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Abstract

Natural Killer (NK) cells play critical roles in immune defense and reproduction, yet remain the
most poorly understood major lymphocyte population. Because their activation is controlled by a
variety of combinatorially expressed activating and inhibitory receptors, NK cell diversity and
function are closely linked. To provide an unprecedented understanding of NK cell repertoire
diversity, we used mass cytometry to simultaneously analyze 35 parameters, including 28 NK cell
receptors, on peripheral blood NK cells from five sets of monozygotic twins and twelve unrelated
donors of defined HLA and killer cell immunoglobulin-like receptor (KIR) genotype. This
analysis revealed a remarkable degree of NK cell diversity, with an estimated 6,000-30,000
phenotypic populations within an individual and >100,000 phenotypes in this population. Genetics
largely determined inhibitory receptor expression, whereas activation receptor expression was
heavily environmentally influenced. Therefore, NK cells may maintain self-tolerance through
strictly regulated expression of inhibitory receptors, while using adaptable expression patterns of
activating and costimulatory receptors to respond to pathogens and tumors. These findings further
suggest the possibility that discrete NK cell subpopulations could be harnessed for
immunotherapeutic strategies in the settings of infection, reproduction, and transplantation.
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INTRODUCTION

Natural killer (NK) cells were discovered in the late 1970s in mice (1) and humans (2-4).
They were first characterized by their ability to rapidly kill tumor cells, and later virus-
infected cells (3, 5). Since this initial characterization, the nuanced complexity of NK cell
phenotypes and function has been increasingly appreciated (6). The diversity of the NK cell
repertoire is determined by the expression of an array of germline-encoded activating and
inhibitory receptors (6-8). These receptors interact with MHC class | and class I-like
molecules, co-stimulatory ligands, stress-related molecules, and cytokines (9-11). The
combinatorial expression of this multitude of receptors on an NK cell results in an
abundance of mathematically feasible subpopulations, but this diversity has never been
captured in detail.

Early studies using NK cell clones and mRNA expression data (12-14), more recent work
incorporating monoclonal antibodies against a variety of NK cell receptors (15, 16), and
bone marrow transplant data showing the similarity of recipient to donor inhibitory
repertoires (17) all demonstrate that host genetics are a critical determinant of inhibitory
receptor expression patterns. Additional non-genetically encoded determinants of diversity
may influence activating receptor expression, including NK cell education, epigenetics,
epistatic interactions between KIR genes, and viral infections, particularly cytomegalovirus
(18-25). These observations emphasize the need for a better understanding of the
relationship between genotype, phenotype, and function in the formation of the NK cell
repertoire.

Advances in fluorescence cytometry have laid the groundwork for understanding the NK
cell repertoire, but the spectral limitations of fluorescence have prevented exploration of its
full extent. The recent development of mass cytometry, also known as cytometry by time-of-
flight, or CyTOF, provides an opportunity to overcome these limitations. Mass cytometry
uses rare metal isotope-conjugated antibodies to simultaneously detect up to 40 cellular
markers. Since the metal isotopes are not naturally found in biological systems and have
distinct time-of-flight profiles, background is nearly undetectable and the need for
compensation across channels is eliminated. Mass cytometry has been used to profile human
hematopoiesis (26) and to demonstrate the tremendous diversity within the CD8* T cell
compartment (27).

To provide a framework to better understand the NK cell repertoire, we used mass
cytometry in combination with high-resolution genotyping to evaluate the phenotypic
heterogeneity of peripheral blood NK cells in 22 healthy individuals, including 5 sets of
monozygotic twins. Our study shows a remarkable breadth and diversity in the human NK
cell repertoire and the unique role of genetics and the environment in its formation and
maintenance.

