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Regulation of HLA-DR and co-stimulatory molecule expression on natural
killer T cells by granulocyte-macrophage colony-stimulating factor

KAMAL U. SAIKH, TERI KISSNER & ROBERT G. ULRICH Laboratory of Molecular Immunology,
Army Medical Research Institute of Infectious Diseases, Frederick, MD, USA

SUMMARY

A subset of mononuclear cells present in most tissues coexpresses receptors of both natural
killer (NK) and T cells. Although linked to antiviral immunity, the function of these putative
NKT cells is uncertain. We present evidence that human CD56" DR~ NKT cells exhibit
hybrid adaptive and innate immune functions. These cells spontaneously lysed tumour cell
targets and upon engagement of T-cell antigen receptors secreted the cytokines interferon-y
and granulocyte-macrophage colony-stimulating factor (GM-CSF). Conversely, GM-CSF
treatment transformed the NKT cells into dendritic cells, inducing rapid expression of
HLA-DR and the co-stimulatory molecules CD80 and CD86. The ability to stimulate tetanus
toxoid-specific responses from naive T cells was acquired within 3 days of activating CD56"
NKT cells with GM-CSF. These results suggest a potential role for NKT cells in the initiation
and control of primary immunity during the acute phase of infection.

INTRODUCTION

Natural killer (NK) cells share a common progenitor with
T cells' but do not require gene rearrangements for
development®* and are thus distinguishable from T cells
by the absence of antigen receptor/CD3 oligomeric com-
plexes. As a general rule, T cells recognize and respond
to antigenic peptides that are displayed by major histo-
compatibility complex (MHC) class I or IT molecules, while
responses of NK cells are triggered by sensing fluctuations
in levels of MHC molecules. NK cells are important for the
elimination of virally infected cells early in infection, before
activation and differentiation of antigen-specific cytotoxic
T lymphocytes. However, NK receptors are also present
on a substantial number of T cells, herein referred to as
NKT cells. A well-characterized subset of NKT cells
expresses biased T-cell receptor (TCR) heterodimers,
contributed by Va24 and JaQ/VB11 genes in humans and
Vo4 with mixed Vs in mice.*> These NKT cells recognize
glycolipids presented by CD1d,*” and influence the out-
come of certain immune responses by secreting both
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interferon-y (IFN-v) and interleukin-4 (IL-4).”* However,
it is now apparent that most NKT cells are heterogeneous
with respect to TCR expression and MHC restriction.
Subsets of these heterogeneous NKT cells express inhibitory
or activating NK receptors, such as the lectin-like glyco-
protein complexes of CD94 with NKG2A or NKG2C
which recognize human leucocyte antigen (HLA)-E, and
killer immunogobulin-like receptor (KIR) molecules,
ligands for classical MHC class I molecules.” "> The
transition from activated to memory-cell phenotype is
marked by increased expression of KIRs on CD8* T cells.'?
In contrast to the heterogeneous expression pattern of
inhibitory and activating NK receptors, the neural cell
adhesion molecule (NCAM or CD56) is also expressed on
most mature NK and NKT cells of humans. The CD56
molecule is a seven-domain member of the immunoglobulin
superfamily'* mediating cell-cell adhesion by homophilic
interactions between like molecules on opposing neuronal
cells, but with no known function in the immune system.
Heterogeneity in the three major isoforms (NCAM A-C)
of the molecule, imposed by alternative splicing and
glycosylation, regulates neuronal cell development through
cell—cell contacts.'> Although similar to neuronal cell
receptors, CD56 molecules found on lymphoid -cells
do not appear to mediate cytolytic activity between
effector NK or NKT cells and CD56-expressing target
cells.'®

