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Abstract

KIR3DL1 shows extensive polymorphism, and its variation has functional significance in terms of
cell-surface expression levels and inhibitory capacity. We characterized nine KIR3DL1 alleles
(*022, *028, *029, *033, *035, *051, *052, *053, and *054), four of which were identified for the
first time in this study, and compared them to known alleles in phylogenetic analysis. Blood was
available from eight individuals with these alleles, and cell-surface expression on NK cells could be
determined for six of them using the KIR3DL1-specific Ab DX9. Four of the alleles were expressed
at clearly detectable levels, and two others showed exceptionally low levels of expression. Site-
directed mutagenesis demonstrated that single amino acid changes can result in either diminished or
enhanced DX9 staining compared with the respective related KIR3DL1 allotypes. These results raise
the possibility that KIR3DL1 evolution maintains variation in KIR3DL1 cell-surface expression
levels, potentially due to the effect of such variation on functional capacity.
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Killer cell Ig-like receptors (KIR)5 are a diverse family of cell-surface glycoproteins that are
expressed on NK cells and a subpopulation of CD8* T lymphocytes with an activated or
memory phenotype (1,2). KIR trigger inhibitory or activating signals upon binding to their
MHC class | ligands, thereby regulating cell cytotoxicity and cytokine secretion (3). Like their
MHC ligands, KIR are also polymorphic (4): 14 expressed KIR genes and 2 pseudogenes have
been identified in humans so far. KIR haplotypes exhibit variability in the number and type of
genes presentand in allelic polymorphism of individual genes, resulting in the extensive genetic
polymorphism characterizing this complex (5). The KIR genes show high sequence similarity,
which facilitates nonallelic homologous recombination (6). Indeed, the propensity for
nonallelic homologous recombination likely explains the expansion and contraction of the
KIR complex (7,8). Two basic groups of KIR haplotypes have been defined based on their gene
content (5): group A haplotypes have a fixed organization of seven genes, which are mostly
inhibitory in nature, and two pseudogenes, while the group B haplotypes have variable numbers
of KIR genes, many with an activating function.

The KIR3DL1 gene is unique in terms of its diversity and expression patterns (9). It is the only
KIR locus that encodes either inhibitory (KIR3DL1) or activating (KIR3DS1) allotypes.
KIR3DL1 can be on both A and B haplotypes, while KIR3DS1 is only on haplotype B. The
inhibitory KIR3DL1 allotypes have specificity for HLA-B (and sometimes HLA-A) molecules
with the Bw4 serological motif (10,11). Although the ligands for the KIR3DS1 allotype have
not been defined by binding studies, both population and disease association data suggest that
it may interact with HLA-B Bw4 molecules with isoleucine at position 80 (Bw4-801) (12,
13).

Polymorphisms in the KIR3DL1 gene have phenotypic consequences. Staining with the
KIR3DL1-specific mAb DX9 revealed that KIR3DL1 subtypes are expressed at different levels
(high, low, and null) on the NK cell surface (9), a phenomenon due at least in part to variation
in the extracellular domains (14). Because DX9 blocks the interaction between KIR3DL1 and
Bw4, enabling NK cells to kill Bw4* targets (15), the quantity of KIR3DL1 on the cell surface
could affect the inhibitory capacity of cells expressing these molecules (16,17). KIR3DL1
polymorphism also has direct influence on the recognition of Bw4 molecules with specific
peptides sitting in their binding groove (10). The KIR proximal promoter region has recently
been shown to possess bi-directional transcription activity (18,19), and the relative strength of
the competing promoters may affect the frequency of NK cells expressing a given KIR within
a given individual (S. K. Anderson, manuscript in preparation). Also, the proximal promoter
of KIR3DL1 is polymorphic at transcription factor binding sites known to affect promoter
activity (19). KIR promoter polymorphisms could therefore affect either expression level of
different KIR3DL1 allotypes or the frequency at which they are expressed on NK cells within
an individual. Ultimately, the functional consequences of KIR3DL1 genetic variants could
affect susceptibility or resistance to infections and other diseases.

