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Introduction

Summary

Identification of human CD1d-restricted T-cell receptor (TCR)-invariant
natural killer T (iNKT) cells has been dependent on utilizing combina-
tions of monoclonal antibodies or CD1d tetramers, which do not allow
for the most specific analysis of this T-cell subpopulation. A novel mono-
clonal antibody (clone 6B11), specific for the invariant CDR3 loop of
human canonical Vo24Jo18 TCR o chain, was developed and used to spe-
cifically characterize iNKT cells. In healthy individuals studied for up to
1 year, a wide but stable frequency of circulating iNKT cells (range: 0-01—
0-92%) was observed, with no differences in frequency by gender. Four
stable iNKT cell subsets were characterized in peripheral blood based on
the expression of CD4 and CD8, with CD8" iNKT cells being a pheno-
typic and functionally different subset from CD4* and double negative
iNKT cells; in particular, LAG-3 was preferentially expressed on CD8*
iNKT cells. In addition, a strong negative linear correlation between the
frequency of total iNKT cells and percentage of the CD4" subset was
observed. In terms of their potential association with disease, patients at
risk for type 1 diabetes had significantly expanded frequencies of double
negative iNKT cells when compared to matched controls and first-degree
relatives. Moreover, peripheral blood CD4* iNKT cells were the highest
producers of interleukin-4, while the production of interferon-y and
tumour necrosis factor-o was similar amongst all iNKT cell subsets. These
differences in iNKT cell subsets suggest that in humans the relative ratio
of iNKT cell subsets may influence susceptibility vs. resistance to
immune-mediated diseases.
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murine iNKT cells have been subject to extensive investi-
gation, less is known regarding human iNKT cells, partic-

CD1d-restricted T-cell receptor (TCR)-invariant natural
killer T (iNKT) cells are a subset of CD3" lymphocytes
highly conserved through mammalian evolution and
thought to subserve regulatory/effector functions in a
wide variety of immune responses.'™ Indeed, murine
iNKT cells have been shown to play crucial roles in anti-
tumour, autoimmune, and antimicrobial responses.””
These findings have encouraged further characterization
of human iNKT cells and studies of their participation in
diseases involving dysregulated immune functions. While

ularly with respect to the influence of age, gender, racial
background and environmental factors. Moreover, the
contribution of these cells to human disease involving
immune dysregulation remains controversial.*™"!

The evaluation of human iNKT cells is particularly com-
plicated because of their low frequency (i.e. ranging from
0-01% to 1%) amongst peripheral blood T cells and a lack
of reagents specific for iNKT cells.” As a result, human
iNKT cells have largely been characterized using clones
obtained following their expansion with a-galactosyl

Abbreviations: o-GalCer: o-galactosylceramide; DN: double negative; DP: double positive; iNKT: CD1d-restricted T-cell receptor
invariant natural killer T cells; mAbs: monoclonal antibodies; NK: natural killer cells; PBMC: peripheral blood mononuclear
cells; SD: standard deviation; TCR: T-cell receptor; Treg: natural regulatory T cells.
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ceramide (a-GalCer) and long-term cell culture with auto-
logous-irradiated mononuclear cells and cytokines (e.g.
interleukin (IL)-2, IL-7);'*'> however, this process may
change some of the surface markers and functional patterns
originally expressed by unmanipulated, resting human
iNKT cells. More recently, TCR-based strategies utilizing
combinations of semiselective antibodies and CD1d tetra-
mers have been developed.'*'® Despite these advances, dif-
ficult technical challenges remain when using these reagents
in terms of defining specificity and sensitivity."

In the TCR o chain of human iNKT cells, the V24
segment is joined with Jal8 in a germ-line configuration,
resulting in an invariant CDR3 loop encoded by the
mature TCR o chain.'®"” This o chain pairs with a
restricted range of randomly rearranged V[ chains, with
VP11 being the most prominent in humans.'® Therefore,
iNKT cells have classically been identified using mono-
clonal antibodies (mAbs) against the Vo24 and VP11
chains®'®, However, non-invariant and non-CD1d-restric-
ted Vo24" T cells can also pair with VP11, and contribute
to the Vo24+/VB11" subpopulation. This could lead to
an overestimation of INKT cell number, especially in
individuals with decreased number of iNKT cells.>"’

In previous studies, iNKT cells have largely been evalu-
ated using the coexpression of Vo24 and natural killer
(NK) cell markers as CD161 or CD56.°°?> However, it is
now clear that only a portion of iNKT cells express NK
cell markers and this expression is associated with a late
stage of cell differentiation.”> Furthermore, CD161 and
other NK markers are expressed on activated CD8" T
lymphocytes. As 15-25% of peripheral blood T cells
express CD161, this marker may include non-CD1d-
restricted non-invariant Vo24" T cells.**

The recent development of CD1d tetramers loaded with
a-GalCer has significantly enhanced the specificity of
iNKT cell evaluation.'**"® However, CD1d restriction is
not limited to the iNKT cell population, because CD1d
restriction has been found on T cells expressing CD161
with diverse repertoires.”””*® Using this approach, the
identification is limited by the antigen loaded into the
CD1d molecule, with background staining'® cross species
variability and displacement of CD1d tetramers by combi-
nation with other monoclonal antibodies.***’

The TCR of iNKT cells represents a unique case of a
highly conserved antigen receptor rearrangement and a
novel alternative for specific detection of human iNKT
cells. Toward this end, we recently generated a mAb
against the conserved CDR3 region of the canonical
Vo24Jal8 TCR rearrangement (clone 6B11).""° The
6B11 mAb recognizes all T cells expressing the invariant
TCR o chain, and can be used in combination with anti-
Vo24, anti-VB11 or anti-CD3 with high specificity and
sensitivity for iNKT cell detection.

