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Abstract

Fc y receptor llla/CD16a is an activating cell surface receptor with a well-defined role in natural
killer (NK) cell and monocyte effector function. The extracellular domain is decorated with five
asparagine (N)-linked glycans; N-glycans at N162 and N45 directly contribute to high-affinity
antibody binding and protein stability. N-glycan structures at N162 showed significant donor-
dependent variation in a recent study of CD16a isolated from primary human NK cells, but
structures at N45 were relatively homogeneous. In this study, we identified variations in N45 glycan
structures associated with a polymorphism coding for histidine instead of leucine at position 48 of
CD16a from two heterozygous donors. It is known that H48 homozygous individuals suffer from
immunodeficiency and recurrent viral infections. A mass spectrometry analysis of protein isolated
from the primary natural killer cells of individuals expressing both CD16a L48 and H48 variants
demonstrated clear processing differences at N45. CD16a H48 displayed a greater proportion of
complex-type N45 glycans compared to the more common L48 allotype with predominantly hybrid
N45-glycoforms. Structures at the four other N-glycosylation sites showed minimal differences
from data collected on donors expressing only the predominant L48 variant. CD16a H48 purified
from a pool of monocytes similarly displayed increased processing at N45. Here, we provide
evidence that CD16a processing is affected by the H48 residue in primary NK cells and monocytes
from healthy human donors.
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Introduction state of the interacting cell and directs the NK cell response. Fragment

Natural killer (NK) cells are an important component of the
innate immune system and perform two main effector functions:
cytokine production and cell-mediated cytotoxicity (Lanier 2003).
The immunomodulatory and cytotoxic capacities are stringently
regulated by a cohort of activating and inhibitory receptors expressed
on the NK cell surface (Vivier et al. 2008). The stimulatory, co-
stimulatory or inhibitory signals originating from surface receptors
upon interacting with the respective ligands reveals the pathological

crystallizable (Fc)yRIIla (CD16a) is one such activating receptor
expressed by approximately 90% of circulating NK cells (Lanier
et al. 1986). Binding of an antibody-opsonized target cell through
the Fc region of Immunoglobulin G (IgG) is required to initiate
antibody-dependent cell-mediated cytotoxicity (ADCC) (Perussia
et al. 1984). Cell signaling by CD16a is also implicated in promoting
NK cell proliferation and cytokine secretion (Fauriat et al. 20105
Pahl et al. 2018). Similar to NK cells, CD16a triggers ADCC,
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antibody-dependent cell-mediated phagocytosis and cytokine
secretion on nonclassical monocytes (Yeap et al. 2016).

To date, only one functional NK cell immunodeficiency (#20)
has been reported in humans that carry homozygous CD16a alleles
encoding an L48H substitution (also referred to as L66H; Mace and
Orange 2016). Three patients identified with immunodeficiency 20
suffer recurrent viral infections and exhibit normal NK cell counts,
no defect in ADCC but reduced natural NK cell cytotoxicity (Jawahar
etal. 1996; de Vries etal. 1996; Grier et al. 2012). A mechanistic study
showed reduced cytotoxicity is potentially due to decreased surface
expression of CD2 on NK cells isolated from two patients (Grier et al.
2012).

A considerable number of healthy individuals are expected to
carry at least one copy of the autosomal recessive allele encoding
CD16a H48 (8%) compared to 6% for R48 and 86% for 148 (de
Haas et al. 1996), though a later study with more donors revealed
lower frequencies of 2.7, 3.9 and 93.5%, respectively (Mahaweni
et al. 2018). We focused on the CD16a H48 allotype because three
individuals homozygous for the R48 allele were reportedly healthy
(de Haas et al. 1996).

Our laboratory recently developed techniques to isolate CD16a
from the primary NK cells or monocytes of a single healthy donor
(Patel et al. 2018, 2019; Roberts et al. 2019). The site-specific N-
glycosylation profile of NK cell CD16a revealed unique patterns at
each of the five N-glycosylation sites. The distinct N-glycan structures
at each site suggest potential site-specific functions. Considering the
reports of CD16a H48 in immunodeficiency 20, we probed the N-
glycan composition of the CD16a H48 allotype in healthy human
donors to identify allotype-specific compositional differences. Such
differences may provide mechanistic insight into critical interactions
in the secretory pathway or at the cell surface that contribute to NK
cell natural cytotoxicity but not ADCC.