In this study we characterize expression patterns of several recently discovered KIR3DL1
alleles, including four that were identified for the first time. Flow cytometry analysis of a subset
of the corresponding KIR3DL1 allotypes emphasizes the importance of single amino acid
changes in altering levels of cell-surface expression detected by DX9 mAb in part as a

5Abbreviations used in this paper:

KIR

MFI

killer cell 1g-like receptor

mean fluorescence intensity
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consequence of intracellular retention, and shows that independently generated mutations with
converging functional consequences are maintained in the human population.

Materials and Methods

Subjects

Subjects with novel KIR3DL1 alleles were identified from HIV-1-infected individuals and
healthy volunteers. The ethnic backgrounds of the samples were Caucasian (74.3%), African-
American (13.4%), Hispanic (6.5%), and others (5.8%). The study was approved by the local
Institutional Review Boards of the participating institutions, and all individuals gave informed
consent for participation in this study.

KIR genotyping and KIR3DL1 subtyping

Genomic DNA was typed for presence or absence of KIR3DL1 and KIR3DS1 by PCR with
sequence-specific primers as previously described (20). Where available, RNA was extracted
from PBMCs with TRIzol (Invitrogen), and first strand cDNA was synthesized using oligo
(dT) and SuperScript Il reverse transcriptase (Invitrogen). The promoter region and cDNA
were amplified using gene-specific primers, and the products were sequenced using the Big
Dye terminator kit (Applied Biosystems). Due to the unavailability of PBMCs from some
donors, genomic DNA was sequenced using gene specific primers. Overlapping fragments
spanning each pair of adjacent exons from exon 1 to exon 9 were generated by PCR
amplification with primers designed to recognize conserved or gene-specific sequences of the
KIR3DL1 exons. All primer sequences are available on request.

Sequence analysis

All of the KIR3DL1 alleles were aligned using the desktop sequence assembly and analysis
program Sequencher 4.6 (http://www.genecodes.com). A neighbor-joining tree of the
KIR3DL1 and KIR3DS1 alleles was constructed using the distance method (21) with the
software PAUP version 4 (22).

Site-directed mutagenesis of KIR3DL1*005, *00101, and *01502

Plasmids containing KIR3DL1*005, *00101, or *01502 (10) were mutated using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer’s
instructions. Position 115 of KIR3DL1*005 was changed from G to C using primers 5'-
ggcccagegc tgtgetgectcgaggagg-3' and 5'-cctectcgaggceagcacagegetgggee-3', resulting in a
V18L amino acid change. Position 740 of KIR3DL1*00101 was changed from G to A using
primers 5’-ccttgtcctgtagctcccagagctectatgac-3' and 5'-gtcataggagctctgggagcetacaggacaagg-3’,
resulting in an R226Q change. Position 286 of KIR3DL1*01502 was changed from Cto T
using primers 5’-gggaactacacatgttggggttcacacccacactcc-3’ and 5'-
ggagtgtgggtgtgaaccccaacatgtgtagttcce-3’, and position 496 was changed from C to A using
primers 5’-ctctaaggacccctcaagcectegttggacagatce-3' and 5'-
ggatctgtccaacgaggcttgaggggtecttagag-3’, resulting in R75W and R145S amino acid changes,
respectively. Also, position 829 of KIR3DL1*01502 was changed from C to A using primers
5'-ggtcaacagaacattcaaggcagatttcectctgg-3' and 5'-ccagagggaaatctgecttgaatgttctgttgace-3',
making a Q256K change. The full coding sequence of the resulting plasmids
KIR3DL1*005V18L (*053), KIR3DL1*00101R226Q (*052), KIR3DL1*01502R75W+R1455
(*028), and KIR3DL1*015029256K (*029) were sequenced to confirm the mutations.