In this study, we analysed the suitability of the mAb
6B11 for identification and quantification of iNKT cells

in a large cohort of healthy individuals, an effort that
involved both their phenotypic characterization as well
the detection of activation-induced intracellular cytokines.
In addition, as a model to determine the utility of the
mAb 6B11 to study the frequency and phenotype of cir-
culating iNKT cells in different human immune-mediated
diseases, a cohort of type 1 diabetes patients, their rela-
tives and a cohort of high-risk of diabetes individuals
were evaluated.

Materials and methods

Study population

For characterization experiments, 90 healthy adults (40
males and 50 females; age range: 15-52 years), without
clinical symptoms of acute or chronic immune-mediated
diseases at the time of blood sampling, were evaluated in
this study. iNKT cell frequency and subsets were delinea-
ted in a separate cohort of subjects with or at increased
risk for type 1 diabetes (n = 183), participating in studies
on the natural history of the disease at The University of
Florida. The diagnosis of type 1 diabetes was according to
American Diabetes Association (ADA) criteria, while the
definition of ‘at risk’ was determined as previously des-
cribed.’® Clear explanations of the objectives and impli-
cations of the results were given to each participant;
subsequently, an institution-approved informed consent
was signed. All study protocols were approved by the IRB
of Rush University Medical Center or the University of
Florida.

Antibodies and reagents

The following mAbs against human molecules were used:
anti-CD3 fluorescein isothiocyanate (FITC), anti-CD3
peridin chlorphyll protein (PcP), anti-CD4 PcP, anti-
CD4 allophycocyanin (APC), anti-CD8 FITC, anti-CD8
APC, anti-CD16 CyChrome, anti-CD25 APC, anti-CD27
FITC, anti-CD28 FITC, anti-CD38 APC anti-CD45RA
FITC, anti-CD45RO APC, anti-CD56 CyChrome, anti-
CD62L APC, anti-CD69 APC, anti-CD95 FITC, anti-
CD154 APC, anti-CD161 APC, 6B11 phycoerythrin (PE;
anti-invariant NKT cell TCR), anti-HLA-DR PcP, anti-
interferon-y (IFN-y) APC, anti-IL-4 APC, anti-tumour
necrosis factor-oo (TNF-o) APC, and corresponding iso-
type control mAbs, all from Becton Dickinson-Pharmin-
gen (San Jose, CA). FITC-labelled anti-VB11 and
PE-labelled anti-Voi24 were from Coulter Immunotech
(Marseille, France). PE-labelled human CDI1d tetramers
loaded with the o-GalCer analogue PB557 were from
MHC Tetramer Core Facility (Emory University Vaccine
Center, Atlanta, GA). Anti-LAG3 was obtained from
Alexis/Axxora (San Diego, CA). FcyR blocking reagent
was from Miltenyi Biotec (Bergisch Gladbach, Germany).
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Isolation and activation of mononuclear cells

Peripheral blood was collected in heparin containing
tubes, with peripheral blood mononuclear cells (PBMC)
obtained by density gradient centrifugation using
Lymphoprep (Nycomed, Oslo, Norway). Viability of cells
was determined by trypan blue exclusion. For stimulation
experiments, PBMC (1 x 10%ml) were suspended in
RPMI culture medium supplemented with 10% (v/v) of
heat-inactivated fetal bovine serum, 100 U/ml penicillin
and 100 pg/ml streptomycin. PBMC were cultured in 15 ml
polypropylene tubes, stimulated with PMA (50 ng/ml,
Sigma, St Louis, MO) plus ionomycin (500 ng/ml, Sigma)
and incubated at 37°/5% CO,/6 hr. Brefeldin A solution
1x (Becton Dickinson) was added the last 4 hr of culture.
Cells incubated in medium alone were used as back-
ground controls.

Flow cytometry

Phenotypic analysis of iNKT cells was performed by four-
colour flow cytometry, both in whole blood and PBMC.
To stain cell surface molecules in whole blood, 100 pl of
anticoagulated blood was incubated with the correspond-
ing specific fluorescent mAbs for 20 min/room tempera-
ture (RT) in the dark. The erythrocytes were lysed by
incubating for 10 min with 2 ml of 1x fluoescence-activa-
ted cell sorting (FACS) Lysing Solution (Becton Dickin-
son). The cell suspension was centrifuged for 5 min at
300 g, the supernatant was discarded and remaining cells
washed twice with 2 ml of cold phosphate-buffered saline
(PBS) at 300 g/5 min. Finally, the cells were fixed with
250 pl of 2% formaldehyde.

For extracellular staining of isolated PBMC (fresh or
phorbol 12-myristate 13-acetate (PMA)/ionomycin-stimu-
lated), non-specific binding of mAbs was inhibited by
addition 10 pl of blocking reagent (Miltenyi Biotec) per
1 x 10° cells, for 20 min/4°. Then, PBMC were washed
with 2 ml PBS, suspended in cytometry buffer (PBS with
0-5% bovine serum albumin (BSA) and 0-1% NaNj3) at
1 x 10”/ml. The mAbs were then added to the cell sus-
pension in the required combination and at manufacturer
specifications. The suspension was incubated for 20 min/
RT in the dark. For intracellular staining, PBMC were
incubated with 500 pul of 1x Permeabilizing Solution 2
(Becton Dickinson) for 10 min/RT/dark. Cells were then
washed with cytometry buffer and stained for intracellular
antigens incubating 30 min at RT in the dark. Finally,
stained cells were washed with cytometry buffer, fixed
with 2% formaldehyde and stored at 4° until analysis.

