immediate action. These responses are carried out by a variety of cells and include
many functions, commonly activating additional immune responses through cytokine signaling.
One such innate immune cell, Natural killer (NK) cells, are highly cytotoxic and strong
producers of inflammatory cytokines, such as INF-y. NK cells were first characterized in the
1970’s by their defining morphology of large granules in the cytoplasm, characteristic of

cytotoxic cells (1). Named for their ability to lyse target cells without prior activation, termed



“natural killing”, they are effective in neutralizing many targets including tumor cells and viral
pathogens (2). While highly robust, NK cell response is limited to the innate repertoire of
germline-encoded activating and inhibitory NK receptors.

NK development begins in the bone marrow from the common lymphoid progenitor
(CLP) that also gives rise to B cells and T cells. What influences CLP differentiation are the
present signaling molecules, for NK cells this is thought to be IL-15 (3). IL-15 induces the
expression of several transcription factors that are known to be critical for NK cell development
(4). During NK development, young NK cells are exposed to healthy host cells that serve to train
NKs cell to avoid attacking healthy host tissue, termed licensing (5). A fully licensed NK cell
expresses Ly49 receptor and CD56, both markers of NK maturation (6).

Human NK cells are functionally categorized by their expression of CD56 and CD16.
The CD569MCD16°"9" subset accounts for the vast majority of circulating human NK cells and
is characterized by having greater perforin and granzyme than CD56""9" cells (7,8). Due to the
high expression of CD16, CD569MCD16™9" cells are able to efficiently mediate antibody-
dependent cell- mediated cytotoxicity (ADCC), unlike CD56"9"CD16%™ cells. In this process,
NK cells are activated through binding of CD16 to the Fc region of antibodies. ADCC activation
triggers the release of cytotoxic granzyme and perforin toward the bound immunogen. While
poor at ADCC, CD56™9"MCD16%™ cells are more efficient at cytokine production, expressing as
much as 20-30-fold more INF-y compared to CD56%™CD16""9" cells (9). These cells also
express different adhesion molecules and chemokine receptors leading to different migratory
patterns, especially within secondary lymphoid organs (10). Within the follicular region of

lymph nodes, it was observed that over 3/4ths of NK cells are CD56"9"CD16%™, although the



total number of NK cells here are low (11,12). Similarly, the tonsils (12) and uterus (13) also saw
increased presence of CD56°9"CD169™ cells.
NK cell receptors

While NK cells are known for their interaction with antibodies through ADCC, they
express several antibody-independent receptors that elicit cytotoxic response. NKG2D is a C-
type lectin receptor that activates cytotoxic response from NK cells and T cells. It binds to MIC
molecules which are normally absent from normal cells, but present on many types of cancer
cells, stressed cells and infected cells (14). Tumor cells evade NKG2D response through ligand
shedding or exosomal release, triggering immune suppression (15). At the cellular surface,
NKG2D associates with DAP10, which begins the intracellular signaling cascade upon NKG2D
activation (16). NKG2D activates NK cell cytotoxicity without the presence of antibody.

Another important type of NK cell receptor is Killer cell immunoglobulin-like receptors
(1). There are 14 identified human KIR’s which may be activating or inhibitory to NK cell
function (17). The ligands of KIR’s are class 1 HLA molecules, which play a critical role in NK
cell licensing during development (18). They further function in mature NK cells to inhibit NK
response to a host cell or activate NK response due to HLA downregulation. Structurally, the
inhibitory KIR’s contain a long, cytoplasmic tail containing ITIMs, whereas activating KIR’s
have a short cytoplasmic tail that associates with DAP12 for ITAM signaling (18).

One of the defining characteristics of NK cells is their typical expression of CD16a. This
transmembrane receptor features two extracellular immunoglobulin-like domains and a short
cytoplasmic tail. CD16a functions as an activating receptor that binds to the crystallizable

fragment (Fc) region of 1gG1 and IgG3 antibodies with low affinity (19). It belongs to a class of



receptors that bind to Fc with different affinity and subclass preference, called Fc y receptors
(FcyR). FeyRs are expressed on many different immune cells in the body, with some immune
cells displaying multiple different FcyR’s. CD16a is not unique to NK cells, it is also expressed
on other immune cells such as macrophages, monocytes and neutrophils (20). It has been
suggested that CD16a may mediate cell killing in an antibody independent manner called
spontaneous cytotoxicity (21).

NK Cell activation pathway

NK cell functionality is regulated by a series of activating and inhibitory surface
receptors. The inhibitory signals function as checks to suppress premature cellular activation.
Thus, activation is achieved when the strength of the activating signals is greater than that of the
inhibitory signals. One common inhibitory signal for NK cells is the recognition of HLA
molecules, which are expressed by most cells of the human body (22). The inhibitory signals
these receptors, such as KIRs, provide inhibitory signals that counteract cellular activation and
function to keep NK cells from attacking healthy tissues.

Some activating receptors, including CD16a, are unable to initiate a signaling cascade
alone, instead they need to associate with the signaling adapter molecules. CD16a has been
found to associate with CD247 (TCRC() or FceR1y (23) (24), each with the ability to initiate
signaling through tyrosine residues on the cytoplasmic tail of the protein (Figure 1.1). Referred
to as immunoreceptor tyrosine-based activation motifs (ITAM’s), these integral membrane
proteins associate with and signal for many immunoreceptors across different cell types, such as
T cell receptors (TCR) (24,25). Specifically, for CD16a, key acidic residues in an intracellular

tail motif drive association with these signaling molecules (26). When CD16a engages an



antibody, tyrosine residues on the ITAM become phosphorylated by kinases. Many CD16a
molecules need to be engaged in a local area in order to overcome innate suppression, and
activate downstream proteins in a signaling cascade. This concept is the immune synapse and
applies to many other activating receptors including the T-cell receptor (27). FceR1y is initially
phosphorylated by Syk kinases and CD247 by ZAP70 (28,29). The subsequent cascade signals
trigger transcription factors, proteins, and other physical changes to prepare for ADCC.

An essential component of the CD16a signaling pathway is the reorganization of the actin
cytoskeleton (30). This relocates microtubule organizing centers (MTOC) near the site of
activation between the host and target cells (31). Lytic granules containing perforin and
granzyme are transported across microtubules towards the synapse by dynein motor proteins
(32,33). The granules fuse with the plasma membrane through a SNARE complex and release
their contents into the synaptic cleft (34). LFA-1 adhesion at the synapse aids granular diffusion
towards the target cell (35). The neutral pH of the extracellular space activates perforin allowing
it to bind to the membrane of the target cell (36). The presence of Ca2+ triggers the formation of
perforin oligomers that form pores on the membrane. These pores can range from 13-20 nM in
diameter and can coalesce into larger pores with the recruitment of more oligomers (37,38).
Expelled granzyme enters the target cell through the newly formed pores and triggers cell death
through a variety of mechanisms, dependent on the granzyme subtype. The most studied
granzyme, granzyme B, is a serine protease with a wide specificity. It has also been shown to
cleave caspace-3 and caspace-7 subsequently including apoptosis through the caspase pathway
(39,40). Additionally, granzyme B also cleaves Bid, triggering apoptosis through the

mitochondrial proteins Bax and Bak(41). The other granzyme proteins have different protease



specificity and pathway activation allowing cytotoxic activates toward a variety of targets
including tumors, microbes and virally-infected cells (42-44). The diverse cytotoxic nature of
NK cells makes them effective protectors of immunity.

Despite the proximity to released perforin and granzymes, NK cells remain functional
and resistant to their effects. Any escaped or internalized granzyme B is thought to be neutralized
by granzyme B inhibitor, SB9 (45). As an additional defense measure, NK cells externalize
CD107a at the immune synapse to line the plasma membrane with protein, reducing the ability of
perforin to bind to the cell’s phospholipids (46). Cathepsin B was found to have a similar
mechanism and function for inhibiting perforin as CD107a (47). The presence of redundant
defensive pathways that ensure the cell survives its cytotoxic activity.

The CD16a activation pathway is ended by ADAM17 cleavage. This surface
metalloprotease cleaves CD16a between residues 195 and 196. Interestingly, the S197P mutation
disrupts ADAM17 cleavage of CD16a and results in higher ADCC likely due to continuous
activation (48,49). The kinetics of this cleavage are quite high, occurring within minutes (50,51).
In addition to CD16a, ADAM17 cleaves LFA-2 assisting in the detachment of the activated NK
cell (52,53).

NK cell immunotherapies

Researchers are interested in utilizing NK cells for immunotherapy after the recent
successes of T-cell immunotherapy. Many T-cell therapies genetically modify T-cells to express
engineered receptors that are specific for a target antigen, called chimeric antigen receptors
(CARSs). While a promising treatment option, there are multiple limitations of CAR-T-cell

treatments, many of which NK cells may be able to address. NK cells can be allogenically



transferred while sparing graft versus host disease in contrast to the need of T-cells to be
autologously transplanted or HLA donor matched (54) (55). Without the need to HLA match the
patient, NK cell therapies provide “off-the-shelf” availability that offer a cheaper platform and
more readily available platform for cellular immunotherapy. In this regard, researchers have
begun preclinical testing of several CAR-NK cell lines to promising results (56-58). CAR-T cells
also have limited success as treatments for solid tumors (59). Meanwhile, multiple NK cell
treatments for solid tumors have reached clinical trials (NCT02100891) (NCT04319757)
(NCT03940820), in addition to showing increased migration and infiltration of tumors (60,61).
While T-cells lack CD16a expression, it is a hallmark of mature NK cells (62). High affinity
CD16a NK cells (HaNK) are beginning to reach clinical trials as treatments for multiple different
diseases (NCT03874026)( NCT03027128)(NCT05618925). Rather than utilizing a single-target
CAR, HaNK cells direct cytotoxic activity towards antibody-coated cells. This allows the same
HaNK cell line to be used to treat many different diseases, differing specificity by the antibody
used. The term “high affinity NK cell” is misleading because the cell has not been engineered for
higher specificity, rather NK cells of the higher affinity V158 allotype are selectively used (63).
Engineering CD16a affinity beyond that of the V158 allotype are expected to increase success of
HaNK cell treatments.
Glycosylation

More than 50 % of proteins are estimated to be modified by glycans, covalently linked
sugar chains (64). N-glycans form an N-glyosidic linkage to the side chain amine nitrogen of
asparagine in proteins. However, a N-glycan will only be added the sequon N-X-S/T, where X is

any amino acid except proline. All N-glycans share a common core sequence of two N-



acetylglucosamine (GIcNACc) residues followed by one mannose residue that then forms two
branches with a single mannose each (Figure 1.2). What sugars follow determines the type of N-
glycan, either oligomannose, complex, or hybrid. Oligomannose N-glycans only extend with
other mannose residues, while complex type branches continue with other sugars first initiated
by GIcNAc. Finally, hybrid types contain one branch in style of oligomannose and one branch in
style of complex N-glycans. In addition, complex N-glycans become may contain more than two
branches and contain other modifications such as core fucosylation. Together, these
characteristics lead to the vast heterogeneity N-linked glycans.

The complex process of eukaryotic N-glycosylation begins on the endoplasmic reticulum
(ER), where sugars are added to dolichol phosphate. Eventually, it will take the form of the N-
glycan precursor, GlcsMangGIcNAC,-P-P-Dol (65,66). The fully synthesized glycan then
associates with high affinity to oligosaccharyltransferase A (42) which is complexed to a
translocon. As a protein is cotranslationally expressed, OSTA will add this glycan to viable
sequons on the nascent polypeptide. Once the protein is folded and within the lumen of the ER,
OSTB may postranslationally modify N-glycan sequons (67). While OST-mediated N-
glycosylation is highly efficient, there are many cases of sequons remaining unmodified.
Suggested reasons include sequon residues, spacing of sequons and proximity to the c-terminal
(68). Nevertheless, within the ER, glycosidases remove terminal sugars from the
GlcsMangGIcNAC: glycans leaving a majority of them in the form of MangGIcNAc2, before the
protein is transferred to the Golgi (66). Here, the terminal mannose residues are removed until
the glycans are MansGIcNAc: (66). For the remainder of the journey through the Golgi, many

different enzymes will add and remove sugars from glycans. The nature of the glycosylation



pathway creates a diverse array of glycans such that the glycans of two identical proteins
processed at the same time can be different.

The extracellular domain of CD16a is only 20 KDa, yet it contains five N-glycans. Mass
spectrometry analysis on primary human NK cells has shown that each of these five glycans are
predominantly highly processed, complex-type glycans and that the N162 site has broad
heterogeneity (69). It is quite remarkable that one N-glycan site displays such heterogeneity
considering that proteins follow the same glycan processing pathway, with the same glycan
machinery. This effect is also observed with primary samples, indicating possible clinical
significance (70). Investigation on the impact of CD16a glycan heterogeneity on affinity found
that smaller, less processed glycoforms have greater affinity than larger, more processed
glycoforms (19). Further, removal of the N162 glycan nearly eliminated any difference in
affinity, suggesting that the composition of the N162 site plays a role in ligand affinity, although
the mechanism is unknown.

There exists a gap in knowledge of how these differences in glycosylation impact the
function of CD16a. It was recently shown that CD16a glycan composition affects affinity, and
that humans have large heterogeneity of their CD16a glycome. It is unknown how these changes
impact affinity and if they have an affect on ADCC. Furthermore, it is not known if CD16a
affinity relates to ADCC. Understanding these ideas are important for all antibody therapies, and
it may be especially useful for NK cell immunotherapies to consider the impact of CD16a

glycosylation.
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CHAPTER 2
THE WEAKER-BINDING FC y RECEPTOR IITA F158 ALLOTYPE RETAINS
SENSITIVITY TO N-GLYCAN COMPOSITION AND EXHIBITS A DESTABILIZED

ANTIBODY-BINDING INTERFACE!

1Kremer, Paul G, and Adam W Barb. 2022. The Journal of biological chemistry vol. 298,9.

Reprinted here with permission of publisher.
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Abstract

Antibodies engage Fc y Receptors (FcyRs) to elicit healing cellular immune responses,
following binding to a target antigen. FcyRIIla / CD16a triggers natural killer cells to destroy
target tissues with cytotoxic proteins and enhances phagocytosis mediated by macrophages.
Multiple variables affect CD16a antibody binding strength and the resulting immune response,
including a genetic polymorphism. The predominant CD16a F158 allotype binds antibody with
less affinity than the less common V158 allotype. This polymorphism likewise affects cellular
immune responses and clinical efficacy of antibodies relying on CD16a engagement, though it
remains unclear how V/F158 affects CD16a structure. Another relevant variable shown to affect
affinity is composition of the CD16a asparagine linked (N)-glycans. It is currently not known
how N-glycan composition affects CD16a F158 affinity. We determined N-glycan composition
affects the V158 and F158 allotypes similarly, and N-glycan composition does not explain
differences in V158 and F158 binding affinity. Analysis of binding kinetics indicated the N162
glycan slows the binding event, and shortening the N-glycans or removing the N162 glycan
increased the speed of binding. F158 displayed a slower binding rate than VV158. Surprisingly, N-
glycan composition had a smaller effect on the dissociation rate. We also identified
conformational heterogeneity of CD16a F158 backbone amide and N162 glycan resonances
using NMR spectroscopy. Residues exhibiting chemical shift perturbations between V158 and
F158 mapped to the antibody-binding surface. These data support a model for CD16a F158 with
increased conformational heterogeneity in the antibody-binding interface resulting in decreased

affinity.
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Introduction

Fc vy Receptor (FcyR) Illa / CD16a binds to the crystallizable fragment (Fc) of
immunoglobulin G (IgG) antibodies (Figure 2.1). CD16a triggers cell activation upon
encountering antibodies clustered on a surface, which may include a damaged tissue, foreign
pathogen or particle. Possible cell-mediated immune responses are phagocytic and cytotoxic,
leading to destruction of the antibody-coated target (1,2). The strength of the cellular response
depends on the antibody-binding affinity of CD16a.

Two major CD16a forms in humans result from a genetic polymorphism affecting the
amino acid residue at position 158 on the extracellular antibody-binding domain (3). The allele
frequency varies by population but several studies collectively suggest the V158-encoding allele
is present at 30-39% frequency, with the remainder encoding F158 (3-5). In binding affinity
assays, the CD16a F158 allotype binds 1gG1 4-5 fold weaker than V158 (6,7).