Analysis of KIR3DL1 expression on HEK293 cell lines or peripheral blood NK cells

HEK?293T cells were transfected as previously described (23) using plasmids containing full-
length KIR3DL1*005, *01502, *00101, *005Y18L, *00101R226Q 01502R75W+R1455 or
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KIR3DL1*015029256K PBMCs were isolated from EDTA-treated blood using Histopaque
density gradient centrifugation. PBMCs derived from HIV* individuals were cryopreserved
the day of collection and then thawed just before flow cytometric analysis. Expression of
KIR3DL1 on transfected cells or PBMCs was analyzed by mAb staining using PE-conjugated
anti-KIR3DL1 mAb clone DX9 (Bio-Legend) or clone Z27 (Beckman Coulter) as described
(23), followed by flow cytometry. All experiments included staining with isotype control Abs
to permit accurate positioning of electronic gates for analysis of KIR3DL1 expression.

Structural analysis

Homology modeling of KIR3DL1 extracellular domain was conducted using the Swiss PDB
modeler (24) “first approach” mode based on the best sequence homology. The DO domain
was modeled on the crystal structure of human platelet glycoprotein VI, the most homlogous
Ig domain with known structural coordinates, while the D1 and D2 domains were modeled on
the KIR2DL1 template.

Analysis of retained KIR3DL1 by intracellular staining

Results

Intracellular retention of KIR3DL1 allotypes was assessed by comparing relative KIR
expression detected by cell-surface staining with that of permeabilized cells. Because neither
DX9 nor Z27 recognize KIR3DL1 in permeabilized, fixed cells (data not shown), the leader
sequences of KIR3DL1 alleles *01502, *005, *053, and *028 were replaced with that of human
CD8 fused to the FLAG epitope. HEK293T cells were then transfected with FLAG-tagged
versions of specific KIR3DL1 alleles. One set of transfectants was stained for cell-surface
KIR3DL1 and another was fixed and permeabilized using Cytofix/Cyotoperm solution (BD
Pharmingen) to determine total KIR3DL1 expression. Cells were stained with FITC-
conjugated anti-FLAG mAb (Sigma-Aldrich) or control FITC-conjugated mAb, and analyzed
on a BD FACSort flow cytometer (BD Biosciences). The surface and total levels of KIR3DL1
expression are expressed as percentage of the appropriate reference allotype (*01502 vs *028
and *005 vs *053). Data from three independent experiments were analyzed and a p value of
<0.05 by Student’s t test was considered significant.

Identification of novel KIR3DL1 alleles

We identified four novel KIR3DL1 alleles in this study, and their names were officially assigned
by the KIR Nomenclature Committee (25) as *051 (EF472680), *052 (EF472681), *053
(EF472671, EF472677), and *054 (EF472673, EF472679). Additionally, we confirmed the
sequences of several recently reported alleles (*022, *028, *029, *033, *035) (26,27). These
nine alleles were compared with the existing members of the KIR3DL1 family (Fig. 1).
Phylogenetic analysis illustrated the relationship between the previously identified KIR3DL1
alleles and newly described alleles (Fig. 2). Although it was not possible to determine the
precise frequencies of our four novel alleles, each was present at a frequency below 10% based
on KIR3DL1 subtyping data derived from a previous study involving 685 European Americans
and 136 African-Americans (28). KIR3DL1 alleles *028, *029, *033, *052, and *053 appear
to be the result of single base pair substitutions with respect to previously characterized
KIR3DL1 alleles, whereas *022, *035, and *051 possess more than one point mutation,
generally in two exons (Fig. 1). KIR3DL1*054 is identical to *002 in all exons except exon 4,
where it is identical to KIR3DS1.

