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Abstract

Lectin-like transcript-1 (LLT1) (also named osteoclast inhibitory lectin or CLEC2D) is a ligand for
the human NKR-P1A (CD161) receptor, present on NK cells and T cells. To further understand the
physiological relevance of this interaction, we developed mAbs against LLT1, characterized the
expression pattern of LLT1, and explored the functional consequence of LLT1 engagement of the
NKR-P1A receptor on NK cells and T cells. LLT1 is expressed on TLR-activated plasmacytoid
dendritic, TLR-activated monocyte-derived dendritic cells, and on B cells stimulated through TLR9,
surface lg, or CD40. Interactions between NKR-P1A on NK cells and LLT1 on target cells inhibit
NK cell-mediated cytotoxicity and cytokine production and can inhibit TNF-a production by TCR-
activated NKR-P1A* CD8* T cells. In contrast, NKR-P1A failed to inhibit or augment the TCR-
dependent activation of NKR-P1A-bearing CD4* T cells. Expression of LLT1 on activated dendritic
cells and B cells suggests that it might regulate the cross-talk between NK cells and APCs.

Human NKR-P1A (CD161), encoded by the KLRB1 gene, represents the only human relative
of the rodent NKR-P1 family, which includes NKR-P1C, the prototypic NK1.1 alloantigen
defining mouse NK cells in C57BL/6 mice. It is a member of the C-type lectin superfamily,
and the protein is a type 1l disulfide-linked homodimer (1). Human NKR-P1A is expressed on
immature human NK cells, before acquisition of CD16 or CD56 (2), and expression of NKR-
P1A can be up-regulated on human mature NK cells by IL-12 (3,4). NKR-P1A is also expressed
on human memory/effector CD4* T cells, CD8* T cells, y5-TCR* T cells, and ~60% of
invariant NKT cells, as well as a subset of CD3* thymocytes (1,5,6). Experiments examining
the role of NKR-P1A on T cells have suggested a stimulatory role for this receptor; anti-NKR-
P1A mAbs augmented the anti-CD3 mAb-induced proliferation of human CD1d-specific NK
T cells (7) and induced the proliferation of immature thymocytes (8). In contrast, cross-linking
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with an anti-NKR-P1A mAb inhibits human NK cell-mediated cytotoxicity against FCR* target
cells (1).

We and others identified Lectin-like transcript-1 (LLT1),3 also known as osteoclast inhibitory
lectin, as a physiologic ligand for NKR-P1A (9,10). Interestingly, the gene encoding LLT1,
CLEC2D, lies directly adjacent to the KLRB1 gene in the NK genomic complex, located on
human chromosome 12 (11). Recently, the closest homologue to LLT1, activation-induced C-
type lectin (AICL), and the closest homologue to NKR-P1A, NKp80, were shown to interact,
providing another example of genomically linked C-type lectins recognizing one another
(12). Functional studies indicated that the interaction of LLT1 on target cells with NKR-P1A
on NK cells serves to inhibit NK cell-mediated cytotoxicity (9,10). To further investigate the
functional significance of the LLT1-NKR-P1A interaction, we developed mAbs and a
polyclonal rabbit serum against LLT1. We demonstrate that LLT1 is expressed on many B cell
lines and on activated primary B cells, and that expression of LLT1 on B cells inhibits NK cell
degranulation and IFN-y production. As CpG DNA stimulation gave the strongest LLT1
induction on B cells, we examined LLT1 expression following treatment with a panel of TLR
ligands and found that TLR3, TLR4, TLR7, TLR8, and TLR9 stimulations all induced LLT1
on PBMC. TLR-activated plasmacytoid dendritic cells (pDC) and TLR-activated monocyte-
derived dendritic (Mo-DC) cells both expressed LLT1. Lastly, we examined the function of
NKR-P1A on T cells and found that whereas NKR-P1A inhibits degranulation and cytokine
production in NK cells, NKR-P1A did not modulate TCR-induced cytokine production in
CD4* T cells or degranulation in CD8™ cells, but did partially inhibit TNF-a production in
CD8* T cells.

Materials and Methods

Constructs and transductions

The pMX-s-puro (13) retroviral plasmid was provided by Dr. T. Kitamura (University of
Tokyo, Tokyo, Japan). AICL cDNA was provided by Dr. Jorg Hamann (University of
Amsterdam, The Netherlands). AICL and LLT1 with a C-terminal V5 epitope tag were
subcloned into pMX-s-puro and transfected with Lipofectamine 2000 (Invitrogen) into the
Phoenix packaging cell lines (gifts from Dr. G. Nolan, Stanford University, Stanford, CA)
(14) to produce retroviruses. Retroviruses in medium containing 8 ug/ml polybrene (Sigma-
Aldrich) were used to infect IL-3* Ba/F3 or 721.221 cells, as described (15,16). Infected cells
were selected in medium supplemented with 10% FCS, 2 mM L-glutamine, penicillin,
streptomycin, and 1 xg/ml puromycin.

