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Coordinated acquisition of inhibitory and activating receptors and functional
properties by developing human natural killer cells
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The stages of human natural killer (NK)
cell differentiation are not well estab-
lished. Culturing CD34+ progenitors with
interleukin 7 (IL-7), IL-15, stem cell factor
(SCF), FLT-3L, and murine fetal liver cell
line (EL08.1D2), we identified 2 nonover-
lapping subsets of differentiating CD56*
cells based on CD117 and CD94
(CD117ghCD94~ and CD117'°w/-CD94+
cells). Both populations expressed CD161
and NKp44, but differed with respect to
NKp30, NKp46, NKG2A, NKG2C, NKG2D,
CD8, CD16, and KIR. Only the CD117'°w/~
CD94+ population displayed cytotoxicity

and interferon-y production. Both popula-
tions arose from a single CD34+CD38~
Lin~ cell and their percentages changed
over time in a reciprocal fashion, with
CD117"ghCD94-cells predominating early
and decreasing due to an increase of
the CD117'°"-CD94+ population. These
2 subsets represent distinct stages of NK-
cell differentiation, since purified CD117high
CD94- cells give rise to CD117'°%/-CD94+
cells. The stromal cell line (EL08.1D2) facili-
tated the transition from CD117"g"CD94- to
CD117'°w/-CD94+ via an intermediate pheno-
type (CD117'°wCD94'w/-). EL08.1D2 also

maintained the mature phenotype, prevent-
ing the reversion of CD117'°¥/~CD94" cells
to the intermediate (CD117'°%CD94'°%/~) phe-
notype. An analogous population of
CD56 'CD117MighCD94~ cells was found in
cord blood. The identified stages of NK-cell
differentiation provide evidence for coordi-
nated acquisition of HLA-specific inhibitory
receptors (ie, CD94/NKG2A) and function in
developing human NK cells. (Blood. 2006;
108:3824-3833)
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Introduction

Natural killer (NK) cells are CD567CD3~ innate immune
effector cells that recognize target cells that have undergone
cellular stress, such as malignant transformation or viral infec-
tion.! Individual NK cells display a diverse repertoire of
activating and inhibitory receptors, including the killer immuno-
globulin-like receptors (KIRs), natural cytotoxicity receptors
(NKp30, NKp44, and NKp46), and c-lectin receptors (NKG2A/
CD9%4, NKG2C/CD94, NKG2D, and CD161). The summation of
activating signals, when not opposed by inhibitory signaling,
leads to the release of granzymes and perforin and target
cytolysis.? NK-cell activation also results in the elaboration of
proinflammatory cytokines, including interferon y (IFN-vy),3#
stimulating other compartments of the immune system.

The stages of human NK-cell development are not well
characterized. Since human NK cells can be differentiated from
CD34" hematopoietic progenitor cells (HPCs) in vitro, such stages
of differentiation may be elucidated. Early studies showed that
interleukin 2 (IL-2) could induce the differentiation of NK cells
from CD34% HPCs.>® More recently, IL-15 has been found to be
critical for NK-cell development since IL-157/~ and IL-15Ra ™/~
mice show a near-complete absence of NK cells.”$ Accordingly,
culture of human HPCs with IL-15 gives rise to NK cells,” but other
cytokines, such as IL-3, IL-7, stem cell factor (SCF), and FLT-3L
increase the efficiency of in vitro NK-cell differentiation.!%-12 Both
SCF and FLT-3L induce the expression of IL-15Ra mRNA in
developing progenitors, inducing IL-15 responsiveness.!! CD34*

cells cultured with cytokines and stromal cells give higher yields of
NK cells that more accurately reflect peripheral blood NK cells
with respect to KIR expression.!>15

To prevent auto-aggression, NK cells express inhibitory recep-
tors that recognize self major histocompatibility complex (MHC)
class I. The current paradigm of NK-cell tolerance suggests that
every NK cell must express at least one self MHC-specific
inhibitory receptor, since this has been demonstrated at both the
clonal and polyclonal NK-cell levels.!®7 Despite this paradigm,
NK cells lacking self MHC class I-specific receptors can be
detected in mice. These cells are not fully functional, suggesting
that inhibitory receptor signaling is involved in acquisition of
function by developing NK cells.!®! Likewise, in humans with
virtually no MHC class I expression (due to TAP2 deficiency)
NK-cell function is reduced.?’

Discrete stages of T- and B-cell differentiation have been
described based on surface receptor expression.?!?> We hypoth-
esized that as NK cells develop from HPCs they acquire NK-cell
receptors (NKRs) and that the expression could define NK-cell
developmental stages. To investigate this, umbilical cord blood
(UCB)—derived HPCs were cultured with a cytokine combination
(IL-3, IL-7, IL-15, SCF, and FLT-3L) previously shown to be
optimal for NK-cell development on a murine fetal liver cell line.!?
Here we demonstrate that CD56% NK cells derived from UCB
CD34" HPCs in vitro progress through a developmental stage
characterized by a CD56TCD117"e"CD94~ phenotype. At this
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point they lack expression of most NK-cell activating receptors, all
MHC-specific inhibitory receptors, and have no capacity for either
cytotoxicity or IFN-y production. These CD56*CD117hi¢"CD94~
cells advance to the next discrete developmental stage,
CD567CD117"°%~CD94*. We show that this progression is associ-
ated with the coordinated acquisition of activating and inhibitory
receptors, cytotoxicity, and IFN-y production. These results demon-
strate that during human NK-cell differentiation, the acquisition of
cytotoxicity and self MHC-specific inhibitory receptor expression
are closely linked.

Materials and methods

Isolation of CD34+ and CD56* cells from UCB

CD34* progenitor cells or CD56" NK cells were isolated from UCB using
magnetic bead selection (Miltenyi Biotech, Auburn, CA). Selected cells
were routinely more than 97% pure. CD347 contained no CD56™ cells (not
shown). Where specified, enriched CD34" cells were sorted using fluores-
cence activated cell sorting (FACS) into CD347CD38 Lin~ (lineage
markers were CD3, CD5, CD7, CDS§, CD10, CD14, and CD19). For single
cell-culture experiments, single CD347CD38 Lin~ cells were sorted
directly into 96-well plates (BD Biosciences, San Jose, CA). In some
experiments, CD56TCD117"'CD94~ cells were FACS purified from the
CD56* fraction of UCB.