During the innate immune response to infection,
monocyte-derived cytokines stimulate CD56% NK cells
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to produce IFN-y, granulocyte—-macrophage colony-
stimulating factor (GM-CSF), tumour necrosis factor-f3
(TNF-B) and other cytokines that are important to the
host’s early defence.!” By comparison to CD56~ T cells,
CD56" NKT cells have elevated levels of IFN-y
and increased lysis of target cells,'®'" mediated through
granzyme M, granzyme B and perforin.'® ?° In addition
to manifesting innate responses mediated through NK
receptors, antigen receptors of CD56" NKT cells are
also functional.'®!>?! Furthermore, CD56" NKT cells
are the most numerous lymphoid cells found in the
human liver,*** suggesting linkage between organ-specific
immunity and circulating NKT cells. Based on collective
observations, it is conceivable that some NKT cells may
exert a regulatory influence on an early stage of immunity,
in addition to a direct role in clearance of virally infected
cells.>** Many CD8" T cells appear to use NK co-
stimulatory pathways that are important for generation of
memory cells lacking CD28. For example, T-cell prolifer-
ation occurs as a result of MHC class I ligation®® by the NK
receptor BY55 or NKG2D recognition of the ligand
MIC, up-regulated on virus-infected cells.?” Co-stimulatory
signals provided by MHC class I ligation are generally
restricted to activated T cells. In a similar manner,
expression of the co-stimulatory molecules CD80 and
CDS86, required for stimulation of naive T cells,”® is
activated by viral infections of dendritic cells (DC)
originating from monocytes.”’ The DC activation signal
supplied by infection can be replaced by the cytokine
GM-CSF.*® However, while receptors for GM-CSF are
present on myeloid cells, they are absent on common
lymphoid progenitors.>' At a later stage in cell development,
GM-CSF promotes the maturation of mouse Vol4"
NKT cells from a CD3e subset of progenitors that
lack TCR gene rearrangements.’” Similar human studies
have not been reported. We examined the potential for
inducible expression of co-stimulatory molecules by
human NKT cells. Our observations indicate that HLA-
DR~ CD56" NKT cells present in peripheral blood are
highly responsive to GM-CSF, resulting in neo-expression
of co-stimulatory and MHC class II molecules. These
DC attributes of CD56" NKT cells may be important as
a first line of defence against infection by facilitating or
regulating immune responses to pathogens.

MATERIALS AND METHODS

Cell isolations

Peripheral blood mononuclear cells were obtained from
normal healthy volunteers. Low-density mononuclear cells
were separated from NK cells, monocytes, and lymphocytes
by sequential Ficoll-Hypaque density gradient centrifuga-
tion, plastic adherence, nylon wool passage and finally by
discontinuous Percoll density gradient centrifugation. The
highly enriched NKT cells were isolated from the Percoll
density band (refractive index 1.3432) and HLA-DR™ cells
were then removed in a strong magnetic field by para-
magnetic beads (Dynal, Oslo, Norway) conjugated with
the anti-DR monoclonal antibody (mAb) L243. These

preparations were further enriched by selecting cells with
anti-CD56 mAb-conjugated paramagnetic beads (Miltenyi
Biotech Inc., Auburn, CA), enzymatically detaching beads
from the isolated cells (Miltenyi), and final isolation of
CD3" cells with paramagnetic beads coated with anti-
CD3 mAb beads. These preparations were consistently
>95% comprised of cells that expressed both CD3 and
high levels of CDS56 as determined by flow cytometry.
Monocytes (80-90% purity) were affinity-isolated by using
anti-CD14 conjugated magnetic beads (Miltenyi). Purified
T cells (95-98%) were obtained from the high-density 40%
Percoll fraction. For isolation of memory and naive T-cell
subsets, total T cells (107 cells/80 pl) were suspended in
cold phosphate-buffered saline (PBS; 4°) supplemented
with 2 mMm ethylenediaminetetraacetic acid (EDTA) and
0-5% bovine serum albumin (BSA) (Sigma Chemical Co.,
St. Louis, MO). Paramagnetic beads coated with anti-
CD45R0O mAD (Miltenyi) were mixed with T cells (20 pl per
107 cells) and incubated for 15 min (4°). The cell suspension
was then washed and placed within a strong magnetic field.
Memory (CD45RO™) cells remaining bound were mechani-
cally separated from the paramagnetic beads while non-
bound naive CD45RA™ cells were collected from the
effluent. Cell purity was analysed by flow cytometry by
labelling the recovered cells with fluorescein isothiocyanate
(FITC) -anti-CD45RA and CD45RO mAbD, and indicated
>95% CD45RO* or CD45RA" in the separated cell
populations. Purified recombinant Hc fragment of
tetanus toxin was purchased from Boehringer Mannheim
(Indianapolis, IN). All cells were cultured (37°, 6% CO,)
in RPMI-1640, supplemented with 5% human AB serum
(PelFreeze, Red Deer, WI). Following a predetermination
of optimal doses, the following concentrations of cytokines
were used for all studies: 800 U/ml GM-CSF and 500 U/ml
IL-4 (Immunex, Seattle, WA).

