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Differential Expression of Leukocyte Receptor
Complex-Encoded Ig-Like Receptors Correlates with the
Transition from Effector to Memory CTL *

Neil T. Young,® Markus Uhrberg, > Joseph H. Phillips,” Lewis L. Lanier,*" and Peter Parham*

The human leukocyte receptor complex (LRC) on chromosome 19g13.4 encodes Ig superfamily receptors expressed on hemo-
poietic cells. Killer Ig-like receptors (KIR) are expressed in cytotoxic lymphocytes but other LRC molecules (Ig-like transcrip-
t(ILT)/leukocyte Ig-like receptor (LIR)) are more ubiquitous. We investigated expression of the ILT2/LIR1 inhibitory receptor
compared with the related KIR. Both ILT2/LIR1 and KIR were expressed by peripheral CD8* T cells with a memory/effector
phenotype. ILT2/LIR1* T cells demonstrated diverse TCRBV repertoires in contrast to KIR" T cells, while numbers of periph
eral ILT2/LIR1 * T cells were greater than KIR* T cells and the majority of ILT2/LIR1 * T cells did not coexpress KIR. Analysis
of CD8™ T cells with specific HLA class | tetramers confirmed this pattern of expression, indicating differential regulation of LRC
gene expression in T lymphocytes. Only a minor proportion of ILT2/LIR1* KIR ~ clones survived in vitro cloning, were more
susceptible to anti-CD3 or cognate peptide induced cell death than KIR T cells and exhibited lower levels of the Bcl-2 survival
molecule. Our results indicate a sequential program of LRC-encoded receptor expression with initial ILT2/LIR1 expression in
effector T cells and KIR gene transcription in the minor proportion of expanded clones which survives activation-induced cell
death to become long term memory T cells. The Journal of Immunology,2001, 166: 3933-3941.

of the Ig superfamily, containing either two (KIR2D) or (ITIMs) which recruit SHP-1 phosphatase (8) or short-tailed, ac-

three (KIR3D) extracellular Ig domains (1). The genes tivating forms which associate with the FeRsignaling subunit
for these receptors are located in a polygenic cluster on chromg®). ILT/LIR proteins differ from KIR by being principally ex-
some 19q13.4 (2). Further molecules with homology to KIR havepressed on cells with a phagocytic and Ag-presenting function
been described and shown to be encoded by genes located in tbech as monocytes, macrophages, dendritic cells, and B lympho-
same genomic region, now designated the leukocyte receptor conaytes, although a subset of these inhibitory receptors are expresse
plex (LRC) (3). This additional family of receptors, known either on peripheral NK and T lymphocytes (4, 5).
as lg-like transcripts (ILT) (4), leukocyte lg-like receptors (LIR)  The functional activity of human NK cells and a subset of CTL
(5), or monocyte inhibitory receptors (MIR) (6, 7) have structural is influenced by the interaction of KIR with epitopes of HLA class
and functional similarities to KIR including multiple isoforms. | molecules. Upon binding their specific ligands, KIR recruit
ILT/LIR possess either four or two extracellular Ig-like domains SHP-1 phosphatase via ITIMs located in their cytoplasmic tail,
and can be classified as inhibitory forms with long cytoplasmicinhibiting the signaling processes associated with cellular activa-
tion (1). In NK cells, KIR genotype and expression repertoire de-
termine self tolerance (10) and allow these cells to detect “missing
*Departments of Structural Biology and Microbiology and Immunology, Stanford self " j.e., the loss of cell surface HLA class | expression resulting
University School of Medicine, Stanford, CA 94305; albNAX Research Institute . . ith . . l .
for Molecular and Cellular Biology, Palo Alto, CA 94306 from infection with certain viruses or malignant transform_atlop.
Received for publication November 1, 2000. Accepted for publication JanuarylSOf(_)rmS of the K_IR m0|eC_U|es that have short F:yt(?plasmlc tails
12, 2001. lacking ITIM motifs may trigger effector cell activation through
The costs of publication of this article were defrayed in part by the payment of pagedsSociation with the adaptor molecule DAP12 (11). The precise
charges. This article must therefore be hereby maddrtisemenin accordance role of KIR expression in CTL is unclear, although these receptors
‘:‘"th 18 U.S.C. Section 1734 solely to indicate this fact can modulate signals transmitted through the TCR/CD3 complex

This work was supported by National Institutes of Health Grant Al22039. N.T.Y. is _ PR ;
a Wellcome Trust International Prize Traveling Research Fellow. M.U. was supporte(gl2 14)' KlR expressu)_n n T“Iymphocy}/tes appears to be restricted
by the Ministerium fiir Schule und Weiterbildung, Wissenschaft und Forschung dedO cells with a differentiated “memory” phenotype (15).
Landes Nordrhein-Westfalen. DNAX Research Institute for Molecular and Cellular ~ As the KIR and ILT/LIR receptors are encoded within the same
Biology is funded by Schering-Plough Corporation. . s
) ddrese: Nufield Denariment of S University of Oxford. Johm R dgenomlc cluster, it is relevant to assess the features of ILT/LIR
clgfgrﬁg;;talr%;o U pariment of surgery, Fnersity of Oxiord, Johi Ra expression in peripheral lymphocytes and the extent of any coin-
 Address correspondence and reprint requests to Dr. Neil Young at his current acFldence with KIR expression, particularly as inhibitory receptors
dress: Nuffield Department of Surgery, University of Oxford, John Radclifie Hospital, SUCh as ILT2/LIR1 appear to be expressed on both NK and T
Headington Oxford, OX3 9DU U.K. E-mail address: neil.young@nds.ox.ac.uk lymphocytes and recognize HLA class | ligands (16). Investigation
“Current address: Institute for Transplantation Diagnostics and Cell Therapeutics0f these features will provide information on cell-type specific ex-
Heinrich Heine University Medical Center, Dusseldorf, Germany. pression of genes within the LRC and may have important impli-
S Current address: University of California San Francisco, Department of Microbiol cations for the functional repertoires of cells with cytotoxic capac-
ogy and Immunology, San Francisco, CA 94143. . L.
Gi);b i gdy. i KIR Killer coll ik or 1T lovike ity. We have thus analyzed characteristics of the ILT2/LIR1
reviations used In tnis paper: , Killer cell Ig-like receptor; , 1g-lIke Hran . A . - .