Abs and immunofluorescent staining

Mouse anti-human NKR-P1A (CD161) mAbs DX1 and DX12 were produced in our laboratory
(1), and B199.2 was purchased from GeneTex. PE-conjugated goat anti-mouse 1gG was
purchased from Jackson Immuno-Research Laboratories, streptavidin secondary reagents were
from Becton Dickinson. FITC-conjugated anti-CD107a, PE-conjugated anti-CD56, PerCP-
conjugated anti-CD4, PE-Cy7-conjugated CD8, allophycocyanin-conjugated anti-CD161
DX12, PE-conjugated anti-I1L-2, allophycocyanin-conjugated anti-1FN-y, Alexa700-
conjugated anti-TNF-a, Abs against CD14, CD16, CD19, CD20, CD27, CD45RA, CD45RA,
CD123, and CD236, and intracellular staining reagents were from BD Pharmingen. Anti-
human LLT1 mAb 4C7 was purchased from Abnova.

3Abbreviations used in this paper: LLT1, lectin-like transcript-1; AICL, activation-induced C-type lectin; MOI, multiplicity of infection;
pDC, plasmacytoid dendritic cell; Mo-DC, monocyte-derived dendritic cell; PNGase F, protein N-glycanase F; DC, dendritic cell.
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To produce mouse anti-human LLT1 mAbs (R&D Systems; clones 402624 and 402659, both
IgG1 isotype Abs), mice were immunized with Escherichia coli-expressed recombinant human
LLT1 extracellular domain (aa 57-191; GenBank accession number NP_037401). Hybridoma
supernatants were screened by ELISA for their ability to bind recombinant LLT1. Positive
hybridomas were subsequently screened by using a cell-based ELISA for recognition of LLT1-
transfected P815 cells, but not an irrelevant P815 transfectant. Hybridomas showing the desired
reactivity were subcloned by limiting dilution and further screened on the LLT1-positive B
cell lines 721.221 and Raji. Ab was purified from hybridoma supernatants by using Protein G
affinity chromatography. We tested whether the anti-LLT1 mAbs (clones 4C7, 40262, or
402659) were capable of blocking the interaction with NKR-P1A by using our previously
described NKR-P1A reporter cells (10) and found these mAbs lacked blocking activity (data
not shown).

Anti-LLT1 antisera was made by immunizing rabbits with a fusion protein of GST and the
intracellular domain of LLT1 (aa 1-33). Abs were affinity purified on a fusion protein of
Mannose-binding protein and the intracellular domain of LLT1, covalently attached to CNBr-
activated sepharose (Sigma-Aldrich).

Cells were incubated on ice for 30 min with mAb, washed, and subsequently stained with
secondary Abs. Cells were fixed in 1% paraformal-dehyde in PBS and analyzed on a FACScan
(BD Biosciences). The data were processed by using FlowJo software (TreeStar).

Biochemistry and Western blots

Primary cell

SDS-PAGE and Western blots were performed as described (15). Neuraminidase (Roche) and
protein N-glycanase F (PNGase F; New England Biolabs) were used according to the
manufacturer’s instructions. For immunoblots, anti-LLT1 affinity-purified Abs were used at
1 ug/ml and detected with HRP-conjugated goat-anti-rabbit 1gG (Jackson ImmunoResearch
Laboratories).

cultures

Venous blood was obtained from healthy volunteers after obtaining informed consent, under
procedures approved by the UCSF Committee on Human Research. Small, resting memory T
cells were isolated as follows: PBMC were suspended in 30% Percoll in PBS with 10% FCS
and layered over 40% Percoll in PBS with 10% FCS and centrifuged at 800 x g for 35 min.
Low-buoyant density leukocyte were harvested from the interface and small, resting PBL were
recovered from the pellet and then depleted of non-T cells and naive T cells with magnetic
beads (Miltenyi Biotech) coated with mAbs against CD14, CD16, CD19, CD56, CD45RA,
CD123, and CD236. Small, resting memory T cells were cultured in RPMI 1640 medium, 10%
FCS, 2 mM glutamine, and penicillin and streptomycin (complete medium), supplemented
with 200 U/ml human recombinant IL-2 (provided by the NCI BRB Preclinical Repository).
For NK cell assays, the low-buoyant density cells from the Percoll interface layer were isolated
and grown in complete medium with 200 U/ml IL-2. Experiments were performed on cells
after at least 24 h culture in IL-2.

B cells were purified from human umbilical cord blood samples (collected from Royal Prince
Alfred Hospital, Sydney, Australia) or spleens (provided by LifeLink, Australian Red Cross
Blood Service, Sydney, Australia) by using a B cell negative isolation kit (Miltenyi Biotec).
Splenic B cells were further separated into naive and memory subsets by sorting
CD20*CD27~ and CD20*CD27* populations, respectively, using a FACSAria. The purity of
the recovered B cells was typically >98%.
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Mo-DC were generated as follows: CD14* monocytes were positively selected from PBMC
by using magnetic beads (Miltenyi Biotec) and cultured for 6 days in the presence of 25 ng/ml
IL-4 and 50 ng/ml GM-CSF (R&D Systems) in complete medium. Cytokines were replenished
on days 2 and 4. Cells were harvested on day 6 and verified to be CD14~, CD1a *, CD11c",
and HLA-DR™.

B cells were isolated from PBMC by using anti-CD19 mAb-conjugated magnetic beads
(Miltenyi Biotec) and grown in Iscove’s DMEM supplemented with 10% FCS, 2 mM
glutamine, penicillin and streptomycin, and 10 U/ml IL-2.