Natural Killer (NK) cells function in the innate immune system but respond to antibody-
coated targets through CD16a as the primary FcyR. NK cells expressing F158 showed less
cytotoxic activity following antibody treatment when compared to V158 (8). Similarly,
Binyamin et al showed increased ADCC for V158 with NK92 cells (9). Data from primary
human NK cells also supports V158 having higher ADCC over F158 (7). Clinical studies link the
F158 allotype to increased susceptibility to a wide assortment of diseases (10-14). Furthermore,
V158 patients experienced superior responses to clinical antibody treatments (15-17). Though
these correlations are known, it is not known why a single amino acid substitution in this

receptor affects the ligand binding affinity.
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In addition to the CD16a residue at 158, glycosylation was recently shown to affect
antibody binding affinity. CD16a is a transmembrane receptor modified with five asparagine(N)-
linked carbohydrates (glycans). N-glycans on secreted proteins exhibit a high degree of
compositional heterogeneity due to the template-independent glycan processing in the ER and
Golgi (18). CD16a exhibits a high degree of heterogeneity. Among the five N-glycosylation
sites, N162 appears the most heterogeneous on CD16a isolated from primary human cells
(19,20). Furthermore, CD16a N162 glycan heterogeneity impacts Fc binding affinity. Minimally-
processed oligomannose glycans, present on CD16a isolated from human donors, provide greater
affinity than highly-processed complex-type glycans on CD16a (21,22). Hayes and coworkers
also found binding differences related to CD16a glycosylation and the 158 allotype (23). It is not
currently known how the N162 N-glycan composition affects the antibody-binding affinity of the
CD16a F158 allotype.

We investigated the structural and functional consequences of a phenylalanine residue at
CD16a position 158 relative to a valine. We first characterized the impact of N-glycans on
antibody-binding affinity by CD16a F158. Next, we identified backbone and N-glycan atoms
that were differentially affected by V158 and F158 using NMR spectroscopy. These data provide
insight into the unique structural and functional characteristics of the predominant CD16a F158

allotype with atomic-level resolution.

Results

Structural similarity of V158 and F158 — Multiple examples of the CD16a V158 structure from

X-ray crystallography are reported and are highly similar (24-26). As of this writing, no models
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of the F158 variant derived from X-ray crystallography or cryoEM are reported despite the single
amino acid difference and greater prevalence in the human population. AlphaFold, however,
provided a computational model for comparison (27). As expected, the structures of the
extracellular antibody-binding domains are highly similar (Figure 2.1). Subtle differences in the
packing around position 158 are notable, stemming from steric contacts that prevent the F158
sidechain from occupying the same position as V158. This comparison does not provide a clear
indication why F158 binds weaker than V158. However, relatively small changes in binding
affinity, like those noted for F158 and V158, may not result from large structural rearrangements
and may be due instead to differences in conformational sampling or glycosylation that are not

always identifiable in models from X-ray crystallography or AlphaFold.

The effect of N-glycan composition on CD16a F158 affinity — We examined whether

glycosylation explained the reported differences in affinity. Our laboratory previously
determined that the composition of the N162 glycan affects CD16a V158 antibody-binding
affinity (22). Thus, it is possible that F158 affects N-glycan processing, thus weakening affinity.
Wild-type HEK293F cells expressed both CD16a V158 and F158, and are capable of performing
extensive N-glycan remodeling reactions and generating complex-type N-glycoforms. SDS-
PAGE showed substantial processing as both proteins migrated much higher than expected based
on the predicted molecular weight of the unmodified polypeptide (50.5 kDa; S2.1).

The CD16a F158 allotype bound IgG1 Fc with a 6-fold reduction in affinity compared to
V158 (Figure 2.2), consistent with previous reports (6,21,28). We next expressed both CD16a

allotypes in a Gntl- cell line that expresses glycoproteins with predominantly oligomannose
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(Man5GIcNAc2) N-glycans (29). The mobility of these proteins in SDS-PAGE increased from
the presence of smaller N-glycans (S2.1). Both proteins bound 1gG1 Fc with increased affinity
compared to the same protein expressed in the wild-type cell line, however, the F158 allotype
bound with a 13-fold weaker affinity compared to V158 (S2.2). While both allotypes gain
increased affinity with oligomannose glycans, the gain in affinity by V158 is more substantial
than F158 (3.1x vs. 1.6x; Table S2.1). This result indicates that the factor causing weaker F158
binding is also present in the oligomannose N-glycoform.

The F158-encoding polymorphism introduces an aromatic residue at a position not found
in V158. Aromatic residues form strong interactions through CH-rx dispersive forces with
carbohydrate residues (30). Thus, it is possible that F158 introduces an inhibitory intramolecular
contact. We enzymatically truncated the N-glycans to a single GIcNAc residue, and again found
that F158 bound with 6-fold weaker affinity when compared to VV158. Lastly, we prevented
N162 glycosylation through the S164A mutation to disrupt the NVS glycosylation sequon.
Again, the F158 allotype bound IgG1 Fc with 6-fold weaker affinity compared to V158. When
comparing to the native form of the receptor, both allotypes possess nearly identical relative
affinity of the single GIcNAc and S164A forms (Table S2.1). These data demonstrate that the
weaker F158 binding affinity is independent of N-glycan composition and the presence of the

N162 glycan.

CD16a F158 exhibits slower binding kinetics — A detailed analysis of the binding curves

revealed differences in binding rates. We fitted a two-state binding model to the sensorgrams that

revealed major (kal, k1) and minor (ka2, kq2) events, with the major event dominating the
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observed data (Figure 2.4, Table 2.2). The fitting errors were less than 2% in all instances.
Dissociation constants resulting from the kinetic fits were smaller than those found with fitting
the equilibrium responses, however, the relative differences between forms were preserved.
Fitting a 1:1 binding model revealed rates highly comparable to the major event in the two-state
model, however with slightly increased residuals due to an inability of this model to
accommodate slight non-linearity at the later timepoints of the association curves. This non-
linearity may be due to reversible non-specific interactions with the chip surface or a slow
conformational rearrangement once bound.

We observed differences between CD16a V158 binding and binding of the V158 S164A
variant, both with complex-type N-glycans but the latter lacking the N162 glycan. The V158
S164A variant bound with an 8-fold increased on rate, and a 7-fold increased off rate. These data
indicate that the N162 glycan slows complex formation, and the resulting complex is less stable.
Shortening the V158 N-glycan with the Man5 glycoforms increased the binding rate by 4.2-fold
and also increased the dissociation rate by 2.8-fold. The F158 association proved too weak and
too fast for reproducible analysis of the binding kinetics.

The CD16a V158 variant with the truncated (1)GIcNAc N-glycans revealed a 15-fold
faster association rate compared to the complex-type glycoform, however, the dissociation rates
were similar (1.6-fold difference). These results support the evidence from the S164A example
above that the extended N-glycan slowed the association rate. In contrast to S164A, however, the
truncated (1)GIcNAc proved sufficient to stabilize the complex.

The increased binding affinity for the CD16a F158 allotype with truncated (1)GIcCNAc N-

glycans provided the opportunity to measure binding kinetics and compare V158 and F158
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directly. The CD16a F158 (1)GIcNAc protein exhibited an on rate that was 2.3-fold slower than
the CD16a V158 (1)GIcNAc glycoform, and a dissociation rate 2-fold faster. Thus, the presence
of F158 slowed the binding and increased the rate of complex dissociation. These differences are

consistent with a greater conformational heterogeneity of the F158 allotype.

NMR shows CD16a structural differences — We evaluated CD16a V158 and F158 using solution

NMR spectroscopy to identify possible structural differences. Glycosylated proteins represent a
substantial challenge for solution NMR spectroscopy, largely because the common expression
host for NMR, Escherichia coli, does not N-glycosylate. We expressed CD16a in the same
human cell line used for the binding affinity measurements (HEK293F). These cells glycosylate
appropriately, but do not allow uniform amino acid labeling from metabolic precursors. Instead,
we first supplemented the expression medium with [*°N]-phenylalanine, an essential amino acid
that does not scramble under the conditions used for expression.

An HSQC-TROSY spectrum of [**N-phenylalanine]-CD16a V158 showed seven clear
peaks corresponding to seven phenylalanine residues (Figure 2.5A). A similar spectrum of [*°N-
F]-CD16a F158 showed nine peaks, seven of these similar to V158 peaks. The two remaining
peaks are likely due to F158. It is curious to note that the F158 N-H correlation revealed two
peaks, indicating the presence of two different conformations exchanging slowly on the NMR
timescale. It is not known if the V158 N-H correlation likewise samples two conformations; the
nitrogen atom from [*°N]-valine is metabolically scrambled to other amino acids during

expression and a V158 peak was not identified (data not shown). It is also notable that the F133
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and F153 peaks do not perfectly overlay in spectra of the [°N- phenylalanine]-CD16a allotypes,
instead showing chemical shift perturbations.

We next probed chemical shift perturbations in other amino acid residues by adding
[*°*N]-lysine, [**N]-phenylalanine and [**N]-tyrosine to the expression medium. Lysine and
tyrosine likewise did not scramble. We were able to match each peak to a residue using the
assignment of a related receptor by Kato and coworkers (31). In total, these spectra showed ten
residues with chemical shift perturbations, notably at F133, K147, F153, and K161 (Figure
2.5B).

The N162 glycan is also in the general vicinity of these perturbed residues. N-glycans can
be labeled by supplementing the expression medium with [*3C]-glucose, which is then
incorporated into each N-glycan sugar and alanine methyls (32,33). One unique N-glycan
proton-carbon correlation provides unique insight into each individual N-glycan at the point of
attachment; the *H1-13C1 correlation on the (1)GIcNAC residue that is covalently bonded to the
N-glycosylated asparagine residue (34). NMR observation of this correlation provides a
fingerprint of the glycoprotein N-glycans with one peak expected for each N-glycan. We
previously assigned the peaks for the CD16a V158 allotype, including a distinct single peak for
the N162 glycan (35).

Comparing the CD16a V158 and F158 N-glycan peaks in NMR spectra showed a high
degree of similarity for the N38, N45, N74 and N169 peaks (Figure 2.5C). Surprisingly, CD16a
F158 showed two peaks for the N162 glycan, indicating the presence of conformational
exchange. One of these peaks overlayed with the single CD16a V158 N162 peak, indicating that

CD16a F158 populates conformations either not visible or minimally populated with VV158.
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Individual atoms that demonstrated a chemical shift perturbation between V158 and F158
clustered on a structural model of the CD16a V158 extracellular domain (Figure 2.5D). This
hotspot is directly adjacent to the antibody-binding interface. It is notable that the NMR
experiments revealed differences with unliganded CD16a. We were unable to identify CD16a
residues in a complex with Fc, presumably due to the relatively short lifetime of the bound state
(data not shown). Data from the unliganded receptors reflects the unbound state and the slower
association of the F158 allotype is consistent with greater conformational heterogeneity observed

by NMR.

Discussion

These experiments identified structural, kinetic and functional differences in the two
predominant CD16a allotypes that differ by a single amino acid residue. Multiple aspects of this
study are notable. The F158 and V158 allotypes bind ligand with different affinities and at
different rates, despite the high degree of sequence similarity. F158 appeared to bind slower and
form a less stable complex compared to VV158. The lower stability, and thus lower affinity, may
be explained by structural modeling that indicated the F158 residue displaces local amino acid
residues due to a greater size of the F sidechain (Figure 2.1). These slight structural differences
are potentially sufficient to destabilize regions outside of the residues that directly contact F158.
Indeed, NMR revealed structure differences in the F158 and V158 allotypes that extended far
from residue 158. NMR spectra revealed the presence of at least two conformations sampled by
the F158 N162 glycan at the point of attachment. Only one conformation was observed for

V158. Furthermore, the F158 backbone amide likewise sampled two conformations. The
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structural changes were not isolated to F158 and residues directly contacting F158, but rather
spread throughout the antibody-binding interface.

Previous observations of CD16a isolated from primary human NK cells and monocytes
identified the presence of oligomannose N162-glycans (19,20). These underprocessed forms
increased affinity for the V158 allotype (22), though it remained unknown how N-glycan
composition affected F158. We determined that the composition of the N162 glycan did not
affect F158 and V158 differently and V158 bounds with higher affinity with each glycoform. It
should be noted that V158 saw a greater affinity increase with Man5 N-glycans (Table 2.1).
Small N-glycans increased the affinity for both allotypes ((1)GIcNAc > Man5 > complex type),
thus the mechanism underlying the affinity increases appears to be shared by both proteins.

Removing or shortening the N162 glycan increased binding rates. This observation is
consistent with previous computational modeling of the CD16a/1gG1 complex predicting that
N162 glycan conformational heterogeneity negatively affects binding affinity (26,36). Our data
indicate the distal portions of the N-glycan slow binding, with shorter N-glycans binding with
increased rates as was evident for the (1)GIcNAc glycoform that bound more quickly than the
S164A variant lacking an N162 glycan. However, the distal portions of the N-glycan largely
appear dispensable for high affinity binding, though the complex-type N-glycans do promote
receptor/antibody stability to a greater extent than (1)GIcNAc (1.6-fold), Man5 (2.9-fold), and
S164A (7.1-fold). These data indicate an N162 glycoform for optimal binding may be found at a
size between (1)GIcNAc and Manb.

The prevalence of the F158 allotype in the human population suggests increased fitness is

associated with at least one copy of the weaker binding allele. Unfortunately, patients expressing
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F158 show decreased responses to many antibody-based therapeutics, though advances in
antibody engineering may surmount this barrier (37). It is notable that a common anti-CD16
antibody, 3G8, likewise binds F158 with reduced affinity. Increasing the antibody-binding
affinity of the F158 allotype may be achieved by developing reagents to specifically truncate the
F158 N162 glycan, or antibody Fc designs that accommodate the unique structural features

including multiple conformations of the antibody binding interface.

Experimental Methods

Materials — All materials were purchased from Millipore-Sigma unless otherwise noted.

Protein expression for binding affinity measurements — The V and F CD16a allotypes were

cloned into the pGen2 plasmid downstream of and in frame with DNA encoding the 8x-histidine
tag, green florescent protein (GFP) and tobacco etch virus (TEV) protease digestion site as
described (38). Human IgG1 Fc (residues 216-447) was expressed from a plasmid previously
described (39). All proteins were expressed through transient transfection of either HEK293F
(Life Technologies) or HEK293S (Gntl-) cells (29). Unless otherwise specified, cells were
grown in FreeStyle293™ medium (Life Technologies) supplemented with ExCell (Sigma
Aldrich) media, 10% of total volume, on a shaker (ATR Biotech) at 125 RPM with 8% CO2 and
80% humidity at 37°C. Cell densities were 3.0 x 10° live cells/ mL at the time of transfection.
We added 2.5 pg/mL DNA and 10 pg/mL PEI (40 KDa). Following a 24 h incubation, cultures
were diluted 1:1 with the same media containing 4.4 mM valproic acid. Culture supernatant was

harvested after 5 d by centrifugation at 1000 g for 5 min. CD16a was purified using a Ni-NTA
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column (Qiagen) while Fc was purified using a Protein A-Sepharose® column. All proteins were
stored in a buffer containing 25 mM 3-(N-morpholino) propanesulfonic acid (MOPS), 0.1 M

sodium chloride, pH 7.2.

Endoglycosidase F1 digestion — EndoF1 was expressed with Escherichia coli and coupling at a

density of (15 mg protein per mL of resin) to AminoLink Coupling Resin (Thermo Scientific)
following manufacturers protocol as previously described (26) in a buffer containing 0.1M
sodium phosphate, 0.15M NaCl, pH 7.2. CD16a was digested at a ratio of 1 mg per 50 uL of

prepared resin overnight at room temperature. Digestion was analyzed using SDS-PAGE.

Surface plasmon resonance — All affinity measurements were performed with a Biacore T200

(GE Life Sciences) using amine coupling to a CM5 chip. Fc was coupled at 1 pg/mL for
saturation experiments. Several different CD16a concentrations, ranging between 0.01 uM and
20.48 uM, was flowed over the chip surface at a rate of 10 uL/min. CD16a was diluted in
running buffer containing 20 mM MOPS, 100 mM sodium chloride, 1 M bovine serum albumin
and 0.05% P20 surfactant (GE Life Sciences), pH 7.4. Contact and dissociation times of at least
300 seconds were used for all proteins. The chip was regenerated after each step with 100 mM

glycine, pH 3.0 for 30 s.

Kinetic Measurements — All kinetic measurements were performed in the same manner as SPR

unless specified. The chip was coupled in lanes 2 and 4 at 0.33 pug/mL. Protein concentrations

ranged from 0.04 uM and 5.12 uM were flowed over the chip at 60 pL/min with a contact time
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of 30 s and a dissociation time of 250 s. Bovine serum albumin was not included in the running

buffer.

Protein expression for NMR — Freestyle293 medium without amino acids or glucose or

osmolarity adjustment was purchased (Life Technologies). This base medium was supplemented
with all amino acids at 100 mg/L, with the exception of glutamine, phenylalanine, lysine and
tyrosine. Glutamine (1 g/L) and glucose (3 g/L) were added. Next, 100 mg/L [*°N]-lysine, [*°*N]-
phenylalanine and [*°N]-tyrosine were added. For NMR experiments utilizing *C, the medium
was supplemented with 3 g/L [**Cu]-glucose. pH was adjusted to 7.20 before adjusting
osmolarity with 5 M NaCl to 260-280 mOsm/kg, followed by a final adjustment of pH to 7.20.
The labeled media was passed through a sterile 0.2 um aPES membrane (Fischer Scientific) and
stored at 4 °C.