RESULTS

Mass cytometry for dissecting the phenotypic diversity of NK cells

To better define the phenotypic diversity of human peripheral blood NK cells, we designed a
mass cytometry panel of 35 monoclonal antibodies recognizing lineage markers and natural
killer receptors (Table S1). As this was the first mass cytometry panel specific for NK cell
markers, we compared results between mass cytometry and fluorescence cytometry. All
antibodies successfully and comparably distinguished cell populations on both platforms,
with representative plots shown in Fig. S1A and S1B. Staining with isotype-control
antibodies revealed minimal non-specific background by mass cytometry (Fig. S1C). We
also compared NK cells stained with or without pre-treatment with a human Fc receptor
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blocking solution, and observed no significant differences in antibody binding (Fig. S1D).
Adding to the versatility and applicability of this approach, very similar NK cell staining
profiles were observed for fresh and cryopreserved PBMC samples (Fig. S1E and S1F). NK
cells identified with a serial gating strategy demonstrated a range of surface receptor
expression levels in different individuals (Fig. S2).

Overall diversity of the NK cell receptor phenotype

With this mass cytometry platform, we interrogated the diversity of the NK cell repertoire in
a cohort consisting of 12 healthy, unrelated individuals and 5 sets of monozygotic twins of
known HLA and KIR genotype (Fig. 1 and S3). Following identification of NK cells with
lineage markers, Boolean analysis was used to classify cells as positive or negative for the
expression of each of 28 NK cell receptors (Fig. S4). This allowed for the assessment of 228,
or 268,435,456, unique single cell combinations of these receptors. The results revealed a
much greater heterogeneity in NK cell phenotypes than has been described previously (Fig.
1). No single phenotype accounted for more than 7% of the total NK cells and only 14 of 28
markers tested were expressed by NK cells exhibiting the top 50 most frequent phenotypes
(Fig. 1A). Furthermore, the subsets comprising the top 50 phenotypes accounted for an
average of just 15% (range 7-24%; SD 4.8%) of an individual’s NK cells.

Although the conserved activating receptors NKG2D and NKp46 are usually described as
being expressed on most human NK cells (28, 29), they were expressed on just 28 and 25 of
the top 50 phenotypes, respectively. This low expression is partially a result of our Boolean
gating strategy, in which only NK cells that were relatively bright for NKG2D and NKp46
were considered positive (Figure S4). Thus, we may have underestimated the frequency of
these markers, particularly for cells that express low levels. Nonetheless, these results were
concordant with the frequencies of NKG2D and NKp46 in total NK cell populations in this
study, where NKG2D and NKp46 were highly expressed on an average of 48% (range 29%
—67%) and 47% (range 28% — 71%) of NK cells, respectively, and with additional studies
in which <100% of NK cells expressed these markers (28, 30-33). The conserved inhibitory
receptor NKG2A was more prevalent, found on 40 of the top 50 phenotypes and always co-
expressed with CD94, its partner polypeptide. In contrast with NKG2A, the highly variable
KIRs contributed to relatively few phenotypes. KIR2DL1, KIR2DLS5, and KIR3DL1 were
not present in the 50 most frequent phenotypes. KIR2DL2/L.3/S2, the most prevalent KIR
group, was expressed on an average of 30% of an individual’s total NK cells, but on only
four of the 50 most frequent subpopulations, which together represented an average of only
3.2% (range 0.8 — 6.8%) of KIR2DL2/L3/S2-expressing cells. Thus, the remaining >93%
were distributed across a range of phenotypes, each represented by very few cells. These
data reveal that a diverse spectrum of low-abundance NK cell phenotypes express inhibitory
receptors.

To assess the genetic influences on the phenotypes of NK cells, we compared the
frequencies of the top 50 NK cell phenotypes within paired monozygotic twins (Fig. 1B) and
pairs of unrelated donors (Fig. 1C). Twin pairs exhibited modest concordance in the
frequencies of NK cell subpopulations (Spearman’s p = 0.65), though such concordance was
diminished in pairs of unrelated donors (Spearman’s p = 0.36). These data suggest that
genetic differences between individuals may influence the repertoire of NK cell surface
phenotypes.