Differential expression levels of KIR3DL1 alleles

We next sought to assess expression of these KIR3DL1 allotypes on peripheral blood NK cells.
PBMCs from HIV* patients carrying KIR3DL1*022, *028, *029, *033, *035, *051, *053, and
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*054 alleles were available to assess NK cell-surface expression using DX9. In each case,
quadrant gating was based on isotype staining for that specific donor (data not shown). Five
of the eight alleles (KIR3DL1*022, *033, *035, *053, and *054) were identified in subjects
with KIR3DS1 on the opposite haplotype, and one (*051) was observed in a KIR3DL1*004-
positive donor. Because the DX9 mAb does not recognize KIR3DS1 (23,29-31), staining with
this mAb was specific for these KIR3DL1 allotypes and showed that each was expressed on
the NK cell surface, although at differing levels of intensity (Fig. 3, A—E). KIR3DL1 allotypes
that stained dimly with DX9 also stained dimly with Z27 (data not shown). The expression
profile from the donor with KIR3DL1*051/*004 shows that KIR3DL1*051 is also definitely
expressed on the cell surface (Fig. 3F), because KIR3DL1*004 is known to be retained within
the cell (14). KIR3DL1*029 and *028 were identified in donors with KIR3DL1*001 and
*015 on the opposite haplotype, respectively (Fig. 3, G and H). Because KIR3DL1*001 and
*015 stain brightly with DX9 mAb, it was not possible to determine whether *029 and *028
are expressed at a high level (similar to *001 and *015), not expressed at all, or are not
recognized by the DX9 mAb. We do not think that the relatively low detection of KIR3DL1
allotypes in patient samples reflects an effect of HIV infection but rather is due to the
cryopreservation of these samples and conditions required for data acquisition from infected
individuals (E. Yamada and D. W. McVicar, unpublished results).

Low expression of KIR3DL1*053 on NK cells from a normal donor

HIV infection has been shown to modulate the expression of various NK receptors (32).
Expression of KIR3DL1*053 and *054, which were first identified in HIV-infected patients,
appears to be considerably lower than that of other known allotypes (Fig. 3, D and E).
KIR3DL1*053 differs from *005 by a single amino acid in the first 1g-like domain. To address
whether the low expression of KIR3DL1*053 (Fig. 3D) is due to viral infection, we compared
expression levels of *053 and *005 on NK cells from normal donors, each of whom also carried
the highly expressed *008 allotype. The expression level of KIR3DL1*008 was determined
by staining cells from a KIR3DL1*004/*008 donor (Fig. 4A). As expected, the donor with
KIR3DL1*005/*008 showed a population of NK cells staining brightly (cells expressing *008
alone, and those expressing both *008 and *005), and a second population with a lower level
of DX9 staining (those with *005 only) (Fig. 4B). The KIR3DL1*053/*008-positive donor
also showed a bright staining population of NK cells (cells expressing *008 alone, and both
*008 and *053), but the second population, representing only *053, stained poorly with both
DX9 (Fig. 4C) and Z27 (not shown), even when compared with the low expression of *005.
Importantly, staining of these NK cells with various concentrations of DX9 indicated that the
differences observed were not due to variable mAb affinities, but rather reflected the abundance
of KIR3DL1 molecules on the cell surface (data not shown) (17). Thus, the expression level
of KIR3DL1*053 is even lower than that of conventionally “low” KIR3DL1 allotypes.

Variation in the promoter regions of the KIR3DL1 alleles does not account for differential
expression patterns

The proximal promoter region 300 bp upstream of the KIR3DL 1 start codon (18) was sequenced
to explore whether the expression pattern of the alleles could be due to variation in this region.
Six polymorphic sites were identified, three of which (-173, -65, -26) disrupt consensus
transcription factor binding sites (STAT/YY1, E2F, and Sp1, respectively) (Table I). Position
-9 was polymorphic (A/G) across *022 alleles of different donors, but this position is not
contained within a known transcription factor binding site. KIR3DL1*005 and *053 were
identical in the promoter region, indicating that the difference in expression levels between the
corresponding allotypes is not likely to be due to the 5’ up-stream promoter region.
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A single amino acid change affects KIR3DL1 expression