NK cell assay

NK cytolytic activity was measured using a luciferase-
based assay of ATP present in metabolically active target
cells (LumiTech, Nottingham, UK). Target and NKT cells
were incubated (4 hr, 37°) together in medium (100 pl
RPMI-1640 containing 5% human AB sera) in 96-well tissue
culture plates. Cells were then lysed with 100 pul of a
nucleoside-releasing agent (LumiTech), followed by addi-
tion of 20 pul of an ATP-monitoring reagent. Light emission
was measured in a luminometer (Wallac 1420 Victor,
PerkinElmer, Shelton, CT). Specific cytotoxicity at each
effector to target (E : T) ratio was determined by subtracting
experimental from maximum lysis of U937, K562, Molt,
or THPI target cells.

22,33

RNA transcript analysis

Cellular mRNA was isolated from 1 x 10° to 2 x 10° cells by
using magnetic beads conjugated with oligo-dT (Dynal),
and reverse transcriptase (Promega, Madison, WI) was used
to synthesize cDNA. A 20-ul reaction mixture contained
1 ng RNA template, 500 ng oligo-dT primer, 5 mm MgCl,,
50 mm Tris buffer, 1 mm dNTPs, 2-5 Units rRNAsin, and
15 units AMV reverse transcriptase. The reaction mixture
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was incubated for 30 min (42°). Relative levels of mRNA
were measured by reverse transcription—polymerase chain
reaction (RT-PCR). The assay consisted of 2 pul of cDNA
in a final volume of 50 pl that contained 800 mm Tris—HCI
pH 89, 200 mm (NHy4),SOy4, 50 mm MgCl,, 0-2 mm dNTPs
(Promega, Madison, WI), 0-2 pm of each primer and
1-5 Units AmpliTag DNA Polymerase (Perkin-Elmer,
Norwalk, CT). Synthetic oligonucleotide primers (forward
primer: 5 GCTATCAAAGAAGAACATGTG-3"; reverse
primer, 5-GAGCGCTTTGTCATATTTCCAG-3") pro-
duced a 232-base pair (bp) PCR fragment for HLA-
DRA, a 358-bp PCR fragment for CIITA (forward primer,
5-CTCCAGTATATTCATCTACCATGGTGAGGTGC-
CCCA-3; reverse primer 5-GCCTGGCCTGCACC-
AGATCCACCTCCACTAGGATGC-3") and a 1000-bp
PCR fragment of the control genes, human glyceraldehyde
3-phosphate  dehydrogenase or f-actin (G3PDH;
CLONTECH Laboratories, Inc., Palo Alto, CA). Oligo-
nucleotide primers for V3 and CP sequences of TCR were
previously described.* The sample tubes were overlaid with
70 pl of light mineral oil and samples were subjected to
25 cycles of PCR (1 min, 94°, 1 min 54°, 1 min 72°).
Amplified PCR products were separated by polyacrylamide
(8%) gel electrophoresis (Tris-Borate-EDTA buffer,
pH 8-3) and stained with ethidium bromide. Relative
amounts of DNA were measured by densitometry of digi-
tally captured images of the gels, using National Institutes
of Health MAGE software, and corrected for differences in
gel loading or PCR amplification by normalization against
simultaneously amplified controls.

Cell proliferation assay

For TCR-CD3 activation, plastic microwells of culture
plates were precoated with dilutions of OKT3 (ATCC,
Herndon VA), monocytes were y-irradiated (1500 rads) and
added (1x10°% with equal numbers of autologous
NKT cells. Cells were pulsed for 12 hr with 1 pCi of
[methyl->H] thymidine (Amersham Life Sciences, Arlington
Heights, IL) on the 3rd day of culture for CD3-TCR
activation, or on the 6th day for antigen responses, cellular
DNA was collected on fibre glass filters and radioactivity
was measured by liquid scintillation. Alternatively, cells
were directly counted using a haemocytometer.