NK cell receptor diversity in the expression of inhibitory receptors for HLA class |

We next restricted the Boolean analysis to the six inhibitory NK cell receptors KIR2DL1,
KIR2DL2/L3/S2, KIR2DLS5, KIR3DL1, CD94/NKG2A and LILRB1, resulting in 64
possible combinatorial cell surface phenotypes. Of these possibilities, the most frequently
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detected phenotypes in each individual expressed none of the six inhibitory receptors or only
NKG2A (Fig. 2A). These two subsets accounted for an average of 54% (range 41 — 72%) of
an individual’s NK cells. Most remaining NK cells expressed 1-3 inhibitory receptors. These
results are consistent with those obtained using fluorescence cytometry (16, 19, 34, 35).

In analyses parallel to those described in Figs. 1B and 1C, we compared the expression
frequency of the inhibitory receptor combinations between paired monozygotic twins (Fig.
2B) and between pairs of unrelated individuals (Fig. 2C). Concordance was extremely high
within the pairs of monozygotic twins (Spearman’s p = 0.87), and less dramatic in unrelated
individuals (Spearman’s p = 0.77). These results suggest that host genetics determine the
inhibitory receptor repertoire, but only weakly affect the expression of other NK cell
receptors (Fig. 1C). Together, these data indicate that while the inhibitory repertoire appears
to be largely controlled by genetics, environmental and/or stochastic influences play a
leading role in determining the overall repertoire of NK cell phenotypes.

Assessing the NK cell repertoire with clustering analysis

Boolean analysis of the mass cytometry data resulted in thousands of distinct NK cell
phenotypes defined by combinatorial receptor expression. However, due to the abundance of
low frequency populations, we used a clustering algorithm called spanning-tree progression
analysis of density-normalized events (SPADE) (26, 36). In SPADE analyses of PBMCs,
nodes of phenotypically similar cell clusters corresponding to NK cells, CD4* T cells, CD8*
T cells, B cells and monocytes/macrophages were readily identified and distinguished (Fig.
S5).

Consistent with the Boolean analysis, the distribution of inhibitory receptor expression on
NK cells revealed by SPADE was more similar for monozygotic twins (Figs. 3A and S6)
than for unrelated individuals (Figs. 3B and S7). For instance, KIR2DL1 was observed on
similar subpopulations in twins but not in unrelated individuals. More diversity was
observed in the intensity and frequency of expression of activating receptors, including
NKG2D, which was expressed at varying intensities and frequencies among different
clusters between individuals, even in twins. Additionally, HNK-003 and HNK-007 were
both genotypically and phenotypically divergent for KIR2DS4, consistent with HNK-007
lacking a functional copy of the KIR2DS4 gene (Figs. 3B and S3). However, even the
genotypically identical Twins 5a and 5b showed differences in KIR2DS4-expressing nodes,
with 28 KIRS2DS4-expressing nodes in common but 10 with differential expression. These
data further illustrate the impact of environmental factors on the total NK cell repertoire.

A comprehensive phenotype for CD57*NKG2C* ‘memory-like’ NK cells

SPADE analysis showed that five of the unrelated donors (HNK-002, HNK-004, HNK-005,
HNK-007, HNK-008) and one pair of twins (Twin-5a and 5b) had large NK cell
subpopulations co-expressing CD57 and NKG2C (Fig. 4A) that could represent memory-
like NK cells generated in response to CMV infection (24, 25, 37, 38). All of these subjects
tested had positive serology for CMV except for HNK-008 (Figure S3). The remaining
CMV-seropositive subjects (HNK-001, HNK-012, Twin-4a, Twin4b) also had NKG2C
+CD57+ NK cell subpopulations, though these populations were less prominent. The
CD57*NKG2C™ cells expressed CD94 and CD16, but had low expression of CD122 and
KIR3DL1, and variable patterns of expression of KIR2DL1, KIR2DL3, NKG2D, NKp30,
NKp46, and CD8 (Fig. 4, B and C). In the donors with only the HLA-C1 epitope,
NKG2C*CD57* NK cells preferentially expressed KIR2DL3, the inhibitory HLA-C1
receptor, while donors with the HLA-C2 epitope preferentially expressed KIR2DL1 (Fig. 4).
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NK cell receptor co-expression patterns

We next asked whether any single NK cell receptors were more likely to be expressed with
other single receptors on the same NK cell. We therefore calculated the Spearman’s rank
correlation of each possible receptor pair on each NK cell from all 22 donors (Fig. 5A).
Weak negative associations between the expression of CD57 and NKp46, CD122, CD94,
and NKG2A and weak positive associations between the expression of NKG2A, CD9%, and
CD56 were the most dominant features.