Isotope-labeled CD16a for NMR was expressed and diluted with the labeling culture
medium using the transfection, dilution and purification methods stated above. TEV was
expressed from a plasmid provided by Dr. Kelley Moremen (UGA) in E. coli and purified with a
Ni-NTA resin. GFP-CD16a was buffer exchanged with 50 mM Tris-HCI, 0.5 mM EDTA, 1 mM
dithiothreitol, pH 8.0, then digested with 1:25 (w:w) GFP-CD16a:TEV ratio overnight at room
temperature with end-over-end mixing. The following day, the mixture was passed over a
Superdex 75 column (GE Health Sciences). Fractions containing CD16a were identified with
SDS-PAGE and were subsequently pooled. The protein was buffer exchanged into a buffer

containing 20 mM sodium phosphate, 100 mM potassium chloride, 5% D20, 0.05 mM
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trimethylsilylpropanesulfonate and concentrated to approximately 150 pL using Amicon Ultra

0.5 mL 10 kDa cellulose cartridge.

NMR Spectroscopy — NMR spectra were collected at a 30 °C sample temperatureona 21.1 T
spectrometer equipped with a Bruker NEO console and 5 mm TXO cryoprobe. Direct 13C
observe experiments were collected with the hxinepph pulse sequence, with 16384 and 128
complex points in the direct and indirect dimensions, respectively. The Bruker hsqcetfpf3gpsi2
pulse sequence was used to collect *H-'°N correlations with 1024 and 256 complex points in the
direct and indirect dimensions, respectively. Spectra were processed with a sine-squared and 40
Hz exponential multiplier line broadening function applied in the direct dimension and a sine
function with a 10 Hz exponential multiplier in the indirect dimension. Spectra were processed in

NMRPipe (40) and analyzed in NMRViewJ (41).
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Table 2.1 CD16a Binding affinities averaged from at least five individual measurements.

Allotype N-Glycoform Kb (nM) error (NM)
V158 Complex 270 40
V158 Man5 86 13
V158 (1)GIcNAC 22 3
V158 S164A 230 40
F158 Complex 1660 150
F158 Man5 1070 120
F158 (1)GIcNAC 126 16
F158 S164A 1470 100
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Table 2.2. Kinetic parameters from a two-state binding model.

error

kal Ka2 kql Kq2 Kb kal ka2 kal ka2
(nM  (1/Ms

Protein N-glycoform (1/Ms) (1/s) (1/s) (1/s) ) ) r5s)y  (Als)  (1fs)
V158 Complex-type 1.7E+05 6.1E-03 2.5E-02 6.6E-03 76 0.65% 0.67% 0.84% 0.25%
V158 Man5 7.1E+05 4.9E-03 7.1E-02 6.0E-03 55 0.72% 0.33% 0.78% 0.17%
V158 S164A Complex-type 1.4E+06 1.4E-03 1.8E-01 7.8E-03 109 0.82% 0.64% 0.85% 0.51%
V158 (1)GIcNACc 25E+06 3.2E-03 4.0E-02 4.7E-03 92 081% 090% 1.01% 0.52%
F158 (1)GIcNACc 1.1E+06 1.8E-03 79E-02 50E-03 52 181% 091% 194% 0.72%
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Figure 2.1. Two common receptor allotypes in the human genome differ by a single amino acid
substitution at position 158 in the extracellular antibody-binding domain. A. CD16a/ Fcy
receptor (FcyR) Ila binds the crystallizable fragment (Fc) of immunoglobulin G1 (IgG1) B.
CD16a is heavily N-glycosylated with five N-glycans. The predominant glycoforms identified on
primary human natural Killer cells are shown as cartoons and scaled to the appropriate size. Fc is
likewise glycosylated at N297. An overlay of the CD16a V158 structure (red, pdb 5vu0) with an
AlphaFold model of CD16a F158 (green) shows residues surrounding the 158 position (C.) and

the global structural similarity (D.).
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Figure 2.2. Representative surface plasmon resonance (SPR) sensorgrams of CD16a allotypes
with either complex-type glycans (A,E) or missing the N162 glycan (C,G). Fits of the
dissociation constants and associated errors from equilibrium binding measurements are also
shown (B,D,F,H). Cartoons show the expected N-glycan at the N162 site. The S164A mutation

disrupts the N162 N-glycan sequon and thus lacks an N-glycan at that site.
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Figure 2.4. Binding kinetics show different rates for the glycoform and allotype variants. IgG1
Fc binding (A) CD16a V158 with complex-type N-glycans, (B) CD16a V158 S164A with

complex-type N-glycans, (C) CD16a V158 with truncated (1)GIcNAc N-glycans, or (D) with
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Man5 glycans. (E) CD16a F158 with (1)GIcNAc N-glycans. Sensorgrams were fitted with a

two-state kinetic model (black line). Cartoons show the expected N-glycan at the N162 site
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interface is shown with dashed lines.
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Supplemental Table 2.1. CD16a affinities relative to the complex-type glycoform

Complex-type Manb (1)GIcNAc  S164A
V158 1.0 34 13 1.1
F158 1.0 1.6 13 1.1
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Supplemental Figure 2.1. SDS-PAGE of GFP-srCD16a fusions. The two different allotypes are

expressed with four different glycosylation patterns. Distinct shifts in migration are observed

between each type of glycosylated protein.
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Abstract

Both endogenous antibodies and a subset of antibody therapeutics engage Fc gamma receptor
(FcyR)IIIa / CD16a to stimulate a protective immune response. Increasing the FcyRIIla/IgG1
interaction improves the immune response and thus represents a strategy to improve therapeutic
efficacy. FcyRlIlla is a heavily glycosylated receptor and glycan composition affects antibody-
binding affinity. Though our laboratory previously demonstrated that natural killer (NK) cell N-
glycan composition affected the potency of one key protective mechanism, antibody-dependent
cell-mediated cytotoxicity (ADCC), it was unclear if this effect was due to FcyRIlla
glycosylation. Furthermore, the structural mechanism linking glycan composition to affinity and
cellular activation remained undescribed. To define the role of individual amino acid and N-
glycan residues we measured affinity using multiple FcyRIIIa glycoforms. We observed stepwise
affinity increases with each glycan truncation step with the most severely truncated glycoform
displaying the highest affinity. Removing the N162 glycan demonstrated its predominant role in
regulating antibody-binding affinity, in contrast to four other FcyRIIla N-glycans. We next
evaluated the impact of the N162 glycan on NK cell ADCC. NK cells expressing the FcyRIlla
V158 allotype exhibited increased ADCC following kifunensine treatment to limit N-glycan
processing. Notably, an increase was not observed with cells expressing the FcyRIlla V158
S164A variant that lacks N162 glycosylation, indicating the N162 glycan is required for
increased NK cell ADCC. To gain structural insight into the mechanisms of N162 regulation, we
applied a novel protein isotope labeling approach in combination with solution NMR
spectroscopy. FG loop residues proximal to the N162 glycosylation site showed large chemical

shift perturbations following glycan truncation. These data support a model for the regulation of
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FcyRIIIa affinity and NK cell ADCC whereby composition of the N162 glycan stabilizes the FG

loop and thus the antibody-binding site.
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Introduction

Natural Killer (NK) cells rapidly respond to destroy tissue coated with antibodies. This protective
mechanism, termed antibody-dependent cell-mediated cytotoxicity (ADCC), is likewise
exploited by many therapeutic monoclonal antibodies (mAbs) recognizing specific epitopes that
escape detection by endogenous antibodies. However, NK cell ADCC elicited both by
endogenous antibodies and mAbs fails to ameliorate disease in many patients. There is sufficient
evidence to expect that increased NK cell ADCC will improve patient responses though few
strategies exist to achieve this outcome.

NK cells require binding of antibodies to only a single receptor type, Fc gamma receptor
IITa (FcyRIITa/CD16a), to elicit ADCC. Multiple lines of evidence support the role of increased
antibody-binding affinity in improved NK cell responses. NK cells expressing the higher affinity
FcyRIlIla V158 allotype demonstrate greater ADCC than those expressing the weaker-binding
F158 allotype (hereafter referred to as V158F) [1-4]. Furthermore, improving the FcyRIIla-
binding affinity of antibodies, which bind through the Fc region, likewise increases ADCC and
therapeutic potency [5-7]. Antibody engineering efforts have been widely explored to improve
ADCC by increasing FcyRIIla engagement, however, substantially less is known about structural
mechanisms that affect FcyRIIla function.

Our laboratory identified an unexpected strategy to increase FcyRIIla affinity. We
determined that FcyRIIla glycosylation affected antibody-binding affinity, with oligomannose-
type N-glycans providing higher affinity interactions [8,9]. Oligomannose N-glycans are
minimally-remodeled forms that are not expected at high percentages on secreted proteins in

contrast to highly remodeled complex-type glycans found on most serum glycoproteins [10].
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Among the five FcyRIIla N-glycosylation sites, the composition of the glycan at N162 is
responsible for increased antibody-binding affinity and is located near the interface formed with
the antibody Fc [9,11]. Furthermore, we identified a high degree of glycan compositional
heterogeneity at the N162 site on FcyRIIla purified from NK cells of healthy human donors
including both complex-type and oligomannose glycoforms [12-14]. The N162 glycan
heterogeneity on NK cells is reflected in the presence of both high-affinity and low-affinity
FcyRIlIla forms in the periphery of healthy donors, with high affinity forms more abundant in
adult donors compared to children [15].

We likewise demonstrated that NK cell N-glycan processing reduced ADCC potency.
NK cells with limited N-glycan remodeling capability, following either treatment with
kifunensine or knockdown of the bottleneck glycan processing enzyme MGAT1, demonstrated
increased ADCC [15,16]. These studies, however, did not determine that FcyRIIla N-glycan
processing, nor the composition of the N162 glycan, mediated the increased ADCC. It is equally
possible that this role is mediated by other NK cell glycans, of which hundreds are expected.
Demonstration of the role of the N162 glycan in ADCC is expected to promote improved ADCC
responses through efforts to tune glycan composition of endogenous NK cells or infused NK
cells. Furthermore, such a demonstration is expected to promote FcyRIIla engineering to increase
ADCC beyond levels available from endogenous NK cells and naturally-occurring FcyRIIla
variants.

Here we investigate the N162 glycan’s role in FcyRIlIla structure, antibody-binding
affinity and NK cell ADCC. We performed a mutational screen to identify FcyRIIIa residues that

mediate antibody binding affinity and sensitivity to the N-glycan composition. Introducing a
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subset of these FcyRIIIa variants, displaying a range of affinities, into cytotoxic NK cells
provided insight into the relationship between antibody-binding affinity and ADCC. We then
defined the impact of N162 glycan composition on NK cell ADCC and FcyRIIla structure. As a
result, we define a link between the N162 glycan composition and NK cell ADCC.

Results

FcyRIIIa affinity impacts ADCC

The FcyRIIla V158 allotype (hereafter referred to as the wildtype) binds ~4-fold tighter than the
more common V158F allotype and NK cells expressing the wildtype likewise exhibit greater
ADCC [1,17], however, beyond these two points the relationship between FcyRIlla affinity and
ADCC remains undefined [18]. A positive correlation between affinity and ADCC would
indicate improved NK-cell mediated therapies may result from increasing the FcyRIlla antibody-
binding affinity beyond that of the wild type. To evaluate this relationship, we generated a
library of FcyRIlla proteins with mutations at the antibody-binding interface to increase the
range of affinities. The resulting FcyRIlla proteins revealed a wide range of affinities between
slightly higher than wild type (S164A) to a handful with no apparent binding to 2.5 uM
fucosylated 1gG1 Fc (Y132S, W90A, W113A; Figure 3.1A, Table S3.1). Mapping the impact of
these mutations onto a FcyRIlla structural model identified two key regions consistent with
empirically-derived structural models of the antibody:receptor complex [11], though our data
provide greater detail showing how each residue affects affinity. These two regions center
around Y132 and a pair of tryptophan residues (W90 and W113) which overlaps with the contact
interface identified by X-ray crystallography (Figure 3.1B). Surprisingly, although the K161A

mutation reduces affinity by 10-fold, mutating adjacent residues including S160 showed little
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direct impact on affinity. It was likewise surprising that the solvent-exposed, large hydrophobic
side chains of F153 and 188 minimally impacted affinity (<2 fold). A majority of the mutations
only impacted affinity by 3-fold or less.

We next evaluated the impact of FcyRIIla mutations on ADCC potency. We transduced
cytotoxic YTS NK cells to express a subset of FcyRIIla variants from our affinity screen,
encompassing a broad affinity range, using lentivirus to establish stable cytotoxic NK cell lines.
Each YTS cell line displayed comparable FcyRIIla expression, however at levels somewhat
reduced from the original YTS-FcyRlIlIa cell line provided by Dr. Mace (Columbia U., Figure
S3.1). A comparison of the original YTS-FcyRIIla (V158) cells and our transduced YTS cell line
expressing the same wildtype receptor showed greater expression and greater ADCC from the
original YTS-FcyRlIlla cell line likely resulting from our cell isolation strategy that selected only
for GFP+ cells rather than FcyRIIla expression. Within our library, YTS cells expressing the
FcyRIIla S164A variant displayed the highest average ADCC and the tryptophan mutants
showed no detectable ADCC, indicating higher affinity leads to higher ADCC (Figure 3.1C). A
plot of the affinity for each variant versus the ADCC potency demonstrated a trend linking high
affinity and greater ADCC. These results indicate that greater FcyRIIIa antibody-binding affinity
on NK cells increases ADCC and FcyRIlIla engineering represents an unexplored avenue to

improve NK cell-mediated immunotherapies.

The FeyRIIIa N162-glycan is required for high affinity interactions with afucosylated 1gG

Because affinity is a key determinant of ADCC potency, we further explored FcyRIIla changes

that affect affinity and to identify variants with altered sensitivity to IgG1 Fc glycan
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composition. Shields et al. previously showed that antibody fucosylation reduces affinity for
FcyRlIIla [19] and it is known that the N162 glycan mediates the response to fucose, though the
underlying mechanism remains disputed [20-23]. We identified FcyRIIla residues within the
contact distance of the N162 glycan to explore the impact of proximal residues to antibody
fucosylation. We next evaluated mutations at each contact site using both the wild type and
S164A variant that prevents N162 glycosylation. These variants largely exhibited decreased
affinity compared with the wild type FcyRIIla when evaluated against fucosylated IgG1 Fc
(Figure 3.2A). Surprisingly, each variant displayed reduced sensitivity to fucose when the N162
glycan was absent. The impact of fucose reduced from a 2.2-fold average effect when the N162
glycan was present to a 1.3-fold change when the N162 glycan was absent (Figure 3.2B). Most
variants bound afucosylated 1gG1 Fc with weaker affinity. The F153S and R155S variants
lacking the N162 glycan are notable outliers in that both bind antibody glycoforms with higher
affinity than the wild type. These data also are consistent with the hypothesis that intermolecular
glycan-glycan contacts provide minimal stability to the antibody/receptor complex because
higher affinity was achieved by removing the N162 glycan. In summary, this result demonstrates
that the sensitivity to antibody fucosylation may be eliminated through FcyRIIla engineering

while preserving antibody-binding affinity.

N-glycan truncations reveal how each residue contributes to affinity.

