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CDl1d-restricted natural Killer T cells are potent targets for
human immunodeficiency virus infection
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SUMMARY

Invariant human natural killer T cells (NKT) express a restricted T-cell receptor (TCR) Va24V11
repertoire. These cells share both phenotypic and functional similarities between NK and T cells.
Given the emerging role of NKT cells as critical cells in bridging the gap between innate and
adaptive immunity, we examined their susceptibility to productive human immunodeficiency virus
(HIV) infection by T-tropic, M-tropic, and primary isolates of HIV. We generated three human NKT
cell clones (CAS, CA29, and CA31). Phenotypic characterization of these Va24* VB117 clones
indicated that they were predominately positive for CD4, CD161, HLA-DR, CD38, CD45RO, and
CD095 expression. The NKT cell clones expressed significantly more surface CCRS molecules/cell
and lower CXCR4 molecules/cell than phytohaemagglutinin-stimulated peripheral blood mono-
nuclear cells (PBMC). Consistent with the surface expression of CCRS5 and CXCR4, the NKT
clones were also selectively susceptible to HIV M-tropic, T-tropic, and primary isolate infection, as
evaluated by both HIV p24 enzyme-linked immunosorbent assay and intracellular staining of HIV
proteins. The amount of p24 production was dependent on the NKT clone studied and the HIV
strain used. Clones CA29 and CA31 were also susceptible to HIV IIIB infection. The virions
produced by these clones were able to productively infect PHA-stimulated PBMCs with the same
kinetics as for primary infection of CD4 " blast. Collectively, this data demonstrates that NKT cells
can be a target for productive HIV infection but with a lag in the time to peak p24 production.

INTRODUCTION

Natural killer T (NKT) cells, as their name implies, share
functional and phenotypic homology with both natural killer
cells and T cells. NKT cells express NK markers and a restricted
(invariant) T-cell recpetor (TCR) repertoire.l In humans, invar-
iant NKT cells express Va24JaQ chain that preferentially pairs
with a VB11 chain.>* The human invariant TCRaf pair is
highly homologous toVo.14 and VB8 found in mice.> NKT cells
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are CD3 " but they may either express CD4 or CDS8 or neither of
these two coreceptors. Invariant NKT cells, recognize glycoli-
pid antigens presented by a non-polymorphic major histocom-
patibility complex (MHC) class 1b protein, the CD1d molecule,
which is expressed on the surface of antigen-presenting cells.>™®

CDl1d-restricted T cells are thought to regulate a wide variety
of immune responses.’'*!! Subsequent to TCR ligation, NKT
cells can produce both type 1 (interleukin (IL)-2, tumour
necrosis factor (TNF)-o, interferon (INF)-y) and type 2 (IL-4,
IL-10, IL-13) cytokines suggesting that they may play a critical
role in immune regulation. NKT cells have been reported to play
a role in tumour surveillance by direct cytotoxicity and by
activating NK cells that in turn leads to lysis of tumours and the
target cells.!>16 Recently, NKT cells were linked to the pre-
vention of type 1 diabetes in non-obese diabetic (NOD) mouse
model of type 1 diabetes.'”™"® In humans, NKT cells were
present at high frequency in non-diabetic siblings in comparison
to monozygotic twins and triplets.”’ CD1d-restricted T cells
were shown to be important for generating appropriate immune
responses against a variety of pathogens including viral®'
bacterial (Mycobacterium tuberculosis,”>>* Salmonella choler-
aesuis,”® Listeria monocytogenes,26 Toxoplasma gondii,27’28
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and Leishmania major®®), and fungal (Cryptococcus neofor-
mans>*>") infections. Thus, CD1d-restricted T cells are impor-
tant for tumour surveillance, autoimmunity, and in immune
responses to a wide variety of human pathogens.

To date, there has been one study that evaluated the fre-
quency of NKT cells in human immunodeficiency virus (HIV)
disease and concluded that the frequency of Va24V11 NKT
cells was lower in HIV™ individuals than HIV-donors.*® This
finding suggests that NKT cells may be negatively impacted
in HIV disease. To investigate the effect of HIV infection on
CDl1d-restricted cells, human CD1d-restricted clones were gen-
erated and evaluated for susceptibility to infection by T-tropic,
M-tropic, and primary isolates of HIV.