Culture of the stromal cell line EL08.1D2

The embryonic liver cell line EL08.1D2 was cultured on gelatinized plates
at 32°C in 40.5% a—minimum essential medium (a-MEM; Invitrogen,
Carlsbad, CA), 50% myelocult (M5300; Stem Cell Technologies, Vancou-
ver, BC, Canada), 7.5% fetal bovine serum (FBS), with 3-mercaptoethanol
(50 uM/L), glutamax (2 mM), penicillin (100 U/mL)/streptomycin (100
U/mL), and hydrocortisone (10~¢ M). Prior to coculture with progenitor
cells, EL08.1D2 cells were irradiated (3000 rads).

NK-cell differentiation cultures

CD34" selected cells (500 per well) were plated in a 24-well plate on an
irradiated confluent monolayer of EL08.1D2 cells in Ham F12 plus
Dulbecco modified Eagle medium (DMEM; 1:2 ratio) with 20% male,
human AB~ sera (Sera Care Life Sciences, Oceanside, CA), ethanolamine
(50 wM), ascorbic acid (20 mg/L), 5 pg/L sodium selenite (Na,SeOs),
B-mercaptoethanol (24 wM), and penicillin (100 U/mL)/streptomycin (100
U/mL). At the start of cultures, IL-3 (5 ng/mL), IL-7 (20 ng/mL), IL-15 (10
ng/mL), SCF (20 ng/mL), and FLT-3L (10 ng/mL) were added. Weekly
thereafter, cultures were refed by demi-depletion (50% volume change)
supplemented with the previously mentioned cytokines except IL-3. Where
specified, cells were harvested after 3 weeks of culture and enriched for
CD56" cells using magnetic beads (MACS, Miltenyi Biotech). The
resulting populations were FACS sorted into CD56"CD117M¢"CD94,
CD56"CD117°%CD94'°"~, and CD56"CD117°"~CD94 ™ fractions. These
cells were then cultured (in triplicate) either in the absence or presence of
EL08.1D2. In some experiments, cells were separated from direct contact
with EL08.1D2 using transwell inserts (Corning, Corning, NY). Cells were
analyzed by FACS using polystyrene beads for enumeration (Polybead;
Polysciences, Worrington, PA).

FACS staining and monoclonal antibodies

The following antibodies were used: CD3-FITC, CD5-FITC, CD7-FITC,
CDS8-FITC, CD10-FITC, CD14-FITC, CD16 (FITC or PE), CD19-FITC,
CD34 (Percp, PE, and APC), CD38-PE, CD56-APC, CD94-FITC, CDI117
(PE or PercpCy5.5), CD161 (FITC or PE), CD158a-PE, CD158b-PE, and
FasL-PE, (all from BD Biosciences, San Jose, CA). Additional antibodies
included NKG2A-PE, NKG2C-PE, NKG2D-PE (R&D Systems, Minneapo-
lis, MN), NKp30-PE, NKp44-PE, and NKp46-PE (Beckman Coulter,
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Hialeah, FL). Intracellular staining for granzyme-B-FITC, perforin-PE,
IFN-y-PE, and Ki-67-FITC were performed using cytofix/cytoperm (BD
Biosciences). IFN-y staining was performed after 16 hours of stimulation
with IL-12 (10 ng/mL) and IL-18 (100 ng/mL). Brefeldin A was added for
the last 4 hours.

FACS analysis and FACS sorting

Three- and 4-color FACS was performed on a FACS Calibur (BD
Biosciences). Data were analyzed using WinMDI software (John Trotter,
Scripps Research Institute, La Jolla, CA). FACS sorting was performed on
either a FACS Vantage or FACS Aria (BD Biosciences). Postsort reanalysis
showed greater than 99.8% purity (not shown).

Polymerase chain reaction (PCR)

Total RNA was isolated immediately after FACS sorting CD117"e"CD94~
and CD117"°%~CD94™ populations using the RNeasy Mini Kit (QIAGEN,
Santa Clarita, CA) and reverse transcribed to cDNA (iScript; Bio-Rad,
Hercules, CA). ¢cDNA (2 ng) was amplified using recombinant Taq
Polymerase (Gibco BRL, Carlsbad, CA) for 30 cycles. The following
primers were used: DAP10, forward CATCTGGGTTCACATCCTCTT,
reverse CAGAAGTCAAAGGTCCAAGC; DAPI2. forward CCGCAAA-
GACCTGTACGCCA, reverse TGGACTTGGGAGAGGACTGG; FceR 1,
forward ATGATTCCAGCAGTGGTCTTG, reverse GTGCTCAGGCCCGT-
GTAAA; CD3(, forward GCACAGTTGCCGATTACAGA, reverse GGT-
TCTTCCTTCTCGGCTTT; granzyme B, forward GGGGGAGCTCCATA-
AATGTCACKCT, reverse TACACACAAGAGGGCCTCCAGAGT; perforin,
forward CGGCTCACACTCACAGG, reverse CTGCCGTGGATGC-
CTATG:; FasL, forward CAAGTCCAACTCAAGGTCCATGCC, reverse,
CAGAGAGAGCTCAGATACGTTGAC; TRAIL, forward CCAGAGGAA-
GAAGCAACACA, reverse TTCCCCCTTGATAGATGGAAT; and actin,
forward CCGCAAAGACCTGTACGCCA, reverse TGGACTTGG-
GAGAGGACTGG. PCR products were resolved on 2% agarose gels and
bands were visualized with ethidium bromide.