In addition to glycan composition of the IgG1 Fc ligand affecting affinity, composition of the
FcyRlIlIla glycans likewise impacts antibody-binding affinity [8,9]. It is tempting to conclude

from the preceding study that higher affinity interactions can be achieved through removing the
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N162 glycan entirely, however, our previous work showed that truncating the glycan to a single
(1)GIcNAC residue provides superior affinity though it was unclear if these changes mapped to
the N162 site [18]. It is also possible that glycoforms slightly longer than the (1)GIcNAc
truncated form provide even greater affinity though this possibility remained untested. To
identify which N-glycan residues affected affinity, we treated recombinant FcyRIIIa with a series
of glycosidases to sequentially remove terminal sugars from the non-reducing end. We observed
a step-wise increase in affinity following the removal of each type of terminal sugar (Figure
3.2C, left panel). Removing the core a-linked mannose or sialic acid residues showed the
greatest change for a single removal step, increasing affinity by 5-fold or 2-fold respectively.
Overall, glycan truncation was observed to decrease Kp by 12-fold. To evaluate the individual
impact of the N162 glycan, we next truncated glycans of the S164A variant that lacks N162
glycosylation but retains four other N-glycans (Figure 3.2B, right panel). While the S164A
affinities followed the same trend as the wild type, the changes were substantially smaller in
magnitude with only a 4-fold overall change. The removal of the core a-linked mannose residues
increased affinity by less than 1.5-fold, in contrast to the 5-fold increase observed for the wild
type. These results demonstrate the primary contribution of the N162 glycan composition to
antibody-binding affinity, with smaller contributions from N-glycans at the remaining four sites.
Furthermore, these data demonstrate the negative impact of adding additional residues
throughout the processing pathway, further indicating that N-glycan processing inhibits

antibody-binding affinity.
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The FcyRIIla N162 glycan is required for increased ADCC potency following kifunensine

treatment.
The data above demonstrate the impact of FcyRIIIa N162 glycan composition on antibody-
binding affinity. Furthermore, our lab previously showed that inhibiting NK cell glycan
processing, and thus FcyRIIla processing, increased ADCC potency [15,16]. However, these
studies did not determine that composition of the FcyRIIIa N162 glycan affected ADCC potency.
We expect that the FcyRIIla N162 glycan composition that was shown to mediate high affinity
interactions with IgG1 Fc likewise is required for the potent ADCC observed following blockage
of NK cell N-glycan processing [9,16]. To evaluate the role of N162 glycosylation in NK cell
ADCC, we treated our FcyRIIIa-expressing YTS NK cell lines from Figure 3.1C with
kifunesine, an inhibitor of N-glycan processing that specifically reduced YTS cell N-glycan
processing [15]. As expected based on our lab’s previous work, the YTS cells expressing the
FcyRIIla wild type demonstrated increased ADCC following kifunesine treatment (Figure 3.3).
Cells expressing the V158F variant likewise demonstrated a 2-fold ADCC increase following
kifunensine treatment. We observed a similar result for YTS cells expressing the T167Y variant.
However, YTS FcyRIlla cells lacking only the N162 glycan through the S164A mutation
demonstrated no increase following kifunensine treatment. Notably, the wild type, V158F and
T167Y variants all contain the N162 glycan but only S164A does not, thus, the N162 glycan is
required for increased ADCC potency following kifunensine treatment.

We next evaluated afucosylated antibodies in combination with kifunensine in our cell
lines, having previously demonstrated afucosylated antibodies acted synergistically with

kifunensine treatment to increase NK cell ADCC [16]. The YTS cells expressing wild type
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FcyRlIlla evaluated with afucosylated antibody showed a significant increase following
kifunensine treatment compared to those evaluated with the fucosylated antibody (Figure 3.3).
Notably, we observed no further benefit for the S164A variant with afucosylated antibodies. This
result indicates that the N162 glycan is a critical mediator of increased ADCC responses

following inhibiting both NK cell glycan remodeling and antibody fucosylation.

FcyRIITa backbone resonance assignment

Having demonstrated the role for the FcyRIIla N162 glycan in antibody binding affinity and NK
cell ADCC, we next evaluated how glycan composition affects FcyRIIla structure to identify
regions of the protein that modulate affinity. We probed the effect of N-glycan composition
using solution NMR spectroscopy, a technique that evaluates FcyRIIla structure in dilute
solutions and can identify the impact of highly mobile elements including disordered loops, N
and C termini, and glycans. First, individual peaks in the NMR spectra must be assigned to
unique atoms in the protein to evaluate structural changes with atomic resolution. N-
glycoproteins, including FcyRIlla, represent a significant challenge for NMR spectroscopy due
to exceptional line broadening and thus signal loss resulting from the presence of extended N-
glycans that slow molecular tumbling. As a result of these physical limitations, N-glycoproteins
are seldom investigated by NMR despite their prevalence in the human proteome (22% of the
human proteome enters the secretory pathway and contains an N-glycosylation site). Broad
spectral lines dramatically limit the quality of multi-dimensional spectra required for the standard
resonance assignment strategies, preventing the collection of CB frequencies that provide a high

degree of amino acid discrimination.

65



To surmount these limitations, we first increased tumbling and thus spectral quality by
mutating three of the five N-glycosylation sites, retaining N-glycans at N45 and N162 that
stabilize antibody binding and solubility [9]. The spectrum of the FcyRIIIa N38Q/N74Q/N169Q
variant with two N-glycans improved and peak positions proved highly comparable to those
from FcyRIIla with five N-glycans. Next, we simplified the assignment problem by defining the
amino acid type for many peaks in the spectrum through specific amino acid labeling. Our
strategy supplements the HEK293F growth medium with individual [°N]-labeled amino acids
[24], and provided residue information for 13 types (C,F,G,H,I,K,N,R,S,T,V,W,Y; an example
spectrum is shown in Figure S3.2). These residue-type assignments guided the definition of
residue connections, and thus the backbone assignment, in three-dimensional HNCA and
HN(CO)CA spectra. Carbonyl carbon resonances were then assigned using an HNCO
experiment. As a result, we assigned a high percentage of the backbone resonances (87% N, 90%
HN, 86% CO, 86% CA) and almost all the peaks in the 2d HSQC-TROSY spectrum (Figure
3.4AB). This resonance assignment is suitable for interpreting structural changes associated with
changing the N-glycan composition and represents a significant triumph due to the challenges
associated with glycoprotein NMR. To our knowledge, this is the only NMR resonance
assignment of a glycoprotein with two N-glycans attached. A small handful of assignments exist
for proteins with one N-glycan, notably CD2 and the Fc region of 1gG1 (a thermostable dimer)
[25,26].

A comparison of the peak positions between the FcyRIIla assignment and a previous
assignment of the similar FcyRIIIb protein reveals a high degree of overlap but a few notable

differences (Figure 3.4C). These two proteins differ by eight amino acids, though FcyRIIIb was
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expressed in E. coli and thus is not glycosylated [27]. Two notable differences occur at C71 and
C110 that are distinguished in the HNCA and HN(CO)CA spectra support this assignment
(Figure S3.3). Surprisingly, the N-glycosylation of the N45 and N162 residues revealed minimal
impact on the backbone peak positions for these asparagine residues. A few other differences
emerged in regions near amino acid differences, notably position 18 and the contact region of
~80-99, as well as 38, 129 140 and 169. We previously defined local structural differences
resulting from substitution at position 129 using X-ray crystallography that are consistent with

this NMR-based analysis [28].

FcyRIITa N-glycan composition affects the structure of the antibody-binding site

We applied our protein labeling approach and backbone resonance assignment to define
individual FcyRIIIa atoms that experience different environments based on N-glycan
composition. We expressed three FcyRIIIa glycoforms with six [1°N]-labeled amino acids to
introduce probes throughout the polypeptide (Figure 3.5A, Figure S3.4). The spectra showed
dispersed peaks that revealed differences between different glycoforms (Figure 3.5C). A few
residues showed evidence for the sampling of multiple conformations, notably V158 and K161.
These residues are located on the FG loop that contains the N162 glycan. The peaks simplify as
the glycan becomes shorter, up to the point of a single peak observed for V158 with the
(1)GIcNAc glycoform that may indicate either sampling of a single conformation or more rapid
exchange between two or more conformations.

Mapping the chemical shift perturbations to the primary sequence revealed residues

proximal to the five N-glycosylation sites when comparing the receptor with complex-type
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glycans to that with Man5 N-glycans (Figure 3.5DE). Truncation to the (1)GIcNAc glycoform
caused greater changes to the regions around the N45 and N162 glycans (Figure 3.5DF). These
data likely indicate a change in the FcyRIIIa conformation sampled by residues near the FG loop,
and potentially changes in the orientation between the two extracellular domains as chemical
shift differences likewise map to regions near the connection between these two domains.
Features associated with the (1)GIcNAc spectra represent conformations that promote higher
affinity interactions, as this glycoform binds antibody with the greatest affinity of those
evaluated. We anticipate that these conformations are sampled by these residues on the surface
of natural Killer cells, and the conformational sampling on the cell surface is dictated by the

N162 glycan composition.

Evidence supporting distinct conformations of the FcyRIIIa FG loop

Solution NMR evidence identified differential FcyRIIla conformational sampling, particularly
residues in the FG loop, and is supported by the appearance of distinct conformations identified
by X-ray crystallography. A recent structure isolated one conformation of the FG loop that
differed from those previously observed, mostly through structures bound to 1I9G1 Fc [11,23,29].
In this recent structure of glycosylated FcyRlIlIla, the FG loop is free from contacts with the Fc
ligand or with the crystal lattice, revealing a conformation that is sterically prohibited in the
complex with antibody (Figure 3.6A). To bind, the N162 glycan and the FG loop must reorient
to avoid steric clashes with 1IgG1 Fc. The backbone conformation of the supporting beta strands
shows minimal displacement, though larger backbone deviations are observed for the L157,

K161 and S164 residues (Figure S3.5). The presence of these distinct conformations is
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supported by the NMR spectra showing two peaks, including V158 and K161 (Figure 3.5C). We
investigated conformational sampling further with 1 ps all-atom MD simulations and found the
presence of both conformations identified by X-ray crystallography in trajectories of FcyRIIla
with complex-type or Man5 N-glycans (Figure 3.6B). These simulations were initialized with a
starting structure representing the bound state-conformation but sampled both conformations
throughout the experiment. One notable detail from these simulations was the formation of non-
covalent interactions between the aliphatic portion of the R155 sidechain with the hydrophobic
surface of the (1)GIcNAc residue in the ligand-bound conformation that were absent in the
unliganded conformation. To evaluate the importance of this interaction, we measured the
binding affinity of the truncated FcyRIIIa (1)GIcNAc glycoform lacking the R155 sidechain. The
FeyRIITa R155S (1)GIcNAc glycoform bound IgG1 Fc with a 5-fold weaker affinity compared to
the wild type in the same glycoform (Figure 3.6C, Table S3.1). The R155S binding is
comparable to the S164A mutant lacking the N162-glycan, and mutation of a nearby residue
retaining the N-glycan F153S retains the benefit of the (1)GICNAC/R155 interaction. These data

demonstrate a role for the R155 sidechain to stabilize the binding-competent conformation.

Discussion

The N162 glycan requlates NK cell ADCC

Removing the N162 glycan eliminated the ADCC gains following inhibiting NK cell N-glycan
processing with kifunensine, demonstrating a unique role for this protein modification in the
immune system. These data demonstrate why NK cell ADCC is sensitive to changes of the N-

glycan composition, an effect that was previously shown to require antibody binding to FcyRIlIIa
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[16]. This result is likewise consistent with prior binding affinity measurements defining a role
for N162 glycan composition as a factor in antibody-binding affinity [8,9]. The binding affinity
differences due to glycan composition are supported through studies of both human FcyRIIIa and
macaque FcyRIII [2,30,31]. The simple observation that the N162 glycan alone accounts for the
sensitivity of differences in NK cell ADCC due to N-glycan processing is belied by the
potentially enormous number of alternative hypotheses that ADCC is influenced by any other N-
glycan on the NK cell surface. However, a distinction can be made between these explanations
because of the simple difference of a single S164A mutation that eliminated the N162
glycosylation site. The specificity of this result defines a role for N162 glycan composition in
NK cell ADCC.

We propose that the N162 glycan regulates NK cell ADCC, representing a previously
undescribed regulatory element. The appearance of endogenous heterogeneity of the N162-
glycan supports the assertion. The N162 glycan composition isolated from peripheral NK cells is
notably heterogeneous, in contrast to the four remaining FcyRIIIa N-glycans that show
remarkable similarity between different donors and cell types [12-14]. Thus, the FcyRIlla N162
glycan composition is variable on endogenous NK cells, likely providing a range of ADCC
potency. It remains unclear how cells produce variability restricted to the N162 N-glycan, with a
high degree of similarity at the remaining four sites on the same protein despite the physical
linkage that exposes these glycans to comparable conditions during secretion. Identifying this
mechanism that affects N162 glycan processing has the potential to impact cellular
immunotherapies if endogenous processing can be tuned in vivo. Furthermore, the advent of

infused NK cell-based therapies provides a mechanism to deploy FcyRIIla engineered with
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greater affinity or altered sensitivity to glycan composition of the expressing cell of the antibody
ligand [32]. Removing the N162 glycan with the S164A mutation removes variability related to
NK cell glycan processing, a potential confounding but unexplored factor in NK cell culture.
Removing this glycan likewise reduces the impact of afucosylated antibodies on ADCC, which
may be preferable if pathogenic afucosylated antibodies are present or enhanced ADCC is not
desirable. Afucosylated antibodies have been reported at high titers during various autoimmune

or viral diseases [33-35].

Relationship between FcyRIIIa affinity and ADCC

Multiple lines of evidence indicate ADCC responses improve with antibodies engineered to
engage FcyRIIla with improved affinity, however, much less information is available for how
improved the FeyRIIla antibody-binding affinity affects ADCC. This information is important to
predict how future affinity improvements will impact ADCC. It is not obvious that increased
antibody-binding affinity would promote greater ADCC considering the highly multivalent
nature of the NK cell interaction with an opsonized target cell. Here we quantified ADCC using
NK cells expressing a range of FcyRIlla affinities outside the range defined by the natural V158
and V158F allotypes. Affinities lower than 300 nM showed little, if any, ADCC. Though donor
NK cells displaying the V158F allotype exhibit measurable ADCC [36], our reduced ADCC is
likely due to the lowered FcyRIIIa expression, as noted in Figure S3.1. Affinities greater than
300 nM showed substantial cytotoxicity with a sharp increase at greater affinities indicating that
greater FcyRIIIa antibody-binding affinity is expected to further increase ADCC. Thus, these

data define a positive relationship between FcyRIlla affinity and ADCC.
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A structural mechanism linking N162 composition to increased affinity

Analysis of unliganded and Fc-bound FcyRIIla reveals structural differences proximal to N162
that are supported by the appearance of multiple conformations in NMR spectra and MD
simulations. Both the FG loop and its attached N162 glycan move from a position in the
unliganded state that allows maximum flexibility to a restricted state to accommodate Fc binding
(Figure 3.6A). Furthermore, the sequential truncation of glycan residues provides increasingly
greater affinity that is due largely to the N162 glycan (Figure 3.2C). We believe this result is
best explained by a conformational entropy penalty introduced upon complex formation by
shifting the N162 glycan to a restricted space between surfaces formed by the Fc and FcyRIIla
polypeptide. An alternative hypothesis, analogous to 1IgG1 Fc with intramolecular interactions
stabilizing the N-glycan to increase affinity, appears to be less suitable for the FcyRIIla data
presented here largely because FcyRIIla affinity increases following glycan truncation unlike
IgG1 Fc N-glycan truncation that decrease affinity [37,38]. Indeed, previous MD simulations
likewise demonstrated a loss of N162 glycan conformational heterogeneity upon binding [23].
A loss of N162 glycan conformational entropy alone is sufficient to explain the observed
1.7 - 2.2 kecal mol* difference in binding affinities [9]. A simple calculation, assuming three
equally populated conformations in the unliganded state per rotatable bond, provides an estimate
of the difference between the change of conformational entropy upon binding for the complex-
type and Man5 N-glycans of 4.8 kcal mol™ [39]. This value likely overestimates the penalty,
being based on sampling only one N-glycan conformation in the Fc-bound state and notably

excludes solvent entropy. Prior ITC analyses of these interactions revealed enthalpy/entropy
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compensation that precluded a clear definition of the contribution from conformational entropy
from those data alone [23]. The entropic penalty is likely also alleviated by stabilizing
interactions between the (1)GIcNAc residue and the R155 sidechain, explaining why the
truncated glycoform displays a greater affinity than the S164A variant that lacks the N162

glycan.

FcyRIITa hotspots at the antibody-binding interface

Though high resolution structural models for the antibody binding interface are available, the
impact of individual residues on binding affinities are not always trivial to predict and thus it is
often unclear which residue to target in protein engineering efforts to tune affinity. Our FcyRIlla
mutant screen mapped important residues involved in antibody binding as shown in Figure 3.1
to complement one prior study of G129 [28]. Here we identify two hotspots, one formed by W90
and W113 on the FcyRIIIa hinge and another centered on Y132. W90 and W113 are conserved
among human low affinity FcyRs and sandwich the IgG1 Fc P329 residue which is likewise
conserved in IgG and IgE [11,40]. Previous studies suggest that this proline sandwich interaction
is the primary binding interaction in FcyRs, which is consistent with results that mutation
abolished binding. The important of W90 and W113 is also supported by our functional data
showing YTS cells expressing the FcyRIIla W90A or W113A mutants do not exhibit measurable
ADCC. Within this same region, 188A bound with 2-fold lower than V158. Although 188 was
not detected in our amino acid selective NMR experiments, nearby V86 and L91 show large
perturbations indicating conformational sampling of the interdomain interface, potentially

reflecting domain flexibility. In the other hotspot, Y132 is one of many FcyRIlIla residues along
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the D and E beta strands that interacts with Fc [11]. We further probed this region testing Y132,
H119, H134, K120, K131 and T122. The Y132S mutation eliminated binding, likely due to
removing numerous stabilizing interactions. The 1gG1 Fc D265 residue is critical and thought to
stabilize the N297 glycan, in which mutation abolishes FcyRIIla binding [41]. FcyRIIla K120 is
within distance to interact with D265, possibly playing an important role in Fc binding. We
found the K120A mutation reduced binding 5-fold. Other mutations in this region revealed a
comparatively minor impact compared to Y132, suggesting Y132 is the critical residue for
binding one Fc domain. In addition, the FG loop plays a critical role in Fc binding. While
mutation of residues L157 and S160 did not change affinity, K161A lowered affinity by 10-fold.
The impact of the K161 mutation is interesting because K161 is not predicted to make direct
contacts with Fc, although it may contribute to loop stabilization or may transiently contact the

lgG1 Fc [11].