MATERIALS AND METHODS

Generation of NKT cell clones

CDld-restricted T-cell clones were generated by single cell
sorting as described.”®* Briefly, NKT cells were sorted using
the 6B11-fluorochrome conjugated antibody and single-cell
sorts were grown with a mixture of irradiated (5000 rad) allo-
geneic peripheral blood mononuclear cells (PBMC) at 50 000
per well and irradiated 721.221 cells at 5000 per well. The cell
mixture was supplemented with phytohaemagglutinin (PHA;
1 pg/ml), IL-2 (10 U/ml) and IL-7 (10 U/ml). NKT cell clones
were verified by both flow cytometric analysis and CDR3 TCR
sequencing, using reverse transcriptase—polymerase chain reac-
tion (RT-PCR) as described.?*** The 6B11 monoclonal anti-
body was previously identified to be specific for the CDR3 loop
of Vo24* NKT cells and recognizes CD1d-restricted human
invariant NKT. The NKT clones were then frozen in liquid
nitrogen until further use. When thawed, the clones were ex-
panded using the protocol described below.

Expansion and culture of Vo247 VBI1™ NKT cells

NKT cell clones (CAS5, CA29, and CA31) were expanded by
culturing in RPMI-1640-supplemented with 10% autologous
human serum, 25 x 10° mitomycin-treated PBMC, mitomycin-
treated 5 x 10° B-lymphoblastoid JY cells (American Tissue
Culture Collection, Manassas, VA), and 1 pg/ml anti-CD3. The
PBMC used in the above mixture were isolated by Ficoll-Hypa-
que density gradient centrifugation from venous blood collected
from healthy donors as previously described.** Mitomycin treat-
ment of cells consisted of incubating the cells with 50 pg/ml of
mitomycin C at 37° for 30 min, washing three times with phos-
phate-buffered saline (PBS), then using these cells as feeders for
the expansion of NKT cells. After coculturing the NKT cells
with the feeder cells and anti-CD3, on day 1, recombinant IL.-2
was added to a final concentration of 50 U/ml. On day 5, half of
the medium was removed and fresh media was added along with
IL-2. On days 10-12, NKT cells were analysed for expansion
using light microscopy and split for further expansion. Purity of
expanded cells was determined by flow cytometry using Vo24
and VP11 fluorochrome-conjugated antibodies.

Immunostaining and flow cytometric analysis
NKT cell clones were phenotypically characterized by using a
panel of cell surface antibodies-conjugated to fluorescein iso-

thiocyanate (FITC), phycoerythrin (PE), peridinin chlorophyll
protein (PerCP), or allophycocyanin. Briefly, cells were incu-
bated at room temperature for 20 min with the appropriate
conjugated antibody panel. FITC-conjugated antibodies con-
sisted of CD3, CD27, HLA-DR, CD28, CD45RA, Va24,CD14,
and immunoglobulin G (IgG) isotype. PE-conjugated antibo-
dies consisted of V11, CD95, CD62L, CD25, CD38, CXCR4,
CCRS, and IgG2 isotype. PerCP-conjugated antibodies con-
sisted of CD4, CDS8, CD56, CD45RO, and IgG isotype. CD161
was conjugated to allophycocyanin and used in combination
with IgG-allophycocyanin isotype. The cells were then washed
with 1x PBS and fixed in 1% formaldehyde. Flow cytometric
analyses were performed using a FACSCalibur flow cytometer
utilizing CELLQuest software (Becton Dickinson, San Jose,
CA). All antibodies were purchased from either Becton Dick-
inson or PharMingen (San Diego, CA), except for CXCR4-PE
and CCRS5-PE, which were obtained from Southern Biotech-
nology Associates (Birmingham, AL) and PharMingen Cor-
poration, respectively. Va24-FITC and VB11-PE were obtained
from Coulter-Immunotech (Miami, FL). Recombinant human
IL-2 was obtained from the Institutes of Health, AIDS Research
and Reference Reagent Program (Bethesda, MD). IL-7 was pur-
chased from PharMingen. 6B11, a human monoclonal antibody,
specific for the invariant CDR3 loop of the AV24AJ18 rear-
rangement in NKT cells was also used to purify NKT cell clone,
as it was determined to select for Va24Vp11 NKT cells.®