script(s); LRC, leukocyte receptor complex; LIR, leukocyte Ig-like receptor(s); 'r?hlbltory receptor on T Iymphocytes m_ comparison with expres-
CDR3, complementarity-determining region 3. sion of the related KIR. Previous studies have demonstrated the

K iller cell Ig-like receptor (KIRJ molecules are members tails containing immunoreceptor tyrosine inhibitory motifs
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expression of ILT2/LIR1 by a proportion of T cells but have not amplification of six groups of inhibitory KIR (KIR2DL1-4 and
addressed the coordination of ILT2/LIR1 and KIR expression orKIR3DL1-2) and six groups of noninhibitory KIR (KIR2DS1-5 and

: PP KIR3DS1). Amplifications were performed with specific primers at a con-
defined the specific types of T cells that express ILT2/LIR1. Our entration of 0.54M in 25-yl reactions for 30 cycles using @ of cDNA

results indicate a certain overlap in expression of the two types OEer reaction. Internal control primers specific factin were included in
receptors but also demonstrate a differential regulation of Ig-likeeach PCR at a concentration of 0,051. Feeders-only cultures were used
receptor acquisition which correlates with the development of reas RT-PCR controls to monitor the presence of residual transcripts from
sistance to activation-induced cell death in memory CTL. irradiated feeder cells. The use of this RT-PCR analysis allowed us to
detect expression of all KIR genes, including those receptors that cannot be
. detected by specific Abs.
Materials and Methods TCRBV family-specific PCR was performed as previously described
Normal donor leukocytes (19). For each of 25 TCRBV families a specific sense primer and a com-
Buffy coats obtained by leukapheresis of normal blood donors were pur[non antisense primer matching the TCRB constant region were used. T

chased from Stanford Medical Center Blood Bank. Cord blood sampIe%felélgﬁgese\’rvezgejrpqulfodnfor 25 cycles, PBMC for 35 cycles using 1

were obtained from normal term deliveries at the Maternity Unit, Packard TCRE gene rearrangements of T cell clones were determined by direct
Children’s Hospital, Stanford. Mononuclear cells were obtained from thes%equencir?g of productg obtained by TCR family-specific PCR Dueyto the
products by Ficoll-Hypaque gradient centrifugation. HLA class | typing monoclonality of the established T cell clones, no subcloniﬁg step was
was performed on genomic DNA derived from PBMC using PCR followed necessary to obtain unambiguous complementarity-determining region 3

by direct sequencing and sequence-specific primer amplification. (CDR3) sequences. PCR products were purified using a QIAquick PCR

Flow cytometry Purification Kit (Qiagen, Chatsworth, CA) and cycle-sequenced using dye-
labeled deoxynucleotide terminators and a 373A automated sequencer (Ap-

Three-color flow cytometry was performed on mononuclear cells stained irplied Biosystems, Foster City, CA). TCRB rearrangements were deter-

a two-stage procedure with the ILT2/LIR1-specific mAb HPF1 (16) fol- mined in both directions using the family-specific and constant region-

lowed by FITC- or PE-labeled goat anti-mouse reagent. After blockingspecific primers used for PCR amplification.

with normal mouse serum (Sigma, St. Louis, MO), cells were counter- . .

stained with directly conjugated (FITC or CyChrome) Abs specific for the Functional analysis

T cell markers CD3, CD4, CD8, TCR, TCRap, CD45RO, CDASRA, -~ 1 ¢l clones (2x 10 reactive with tetrameric HLA complexes were

CD57, CD28, CD27, CD38, and the NK cell markers CD16 and CD56. A; o i o ; ;
’ ’ ’ ' bated at 37°C in 96-well plat th irradiated tide-pulsed stimu-
mixture of PE-coupled KIR-specific mAbs consisting of the anti-KIR re- neubaied a In S Ve plates wirn Iraciated peprde-puised samu

. h ) ; lator cells at a ratio of 5:1 for the indicated time periods in IL-2 medium.
agents EBG (anti-KIR2DL1, anti-KIR2DS1; Coulter, Hialeah, FL), DX27  gtimylator cells comprised the 721.221 HLA class I-negative B lympho-