Intracellular

The extracellular domain of KIR3DL1*053 differs from KIR3DL1*005 by a single nucleotide
in exon 3 resulting in a V to L substitution at amino acid residue 18. To determine whether the
low expression level of *053 is due to this change, we introduced a V to L mutation at amino
acid 18 of KIR3DL1*005, creating KIR3DL1*053 (*005V18L). HEK293T cells were
transfected with various concentrations of plasmids carrying the “high” KIR3DL1*01502, the
“low” *005, or *053 (*005V18L) allele, and cell-surface expression was determined by staining
with DX9. Cells transfected with plasmids carrying KIR3DL1*01502, *005, and *053
(*005V18Ly were saturated when >0.5 ug plasmids were used. The expression level of
KIR3DL1*053 determined by mean fluorescence intensity (MFI) was exceptionally low
compared with that of KIR3DL1*005 and *01502 (Fig. 5A). Because the staining of transfected
cells became saturated at the same points, differences observed in the percentage of DX9* cells
were due to variability in their expression levels. This result indicates that the leucine at amino
acid 18 is responsible for the low expression of KIR3DL1*053.

The expression of KIR3DL1*028, *029, and *052 on PBMCs could not be determined due to
the unavailability of suitable donors. Therefore, plasmids carrying these alleles were made by
mutating nucleotides of the most closely related KIR3DL1 allele. The extracellular domains of
KIR3DL1*028, *029, and *052 differ from KIR3DL1*01502 or KIR3DL1*001 by one or two
amino acids. Introduction of mutations resulting in an R to W at amino acid residue 75 and an
R to S at amino acid residue 145 in KIR3DL1*01502 created KIR3DL1*028
(*015R75W+R145S) The resulting allotype was identical to KIR3DL1*028 at the amino acid
sequence level. A single nucleotide change in exon 5 of KIR3DL1*01502 resulted ina Q to K
substitution at amino acid 256, creating KIR3DL1*029 (*01592%6K)_ Finally, an R to Q
substitution was introduced at amino acid 226 of KIR3DL1*00101 to create KIR3DL1*052
(*001R226Q), These plasmids were transfected into HEK293T cells and expression was
detected by staining with DX9.

Both KIR3DL1*028 and *029 were expressed on the cell surface, and the expression levels
were lower than KIR3DL1*01502 (Fig. 5, B and C). KIR3DL1*052 was also expressed on the
cell surface, and interestingly the apparent expression level was higher than that of
KIR3DL1*00101 (a “high” allotype) (Fig. 5D). Taken together, these data confirm the ability
of even a single amino acid substitution in the extracellular region of KIR3DL1 to alter its
conformation and suggest the existence of many KIR3DL1 allotypes with wide variation in
DX reactivity and/or cell-surface expression.

retention of KIR3DL1*028 and *053

Because alterations within the DO domain of KIR3DL1*004 are known to affect the expression
of this allotype by causing intracellular retention (14), we asked whether KIR3DL1*028 or
*053 might be partially retained within the cytoplasm. KIR3DL1*028 differs from *01502 by
two residues: W75 in the DO domain and S145 of the D1 domain. The serine residue at position
145 of *028 is known to have little effect on expression, as it is shared with KIR3DL1*020, a
highly expressed allotype. Thus, we compared retention of KIR3DL1*028 to *01502 (Fig.
6A). In parallel, we compared expression of KIR3DL1*005 with *053, as these allotypes differ
by only one residue at position 75 of DO (Fig. 6B). Consistent with the data shown in Fig. 5,
A and B, detection of surface expression of *053 and *028 by anti-FLAG Ab was lower than
that of their reference allotypes, with *053 showing a greater effect than *028 (Fig. 6, left
columns). As anticipated, analysis of fixed and permeabilized cells with anti-FLAG
significantly reduced these differences (Fig. 6, right columns). These results indicate that low
expression levels of KIR3DL1*028 and *053 on the cell surface are partially due to intracellular
retention of these molecules.
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Discussion