HIV-1 infection
NKT cell clones were infected with IIIB, Bal, or a primary
isolate (302056) (National Institutes of Health, AIDS Research
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Figure 1. Generation of NKT cell clones. NKT cell clones were
generated by single cell sorting using the 6B11 antibody. These clones
were then expanded as described in materials and methods. The flow
scatter plot shown for clones CA5, CA29, and CA31 are 100% positive
for Va24VI11.
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Figure 2. Expression of cell surface markers on invariant NKT cell clones. (a) A representative example of phenotypic cell surface
marker expression on clone CA31 is shown. Vo24" VB117" T cells, determined by gating on these cells, were also stained for a number
of functional (CD4, CD8, CD161, CD56, CD27, CD95, CD25, CD28, CD38, CD14) and activation (CD45RA, CD45RO, HLA-DR,
CD38, CD62L) markers. White histogram represents isotype-matched control and dark histogram represents the phenotypic marker of
interest. Mean fluorescence intensity (MFI) for each marker is shown within each figure. Results are representative of the three clones.

and Reference Reagent Program) of HIV at 5ng HIV p24 per
1 x 10° cells for 2hr at 37°. Subsequently. HIV-exposed cul-
tures were washed three times to remove unbound virus and the
cells cultured in the presence of IL-2. HIV isolate 302056 was
determined to use CCRS and not CXCR4 by ghost cell analy-
sis.***3 Briefly, ghost cells are HOS cells that express, in this
case either CXCR4 or CCRS, and are stably transfected with a

construct of HIV-2 leukotriene (LTR) linked to green fluores-
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cence protein (GFP). Infection based on coreceptor utilization is
detected by expression of GFP, which is monitored by flow
cytometry.

HIV-1 p24 assay

HIV viral core (p24) antigen was measured from the supernatant
of infected cells using p24 enzyme-linked immunosorbent
assay (ELISA) purchased from the AIDS Vaccine Program
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(Frederick, MD) and performed according to the manufacturer’s
instructions.

Intracellular p24 staining

Intracellular p24 staining was performed by initially fixing the
NKT cell clones or lymphocytes with fluorescence activated cell
sorting (FACS) lyse solution (Beckton Dickinson). The fixed
cells were then permeabilized by incubation with FACS perme-
abilization buffer (Beckton Dickinson), followed by intracel-
lular staining with KC57 PE antibody (detects both p17 and p24)
and cell surface staining with Vo24-FITC or CD4-FITC. Flow
cytometric analysis was performed using a FACS Calibur flow
cytometer utilizing CELLQuest software (Becton Dickinson).

RESULTS
Phenotypic analysis of NKT cell clones

Three CD4" human invariant NKT cell clones were generated
from a normal donor (Fig. 1). CD1d restriction and TCR Va
chain, VP chain sequences were verified as previously des-
cribed.?® To phenotypically characterize the invariant NKT cell
clones, FACS analyses for functional (CD161, CD56, CD4,
CD95, CD25, CD14, CD27, CCRS5, and CXCR4) and activation
(HLA-DR, CD38, CD45RO, CD45RA) markers were per-
formed. The three CD1d-restricted NKT clones (CAS5, CA29,
and CA31) were uniformly positive for CD161, CD4, CD95,
HLA-DR, CD38, and CD45RO (Table 1 and Fig.2). Approxi-
mately 50% of the cells within each clone were positive for
CD56 while all were negative for CD45RA and CD14, and only
a fraction expressed low levels (10-28%) of CD27. Expression
of CXCR4 was low (5-15%) when compared to CCRS expres-
sion (73-80%) (Table 1). Using quantibright bead analysis, the
median number of CCRS molecules/cell on CA31 clone was
approximately 2000 molecules/cell, on CA5 clone was 1900
molecules/cell, and on CA29 clone was approximately 1800
molecules/cell (Fig.3). Median CXCR4 molecules/cell on

Table 1. Phenotypic analysis of invariant NKT cell clones. Percent
expression of each phenotypic marker on CAS5, CA29, and
CA31 was measured by flow cytometry. All clones were

Vo24+VBI11+
Cell surface marker CAS CA 29 CA 31
CD4 97 99 99
CD8 4 7 5
CDl161 99 95 99
CD56 70 50 50
CD27 10 28 12
CD95 99 99 99
CD45RO 94 95 99
HLA-DR 89 90 100
CD25 29 20 83
CD28 43 36 61
CD62L 6 6 5.5
CD45RA 0 0 2
CD38 99 99 99
CD14 0 0 0.9
CXCR4 5 15 5
CCRS5 74 73 80

CA31 was about 150, on CAS5 was about 290 molecules/cell,
and on CA29 was about 1060 molecules/cell (Fig. 3). However,
PHA-stimulated PBMC from a normal donor expressed median
of about 770 CCR5 molecules/cell and median of about 1840
CXCR4 molecules/cell.