51Cr release assay

K562 targets were labeled with 3!'Cr (Dupont-NEN, Boston, MA) by incubating
1 X 10 cells in 11.1 MBq (300 wCi) 3'Cr for 2 hours at 37°C, 5% CO,. The cells
were washed with phosphate-buffered saline (PBS), resuspended in RPMI with
10% FBS, and plated in 96-well plates at 1 X 10* cells/well in triplicate. Effector
cells were added at specified ratios (from 10:1 to 0.625:1) and incubated for 4
hours at 37°C, 5% CO,. Supernatants were collected and counted (Wizard 1470;
Perkin-Elmer, Shelton, CT). Specific 3!Cr lysis was calculated using the equation:
% specific lysis = 100 X (test release — spontaneous release) / (maximal
release — spontaneous release).

Results

Kinetics of NK-cell development and receptor acquisition
in NK-cell differentiation cultures

To investigate human NK-cell development using an in vitro model
system, UCB-derived CD34% cells were plated on an irradiated
murine fetal liver cell line (EL08.1D2)% with 1L-3, IL-7, IL-15,
SCF, and FLT3-L. Within 2 weeks of culture there was tremendous
proliferation (2858- = 1201-fold expansion, n = 21), resulting in a
population of CD567 large cells, with monocytoid appearance by
forward and side scatter (Figure 1A). Also during the first 2 weeks
of culture, CD34 expression was lost and by day 14, virtually all
cells were CD34~ (not shown). Starting on days 10 to 14, small
numbers of CD56*-staining cells were identified in the lymphocyte
gate (Figure 1A). The overall number of cells within the lympho-
cyte gate increased over the culture period and concurrent with this,
the percentage of CD56" cells increased. After 4 to 5 weeks, the
majority of cells (> 90%) were CD56% and CD3~ (Figure 1A and

20z ke Lz uo 3sanb Aq Jpd-yZ8E0090€208UZ/6001.82 L/¥28€/Z /801 4Pd-8joiE/Poo|g/eu suoedlqndyse//:diy wouy papeojumoq



3826 GRZYWACZetal

BLOOD, 1 DECEMBER 2006 - VOLUME 108, NUMBER 12

A B
t Day14 Day21 Day28 Day35 b T N ' 'E"‘—
o i =] o 1 0 TR ii_ ;.I ;J- : _‘| L ir '.
[72] k. 1_“ ol | ‘|.'T'” | lr I | "I [ f]
® PO Sl - - a—
, 0O NKp4s cD161 CD94 NKG2A NKp30
(3]
Q| s b'
O T
Q- e, L T
! N CD16 cna 'NKG2C NKGzD CD15Ba.~'b
Cc
;‘61“ T T . + NKpdds
Boolss e |
O m s | xCD161+
Sl | ©% Nrp3as
é 60 %Ump«a»
‘v 50 ©NKG2A
é’:_ A MNKGIO
Z 20 HORS
‘5 10 BCD16+
L) & KR+ (15824}

60 80 100

% 56+ Cells In Culture

Figure 1. Phenotype and NKR expression of CD34+-derived NK cells. (A) Forward and side scatter appearance of cells at days 14, 21, 28, and 35 of culture (top panels).
Early in culture, large cells with high side and forward scatter are seen. Over time these cells decrease and there is an increase in cells within the lymphocyte gate. Concurrent
with the increasing percentages of lymphocytes, both CD56" and CD16™" cells can be detected (bottom panels, gated on viable cells using forward and side scatter). By day 35
of culture, the vast majority of cells are CD56" with a significant proportion coexpressing CD16. Results were representative of more than 20 healthy UCB donors. (B)
Expression of NK-cell receptors on in vitro—generated CD56* cells at day 28. Shown are data from cells falling within the lymphoid gate. Results representative of more than 20
donors. (C) The fraction of CD56™" cells expressing an individual NKR as a function of the percentage of CD56™ cells in culture. Shown are the percentage of NK cells in culture
(x-axis) and the percentage of receptor-expressing cells (y-axis). At all time points studied (days 14, 17, 19, 21, 25, 28), the majority of CD56 cells (> 75%) expressed NKp44
and CD161. There was progressive acquisition of NKp30, NKp46, NKG2A, CD94, and NKG2D as the percentage of NK cells increased in the culture. A third group of receptors
(CD16 and KIR) was acquired more gradually. Results were representative of more than 20 donors.

not shown). At day +28 a proportion of the CD56* cells were also
CD16" (Figure 1A), demonstrating that mature NK cells resem-
bling those found in peripheral blood could be generated.

The expression of NK-cell receptors (NKRs) was studied at
various time points. The kinetics of receptor acquisition varied
considerably depending on the receptor studied. Receptor acquisi-
tion fell into 3 distinct patterns: (1) receptors that were present on
virtually all CD56" cells at all time points tested (NKp44 and
CD161); (2) receptors that were progressively acquired by the
majority of cells over time (NKp30, NKp46, NKG2A, CD9%, and
NKG2D); and (3) receptors that were expressed by a smaller
fraction of CD567 cells later in culture (NKG2C, KIR, CD16, and
CDS8) (Figure 1B-C). Collectively, these results demonstrate that
after 4 to 5 weeks in differentiation cultures, CD56" NK cells
acquire all NKRs studied, although to a variable extent. The 3
distinct patterns of receptor acquisition suggest a step-wise pattern
of receptor expression, which may define distinct stages of NK-cell
development.