Cytokine analysis

Cytokines were measured by enzyme-linked immunoassay
(Predicta/Genzyme Corporation, Cambridge, MA). Culture
supernatants (100 pl) were added to 96-well microtitre
plates precoated with monoclonal antibody to IFN-y, IL-4,
or GM-CSF and incubated for 30 min (37°). The wells
were washed and a biotin-labelled rabbit anti-IFN-y, IL-4,
or GM-CSF was added (100 pl) to detect bound cytokine.
After a brief incubation (30 min, 37°), the wells were
washed and incubated (20 min, 37°) with peroxidase-
labelled streptavidin (100 pl). Unbound streptavidin
was washed from the plates, substrate was added and
the absorbance (450 nm) of each well was measured. A
standard curve was used to estimate the experimental
concentration of cytokines.
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Flow cytometry

Cells were washed with cold medium and incubated
(30 min, 4°) with antibody diluted in PBS with 0-1%
(w/v). Unbound antibody was washed from cells, 1% para-
formaldehyde was used to fix the labelled cells, and
fluorescence was measured on a FACsort flow cytometer
(Becton Dickinson, San Jose, CA). For indirect labelling,
primary mAb was incubated with the cells (45 min, 4°),
unbound antibody was removed by washing with medium
(4°) and cells were incubated with FITC-labelled goat anti-
mouse immunoglobulin. Unbound antibody was removed
by washing with medium (4°), the cells were then fixed with
1% paraformaldehyde, and the cell-associated immuno-
fluorescence was measured by flow cytometry. The FITC-
conjugated mAb Leu M3 (anti-CD14), Leu HLA DR
(anti-DR), Leu-4 (anti-CD3), anti-CD4, Leu 2a (anti-CDS),
Leu 1la (anti-CD16), and immunoglobulin isotype
control mAb were purchased from Becton Dickinson.
Anti-CD45RA, -CD45RO, and -CD86 were purchased
from Pharmingen (San Diego, CA), and anti-CD80 was
obtained from Immunotech (Marseille, France). Goat anti-
rabbit immunoglobulin, conjugated with peroxidase, was
purchased from Envision system/DAKO (Carpinteria, CA).

Antigen internalization

Cell preparations were suspended (0-5x 10%) in medium
containing GM-CSF, IL-4 and 5% human AB serum
and incubated (37°) with FITC-labelled BSA (2 pg/ml)
for analysis of fluid-phase antigen endocytosis. The cells
were washed with cold medium containing 0-1% BSA and
fixed with 1% paraformaldehyde before analysis by flow
cytometry.

RESULTS
Characterization of CD56" NKT cells

Cells coexpressing both T- and NK-cell markers comprised
4-15% of the total mononuclear cells analysed from all
donors (Fig. 1a). These NKT cells expressed CD3 (- and
e-chains and rearranged genes from diverse TCR (Fig. 1b),
and spontaneously lysed U937 but not K562 tumour cell
targets (Table 1). Previous studies confirmed that NK cells
directly lyse K562 targets,> while cytolysis by NKT cells
requires IL-2. The isolated NKT cells were >97% TCRoaf",
mostly CD8* (average 39%) or CD4~ CD8~ (average
34%), with smaller numbers of CD4" (16%) or
CD4% CD8" (4%). While the majority of NKT cells
examined were CD45RO™", the ratio of RO/RA expression
varied widely from donor to donor (data not shown). We
selected HLA-DR™ cells for further study to remove actively
cycling T cells from our preparations. The distribution and
frequency of cell-surface markers were very similar to
unseparated CD56" NKT cells, but because the majority of
circulating NKT cells are activated, the yield of cells was
<20%. The CD56" NKT cells exhibited a higher level of
proliferation in response to IL-15 (Fig. Ic), whereas
proliferation of CD56 T cells was greater in response to
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Figure 1. Peripheral blood mononuclear cells coexpressing NK-
and T-cell markers. (a) Coexpression of CD56 and CD3 delineates
a distinct mononuclear cell population by flow cytometry.
phycoerythrin (PE)-conjugated anti-CD56 and FITC-conjugated
anti-CD3 monoclonal antibodies. (b) CD56" NKT express non-
biased and rearranged T-cell receptors, and CD3 molecules. For
T-cell receptor analysis, the first band is from CD56 T-cell RNA
and the second band is from CD56" NKT cell RNA. Gene-specific
VP oligonucleotide primers combined with a Cp primer were used
for PCR analysis of T-cell receptors. (c) Proliferation of freshly
isolated NKT or T cells (2 x 10°/well) incubated with IL-2, IL-15, or
GM-CSF for 6 days. Mean of triplicate [3H]thymidine incor-
poration + SEM. Representative experiment of three performed.