Given the relative paucity of strong receptor co-expression patterns, we performed
hierarchical clustering of NK cell populations based on surface receptor expression patterns
to better understand NK cell population structure (Fig. 5B). The markers CD16, CD56,
CD57, CD94, and NKG2A were distinct in their location at the root of the tree, while most
other NK cell receptors contributed equally to the overall population structure (Fig. 5B).
Further, principal component analyses indicated that NK cell populations expressing CD16,
CD56, CD57, NKG2A, and CD94 were distinct and formed separate clusters (Fig. 5C).
Overall, these results are consistent with a stochastic expression of most NK cell receptors,
with less mature NKG2A*CD94" and more mature CD16*CD57* cells representing the
only major distinction.

Quantifying the diversity of the NK cell repertoire

Having observed a stochastic expression of most NK receptors, leading to a broad range of
possible combinatorial phenotypes on a single cell, we next sought to quantify this high
level of diversity. We reasoned that our system of NK cell phenotypes resembled a
collection of species within a habitat, and adapted established ecological methods. We first
calculated the inverse Simpson diversity index, which measures the probability that two
randomly selected organisms from a population will be of the same species (39-41). This
index accounts for both the total abundance and the distribution of species within a
population. We first considered each NK cell as an individual organism, each NK cell
phenotype as a species, and the group of phenotypes expressing each cell-surface marker as
a population. Inverse Simpson indices for each population illustrate the contribution of each
marker’s cellular distribution to a donor’s total phenotypic diversity (Fig. 6A).

Receptors that were highly expressed on NK cells, such as CD56, CD16, CD94, and 2B4,
had high average inverse Simpson indices, indicating their contribution to numerous NK cell
phenotypes (Fig. 6A). Strikingly, we also observed a broad range within the cohort in the
diversity of the NK cell populations expressing these and other receptors. For example,
though the average inverse Simpson index of CD56-expressing populations was 659, the
minimum was 135 and the maximum was 1017, yielding a range of 882. We expected
highly polymorphic KIRs to exhibit broad ranges of inverse Simpson indices, which was
true for KIR3DL1 (range 844), KIR2DS4 (range 582), and KIR2DL1 (range 460). However,
many non-polymorphic or minimally polymorphic receptors such as CD16 (range 938) and
2B4 (range 691) showed similar or even greater ranges of inverse Simpson indices. Thus,
we observed a high degree of variability among donors in the diversity of the NK cell
populations on which specific receptors were expressed, which was not wholly dependent on
allelic polymorphism.

We next asked whether host genetics played any role in determining this variability by
calculating the correlation between the inverse Simpson indices for each receptor in each
pair of twins vs. all unrelated individuals. Despite the broad range in receptor diversity
across individuals, the inverse Simpson indices for most receptors within twin pairs were
remarkably similar, with high intraclass correlation coefficients (>0.6) for all receptors
except CD56, 2B4, CD127, CD117, LILRB1, HLA-DR, and CCR7 (Fig. 6B). This suggests
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host genetics may be a determinant of the range of NK cell phenotypes on which a given
receptor is expressed, with factors in addition to receptor polymorphisms exerting
considerable influence on each receptor’s diversity.

Next, to understand the range of NK cell diversity in a human population, we calculated the
inverse Simpson indices for each individual donor, rather than each receptor (Fig. 6C).
Eighteen of the twenty-two individuals had total inverse Simpson indices in the relatively
restricted range of 350 to 900, suggestive of an optimal level of human NK cell diversity.