CD117 and CD94 define 2 differentiating
NK-cell subpopulations

In NK-cell differentiation cultures, the majority of CD56" cells
express CD117 but 2 populations, CD56*CDI117"e" and
CD567CD117"°%~, were present at each time point tested (Figure
2A). As CD117Meh expression defined early stages of T and DC
development,* we hypothesized that the same may be true for
NK-cell differentiation. We investigated whether the
CD567CD117"eh and CD567CD117"°%~ subsets differed with
respect to inhibitory and activating NKR expression. When tested
at 3 to 4 weeks of culture, both the CD56*CDI117"gh and

CD567CD117"°%~ cells expressed similar levels of CD161 and
NKp44 (Figure 2B-C). These 2 populations differed considerably
since the vast majority of CD56"CD117°%~ cells (but not
CD56*CD117"gh cells) expressed NKp30, NKp46, NKG2D, CD9%4,
and NKG2A. Other receptors including NKG2C, CD16, KIR
(CD158a/h and CD158b/j), and CD8 were present exclusively on a
fraction of CD567CD117"°%~ cells (Figure 2B-C). Thus, CD117
defined 2 populations of developing NK cells with differential
expression of NKRs. Notably, this relates to the observations of
NKR acquisition over time in culture (Figure 1C), since the first
grouping of receptors (CD161 and NKp44) was expressed on both
subsets and the second grouping of receptors (NKp30, NKp46,
NKG2D, CD9%4, and NKG2A) was found mainly on the
CD567CD117"°%~ cells, whereas the third group of receptors
(NKG2C, KIR, CD16, and CD8) was present exclusively on a
fraction of CD56TCD117"%~ cells. This prompted us to better
characterize the 2 subsets and the relationship between them. To do
this, a clear distinction between the 2 populations was required.
Although the CD567CD117Mgh and CD56TCD117"°%~ cells ap-
peared as separate populations, there was some overlap (Figure
2A). We therefore took advantage of the fact that CD94 was
expressed exclusively on CD56"CD117'9%~ cells and that this was
stable over time. The combination of CD117 and CD94 distin-
guished 2 discrete subsets of differentiating CD56% NK cells into
CD117MehCD94~ and CD117°%~CD94 " (Figure 2D).

Expression of activating receptor adapter proteins
in CD117highCD94~ and CD117'°"~-CD94+* cells

Inhibitory NK-cell receptors, such as NKG2A/CD94 and KIR,
contain signaling motifs that directly transmit intracellular signals
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Figure 2. CD117 and CD94 define 2 separate populations of A
differentiating NK cells. (A) CD117 defines 2 populations of
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upon receptor ligation.?>2¢ The activating receptors NKp30, NKp44,
NKp46, and NKG2D require the association of adapter proteins to
transmit intracellular signals including: CD3-{, FceRIy, DAP10,
and DAPI2 (reviewed in Moretta et al?> and Lanier?’). Since the
CD117"ehCD94~ and CD117"°%~CD94" populations differed with
respect to NKp30, NKp46, and NKG2D, we investigated whether
there was differential expression of adapter proteins associated
with these receptors. To do this we performed reverse transcriptase
(RT)-PCR on FACS-sorted (Figure 2D) CD1174¢"CD94~ and
CD117°%~CD94* populations of CD56™ cells. CD117"°%~CD94*
cells expressed message for CD3-(, F.eRIy, DAP10, and DAP12,
whereas CD117"e"CD94~ cells expressed DAP12 but showed
minimal CD3-{, F.eRIy, and DAP10 message (Figure 2E). Both
populations expressed NKp44 (Figure 2C) as well as mRNA for its
adapter protein, DAP12 (Figure 2E). In contrast, the 2 developing
NK-cell populations differed with respect to NKp30, NKp46,
and NKG2D (Figure 2C). Likewise, the adapter proteins that
associate with these receptors were differentially expressed
(Figure 2E). Thus, the described subsets differ with respect to
the phenotype of activating NKRs and this correlates well with
adapter protein expression.

Functional characteristics of the CD117hishCD94 -
and CD117'°%/-CD94+ populations

To investigate the contribution of the 2 cell populations,
CD56"CD117M¢"CD94~ and CD567CD117"°%~CD94* cells were

CD94-CD117"ieh

CD94*CD1171ow

FACS sorted and tested for cytotoxicity against K562 cells. As
shown in Figure 3A, CD117"ehCD94~ cells were not cytotoxic,
whereas the CD117"°%~CD94* population effectively killed K562
cells. Further analysis of these 2 populations demonstrated that
only CDI117°%~CD94" cells expressed significant amounts of
message for perforin and granzyme B (Figure 3B). Intracellular
staining for perforin and granzyme B confirmed these results
(Figure 3C). IL-12 is known to enhance NK-cell cytotoxicity
through the up-regulation of perforin and granzyme expression.!”-?8
Culture with IL-12 increased intracellular perforin and granzyme B
expression in the CD117°%~CD94* population but both remained
negative in the CD117"e"CD94~ fraction (not shown). Fas ligand
(FasL) and TRAIL mRNA could also be amplified from the
CD117"°%~CD94* population, whereas it was nearly absent in the
CD117MehCD94~ cells (Figure 3B). FasL was also detected by
FACS on a higher percentage of CD117°%~CD94" cells (Figure
3C). IFN-y production after monokine challenge is another hall-
mark of NK-cell function. The ability to produce IFN-y was tested
by IL-12 and IL-18 stimulation.?® As shown in Figure 3D, IFN-y
production was confined to CD94" cells (also CD117°%~, not
shown). Taken together, these results demonstrate 2 distinct
subpopulations of CD56* cells in NK-cell differentiation cultures
defined by CDI117 and CD94, such that the CD117"i¢"CD94~
population either lacks or has low-level expression of the majority
of NKRs, adapter molecules, and effector proteins, and is unable to
mediate cytotoxicity and IFN-y secretion. In contrast, the CD117'0%/~
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Figure 3. Functional differences between CD94-CD117"gh and CD94+CD117'°W/~ NK cells. (A) CD56*CD94-CD117"sh and CD56*CD94+*CD117'°%~ populations were
FACS sorted at days 21 to 28 of culture, rested for 24 hours, and then used in a >'Cr release assay with K562 cells as targets. Error bars depict standard deviation. Results are
representative of 3 or more experiments. (B) Expression of cytotoxic molecules by RT-PCR in developing NK cells. mMRNA was isolated from the FACS-sorted cell populations
and was used for RT-PCR with primers specific for perforin, granzyme B, Fas ligand, TRAIL, and actin. Results were representative of 3 or more experiments. (C) Differential
expression of perforin, granzyme B, and FasL in CD56+CD94-CD117"d" and CD56*CD94+CD117'°%~cell populations. At days 21 to 28, cultures were analyzed for the
expression of perforin and granzyme B using intercellular staining. FasL was assayed using surface staining. High levels of perforin, granzyme B, and FasL could be detected in
the CD56+CD94-CD117'°%/~ population, whereas these proteins were either absent or present at minimal amounts in the CD56+*CD94-CD117hgh population. Results were
representative of 3 or more experiments. (D) Interferon-y secretion. HPC-derived NK cells were challenged with IL-12 (10 wg/mL) and IL-18 (100 wg/mL) for 18 hours, and
cultures were assayed for intracellular interferon-y. In the gated CD56" population, intracellular interferon-y was detected only in CD94" cells representing the
CD56*CD94+CD117"°%~ population. Results were representative of 3 or more experiments.