Human peripheral blood pDCs were positively selected from PBMC with anti-BDCA-4-coated
microbeads and sorted by flow cytometry as

CD3 CD4*CD8 CD11c CD14 CD16 CD19 CD56~ cells. pDCs were cultured at 1 x 108
cells/ml in complete media in the presence of various stimuli: 20 xg/ml IL-3 (R&D Systems),
5 uM CpG A (2216), 5uM CpG B (2006), 5 uM CpG C (C274) (Operon), heat-inactivated
HSV (multiplicity of infection (MOI) 10), influenza virus (MOI 10), or 0.1 xg/ml R848
(Invivogen). After 20 h, total RNA was prepared and reverse-transcription was performed as
described (17). For protein expression analysis, cells were activated for 48 h, and then harvested
and lysed.

For microarray experiments, human peripheral B cells were positively selected from PBMC

with anti-CD19-coated microbeads and sorted by flow cytometry as

CD3°CD4 CD8 CD11c CD14 CD16 CD20* CD56 BDCA2™ cells. B cells were cultured at
1 x 108 cells/ml for 20 h in complete medium in the presence of 5 M CpG B (2006) or IL-2
(50 U/ml) and IL-10 (100 U/ml). Memory B cells were positively selected from PBMC with
anti-CD19-coated microbeads and sorted by flow cytometry as

CD3°CD4°CD8 CD11¢c"CD14 CD16 CD20*CD27*CD56 BDCA2™ cells.

Microarray data

A gene expression database, which included the major human immune cell types in peripheral
blood, was established as described (17). The Positional Dependent Nearest Neighbor model
(18) was used to estimate the gene expression values from the probe intensity values. The final
expression output was normalized with the numerical value of one representing the estimated
threshold of basal expression.

Quantitative RT-PCR

Sense ATTACACCATCTGAATTGCCTGC and antisense GCGCCAAAT
TAAGGTAGCTTTAATA primers were used with probe ACCCAGGTT
GTCTGCATTCAAAAGAGCA to detect LLT1 transcripts by using an ABI 7300 Real Time
PCR System. LLT1 transcript levels are shown relative to controls; GAPDH for pDC and
PBMC Donor A and B cells, or S18 for PBMC Donor B.

Cellular assays

For mAb cross-linking studies, B cells were cultured for 48 h in 24-well tissue culture plates
coated with N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-tri-methylammonium methylsulfate
(DOTAP) and mAbs, as described (16). In other B cell experiments, human splenic and cord
blood B cells were cultured (2 x 10%/ml) in the absence or presence of recombinant human
CDA40L, F(ab) ' fragments of goat anti-human Ig (H and L chains; Jackson ImmunoResearch
Laboratories; 2 ug/ml), CpG-2006 (1 ug/ml, Proligo) or combinations of these for 48 h.
Expression of LLT1 was then determined by flow cytometry or Western blotting as detailed
above.

J Immunol. Author manuscript; available in PMC 2009 May 15.
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For other stimulations, low buoyant density lymphocytes, Mo-DC, and B cells were treated
for 48 h with 1 xg/ml E. coli LPS (Sigma-Aldrich), 5uM CpG-B-2006 (Operon) for B cells, 2
uM each CpG-A, B, C (Operon) for cells other than B cells, 50 xg/ml poly I:C (Amersham
Pharmacia), 1-5 ug/ml R837 (Invivogen), 5 ug/ml CL-075 (Invivogen), 10 xg/ml zymosan
(Sigma-Aldrich), peptidoglycan 10 pg/ml (Invivogen), or 1 ng/ml IL-1x (R&D Systems).

T cells (1.5 x 10°/well) in 200 I of complete medium were cocultured in 96-well round-bottom
plates with irradiated (3000 rad) mouse P815 cells (2 x 10*/well) and stimulating mAbs for 6
h to induce the production of cytokines, in the presence of Golgiplug and Golgistop (BD
Pharmingen). For P815 stimulations, 0.5 ug/ml anti-CD3 (clone Leu 4) and 0.5 xg/ml anti-
CD28 (clone L293) were used for suboptimal stimulation and anti-NKR-P1A or an isotype-
matched control 1gG1 was added at 0.25 ug/well. For T cell degranulation assays, cells were
cocultured with human CD80-transfected P815 cells (P815-B7.1) (19) and 0.5 ug/ml anti-CD3
for 2 h, stained with FITC-conjugated anti-CD107a and Abs against CD4, CD8, and CD161,
and then analyzed on an LSRII flow cytometer (BD Pharmingen). For cytokine assays, cells
were cultured for 6 h, as described above, stained for surface proteins CD4, CD8, and CD161,
and then fixed and permeabilized, and stained for intracellular cytokines according to the
manufacturer’s instructions. Stimulations with Raji cells were as follows: 2.5 ng/ml
Staphylococcus enterotoxin B (SEB, Toxin Technologies) was used to stimulate T cells (1.5
x 10%/well) cocultured with Raji cells (0.25 x 106/well) in the presence of Golgiplug with or
without blocking Abs (0.5 ug/well) for 6 h, and then stained as above.

For NK cell assays, low-buoyant density cells (1.5 x 10°/well) in 200 xl of complete medium
were cocultured in 96-well round-bottom plates with irradiated (3000 rad) mouse P815 cells
(1.5 x 10%well). For P815 experiments, cells were stimulated with 2.5 ug/ml anti-2B4 (clone
C1.7) and 2.5 ug/ml either isotype-matched control Ig or anti-NKR-P1A mAb for 2.5 h in the
presence of Golgiplug and Golgistop (BD Pharmingen), and then stained with mAbs against
FITC-conjugated anti-CD107a, PE-conjugated anti-CD56 (BD Pharmingen), and PE-Cy5-
conjugated anti-CD3, and then analyzed by flow cytometry. For Raji experiments, low-buoyant
density cells (1.5 x 10°/well) were cocultured with Raji cells (2 x 10%/well) for 6 h with
Golgiplug and Golgistop alone or in the presence of, isotype-matched control F(ab’), or
blocking anti-NKR-P1A F(ab"),, were stained with CD107a, CD56, and CD3 mAbs, and then
stained for cytokines as described above.