IL-2. Neither T cells nor NKT cells proliferated in response
to GM-CSF. Collectively, these results indicate that CD56*
NKT cells are a dynamic and diverse population of
mononuclear cells distinct from both NK and T cells.

Table 1. NKT cytolysis of tumour cell lines; values are %
specific cytotoxicity

NKT cell: target cell T cell : target cell

Target

cell 10:1 15:1 10:1 50:1
U937 53+1 6242 0 0
K562 0 6+3 0 12+2
Molt 3 ND ND 0 0

*Cytotoxicity was measured by analysis of ATP remaining in
metabolically active cells. Specific cytotoxicity at each effector : target
ratio (mean + SEM) was determined by subtracting experimental from
maximum lysis of target cells.

Cytokine and TCR activation pathways

Adding GM-CSF to the NKT cultures caused the cells
to enlarge and develop a ruffled appearance, with many
acicular projections (Fig. 2a). This change in cell appear-
ance was the result of a specific effect of GM-CSF on
NKT cells because the majority of cells cultured with
GM-CSF became DC-like in appearance within 24-72 hr
of culture and it not likely that a small population of
contaminating progenitor cells could numerically overtake
the cultures during the brief time period of our experiments.
These results were not observed with CD56~ T cells (data
not shown), but were specific to CD56% T cells. In con-
trast, signalling through the TCR by antibody cross-linking
of CD3 molecules on CD56" NKT cells resulted in a
preponderance of rounded, enlarged blast cells (Fig. 2a).
The morphology of these T-cell blasts remained unchanged
after the addition of GM-CSF, and conversely, cytokine-
activated NKT cells were unaffected by cross-linking
of CD3 molecules. No proliferation of NKT cells was
observed after GM-CSF treatment, whereas, antibody
cross-linking of CD3 resulted in rapid cell proliferation
(Fig. 2b). Significant amounts of GM-CSF and IFN-y
were released into the media by CD3 cross-linking, but
little detectable 1L-4 was released (Fig. 2b). Cells that pre-
sented biased expression of the TCR genes Vo24 and V11
were not specifically increased in number by treatment with
IL-15 or TCR cross-linking (data not shown). Cytokines
and anti-CD3 treatment uniformly affected the NKT cells
studied, indicating no correlation with CD4 or CDS8
co-receptor expression. A significant decrease in target cell
lysis by NKT cells was noted after culture with GM-CSF,
whereas IL-15 enhanced cytolytic activity (Table 2).
These data suggested that NKT cell transformation to the
dendritic morphology was accompanied by loss of cytolytic
activity.

MHC class II activation

Because GM-CSF appeared to have a profound effect on
NKT cells, we examined cytokine activation in more detail.
The expression of the MHC class Il transactivator gene
product (CIITA) is tightly linked with the induction of
MHC class II genes.”® Therefore, we next sought to
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Figure 2. NKT cells are activated by culture with GM-CSF or cross-
linking CD3-T-cell antigen receptor complexes. (a) Morphological
transformation of NKT cells in response to GM-CSF or CD3 cross-
linking with mAb (OKT3). Cells were cultured for 3 days.
(b) Proliferation and cytokine responses of NKT cells activated by
antibody cross-linking of CD3-TCR complexes. NKT cells were
cultured for 3 days in plastic wells coated with anti-CD3 antibody
and containing irradiated monocytes from the same donor. Cell
proliferation was measured (mean c.p.m. 4+ SEM) by incorporation
of [*H]thymidine and cytokines released by enzyme-linked immuno-
sorbent assay. NKT cells activated with anti-CD3 antibody, closed
bars; untreated NKT cells, open bars.
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Table 2. Cytolysis of tumour cell lines by cytokine-activated
NKT cells; values are % specific cytotoxicity* and ratios are all
NKT cell: target

No GM-CSF 1L-15
activation activation activation
1:1 10:1 1:1 10:1 1:1 10:1
U937 0 15 0 8 0 80
THPI1 7 72 0 2 55 58

*Cytotoxicity was measured by analysis of ATP remaining in
metabolically active cells. Specific cytotoxicity at each effector : target
ratio was determined by subtracting experimental from maximum lysis
of target cells.