CD9%4+ subset expressed all studied NK-cell activating receptors
and their adapter molecules, as well as cytotoxic effector mol-
ecules. Only the latter population expressed HLA-specific inhibi-
tory receptors (CD94/NKG2A and KIR on a fraction of cells), and
displayed cytotoxicity and IFN-v secretion.

CD117"ghCD94- cells are precursors to CD117'°%-CD94+ cells

As shown, the CD117"¢"CD94~ cells lacked properties of mature
NK cells, suggesting that they may represent an earlier stage of
NK-cell development. For the CD117"¢"CD94~ cells to be a
precursor to the CDI117°°%~CD94* population, a number of
observations should be fulfilled. First, both should arise from a
single primitive progenitor cell (to exclude that these 2 populations
have distinct precursors). To test this, FACS-purified, UCB-derived
CD34*CD38 Lin~ cells were sorted and a single cell was depos-
ited per well and cultured in the presence of the stromal cell line
(EL08.1D2) and cytokines. All cultures giving rise to CD56" cells
(40.75%, n = 2 donors) contained both the CD117"¢"CD94~ and
CD117°%~CD94" cell populations. Second, if the CD117"¢hCD94~
cells represent an immature step in NK-cell differentiation, then
these cells should appear earlier in culture and decrease over time.
This was examined by evaluating cultures at various times for the
proportions of CD117"¢"CD94~ versus CD117'°%~CD94" cells.
The emergence of CD56% cells occurs at approximately day 14
(Figure 1A), and at this point, the vast majority of CD56™ cells
were CD117Me"CD94~ (Figure 4A, top). Over the following 3
weeks, concomitant with the increasing percentage of CD56* cells,
the fraction of CD117°%~CD94* cells increased (Figure 4A,
bottom) with a reciprocal decrease in the CD117"¢"CD94 ™ popula-
tion (Figure 4A, top). Interestingly, at day +28 to day 35 there was
not a complete disappearance of CDI117Me"CD94~ cells
(18.4% = 8.8%,n = 18). Since these results could be explained by

more rapid proliferation of the CD117'9%~CD94" cells, cultures
were evaluated for proliferation using Ki-67. As shown in Figure
4B, the fraction of Ki-67—expressing cells was nearly identical for
both populations of cells. Finally, if these 2 populations are
developmentally related to one another, then purified
CD117M¢hCD94 - cells should give rise to the CD117'°%~CD94*
population. To test this, CD117"ehCD94~ cells were FACS sorted
and cultured on EL08.1D2 in the presence of cytokines. After 1
week a clear population of CD117°%~CD94" cells was detected
(Figure 4C). Moreover, this newly arising population had the
phenotypic and functional characteristics of CD117'°%~CD94*
cells (ie, expression of NKp30, NKp46, KIR, CD16, perforin, and
granzyme B, and cytotoxicity against K562 cells [not shown]).
Collectively, these results demonstrate that CD117"e"CD94~ cells
are precursors giving rise to CD117°%~CD94" cells.

The transition from the CD56+CD117"9hCD94~
to the CD56+CD117'°%/~CD94+ phenotype is supported
by the stromal cell line EL08.1D2

Apart from the 2 populations described, a discrete intermediate
population of cells (CD117"°YCD94°%/~) can be observed (Fig-
ure 5A). These CDI117°%CD94°%~ intermediate cells may
represent a transition from CDI117MehCD94~ to CD117'%~
CD94+. To investigate this theory and the role of the stromal cell
line (EL08.1D2) in the process, all 3 populations
(CD117"e"CD94~, CD117"°%¥CD94'*%~ and CD117"°"~CD94")
were FACS sorted and cultured in media containing cytokines
(IL-7, IL-15, SCF, FLT-3L) either with or without the support of
the stromal cell line. After 1 week, a significant percentage of
CD117"e"CD94~ cells differentiated into CD117"9%~CD94*
cells when cultured on the EL08.1D2 (Figure 5A). In contrast,
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Figure 4. CD56*CD94-CD117"ig" cells are a precursor population to CD56+CD94-CD117'°%~ cells. (A) The percentage of CD94-CD117"dh cells (top) and
CD94*+CD117'9%~ cells (bottom) within the CD56* population as a function of the percentage of CD56* cells in culture. CD34*Lin~ cells were isolated by FACS and cultured as
described in “Materials and methods.” The plots demonstrate that at early time points when the fraction of CD56* cells is low the majority of CD56* cells are CD94~-CD117high,
As the percentage of CD56* cell increases, the fraction of CD56*CD94~-CD117Md" cells decreases and the fraction of CD56*CD94*CD117'9%~ cells increases (bottom).
Results of 2 individual donors tested at days 14, 17, 19, 21, 25, and 28 are shown. (B) Proliferation rate of CD56*CD94 ~CD117"gh and CD56+*CD94*+CD117"°%~ cells by Ki67
staining. To determine whether there was a differential rate of proliferation in developing NK-cell subsets, cells at days 21 to 28 of culture were permeabilized (as described in
“Materials and methods”) and stained for the nuclear antigen Ki67. The results were representative of 3 experiments. (C) CD56*CD94-CD117"a" cells are precursors to
CD56+CD94*CD117°%~ cells. At day +21 (+3) of culture, CD56*CD94-CD117"9" cells were FACS sorted and cultured with cytokines and the feeder cell line (EL08.1D2).
Cells were reanalyzed 1 week later for the presence of CD56+*CD94~-CD117he" and CD56*CD94*CD117'°%~ populations. Shown are FACS plots after gating on the viable
fraction. Results were representative of more than 3 individual experiments.