(anti-KIR2DL2/L3, anti-KIR2DS2), DX9 (anti-KIR3DL1), and DX31 (anti-  jaqtoid cell line transfected with cDNA for HLA-A*0201 and incubated in
KIR3DL2) was also used. T cell clones as well as peripheral mononucleaf, s presence of relevant nonamer peptides at 37°C overnight before wash-2.
cells were analyzed by flow cytometry using FITC-coupled mAbs specificing anq jrradiation. Cultures for each time point were established in du- =
for the TCRV region families AV2, AV12.1, BV3.1, BVSa, BVSb, BVSC,  jicate  peptides were synthesized by F-moc chemistry and purified to
BV6.7, BV8a, BV12, BV1S, BV14, BV16, BV21, BV22, and BV23 greater than 90% purity by reverse phase HPLC (Sigma Genosys, Austin =.
(Coulter and Serotec, Raleigh, NC). For analysis of intracellular Bcl-21y) “celis were analyzed by flow cytometry with fluorochrome-labeled 3
levels by four color flow cytometry, PBMC were first stained with appro- i cpg and anti-CD3 Abs. Cell viability was assessed by forward and
priate PE, Cychrome or APC-labeled Abs specific for cell surface markersqjye scatter characteristics and staining with FITC-labeled annexin V (Bec-
permeabilized, and stained with FITC-labeled anti-Bcl-2 or IgG1 isotype;qn Dickinson). For anti-CD3 stimulation, T cell clones 2 10°) were

>
[}
control (Becton Dickinson, San Jose CA). incubated in the presence of dg/ml anti-CD3 mAb (clone UCHT; 8
3

dny wouy papeojumoq

Ag-specific T lymphocytes were identified using synthetic HLA- Coulter) and /ml recombinant protein G (Sigma) in IL-2 medium at
A*0201 tetrameric complexes labeled with PE fluorochrome. HLA-A2 tet- 37ouC fo)r 6 h ?viagshed and alssaye?j forIAnne(xilngV b)ir:ding and prlgpidium

ramers were refolded with HCMV pp65 peptide NLVPMVATYV or human iodide exclusion b ; ; :
. - y flow cytometry. Control incubations consisted of T cell '€
EBV BZLF1 peptide GLCTLVAML. Tetramer staining was performed at ¢|5neg incubated in the presence of protein G or medium alone. For anal-

room temperature to minimize low affinity binding. ; -+ ; -
. ysis of PBLs, CD3 CD8" T cells were sorted into ILT2/LIRLKIR ™ and
Cells (2% 10°) of each T cell clone and ¥ 10° PBMC were incubated 12/ |R1+ KIR populations by flow cytometry before anti-CD3 stim-
at 4°C for 45 min with the appropriate Abs, washed, and analyzed on g,jation and flow cytometric analysis as described above.
FACScan or FACSort flow cytometer using CellQuest (Becton Dickinson)
and FlowJo (TreeStar, San Carlos, CA) analysis software. Statistical analysis

T cell cloning Analysis of differences in Ig-like receptor expression between flow cytom-

. " . etry-defined subsets was accomplished using a two-tailed Stuistand
Single CD3" HPF1" T cells were sorted using a FACStar or FACSVan- aANOVA.

tage cell sorter and Cyt-clone software (Becton Dickinson). Single-cell
sorted T cell clones were established and maintained as described (17Results

Briefly, T cell clones were cultured in IMDM (Life Technologies, Gaith- N i Lo
ersburg, MD) containing 200 U/ml recombinant IL-2 (provided by C. Variation in ILT2/LIR1-inhibitory receptor expression in PBLs

Reynolds, National Cancer Institute/Biological Response Modifier Pro-Flow cytometric analysis of ILT2/LIR1 expression in PBMC of 20
gram, Frederick, MD) and 5% human T-STIM (Becton Dickinson). Mixed, ,orma| donors using the specific mAb HPF1 demonstrated that the

allogeneic PBMC (1x 10%ml; three donors) and X 10°/ml JY cells incinal cell ing this inhibi
(EBV-transformed B lymphoblastoid cell line) were irradiated and used ag*"'NCiPal cell types expressing this inhibitory receptor were mono-

feeder cells at the start of the culture and subsequently at weekly interval€ytes and B lymphocytes (Fig. 1A), as previously reported (16). In
Irradiated feeder cells without T cell clones (“feeders-only” culture) were all individuals analyzed, ILT2/LIR1 was expressed on close to

cultured in parallel to control for background proliferation. 100% of CD3 CD19" B lymphocytes and CD14 CD16" or
RNA preparation and reverse transcription CD13" CD16" monocytes. In contrast to the ubiquitous expres-

ion B lymph nd mon ILT2/LIR1 w Xpr
Total cellular RNA was extracted from 3-8 10° T cell clones and the sion by B lymphocytes and monocyes, / as expressed

“feeders-only” culture using RNAzol according to the manufacturer’s in- on a subset of peripheral Qdult CDJ lymphocytes and Cl_j3
structions (Tel-Test, Friendswood, TX). CD56" NK lymphocytes (Fig. 1A) and a very small proportion of

First strand cDNA was synthesized frompy RNA by reverse tran-  cord blood T lymphocytes (meas 1.7% SD= 1.2, n = 5).