CD1d tetramer staining was performed following a pre-
viously described protocol.'* Briefly, PBMC were first
incubated with anti-CD3 FITC, anti-CD4 PcP and anti-
CD8 APC, as described above. The cells were then washed
with FACS buffer and incubated at 4°/60 min with
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PB557-loaded human CDI1d tetramers (20 pl of 1: 50
dilution); after, PBMC were washed twice with FACS buf-
fer and fixed as stated above.

For all staining experiments, appropriate isotype-
matched controls were included. Because of the low fre-
quency of iNKT cells in PBMC, 5-10 x 10° lymphocyte
gated cells were analysed. Flow cytometry was performed
using the FACSCalibur instrument and analysed with
CellQuest software (Becton Dickinson).

Statistical analysis

Results for iNKT cell percentages are presented as mean +
standard deviation (SD). Statistical comparisons among
the different groups were performed using the aNova
non-parametric Kruskal-Wallis test, with a confidence
level of 95%. A P < 0-05 value was considered significant.
The degree of association between the percentage of total
iNKT cells and the percentage of CD4", CD8+, and dou-
ble positive (DP) or DN iNKT cells was calculated using
a Spearman’s non-parametric correlation coefficient.

Results

The term ‘natural killer T cells (NKT)  has widely been
used to define a broad range of T-cell subsets. Currently,
it is thought that iNKT cells define the major population
of CDld-restricted T cells that may or may not express
NK markers.”'*** There are at least two populations of
CD1d-restricted NKT cells, which can be distinguished
based on their TCR repertoire. The best-studied subpopu-
lations are iNKT cells, also known as type-I NKT cells.”?
Recently, we developed a mAb against the CDR3 loop of
the invariant a chain of INKT cell TCR, clone 6Bl11,
which was utilized in this study to specifically identify
and characterize human iNKT cells.

Specific evaluation of iNKT cell frequency
in healthy donors

The frequencies of iNKT cells in whole blood and PBMC
using mAbs against the TCR chains Vo24 and VPII,
PB557-loaded human CDI1d tetramers, and the mAb
6B11 alone or in combination with anti-CD3, were deter-
mined. Figure 1(a) shows representative plots from the
analysis of iNKT cell frequency in PBMC. A similar fre-
quency of INKT cells was observed using the mAb 6B11
alone or in combination with anti-CD3, as well as with
CD1d tetramers or the combination anti-Vo24/anti-Vf11
(Fig. 1b). However, we observed that the combination
anti-Vo24 and anti-VP11 detected a higher percentage
of iNKT cells (0-06 + 0-05%) when compared to human
CD1d tetramers with anti-CD3 (0-04 + 0-04%) and 6B11
with anti-CD3 (0-04 + 0-03%); these differences were not
statistically significant.
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Figure 1. Frequency of iNKT cells and iNKT cell subsets in peripheral blood. (a) Representative profiles of iNKT cell frequencies detected in
PBMC using anti-Vo24 and anti-VfB11, human CD1d tetramers or 6B11 alone or in combination with anti-CD3. These representative plots show
a similar frequency detection of iNKT cells in a region comprising the lymphocytes (R1, created from forward vs. side scatter). (b) Comparative
analysis of the iNKT cell frequency in peripheral blood from healthy adult subjects (n = 10), showing that a similar percentage of iNKT cells in
each individual is detected with these three combinations of reagents (mean + standard deviation for the different combinations of reagents:
6B11 with anti-CD3 = 0-036 + 0-030; anti-Vo24 and anti-VB11 = 0-055 + 0-054; human CDI1d tetramers with anti-CD3 = 0-040 + 0-035).
(c) Representative FACS used to quantitate CD4*, CD8", CD47/CD8™ (DN), and CD4"/CD8" (DP) iNKT cell subsets (in 6B11*/CD3" cells in
this example). The percentage of iNKT cells expressing CD4 or CD8 was determined in a region (R2) comprising the 6B117/CD3" cells.
(d) Analysis of the frequencies of iNKT cell subsets using anti-Vo24 and anti-VB11, human CD1d tetramers or 6B11 in combination with
anti-CD3, and the co-expression of CD4 and CD8 (n = 10). No differences in the frequency of iNKT cell subsets detected with the different
combinations of reagents were observed; the results are presented as the mean * standard deviation.

In mice, iNKT cells are distributed into CD4" and DN iNKT cells exist based on the expression of CD4 and CD8
subsets.” In contrast, CD8xo has been identified on molecules.*** Using the same combinations of mAbs
human iINKT cells, and at least four different subsets of or tetramers, four unique iNKT cell subsets defined as

4 © 2007 Blackwell Publishing Ltd, Immunology, 122, 1-14
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Figure 2. Frequency of iNKT cells in a large cohort of healthy adult population. The percentage of peripheral blood iNKT cells was determined
by flow cytometry analysis in 90 healthy adult individuals (50 female, 40 male), detecting at the lymphocyte’s gate the cells positive for both
6B11 and CD3. There were no significant differences in the iNKT cell frequency among the total population (0-17% =+ 0-19%), female individuals
(0:21% * 0-21%) and male subjects (0-14% + 0-13%). However, a heterogeneous distribution in iNKT cell frequency was observed in all the
individuals, ranging from 0-01% to 0-92% (a). The same pattern of distribution was observed for female (b) and male (c) subgroups. Considering
the mean value for iNKT cell frequency in all the study population (0-17%), the female subgroup had a trend to have a higher number of indi-
viduals with a higher frequency of iNKT cells (44%) than the male subgroup (25%).