Conclusion

These results indicate FcyRIIIa engineering through substitutions aimed at stabilizing the Fc-
bound conformation in the absence of ligand is expected to promote affinity and ADCC. Affinity
gains are possible beyond that provided by the tighter-binding V158 allotype, and we
demonstrate that relatively small affinity improvements have a substantial impact on ADCC.
Finally, we revealed new structural insights into FcyRIIla that may lead to NK cells engineered
to bind antibody through FcyRIIla with high affinity as a novel strategy to improve

immunotherapies.
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Materials and Methods
Materials. All materials were purchased from Millipore-Sigma unless otherwise noted.
SPR. Affinity measurements were performed using the amine coupling strategy with a Biacore

T200 (GE Life Sciences) as previously noted [18].

Protein expression. Plasmid construction, protein expression and purification were performed as

previously described [18]. Briefly, all FcyRIIIa variants were cloned in the pGen2 vector with an
8x-histidine tag, green florescent protein (GFP) and tobacco etch virus (TEV) protease site.
These constructs were transiently transfected into HEK293F (Life Technologies) or HEK293S
(Gnt1-) cells [42] and harvested after 5 days. The collected media was spun down and passed
over a Ni-NTA column (Qiagen) before being stored in 5 mM 3-(N-morpholino) propanesulfonic

acid (MOPS), 0.1 M sodium chloride, pH 7.2 buffer.

Glycosidase Digestion. were purchased from NEB inc. 500 ug of FcyRIIIa-GFP was digested in

5 mM CaCl2, 50 mM sodium acetate pH 5.5 buffer at a 100 uL volume. Digestions of 02-3,6,8
Neuraminidase, B1-4 Galactosidase S, and B-N-Acetylglucosaminidase S (NEB), or all three
enzymes were performed overnight at 37 °C using 1 unit each of enzyme. Digestion was
analyzed using SDS-PAGE and mass spectrometry.

EndoF1 was expressed with Escherichia coli and exchanged into 20 mM sodium phohsphate
monobasic, 0.1 M KCI and 0.05 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid in deuterium
oxide. 2 uL of 7.5 mg/mL EndoF1 was added to 500 ug of FcyRIIIa in 40 uL and digested in the

NMR tube for 2.5 hours at 4 °C.
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Selective FeyRIlla isotope labeling for NMR. FcyRIIIa-GFP was expressed in one of two

labeling strategies, either 100 mg/L [*°N]-lysine, [*°N]-glycine and [**N]-serine or 100 mg/L
[*°N]-valine, [*°N]-isoleucine and [**N]-leucine. These labels were supplemented in amino acid-
free carbohydrate free FreeStyle293™ medium (Life Technologies) along with 1g/L
glutamine,100 mg/L of the other amino acids and 3 g/L glucose. pH then osmolarity were
adjusted to 7.2 and 260-280 mOsm/kg respectively. The final media solutions were confirmed to
be at pH 7.2 again before filtration through a sterile 0.2 um aPES membrane (Fischer Scientific)
and storage at 4 °C. Following expression in these media, the labeled FcyRIIla-GFP was TEV

protease digested and purified as described [18].

NMR Spectroscopy of FcyRITIa N38Q/N74Q/N169Q. The expression plasmid encoding

FeyRIIla N38Q/N74Q/N169Q was generated from the plasmid encoding GFP-FcyRllIla, using
site directed mutagenesis [37]. HEK293F cells were transfected, and protein prepared for NMR
as previously described [37,43]. Expression media for individual isotope [*°N] labeling was
prepared as previously described [24]. [*3C, ©®N]-FcyRIIIa N38Q/N74Q/N169Q was expressed in
custom Freestyle amino acid and carbohydrate dropout medium (Invitrogen) containing 3 g/L
[**C]-glucose and 100 mg/L of each [*°N]-labeled amino acid, including: alanine, cysteine,
aspartate, glutamate, phenylalanine, glycine, histidine, isoleucine, lysine, leucine, methionine,
asparagine, arginine, serine, threonine, valine, tryptophan, and tyrosine. Unlabeled proline and
glutamine were added a 100 mg/L and 2 g/L, respectively. FcyRIIla was exchanged into NMR

buffer containing 20 mM MOPS, 100 mM potassium chloride, 0.5 mM
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trimethylsilylpropanesulfonic acid (DSS) and 5% deuterium oxide at a final concentration of

100-300 pM.

NMR spectra were collected at a 30°C sample temperature using 700 and 800 MHz AVANCEIII
spectrometers (Bruker) equipped with triple resonance cryoprobes. TROSY -based HSQC,
HNCA, HNCOCA and HNCO experiments were selected form the Bruker pulse sequence

library. NMR data were processing in NMRPipe and analyzed using NMRViewJ [44,45].

Lentivirus generation. Plasmids pMD2.G and psPAX2 were gifts from Didier Trono (Addgene

plasmid # 12259; # 12260). Full length FcyRIlIa variant sequences were cloned under the CMV
promoter in pPCDH-CMV-MCS-EF1a-copGFP (System Biosciences). These three plasmids were
cotransfected into HEK293T cells using Fugene 6 (Promega). Media was exchanged after three
days and ultimately collected after five days total then passed through a 0.45um syringe filter

before being stored at -80C.

Transduction. 1.5 x 10° YTS NK cells were cultured in 3 mL of media containing 1.8 mL of
previously obtained viral media and 8ug/mL polybrene (Sigma). The culture plates were spun for
2 hours at 400 x g and then placed in an incubator overnight at 37 °C, 5% CO. and 80%
humidity. The following day each well was transferred to 20 mL of fresh media and allowed to
expand for another day. GFP signal was used to sort the cells on an S3 bulk sorter (Biorad), with

transduction efficiencies as high as 30%.
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Cell Culture. YTS cells (a gift from Dr.Mace, Columbia) and Raji cells (ATCC) were grown in
RPMI 1640 medium supplemented with 10% FBS, I-glutamine (2 mM), HEPES (10 mM),
sodium pyruvate (1 mM), non-essential amino acids (1 mM), and penicillin/streptomycin

(50 U/mL) in suspension at 37°C, 5% CO.. The ADCC assay was performed by flow cytometry

performed as described previously [16].

Western blotting. 1.28 x 107 YTS NK cells were collected and lysed in 100 pl of 1% SDS.

Lysates were placed on ice for 1 minute and then sonicated for 10 seconds, repeated three times.
Western blotting was performed as previously described [46]. Blots were stained with either for
FcyRIIla (AF1597; R&D) or GAPDH (NC1955142; R&D Systems). Both primary stainings
were followed by anti-Goat secondary staining (A32860; Thermo-Fisher) before imaging on a

LI-COR Odyssey CLX.

Molecular dynamics simulations were performed as previously described using Amber and the

Glycam forcefield [23]. Data were analyzed using VMD.

Statistical analyses. All statistical analyses were performed with Excel (Microsoft) and Prism 6.09

(GraphPad software).
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Figure 3.1. FeyRIIIa antibody-binding affinities correlate with ADCC potency. A. Affinities
of FcyRIIIa amino acid variants determined by SPR are binned into impact: 2-fold lower (light
blue), between 2 and 4-fold (blue), or greater than 4-fold lower than V158 (dark blue). B.
Plotting these values onto a surface representation of FcyRIlla, using the same coloring scheme
as in A., reveals two critical areas for binding centered around W113 and Y132 (top panel).
These values provide more detail in contrast to the interface defined by X-ray crystallography
with contacts shown <3 A (black surface) and <5 A (grey surface). C. ADCC of YTS cells

transduced to express a panel of FcyRIlIla variants. Horizontal black bars represent average
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ADCC values, with individual point representing individual assays. Experiments were completed
in triplicate and the figure includes data from multiple experiments collected on multiple days.

D. A comparison of ADCC values from panel C and binding affinity from panel A shows a

correlation.

88



A 1200 5
L
1000
i * . 4
800 o § X
. . gs,
° °oZ
< 600 & (8=
o -.0
< l 9 252 K128A
400 o 4 32 R155S e 1538
. v ° o o o 8 ° .. ° V158F
200 | o © l ° 11 Rusrs Li2aa W @
o ° 8 8
0 0
FeyRllla variant wt  [V158F|F153S|K128A[L124A|L157S|R155S 0 1 2 3 4
N162-glycan + = |+ = |+ =|4+ = |4+ =|4+ - |+ - +N162 glycan: Fuc K, / Afuc K,
C -6
FcyRllla Na8 - FcyRllla S164A N45
N3g N38 %
N169
° N169
g T N74 + - N74
= [
xﬂ -7 ° T s b +
o ] ~ | e E i
S
i
[
[ ]
- 3
-8

wd TELL L ETT 0

Figure 3.2. The FeyRIIIa N162 glycan regulates affinity towards fucosylated and

afucosylated 1gG1 Fc. A. FcyRIlla variants demonstrate higher affinity towards without IgG1

Fc core-fucosylation (open circles) than with this modification (red circles). The affinity increase

is demarcated with a vertical arrow. When the N162 glycan was removed through the S164A

mutation, the fucose sensitivity greatly diminished. B. Comparison of the fold affinity increase in
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panel A. due to removing 1gG1 Fc fucose. Averages for the fold increase with the N162 glycan
present and absent are noted on the x and y axes, respectively. C. The affinities of six different
FcyRlIlla glycoforms were measured with and without the N162 glycan (wt and S164A,
respectively). Horizontal black bars represent the means and individual measurements are shown
with closed black circles. Cartoon models utilize the SNFG nomenclature and represent the

possible N-glycan compositions for each species.
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Figure 3.3. The FcyRIIIa N162 glycan regulates NK cell ADCC. The ADCC of NK cells

increases significantly following 20 uM kifunensine for YTS cells expressing FcyRIIIa that

retains the N162 glycan (wild type, V158F, T167Y). Removing the N162 glycan with the S164A

mutation eliminates this increase. In addition to kifunensine, these cells demonstrate significant

ADCC increases from afucosylated rituximab (RTX) compared to fucosylated RTX. The YTS

cells FcyRIITa S164A cells likewise demonstrate no increased ADCC following kifunensine

treatment when using afucosylated RTX, unlike YTS cells expressing the wild-type FcyRIlIla.

Observations made using an afucosylated antibody are shown in red. Data shown include three

independent experiments collected on three different days, each with three replicates. P-values

from two-tailed t-tests are shown at the top.
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Figure 3.4. Backbone resonance assignment of FcyRIIIa with N-glycans at N45 and N162.
Amino acid position within the sequence of 175 residues and the residue type are shown. A. the
entire *H-1>N HSQC-TROSY spectrum. B. expansion and additional assignments within the

inset. C. A comparison of the assigned *H and *°N resonances from the glycosylated FcyRIIIa to
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FcyRIIIb expressed from E. coli that contains no N-glycans. Sequence differences are noted in
the figure, with the bottom letter denoting the FcyRIIla residue. N* = a glycosylated asparagine

residue.
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Figure 3.5. Glycan composition changes the FcyRIIIa backbone conformation. A. Diagram
of the protein expression, labeling and glycan remodeling procedures. B. Example HSQC-
TROSY spectrum of FcyRIIIa with the truncated (1)GlcNAc N-glycan labeled with °N-
(Val,Leu,lle) during expression. C. Isolated peaks show differences in position between different
glycoforms. D. The observed Chemical Shift Perturbation (CSP) between complex-type and
Man5 N-glycans (blue) or Man5 and (1)GIcNAc N-glycans (red) is shown by residue number.
D.E. CSP’s >0.03 (light) and >0.06 (dark) mapped to a ribbon model of FcyRIlla. Truncation to

(1)GIcNACc causes CSPs near the Fc-binding interface that is proximal to N162.
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Figure 3.6. Binding antibody induces an FcyRIIIa conformational change. A. Two
conformations of the FG loop previously captured by X-ray crystallography (pbd 7seg, 5vu0).
Both the FG loop and the N-glycan become restricted to accommodate 1gG1 Fc. The
conformational entropy of a complex-type N-glycan, with more rotatable bonds, is greater as is
the loss of entropy upon binding compared to smaller N-glycans. B. Binding affinity of FcyRIlla
variants following EndoF1 digestion, displaying a truncated (1)GIcNAc N-glycan. C. Evidence
for conformational sampling in the unliganded FcyRIlIla revealed by all-atom molecular
dynamics simulations. Each data set show the average of two independent 1 s trajectories, with

separate experiments for FcyRIIla with Man5 N-glycans or complex-type N-glycans.
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Supplemental Table 3.1. Binding affinity measurements for each FcyRIIIa variant

Binding to fucosylated IgG1 Fc Binding to afucosylated IgG1 Fc
FcyR3a Variant Kb (nM) StdDev (nM) Kb (nM) StdDev (nM)
EndoF F153S 35.07 22.98 44.40 38.18
EndoF R155S 105.77 13.44 86.27 3.57
EndoF S164A 111.73 54.12 118.80 41.30
EndoF S164A
F153S 243.00 59.40 167.00 55.15
EndoF S164A
V158F 381.50 62.93 320.00 72.12
EndoF S164A
R155S 116.00 18.38 124.50 16.26
EndoF T167Y 261.00 151.32 225.50 95.46
EndoF V158 21.74 5.41 17.88 6.61
EndoF Y132S 12876.67 7035.73 7530.00 1547.87
F153S 322.75 144.04 133.95 4451
V158F 944.75 228.50 238.75 58.96
G129D >10000 n.a. >10000 n.a.
H119A 477.00 100.80 225.67 78.78
H134A 771.67 251.14 339.67 80.03
I88A 360.33 269.47 227.77 239.49
K120A 1385.00 529.79 597.00 142.28
K128A 659.67 68.97 316.67 175.30
K128A R155S n.b. n.a. n.b. n.a.
K131A 549.00 223.76 330.60 211.95
K161A 2723.33 1201.68 1153.33 55.08
L124A 734.67 134.94 339.00 198.55
L157S 324.33 4441 475.67 304.08
N162Q 200.00 103.58 118.30 44.83
R155S 637.67 117.59 619.00 435.44
S160A 326.00 142.04 131.53 59.71
S164A 159.13 76.79 92.19 67.71
S164A F153S 136.33 5.86 93.13 20.82
S164A V158F 1105.00 35.36 710.50 154.86
S164A 1158 124.55 64.28 87.70 38.61
S164A K128A 252.50 58.69 189.00 84.85
S164A Man 3 108.53 42.75 15.43 3.88
S164A Manl 95.93 31.82 n.t. n.a.
S164A N 131.98 34.70 n.t. n.a.
S164A NG 112.45 50.15 n.t. n.a.
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S164A NGG 106.35
S164A R155S 128.30
S164A T171A 147.35
T122A 1197.67
T167Y 229.00
T171A n.b.
V158 305.35
V158 Man 1 95.00
V158 Man3 27.50
V158 N 123.15
V158 NG 109.92
V158 NGG 87.78
V158I 210.27
W113A n.b.
WO0A n.b.
Y132S n.b.

n.b.- no binding detected
n.a. - not
applicable

n.t. - not tested

49.22
88.67
140.93
462.08
62.22
n.a.
130.44
53.53
14.65
33.57
22.05
24.99
98.28
n.a.
n.a.
n.a.
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n.t.
94.25
132.70
640.33
164.00
555.66
168.37
n.t.
15.63
20.90
17.57
13.71
101.77
>10000
9040.00
>10000

n.a.
71.77
110.73
221.41
58.56
1031.54
295.84
n.a.
3.42
12.54
9.95
7.19
67.45
n.a.
1559.52
n.a.
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Supplemental Figure 3.1. Comparison of expression and ADCC of the previously-
established YTS-FcyRIIIa NK cell line and the lentivirus-transduced cell lines prepared
herein. A. Western blots showing expression levels compared to 40 ng of recombinant GFP-

FcyRlIlla protein. “YTS-FcyRIIla” refers to the previously established YTS-FcyRIIIa” cell line in
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contrast to the lenti-virus transduced YTS cells expressing various FcyRIIIa variants described
herein. B. GAPDH expression levels of the YTS cells. C. The ADCC of the YTS-FcyRIlIla cell
line is greater than our YTS cells transduced with FcyRIIla V158. Data shown include three

independent experiments collected on different days, each with three replicates.
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Supplemental Figure 3.2. Residue-specific labeling of the glycosylated FcyRIIla. A.
FcyRlIlIla with two N-glycans expressed from HEK293F cells grown in medium supplemented
with [**N]-Threonine. B. Peaks in the spectrum of [**C,**N]-FcyRIIIa corresponding to threonine

residues (red contours).