Human LLT1 is a disulfide-bonded, glycosylated homodimer

To understand the functional role of an NKR-P1A and LLT1 interaction, we first sought to
determine under what conditions and in which cell types LLT1 is expressed. To accomplish
this, we created mAbs (R&D Systems clones 402624 and 402659) against the extracellular
domain of LLT1. Mice were immunized with the extracellular domain of LLT1 in soluble
recombinant form, and then boosted with an injection of mouse Ba/F3 cells expressing human
LLT1. Hybridomas were screened for reactivity against the soluble recombinant protein and
for reactivity against mouse Ba/F3 cells expressing LLT1. We also characterized and used a
recently commercially available Ab, clone 4C7, against LLT1. These mAbs specifically
recognized human LLT1-transfected Ba/F3 cells, but did not recognize parental untransfected
Ba/F3 or Ba/F3 expressing human AICL, the closest homologue of LLT1 (Fig. 1A).

We also created an affinity-purified rabbit antiserum against the intracellular domain of LLT1
for immunoblots. This anti-LLT1 antiserum, but not preimmune control serum, specifically
recognized LLT1-transfected Ba/F3 cells, but not untransfected Ba/F3 or AICL-transfected
Ba/F3 (Fig. 1, B and C). SDS-PAGE analysis revealed that LLT1 migrated at ~65 kD in its
nonreduced form. When lysates were treated with neuraminidase and PNGase, a significant
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shift in migration was observed, indicating the presence of N-linked glycans on LLT1 (Fig.
1D). Reduced monomers of LLT1 migrated at ~35 kD or at 25 kD when treated with
neuraminidase and PNGase, which is close to the predicted 22 kD m.w. of the LLT1 core
polypeptide.

LLT1 is expressed on activated B cells

We had previously detected LLT1 on the EBV-transformed B cell line 721.221 and reported
that LLT1 on this target cell inhibited NK cell-mediated cytotoxicity through interactions with
NKR-P1A on NK cells (10). We examined a panel of human B cell lines for LLT1 expression
and detected LLT1 protein on a number of B cell lines, including Daudi, Raji, Ramos, RL,
RPMI-8866, and Namalwa (Fig. 2A). These cell lines all expressed LLT1 mRNA by RT-PCR
and demonstrated LLT1 protein by Western blot analysis (data not shown). Interestingly, out
of the five Burkitt’s lymphoma cell lines analyzed (i.e., BJAB, Namalwa, Daudi, Raji, and
Ramos), four expressed LLT1. There was no correlation, however, between LLT1 expression
and EBV transformation status.

In examining whether primary B cells express LLT1, we found that freshly isolated cord blood,
peripheral blood, and tonsillar B cells, as well as splenic naive, memory, and plasma cells,
were negative for LLT1 or expressed only low amounts of LLT1, depending on the donor.
However, CpG-activated blood B cells expressed significantly higher levels of LLT1 (Fig. 2,
B-D). We also detected increased LLT1 mRNA transcripts in CpG-activated B cells by
quantitative RT-PCR (Fig. 2B). To confirm this was a direct effect of CpG on B cells, to exclude
the requirement of other cell types, and to determine whether other methods of activating B
cellscaninduce LLT1, we examined LLT1 expression in purified B cells. B cells isolated from
PBMC were treated with plate-bound Abs against CD40 or IgM or were stimulated with CpG
for 48 h and then lysed for examination by Western blot. Whereas resting peripheral blood B
cells expressed very low amounts of LLT1, stimulation via CD40 or IgM cross-linking induced
LLT1 protein, as did CpG DNA treatment (Fig. 2C). Treatment with CpG DNA consistently
resulted in the highest induction of LLT1 expression. These observations were also made when
expression of LLT1 was examined on naive splenic and cord blood B cells that had been
stimulated with anti-lg, CD40L, or CpG (data not shown). These data indicated that IgM,
CDA40, or CpG stimulation of B cells alone is sufficient to induce LLT1 expression.

To examine the specificity of CpG DNA stimulation, we treated PBMC with a panel of TLR
stimuli and examined B cell expression of LLT1. We detected LLT1 on CpG-treated B cells,
but not on B cells treated with other TLR stimuli (Fig. 2D). These results are consistent with
the expression of TLRs by B cells because they express abundant levels of TLR9 (and TLR10),
but low or negligible levels of TLR1, TLR2, TLR4, and TLR7 (20-22).