significantly fewer CD117"e"CD94~ cells differentiated into
CD117°%=CD947 cells in the absence of the feeder cell line (ie,

CD94*. The vast majority of FACS-sorted CD117°%~CD94*
cells maintained their phenotype after culture both in the

after culture with cytokines alone) (41.5% = 11.2% vs
12.8% = 4.1%; P < .002; n = 6) (Figure 5A-B). The intermedi-
ate CD117'°%CD94""~ population had less strict requirements
for the stromal cell line since the majority of cells transitioned in
its absence. However, the stromal cell line facilitated this
process significantly (80.3% % 12.4% vs 57.7% * 11%;
P < .001; n = 6) (Figure 5A-B). This provides evidence that
this intermediate population represents cells that have already
initiated the transition from CD117M¢hCD94~ to CD117'"%/~
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presence and absence of EL08.1D2 cells (Figure 5A-B). How-
ever, a minimal fraction of cells reverted to the intermediate
phenotype (CD117'9%CD94"%/~) and this occurred more fre-
quently in the absence of the feeder cell line (98.1% * 2.2% vs
91.3% = 7.3%; P < .03; n = 6). To further exclude that these
observations were not due to contaminating cells (postsort
reanalysis showed greater than 99.8% purity), sorted cells were
plated at 100, 1000, and 10 000 cells per well (96-well plate)
and the findings were consistent (not shown).
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Figure 5. The influence of the feeder cell line EL08.1D2 on the transition from CD56+CD94-CD117hi¢" to CD56*CD94+CD117'°W/~, (A) At day 21 (+3) of culture,
CD56*CD94-CD117"gh, CD56*CD94'°%~CD117'°%/~, and CD56+*CD94+*CD117°%~ populations were FACS sorted and cultured for 1 week on either the fetal liver cell line
(EL08.1D2) and cytokines (IL-7, IL-15, SCF, and FLT3L) or in media containing the cytokines alone. After 1 week in culture, the sorted populations were analyzed by FACS.
Shown are the results after gating on the CD56* fraction. Results were representative of more than 3 experiments. (B) The percentage of CD56*CD94+CD117"°%~ cells
detected after 1 week of culture either in the presence or absence of EL08.1D2. Shown are the results from 3 consecutive experiments (2 donors/experiment) where cells were
sorted as in panel A and then cultured in cytokine containing media either without (white) or with (gray) EL08.1D2. Horizontal bar represents average and P is the result of a
paired ttest. (C) FACS-sorted CD56+CD94~CD117"ish cells (20 000) were cultured in triplicate with cytokines alone (left) or with cytokines and the stromal cell line EL08.1D2.
Contact with the stromal cell line was either prevented with a transwell (middle) or allowed (right). Values represent the average number (+SD) of CD56*CD94*CD117/ow/~
cells detected after 1 week of culture by FACS. Shown are the results from a single donor, representative of 6 individual donors.
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To investigate the mechanism of action of the stromal cell line,
transwell experiments were performed. Purified CD117hi¢"CD94~
cells were cultured with cytokines either in the absence or in the
presence of the stromal cell line with direct contact prohibited
(transwell), or contact was allowed. As shown in Figure 5C, the
number of cells making the transition to the CD117'°%~CD94"
stage was significantly enhanced when contact was allowed
(P < .001). However, there was also a significant contribution of
diffusible molecules since more CD117°%~CD94" cells developed in
the transwell cultures compared with cultures without the stromal cell
line (P < .001). Collectively, these results demonstrate that the proxim-
ity of CD117"ehCD94~ cells to EL08.1D2 facilitates the transition to the
CDI117°%~CD94* stage. This likely underscores the role of direct cell
contact in this process. However, we cannot rule out the contribution of
EL08.1D2-derived soluble factors present at higher concentration in
their direct proximity mediating this effect. In the absence of
EL08.1D2 cells, the transition from CD117"¢'CD94~ to CD117'%/~
CD94+ is inefficient and a small fraction of the CD117"°%~CD94*
cells reverts to a CD117°9vCD94°%~ phenotype.

Umbilical cord blood contains a small fraction of NK-cell
progenitors with the CD117highCD94- phenotype

A number of different NK-cell progenitor populations has been
described in umbilical cord blood.?-32 We therefore investigated
whether the CD56"CD117"e"CD94~ population was present in
UCB. Of note, in freshly isolated UCB CD56" cells the overall
CD117 staining intensity was lower compared with in vitro—
derived NK cells, yet we could consistently identify a population of
CD567CD1177CD94 " cells with higher CD117 density than their
CD94" counterparts (Figure 6A). After 1 week of culture with
cytokines used in differentiation media (IL-7, IL-15, SCF, and
FLT-3L), the CD117 staining intensity matched that of in vitro—
derived NK cells (Figure 6A). Similar to our findings with in
vitro—derived NK cells, the percentage of CD56"CD117"¢"CD94~
cells was lower when UCB NK cells were cultured with the
EL08.1D2 stromal cell line as compared with culture without
EL08.1D2 (2.7% %= 1.8% vs 8.9% * 7.1%;n = 6; P < .03).
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To further test whether the UCB-derived CD56*CD117hehCD94~
cells share features with the in vitro—derived CD56*CD117"e"CD94~
cells, they were FACS purified from freshly isolated UCB CD56* cells
(Figure 6B). These purified cells showed tremendous expansion after
1 week of culture in the presence of the stromal cell line compared with
culture with cytokines alone (47.9- vs 10.0-fold; P = .001; Figure 6C).
Like the in vitro-generated CD567CD117"ehCD94~ cells, the
UCB-derived CD56*CD117"¢"CD94 ~cells differentiated into the
CD117°%~CD94" stage with a clear supportive role of the stromal
cell line (Figure 6D) and acquired perforin and granzyme upon
transition to the CD117"9%~CD94" stage (Figure 6E), and a subset
of newly developed CD117"°%~CD94" cells acquired CD16 and
KIR (not shown). These results show that the population of
CD56"CD117"hCD94~ cells in UCB is the in vivo counterpart of
those defined in the in vitro differentiation system.