CD4"/CD8™ (CD4"), CD47/CD8" (CD8"), double negat-
ive (DN) and double positive (DP) were observed (repre-
sentative plots in Fig. 1c). There were no significant
differences in the percentage of each subset using different
antibody combinations or tetramers for the purpose of
defining iNKT cell populations (Fig. 1d).

Using mAbs 6B11 and anti-CD3, the frequency of per-
ipheral blood iNKT cells was determined for 90 healthy
adult volunteers (Fig. 2a). The frequency of iNKT cells
varied widely ranging from 0-01% to 0-92% (mean =
0-17% =+ 0-19%). No significant gender differences were
noted; however, female subjects had a modest trend
towards higher frequencies of circulating iNKT cells
(Fig. 2b, ¢; mean = 0-21% =+ 0-21% for females, vs. mean =
0-14% * 0-13% for males; P = 0-0631). To evaluate
whether the heterogeneity observed in peripheral blood
INKT cell frequency varied with time, the frequency of
circulating iNKT cells was evaluated for a subset of 12
individuals every 2 months for at least 1 year. Interest-
ingly, the pattern of iNKT cell frequency in peripheral
blood was stable in these healthy donors for the period of
evaluation (data not shown).

© 2007 Blackwell Publishing Ltd, Immunology, 122, 1-14

To confirm the finding previously published in a
recent review’! we expanded the population of individ-
uals evaluated to determine the frequency of the different
INKT cell subsets. In a randomly selected, sex balanced
population of 30 normal donors (mean of iNKT cell fre-
quency = 0-16% + 0-13%), both the CD4" and DN cells
were the most frequent subsets and represented a simi-
lar percentage of iNKT cells (CD4": mean = 37-7% +
22:8%; DN: mean = 37-4% *+ 17-7%), while CD8"
iINKT cells had an intermediate frequency (mean =
22:0% + 13-4%) and DP cells were the least frequent
iNKT subset (mean = 2-9% + 2-4%). Notably, there was
a direct linear and inverse correlation between the fre-
quency of total iNKT cells and the percentage of CD4"
iNKT cells (R = —0-804, P < 0-0001; Fig. 3a, left panel),
while a positive correlation between the frequency of
INKT cells and the percentage of DN iNKT cells (R =
0-666, P < 0-0001; Fig. 3b, right panel) was noted. Only
a weak correlation between the frequency of iNKT cells
and the percentage of CD8" and DP iNKT cells was
observed (R = 0-439, P = 0-0133 and R = —0-009, P =
0-9612, respectively).
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Figure 3. The percentage of CD4" iNKT cells is inversely correlated to total iNKT cell frequency. The frequency of peripheral blood iNKT cells

and their subsets were determined by flow cytometry in 30 healthy adults using mAbs 6B11 and anti-CD3, in combination with mAbs against

CD4 and CD8 molecules. (a) The correlation analysis between the frequency of total iNKT cells and the percentage of iNKT cell subsets showed

a negative correlation with the percentage of CD4" iNKT cells (left panel) and a positive correlation with the percentage of DN iNKT cells (right

panel). Based on this finding, these individuals were divided in two groups according to their mean frequency of iNKT cells (high-percentage
donors, if iNKT cells were = 0-16%; and low-percentage donors, if iNKT cells were <0-16%). (b) Individuals with high frequency of iNKT cells
had a significantly lower percentage of CD4" iNKT cells and higher percentage of CD8" and DN iNKT cells than subjects with low frequency of
iNKT cells (P < 0-001, P = 0-02 and P < 0-001, respectively). The results are presented as the mean + standard deviation of the percentage of

iNKT cells expressing CD4 and/or CD8 molecules.

Further analysis of the data demonstrated that at least
two groups of donors could be established according to
the frequency of iNKT subsets and the total iNKT cells in
peripheral blood, lower or higher than 0-16% of lympho-
cytes (i.e. the mean of the total iNKT cell frequency in
this subgroup of 30 donors). Donors with total iNKT
cells lower than 0-16% had a significantly higher percent-
age of CD4" iNKT cells (P < 0-001), while those donors
with a frequency of circulating iNKT cells greater than
0-16% demonstrated a significantly higher percentage of
CD8" and DN iNKT cells (P =0-02 and P < 0-001,
respectively; Fig. 3b). There was no significant difference
in the percentage of DP iNKT cells between these two
subgroups.

Given that CD4" iNKT cells are thought to be immuno-
regulatory while the DN subset has a more pro-inflamma-
tory and cytolytic phenotype, we hypothesized that it may
be the CD4" subset that is active in preventing auto-
immunity while the DN could be pathogenic.' To test
whether this was the case, we used the mAb 6Bl11 to
evaluate this question in patients at risk for or already
having developed type 1 diabetes. Interestingly, there was

a significant bias towards, and expansion of, DN iNKT
cells in individuals at risk for type 1 diabetes (Table 1,
P < 0-01).

