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Abstract

Natural Killer T (NKT) cells have gained widespread attention among immunologists because of
their distinct ability to regulate anti-tumor responses and to influence the outcome of infections or
autoimmunity. Type | (also called invariant) NKT cells (iNKT) are best characterized mainly
because of the availability of lipid antigen-loaded CD1d-tetramer detection reagents. Human
iNKT cells present important phenotypic differences relative to their murine counterpart,
restricting the extrapolation of findings from experimental murine models to human health and
disease states. Particularly, the ontogeny and early life phenotype of INKT cells largely differ
between human and mice, indicating divergent functional properties between species. The high
therapeutic potential offered by manipulation of iNKT cells in disease warrants a better
understanding of human iNKT cell biology. Here, we discuss characteristics of human iNKT cells
and present an efficient and rapid method for their ex vivo purification and characterization.
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1. Introduction

Natural killer T (NKT) cells are a subset of immune cells that have distinct regulatory
properties. They were originally observed in mice (Koseki et al., 1990), and similarly in
humans (Porcelli et al., 1993), following identification of a T cell subset expressing an
invariant TCR alpha VJ receptor combination [reviewed in (Godfrey et al., 2004)]. NKT
cells expressing both the T cell receptor (TCR) and the natural killer cell marker NK1.1
(CD161) were later shown to characteristically produce large amounts of 1L-4 upon
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antigenic stimulation (Bendelac et al., 1994; Bendelac et al., 1995). Murine iNKT cells
express a canonical T cell receptor (TCR) composed of a unique variable (V) a14 and
junction (J) a 18 segment alpha chain paired with a limited p-chain repertoire (Vp8.2, 7 or 2)
(Lantz and Bendelac, 1994; Taniguchi et al., 1996). By homology, iNKT cells expressing a
structurally similar variable and junction elements of the TCR alpha chain (Va24/Ja.18)
were subsequently identified in humans (Davodeau et al., 1997; Exley et al., 1997; Prussin
and Foster, 1997). Two types of NKT cells have been recognized, sharing specificity for the
non-polymorphic MHC class I-like CD1d molecule. Type | NKT cells (also called invariant
NKT, or iNKT cells) are more studied, largely due to their facilitated identification using the
lipid antigen a-galactosylceramide loaded on CD1d tetramers (Berzins et al., 2005).

Experiments in mice indicate a strong influence of iINKT cell activity on the outcome of
tumors, infections and autoimmunity (Vincent et al., 2003). Both human and murine INKT
cells appear to share a common, highly conserved, specificity for CD1d-loaded lipid
antigens (Borg et al., 2007). However, functional differences between human and mice
warrant a better understanding of the biology and therapeutic potential of INKT cells in
humans. Here, we discuss the characteristics of human iNKT cells, more specifically
emphasizing the phenotype of neonatal iNKT cells, and present a rapid, efficient method for
their ex vivo purification and characterization.

2. Characteristics of human iNKT cells

iNKT cells represent a small proportion of CD3-positive cells in human adults peripheral
blood (between 0.005 to 0.2 % in most cases), but their proportion has been reported as high
as 3% in some individuals (Sakamoto et al., 1999). This proportion appears relatively stable
over short periods of time and seems to be genetically determined (Jordan et al., 2004).
iNKT cells are also present in the liver (Doherty et al., 1999; Norris et al., 1999), although
for obvious practical reasons their investigation in humans has primarily been restricted to
blood. In mice, iINKT cells are most abundant among hepatic lymphocytes (20-40 % of T
cells) whereas they are present at lower frequencies (~0.5 to 1 %) among splenic and
peripheral blood T cells (Godfrey et al., 2010; Berzins et al., 2011).

Given their low numbers in peripheral blood, functional analysis of human iNKT cells has
primarily focused on cultured cells following expansion /n vitro using antigen-loaded APCs
(e.g. CD3-depleted blood mononuclear cells or CD1d-transfected cells lines). Two main
subsets of human iNKT cells have been described: CD4POSitive and double negative
(CDgnegativecpgnegativey iNKT cells that differ in their effector functions (Gumperz et al.,
2002; Lee et al., 2002). CD4Positive iNKT cells dominate in fetal and neonatal blood (>90%
the iINKT cell population) and secrete diverse cytokines such as IL-4, GM-CSF, IFN-vy,
IL-13, TNF-a and MIP-1a/p (Gumperz et al., 2002; Kim et al., 2002; Lee et al., 2002).
CD4negative iNKT cells are mainly cytotoxic to tumors, but also to autologous CD1d-
expressing antigen-presenting cell targets under some circumstances, indicating a distinct
potential for autoreactivity (Gapin, 2010). Evidence suggests that CD4POsitive iNK T cells
directly expand from the thymus, whereas expansion of CD4negative iNKT cells mainly
occurs in periphery and through homeostatic mechanisms (Baev et al., 2004). In addition, a
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small subset of a-galactosylceramide/CD1d-restricted VVa.24-expressing CD8POsItive jNKT
cell that mainly produces IFN-y has been described (Takahashi et al., 2002).