determine if the gene for CIITA was also activated by
GM-CSF. Transcripts of HLA-DR genes increased rapidly
during the first 2 days, peaked by 3 days, and then were
substantially reduced to near-baseline values by day 6
(Fig. 3a). In contrast, CIITA transcripts peaked by 12 hr
and steadily declined throughout the remaining culture time
(Fig. 3a). The expression levels of CIITA and HLA-DR
were negligible or undetectable beyond 24 hr if GM-CSF
was not added to the cultures. We concluded that the burst
of inducible MHC class II expression occurred by a
conventional, CIITA-linked mechanism, as a consequence
of the response to GM-CSF. Notably, expression of
HLA-DR rose rapidly, had peaked by 72 hr of culture,
and then rapidly declined (Fig. 3a). Because of the rapid
rate of response, these data further demonstrate that the
GM-CSF was acting directly on the NKT cells and not
through a contaminating cell population.

Cell surface expression of HLA-DR and
co-stimulatory molecules

The co-stimulatory molecules CD80, and CD86 were
expressed on NKT-cell surfaces after treatment with
GM-CSF (Fig. 3b), while only a lower, constitutive level
of CD86 expression was observed prior to cytokine treat-
ment. Surface HLA-DR was now expressed by these
previously HLA-DR ™ cells (Fig. 3b). Although signalling
through the TCR also resulted in activation of genes for
HLA-DR and CD40 (data not shown), the morphology of
these cells never appeared DC-like (Fig. 1a). In addition,
NKT cells that previously expressed low levels of HLA-DR
prior to culture were not responsive to GM-CSF.
Collectively, these results indicated that the nature of
the activation signal determined a commitment to either
T-cell or DC-like phenotype.

Processing and presentation of polypeptides

Constitutive expression of MHC class II molecules in
monocytes and B lymphocytes imparts the ability to
support secondary immune responses, but is not sufficient
for activation of primary immune responses. We reasoned
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Figure 3. Activation of MHC class II and co-stimulatory molecule
expression in NKT cells by GM-CSF. (a) Biphasic expression of
MHC class II genes (DRA) and increased levels of the class 11
transcriptional activator (CIITA) in NKT cells. Relative levels of
HLA-DRA and CIITA control transcripts were measured by
RT-PCR. Densitometry data for DRA and CIITA were normal-
ized with respect to internal glucose-3-phosphate dehydrogenase
(G3PDH) controls. Densities for PCR products of G3PDH control
are shown uncorrected. (b) Levels of cell-surface HLA-DR and
co-stimulatory molecules were measured by flow cytometry before
and after 3 days of culture with GM-CSF. Marker-specific anti-
body, thick lines; immunoglobulin isotype-matched control anti-
body, thin lines. Figures shown are representative of three
experiments.

that the neo-synthesis of MHC class II and co-stimulatory
molecules should facilitate the presentation of antigen to
naive T cells by DC. To substantiate this, NKT cells
were activated with GM-CSF, cultured with the He poly-
peptide antigen of tetanus toxin and the proliferative

responses of autologous T cells were assessed (Fig. 4).
Naive (CD45RA™) and memory (CD45RO™) T cells both
responded in a potent, dose-dependent manner to the
tetanus antigen presented by NKT cells. These results
confirmed that GM-CSF-activated NKT cells supported
adaptive immune responses.