101



*C (ppm)

60.

890 58m00 890 B840 830 830 830 850 840 850 840 800 790 800 770 860 870 860

"H (ppm)

Supplemental Figure 3.3. Strip plots from triple resonance HNCA and HN(CO)CA
experiments showing the assignments of the C71 and C110 resonances. The resonances for

H111 were not identified. Residue connectivites are shown with a black line.
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Supplemental Figure 3.4. Overlayed HSQC-TROSY spectra of 1°N-labeled FcyRIIIa with

complex-type (black) 5-mannose (red) or (1)GIcNAc (green) N-glycans.
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crystallography structures. A. Phi-Psi angle plots for select residues in the FG loop. B. Table

of Phi-Psi angles for select FcyRIlIa residues. 7seg and 5vu0 are pdb IDs for the two datasets

analyzed.
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CHAPTER 4
CONCLUSION AND FUTURE DIRECTION

Structural difference between the CD16a 158 allotype
Understanding the mechanism behind the difference in affinity of the CD16a 158 allotype will
inform therapeutic treatments involving NK cells. There are no current published structures of
F158 CD16a, making it difficult to theorize the impact of this residue position. While some Fc
engineering efforts have increased affinity to both 158 allotypes (1), it may be of interest to
researchers to target the lower affinity F158 specifically, especially considering our recent
evidence showing affinity and ADCC are linked. Improving F158 affinity, and by extension
F158 ADCC, could eliminate different 158 allotype responses to antibody therapeutic treatments.
This is especially important considering the allelic frequency ratio of F158 to V158 is 1.5:1 (2).

Here we have shown that the F158 substitution changes the backbone structure within the
Fc-binding interface of CD16a relative to V158. The 158 residue itself does make direct contacts
with Fc (3). Chemical shift perturbations were observed with residues K120 and Y132, which
were later determined to be important for Fc-binding (Figure 2.5)(Figure 3.1). It is likely
perturbation weakened the interaction of these residues with Fc and consequently lowered
binding affinity. A second peak appeared on the HSQC of the N-linked anomeric carbon of the
F158 N162 glycan (Figure 2.5). The additional conformation may be sterically prohibited from
binding, lowering the average affinity of F158. This explanation falls within our suggested
model that CD16a must exchange into a binding-competent form to bind Fc (Figure 3.6).

Lastly, F158 displays faster the binding kinetics. The association rate of fully-

glycosylated F158 are greater than 2.5E+06 1/Ms, making it difficult to model (Figure 2.4).
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Glycan truncation was used to lower kinetic rates, increasing affinity and allowing for better
modeling. Comparison of (3)GIcNAc V/F158 revealed that the F158 kinetic rates were both
around 2-fold faster than V158 (Figure 2.4). This is consistent with later measurement of F158
affinity to 4-fold lower than V158 (Figure 3.1). The quicker kinetic rates of F158 may decrease
ADCC by lowering the amount of time CD16a is bound to opsonized pathogens.

The N162 glycan controls CD16a affinity

It was thought that the CD16a N162 glycan played an important role in its affinity after it
was found that the N162Q mutation eliminated affinity gained between complex-type and
oligmannose N-glycans (4). It was a new concept that glycan composition affected CD16a
affinity and furthermore, suggesting that this effect was tied to one of the five N-glycan sites.
The mechanistic details of this effect and its impact on ADCC were unknown. One possible
hypothesis was that intramolecular glycan-protein contact(s) stabilized CD16a, thereby
increasing its affinity. Mutagenesis of CD16a surface residues proximal to the N162 glycan did
not significantly alter affinity, suggesting that no major stabilizing N162 glycan-protein contacts
exist (Figure 3.1). None of these variant affinities were lower than 750 nM. Mass spectrometry
of each variant revealed similar glycan composition at each N-glycan site, further discounting
stabilizing intramolecular contacts.

Later investigation with solution NMR revealed that CD16a glycan composition changes
its backbone environment (Figure 3.5). This experiment provided a full view of glycan
processing from large, complex-type glycans to a single GIcCNAc, with man5 exhibiting
intermediate affinity. Nearly every probed residue had measured CSP’s. Although many of these

differences were not significant, several significant changes in chemical environment were found
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near all five N-glycan sites upon truncation to man5. Truncation to (1)GIcNAc, the highest
affinity CD16a form, had CSP’s of the largest magnitude, localized near the N45 and N162
glycans. With N162 being in the binding interface, this observation explains the high (1)GIcNAc
affinity.

This does not provide quantitative details on the contributions of each sugar residue. The
most thorough former investigation of CD16a glycan composition accounted for four CD16a
glycoforms (5). We expanded this to six different glycoforms, on both wt and S164A forms.
Removal of sialic acid and core a-linked mannose provided large increases in affinity. The
negative charge and hydrophilicity of sialic acid may impede the binding of Fc, in addition to the
increased conformational entropy and rotamers an additional sugar provides (6). It is possible
that the reduction in rotamers provided by core a-linked mannose truncation explains the
relatively large increase in affinity. This is supported by the observation that all six glycan
truncations resulted in an increased affinity. Comparison of these six truncations to the N162-
lacking, S164A form show that this individual glycan is responsible for the majority of the
compositional affinity effect. This is emphasized by the similar affinity of the sialylated forms,
but a 12-fold affinity difference with the largest truncation, (1)GIcNAc (Figure 3.2).

ADCC assays provide evidence for the role of N162 at a cellular level. CD16a is required
for NK cell ADCC (7). S164A YTS NK cells are insensitive to kifunensine treatment that
reduces glycan processing in contrast to V158 YTS NK cells that see a 2-fold increase in ADCC
with kifunensine treatment (Figure 3.2). The presence of N162 is the sole difference between
these two cell lines, thus providing strong evidence for N162 mediating CD16a glycan

compositional affinity effects.
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ADCC and CD16a affinity are linked

Revealing the nature of the relationship between CD16a affinity and ADCC provides
strong rationale for CD16a engineering. Previous studies have focused on the improvement of Fc
to improve ADCC response, yet the CD16a side has been understudied (1,8,9). If affinity is
linked to ADCC as Fc engineering implies, then engineering both Fc and CD16a would
theoretically provide an exponential increase to ADCC. It was previously demonstrated that the
300 nM affinity V158 allotype displayed greater ADCC than the 1uM affinity F158. It was
unknown if improvement of CD16a affinity would result in an increase in ADCC, or if V158
was the upper limit. We tested the ADCC of ten different CD16a variants and found a positive
correlation with affinity (Figure 3.1). The four variants with the highest affinity had the highest
ADCC.

Glycan composition and Fc defucosylation both increase affinity, as well as ADCC,
providing further evidence linking ADCC to CD16a affinity. It is well supported herein, that
CD16a glycan truncation increases its affinity (Figure 3.2)( Figure 2.3,2.4)(4). Further evidence
has been provided showing that CD16a with under processed glycans has higher ADCC (Figure
3.3)(10). Additionally, afucosylated antibodies have higher affinity to CD16a, as well as higher
ADCC (Figure 3.3)(11). Together, these data show affinity increases through mutagenesis,
glycan composition, and antibody defucosylation lead to higher ADCC.

CD16a engineering as a platform to for NK cell immunotherapy

Having elucidated the mechanism of binding between CD16 and Fc, as well as

identifying the important residues in this interaction, this information provides critical insights

toward CD16a engineering. Perhaps the main limitation of using yeast display to improve CD16a
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affinity is its problem with glycosylated proteins. CD16a having five N-gylcans despite its small
20 kDa size complicated any potential experiment using yeast display. We have known that the
N38, N72, N169 glycans do not contribute to affinity, but N45 is critical to stability (12). The
role of the N162 glycan was complicated and needed to be addressed before engineering efforts
could take place. It lies near the interface of Fc, its removal did not significantly impact affinity
however, glycan composition impacted affinity (12). Now that we understand how N162 glycan
composition affects affinity, and that a fully processed CD16a has higher affinity without N162,
we can use this information for engineering (13).

We have discovered that N162 glycan composition changes the backbone structure of
CD16a near the Fc-binding interface (Figures 2.5,3.5). Furthermore, our analysis proposed a
conformational change of the N162-containing FG loop to a binding-competent form that
eliminates steric clashing of the loop and glycan with Fc, allowing it to bind (Figure 3.6). Using
this new information, we can mutagenize target residues within the FG loop in effort to obtain a
backbone conformation similar to the binding competent form, but one that will not occupy
multiple states. Indeed, preliminary work done in collaboration with Dr. Aarya Venkat utilizes
ProteinMPNN and AlphaFold2 to computationally model an engineered FG loop with the
desired features. Future studies should utilize SPR for affinity determination and NMR to
analyze backbone structure and determine if a binding-competent CD16a form can be stabilized
and functional.

In either direction of targeted FG loop engineering or yeast surface display, functional analysis
is required to confirm any potential therapeutic use. Promising hits should be transduced into NK

cells and sorted for expression. Purified cell lines can be tested in ADCC assays to measure and
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compare cytotoxicity to the other CD16a forms. One drawback of my CD16a variant YTS NK
cell lines is that their CD16a expression and cytotoxicity is reduced compared to the original
YTS- FcyRlIlla cell line. Little information on this cell line is publicly available, leaving
improvement of our lines up to speculation. One aspect that should be investigated is the
promoter use for CD16a expression. In my cell lines the cytomegalovirus (CMV) promoter was
used for CD16a expression while the EF 1o promoter was used for GFP. NK cells and CMV have
co-evolved defense mechanisms to evade one another (14). It is possible that NK cells have an
innate mechanism for downregulating CMV viral infections that would induce from the CMV
promoter. Obtaining similar expression and ADCC of our internal YTS-V158 line to the YTS-
FcyRlIlla cell line is essential to establish engineered CD16a NK cells as a potential therapy.
Once the cell lines are similar, the CD16a gene can be replaced or modified with the engineered

high affinity .
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APPENDIX A
THE ANTIBODY-BINDING FC GAMMA RECEPTOR II1A /CD16A IS N-

GLYCOSYLATED WITH HIGH OCCUPANCY AT ALL FIVE SITES!

!Lampros, Elizabeth A., Kremer, Paul G., Aguilar Diaz de Leon, Jesus S., Roberts, Elijah T,
Rodriguez Benavente, Maria C., Amster, I. John., & Barb, Adam W. 2022. Current research in

immunology, 3, 128-135.
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Abstract

The antibody-binding Fc y receptors (FcyRs) trigger life-saving immune responses. One proven
strategy to improve efficacy of therapeutic monoclonal antibodies that require FcyR engagement
for full effect is to increase receptor binding affinity, in particular binding to FcyRIIla / CD16a.
Currently, affinities are measured using recombinantly-expressed soluble extracellular FcyR
domains and it is notable that these domains are highly processed with multiple N-glycosylation
sites. Multiple groups have demonstrated that CD16a N-glycan composition is variable and
composition impacts antibody binding affinity. Despite these observations, it is not known if N-
glycans are present at high levels at each site. Here we determined the occupancy of the five
CD16a N-glycosylation sites using complementary mass spectrometry-based methods. N-
glycans modified four CD16a sites (N38, N45, N162 and N169) at levels >84% for the V158 and
F158 allotypes based on MS analyses of peptides following enzymatic N-glycan release.
Likewise, N-glycans occupied >93% of the N38, N45 and N162 sites on the V158/T171A
variant that lacks the N169-glycosylation site. Peptides containing the N74 site degraded during
sample preparation, though specifically blocking this process revealed ~90% N74 occupancy for
the V158 allotype. Thus, a proteomics approach demonstrated a high degree of N-glycan
modification for three CD16a variants. Orthogonal validation using intact protein mass
spectrometry confirmed these results and demonstrated that the predominant species identified
by intact protein mass spectrometry corresponded to CD16a with five N-glycans, with a smaller

contribution from CD16a with four N-glycans.
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Introduction

The interaction of an antibody-coated target with leukocyte-expressed Fc y receptors (FcyRs) has
the potential to stimulate multiple types of protective immune responses (de Taeye, et al. 2019).
Several reports indicate that the sensitivity and the strength of FcyR-mediated responses may be
increased to improve the treatment of multiple diseases including cancers, infection and
autoimmunity (Cartron, et al. 2002, Weng and Levy 2003, Zhang, et al. 2007, Musolino, et al.
2008, Bibeau, et al. 2009). For example, improving the FcyR-binding affinity of select antibodies
that require FcyR interactions for full therapeutic effect improved efficacy, including the
remarkable doubling of life expectancy in one obinutuzumab trial (Mossner, et al. 2010,
Niederfellner, et al. 2011, Salles, et al. 2012, Herter, et al. 2013, Cheson, et al. 2018, Pott, et al.
2020). These observations support the effort to develop antibodies with improved FcyR-binding
affinity, largely by engineering either the Fc N-glycan or the Fc polypeptide (Liu, et al. 2020,
Gunn, et al. 2021). Among the five cognate activating FcyRs, FcyRIIIa, also known as CD16g, is
the primary target for engineered antibodies because it is primarily responsible for eliciting
antibody-dependent cell-mediated cytotoxicity (ADCC)(Wu, et al. 2019).

CD16a is heavily processed and contains five N-glycosylation sites. Prior studies showed a high
degree of glycan heterogeneity at different N-glycosylation sites using recombinant CD16a or
CD16a purified from primary human leukocytes (Zeck, et al. 2011, Patel, et al. 2019, Patel, et al.
2020, Roberts, et al. 2020, Patel, et al. 2021). Furthermore, CD16a with minimally-processed N-
glycans increases IgG1 Fc binding affinity (Hayes, et al. 2017, Patel, et al. 2018, Subedi and
Barb 2018). Among the five N-glycosylation sites, both N162 and N45 impact antibody binding

affinity, and the three remaining sites may contribute to yet undefined properties of CD16a on
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the cell surface considering a high degree of processing at N38 and N74 (Drescher, et al. 2003,
Shibata-Koyama, et al. 2009, Subedi and Barb 2018, Patel, et al. 2019). However, though the
prior glycoproteomics approaches identified the presence of N-glycans at each of the five sites,
these data do not distinguish the relative levels of N-glycosylation at each site; it is possible that
each site is modified at a different frequency and impacts function.

Carbohydrates reduce the ionization of peptides, thus it is not possible to directly compare the
signal intensities of glycosylated peptides to aglycosylated peptides in glycoproteomics
experiments without an internal standard for each species (Riley, et al. 2020). Occupancy may be
estimated using PNGaseF, an enzyme that cleaves the bond between the Cy atom and sidechain
N of Asn, releasing the N-glycan and generating an Asp residue where an N-glycan was formerly
attached (Plummer, et al. 1984). This reaction increases the mass of the peptide by 0.984 Da, and
the glycosylation percentage is determined by calculating the individual contribution of Asn and
Asp containing peptides to the signal intensity in an MS spectrum (Carr and Roberts 1986).
There are a few notable caveats to this approach. First, substitution of an Asp residue changes the
retention time for some peptides; this situation may be addressed by carefully selecting the
window of retention times included for the calculation. Second, unmodified Asn residues may
spontaneously deamidate, forming an Asp residue without N-glycosylation or PNGaseF activity.
This outcome is reduced by preparing samples for analysis immediately prior to MS analysis, or
by storing samples in a lyophilized state prior to analysis. Furthermore, spontaneous deamidation
in the sample may be quantified by comparing isotopologue patterns for non-N-glycosylated
Asn-containing peptides in the sample. Third, it is also possible that confounding peaks may

obscure the isotopologue patterns and thus deconvolution of the Asp and Asp containing
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peptides. This scenario may be addressed by using specialized hardware capable of high-
resolution detection, or by incorporating 180 into the Asp residue in place of 160, and observing
a mass increase of 2.988 Da relative to an unmodified Asn residue (Gonzalez, et al. 1992).
However, 180 incorporation can be complicated by [180]-water concentrations below 100%
that requires accounting for both 160 and 180 incorporation into Asp and acid catalyzed
exchange of 180 atoms at other sites.

Recent advances in intact protein mass spectrometry also provide a route to estimating N-glycan
occupancy (Chen, et al. 2021, Rogals, et al. 2021). This approach determines the mass of the
intact protein with complete N-glycans, but may be complicated by a high degree of N-glycan
heterogeneity. Recombinant expression from a cell line modified to limit N-glycan processing,
including Gntl- HEK293S cells (Reeves, et al. 2002), dramatically reduces heterogeneity. Fully
N-glycosylated species may be assigned based on the mass measurement, however, a multiply-
glycosylated protein with partial occupancy may generate multiple configurationally-distinct
isomers.

We investigated CD16a using multiple mass spectrometry-based approaches to estimate the N-
glycan occupancy at each individual site. We compared different single amino acid variants
including the naturally occurring high affinity V158 allotype and the low affinity F158 allotype
that is more common in the human population to identify any potential differences in N-glycan
occupancy (Bruhns, et al. 2009). We also analyzed the V158/T171A variant which disrupts the
sequence for N169 glycosylation because the proximity of the site at only five residues from the
C-terminus indicates N-glycan occupancy may be low and potentially impact N162

glycosylation (Bano-Polo, et al. 2011).
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Experimental Methods

Materials — All materials were purchased from Millipore Sigma unless otherwise noted.