We next asked how many total NK cell phenotypes were likely to be present in each
individual. We used the Chao 1 non-parametric species estimator, which projects the total
number of species present in a sample by using the abundance of rare species as a predictor
of undiscovered species (40). This method predicted between 6,000 and 30,000 distinct NK
cell phenotypes within each individual, with a median of 15,000 (Fig. 6D). In this analysis,
twins showed a low intraclass correlation of 0.278 (Fig. 6B), suggesting that the
combinatorial assortment of receptors in distinct NK cell phenotypes may be more a
function of environmental than genetic influences.

Calculating the expanse of the NK cell repertoire

Finally, we calculated how many NK cell phenotypes were likely to be present at a
population level. As our experimental analyses of 3,500-35,000 NK cells per donor were
unlikely to have captured the total NK cell diversity, we generated a sample-based
rarefaction curve to provide an estimate of the total number of NK cell phenotypes as a
function of the number of phenotypes sampled (Fig. 7A). This analysis estimated the
expansiveness of this cohort’s repertoire at 124,651 unique NK cell phenotypes. We also
predicted the total number of NK cell species on a population level using three other
independent and well-established ecological methods (40). Together, despite their variable
estimation approaches and input parameters, all of these calculations yielded remarkably
similar estimates of 108,000 to 125,000 total NK cell phenotypes (Fig. 7B).

DISCUSSION

Using multiparametric mass cytometry to examine expression of 28 cell-surface markers, we
achieved an incisive dissection of human NK cell repertoires. A vast phenotypic diversity
was uncovered, which is influenced by the genetic differences between individual humans as
well as by the environmental differences they experience. Genetic differences strongly
influence the combinatorial expression patterns of the inhibitory receptors that recognize
HLA class I. This repertoire of inhibitory receptors, which are required for maintenance of
self-tolerance as well as for NK cell “education” or “licensing”, is overlaid by an
environmentally influenced diversity in the expression of activating and costimulatory
receptors. This complementary combination results in NK cell repertoires that comprise
between 6,000 and 30,000 phenotypically distinguishable subpopulations. Beyond such
diversity within an individual is further variation between individuals. More than 100,000
NK cell subpopulations were distinguished in the small ‘population’ of 22 people we
studied. These data reveal a potential mechanism by which NK cells could maintain self-
tolerance through strictly regulated expression of inhibitory receptors, while using more
malleable and adaptable expression patterns of activating and costimulatory receptors to
respond to infections and cancers.

Comparing adult monozygotic twins distinguished the effects of genetic and environmental
factors. The NK cells from twins had very similar patterns of expression of inhibitory HLA
class | receptors, consistent with previous comparisons of unrelated individuals showing that
the inhibitory receptor repertoire is influenced by variability in the KIR and HLA class |
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genes (1, 12, 13, 16, 19, 34). Although very similar overall, the inhibitory receptor
repertoires of twins exhibited some differences, which might be explained by environmental
influences, including well-established epigenetic alterations of the KIR genes(19-21).

We observed extensive diversity within populations of cells expressing each combination of
inhibitory receptors. For instance, the only other marker consistently co-expressed on
NKG2A-expressing cells is CD94, its partner polypeptide. Even co-expression of markers
believed to be expressed on all or most NK cells, such as NKp46 and NKG2D, were highly
variable. Thus, NKG2A is not expressed by one or a few subpopulations of NK cells, but by
thousands. Since both NKG2A and its ligand, HLA-E, are highly conserved (7, 42), this
diversity may provide an additional degree of flexibility to the repertoire.

Associated with the paucity of pairwise combinations of receptors in the overall NK cell
population (Fig. 5), is our finding that the expression pattern for most of the receptors
(including inhibitory KIRs, the C-type lectin receptors, and natural cytotoxicity receptors) is
determined solely by the genes encoding the receptor (Fig. 6). This suggests a pre-
determined level for both the expression and distribution of these receptors by NK cells.
Several other receptors - HLA-DR, CCR7, CD127, CD117, 2B4, and LILRB1 - had
diversity patterns more suggestive of environmental influence. These receptors are known to
vary in response to activation (HLA-DR and CCRY7 (9, 43)), differentiation (CD117 (44)),
infection (2B4, LILRB1 (15, 45)), and pregnancy (LILRB1 (46)).