We next examined the rate of antigen internalization
by GM-CSF-activated NKT cells. Intracellular accumu-
lation of FITC-labelled BSA (FITC-BSA) was used as
a measure of fluid-phase transport. The rate of BSA
internalization during the initial stage of GM-CSF activa-
tion for NKT cells was similar to monocytes (Fig. 5). For
both cell types, identical results for antigen internalization
were obtained with and without GM-CSF added. Antigen
transport reached equilibrium by 20 min (Fig. 5), but
declined substantially for both monocytes and NKT cells
with extended time in culture with GM-CSF (data not
shown). We concluded that the NKT cells efficiently
captured antigen during the initial phase of activation.
NKT cells were then incubated with GM-CSF and tetanus
Hc peptide for various time intervals, and then washed
with fresh medium to remove non-internalized antigen.
Autologous T cells were added to these cultures and
antigen-specific release of IFN-y into the medium was
measured 12 hr later (Fig. 6). From these results we
determined that T-cell stimulation occurred within 3 days
of GM-CSF activation and was optimal 1-2 days after peak
synthesis of HLA-DR (Fig. 3a). Though HLA-DR synth-
esis sharply declined after 72 hr, the release of IFN-y by
T cells was sustained, suggesting that complexes of MHC
class IT molecules with processed peptides were retained on
the cell surface. In addition, levels of cell-surface HLA-DR
complexes on NKT cells previously activated with GM-CSF
were increased by treatment with TNF-o, whereas IL-10
treatment reduced the amount of HLA-DR detected
(Fig. 7a). The cells remained HLA-DR"*, but the cell-
surface levels fluctuated depending on the cytokine added.
Activation of naive T cells was also enhanced by TNF-a
treatment (Fig. 7b), correlating with increased surface
HLA-DR. Though the effects of the exogenous addition
of IL-10 on HLA-DR expression in isolated NKT cells
were dramatic, normal APC function was apparently not
impaired when co-cultured with antigen-activated T cells
(Fig. 7b). One possible explanation for this observation was
that TNF-o produced by activated T cells acted dominantly
to preserve APC function. These results indicated that
secondary signals were important for enhancing the
function of APC derived from NKT cells.

DISCUSSION

Our data demonstrate that CD56" NKT cells of peripheral
blood up-regulate co-stimulatory receptors and MHC
class II molecules in response to GM-CSF. These NKT
cells acquired the ability to stimulate naive T cells within
3 days of cytokine activation. The cells used in our study
exhibited both NK and T-cell functions prior to treatment
with GM-CSF, while also expressing CD3¢ and rearranged
TCR genes. Thus, cells committed to a lymphoid lineage
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Figure 4. NKT cells activated by GM-CSF support antigen-specific responses of naive and memory T cells. NKT cells (1 x 10%/
well; y-irradiated) were cultured with autologous T cells (CD45RA™, 1 x 10°/well; CD45RO", 2 x 105/well), GM-CSF, and H¢
polypeptide of tetanus toxin (50 pg/ml). Cell proliferation was measured by incorporation of [*H]thymidine. With antigen
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Figure 5. Antigen internalization by NKT cells. NKT cells and
CDI14" monocytes (0-5 x 10°) were suspended in medium contain-
ing GM-CSF, IL-4 and incubated (37°) with BSA labelled with
FITC (2 pg/ml). Intracellular accumulation of FITC was measured
by flow cytometry. IL-4 was present in all assays as a standard
additive to myeloid dendritic cell cultures to suppress macrophage
development. NKT cell transport (@); CD14" monocyte/immature
DC transport (O). Data are representative of four experiments.

respond to GM-CSF by transformation to a DC-like
phenotype, a feature previously thought restricted to
myeloid cells. In agreement with previous reports,>
proliferation and cytolytic activity of CD56™ T cells were
selectively induced by IL-15. In addition, T-cell effector
function was lost or greatly reduced following treatment
with GM-CSF. Therefore, the APC and T-cell activation
pathways appear to be mutually exclusive. Although
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Figure 6. T-cell recognition of processed antigen displayed by
GM-CSF-activated NKT cells. The He polypeptide of tetanus toxin
and GM-CSF were added to freshly isolated NKT cells (1-5 x 107/
well). Autologous T cells (3 x 10%well) were added at timed
intervals from the start of culture and T-cell stimulation was
assessed by release of IFN-y. NKT and T cells without antigen ([1);
NKT and T cells cultured with antigen (25 pg/ml) (@); NKT and
T cells cultured with antigen (25 pg/ml) but without GM-CSF (B);
T cells only with GM-CSF (A).