Protein expression and purification — The soluble extracellular antibody-binding domain of
CD16a V158 corresponding to residue R1-G174 was prepared as previously described (Subedi,
et al. 2014, Subedi and Barb 2015). TEV digestion followed by size exclusion chromatography
and EndoF1 digestion were performed as previously described, except that a Superdex75 column
was used (Subedi, et al. 2017). Plasmids encoding the soluble CD16a F158, and T171A variants

were prepared using fusion PCR (Ho, et al. 1989).

PNGaseF digestion using [160]water — Sample (20 pg) in 50 uL of 50 mM ammonium
carbonate, 10% MeOH, pH 8, was boiled for 5 min. Then, 1 pL of 0.25 M dithiothreitol (DTT)
was added to reduce the proteins' disulfide bonds. The samples were then incubated at 37 °C for
1 h. lodoacetamide (1AM, 1.4 uL of 0.5 M) was then added followed by incubation at RT for 30
min in the dark. The reaction was quenched with an additional 1 pL 0of 0.25 M DTT and an
additional 15 min incubation at RT in the dark. The endoproteases GluC (1 pL of 1 mg/mL;
Promega) and chymotrypsin (1.5 pL of 1 mg/mL) were added to the samples, which were then
incubated overnight at 37 °C. Some samples were boiled for 5 min following proteolysis.
Peptides were isolated using a C18 resin according to the manufacturer’s instructions. Fractions
eluted from the C18 resin in 80:20:1 acetonitrile:water:formic acid and were frozen and then

lyophilized. The lyophilized product was resuspended in 2 pLL. 50 mM sodium phosphate, pH 7.5
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and 17 uL of water. PNGase F (1 uL; New England Biolabs) was added to each sample and then
incubated overnight at 37° C. Peptides were lyophilized, resuspended with water, and purified
with a C18 step prior to MS. Some samples, as noted, were boiled for 5 min prior to the C18
purification. Efficiency of the PNGase F reaction was monitored with an intact (non-
proteolyzed) CD16a V158 sample using an SDS-PAGE and compared to a sample prepared

without PNGase F addition.

PNGaseF digestion using [180]water — Peptides from samples (20 ug) were prepared as
described above, except without C18 purification. Lyophilized peptides were resuspended with
19 uL of 97% 1H2-180. Simultaneously, glycerol-free PNGase F (New England Biolabs) was
lyophilized, resuspended in an equal volume of 1H2-180, lyophilized again, and finally
resuspended in an equal volume of 1H2-180. [180-exchanged]-PNGase F (1 pL) was added to
19 pL of lyophilized peptides and then incubated overnight at 37° C. Peptides were lyophilized,

resuspended with water, and purified with a C18 step prior to MS.

Peptide mass spectrometry — Each sample (0.5 pL) was loaded into an EASY nLC-1200 LC
system with PepMap nanocolumn (ThermoFisher) and a Nanospray Flexlon source
(ThermoFisher) and analyzed with a Q Exactive Plus Hybrid Quadrupole-Orbitrap Mass
Spectrometer (ThermoFisher). Liquid chromatography and mass spectrometry were performed as
described (Patel, et al. 2021). Peptides were identified using Byonic (ProteinMetrics). Manual
validation of the MS1 spectra including differences in observed and calculated m/z, as well as

the presence of expected y and b ions calculated using the Proteomics Toolkit Fragment lon
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Calculator from MS2 spectra for each peptide was performed in XCaliber Qual Browser
(ThermoFisher) and is reported in a supplemental table. RAW files for each proteomics sample
are deposited in the MASSIVE server (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp)
under the accession number MSV000088222 (massive.ucsd.edu).

The Asn v. Asp content of peptides containing N-glycosylation sites were determined by
extracting the MS1 spectra containing both peptides using an R script (Supplemental Methods).
Often, these eluted in overlapping retention time windows and a single window that
encompassed both species was chosen for analysis. A second R script (Supplemental Methods)
fitted the coefficients for the amount of Asn and Asp peptides to the intensity data for each peak.
The expected isotope distributions were calculated for each CD16a glycosylation site using
ProteinProspector MS-Isotope (Chalkley, et al. 2008). The percentage of N-glycosylation at each
site was then determined by dividing the intensity of the Asp-containing peptide by the sum of

the intensities for the Asp and Asn containing peptides.

Intact protein mass spectrometry — Protein samples were buffer exchanged using 10 kDa MWCO
centrifugal spin filters into 50 mM ammonium acetate (SigmaUltra >98%) in HPLC grade water,
and concentrated to a final protein concentration of 1-7 uM. Mass spectra were collected using a
SolariX XR 12 T Fourier transform ion cyclotron resonance mass spectrometer (Bruker
Scientific). Samples were introduced by direct infusion into an electrospray ionization source at a
rate of 120 pL/min, using a capillary inlet voltage of 4200-4500 V. Mass spectra were collected

in positive mode in the range of m/z 1000-3000. The transient length was 2.7962 sand 1 M
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points were collected. Mass spectra were analyzed using Data Analysis (Bruker Scientific), and

protein monoisotopic masses were determined using the SNAPTM algorithm.

Results
Site-specific N-glycan occupancy — We determined N-glycan occupancy at each site using a
proteomics-based approach. This approach does not require N-glycan homogeneity because N-
glycans are removed during the analysis, providing an opportunity to characterize CD16a N-
glycan occupancy with highly heterogeneous N-glycans (Patel, et al. 2021).
The CD16a V158 allotype produced 156 unique peptides covering 94.9% of the protein. The
F158 allotype and VV158/T171A variant revealed 151 and 145 peptides, respectively, but slightly
higher coverages with 99.4% and 98.9%, respectively. The average mass error for all identified
peptides was 6.43 ppm. Assigned MS2 spectra unambiguously defined peptides containing N-
glycosylation sites to support analyses of N-glycan occupancy. We quantified the intensity of
each MS1 peak in the multiplet by fitting a Gaussian line shape function (Figure A.1). Fitting
these intensity data with predicted intensities of the Asp- and Asn-containing peptides
deconvoluted the relative contribution from each peptide to the observed spectrum, and allowed
an estimate of the experimental error by using all peaks from the multiplet. Finally, N-glycan
occupancy was determined by dividing the abundance of the Asp-peptide by the total of the Asn-
and Asp-peptides.

CD16a V158 peptides containing the N38, N45, N162 and N169 glycosylation sites
showed minimal contribution to the observed intensities resulting from masses calculated using

Asn residues in the N-glycosylation sequon; peptides with Asp residues at these sites dominated
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with a contribution of 91 — 99.8% of the intensities observed in MS1 spectra (Figure A.2). These
data indicate high levels of N-glycosylation at N38, N45 N162 and N169 (Table A.1). Two
peptides containing the N74 glycosylation site, however, showed no Asp content.

The CD16a F158 allotype revealed comparable N-glycan occupancy with high levels at
N38, N45, N162 and N169, though the N38 levels were slightly lower at 84% (Table A.1). The
CD16a F158 N74 site likewise showed no Asp content.

We also analyzed a single residue variant of the CD16a V158 allotype, T171A, that
disrupts the terminal N-glycan sequon to block N169 modification. The N38, N45 and N162
again showed high levels of N-glycosylation ranging from 92.9 — 100% (Table A.1). The CD16a

V158/T171A N74 peptides were likewise devoid of Asp content in the N-glycosylation sequon.

Site specific occupancy using 180-water — We performed the PNGaseF reaction in [180]-water
to provide greater separation between the Asp and Asn containing peptide products and validate
the results from [160]-water. One factor complicating the PNGaseF reaction is that reagents or
impure [180]-water can introduce [160]-water, requiring careful separation of peptide peaks
containing Asn, [160]-Asp or [180]-Asp (Gonzalez, et al. 1992). This may be reduced by
introducing [180]-water following lyophilization of the substrate peptides. To our surprise,
PNGaseF retained activity following two lyophilization steps, allowing near complete exchange
to [180]-water and reducing the contribution of [160]-water to <1% in the reaction (Figure
S.A2).

Peptides containing the N38, N45, N162 and N169 glycosylation sited revealed

substantial [180] incorporation. MS2 spectra of these peptides indicated that the majority of the
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Asp residues in the D-X-S/T sequon contained at least one [180] atom. These results are
consistent with measurements performed using [160]-water (Figure A.2 and Table A.1). The

N74 peptides again showed no evidence for [180]-Asp incorporation.

N74 glycan occupancy — The absence of detectable N74 glycosylation was surprising, and
suggests a low occupancy for the N74 glycan. This conclusion is unexpected based on previous
characterizations of N74 glycans using the same recombinant protein source, as well as studies
of CD16a purified from primary human monocytes and NK cells (Patel, et al. 2019, Roberts, et
al. 2020, Patel, et al. 2021).

One possible explanation for low estimates of N74 occupancy is that the presence of residual
GluC endoproteinase activity during the PNGaseF glycan removal reaction could cleave peptides
if an Asp is formed following N-glycan removal. This cleavage would degrade formerly N-
glycosylated peptides, and the data would appear as if no Asp residues, and thus no N-glycan
occupancy, were present on a given peptide. Furthermore, the degraded Asp-containing peptides
would not be identified by the spectral analysis algorithm that uses the native CD16a sequence as
an input.

Identification of the L75 peptide provided evidence for GluC cleavage of the N74-containing
peptide and thus underestimation of N-glycan occupancy at N74 (Figure A.4). A small amount of
peptide degradation appeared at N38 and N162. It is unclear why the N74 peptide is a more
suitable substrate for GluC activity compared to peptides containing the other four sites, perhaps
this observation is due to the larger size of the N74 peptide or a potentially optimal amino acid

sequence.
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To reduce GluC-catalyzed degradation of the N74 peptide following PNGaseF digestion,
we repeated the experiment by adding a heat denaturation step following proteolysis and prior to
reversed-phase purification. Analysis of these spectra demonstrated clear Asp content in the N74
peptides, and thus a high level of occupancy (Figure A.5). Furthermore, the L75 peptide was
present at a low level. Two peptides containing the N74 site showed 92.8 +2.0% and 89.4 £0.9%
Asp content and thus N-glycan occupancy. This result is consistent with previous MS-based
analyses of CD16a glycoproteomics showing diverse glycan species at N74.

Detailed examination of mass spectra generated from reactions in [180]-water reveals
additional [180] labels incorporated into peptides containing the N74, N162 and N169
glycosylation sites (Figure A.3). An MS2 spectrum of the longer N74 revealed that two
additional [180] atoms were incorporated into the C-terminal Glu residue. Others have noted
that auxiliary labeling reactions resulted from the presence of residual protease activity (Alley, et
al. 2013, Shajahan, et al. 2017). The same heat treatment to remove protease activity that reduced
N74 cleavage following PNGaseF cleavage did not reduce the auxiliary [180] incorporation into
the N74, N162 and N169 peptides, indicating that the auxiliary labeling is not catalyzed by the

GluC protease.

Intact CD16a mass spectrometry — Mass spectrometry of an intact glycoprotein provides
information regarding N-glycan occupancy, however, compositional heterogeneity resulting
from extensive N-glycan processing introduces complexity. To reduce heterogeneity, we
expressed the CD16a V158 allotype in HEK293 cells that lack a key N-glycan processing

enzyme, Gntl/MGATL1 (Reeves, et al. 2002). These cells express CD16a with predominantly
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Man5 N-glycans at each N-glycosylation site (Subedi and Barb 2018). CD16a is expressed as an
N-terminal GFP fusion, that once removed, revealed clear mobility differences on a Superdex75
size exclusion column (Figure A.6A). SDS-PAGE analysis revealed an upper and lower band, of
roughly equal intensities, both separated from GFP (Figure A.6B). Selection of fractions 61,62,
67 and 69 included an increasing amount of the smaller CD16a band and GFP (Figure A.6C).
Incubation with endoglycosidase F1 (EndoF) efficiently trimmed the CD16a N-glycans to a
single GIcNAc residue, collapsing the distinct CD16a bands into a single band with greater
mobility (Figure A.6C). By comparison, GFP lacks an N-glycan and showed no change in
mobility.

Analyses of both the EndoF-treated and untreated Superdex75 fractions by FT-ICR MS revealed
high molecular weight species with multiple charge states. The two highest intensity peaks
observed in fraction 61 following EndoF treatment represented a single species with three charge
states (Figure A.6D). The observed mass calculated from the major species observed in fraction
61, following deconvolution, proved highly comparable to the calculated mass of CD16a with
five GICNAC residues with a mass error of 0.618 ppm (Table A.2). Fraction 61 prior to EndoF
treatment revealed a lower mass error value of 0.176 ppm and corresponded to CD16a with five
Man5 N-glycans.

Fraction 69 contained two major species, each with three charge states (Figure A.6D). The most
abundant species matched that observed in fraction 61. The observed mass calculated from the
second most intense species observed in fraction 69, following deconvolution, proved highly
comparable to the calculated mass of CD16a with four GIcNAc residues with a mass error of

0.632 ppm (Table A.2). This same species from the same fraction, prior to EndoF treatment,
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revealed a lower mass error value of 0.128 ppm and corresponded to CD16a with four Man5 N-
glycans. In total, these results indicate that the two major CD16a species contained five or four

N-glycans, and is consistent with the proteomics measurements.

Discussion
These data provide a thorough characterization of CD16a N-glycan occupancy. All CD16a N-
glycosylation sites are highly modified. It is somewhat surprising that the CD16a N169 and
N162 sites are highly modified; these two sites are close to the C-terminus of this construct
(G174) and likely result from a highly efficient STT3B modification because STT3A is expected
to modify the C-terminal N-glycosylation sites with very low efficiency (Shrimal, et al. 2013).
The high levels of N162 occupancy in the V158/T171A variant indicate that glycosylation at
N162 is independent from N169 glycosylation (Table A.1). Previous observations with the
highly homologous receptor, CD16b, both found high N-glycan occupancy for most sites but a
low level at the N64 site (Washburn, et al. 2019, Wojcik, et al. 2020). Though the N64 site is not
found in CD16a, these two receptors share 97.7% amino acid identity for the extracellular
domains.
It is notable that the F158 and V158 allotypes reveal statistically indistinguishable N-glycan
occupancy at each site (Table A.1). Though the F158 allotype binds with reduced affinity
relative to V158 (Bruhns, et al. 2009), glycan occupancy differences are unlikely to account for
differences in affinity. The factor(s) contributing to the affinity difference remain undefined.
With respect to future efforts measuring N-glycan occupancy with [180] incorporation,

the preservation of PNGaseF activity following two lyophilization steps allows a significant
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reduction of the [160]-water content when isotope labeling is desired (Figure S.A.1). The spectra
for the V158 allotype collected with samples digested in [180]-water reveal a small amount of
peptide corresponding to Asp without [180] incorporation, which is expected following
incorporation of an [160] atom. This is most notable with the MS1 spectrum of the N45-
containing peptide that shows <1% of this peptide (Figure A.3). It is interesting that N38 and
N169 show an increased [160] content that could be explained by deamidation of an unoccupied
N169 prior to the PNGaseF reaction.