Discussion

Here we describe 2 subpopulations of CD56% cells in human
NK-cell differentiation cultures defined by the SCF receptor (c-kit,
CD117), with a CD117"%~ and CD117"e" population. CD94 was
expressed by the CD117"°%~ and not by the CD117"gh subset, thus
defining mutually exclusive NK-cell subpopulations in these
cultures (CDI117MehCD94~ and CDI117'%~CD94%). Further
phenotypic analysis demonstrated that the CDI117"¢hCD94~
subpopulation lacked expression of multiple NKRs found on the
CD117"°%~CD94* cells. This correlated with functionality since
only CD117"°%~CD94* cells were cytotoxic and able to secrete
IFN-v upon stimulation. Both were derived from the same, single
primitive CD34*CD38 Lin~ precursor. The ratios of these 2
subsets changed during differentiation, such that CD117"ghCD94~
cells predominated early and progressively decreased, whereas
there was a reciprocal increase of the CD117°°%~CD94 " fraction.
The above-mentioned observations suggested that these 2 subpopu-
lations represent stages of NK-cell differentiation and that the
CD117°%~CD94 " cells arise from the CD117"ghCD94 ~ cells. This

Figure 6. CD56*CD94-CD117"igh cells are present in
UCB. (A) Small numbers of CD56*CD94~CD117"dh cells
can be detected in UCB. FACS staining for CD117 and
CD94 (after gating on CD56) of UCB-derived NK cells
(left). FACS analysis after 1 week of culture of UCB-
derived CD56" cells with either cytokines alone (IL-7,
IL-15, SCF, and FLT3L) or with cytokines and EL08.1D2
(middle and right, respectively). Results are representa-
tive of 3 or more experiments. (B) Sorting strategy to
isolate CD56*CD94-CD117he" cells from UCB. The

shown population was first gated on CD56" cells (not
shown). (C) Average fold expansion (=SD) of freshly
isolated UCB CD567CD94~CD117"idh cells after culture
£ ; for 1 week either in the presence or absence of the
o stromal cell line (EL08.1D2). (D) Phenotype of FACS-

gated on:
bulk CD94:CD117Ma"  CD94*'CD117-1ow

ah T T TR v sorted UCB CD56+CD94-CD117M9" cells after 1 week of
CD94 culture either in the presence (left panel) or absence

(right panel) of the stromal cell line (EL08.1D2). (E)
Expression of granzyme B and perforin in cultured UCB
cells after transition to the CD56+*CD94*CD117'°%~ phe-

notype. CD56"CD94-CD117heh cells from UCB were
FACS sorted and cultured on the stromal cell line for 1
week. Expression of granzyme B and perforin in either
% bulk (left), CD56*CD94-CD117hdh cells (middle), or
CD56+CD94+*CD117°%~ cells (right) was determined by

EL08.1D2 and
cytokines

cytokines

FACS. Panels B to E are the representative results of 4
separate donors.
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was directly demonstrated since FACS-purified CD117hi¢"CD94~
cells gave rise to the CD117'°%~CD94" population.

The EL08.1D2 stromal cell line supported the early expansion
of CD56~ cells containing NK-cell progenitors over the first 2
weeks in culture. Importantly, we also determined that this stromal
cell line supported the CD117"¢"CD94~ to CD117°%~CD94*
transition predominantly by a contact-dependent mechanism. After
1 week of culture on EL08.1D2, on average approximately 41% of
purified CD117Me"CD94~ cells acquired a CD117°%~CD94*
phenotype. FACS-sorted cells were cultured at 100, 1000, and
10 000 cells per 96-well plate and the rate of CD117"¢"CD94 " to
CD117°%~CD94" conversion was nearly identical after 1 week
(not shown). This approach allowed us to conclude that insufficient
contact with the stromal cell line is unlikely to explain the lack
of transition by a significant fraction of CD117MehCD94~ cells
after sorting. Thus, the transition from CDI117"¢"CD94~ to
CD117°%=CD94" may be selective.

Interestingly, small percentages of sorted CD117"g"CD94~
cells transitioned to a CD117°%~CD94" phenotype in the absence
of the stromal cell line. However, prior to FACS sorting, NK
progenitor cells were in contact with EL08.1D2, so it is possible
that some of these CD117Me"CD94~ cells had already been
triggered to transition. In fact, we identified a discrete popula-
tion with an intermediate phenotype (CD117°"CD94l°%/~) that
showed a reduced requirement for stromal cells to mature to the
CD117"°%~=CD94* cells. Others have shown that CD56" cells
derived from CD34" HPCs (with IL-2 and SCF, without stromal
cell support) have similar characteristics to the above described
CD117%ghCD94~ cells described here.’® Thus, the transition
from the CD117"e"CD94~ to the CD117°%~CD94* stage may
require signals provided by the cellular environment (such as
EL08.1D2). The nature of these signals is unknown, but the
EL08.1D2 stromal cells likely mimic the physiologic milieu of
NK-cell development. Freud has shown that CD349mCD45RA * Integrin
adB7* cells can be identified in human lymph nodes (LNs) and
give rise to CD56% cells in vitro after stimulation with IL-2 or
IL-15 or activated T cells.? These CD56" cells were mainly
CD94~ and had other features in common with the
CD117hghCD94~ cells described here. However, these investiga-
tors were able to demonstrate cytotoxicity and cytokine produc-
tion, which may be due to the minor fraction of CD56"CD94*
cells present in these cultures. Given that the LN can be a site of
NK-cell differentiation®* and that the predominant fraction of
CD567" cells in LN shares features with the CD117"°%~CD94*
population® indicates that the transition described here may occur
within the LN. A redundant role of bone marrow may also exist.