NKT cells induced by GM-CSF share many features with
myeloid DC, they are approximately half the cell volume
and do not appear to express the putative marker of DC
maturation, CD83. It is also relevant to note that though
NKT cells exhibit a faster rate of HLA-DR synthesis,
surface levels are lower than that characteristic of mono-
cyte-derived DC. However, levels of surface HLA-DR
molecules on GM-CSF-activated NKT were stabilized by
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Figure 7. Differential effect of TNF-oo and IL-10 on NKT cells
activated with GM-CSF. NKT cells were cultured with GM-CSF
for 48 hr followed by the addition of TNF-a or IL-10. (a) Naive
T-cell responses to He polypeptide of tetanus toxin (10 pg/ml),
presented by NKT cells activated with GM-CSF and treated with
IL-10 or TNF-a (P<0-005, compared to controls or IL-10
treatment). Data (mean+ SD) are representative of three determi-
nations. (b) Cell surface HLA-DR. NKT cells were labelled with
FITC-conjugated anti-HLA-DR mAb and cell-associated fluores-
cence was measured by flow cytometry 3 days after addition of
TNF-o or IL-10. Data are plotted as per cent change in cell-surface
HLA-DR in comparison to NKT cells treated only with GM-CSF.
Results are representative of three determinations.

TNF-a and reduced by IL-10, suggesting a potential role
of secondary signals for optimal APC function. Similarly,
peptide stabilized MHC class II molecules replace the
abundant empty molecules of immature myeloid DC*’ in
response to signals induced by TNF-a.

In addition to the cytokine-regulated expression of
HLA-DR on NKT cells, MHC class II molecules are also
markers of activated T cells. Low levels of telomerase
activity are found in HLA-DR ~ CD56™ T cells, in contrast
to the high telomerase activity of HLA-DR™ T cells.*® In
agreement with this observation, both naive and memory
subsets of freshly isolated CD56" NKT cells responded to
GM-CSF if they were also HLA-DR ~, while HLA-DR™"
cells responded poorly. Therefore, commitment to a T-cell
activation pathway appears to override responsiveness to
GM-CSF. Alternatively, responsiveness to GM-CSF may
be acquired only by quiescent NKT cells, and perhaps
regained by previously activated NKT cells. This issue
remains unresolved because our studies were limited to
freshly isolated cells to reduce the likelihood of culture
artefacts. Expression of CD56 defines a major subset of
NKT cells present in peripheral blood and predominating
in the liver, in spite of the apparent heterogeneity in expres-
sion of inhibitory NK receptors,® co-receptor molecules
and naive/memory phenotype markers. One possible role
for CD56 may be as an accessory molecule in MHC-
restricted recognition of antigen, functioning like inter-
cellular adhesion molecule 1 in adhesion and activation
of effector cells.** It is also possible that CD56 may
regulate cell homing and migration in combination with the

unique repertoire of chemokine receptors*' characteristic
of NKT cells.

The liver is a depot for infectious particles that enter
through the portal vein by way of blood carried from
capillaries in the gastrointestinal tract or spleen. The non-
diseased human liver contains 5-10 times as many NKT
cells as peripheral blood, and these may be 20-fold
elevated in humans infected with hepatitis C virus.*>*
Therefore, it is likely that NKT cells are important for
regional immunity. A high proportion of liver NKT cells
express markers characteristic of activated effector cells.*
A continuous influx from extra-hepatic sites may be
necessary during infection because NKT cells have a high
rate of apoptotic turnover and do not undergo clonal
expansion in the liver.****

The APC function of NKT cells may be necessary
during the initial phase of adaptive immune responses,
occurring prior to DC mobilization. The conversion of
monocyte to DC in response to GM-CSF consists of an
activation phase followed by a slow, 6-14-day maturation,*
marked by increased expression of critical receptors, such
as HLA-DR, CD86 and CD83. Primary encounters with
infectious diseases are often resolved within brief time
intervals that preclude maturation of monocytes to DC,
perhaps necessitating the contribution of APC derived from
NKT cells. For example, virus-specific immune responses
and significant reductions in viral replication are seen
during the incubation phase of hepatitis B virus, exhibiting
a mean half-life of 1-2 days for serum viral clearance.*
However, the rapid mobilization potential of NKT cells
may necessitate sacrificing the efficiency possessed by other
DC for supporting primary immune responses. In addition,
co-stimulatory molecules may have other functions besides
activation of naive lymphocytes. Recent data suggest that
some NK receptors are coupled with immunoreceptor
tyrosine-based activation motifs (ITAM) for expression
and signal transduction, similar to antigen receptors of
B and T cells.*” It was also reported that cytolysis by NK
cells is enhanced by expression of the co-stimulatory
molecules CD40, CD80 and CD86 on target cells. 84
Thus, inducible expression of co-stimulatory molecules on
NKT cells may also serve a regulatory role for dampening
or enhancing cellular immune responses.
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