Susceptibility of NKT clones to HIV infection

To evaluate whether the surface phenotype (CD4" CCR5"e"
CXCR4'"%) was predictive of susceptibility to various HIV
subtypes, the clones were infected with T-tropic (IIIB), M-
tropic (Bal), and primary isolate of HIV (302056, NIH AIDS
Research and Reference Reagent Program). Strain 302056 was
determined to preferentially utilize CCRS through ghost cell
analysis. All three clones, CAS5, CA29, and CA31, were pro-
ductively infected by strain 302056 and Bal as was evident by
p24 ELISA (Fig.4). Both clones CA29 and CA31 were sus-
ceptible to HIV IIIB infection, but CAS was not (Fig.4). To
further confirm HIV infection of these NKT clones, intracellular
staining for HIV proteins using KC57 antibody that specifically
detects intracellular p24 and pl7 proteins were analyzed by
FACS. NKT cell clones were infected with strain IIIB, 302056,
or Bal and 14 days postinfection, the cells were surface stained
for Va24VB11 and intracellular staining for p24 and p17 were
determined (Fig.5). Gating on Vo24" VB11" populations,
intracellular background expression of KC57" cells was
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Figure 3. Expression of CCR5 and CXCR4 on NKT cells. NKT cell
clones (CA31, CAS5, CA29) or PHA-stimulated PBMC were evaluated
for CXCR4 and CCRS cell surface expression using rainbow quantib-
right bead flow cytometric analyses. (a) The relative number of CXCR4
and CCRS5 molecules/cell is shown for each clone and for PHA-
stimulated PBMCs. (b) A representative flow histogram of CXCR4
and CCRS expression on clone CA31 or on PHA-stimulated PBMCs are
shown. White histogram represents isotype-matched control and dark
histogram represents either CXCR4 or CCRS expression, as indicated in
the Y-Axis. The MFI is indicated within each histogram. Results are
representative of the three clones.
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Figure 4. HIV-1 infection of invariant NKT cell clones. CAS5 (a), CA29
(b), and CA 31 (c) NKT cells were infected using HIV IIIB, Bal, or
302056 isolate. HIV p24 levels were measured at both day 7 and day 14.
Data is representative of at least six experiments for each clone.

approximately 0-1% for clone CAS (Fig. 5; uninfected panel).
Intracellular expression of IIIB infected T cells, however, was
1-7%, 302056 infected cells was 2-:3%, and Bal infected cultures
was 5-9%. As additional controls for the staining of HIV™ NKT
cells, levels of KC57" infected cells were measured from both
infected PBMC and chronically infected H9 cells (HOIIIB).
Total PBMC infected with IIIB and stained for CD4" and
KC57" cells demonstrated approximately 9-0% HIV™ positive
cells. Using HIIIIB we show that the level of KC57" cells at
92-9%. Thus, NKT cells are susceptible to HIV infection, but
production of progeny virions were delayed in comparison with
PHA blasts.

Given that there was a delay in the kinetics of HIV infection
of NKT cells, we examined whether a low level of virus released
from NKT cell clones on day 7 is still infectious. NKT cells
were initially infected with IIIB, 302056, or Bal for 2 hr, as
previously described, then washed extensively. The infected
cells were allowed to be cultured for 7 days then the supernatant

© 2003 Blackwell Publishing Ltd, Immunology, 108, 3-9
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Figure 5. Intracellular HIV protein detection. (a) NKT cell clone
(CA29) was infected with IIIB, Bal, or 302056 and HIV intracellular
proteins (p24 and p17) were detected. The cells were surface stained for
Va24 expression and intracellularly stained using KC57 antibody. (b)
HIV intracellular protein expression from IIIB infected PHA-stimulated
PBMCs (gating on CD4 ™ T cells) and H9 cells chronically infected with
HIV 1IIB were also evaluated.

from those cells were added to PHA-stimulated PBMC and p24
was measured 7 days later. The supernatant from infected NKT
clones contained infectious virions that were able to infect
PHA-stimulated PBMC to levels that were approximately
3ng/ml of p24 (Fig.6) This data indicate that even at day 7,
where a low level of HIV is measured from the infected clones,
the supernatant still contained infectious virions that are able to
transmit the virus to susceptible cells, without the marked delay
seen in the CD1d-restricted clones.