Variation in a receptor’s expression within an individual could be explained by genetic
polymorphisms that affect expression level (19-21). In particular, KIR polymorphisms
greatly influence the avidity and specificity of these interactions, leading to a highly variable
repertoire (18, 47). Bolstering this argument is the broad range of expression by KIR3DL1,
the most diverse of all KIR (48), and KIR2DS4 (49, 50). CD16, a less polymorphic receptor,
is the most diverse of the NK cell receptors in its expression across cellular subpopulations.
One interpretation of this finding is that a diversity of NK cells facilitates the critical
function of CD16 in mediating antibody-dependent cellular cytotoxicity (ADCC), a bridge
between innate and adaptive immunity. Alternatively, the diversity of CD16 could reflect its
role as the only receptor demonstrated to be sufficient for NK cell activation (51).

“Null” cells, which express none of the cell-surface markers other than CD56, are the most
frequent NK cell subpopulation. They could represent a transitional state capable of
upregulating activating or inhibitory receptors. If so, they may be less likely to upregulate
expression of inhibitory receptors, since the inhibitory receptor expression patterns are
extremely stable over time (52). However, even cells with no inhibitory receptors may play
a unique functional role. While these “uneducated” cells lacking receptors for self-HLA are
hyporesponsive to HLA-deficient target cells (53), uneducated cells can be effective in
ADCC (54).

Our results suggest that the human NK cell repertoire is anchored by the combination of a
mature CD16/CD57-expressing population, and a less mature, NKG2A/CD94-expressing
population. Stochastic assortment of additional receptors creates tremendous additional
diversity within this framework. Expansions of NKG2C*CD57* NK cells that preferentially
expressed KIR reactive with self-HLA-C molecules were identified in several healthy,
mostly CMV-seropositive, donors. These memory-like cells had a mature phenotype, as
previously reported (23, 55) . Despite this subset’s presumable expansion in response to a
single pathogen, CMV (18), these memory-like NK cells had highly variable expression
levels of other markers, further underlining the overall diversity of the NK cell population.

Several limitations of the study should be noted. First, our sample size was modest and serial
sampling was not performed, which limited our ability to compare NK cell phenotypes
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between individuals of similar KIR/HLA genotype. In addition, the number of NK cells
sampled per donor was between ~3,000 and ~20,000, which is well below the theoretical
number of 268,435,456 potential phenotypes, limiting our sampling of rare phenotypes.
Finally, by using a Boolean gating strategy in which we defined cell populations as positive
for a given receptor only if high levels were expressed, we may have underestimated the
frequency of some receptors.

NK cells are quick, versatile lymphocytes that function in innate immunity, adaptive
immunity and reproduction. In performing these vital functions, we now see how each
human individual has an almost incredible diversity of NK cell subsets. Furthermore, the
repertoire of these subsets differs greatly from one person, or patient, to another. Among
these different subsets are developmental intermediates in pathways of maturation and
differentiation, as well as different types of effector NK cell. The latter include effector and
memory NK cells, which exhibit, either alone or in combination, some measure of
specificity for a pathogen, tumor or allogeneic tissue. The immediate challenge for research
is to define the physiological contributions of the different NK cell subsets. The future
challenge will be using that knowledge to design specific, effective NK cell mediated
therapies against infectious, malignant and reproductive diseases.

MATERIAL AND METHODS

The objective of this study was to profile the baseline diversity of the healthy human NK
cell repertoire, providing a framework to understand the roles of NK cells in health and in
disease pathogenesis. To this end, we performed an observational study of 22 healthy
individuals, including 5 pairs of monozygotic twins, a sample size that was determined both
by feasibility and to allow us to sample a representative pool of donors of different KIR and
HLA genotypes. This was an observational study; randomization and blinding were not
used. All phenotypic analyses were performed ex vivo and not run in replicates. Analyses of
twins vs. unrelated individuals allowed us to examine the influence of host genetics vs.
environment on the NK cell repertoire.