S_CYiIOIﬁOE using oligo(dT) (Perkin-Elmer, '\éﬁrfwale, ET)lan'd Mgo_nﬁy mbU- ILT2/LIR1 was expressed on a mean of 48% (S[21.4) of y T

rine leukemia virus reverse transcriptase (Life Technologies, Gaithersbur 0, _ _

MD) in a volume of 50l at 42°C for 1.5 h. glymph_ocytes and a mean of 23.5% (SD_14.9) ofaB T-lympho
o cytes in the 20 normal adults. Expression of both ILT2/LIR1 and

PCR amplification KIR was restricted to CD8 T lymphocytes, with<1% of CD4"

RT-PCR analysis of KIR expression on T cell clones was performed asl lymphocytes expressing Ig superfamily inhibitory receptors (Fig.
described (18) using a panel of PCR primer pairs to enable the specifitB). Although the values for CD3cells appear quantitatively

2202 ‘6 Isnbny uo 1senb
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andF). ILT2/LIR1* T cells were of a higher proportion in the
CD45RA" population, which may correlate with the reported ef
fector function of this subset of cells (20). By comparison with
KIR expression in the populations defined by CD8, CD56, CD57,
CD27, or CD28, ILT2/LIR1 was expressed by a significantly
higher number of T cells within each subsgt € 0.0005).

Lymphocytes

90
80 -
70 |
60 -
50
40
30 |
20
10 4

% Positive

Coexpression of ILT2/LIR1 and KIR on CTLs

Our analysis of inhibitory receptor expression in T lymphocyte
subsets revealed a consistently greater number of cells positive
cD3 CD3-  CD19 with the HPF1 Ab t_han _the mixture o_f I_<_IR-specific Abs within all
CD56+ subsets tested. This raised the possibility that ILT2/LIR1 and KIR
expression may not be concomitant in these cells. To analyze this
further, we tested coexpression of ILT2/LIR1 and KIR in the pe-
B 32 TCR of TCR v3 ripheral lymphocytes of twenty individuals. Although a consistent
60 I proportion of KIR" NK (gated on CD56 or CD16" lympho-
50 ! cytes) or T lymphocytes (gated on CD3ymphocytes) coex
- T pressed ILT2/LIR1 (Fig. B), this feature was not apparent when
20 ILT2/LIR1" CD3* T-lymphocytes were analyzed for coexpres
10 i sion of KIR (Fig. 3B). Although equivalent levels of KIR expres-
sion were observed on ILT2/LIRINK lymphocytes, the majority
jg CcDs cba of ILT2/LIR1™ T cells expressed only this receptor and the mi
6o nority coexpressed KIR. A comparison of the relative proportions
s0 of ILT2/LIR1 and KIR coexpression in the CD3population is
2 shown in Fig. 3C andD.

30

20 This difference between ILT2/LIR1 and KIR expression in T
10 ﬁ lymphocytes and NK cells was strikingly apparent when the
twenty individuals were analyzed individually (Fig. 4). In both
ILT2/LIRT KIR ILT2/LIR1  KIR CD3" CD8" (Fig. 4A) and TCRB™" (Fig. 4B) populations, 19 of
FIGURE 1. ILT2/LIR1 receptor is expressed on a subset of peripheral 20 individuals expressed ILT2/LIR1 on a higher percentage of T
blood T and NK lymphocytesA, Mean percentage of ILT2/LIR1cells cells than KIR molecules. However, the majority of these individ-
within each of the major mononuclear cell populations as determined byjals expressed ILT2/LIR1 on a lower percentage of their NK
flow cytometric analysis of 20 normal adult individuals. Errors bars depict(CD3~ CD56") cells (Fig. 4C) than KIR molecules witlyd T

SD of the mean. Open columns, CDJ lymphocytes; solid black cel cells demonstrating an intermediate phenotype (FR). 4
umns, CD3 CD56" NK lymphocytes; solid gray columns, CD19B

lymphocytes; hatched white columns, CD1#onocytes; hatched black Clonal analysis of ILT2/LIR1-positive T lymphocytes

columns, CD13 monocytes.B, Mean percentage of ILT2/LIR1cells - iselv i . he ch isticl AR/LIRL .
within each of the major T cell subsets as determined by flow cytometric. o precisely investigate the characteristic expression

analysis of 20 normal adult individuals. Errors bars depict SD of the meanin T lymphocytes, we derived T cell clones by single cell sorting of

Within the peripheral lymphocyte population, ILT2/LIR1 is principally CD3" ILT2/LIRL™ Iymphocytes from .the peripheral blood of two
expressed on cytotoxic cells. Open columns, ILT2/LIR1 (HPF1 Ab); filled donors who were previously analyzed in detail for the features of KIR

columns, KIR (a mixture of EB6, DX27, DX9, and DX31 Abs). expression in both NK (10) and T lymphocytes (21). The phenotype
and TCR clonotype of the clones were analyzed in detail using flow
cytometric and molecular techniques. Because the pool of KIR-

similar to that for CD8 cells, this is an artifact of presenting the specific Abs we used in the flow cytometric analysis detect all but four

results as mean values. Analysis of individual donors demonstratesf the 12 known KIR molecules, a precise molecular analysis of T cell

that these values are not correlated and are apparently influencetbnes was required to unambiguously determine the full extent of

by variations in numbers of CD8T cells between donors (data overlap in Ig-like receptor expression.

not shown).