Allelic diversity within the KIR genes is thought to be generated by point mutation, gene
conversion, and recombination (33,34), but the relative contribution of these mechanisms
varies across the KIR genes. At least two inhibitory KIR genes, 3DL1 and 3DL2, are known to
have high allelic polymorphism as a result of point mutation and recombination (9,33). The
KIR3DL1 alleles studied herein, *022, *028, *029, *033, *035, *051, *052, and *053, appear
to be the result of point mutations in one or more exons with respect to previously characterized
KIR3DL1 alleles (Fig. 1). The generation of the chimeric KIR3DL1*054 allele is most easily
explained by a gene conversion event involving ancestral *002 and KIR3DS1 alleles. This
patchwork pattern of sequence similarity between a novel allele and two other alleles/genes
has also been described for KIR2DL1*004 (2DL1v), which is similar to KIR2DL1 except for
exons 5 and 6 where it is identical to KIR2DS1 (33); KIR2DS2*005 (2DS2v2), which shows
sequence homology to KIR2DS2 in the extracellular regions and to KIR2DS3 in the
transmembrane and cytoplasmic domains (34); and KIR3DL1*009, which is identical to
KIR3DS1 in exons 2 and 3, but has a KIR3DL1 background otherwise.

We have been able to investigate for the first time herein the expression levels of the novel
KIR3DL1 alleles as well as several recently described, but uncharacterized KIR3DL1 alleles.
Previous data indicate that KIR3DL1 allotypes can be grouped into high (*001, *002, *008,
*015, and *020), low (*005, *006, and *007), or no (*004) cell-surface expression. However,
even within these groups, variations in expression levels are detected (9,17). These differential
expression patterns of KIR3DL1 allotypes have been attributed to minor differences in their
coding sequences (9,14). The expression levels of inhibitory KIR receptors can dramatically
affect NK cell function by potently inhibiting NK cell lysis of MHC class I* healthy cells and
therefore unleash more potent killing when their ligands are down-regulated (35).

Increasing evidence suggests that the DO domain plays an important role in KIR3DL1/S1
function (14,27,36). Although the DO domain is not predicted to directly participate in HLA
binding, residues 50 and 51 have been shown to modulate the interaction between KIR3DL1
and HLA-B (36). KIR3DL1*028 and *053 differ from *020 (high expressing allotype) and
*005 (low expressing allotype), respectively, by one amino acid in DO. Therefore, it is
conceivable that these changes may affect the strength of interaction between these allotypes
and HLA molecules. Additionally, previous data indicate that leucine at amino acid 86 disrupts
the WSAPS motif found in the DO domain of all other KIR. The disruption of the analogous
region of the erythropoietin receptor prevents proper folding and leads to retention of the
receptor within the cell (37). Similarly, mutation in this motif participates in the intracellular
retention of KIR3DL1*004 (14), confirming that residues in DO can also dramatically regulate
KIR3DL1 expression. Interestingly, the R75W change, which is unique to *028, is also in close
proximity to position 86 (Fig. 7B), and *028 is expressed on the cell surface at a much lower
level than the high expressing *01502 allotype. In accordance with this notion we find that
both *053 and *028 are retained within transfectants, demonstrating that the low expression
of KIR3DL1*028 and *053 is due, at least in part, to retention in the cytoplasm in a manner
similar to *004 (Fig. 6). Furthermore, Norman et al. recently reported five residues within the
D0 domain that are under strong positive selection (amino acids 5, 20, 31, 32, and 51) (27).
The novel substitution found in *053 is in close proximity to residue 20, suggesting that the
alteration in expression of *053 might be due to perturbation of this otherwise conserved region
of DO (Fig. 7A). Regardless, our data on these new alleles support the contention that residues
clustered in key positions of DO play critical roles in KIR3DL1 expression and therefore
biology.