We also observed that a small fraction CD117°%~CD94* cells
reverted back to the intermediate phenotype (CD117°9¥CD94lw/ ),
This phenomenon occurred in all donors tested (n = 6). The
ELO08.1D2 stromal cell line influenced this process since in its
absence the rate of reversion to the intermediate phenotype
(CD117°%~CD94* to CD117°CD94!°%~) was significantly higher.
Because the intensity of NKG2A staining varied on the CD117"%/
-CD%4* cells (not shown), we hypothesized that insufficient
inhibitory NKG2A signaling may account for this process. How-
ever, reversion to the intermediate phenotype was not dependent
on the level of NKG2A expression since it occurred in both
FACS-sorted CD117"°%~CD94*"NKG2Abeh and CDI1170°%~
CD94*NKG2A"*%~ cells (not shown). Collectively, the EL08.1D2
stromal cell line influences both the CD117"ehCD94~ and CD117°%~
CD94* cell populations, supporting the transition to and
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the maintenance of the more mature differentiation stage
(CD117°%=CD94™).

Here we describe a coordinated acquisition of NKRs and
functional properties by developing NK cells that define stages of
NK-cell differentiation following CD56 expression. In agreement
with previous human studies,’® we found that CD161 was among
the first receptors expressed by developing CD56™ cells. In fact, we
could identify a CD161" population prior to the emergence of
CD56" cells (not shown). Another receptor expressed at the
immature CD56"CD117M¢"CD94~ stage was NKp44. However,
we did not detect this receptor on CD56"CD117"e"CD94~ cells
freshly isolated from UCB. Nevertheless, NKp44 was up-regulated
on these cells after culture with NK-cell differentiation media
containing IL-7, IL-15, SCF, and FLT-3L (not shown). Thus, we
interpret these results to suggest that NKp44 can be expressed
already at this early developmental stage likely in response to
cytokines, similar to the effect of IL-2 and IL-15 on mature NK
cells.?”3% Considering the significance of NKp44 in NK-cell
development, patients with an inherited deficiency of DAP12
(Nasu-Hakola disease) have normal numbers of functional NK
cells, suggesting that signaling via NKp44-DAP12 pathway is not
essential for NK-cell development.?® Moreover, the choriocarci-
noma cell line, JEG, which has been shown to trigger NKp44,* did
not improve NK-cell development when added to this in vitro
differentiation system (not shown).

Importantly, the acquisition of cytotoxic properties was corre-
lated with the expression of self MHC-specific inhibitory receptors
(CD94/NKG2A) in differentiating NK cells. Such an orderly
pattern suggests a mechanism assuring self-tolerance so that each
cytotoxic NK cell would be inhibited by self-HLA (ie, HLA-E).
Our studies also show that the acquisition of CD94/NKG2A occurs
prior to KIR receptors in this differentiation system. Acquisition of
CD94/NKG2A, but not KIR receptors, by NK cells developing
from human thymocytes has also been shown.*! A similar paradigm
(CDY94/NKG2A acquisition prior to Ly49) has been described in
developing murine NK cells.*? According to current data, all
human NK cells express at least one inhibitory receptor specific for
self-HLA, either KIR or CD94/NKG2A.!017 We demonstrate that
in NK-cell differentiation KIRs are acquired following CD94/
NKG2A acquisition, which marks an important transition in
NK-cell development (ie, acquisition of cytotoxic capacity and
IFN-y secretion). However, NKG2A/CD94-KIR* NK cells are
present in human peripheral blood.'®!743 This leads us to hypoth-
esize that the final NK-cell repertoire is shaped by the loss of
CD94/NKG2A by cells expressing inhibitory KIR for which there
is an HLA-ligand in the host. Our hypothesis is based on the in vitro
NK-cell development study presented in the current paper. Further
support is found in a computational modeling study of NK-cell
inhibitory receptor formation** and by the increasing proportions of
CD94/NKG2A~KIR* NK cells with aging.*> Moreover, in the
setting of immune reconstitution following allogeneic hematopoi-
etic cell transplantation, newly generated donor NK cells mainly
express CD94/NKG2A, whereas KIR receptors are acquired
later.*0*8 This may have important implications, as the ligand for
NKG2A (HLA-E) shows limited polymorphism that does not affect
target recognition.*

Here we also show that the immature stage of NK-cell
differentiation defined in vitro (CD117"€"CD94 ™) can be found in
the CD56" fraction of UCB. These CD56"CD117"€:CD94~ cells
are distinct from CD56ig" NK cells that are known to express
CD117,%% since CD56Met NK cells are uniformly CD94%.5!
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CD567CD117"hCD94~ cells isolated from UCB had characteris-
tics similar to their in vitro—derived counterparts with regard to the
status of differentiation, given their proliferative capacity and lack
of cytotoxic machinery. Perforin and granzyme B were acquired
upon transition to the next developmental stage (CD56tCD117°%/~
CD9%4%), supported by the stromal cell line. Some of these newly
developed CD56CD117°%~CD94 ™" cells acquire CD16 and KIR.
Although the exact lineage relationship between CD56ih and
CD56%m NK cells is not clear, our results suggest that the
CD567CD117"ehCD94~ stage of NK-cell development can give
rise to NK cells with features of both CD56ight and CD56%m
subsets. Whether this is an exclusive pathway of NK-cell develop-
ment remains to be determined. The expression of CDS§ character-
izes a subset of mature NK cells with enhanced lytic potential and
resistance to activation-induced apoptosis.’> We show that CD8 is
acquired by a minor fraction of CD56*CDI117°%/~CD94" cells,
suggesting that this is a late step in NK-cell differentiation.
Recently, NK cells without self MHC-specific inhibitory receptors
(ie, lacking CD94/NKG2A and Ly49 receptors) have been identi-
fied in mice and such cells have reduced natural cytotoxicity.'® The
CD56+CD117"g"CD94~ population defined herein, both in the in
vitro culture system and in UCB, could be an analogous cell
population. Collectively, using an in vitro model that mimics the
ontogeny of human NK-cell development, we define the differentia-
tion stages that mark the transition from noncytotoxic to cytotoxic
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