DISCUSSION

Although the main targets of HIV infection are CD4" primed/
memory T cells and monocytes/macrophages, considerable data
point to other cells types as being an active source of HIV
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Figure 6. Infected NKT cells produce infectious virions. NKT cells
(CA29) were infected with IIIB, Bal, or 302056 and seven day post-
infection, the supernatant from the infected NKT cells were used to
infect PHA-stimulated PBMCs. HIV p24 was subsequently measured
7 days postinfection of PHA-stimulated PBMCs. Results are represen-
tative of at least three experiments

replication. Specifically, we® and others®”*® have demon-
strated that CD4 expression on CD8™ T cells leads to productive
HIV replication. More recently, we have also demonstrated that
the environmental milieu impacts HIV productive infection of
naive T cells.>

NKT cells are emerging as key players in the immune
regulatory response. Since CD1d-restricted cells were recently
reported to be depleted in HIV™ patients, we examined the
susceptibility of NKT cells to HIV infection. A set of CD4™"
clones with invariant Voi24 V11 TCR was chosen for these
studies. The clones were sequenced and their CD1d-restriction
was confirmed (data not shown). These clones also expressed
surface proteins characteristic of CD1d-restricted T cells. Addi-
tional phenotypic characterization revealed that CCRS chemo-
kine coreceptor expression was also higher on these cells than
what would be expected from PHA-stimulated PBMC, while
CXCR4 expression was much lower (5-15%). This finding
suggested that these cells might be more susceptible to infection
by CCRS5-utilizing viruses than CXCR4 utilizing HIV strains.

To determine NKT cell susceptibility to HIV infection, the
clones were infected with T-tropic (IIIB), M-tropic (Bal), or
primary (302056) strain of HIV. All three CD1d-restricted NKT
cell clones were susceptible to Bal and 302056 infection, but
with delayed kinetics. Specifically, virions from infected NKT
cells were released by day 14 rather than day 7, as usually
observed from CD4 ™ blasts. Clones CA31 and CA29 were also
susceptible to infection by HIV IIIB, which in the case of clone
CA31 can be explained by the higher level of CXCR4 molecules
present on these cells. HIV infection of these cells was also
confirmed using intracellular staining of HIV p24. Finally,
transmission of infectious virion to PHA-stimulated PBMC
was also confirmed by demonstrating that supernatant from
infected NKT cells can efficiently infect PHA-stimulated
PBMC. Therefore, CD1d-restricted T cells can be a productive
target for HIV infection of predominately CCRS utilizing strains
but CXCR4 utilizing strain infection can also occur, depending
on the level of expression of this chemokine receptor. Recently,
Motsinger and colleagues reported that human NKT cells are
susceptible to HIV infection® at a higher rate than CD4™ T
cells. These NKT cells, however, were stimulated with o-
galaceramide-pulsed dendritic cells, which may have led to
their hyperactivation and subsequently the reported higher rate
of HIV infection.*® NKT cell clones used in these studies were

not activated with a-galaceramide. It is also important to note
that based on our experience and that of others, HIV infection of
CD4 ™ T-cell clones, such as H9, SUPT-1, CEM (ss), and HPB-
ALL, as measured by p24 ELISA is always potently detected by
day 67 postinfection, which is at a faster kinetic rate than that
reported here for NKT cell infections.

CDld-restricted T cells are found at a low percentage in the
periphery (0-1-1%)." However, tissues in the liver, spleen, gut
and other mucosal surfaces are thought to be enriched for these
cells. Thus their presence at antigen-rich sites suggests a
potential role in the transmission of HIV. Moreover, the impor-
tance of CDld-restricted T cells in immunologic responses
against tumours and infections suggest that dysfunction of these
cells in HIV would be of clinical importance.
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