Stimulation through TLR3, TLR4, TLR7, TLR7, or TLR9 induces LLT1

Previous work suggested that LLT1 mRNA is expressed in osteo-blast cell lines and that LLT1
transcript levels increased with IL-1a treatment (23). A prior report also demonstrated that
PMA-stimulated PBMC express LLT1 mRNA (24). After observing that LLT1 was induced
on CpG-treated B cells, we examined whether stimulation by other TLR agonists might induce
LLT1 expression on peripheral blood leukocytes. To accomplish this, we treated low buoyant
density PBMC, enriched for monocytes, NK cells, B cells, and dendritic cells (DC), with
various TLR stimuli for 48 h and then tested for LLT1 protein by Western blot analysis. The
TLR9 ligand CpG DNA induced LLT1 expression, as did TLR7 ligand R-837 and TLR8 ligand
CL-075, and to a lesser extent TLR3 ligand poly I:C and TLR4 ligand LPS (Fig. 3). TLR2
ligands, peptidoglycan, and zymosan did not induce LLT1 (Fig. 3).
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Although other groups have reported LLT1 expression on monocytes and NK cells (25), we
examined resting monocytes, resting and IL-2 activated NK cells, and resting and I1L-2
activated T cells and found no evidence for LLT1 protein by flow cytometry and Western blot
analysis (data not shown). We did, however, see LLT1 expression on NK cells lines NKL and
YT2C2, suggesting it may be possible for NK cells to express this protein under some
circumstances; interestingly NKL and YT2C2 do not express NKR-P1A (data not shown).

Activated plasmacytoid DCs and monocyte-derived DCs express LLT1 in a TLR-specific

fashion

Because treatment of B cells with TLR9 ligand CpG DNA potently induced LLT1, we
examined LLT1 expression in pDCs, which also express TLR9, and are responsive to CpG
DNA (20-22). pDCs, also known as IFN-producing cells, respond to viral infections by rapidly
producing large amounts of type | IFN. To determine whether LLT1 is expressed by pDCs we
examined microarray data from isolated pDCs treated with a panel of stimuli. Whereas freshly
isolated pDC expressed little LLT1 mRNA, the amount of LLT1 was increased significantly
after treatment with inactivated influenza virus, inactivated HSV-1, or CpG DNA of various
compositions (Fig. 4A). To confirm these data, we performed quantitative RT-PCR on pDC
cDNA and again observed more LLT1 transcripts following pDC activation with inactivated
viruses or CpG DNA (Fig. 4B). Western blot analysis confirmed that LLT1 protein is induced
in activated pDCs (Fig. 4C). LLT1 protein was induced strongest after stimulation with TLR9
ligand CpG-C DNA, TLR7/8 ligand R-848, and the TLR7 ligand inactivated influenza virus.

We then examined whether DC other than pDC can express LLT1. We generated Mo-DC by
culturing CD14* sorted monocytes with IL-4 and GM-CSF for 6 days. Mo-DC were treated
with various stimuli for 48 h and assayed for LLT1 protein. Mo-DCs expressed LLT1 after
stimulation with TLR3 ligand poly I:C, TLR4 ligand LPS, and TLR8 ligand CL-075 (Fig.
4D). This induction of LLT1 in Mo-DC apparently is TLR-specific because the TLR2 ligands
zymosan and peptidoglycan did not induce LLT1 protein.

LLT1 on Raji cells inhibits NK cell activation, but does not affect TCR-dependent stimulation
of NKR-P1A* CD4* T cells

In addition to being on NK cells, NKR-P1A is expressed on ~30 —-50% of CD4* CD45RO* T
cells and 30 — 60% of CD8* CD45RO™ effector/memory T cell subsets in adult human
peripheral blood (1,6). Although an inhibitory role for NKR-P1A has been established for NK
cells, no function has been previously reported for NKR-P1A on conventional effector or
memory T cells. First, to confirm that LLT1 was a functional ligand for NKRP-1A on Raji
cells, we cocultured Raji cells with IL-2-activated peripheral blood NK cells and examined
NK cell activation in the presence or absence of an anti-NKR-P1A F(ab’),. Because these anti-
NKR-P1A F(ab"), fragments lack Fc domains, they cannot bind to Fc receptors and cross-link
NKR-P1A, and thus are a useful reagent to block the interaction with LLT1, as previously
reported (10). We examined NK cell degranulation by using CD107a (LAMP-1) surface
staining, as well as IFN-y production by using intracellular cytokine staining. We observed a
marked increase in both degranulation and cytokine production by NK cells cocultured with
Raji cells in the presence of blocking anti-NKR-P1A F(ab"), (Fig. 5A). This demonstrated that
Raji cells express functional LLT1, which serves to inhibit degranulation and cytokine
production in NK cells through interactions with NKR-P1A on NK cells.

Having validated that LLT1 on Raji cells functionally suppresses NK cell activation, we used
these LLT1* Raji cells as APCs to stimulate NKR-P1A* T cells in the presence or absence of
neutralizing anti-NKR-P1A F(ab"),. To enrich for resting effector/memory T cells, we first
isolated small, resting high buoyant-density peripheral blood leukocytes from PBMC by
Percoll density centrifugation, and then depleted cells positive for CD14, CD19, CD56,
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CD45RA, CD123, or CD236. T cells were cultured overnight, and then incubated with
LLT1* Raji cells in the presence of the superantigen, SEB, at a suboptimal dose (based on prior
titration) with or without blocking anti-NKR-P1A F(ab’),. Cells were stimulated for 6 h and
analyzed for cytokine production by intracellular staining. We observed that although anti-
NKR-P1A F(ab’), enhanced NK cell activation, anti-NKR-P1A F(ab").did not affect SEB-
induced production of IFN-y or TNF-a by CD8" T cells (Fig. 5B) or IL-2, IFN-y, or TNF-a by
CD4* T cells (Fig. 5C). Experiments were performed at varying concentrations of SEB in the
presence of saturating amounts of NKR-P1A F(ab"),, and no specific increase or decrease of
cytokine production was noted (data not shown). Additional experiments performed in the
presence of CTLA-4-1gG Fc to block B7-CD28 interactions also showed no additional effect
of blocking NKR-P1A, compared with blocking with CTLA-4-Ig Fc (data not shown).