Human subjects and cells

This study was performed in accordance with the Declaration of Helsinki and approved by
the Institutional Review Boards of Stanford University and SRI International. Cryopreserved
peripheral blood mononuclear cells (PBMC) were obtained from three sources. First, ten
generally healthy individuals (5 male, 5 female, aged 24-60, median age 34) were recruited
at Stanford University. Second, PBMCs from two healthy anonymous donors were obtained
through purchase from the Stanford Blood Center. Third, PBMC samples from 5 sets of
monozygotic twin pairs (4 male, 6 female, aged 20-40, median= 23) were collected as part
of an ongoing study of influenza vaccination involving participants in the Twin Research
Registry (TRR) at SRI International. Full details of the twin registry have been described
(56). All subjects gave fully informed and written consent.

Staining, Data Acquisition, and Analysis

PBMCs were thawed and washed with RPMI-1640 (Corning Cellgro) with 10% HI-FBS,
2mM L-Glutamine and antibiotics (penicillin [100 units/ml] and streptomycin [100..g/ml])
(Gibco BRL/Life technologies) and rested 37°C with 5% CO, for 4 hours. Two million
PBMC were stained for mass cytometry analyses as described (26, 27) using the antibodies
listed in Table S1 and data were acquired on a CyTOF® instrument (DVS Sciences).
Fluorescence cytometry analyses were acquired on an LSR 11 (BD Biosciences) using the
antibodies in Table S2. FCS files were analyzed using FlowJo software v9.4.8 (Treestar,
Inc). Boolean analyses were performed using a custom Python script (http://
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www.python.org) to sort cells based upon positive or negative expression of each marker.
Spanning-tree progression of density normalized events (SPADE) analyses were performed
as described (36).

Antibody Conjugation

Antibodies were purchased from companies specified in Table S1 and labeled using
Maxpar-X8 labeling reagent kits (DVS Sciences) according to manufacturer instructions.

KIR and HLA Genotyping and CMV serology

KIR gene-presence and HLA-A,-B,-C alleles were determined by PCR-SSOP using a
Luminex-100 instrument (Luminex corp.). The assays were performed using LABType®
SSO reagents (One Lambda). KIR genotyping at allele-level resolution was determined by
pyrosequencing as described (57). DNA from Twin pair 1 was not available for typing, but
monozygosity was previously established (56). CMV serology was obtained using the anti-
CMV IgG ELISA kit (Gold Standard diagnostics), according to manufacturers suggestions.
Plasma samples for CMV testing from the healthy unrelated individuals (HNKSs) were
obtained approximately 1 year following PBMC sampling.

Quantification of diversity
The inverse Simpson index was calculated using the equation

where Sis the total number of species and pj; is the proportional abundance of the ith species.

Sample-based rarefaction
Mean species occurrences of the number of phenotypes observed were plotted and the curve
was projected by fitting the asymptotic equation

SIII'(LX n
B+n

S(n)=

where n is the number of species included, Spax IS the total number of species projected, and
B is a fitted constant.

Non-parametric species estimators

The Chao 1 estimator is given by the equation
2

=S et ]
1—~0bs 2F2

where Sy is the number of species observed, F4 is the number of species observed in
exactly one cell, and F5 is the number observed in exactly two cells.

The Chao 2 estimator, which incorporates occurrence rather than abundance data, is given
by the equation
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Q7
So=S ps+——
2 obs 2Q2

where Q, is the number of species observed in exactly one donor, and Q5 is the number
observed in exactly two donors.

The second order Jackknife estimator, which reduces sampling bias by systematic
recalculation with subsets of the data removed, is given by the equation

Q1 (2m—3)  Qa(m—2)

m m(m—1)

SjackQZ obst

where mis the total number of samples.