With aging, iNKT cell proportions increase in mice (Faunce et al., 2005) whereas studies
have shown a decrease in humans, significantly more in males (DelaRosa et al., 2002;
Crough et al., 2004; Jing et al., 2007; Ladd et al., 2010). This latter characteristic limits the
investigation of iINKT cells in older men and makes it essential to control for age and gender
in associations with diseases.

3. Phenotype of human neonatal iNKT cells

Human neonatal (cord blood) iNKT cells display an intriguing phenotype that differs from
adults, but also from mice. A higher, more consistent proportion of iINKT cells are found in
human cord blood (~0.1% of CD3-expressing cells), whereas in mice iNKT cells are largely
absent before the second post-natal week (Fowlkes et al., 1987; Hammond et al., 1998;
Sandberg et al., 2004; Faunce et al., 2005; de Lalla et al., 2008). Both neonatal and adult
iNKT cells predominantly express the CD45R0O isoform memory T cell marker (D’ Andrea
et al., 2000; van Der Vliet et al., 2000; Eger et al., 2006). Human cord blood iNKT cells ex
vivo also constitutively express the IL-2Ra chain (CD25) molecule (D’Andrea et al., 2000;
van Der Vliet et al., 2000). In contrast, expression of the IL-2Ra chain was not detected, in
resting murine iNKT cells (Ding J, Sharma AA and Lavoie PM, unpublished data).

CD25 is necessary for high affinity binding of IL-2 to its receptor complex and important for
lymphocyte proliferation in humans (Roifman, 2000; Caudy et al., 2007). It is normally only
expressed by resting or activated Tregs, or transiently following activation of conventional T
cells (Malek, 2008). Expression of CD25 on neonatal iNKT cells is associated with a
substantially reduced threshold to proliferation compared to adult iNKT, conventional
neonatal or adult T cells and with an apparent initial lack of requirement for IL-2 to drive
cells into cycle (Ladd et al., 2010). The reasons underlying this unique phenotype are
unclear. However, given the importance of the CD25 receptor for T cell expansion in
humans, the relatively limited iINKT cell proportion observed in cord blood suggests a
potentially unique role for the CD25-expressing phenotype in regulating early life iINKT cell
homeostasis.

4. Ex vivo purification of human iNKT cells

4.1 Identification of iNKT cells

Human iNKT cells are best identified in flow cytometry using conjugated antigen-loaded
tetramerized CD1d molecules (Benlagha et al., 2000) combined with an anti-CD3 antibody.
The prototypic high affinity iINKT antigen a-galactosylceramide (a-GC, also referred to as
KRN7000) displays poor aqueous solubility (Morita et al., 1995). For increased stability,
tetramer loaded with structural analogs (e.g. PBS57) are used for labeling and purifying cells
(Liu et al., 2006).1 Alternatively, an INKT TCR-specific monoclonal antibody (denoted
6B11; BD Bioscience) of lower avidity, but greater specificity for the Va24/Ja18 TCR can

1Antigen-loaded CD1d tetramers may be obtained from the NIH Tetramer Facility at http://tetramer.yerkes.emory.edu.
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be used (Exley et al., 2008). Anti-Va24 and anti-VB11 TCR antibodies may be used in
combination with an anti-CD3 antibody for cell identification, although neither TCR chains
are sufficiently exclusive to iNKT cells for purification (Benlagha et al., 2000). The flow
cytometry gating strategy used to identify iNKT cells in peripheral blood mononuclear cells
is shown in figure 1. The use of an anti-CD19 antibody is preferable in flow cytometry
analyses in order to exclude non-specifically stained B cells, which share forward and side
scatter characteristics similar to iINKT cells.

4.2 Purification of iNKT cells

Due to the low occurrence of iNKT cells in human blood, efficient purification of a
relatively large amount of cells ex vivo is best achieved using a multi-step procedure:
Mononuclear cells are initially extracted using Ficoll-hypaque gradient centrifugation,
followed by two positive selection steps using first, magnetic beads and second, fluorescent-
activated cell sorting (FACS; figure 2). The initial magnetic bead enrichment of iNKT cells
considerably reduces the time required for high purity FACS sorting of these cells (>>98%).
However, the magnetic bead separation step may induce iNKT cell pre-activation, which can
be minimized by performing the purification at 4°C and with the preferential use of the
6B11 antibody (data not shown). A positive selection is necessary to avoid contamination
with conventional T or NK cell types. Due to the lack of validated lineage-specific INKT
cell surface markers in humans, negative selection methods may inevitably result in
exclusion of important iINKT subsets.