% Positive

% Positive
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ILT2/LIRT" T cell clones are representative of peripheral blood
ILT2/LIR1-inhibitory receptor is principally expressed by T lymphocytes

memory CTLs The panels of ILT2/LIRT T cell clones derived from donors NV
In view of the low numbers of ILT2/LIRT T lymphocytes ob ~ and PP have similarities to the populations of KIR cell clones
served in cord blood samples and the previously reported restriove have previously analyzed (21) but also have significant differ-
tion of KIR expression to memory phenotype adult T lymphocytes,ences (Table ). In short, although these cells typically displayed
we performed a subset analysis of T cells in the panel of 20 normahe phenotypes of activated memory cells, the panels comprised
individuals using the HPF1 Ab and a pool of Abs recognizing not only CD8" T cells but also included CD4CD8  TCRaf3
KIR2D and KIR3D molecules. This analysis demonstrated thatcells and rare CD# cells. Similar proportions of TC&3 and
both ILT2/LIRL" and KIR" T cells are predominantly contained TCRyd cells were derived from cloning ILT2/LIRL T cells as
within the CTL memory/effector population i.e., CD8CD56" were found in KIR" cloning.
CD57" CD27 CD28 T cells (Fig. 2A-D). . . ) .
However, analysis of subsets defined by markers previously red-T2/LIRL" T cell clones exhibit a diverse TCR repertoire
ognized as distinguishing Ag-naive and Ag-experienced T cellsThe most striking finding of our previous study of KIRT cell
showed no significant differences in ILT2/LIR1 or KIR expression clones was the almost complete restriction of TCRBV region gene
between either CD45RA/RO or CD38CD38™ T cells (Fig. 2,E usage in TCRB clones from donor NV. All such clones were
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FIGURE 2. ILT2/LIR1 receptor expression is principally restricted to memory/effector T lymphocytes. ILT2/LIR1 and KIR expression was determin
by flow cytometry in CD3 T lymphocytes positive or negative for the following markers of T cell memory and activaio@D56;B, CD57;C, CD28;

D, CD27;E, CD45;F, CD38. Mean percentage of positive cells within each subset is shown2®). Error bars depict SD of the mean. Open columns,
ILT2/LIR1 (HPF1 Ab); filled columns, KIR (a mixture of EB6, DX27, DX9, and DX31 Abs).

TCRBV16 and expressed a highly restricted CDR3 sequence (21Flonal analysis of ILT2/LIR1 and KIR coexpression

We used PCR amplification and nucleotide sequencing of TCRBVI’yping of KIR gene expression in each of the T cell clones by
gene transcripts from ILT2/LIR1 T cell clones from donors NV RT-PCR and flow cytometry revealed a surprising finding. Al-
and PP to assess the extent of TCR diversity in these cells. Anq,gh all clones were ILT2/LIRY, only a very small number
proportion of the ILT2/LIRT TCRap clones from donor NV'rep  gisplayed the Ig-like receptor phenotype of the cells that predom-
resented the population cloned previously as they expressed thgated in peripheral blood, i.e., ILT2/LIRIKIR . From a total of
same TCRBV16 clonotype as the KIRT cell clones. However, a 104 clones (including 20 from a third donor), only 19 did not react
further population of ILT2/LIRT T cell clones expressed TCRB ith KIR-specific mAbs and the majority of these expressed
chain genes of diverse families and clonotypes includingk|rR2DL4, KIR2DS4, or KIR3DS1, which are not detectable by
TCRBVZ2, BV6, BV17, BV21, and BV23 (Table Il). No motifs  cyrrently available Abs but can be detected at the cDNA level (Fig.
common to all represented TCRBV families were found when thes) Thus, only 3 of the 104 clones displayed a truly KIRhene
CDR3-encoding regions of these transcripts were sequenced, sugpe. The remaining 101 clones displayed KIR phenotypes, as de-
gesting that these clones originally proliferated in response tqermined by RT-PCR typing, similar to those described in our pre-
unique peptide Ags. Similar results were found in clones derivedjious study (21). These results indicate that our use of the pooled
from donor PP, where clonal TCRBV transcripts included KIR-specific Abs in the analysis of PBLs detected the majority
TCRBVL1, BV2, BV3, BV6, BV10, BV13, BV14, BV16, BV17, (~80%) of the KIR-expressing T cells.
and BV21 (Table lI). To examine thisapparent differential expression of LRC-
In addition, flow cytometric analysis of peripheral blood CD8 encoded receptors more precisely, we analyzed Ag-specific
lymphocytes with TCRBV-specific mAbs in six normal donors peripheral blood CD8 cells of normal donors with tetrameric
indicated that ILT2/LIR1 was expressed on a proportion of allHLA class | molecules (Fig. 6). Using an HLA-A*0201-
families tested (mear 25.4% 1SD= 10.3) whereas the mixture HCMVpp65 tetramer, it is evident that the majority of these
of KIR-specific Abs only detected low percentages in each familypeptide-specific CD8 T cells express ILT2/LIR1 (Fig. B) but
(mean= 6.1% 1SD= 4.1) or expansions within a small number only a very small proportion express KIR or CD94 receptors
of families. (Fig. 60). Similar results were detected in another five donors
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FIGURE 3. The majority of CD3 ILT2/LIR1-expressing T lympho g 30
cytes do not coexpress KIR. Flow cytometric analysis of receptor coex- £ 40/
pression in peripheral lymphocyte subsets reveals differences in ILT2/LIR1 & 30
and KIR coexpression in the CD3T cell subset. Mean percentage of 20|
positive cells within each subset is shown=n20). Error bars depict SD.
Open columns, CD3cells; filled columns, CD56 cells; hatched columns, 101
CD16" cells.A, Percentage of ILT2/LIR1 cells of each subset within the 0
KIR™ population.B, Percentage of KIR cells of each subset within the ILT2/LIR1 KIR ILT2/LIR1 KIR