Anti-NKR-P1A mAb inhibits anti-CD3 mAb-induced TNF-a production by CD8* T cells

To further assess the role of NKR-P1A in T cells vs NK cells, we used mAb-redirected
activation with Fc receptor-bearing mouse P815 stimulator cells, a system we have previously
used to cross-link and study inhibitory receptors (e.g., inhibitory KIR) on NK cells (1,26) and
activating receptors (e.g., CD3) on T cells (19,27). In this assay system, T cells or NK cells
are cocultured with the Fc receptor-bearing P815 cell line in the presence or absence of intact
1gG Abs against activating or inhibitory receptors on the T cell and NK cells. The anti-receptor
Abs are cross-linked by binding to the Fc receptors on the P815 cells and function as receptor
agonists. When cross-linked by the Fc receptors on P815, intact IgG mAbs against inhibitory
receptors suppress cytotoxicity or cytokine production by the effector cells, whereas intact IgG
mADbs against activating receptors enhance cytotoxicity or cytokine production. First, we
demonstrated that anti-NKR-P1A mAb suppressed anti-CD244 (2B4) mAb-redirected
degranulation of IL-2-activated peripheral blood NK cells. When the activating receptor
CD244 was cross-linked with a specific anti-CD244 mAb by the Fc receptors on P815 target
cells, we detected a significant increase in NK cell degranulation as measured by surface
CD107a staining (Fig. 6A). However, when anti-NKR-P1A mAb, but not isotype-matched
control Abs, was added, we observed a marked decrease in NK degranulation, confirming an
inhibitory role for NKR-P1A on NK cell function.

To test the role of NKR-P1A in T cells using this system, we cocultured resting effector/
memory T cells (isolated as described above) with P815 cells in the presence of suboptimal
concentrations of anti-CD3 and anti-CD28, with or without anti-NKR-P1A. We also used
CD80 (B7.1)-transfected P815 cells and suboptimal anti-CD3 mAb stimulation with similar
results. We observed no specific differences in IFN-y or TNF-a production by NKR-P1A*
CD4* T cells when NKR-P1A was co-cross-linked with anti-NKR-P1A mAb by P815 cells
(Fig. 6B). We did observe that a higher frequency of NKR-P1A* CD4* T cells produce IFN-
y or TNF-o than NKR-P1A™ CD4* cells in this memory-enriched T cell population, in
agreement with prior findings (6). Because NKR-P1A inhibits NK cell degranulation (Fig.
6A), we tested the effects of NKR-P1A on T cell degranulation. We observed that whereas
NKR-P1A* CD8* T cells degranulated after CD3 and CD28 stimulation, mAb-mediated cross-
linking of NKR-P1A did not have any specific effects on degranulation in these cells (Fig.
6C). Lastly, we tested the effects of cross-linking NKR-P1A on cytokine production by NKR-
P1A* CD8* T cells and found that whereas engaging NKR-P1A did not significantly effect
IFN-y production, cross-linking NKR-P1A did result in a decrease in TNF-a-producing cells
in three of seven blood donors analyzed (Fig. 6D).

Discussion

Although LLT1 was identified recently as a ligand for human NKR-P1A, little is known about
the expression or regulation of this molecule or the physiological relevance and context of this
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interaction. In this study, we sought to define the cellular sources of LLT1, to explore the
functional consequences of LLT1 expression, and to describe the role of NKR-P1A on memory
CD4" and CD8 T+ cells, in addition to NK cells. We found that LLT1 is widely expressed on
many B cell lines and on primary B cells activated by anti-CD40 or anti-IgM cross-linking or
by treatment with the TLR9 ligand CpG DNA. We further demonstrated that stimulation of
PBMC through TLR3, TLR4, TLR7, TLRS8, or TLR9 induced the expression of LLT1. Because
TLR9 ligands strongly induced the expression of LLT1 on B cells, we tested whether CpG-B
DNA could also induce LLT1 expression on pDCs, which constitutively express TLR9. We
found that TLR9-and TLR7-stimulated pDCs expressed LLT1 protein, as did TLR3, TLR4,
or TLR8-stimulated Mo-DC. Overall, we observed LLT1 expression following stimulation via
TLR3, TLR4, TLR7, TLR8, or TLR9. Interestingly, these TLRs are unique because they all
induce activation of TRAF3 (28).

We examined LLT1 expression on fresh monocytes, resting and IL-2 activated T cells, and
resting and IL-2 activated NK cells and found no evidence for LLT1 protein by flow cytometry
and Western blot analysis (data not shown). This was surprising because a previous report
claimed that NK cells express LLT1 and that cross-linking LLT1 on NK cells induced
production of IFN-y (25). However, using the L9.7 mAb (25) (provided by Dr. P. Mathew,
University of North Texas Health Science Center, Fort Worth, TX), we failed to detect LLT1
onour LLT1-transfected Ba/F3 cells. It is also noteworthy that previous studies using this mAb
reported a much higher m.w. of LLT1 protein as analyzed by SDS-PAGE than we observed
in our studies (25). We cannot explain the discrepancy between our results and these previously
reported findings, but are likely attributable to the nature of the mAbs used.