The prevalence of the H48-encoding allele in the human pop-
ulation indicates that CD16a H48 protein should be accessible if
the protein is expressed at the surface and a sufficient number of
healthy donors are screened. Of the five CD16a N-glycans, only
modifications at N45 and N162 contribute to antibody binding
affinity (Shibata-Koyama et al. 2009; Patel et al. 2018). The N45-
glycan stabilizes CD16a structure though composition at this site
does not appear to impact receptor binding affinity unlike the N162-
glycan (Subedi et al. 2017; Subedi and Barb 2018). Here, we used
the recently developed method to characterize the processing of the
naturally occurring CD16a H48 variant and identified differential
N-glycan processing at N45 glycan in a heterozygous NK cell donor.
These results proved comparable to the H48 allotype isolated from
monocytes.

Results

CD16a isolated from CD16a L/H48 donors

An apheresis filter collected from a healthy 23-year-old male pro-
duced approximately 85 x 10° NK cells (hereafter referred to as
“Donor 6”). These NK cells appeared phenotypically normal with
respect to CD16 and CDS56 staining and isolated CD16a migrated
in an SDS-PAGE gel at rate comparable to other healthy donors
previously described (data not shown). Similarly, about 139 x 10°
monocytes were isolated from a 35-year-old healthy female donor
and the rate of monocyte CD16a migration in an SDS-PAGE gel
was comparable to previously reported rate (Roberts et al. 2019).
Sequencing CD16a ¢cDNA confirmed both donors had at least one

H48-CD16a coding allele (Figure 1). Additionally, the NK cell donor
expressed only the V158-coding allele though the monocyte donor
expressed multiple CD16a alleles encoding both V158 and F158.
Mass spectrometry analysis of CD16a peptide fraction from NK cell
donor also confirmed the presence of peptides from both CD16a 148
and H48 (Figure 1B and C).

Differential N45-glycan processing in NK cells

The CD16a L/H48 polymorphism is located three residues from an
N-glycosylation site (N45) and, thus, may impact the local environ-
ment that contributes to N-glycan processing. Chymotrypsin and
GluC digestion of full-length CD16a in the presence of detergent
produced three N45-containing peptides (Figure 2). The smallest,
peptide 1 does not distinguish between L or H at 48 position;
however, the larger peptides with L at position 48 (peptide 2) or
H at position 48 (peptide 3) are distinguishable based on the mass
of intact glycopeptide and fragment ions (Figure 2B and C). Thus,
N-glycan species present on peptide 3 represent the glycosylation
profile at N45 of the CD16a H48 allotype while peptide 2 represents
species present on CD16a L48. Glycopeptide analysis of NK cell
CD16a from the H48-expressing Donor 6 revealed 32 and 15 unique
N45 glycoforms on peptides 2 and 3, respectively (Supplementary
MSExcel Worksheet). Though these peptides likely ionize with dif-
ferent efficiencies, the relative abundance of each glycoform among
all identified glycoforms of the same peptide (peptides 2 or 3) served
as the basis for comparison. A larger percentage of the H48 peptides
(53% vs. 21%) include the addition of 79.9 Da that is likely a
phosphate moiety associated with the N-glycan as we previously
described though it is unclear if this addition represents an adduct
or a covalent modification (Patel et al. 2019).

A hybrid N-glycan structure provided the greatest ion intensities
for both peptides 2 and 3; however, there were several differences
between the 148 and H48 glycopeptides. The N45-148 glycan from
the heterozygous NK cell Donor 6 showed signs of restricted gly-
can processing (64% hybrid and oligomannose type) that proved
comparable to that observed with peptide 2 in a previous report of
five CD16a 148 homozygous NK cell donors (77 £ 9% hybrid and
oligomannose type) (Figure 3; Patel et al., 2019). On the contrary,
hybrid forms were less prevalent on the N45-H48 glycopeptide (47 %
of total intensity) while complex types proved more abundant (53%)
with no detected oligomannose-type N-glycans. A comparison of the
ten most abundant glycoforms on peptide 2 with peptide 3 from
Donor 6 highlighted the extent of greater N45 glycan processing on
peptide 3; the second most abundant form on peptide 3 was a tetraan-
tennary di-sialylated complex type N-glycan (Figure 3A). Moreover,
other glycoforms on peptide 3 include tetraantennary structures with
poly-LacNAc repeats (2 of 10 most abundant glycoforms) which are
not observed in the 10 most abundant forms on peptide 2 of this
donor as well as on peptide 2 from other donors (Figure 3; Patel
etal.,2019). These observations indicate the processing of the CD16a
H48 allotype is distinct from CD16a L48 in the NK cells of the same
heterozygous donor and NK cells isolated from donors homozygous
for the CD16a 148 allele.