ILT2/LIR1™" population.C andD, Proportions of single and double posi
tive CD3" cells within either KIR" or ILT2/LIRL* populations, FIGURE 4. Discordant expression of ILT2/LIR1 and KIR in peripheral

respectively. blood cytotoxic lymphocytes. Each panel depicts the percentage of PBL
subsets (A, CD8T cells; B, TCRxS T cells;C, CD3~ CD56" NK cells;
D, TCRys T cells) expressing either ILT2/LIR1 (left, HPF1 Ab) or KIR

using tetramers containing either HCMV- or EBV-specific (right, a mixture of EB6, DX27, DXS, and DX31 Abs) in 20 normal in-
dividuals. Values for each receptor are linked for individual donors and

peptides (data not shown) confirming the validity of the LRC demonstrate a consistently higher proportion of ILT2/LIR1 expression in

receptor phenotype found in our analysis of peripheral blood-pg+ TCRagB T cells that is not observed in NK or TGR cells.
CD8" lymphocytes (Fig. 4).

ILT2/LIR1" KIR™ clones are prone to activation-induced cell  characteristic of the early stages of apoptosis (22). In contrast,
death KIR2DL4™ T cell clones displayed only a background level of
In view of the discrepancy observed between the phenotype ofuch annexin V binding (Fig. 7B).

peripheral blood ILT2/LIRT T cells and that of the in vitro ex Flow cytometric sorting of peripheral CD8T cells expressing

panded pane| of T cell clones, we reasoned that the majority OH.TZ/L'R]. alone or in combination with KIR demonstrated a sim-
ILT2/LIR1™ T cells did not survive the cloning procedure and only ilar finding, with the KIR™ cells being more susceptible to anti-
those clones, which were also KiRexhibited long-term in vitro ~ CD3-induced cell death (Fig. 8A). This population also contained
growth characteristics. To investigate whether possible differencesignificantly (p < 0.005) lower intracellular levels of the survival
in the survival ability of T cell clones correlated with their expres- molecule Bcl-2 (Fig. 8B). The results of these two experiments
sion of particular Ig-like receptors we performed another two ex-

pe”r_nents' Aft_er isolation and l'mlted expansion of_HCMVpp65 Table I. Phenotypic characteristics of ILT2/LIRIT cell clones
peptide-specific T cell clones using tetramers and single cell Sortgerived from two normal donots

ing, we tested the response of these ILT2/LIRAIR ~ clones to

in vitro stimulation with their cognate peptide/HLA class | restric- NV Clones PP Clones
tion element in the presence of IL-2. Phenotype (n = 45) (n = 39)
As shown in Fig. 7A, incubation of T cell clones with their
. . TCRaf 80P 59

cognate peptide resulted in the death-&0—-90% of these cells by TCRyS 20 41
48 h of culture, with a slightly more rapid rate of cell death induced cps* 67 33
by stimulator cells pulsed with higher peptide concentrations. In  CD4" 0 8

i i i ; ; i CDh4 8~ 13 21°
contrast, incubation with stimulators pulsed with an equivalent

. . . . . CD56" 71 28
concentration of irrelevant peptide resulted in a decrease of viable g7+ 67 77
CD8" cells of only 5-10%. To compensate for any potential dif cD28s" 0 5
ferences in the affinity of clonally distributed TCRs for peptide- CD16" 20 5
HLA complexes, we also stimulated ILT2/LIRIKIR ~ and ILT2/ CD45RO" 100 100

LIR1* KIR" T cell clones with soluble anti-CD3 Ab in the 2 Clones were derived by single cell sorting of CDB.T2/LIR1™ peripheral

presence of protein G and IL-2. After 6 h of incubation under thesedlood lymphocytes and expanded in vitro. Clones were phenotyped by flow cytometry
dii ~50% of I f the KIR ¢l b d in vV and T cell receptor type was confirmed by RT-PCR.

.CO"? ! |9ns, o of ce S orthe clone bound annexin A b Percentage of total clones expressing the indicated cell surface marker.

indicating the translocation of plasma membrane phospholipids ¢ Percentage calculated from the number of TBRCD4 8~ clones.
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Table Il. Comparison of the range of TCRBV gene usage in T cell
clones selected on the basis of KIR expression or ILT2/LIR1 expréssion

Ig-LIKE RECEPTOR PHENOTYPE AND ACTIVATION-INDUCED T CELL DEATH

Donor NV Donor PP
KIRP ILT2/LIR1® KIRP ILT2/LIR1®
BV16 BV16 BV11

BVv2 BV14 Bv14

BV6 BVv21 Bv21

BVv12 BV1

Bv17 Bv2

Bv21 BV3

BVv23 BV6
BV10
BV13
BV16
Bv17

2 TCRBV gene usage was determined by RT-PCR and nucleotide sequencing. The
overlap between the two populations is apparent but ILT2/CIRIones display a

greater diversity of TCR usage.