Peripheral blood iNKT cells have a memory
phenotype and express low levels of activation
markers

The aforementioned experiments demonstrated that the
mAb 6B11 was suitable in detecting iNKT cells in periph-
eral blood, as well as in subset analysis when used in
combination with anti-CD4 and anti-CD8. Therefore, the
6B11 mAb was used to determine the expression of other
phenotypic and functional molecules on resting peripheral
blood iNKT cells (Fig. 4a and b). The majority of iNKT
cells expressed the phenotypic T-cell markers CD27
(82-4% * 8-4%) and CD28 (88:6% * 6:7%). Regarding
classical phenotypic NK-cell markers, a high percentage of
iNKT cells expressed CD161 (84-9% + 4-8%) while the
frequency of INKT cells expressing CD56 and CD16 was
low (13-8% £ 7-2% and 3-4% £ 1-1%, respectively). As
previously reported, a high percentage of peripheral blood

© 2007 Blackwell Publishing Ltd, Immunology, 122, 1-14
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Table 1. Peripheral blood frequency of total
iNKT cells and percentage of CD4" and CD4
negative iNKT cells in a cohort of individuals Group

iNKT cell frequency* CD4" iNKT cells CD4 iNKT cells

from the DPT-1 trial

Mean (range) Mean Mean
New onset' DM (n = 37) 0.085% (0-0-1-83) 17-1% 82:9%
Long-term”> DM (n = 49) 0-11% (0-0-1-58) 33-4% 66-6%
Relatives® (1 = 17) 0-07% (0-15-0-29) 38-2% 61-8%
High-risk* individual (n = 33)  0-21% (0-02—1-14) 8:5% 91-:5%
Controls® (n = 47) 0-05% (0-02-0-54) 47-4% 52:6%

DM: type 1 diabetes mellitus-
*Total iNKT cell frequency defined as percentage of lymphocytes 6B11*/CD3"
"New onset: diabetes < 3 months of evolution-

’Long-term: diabetes > 6 months of evolution-

*First degree relative of a patient with type 1diabetes sharing at least one MHC allele-
*High-risk subjects as defined and enrolled in the DPT-1 trial-
>Controls were age and sex matched individuals.

iNKT cells were CD45R0" (88-6% =+ 6-4%), while a lower
percentage were CD45RA" (16-8% + 7-3%). This memory
phenotype corresponds predominantly to an effector type
because just one-third of peripheral blood iNKT cells
express CD62L (32:3% + 12-8%), which suggests that
most of the iNKT cells are programmed to migrate to
peripheral tissues. Despite this memory phenotype, the
expression of activation markers on peripheral blood
iNKT cells was very low (CD25: 3-5% + 2-8%; CD38:
2:9% + 2-8%; CD95: 3-8% =+ 2:6%; CD154: 0-28% +
0-44%, and HLA-DR: 0-19% * 0-02%), with a slightly
higher expression of CD69 (10-6% + 3-8%). There were
no significant differences in the expression of these
markers between female and male donors (data not
shown).

The same 14 markers were evaluated on subsets of
iINKT cells as defined by CD4 and CDS8, and some
important differences were found between them (Fig. 4c).
CD27 was expressed on a significantly lower percentage
of CD4" iNKT cells (75-0% * 8-1%) than on CD8" iNKT
cells (89-4% + 8-7%; P < 0-01); there were no significant
differences in the expression of this molecule between
DN iNKT cells (82:1% + 11:1%) and CD4" or CD8"
INKT cells. No significant difference was observed in
the expression of CD28 on CD4" (94-5% + 5:1%),
CD8" (80-5% =+ 16-2%) or DN (88-5% =* 5-2%) iNKT
cells. A significantly higher percentage of CD8" iNKT cells
expressed CD45RA (28-8% + 11-6%) in comparison with
DN iNKT cells (13-6% =+ 5-5%; P < 0-01) but not with
CD4" (19-3% * 8:5%) iNKT cells. Despite the low
expression of activation markers by the total peripheral
blood iNKT cells, CD25 was expressed by a significantly
higher percentage of CD4" iNKT cells (7-3% + 4-5%)
than CD8+ or DN iNKT cells (1-9% =+ 2-1%, P < 0-01
and 2-2% £ 2-0%, P < 0-05, respectively). CD95 was
expressed by a significantly lower percentage of DN
iNKT cells (0:5% + 0-6%) than CD4" or CD8" cells
(8-4% + 44, P<0-001 and 7-6% * 9-4%, P < 0-01,
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respectively). CD161 was expressed on a significantly
higher percentage of CD8" (89-3% + 7-4%) and DN
(92:6% * 4-7%) than CD4" (69-0% + 7-8%) iNKT cells
(P < 0-01 and P < 0-001, respectively).

Recently, the CD4 homologue LAG-3 was reported to
represent an important molecule for regulating the expan-
sion of activated T cells, the generation of natural regula-
tory T cells (Treg), and differentiation of dendritic cells, a
notable effector function of iNKT cells.’””® In gene array
experiments, LAG3 expression was observed preferentially
on DN iNKT cell clones in vitro.””° Using the mAb
6B11 and four colour FACS analysis, the expression of
LAG3 was determined for iNKT cell subsets (Fig. 5a).
LAG3 was found to be expressed by a higher percentage
of singly CD8" (15%) iNKT cells, while its expression was
low on DN (7%) and CD4" (7%) iNKT cells (Fig. 5a);
despite the observed LAG3 expression on DP (50%)
INKT cells, the number of these cells is small and signifi-
cance of these population frequencies should be inter-
preted with cautions (Fig. 5a). Interestingly, LAG3 was
selectively expressed on CD8" iNKT cells from the sub-
jects with the lowest frequencies of this subset, and was
modestly negatively correlated with the frequency of
singly CD8" iNKT cells (R = —0-277; Fig. 5¢, lower panel).
The expression of CD8a by human iNKT cells is thought
to be in part a reflection of activation.*'**® These results
suggest that the mechanisms regulating LAG3 expression
in the distinct iNKT cell subsets might be different.