The L/H48 polymorphism minimally affected NK cell
processing at the four remaining CD16a
N-glycosylation sites

The differential processing of the N45-glycan could be a result of
factors intrinsic to Donor 6 and not specifically limited to this
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Fig. 1. Donors with the L48H coding polymorphism and L/H48-CD16a. (A) CD16a cDNA sequencing shows NK cell and monocyte donor genotypes. The parent
ion mass and b/y-ion series in MS2 spectra confirm the presence of L48 (B) and H48 (C) in NK cell CD16a.
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Fig. 2. MS2 spectra of two distinct peptides carrying N45 glycosylation site along with L/H at position 48. (A) Three peptides are generated as a result of
Chymotrypsin (Chy.) and GluC (Glu.) digestion of CD16a. Peptides 2 and 3 carry both the N45 glycosylation site (red N) and L/H at position 48 (blue L and H) and
are produced by the missed GIuC cleavage at E46. (B) MS2 spectra for peptide 2 carrying a hybrid type N-glycan at N45 from the NK cell donor. Hybrid type

N-glycan on peptide 3 from NK cell (C) and monocyte (D).

site. If this is true then a considerable fraction of N-glycans iden-
tified at the other four CD16a N-glycosylation sites from Donor
6 would also show distinct N-glycan processing in comparison to
other NK cell donors. We compared the three most abundant N-
glycan species at each site (representing over 59% of the relative
intensity of all identified N-glycans) between Donor 6 and the
five homozygous CD16a L48 donors (Patel et al. 2019). Negligible
differences appeared in the relative abundance of identified N-glycan
species in a comparison of the five previously analyzed CD16a 148
donors with the abundance from Donor 6 (Figure 4). Thus, the
differential N-glycan processing observed at N45 for the L/H48 NK
cell donor was not shared at the other four CD16a N-glycosylation
sites.

Differential N45-glycan processing in monocytes

Due to the reduced abundance of CD16a on monocytes relative to
NK cells, we pooled samples from three donors in our previous
analysis of monocyte CD16a processing without prior knowledge of
CD16a allotypes (Roberts et al. 2019). In one pool, PCR analysis
of individually prepared cDNA from all three donors confirmed
the identity of one donor with L/H48-CD16a. The generation of
this pool introduces the problem that the 148 peptides from the
one donor expressing the CD16a H48 allotype cannot be isolated
from the other two donors, so comparisons were made to all mono-
cyte CD16a 148 peptides we recently identified using ten indepen-
dent donors (Supplementary MSExcel Worksheet). Even though the
intensity of hybrid type N45-H48 glycopeptides (peptide 3; 62%)
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Fig. 3. Differential N45 glycan processing due to L48H substitution. Relative abundance of the ten most common glycans identified at N45 in peptide 3 (A) peptide

2 (B) from a single NK cell donor. Pie charts represent the distribution of all N-glycan types identified. (C) and (D) represent a similar comparison between peptide

3 from pooled monocyte samples and peptide 2 from all monocyte samples, respectively. “All NK cell” and “All monocyte” peptide 2 data from (Patel et al. 2019;
Roberts et al. 2019). Isobaric species were not distinguished.
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Fig. 4. N-glycan processing at four other CD16a sites is not affected by H48. Three most abundant N-glycan species and their relative abundance identified in
donor with L/H48 and L/L48 genotype. Intensities of the following glycopeptides were used to calculate the relative abundance: KCQGAYSPEDNSTQW (N38),
RCQTNLSTLSDPVQLE (N74), VGSKNVSSE/CRGLVGSKNVSSE (N162) and TVNITITQGL (N169). Isobaric species were not distinguished.

proved comparable to N45-L48 glycopeptides (peptide 25 59%), we H48 glycopeptides (38% compared to 26% for L48) along with
observed a striking loss of oligomannose type N-glycans on the N45- the presence of tetraentennary complex-type N-glycans among the
H48 glycopeptides (Figure 3C and D). Moreover, we also identified ten most abundant species that were not observed with the N45-
a higher abundance of complex type N45 glycans on the N45- L48 glyopeptides (Figure 3C and D). We likewise found comparable
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processing of the N38,N74,N162 and N169-glycans. Thus, the pro-
cessing of CD16a on monocytes, including the increased processing
at N45 for the H48 donors, proved analogous to processing observed
from the NK cell Donor 6.

Discussion

There are several examples of N-glycosylation site gain or loss due
to DNA polymorphisms; however, there are relatively few examples
of changes in glycan structures on endogenous human protein due
to DNA polymorphisms (Mazumder et al. 2012; Ding et al. 2015;
Fan et al. 2018). One recent example was described in a study of
fetuin (Lin et al. 2019). Here, we describe variation in N-glycosylation
processing that is linked to an amino acid difference.