PKIR™ T cell clones. Data from Ref. 21.
CILT2/LIR1™ T cell clones derived in the present study.

indicate that expression of KIR by T cells correlates with the ac-
quisition of resistance to activation-induced cell death by

apoptosis.
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anti-CD8 Fluorescence
c Jantibody HPF1 EB6 DX27 DX9 DXa1 HPaD9
pecificity LT2/L1R1 | KIR2DL1 | KIR2DL2 | KIRaDL1 | KkiRaDL2 | cDoa
KIR2DS1 | KIR2DL3
KIR2DS2
% Positive Celld 67.7 1.7 7.4 1.0 1.2 3.2

FIGURE 6. Analysis of peripheral Ag-specific CD8T cells confirms

the ILT2/LIR1* KIR™ phenotype. Ex vivo analysis of bulk-sorted CD8
cells reactive with an HLA-A*0201-HCMVpp65 tetrameA) demon-
strates a phenotype consistent with the investigation of peripheral blood T
cells. These cells display a proportion of ILT2/LIR1 expression (B) at least
10-fold greater than KIR expression (C).

Although certain of these receptors (e.g., ILT2/LIR1) are ex-
pressed on several hemopoietic cell types, particular genes such ass

LU0} popeo [UMO(

The LRC contains a large number of genes encoding Ig-superfank g are only expressed in cells with a specific function. The mech- 5

ily proteins that have both structural and functional homologies.qnisms that control this cell type-specific gene expression are cur- =
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FIGURE 5. Phenotypic analysis of CD3ILT2/LIR1™ T cell clones
detects KIR2DL4 expression. Flow cytometric analysis of a panel of T cell
clones demonstrates only a minor proportion display the commonest phe-
notype observed in peripheral bloo.and B, Flow cytometric and RT-
PCR analysis of KIR expression in two representative cloBe&IR phe-

rently unknown. Our initial results demonstrated the expression of
the ILT2/LIR1 inhibitory receptor on virtually all B lymphocytes
and monocytes but emphasized the differences between individuals3
in terms of T lymphocyte expression. This feature suggested clonal §
variation in ILT2/LIR1 expression and prompted us to investigate
the detailed characteristics of ILT2/LIR1 expression in T lympho-
cytes in regard to that of the related KIR genes. Unlike certain KIR o
genes (18), haplotypic diversity in the presence of the ILT2/LIR1 «

. . L. [
gene did not contribute to the apparent clonal variation because all §
donors typed positively for ILT2/LIR1 at the level of genomic
DNA (data not shown).

The phenotypic assessment of peripheral blood T cell subset&g
definitively shows that ILT2/LIR1 and KIR genes are expressed in 4
the same types of T cells, i.e., differentiated, Ag-experienced cy- ﬁ
totoxic cells which may have lost the requirement for costimula- S
tion. However, this overlap in expression of the related genes is not ™
necessarily coordinate as the proportions of ILT2/LIR&lls at
ways exceeded that of KIRcells within each subset. The more
widespread expression of ILT2/LIR1 is also supported by pheno-
typic analysis of T cell clones and Ag-specific T cells. ILT2/
LIR1™" clones and peripheral T cells displayed a diverse assort
ment of TCRV region gene usage in contrast to KIgells. Also,
ILT2/LIR1™ clones included CD4CD8™ and rare CDZ T cells
in addition to the CD8 cells characteristically expressing KIR.

Analysis of coexpression of the two receptor types demonstrated
the predominance of ILT2/LIR1 KIR™ T cells in peripheral
blood and the use of tetrameric HLA class | constructs confirmed
this pattern of receptor expression within a population of €08
cells specific for distinct viral peptides.

The derivation of ILT2/LIRT T cell clones allowed us to define
a major functional difference between cells expressing ILT2/LIR1
alone or in concert with KIR. The use of established in vitro clon-

1M,

Aq /Bio’ |0

ny uo

notype defined by RT-PCR in 19 clones (from a total of 104) that did not'N9 procedures failed to produce clones representative of the major
react with KIR-specific Abs, demonstrating that the majority of these cellsPhenotype observed ex vivo, as the only cells that displayed sig-
express KIR2DL4. Open boxes indicate a negative typing result, and fillednificant in vitro proliferation were KIR and not ILT2/LIRT"

boxes represent a positive result.

KIR ™. Further functional analysis of these clones demonstrated
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FIGURE 7. Stimulation of TCR of T cell clones
defines resistance to activation-induced cell death
associated with expression of KIRA, HLA-
A*0201-HCMVpp65 tetramer-reactive ILT2/LIR1
KIR™ T cell clones (BCTB1 and BCTB2) were-in
cubated with 721.221-HLA-A*0201 cells pulsed
with 10 uM HCMVpp65 peptide (M), 1uM HCM-
Vpp65 peptide ([J), or 1M EBV BZLF1 peptide
(O), and the viability of CD8 cells was determined
by flow cytometry at indicated time point8, ILT2/
LIR1* KIR2DL4™ and ILT2/LIR1" KIR2DL4" T
cell clones were incubated withulg/ml soluble anti-
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CD3 in the presence of gg/ml protein G for 6 h 20
and analyzed for binding of annexin V by flow
cytometry.
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that ILT2/LIR1* KIR ™ clones were susceptible to apoptosis whendisplay this phenotype than was actually detecteti§% of ILT2/
activated through the TCR/CD3 complex, whereas KIi&ones LIR1" clones compared with-60% of peripheral blood ILT2/
were not. This result was confirmed by analysis of these T celLIR1™ T cells). This suggests that the data on KIR expression we
populations derived from peripheral blood, which additionally obtained by flow cytometry are not a gross underestimate of pe-
demonstrated a lower level of the cell survival molecule Bcl-2 inripheral KIR" T cells. :
ILT2/LIR1™ KIR™ CD8" T cells. These phenotypic and functional results allow us to propose a 3
It could be argued that without an Ab to specifically identify scheme for the sequential acquisition of LRC-encoded receptors 2
KIR2DL4, we do not currently know the true extent of KIR2DL4 by activated CTLs. In our previous study of KIRT cell clones 3
expression in the serologically KIRpopulation. However, if all  (21), we suggested that the diverse KIR phenotypes displayed by @
of the ILT2/LIR1" KIR ™ cells expressed KIR2DL4 we would a dramatically expanded clone of T lymphocytes represented the%
expect a far higher proportion of the in vitro expanded clones toend result of a program of KIR gene activation which began with <