Cytokine production by activated peripheral blood
iNKT cells

A role for iNKT cells in the regulation of immune
responses has been suggested by their capacity to rapidly
release large amounts of cytokines upon activation, and
in those studies an analysis of the cytokine profile repre-
sented a key point for the functional characterization
of iNKT cells. Previous ex vivo analysis using CDI1d
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tetramers demonstrated that CD4" CD1d-restricted NKT
cells were responsible for the selective secretion of T
helper 2 (Th2)-like cytokines.'**' Nonetheless, INKT cells
have been classically defined as ThO-like cells that can
simultaneously produce both Thl and Th2 cyto-
kines.'>**>*> However, most of these previous results were
obtained with in vitro expanded iNKT cell clones or cell
lines, components that may not necessarily reflect the
potential production of cytokines by peripheral blood

Figure 4. Phenotypic and functional surface markers expressed on
resting peripheral blood iNKT cells. (a) Representative dot plots
showing the expression of surface markers (percentage of positive
cells, and MFI in those positive cells) on resting peripheral blood
iNKT cells (6B11" cells). (b) The frequency of iNKT cells expressing
each surface marker was evaluated by flow cytometry staining using
the mAb 6B11 (n = 10, 5 females and 5 males). While the expres-
sion of NK markers (CD16, CD56 and CD161) was variable, more
than 80% of peripheral blood iNKT cells expressed CD27 and CD28
and have an effector memory phenotype (CD45RO™E"/CD62L"").
However, the expression of activation markers (CD25, CD38, CD69,
CD95, CD154, HLA-DR) was very low. (c) Differences in surface
markers expression by subsets of resting peripheral blood iNKT cells.
6B11 in combination with specific mAbs against CD4, CD8 and the
surface molecules noted were used to evaluate cells gated on lympho-
cytes by FSC/SSC and defined as CD4", CD8", DN, or DP as in
Figure 1. Very few DP events were detected for statistical analysis.
The molecule CD27 was expressed by a significantly lower percentage
of CD4" iNKT cells, while a higher percentage of them expressed
CD28, in comparison with CD8" and DN iNKT cells. CD45RA was
expressed by a significantly higher percentage of CD8" iNKT cells;
CD25 was expressed by a significantly higher percentage of CD4"
iNKT cells; CD95 was expressed by a significantly lower percentage
of DN iNKT cells, and CD161 was expressed by a significantly higher
percentage of CD8" and DN than CD4" iNKT cells. The results are
presented as the mean + standard deviation of the percentage of
INKT cells expressing each molecule.

iNKT cells while, in addition, their subset distinctions
were limited to a CD4" versus CD4~ comparison. The
combination of intracellular staining for cytokines with
surface staining for the canonical TCR (with the mAb
6B11), combined with additional phenotypic markers
(e.g. CD4 and CD8), might allow for a more precise defi-
nition of the cytokines produced by peripheral blood
iNKT cell subsets.

To induce the production of cytokines by iNKT cells,
PBMC were stimulated with PMA and ionomycin, and
the production of IFN-vy, IL-4 and TNF-a determined by
intracellular cytokine staining (Fig. 6a). There was a
strong induction of IFN-y and TNF-a (62-9% * 16-0%
and 68:6% * 6-6%, respectively), and an intermediate
level of IL-4 up regulation (18-8% =+ 9-5%) following
PMA/ionomycin stimulation. As a control for activation,
the expression of CD69 was noted to increase sixfold
from 10-6 + 3-8% to 61-8 £ 7-9% positivity in iNKT cells
(data not shown).

The PMA/ionomycin-induced synthesis of cytokines was
also evaluated for the subsets of iNKT cells noted earlier
(Fig. 6b). There were no significant differences in the pro-
duction of IFN-y among CD4", CD8" and DN iNKT cells
(73-5% =+ 12:2%, 66-3% + 11-7% and 62-5 £ 158, respect-
ively). Similar results were seen when the production of
TNF-o. was evaluated (CD4": 66-9% + 11-6%; CD8™":
56-3% + 8-:3%; DN: 65-7% + 6-8%). Statistically significant
differences were, however, observed in the synthesis of

© 2007 Blackwell Publishing Ltd, Immunology, 122, 1-14
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Figure 5. LAG-3 expression on resting peripheral blood iNKT cells.
Expression of the CD4 homologue LAG3 is associated with
co-expression of CD8. (a) Representative FACS profiles for LAG3
expression, determined on CD4*, CD8", DP and DN iNKT cell sub-
sets. (b) LAG3 expression on iNKT cell subsets: cumulative data for
an additional cohort of 13 normal donors. The results are presented
as the mean * standard deviation of the percentage of iNKT cells
expressing LAG3. (c) The expression of LAG3 is inversely related to
the percentage of CD8" iNKT cell frequency.
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IL-4, this cytokine being detected in a higher percentage of
CD4" iNKT cells (16:7% + 7-0%) compared to CD8" cells
(6:7% * 3:2%, P < 0-05) and DN cells (6-4% % 2-5%,
P < 0-05). As a control for activation in the different iNKT
subsets, the expression of CD69 was evaluated and equivalent
expression of CD69 on all iNKT cell subsets was observed
(data not shown).