NK cells from Donor 6 expressed both L48 and H48 variants
and displayed normal cell surface CD16 and CDS56 staining. How-
ever, we observed considerable differences in N45-glycan processing
from CD16a H48 that included the higher abundance of complex
type N-glycans, specifically tetraantennary complex type glycoforms.
Additionally, there was a noticeable absence of oligomannose type
N-glycans at this site. We observed differential processing of the N45
glycan but not at any of the other four sites, thus these differences
could be attributed to L48H substitution and not the donor. CD16a
H48 expressed by monocytes likewise revealed comparable features.
These observations suggest H48 removes a factor that specifically
restricts N435 glycan processing in CD16a 1.48.

Disruption of intramolecular interactions between the N45 glycan
and CD16a polypeptide due to a histidine at 48 position may explain
differences in processing at N45. Molecular dynamics simulations
revealed intramolecular contacts formed between the N-linked Gle-
NACc on the N45 glycan and E68 and D64 that stabilize the secondary
structure of residues between 40 to 55 and 60 to 70 (Subedi et al.
2017). The location of the N45 glycan on the apex of a loop formed
by residues 42 to 50 positions the N-glycan to make these interactions
and it can be speculated that any disruptions in the loop structure
(such as L48H substitution) can disrupt glycan-polypeptide contacts,
exposing the glycan to glycan remodeling enzymes in the protein
secretory pathway.

Another possible explanation for the observed differences could
be disruption of an intermolecular interaction between CD16a and
CD2. According to one estimate, around 70% of CDS564™/CD16*
NK cells express surface CD2, a co-activating receptor commonly
associated with priming NK cells (Angelo et al. 2015). A recent
study proposed that the H48 substitution decreased the CD2-CD16a
interaction, reducing CD2 export and spontaneous cytotoxicity in
immunodeficiency 20 patients (Grier et al. 2012). Additionally, a
synergistic relationship between CD2 and CD16a signaling was rec-
ognized in NK cells suggesting both receptors might interact directly
or are part of a multiprotein signaling complex (Liu et al. 2016). It is
tempting to speculate that L48 CD16a is required for cis-interactions
between CD16a and CD2 molecules and H48 disrupts the interaction
resulting in increased N45 processing, however, the CD2-CD16a
binding interface is not known. Furthermore, CD2 is expressed by a
limited number of CD 14" monocytes, which do not express CD16
(Crawford et al. 1999).

Changes in N-glycosylation can impact function (Varki 2017).
Individual’s age, gender and disease state are known to associate with
protein N-glycan composition (reviewed in Gudelj et al. 2018) but
here we demonstrate that CD16a polymorphisms represent another
source of variation which affects N-glycosylation. It is our belief that
characterization of protein glycosylation will be required to charac-

terize the functionally diverse responses attributable to donor-specific
variability. CD16a variability is already known to impact therapeutic
efficacy (Koene et al. 1997; Wu et al. 1997; Cartron et al. 2002).
Associating CD16a variability to mechanistic and clinically relevant
outcomes represents a significant challenge. Donor- and site-specific
N-glycan analysis of endogenous proteins can provide valuable initial
insights into naturally occurring variation within human population
and can be applied to design targeted intervention strategies.

Materials and methods

NK cell and monocyte isolation

NK cells and monocytes were isolated using negative selection as
described previously (Patel et al. 2018; Roberts et al. 2019). Briefly,
contents of apheresis filters were diluted using phosphate buffered
saline supplemented with 2% fetal bovine serum (FBS) and incubated
with RosetteSep Enrichment Mixture (Stem Cell Tech) for 20 min.
NK cells or monocytes were then separated from other tissues using
Lymphoprep according to the manufacturer instructions (Stem Cell
Tech). Cell yields and viability were determined with trypan blue
staining; isolation quality was assessed with flow cytometry. Raw
blood was collected from each sample for genotyping.

CD16a analysis

CD16a was isolated and digested as described by Patel et al. (2019).
Briefly, cells were lysed with Tris-buffered saline containing dodecyl
maltoside, AEBSF and oxidizing agents. The lysate was clarified
by centrifugation and IgG removed with protein G Sepharose
resin (GE Healthcare). CD16a was immunoprecipitated using
3G8-coupled agarose. The resin was washed of contaminating
material and CD16a eluted with a mixture of acetonitrile, water
and trifluoroacetic acid. CD16a was digested with chymotrypsin
(Millipore Sigma) and GluC (Promega) in ammonium carbonate
buffer. Glycopeptides were enriched using a glycopeptide enrichment
kit (Millipore Sigma) and the peptide fraction was washed
with water-saturated ethyl acetate to remove residual detergent.
Glycopeptide and peptide fractions were analyzed over a C18-
nLC system coupled to a Q-Exactive Hybrid Quadrupole-Orbitrap
Mass Spectrometer (Thermo) as described in the supplement.
Data were analyzed using Byonic (Protein Metrics) and custom
R scripts.

Supplementary data

Supplementary data for this article is available online at http://glycob.
oxfordjournals.org/.
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