Q
the expression of KIR2DL4, a receptor which has been demon- é
. strated to be expressed in all KIRNK or T cells (23). o

A ILTZLIRT KIR™ B Our present study supports such a serial mechanism of LRC ;
53.2% receptor expression and allows this to be extended to a stage befores

29.7%
associated transcription element in the 5’-untranslated region of
ILT2/LIR1 cDNA clones (N.Y., unpublished data). However, the
precise signals determining Ig-like receptor gene expression are
w0t g 20 0 & 8 100 currently unknown. Although certain cytokines, such as IL-15
sentative of four donorsB, PBLs were stained to identify CD3CD8" . .
ILT2/LIR1* (open columns) and CD3CD8* KIR* (filled columns) T ripheral NK cells (23), whereas anothgr suggests thaj[ KIR2DL4 is
cells, permeabilized, and stained with a labeled anti-Bcl-2 Ab. The graptpnly expres_,se_d_ on the surface of decidual NK cells in pregnancy
shows intracellular Bcl-2 levels (measured in arbitrary fluorescence units§29). The significance of the apparent specificity of KIR2DL4 for

the expression of KIR2DL4. The dramatically increased propor- &
Intracellular Bel-2 (26), TGF (27), and IL-10 (28), have been reported to induce or
FIGURE 8. Peripheral CD8 lymphocytes expressing ILT2/LIR1 are Modulate expression of the lectin-like receptors CD94 and
in each subset of CD8T cells of four donors. Significantly (g 0.005)  the nonclassical HLA-G class | molecule (23, 29) is also unclear
lower levels of Bcl-2 are found in the ILT2/LIR1population. because HLA-G expression is highly tissue restricted (30). Specific

MMWW//:d1y wou) papeojumod

[

Negative Control

3.7%

Cell Number

T2

,
o

ST

10
Annexin V

tion of activated T cells that are ILT2/LIR1KIR ~, as exemplified ©
by the tetramer binding population, can be regarded as effector §
CTL because they comprise the greater number of Ag-specific ™
cells, are CD56 (24) and are prone to apoptosis when stimulated
(25). This association of ILT2/LIR1 gene expression with T cell
activation may be related to our finding of an NCAM (CD56)-
more susceptible to activation-induced cell death and have lower intracelNKG2A on T cells, no effects on LRC-encoded Ig-like receptor
lular levels of Bcl-2.A, Bulk-sorted ILT2/LIRT” KIR™ (top) and ILT2/  expression have been observed. The relevance of KIR2DL4 ex-
LIR1" KIR" (middle) peripheral CD3 CD8" lymphocytes were incu  pression at the initiation of KIR gene expression in T cells is un-
bated with 1ug/ml soluble anti-CD3 in the presence of@/ml protein G clear. Although this receptor has been detected at the mRNA level
for 6 h and analyzed for binding of annexin V by flow cytomeBptiom, i 5| KIR* cells, its expression on the cell surface is currently
Profile of cells incubated with protein G alone. Results shown are repreLontroversial. One study reports KIR2DL4 expression on all pe-
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reagents to reliably detect KIR2DL4 are required before these matIR interaction with self-HLA class | in this process is currently

ters can be fully resolved.
The relatively small population of KIR cells represent clones

unknown.
In view of the close developmental and functional relationships

that have made the transition to a state of long-lived memory Toetween NK and CD8 T lymphocytes (42), further investigation
cells in a scheme that is consistent with the recently demonstrateof the events occurring in activated CD& cells should enable
linear differentiation of specific memory CTL in transgenic mice the use of such cells as an appropriate working model for analysis

(31). The proportions of KIR and KIR™ cells within the ILT2/

of LRC gene transcription and expression. Future studies will al-

LIR1™ T cell population are consistent with the numbers of effec low us to determine the potential role of these Ig-like receptors in
tor and memory cells reported in the anti-HY response of thesé¢he long-term survival of memory T cells.

mice. This situation is likely to be observed in chronic viral in-

fections because the pool of responsive peptide-specific T cellcknowledgments

will con_tlnuglly be exposed to Ag_(32_),_ becomlng_actlvated aane thank Miguel Lopez-Botet for providing the HPF1 Ab; Mario Roederer
expanding in number before maintaining dynamic homeostasior providing HLA tetramer; Salim Khakoo for helpful discussions; and
through apoptosis, with a small percentage of cells remaining agleni Callas and Jim Cupp for expert assistance with cell sorting.

KIR* memory cells. Such a predominance of effector cells may

not be observed where viral infections are cleared and only thReferences
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