Discussion

A variety of methods have been used to identify iNKT
cells. In the current study, we found no significant differ-
ences in the frequency of total iNKT cells and their sub-
sets in peripheral blood comparing 6B11, human CD1d
tetramers and anti-Vo24/anti-VB11 mAbs. It is possible
that noninvariant or non-CD1d-restricted Va24™ cells can
also pair with VP11 and increase the detectable popula-
tion of Va24"/VB11" cells. Thus, the population defined
by the conventional Vo24/VB11 staining may include a
proportion of non-iNKT cells. Staining with 6B11 (alone
or in combination) is specific for iNKT cells as this mAb
recognizes the CDR3 loop of the invariant o chain from
CD1d-restricted iNKT cells.

CD1d tetramer staining alone invariably includes 0-01—
0-05% non-Vo24 cells;*' even coexpression of Vo24 and
VP11 does not completely overlap with CDI1d-tetramer
reactivity in humans, and could be complicated by com-
petition between CD1d tetramers and anti-TCR mAbs
(e.g. anti-Va24).*>* Concurrent preincubation with anti-
Va24 has been used to block tetramer binding to iNKT
cells, and thus identify non-invariant CD1d-restricted
populations.'**®*** In other reports, the frequency of
iNKT cells detected in PBMC using 6B11 was approxi-
mately 95% of the tetramer reactive CDI-restricted T
cells."” Additional studies on NKT cells in humans have
focused on the Vo24" population,'"** the CD3* CD56"
cells* or the CD3" CD161" cells*® from peripheral blood
or pathology tissues. As the accurate detection of iNKT
cells is the first step in their analysis, we suggest that the
best phenotypic definition of iNKT cells should be based
on the invariant TCR o chain rearrangement (Vo24Ja18),
specifically detected by the 6B11 mAb. We propose that
6B11, alone or in combination with anti-Vo24, anti-Vp11
or anti-CD3 is an excellent tool for analysis of human
INKT cells.

Our results confirm previous reports regarding the het-
erogeneity of INKT cell frequency in peripheral blood
from healthy humans.'>***' However, in comparison
with the study by Sandberg et al. we observed a greater
range of iNKT cell frequency determined as the percent-
age of lymphocytes (0-01% to 0-92%), with no significant
difference in that frequency between females and males.*”
There was a modest trend towards increased frequency of
INKT cells in female subjects. The differences between
these results and those of Sandberg et al. are likely the
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Figure 6. Cytokine profiles in subsets of iNKT cells activated ex vivo. PBMC from healthy individuals were suspended in complete culture media
and incubated 6 hrs with PMA (50 ng/ml) and ionomycin (500 ng/ml); to block the secretion of the proteins synthesized and the down regula-
tion of the TCR and CD4 molecules in response to activation, Brefeldin A (10 pg/ml) was added to the culture during the last 4 hrs of incuba-
tion. Cells were then stained for relevant cell surface while the production of cytokines was analyzed by intracellular staining. (a) Representative
dot plots show the up-regulation of intracellular IFN-vy, IL-4 and TNF-o by peripheral blood iNKT cells (6B11" cells) incubated with PMA/Iono-
mycin. (b) Activation-induced intracellular cytokine profiles for iNKT cell subsets. There were no significant differences in the up-regulation of
IFN-y and TNF-o expression among the different subsets of iNKT cells, while a significantly higher percentage of CD4" iNKT cells expressed
IL-4, in comparison to CD8" and DN iNKT cells. The results are presented as the mean * standard deviation of the absolute percentage of iNKT
cells expressing each molecule, determined as: (% iNKT cells positive in activated samples) — (% iNKT cells positive in unstimulated samples).

result of the use of anti-Vo24 and anti-CD161 in their
study; when using these mAbs, there was a large population
of non-iNKT cells that expressed Va24 and CD161, while
CD161 can be detected on up to 20% of circulating
lymphocytes.>**

The factors that regulate the size of the circulating
iNKT cell pool in vivo are poorly understood. In previous
studies, the frequency of peripheral blood iNKT cells was
generally stable over time.'">'® In the cohort studied here,
longitudinal analysis of iNKT cell frequency in peripheral
blood from 12 healthy individuals was stable over at least
a 12-month period. However, in one other report, it was

10

found that an environmental factor (an unidentified res-
piratory infection) modified the frequency of circulating
iNKT cells in a normal donor.”* Additionally, human
INKT cells are thought to fluctuate in the peripheral
blood of patients with a variety of organ-specific and sys-
temic autoimmune conditions and cancer.***~>°

Human iNKT cells have long been known to segregate
into CD4" and CD4~ subsets, with distinct phenotypic
and functional characteristics;'* however, there are few
descriptions evaluating subsets of iNKT cells that express
CD8.'*"? Using different combinations of mAbs, four
well-defined iNKT-cell subsets were noted based on TCR
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coreceptor expression. In contrast to previous studies*
where the CD4" subset was predominant (59-5%), a sim-
ilar frequency of CD4" and DN iNKT cells was noted. In
addition, as we defined in a preliminary report™ there
was a direct inverse relationship between the percentage
of CD4" and total iNKT cell frequency. The different
mAbs used for iNKT cell detection may partially explain
these differences.