Prior studies from our laboratory and others have demonstrated that interactions between
human NKR-P1A on NK cells and LLT1 on target cells inhibit NK cell-mediated cytotoxicity
and cytokine production (9,10). Our new findings that LLT1 is preferentially expressed on
activated DC and B cells suggest that this molecule might regulate the interactions between
NK cells and DC during viral infection or interactions between NK cells and activated B cells.
pDCs can directly activate NK cells through mechanisms involving pDC-derived IFN-y and
glucocorticoid-induced TNFR-related protein ligand (29,30); however, activated pDC are
known to be resistant to NK lysis. As LLT1 is expressed on activated pDCs, it is possible that
LLT1 up-regulation on activated pDC might contribute to the resistance of these cells to NK
cell-mediated lysis. Further studies will be required to explore the relative contribution of MHC
class I and LLT1 on activated DC in protection against NK cell-mediated attack. Similarly,
activated B cells expressing LLT1 might be protected, in part, from NK cell-mediated
cytotoxicity via interaction with NKR-P1A. We have shown the potential for transformed B
cells (e.g., 721.221 and Raji) to be protected through LLT1-NKR-P1A interactions from NK
cell attack. Another consequence of LLT1 expression might be protection of tumors,
particularly those low in expression of MHC class I, from NK cell surveillance. In this regard,
LLT1 was described recently as being expressed on malignant glioma cells (31). As LLT1
expression could represent a mechanism of immune evasion, it will be interesting to see
whether LLT1 is aberrantly expressed in cancer.

Although the interaction of LLT1 with NKR-P1A inhibits NK cell functions such as cytokine
production and cytotoxicity, the functional consequences of LLT1 interacting with NKR-P1A
on conventional effector or memory T cells had not been addressed previously. We used
LLT1* Raji cells and neutralizing mAbs against NKR-P1A to explore this question. Previous
reports describing the function of NKR-P1A on human NKT cell clones and immature
thymocytes using anti-NKR-P1A mAbs suggested a co-stimulatory role for this receptor on T
cells (7,8). In contrast, in our studies TCR-induced IFN-y or TNF-a production by conventional
peripheral blood NKR-P1A* CD4" T cell was not affected by the presence of LLT1 on the
APC (Raji B cells) or by cross-linking with an anti-NKR-P1A mAb that inhibited NK cell-
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mediated cytotoxicity and cytokine production. Similarly, engaging NKR-P1A did not affect
peripheral blood CD8* T cell degranulation. Lastly, we demonstrated that although ligation of
NKR-P1A did not affect CD8" T cell IFN-y production, it did decrease anti-CD3-induced
CD8* T cell TNF-a production in some donors, suggesting a preferential inhibitory role on
different effector functions in a donor specific fashion. In contrast, NKR-P1A did not decrease
SEB-induced CD8* T cell TNF-a production, possibly because SEB and anti-CD3 stimulation
differ or different cells were responsive to SEB vs anti-CD3. In comparing CD45RO™ effector/
memory T cell subsets, we found that, in agreement with previous reports, NKR-P1A*
CDA4* T cells produce more IFN-y and TNF-a than their NKR-P1A™ counterparts (6,32). We
also found that NKR-P1A* CD8* T cells are capable of degranulating and producing more
TNF-a than NKR-P1A~ CD8* effector/ memory T cells. Although NKR-P1A* CD8" T cells
do produce IFN-y, they produce less than NKR-P1A~ CD8* cells, in agreement with other
studies (6).

Although previous experiments exploring the role of NKR-P1A on NKT cells have suggested
a stimulatory role for this receptor, we have observed either an inhibitory role for this receptor
on NK cell-mediated cytotoxicity or cytokine production or no effect of ligating this receptor
on TCR-activated conventional T cells in most assays. There are several possible explanations
for the discrepancy in these various studies. First, most of the commonly used anti-NKR-P1A
mAbs block the interaction between LLT1 and NKR-P1A (9,10). Therefore, what appears to
be “stimulation” might actually be caused by the anti-NKR-P1A mAb blocking the interaction
between the inhibitory NKR-P1A receptor and its ligand on an Ag-presenting cell or target
cell. In the studies demonstrating that anti-NKR-P1A mAb augmented the activation of
immature thymocytes (8) and invariant NKT cell clones (7), it is possible that the anti-NKR-
P1A mAb was actually blocking the interaction between an inhibitory NKR-P1A receptor on
these T cells and LLT1 ligand being expressed by the NKT cell clones or thymocytes. In this
regard, we have detected LLT1 protein by Western blot analysis in thymocyte lysates (data not
shown). Alternatively, it is possible that the NKP-P1A on certain cell types, such as NKT cells
or immature thymocytes, might possess an activating function in certain situations. However,
unlike rodents, humans have only a single NKR-P1 gene and there is no evidence of
alternatively spliced isoforms that can mediate distinct functional outcomes. Aside from
inhibiting anti-CD3 mAb induced CD8* T cell TNF-a production, we found no evidence that
NKR-P1A enhanced or suppressed the TCR-induced activation of T cells, as determined by
evaluating cytokine production and cyto-toxicity. However, this does not rule out a role for
NKR-P1A in other T cell functions. Other inhibitory C-type lectins, such as NKG2A, have
been reported to inhibit TCR-induced apoptosis (33), thus it is possible that NKR-P1A serves
a similar role. We also examined anti-CD3-induced T cell proliferation and detected no role
for NKR-P1A, although, interestingly, expression of NKR-P1A on the cell surface decreased
after stimulation (data not shown).