Statistical Analysis

Statistical analyses were performed using Excel (Microsoft Corp), STATA v10 (Stata Corp),
Prism v5 (GraphPad Software, Inc.), and the Open Source statistical package R www.r-
project.org; ISBN 3-900051-07-0).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Assessment of NK cell repertoire diversity based on expression of unique receptor
profiles

(A) Frequencies of the 50 most abundant NK cell phenotypes based on expression of 28
receptors for 12 unrelated individuals (HNK-001 through HNK-012) and 5 pairs of
monozygotic twins (Twins 1a/1b — 5a/5b). Each column represents a phenotype, with
colored boxes indicating receptor presence. (B) Comparative correlation of each twin with
his/her identical twin of the frequencies of the 50 phenotypes shown in A. Spearman’s
correlation coefficient is displayed. (C) Comparative correlation of each healthy unrelated
individual with the other 11 individuals of the frequencies of the 50 phenotypes shown in A.
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Figure 2. Expression patterns of inhibitory NK cell receptorsin unrelated individuals and

monozygotic twins

(A) Inhibitory receptor profile of NK cells in 12 unrelated individuals and 5 pairs of
monozygotic twins as in Figure 1A. The analysis was restricted to the evaluation of

Page 16

expression profiles of the six inhibitory receptors KIR2DL1, KIR2DL2/L3/S2, KIR2DLS5,
KIR3DL1, LILRB1, and NKG2A. (B) Comparative correlation of each twin with his/her
identical twin of the frequencies of the 50 phenotypes shown in A. Spearman’s correlation
coefficient is displayed. (C) Comparative correlation of each healthy unrelated individual

with the other 11 individuals of the frequencies of the 50 phenotypes shown in A.
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Figure 3. Clustering analysis of NK cellsusing SPADE reveals diver se receptor expression
patterns

(A) Representative SPADE trees of NKG2A, NKG2D, KIR2DL1 and KIR2DS4 for
monozygotic twins 5a (top) and 5b (bottom). Node color represents signal intensity of each
marker and size represents frequency. (B) Representative SPADE trees of NKG2A,
NKG2D, KIR2DL1 and KIR2DS4 for 2 healthy unrelated individuals, HNK-003 (top) and
HNK-007 (bottom).

Sci Transl Med. Author manuscript; available in PMC 2014 October 23.
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Figure 4. | dentification and phenotypic evaluation of CD57"NK G2C™ ‘memory-like’ NK cells
(A) Skeleton structures of a SPADE tree from healthy unrelated individuals (HNK) and
monozygotic twins (Twin) with NKG2C-expressing nodes highlighted. (B) Representative
SPADE trees of the NKG2C-expressing nodes shown in (A) from 5 unrelated individuals.
(C) Representative SPADE trees of NKG2C-expressing nodes for 1 pair of monozygotic

twins, as in (B).
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Figure 5. NK cell receptor co-expression patternsand population structure

(A) Spearman’s rank correlation matrices of co-expression profiles for each receptor pair for
all NK cells from all 22 donors. (B) Hierarchical clustering dendrogram of NK cell receptor
profiles from all NK cells from all 22 donors. (C) Principal component analysis of receptor
expression patterns from all NK cells from all 22 donors. Dots indicate the contributions of
each receptor to principal component 1 (x-axis) vs. principal component 2 (y-axis).
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Figure 6. Genetics dictate the expression of most single NK cell receptors, but not the
combinatorial assortment of phenotypes

(A) Inverse Simpson for the population of cells expressing each single receptor. Boxplots
show the median, 25t and 75™ percentiles, and total range of all 22 donors. Yellow lines
show a representative twin pair. Red line indicates an unpaired representative twin. (B)
Summary of Intraclass Correlation Coefficients (ICC) of the Inverse Simpson Index of twin
pairs versus all 22 individuals. (C) Histogram of inverse Simpson indices for the total NK
cell population of each donor. (D) Total phenotypes predicted by the Chao 1 non-parametric
species estimator (calculated as described in Methods) for all donors.
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Figure 7. Calculating the expanse of the NK cell repertoire

(A) Sample-based rarefaction predicting the total number of NK cell phenotypes within the
cohort of 22 donors. The number of phenotypes observed was calculated for incremental
inputs of 50,000 NK cells up to and including the total 304,909 NK cells sampled in all 22
donors, reshuffling the order of donor sampling each of 10 times. These data were used to
plot a curve, which when extrapolated to an asymptote provided an estimate of the total NK
cell population. (B) Non-parametric species estimators confirm quantification of the total
number of NK cell phenotypes.
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