Finally, there is currently a growing interest in CD16a as a therapeutic, as a target for antibodies
to recruit and/or activate NK cells, or for engineering to increase effector response efficiency
(Zhao, et al. 2020, Zhu, et al. 2020, Bogen, et al. 2021). A complete description of N-glycan
occupancy, like that described here, is essential to identify variables that potentially impact
function. Furthermore, the presence of an N-glycan dramatically alters how that portion of the
protein surface is perceived by the environment and thus represents an important intrinsic feature

of any glycosylated protein.
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Table A.1. N-glycosylation site occupancy of three CD16a variants (n.0.= not observed, n.a. =

not applicable, *- presence of more than two species)

variant (to the right) V158 F158 V158/T171A
peptide (below) site %0 (%) 80 (%) %0 (%) 160 (%)
DNSTQWF N38 91+33 n.o. 84+6 n.o.
DNSTQW N38 n.o. n.o. n.o. 94 +11
NSTQWF N38 n.o. 99+ 13 n.o. n.o.
STQWFHNE N45 93.6+09 >95* 93.6+£09 929+09
HNESL N45 n.o. 93+4 n.o. n.o.
GLVGSKNVSSE N162 99.8+0.9 n.o. n.o. n.o.
VGSKNVSSE N162 n.o. n.o. n.o. 100+1
CRGLVGSKNVSSE N162 97+13 100* n.o. n.o.
FGSKNVSSE N162 n.o. n.o. 99+4 n.o.
TVNITITQG N169 99.5+0.8 99* 99.4+£09 n.a.
TVNIAITQG N169 n.a. n.a. n.a. 0+0.2
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Table A.2. Mass accuracy of intact CD16a measurements using FT-ICR MS

Observed Observed neutral Calculated mass error
Species [M+H]" (Da) mass (Da) mass (Da) (ppm)
CD16a w/ 5xMan5 26127.0390 26126.0317 26126.0271 0.176
CD16a w/ 4xMan5 24910.6084 24909.6011 24909.6043 0.128
CD16a w/ 5xGIcNAc  21060.3039 21059.2967 21059.3097 0.618
CD16aw/ 4xGIcNAc  20857.2508 20856.2435 20856.2303 0.632
GFP form1 28032.9850 28031.9772 28032.0056 1.013
GFP form2 28736.3098 28735.3020 28735.3233 0.741
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Figure A.1. A Gaussian line shape fitted to the individual isotopologue peaks to determine N-
glycan occupancy. This MS1 spectrum shows the N169-containing peptide from the CD16a
V158 allotype, following PNGaseF-catalyzed N-glycan removal. The peak at the left of the
spectrum contains only an unglycosylated Asn at position 169. The second peak contains
contributions for both Asn and Asp (formed by PNGaseF digestion of an N-glycosylated

peptide) at this position, with the Asp-containing peptide predominant in this example.
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N-38 N-45 N-74: RCQT(N/D)- N-162 N-169
D(N/D)STQWF STQWFH(N/D)E LSTLSDPVQLE CRGLVGSK(N/D)VSSE  TV(NID)ITITQG
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Figure A.2. N-glycosylation of CD16a V158 determined by treating with PNGaseF in [*¢0]-
water. Recorded spectra corresponding to each peptide are shown in the top row. The calculated
isotope distributions for Asn- and Asp-containing peptides are shown in the second and third
rows, respectively. The final row shows the fitted Asn + Asp data to determine the percentage of

peptides that showed N-glycosylation.
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Figure A.3. N-glycosylation of CD16a V158 determined by treating with PNGaseF in [*20]-
water. Monoisotopic peaks for major species contributing to the observed spectra are indicated

with large black arrows. Small black arrows denote members of the peak multiplet, where

appropriate. N-glycan occupancy at each site as estimated from these spectra is indicated in the

upper left of each panel. Apparent N74-glycan occupancy is reduced by peptide cleavage

following N-glycan hydrolysis.
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Figure A.4. The L75 peptide is only expected to result from GluC-digestion following

PNGaseF-digestion of a glycosylated N74-containing peptide. MS1 spectra of the L75 peptide

identified in spectra collected using CD16a V158 following PNGaseF digestion in either 1°0 (A)

or 180 (B) water. The positions of monoisotopic peaks for each species are indicated. (C & D)

MS?2 spectra of the major species from panels A and B, respectively, indicate the ion

composition as well as demonstrate 80 incorporation in the C-terminal Glu residue.
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Figure A.5. N-glycan occupancy for the N74 site of CD16a V158 as observed with two peptides
in [*%0]-water. Recorded spectra corresponding to each peptide are shown in the top row. The
calculated isotope distributions for Asn- and Asp-containing peptides are shown in the second
and third rows, respectively. The final row shows the fitted Asn + Asp data to determine the

percentage of peptides that showed N-glycosylation.
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Figure A.6. Analysis of intact CD16a V158. A. Gel filtration of CD16a using a Superdex 75 gel
filtration column following TEV digestion. B. SDS-PAGE analysis of the central peak. C. SDS-
PAGE analysis of select CD16a fractions before and after treatment with EndoF. D. FT-ICR MS
analysis of EndoF-treated CD16a fractions. The observed masses are reported in Table 2. GFP
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form 1 includes residues KIEW through the TEV cleavage site, and GFP form 2 starts with
DIFEA and ends with the TEV cleavage site.
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Figure SA.1. PNGaseF retains activity at 4 °C and 20 °C following two rounds of resuspension

and lyophilization.
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Appendix B
DECODING HUMAN-MACAQUE INTERSPECIES DIFFERENCES IN FC-EFFECTOR
FUNCTIONS: THE STRUCTURAL BASIS FOR CD16-DEPENDENT EFFECTOR

FUNCTION IN RHESUS MACAQUE!

Tolbert, Willam D., Gohain, Neelakshi, Kremer, Paul G., Hederman, Andrew P., Nguyen, Dung
N., Van, Verna, Sherburn, Rebekah, Lewis, George K., Finzi, Andres, Pollara, Justin, Ackerman,

Margaret E., Barb, Adam W., & Pazgier, Marzena. 2022. Frontiers in immunology, 13, 960411.
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Abstract

Fc mediated effector functions of antibodies play important roles in immunotherapies and
vaccine efficacy but assessing those functions in animal models can be challenging due to
species differences. Rhesus macaques, Macaca mulatta (Mm) share approximately 93% sequence
identity with humans but display important differences in their adaptive immune system that
complicates their use in validating therapeutics and vaccines that rely on Fc effector functions. In
contrast to humans, macaques only have one low affinity FcyRIII receptor, CD16, which shares a
polymorphism at position 158 with human FeyRIIIa with 11e*® and Val*®® variants. Here we
describe structure-function relationships of the lle/Val**® polymorphism in Mm FeyRIIL Our
data indicate that the affinity of the allelic variants of Mm FcyRIII for the macaque IgG
subclasses vary greatly with changes in glycan composition both on the Fc and the receptor.
However, unlike the human Phe/Val*®® polymorphism in FcyRIlla, the higher affinity variant
corresponds to the larger, more hydrophobic side chain, lle, even though it is not directly
involved in the binding interface. Instead, this side chain appears to modulate glycan-glycan
interactions at the Fc/FcyRIII interface. Furthermore, changes in glycan composition on the
receptor have a greater effect for the Val*®® variant such that with oligomannose type glycans and
with glycans only on Asn45 and Asn162, Val**® becomes the variant with higher affinity to Fc.
These results have implications not only for the better interpretation of nonhuman primate
studies but also for studies performed with human effector cells carrying different FcyRIIla

alleles.
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Results

The N-glycosylation of the VVal158 and Ile158 proteins proved highly comparable, with no
remarkable differences apparent from the MS data. The majority (>83%) of the N-glycan species
observed at each site of both Mm FcyRIII allotypes were complex-type (Figure B.1A). Notably,
the Asn45 site contained ~10% of hybrid N-glycoforms, which is much lower than a similar
recombinant HEK293-expressed human FcyRIIIa that contained >50% of hybrid types (40). The
predominant Asn45 glycoforms were not extensively branched and relatively few were modified
with a terminal sialic acid (Figure B.1B). Asn64 likewise contained many complex-type
glycoforms and was the most processed among the three glycosylation sites examined, with a
complex-type, biantennary di-sialylated glycans among the top forms present. The Asn162
glycoforms were highly comparable to the Asn45 forms, although they included a smaller
percentage of hybrid forms (5-6%). Surprisingly, we observed truncated Asn64 (5-15%) and
Asnl162 (3%) glycopeptides. The predominant truncated form only contained a single HexNAc
residue. These truncated species are not normally observed for N-glycans, and could be
representative of an O-linked residue. Closer examination of the Asn64 and Asn162 MS2 spectra
showed the clear presence of a single HexNAc residue attached to Asn64 or Asn162, eliminating
a Ser or Thr-linked O-glycan as a possible explanation. Thus, these glycans potentially resulted

from truncation during protein expression or purification.

The Mm FeyRIII(Val158) variant shows greater glycan mobility than the Mm FcyRIII(Ile158) as

determined by NMR.
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Next, we analyzed the mobility of glycans attached to the Mm FcyRIII(Val158) and Mm
FcyRIII(Ile158) variants using solution NMR spectroscopy to identify possible differences in
conformational heterogeneity (41-44). Uniform amino acid labeling through adding biosynthetic
precursors like ammonium chloride for the NMR analysis of glycoproteins, including Mm
FcyRIIl, is not feasible, but individual [15N]-amino acids are readily incorporated from the
complex culture medium. We expressed Mm FcyRIII variants as used in structural studies (with
Asn4d5, Asn64, and Asn162 glycosylation sites) in medium supplemented with [15N]-glycine
and [15N]-lysine. Glycine readily converts to serine and lysine does not convert to other amino
acids in this system (data not shown).

The 1H-15N HSQC-TROSY spectrum of Mm FcyRIII(Val158) was well dispersed and showed
31 strong peaks and ~10 weaker peaks for the 44 expected Gly, Ser and Lys residues (Figure
B.2A). This pattern is consistent with a folded protein that contains a mix of a-helices, -sheets
and loop regions. The differences in peak intensities within this spectrum indicate that it is likely
that these residues experience different motion regimes. A spectrum of the Mm FcyRIII(Ile158)
allotype showed a highly comparable pattern of peaks, though some of the weaker peaks did not
appear in this spectrum due to a lower sample concentration (240 uM v. 180 uM; Figure B.2A).
Although Val158 and 11e158 proteins only differ by a single methyl group, there are substantial
differences in multiple peak positions that are visible in an overlay of the spectra. There are 9
backbone Lys/Gly/Ser NH moieties within 10 A of Val158 and 1le158 including Gly159-Ser160-
Lys161 that may account for the three largest deviations (noted with arrows in Figure B.2A).
Unlike amino acids, it is possible to uniformly incorporate [13C] labels into the glycoprotein

carbohydrates by adding [13C]-glucose to the expression medium (45, 46). The most notable
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spectral feature visible with this strategy is the correlation between the 1H1-13C1 nuclei of the
GIcNAc residue that is bonded (through C1) to the Asn sidechain with one peak expected for
each N-glycan in an HSQC spectrum. Observation of these correlations using human FeyRIII
identified the presence of contacts that stabilized the Asn45 and Asn162 glycans, but not the
three remaining N-glycans (47). It is notable that it is the Asn45 and Asn162 glycans that can
impact antibody binding affinity (34, 48).

Mm FcyRIII contains three N-glycosylation sites at Asn45, Asn64 and Asn162. A 13C-HSQC
spectrum reveals three distinct peaks that can be assigned by comparison to a highly comparable
spectrum of human FcyRIlla (47) (Figure B.2B). The peak corresponding to the Asn64 glycan is
sharp and intense. The peak position and line shape indicates this N-glycan experiences the least
restriction due to contacts with the polypeptide backbone, based on characterizations of human
FcyRIIla and other glycoproteins (43, 47, 49, 50). This behavior is likewise consistent with the
MS data showing Asn64 as the most highly modified site, including the higher-than-expected
abundance of truncated forms which likely requires the glycan to be readily accessible to a
glycan hydrolyzing enzyme. The displaced position and broad shape of the Asn45 peak likely
results from intimate contacts formed between the N-glycan and amino acids. Furthermore, this
peak position is consistent with the higher level of hybrid and oligomannose N-glycoforms
present in the MS data compared to Asn64 and Asn162. It is notable that the Asn45 peak is
considerably broader in spectra collected using the 1le158 protein (Figure B.2B).

Intriguingly, the Asn162 peak from an Mm FcyRIII(Ile158) spectrum is displaced further from
the Asn64 peak when compared to Mm FcyRIII(Val158). This result indicates that the

attachment point of the Asn162 glycan experiences slightly different chemical environments in

149



each protein. It is not clear if these differences result from the magnetic influence of the extra
methyl in 1le158 or from differences in protein mobility, though the former explanation is
considered less likely due to the ~11 A distance separating the 11e158 methyl and the glycan
bond to Asn162. These differences were minimized but still present once the glycans were
replaced with a minimally-remodeled form (Figure A.2C). Proteins expressed from the
HEK293S (GnT1-) cell line contain predominantly Man5 oligomannose-type N-glycans and
nearly homogeneous compositions (34, 51). Based on the differences in spectra collected using
15N and 13C-labeled samples, we believe it is likely that the 11158 stabilizes the motion of the
amino acid and carbohydrate residues proximal to the Asn162-glycan more than Val158, which

could provide an explanation for its greater affinity to IgG.
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Figure B.1. Glycan composition of Mm FeyRIII Val'®® and 11e*%8. (A) Glycoforms identified at

each site. (B) The top ten most abundant N-glycans at each site. Cartoon diagrams represent one

possible configuration and utilize the SNFG convention for monosaccharides; isobaric ions were

not distinguished. The composition of each N-glycan is provided below the chart with numbers

of N-acetylhexosamine, hexose, deoxyhexose, and N-acetylneuraminic acid residues,

respectively.
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Figure B.2. Solution NMR spectroscopy revealed subtle differences between the MmFcgRIII
Val®®8 and 11e™® proteins. (A) *H->N TROSY-HSQC with [*°N-Gly,Ser,Lys] labeling. (B) HSQC
showing (1)GIcNAc H1-13Cy correlations for Mm FcgRIIla with heterogeneous complex-type N-

glycans or (C) homogeneous Man5 oligomannose-type N-glycans.

152



Appendix C
INHIBITING N-GLYCAN PROCESSING INCREASES THE ANTIBODY BINDING

AFFINITY AND EFFECTOR FUNCTION OF HUMAN NATURAL KILLER CELLS!

'Rodriguez Benavente, Maria C., Hughes, Harrison B., Kremer, Paul G., Subedi, Ganesh P.,

Barb, Adam W. (2023). Immunology, 170(2), 202-213.
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Abstract

Antibody-dependent cell-mediated cytotoxicity (ADCC) is an immune response performed by
natural Killer (NK) cells that clears infected or cancerous tissue. Because the potency of human
NK cell responses is highly variable across the population, increasing NK cell activity is
expected to increase the efficacy of many treatments. Both cytokine treatment and NK cell
receptor engineering are being explored to increase ADCC response. Here we demonstrate that
manipulating NK cell post-translational modification is an alternative strategy to increase
ADCC. Treating cultured YTS-CD16a cells or primary human NK cells with kifunensine, an
inhibitor of asparagine-linked (N-)glycan processing, nearly doubled ADCC. This increase
required CD16a as blocking CD16a eliminated ADCC. Furthermore, afucosylated antibodies
acted synergistically with kifunensine-treated NK cells to further increase ADCC by an
additional 33%. We also demonstrated that kifunensine treatment increased the antibody-binding
affinity of CD16a on the NK cell surface. Lastly, we determined that inhibiting N-glycan
processing perturbs a single region of the CD16a structure proximal to the N162 glycan, one of
five CD16a N-glycans and the only N-glycan found near the antibody-binding surface. These
results identify N-glycan processing as an important factor that limits NK cell ADCC.

Results

To confirm the 3G8 binding site on CD16a, we examined a panel of CD16a proteins containing
mutations to residues forming the antibody-binding surface (Table S.C.1). The K161A mutant
provided the largest affinity reduction (~200 fold), and the 3G8 binding site mapped to the area
surrounding K161 (Figure C.1D). This CD16a region also binds IgG1 Fc, though the binding

sites are not perfectly aligned (Figures C.1B and C). These analyses indicate 3G8 is minimally
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sensitive to CD16a N-glycan composition and confirms that IgG1 Fc competes with 3G8 to bind

a shared CD16a surface.

155



3G8 affinity for CD16a 3G8 Binding Interface lgG1 Fc Binding Interface
A B C

100

=

£
o

X

10

color fold K; change color IgG1 Fc

White not tested White  no contact
Lavender 0.5 -2.0 A Black contact 5;;
Purple 2.1 -20/ !
Black

>20 > on § ey
/ T \ 5 p- r .
'~ R\ FZ" 'y s : i{ i §
0 O < )t Y
e, S \

Figure C.1. Binding affinities of 3G8 binding various CD16a glycoforms and sequence variants.

Cartoon diagrams of N-glycan structure follow the SNFG convention and illustrate expected

composition of the N162 glycans (A). CD16a amino acid substitutions affected 3G8 binding

affinity, and the effect of these mutations are mapped onto a structure of CD16a (B). The 3G8

interface overlaps with the IgG1 Fc binding interface identified with x-ray crystallography (C).
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3G8 3G8 Fab

CD16a Variant Kb (nM) error Ko (nM) error
VV158-Complex-

type 6.61 0.04 13.66 0.11
V158-Man5 3.21 0.03 4.56 0.06
V158-(1)GIcNAc ~ 2.87 0.05 3.34 0.06
V158 mutation

N162Q 3.31 0.03 6.00 0.06
S164A 413 0.03 4.56 0.05
S160A 3.67 0.00 452 0.03
H134A 451 0.02 4.38 0.03
IBBA 477 0.02 5.07 0.06
K131A 5.26 0.04 4.62 0.03
T122A 12.3 0.1 114 0.1
T167Y 13.8 0.1 11.4 0.1
K120A 16.9 0.2 17.4 0.2
R155S 225 0.3 23.3 0.5
L157S 235 0.2 23.4 0.9
H119A 30.07 0.05 315 0.2
WI113A 136 2 97 4
W90A 154 85 53 7
K161A 1234 14 1149 50

Supplemental Table C.1. 3G8 binding affinities measured by SPR. Errors represent errors of

least-squares curve fitting.
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