The cytoplasmic domain of NKR-P1A contains the amino acid sequence AI'YAEL, which is
similarto an ITIM, (lle/Val/Leu/Ser)-X-Tyr-X-X-(Leu/Val), where X denotes any amino acid,
except that NKR-P1A contains an alanine in the —2 position relative to the tyrosine residue
(34). Previous data have suggested that this —2 position is important for inhibitory function and
mutating the —2 position to an alanine in an ITIM resulted in decreased inhibitory potential
(35). This noncanonical ITIM likely explains the weak inhibitory potential of NKR-P1A. In
mAb-redirected cytotoxicity experiments using the Fc receptor-bearing P815 target cell, cross-
linking NKR-P1A inhibited anti-2B4-induced degranulation of human NK cells; however,
cross-linking NKR-P1A did not significantly inhibit anti-CD16-induced degranulation of NK
cells (data not shown), suggesting that the inhibitory potential of NKR-P1A can be masked by
a strong activating stimulus. Thus, although NKR-P1A largely failed to modulate high-affinity
anti-CD3 or SEB-induced responses, it remains possible that NKR-P1A does function in T
cells physiologically to modulate low affinity TCR interactions, possibly against self-peptides.
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Collectively, our findings demonstrate that LLT1 can be induced on activated human B cells

an

d DC and that the expression of LLT1 on B cell lines can inhibit NK cell-mediated

cytotoxicity and cytokine production. Although under certain circumstances NKR-P1A might
affect NKR-P1A-bearing T cell responses, it apparently does not suppress or augment

ac

tivation induced by high affinity TCR engagement.
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LLT1 is a glycosylated disulfide-bonded homodimer. A, mAbs against LLT1 specifically
recognize LLT1-transfected cells but not untransfected cells or cells transfected with related
protein, AICL. B, Anti-LLT1 antiserum, but not control preimmune sera, specifically detects
LLT1. C, Anti-LLT1 antiserum specifically recognizes NKR-P1A, but not the related C-type
lectins ACIL or CD69. D, Protein N glycanase F (PNGase) treatment of LLT1 transfectants
reveals that LLT1 is an N-glycosylated dimer.
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Activated B cells express LLT1. A, Many immortalized B cell lines express LLT1. B,
Microarray expression data reveal that B cells treated with CpG, but not resting or memory B
cells, express LLT1. Quantitative RT-PCR confirms that CpG induces LLT1 expression in B
cells. C, Western blot analysis of purified B cells demonstrates that activation through CDA40,
IgM, or TLR9 is sufficient to induce LLT1 protein in sorted B cells. D, CpG DNA, but not
other TLR stimuli, induces LLT1 protein on the surface of B cells.
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IB:LLT1

IB: ERK

TLR stimulations of peripheral blood low buoyant density mononuclear cells (LBD-PBMC).
Immunoblots of TLR-stimulated LBD-PBMC lysates demonstrate that LLT1 protein is

induced by ligands of TLR3, TLR4, TLR7, TLR8, or TLR9. All findings were reproduced in
at least three independent experiments.
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TLR-activated pDC and activated Mo-DC express LLT1. A, Microarray expression data from
purified pDC demonstrate that pDCs treated with inactivated viruses or CpG DNAs increased
LLT1 mRNA. B, Quantitative RT-PCR of purified pDC samples confirmed increased levels
of LLT1 transcripts in activated pDCs. C, Activated pDCs express LLT1 protein. D, Mo-DC
express LLT1 after TLR3, TLR4, or TLR8 stimulation, but not after TLR2 activation. All

findings were reproduced in at least two independent experiments.
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FIGURE 5.
LLT1on Raji cellsinhibits peripheral blood NKR-P1A™ NK cells, but does not affect peripheral
blood NKR-P1A* T cells. A, Blocking NKR-P1A with F(ab’), demonstrates that LLT1 on Raji
cells specifically interacts with NKR-P1A on primary human NK cells to functionally inhibit
degranulation and cytokine production. B, Blocking NKR-P1A with F(ab"), demonstrates that
LLT1 on Raji cells does not affect NKR-P1A* CD8" IFN-y or TNF-« production. C, Blocking
NKR-P1A with F(ab"),2 reveals that LLT1 on Raji cells does not induce any specific effects

on NKR-P1A* CD4* IL-2, IFN-y or TNF-a production. Data are representative of at least four
independent experiments.
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FIGURE 6.

Cross-linking NKR-P1A with FcR* P815 cells inhibits NK cell function and can inhibit NKR-
P1A* CD8* T cell TNF-a production. A, Cross-linking NKR-P1A with P815 cells inhibits
2B4-induced degranulation in peripheral blood NK cells. B, Cross-linking NKR-P1A does not
affect anti-CD3 induced IFN-y or TNF-a production by NKR-P1A* CD4* T cells. C, Cross-
linking NKR-P1A does not affected anti-CD3 induced degranulation on NKR-P1A* CD8* T
cells. D, Cross-linking NKR-P1A does not affect IFN-y production by NKR-P1A* CD8* T
cells, but does inhibit TNF-a production in three of seven donors analyzed. Data are
representative of at least three independent experiments.
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