An expansion of the CD4™ subset of peripheral blood
INKT cells was reported for healthy individuals when the
frequency of total iNKT cells was above 0-1%.** Our
results show that when iNKT cells are higher than 0-16%,
the DN cells were predominant while the CD4" subset
predominated in individuals with total iNKT cells below
this percentage. Consistent with other studies, the
frequency of iNKT cell subsets appears to remain stable
in healthy individuals. This is in contrast to cancer and
the limited, but controversial results in autoimmu-
nity.'***»>*">> The expansion of CD4™ iNKT cells seems
to be extra-thymic and driven by enhanced proliferation
of CD4™ relative to CD4" iNKT cells.”®>” We recently
found that Toll-like receptor-9-dependent signalling resul-
ted in the preferential expansion and survival of CD4~
iNKT cells.”® Given the association of type 1 diabetes
development and recurrent enteroviral infections, we spe-
culate that the expansion of DN iNKT cells seen in this
study in patients at risk for type 1 diabetes might be dri-
ven by such a mechanism. This is of potential interest
because DN iNKT cells are thought to be proinflammato-
ry and effectors of tumour and viral surveillance"'**°~®!
and the CD4" subset has been strongly associated with
immunoregulatory function of these cells. Moreover, the
selective loss of CD4" iNKT cells in non-obese deiabetic
mice resulted in accelerated diabetes.®” It should be noted
that the findings on iNKT cell frequency in patients at
risk have been controversial. Perhaps this is related to the
reagents and methodologies used.'®”**3>>” However,
further longitudinal population and effector studies will
be needed to evaluate the relationship of this finding to
type 1 diabetes.

Several other phenotypic and functional markers have
been used to characterize iNKT cells. The studies are par-
ticularly extensive for mice while much less is known
about human iNKT cells. iNKT cell subsets are distinct
from each other in their expression of surface molecules
and receptors, suggesting that they might be targeted to
different tissues and meant to exert different immune
functions.'®'®*"*26% The expression of 15 surface markers
on resting peripheral blood iNKT cells were evaluated to
determine the physiological characteristics of these cells,
avoiding methods that may alter their expression patterns
(e.g. expansion with cytokines and CD1d-restricted mole-
cules such as a-GalCer). As a whole population, circula-
ting iNKT cells have a variable expression of NK markers,
with a low percentage bearing CD16 and CD56, and
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CD161 being the most frequently expressed molecule.
In contrast, the majority of iNKT cells have a memory-
effector phenotype because a high percentage of them
expressed CD45RO and CD28, and a low percentage
expressed CD62L. The expression of activation markers
(e.g. CD25, CD38, CD69, CD154 and HLA-DR) was low,
suggesting that peripheral blood iNKT cells are physiolog-
ically programmed to migrate to inflamed peripheral tis-
sues where they become activated. A similar phenotypic
pattern was also described for peripheral blood Vo24*/
VBI11" cells from healthy controls** and patients chronic-
ally infected with hepatitis C virus;'"** however, hepatic
INKT cells from those patients were highly activated (high
expression of CD69), suggesting that the inflammatory
environment in this organ provided the signals required
to activate iNKT cells.

Examination of expression of these markers on iNKT
subsets revealed group-specific differences. Interestingly,
CD25 was mainly expressed on CD4" iNKT cells and the
6B11" CD4+ cells represent 6 + 4% of the CD4" CD25"
T cells in PBMC. Previous studies reported a similar ten-
dency® but in some studies the CD4" CD25" iNKT cells
were found at higher percentages:*' 10% to 80% versus
7-2% £ 4.5 in this report. These differences might be
caused by the exposure to activation signals dependent on
the incubation with PMA/ionomycin or aGalCer-loaded
tetramers, or in differences is study populations. An
important part of the CD4" CD25" T cell pool are Treg
cells®® and considering the proposed immunoregulatory
role of iNKT cells, it will be important to clarify the rela-
tionship of CD4" CD25" iNKT cells to Treg cells.

CD4" and CD8" iNKT expressed similar amounts of
CD95 (8%), but expression was negligible on DN iNKT
cells, suggesting different roles of these subsets in the con-
trol of immune reactions. Both DN and CD8" iNKT cells
expressed significantly more CD161 than CD4" iNKT
cells, consistent with previous reports for the DN sub-
set.'*!*%* No differences in the expression of CD56 and
CD62L by resting peripheral blood iNKT cell subsets were
noted. Other investigators observed that CD56 was
expressed by CD4~ cells, while CD4" iNKT cells were
CD62L" and CD4™ iNKT cells were CD62L negative.®®
These differences are likely to be caused, in part, by study
subjects and reagents used.

iINKT cells were further characterized functionally
using a combination of intracellular staining for cyto-
kines with surface staining for the canonical TCR
(6B11). The preferential production of IL-4 by CD4"
and similar production of proinflammatory cytokines by
CD4", DN, and now extended to CD8" iNKT cells, was
similar to previously reported studies."**' In in wvitro
studies of cell lines and clones, both CD4" and DN
INKT cells displayed a ThO-like profile and were capable
of simultaneously producing both Thl and Th2 cyto-
kines.'>**%® The reasons for the discrepancies between
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ex vivo and in vitro studies remain unclear but are likely
caused by changes induced by in vitro expansion of
iNKT cell clones or cell lines.

Taken together, these results support the use of 6B11
for studies of iNKT cells, identifying at least four periph-
eral blood iNKT cell subsets based on classic T-cell core-
ceptor expression. Moreover, CD8" iNKT cells are
functionally very similar to DN iNKT cells.”® Considering
that the frequency of these subsets is heterogeneous with
an inverse relation between the CD4" and DN subsets,
that CD4" iNKT cells display a ThO phenotype while
CD8" and DN cells follow a Thl pattern, and that the
frequency of these last subsets is correlated with an
inflammatory history, it seems reasonable to propose that
the predominance of one or more of the iNKT-cell sub-
sets may influence the susceptibility or resistant to
immune-mediated diseases.*>*%>%676%
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