The starting material can be cord blood (to study neonatal iINKT cells) or the “buffy coat”
fraction of an adult blood sample (to study sufficient number of adult INKT cells). Blood
(>50-100 mL) is collected in heparinized tubes. Ficoll-hypaque purified mononuclear cells
are resuspended (20-50x106 cells/mL) in Dulbecco’s Phosphate Buffered Saline (dPBS)
containing 2% Fetal Calf Serum (FCS) and labeled with a fluorescent-conjugated antigen-
loaded human CD1d-tetramers (using the lowest saturating amount as determined by
titration on a standard mononuclear cell preparation) (Karadimitris et al., 2001; Gumperz et
al., 2002; Kita et al., 2002; Li et al., 2008) or a biotinylated 6B11 antibody (Miltenyi
Biotech), for 30 minutes at 4°C. Stained cells are then washed twice in dPBS/2%FCS,
followed by resuspension in cold (4°C) MACS buffer (Miltenyi Biotech) and incubation for
15 minutes at 4°C with MACS magnetic beads (4 L of beads/107 cells2, Miltenyi Biotech)
conjugated to an antibody directed against the same fluorescent marker used for labeling of
cells (when using CD1d-tetramers) or streptavidin (when using the biotin-6B11 antibody).3
Labeled iNKT cells are then passed onto a positive selection MACS MS column (Miltenyi
Biotech) and the column is washed again twice with 500 pL of cold MACS buffer. After
washing, cells are eluted from the column using 1 mL of cold MACS buffer. This first
positive selection step typically yields a purity of about 4-20% (100 to 1000-fold
enrichment). Following magnetic bead purification, cells are re-suspended in dPBS/2%FCS
at a concentration of 10-20 x 106 cells/mL and stained with a conjugated anti-CD3 antibody
at 4°C for 30 minutes. Cells are then washed twice, resuspended in dPBS/2%FCS and sorted

2The amount of magnetic beads necessary can usually be titrated down compared to the amount specific by the supplier.
We have used either PE- or APC-conjugated CD1d-tetramers in combination with anti-PE or anti-APC capture beads with similar

efficiency.

J Immunol Methods. Author manuscript; available in PMC 2015 October 24.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

Sharma et al. Page 5

at 4°C on double CD3POsitive/CD1d-tetramerPOsitive cells by fluorescence-activated cell
sorting (FACS). This second positive selection step typically yields >98% iNKT cell purity
(figure 2).

5. Characterization of ex vivo purified human iNKT cells

Purification of iINKT cells using this approach yields up to 250,000 cells from a single cord
blood or adult blood donor (table 1). Identity of CD1d-tetramer-purified iINKT cells is
confirmed by a positive staining of CD1d-tetramer-purified iNKT cells with the 6B11
antibody (figure 3A). Cells display a viability >>95% when using fresh blood (<3 hours of
collection) as assessed immediately after sorting (using 7-AAD and Annexin V,
supplementary figure). Purified iNKT cells obtained with this method proliferate following
TCR and CD28 co-stimulation (figure 3B). An example of the cytokine response obtained
with cord or adult peripheral blood iINKT cells stimulated with a-galactosylceramide in
presence of autologous CDd1-depleted mononuclear cells is shown in figure 3C. For
polyclonal expansion, purified iINKT cells can be activated with a-galactosylceramide (10—
100 ng/mL) in the presence of approximate 1.4 to 1 ratio of irradiated CD3-depleted blood
mononuclear cells and 200U/mL of recombinant I1L-2 for culture in RPMI medium
containing 10% FCS at 37°C under a 5% CO, atmosphere. (not shown). Purified iNKT
cells can also be used in proliferation assays (e.g. using 3H-thymiding incorporation or the
proliferation dye carboxyfluorescein succinimidyl ester, CFSE), cytokine analysis (by
ELISA or intracellular staining), etc.

6. Concluding remarks

A large number of human studies have reported associations between iNKT cell proportions
and phenotype in disease states such as cancer, infections or autoimmune diseases (Novak et
al., 2007; Molling et al., 2008; Gao et al., 2009). The unique immunomodulatory
characteristics of iINKT cells have generated great interest in developing functionally altered
iNKT agonists to enhance vaccine responses or in cancer therapies. Efficient methods for
identification and purification of human iNKT cells, such as that presented in this article
should greatly facilitate ex vivo investigations of these cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Lower panels: PBS57/CD1d-tetramer staining on (A) CD3POsitive ce||s or (B) CD19Positive
cells. Note the significant background PBS57/CD1d-tetramer staining on (CD19-expressing)

B cells warranting use of an anti-CD19 antibody as a dump channel.
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Figure 2. Multi-step protocol for purification of human iNKT cells
The low proportion of iINKTSs present in human mononuclear cells (A) can be enriched using

an initial magnetic bead column purification step followed by (B) Fluorescent Activated Cell
Sorting (FACS).
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Figure 3. Characterization of purified human iNKT cells
(A) Positive staining of CD1d tetramer-purified iNKT-cell with the 6B11 antibody. (B)

iNKT cell proliferation when stimulated with plate-bound anti-CD3 (OKT3) and soluble
anti-CD28 antibodies (as described in Ladd et al., 2010). (C) Cytokine profile of purified
iNKT cells reconstituted (1 iNKT:1000 mononuclear cells) with CD1d-tetramer-depleted
(FACS) autologous cord blood (CB) or adult peripheral blood (APB) mononuclear cells
following stimulation with a-galactosylceramide (100 ng/mL; 96 hours). Cytokine levels are
presented (mean, error bars: standard deviation of duplicate ELISA analyses) after
subtraction of unstimulated cells.
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