In contrast to *028 and *053, KIR3DL1 alleles *022, *029, *033, *035, *052, and *054 differ
from well-defined KIR3DL1 alleles by amino acids in the D1 and D2 domains, suggesting that
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they may alter binding characteristics and/or expression. Residues 138, 141, 163, 166, and 226
of KIR3DL1 are all predicted to be within the HLA-contacting loops (Fig. 7, C and D) and,
accordingly, some of these residues are also strongly positively selected in evolution (27).
Residues 237 and 256, unique to KIR3DL1*035 and *029, respectively, are well away from
these predicted HLA contact sites (Fig. 7, C and D), suggesting that as with changes in DO,
these positions primarily alter the expression patterns of KIR3DLL1. In contrast, KIR3DL1*033
differs from *007 by one amino acid at residue 141. Because these allotypes are comparably
expressed on the cell surface, it will be interesting to determine whether this change in an HLA-
contacting residue affects ligand binding.

KIR3DL1*052 and *054 have acquired mutations that may alter both recognition of HLA
ligand and their expression. In the first case, a single amino acid change in the D2 domain of
KIR3DL1*052, relative to *001, resulted in a very high expression level of this novel allotype
(Fig. 5D). This substitution in *052 is also in the HLA contacting face and occurs within the
RSSYDM motif of the D2 domain that is otherwise highly conserved in KIR3DL1 and
KIR3DSL1 allotypes (38). Similarly, KIR3DL1*054 is identical to *002 (a high expressing
allotype) except in exon 4 (D1 domain), where it is identical to KIR3DS1. Based on staining
with Z27, which recognizes both inhibitory and activating allotypes of the KIR3DL1/S1 locus,
KIR3DS1 shows low Z27 binding levels relative to most KIR3DL1 allotypes (31). Therefore,
the low expression pattern of KIR3DL1*054 is likely due to the variation in the D1 domain
that it shares with KIR3DS1. Additionally, amino acid residues 138, 163, and 166 unique to
KIR3DL1*054 and KIR3DS1 are part of the predicted MHC contact site and they may be sites
of Ab binding. Thus, although it is likely that KIR3DL1*054 and KIR3DS1 share some unique
ligand binding characteristics, alteration of Ab binding sites on or near the HLA contact face
may be responsible for the apparent low expression of these allotypes.

Taken together, our data support and extend the contention that the large number of KIR3DL1
alleles arose by point mutation to provide a wide spectrum of Bw4™ ligand recognition within
the NK compartment. In some cases complexity is achieved by altering the apparent levels of
KIR on the cell surface and in others specific mutations within predicted sites of HLA contact
suggest diverse ligand binding characteristics.

Altogether, each of these cases involves a distinct and independently derived genetic variant,
and in each case the cell-surface expression was altered relative to the closely related allele
from which the respective allele was presumably derived. These data hint at the possibility of
convergent evolution of KIR3DL1 phenotype variation, where the maintained variants
represent a spectrum in terms of cell-surface expression levels. They also build upon recent
functional and disease association studies that highlight the biological significance of
KIR3DL1 variation (17,28).
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FIGURE 1.

Comparison of DNA sequences of the novel KIR3DL1 alleles with other known KIR3DL1

alleles and KIR3DS1. New and recently described 3DL1 alleles included in this study are

shown in red whereas known alleles are in black. Unique substitutions identified are highlighted
in yellow. Other common substitutions shared by closely related alleles are shown in different

shades of color. Hyphen indicates sequence identity with 3DL1*00101.
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FIGURE 2.

Phylogenetic analysis of the KIR3DL1 alleles. The neighbor joining tree of full-length coding
sequences (4) shows the relationship between the different KIR3DL1/S1 alleles. Confidence
of groupings was estimated by 1000 bootstrap replicates and its percentage is shown beside
each branch. The alleles discussed in this study are shown in gray.
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CD56 +CD16 >

FIGURE 3.

Novel KIR3DL1 alleles are differentially expressed on NK cells. PBMCs from HIV-infected
individuals were stained with anti-CD3, anti-CD16, anti-CD56, and anti-KIR3DL1 clone DX9
mAbs. KIR3DL1 expression was analyzed on CD3'CD16* CD56*" NK cells. Dot plots show
DX9 vs CD56 staining of CD3"CD16™ gated NK cells from donors with KIR3DL1*022/3DS1
(A), KIR3DL1*033/3DS1 (B), KIR3DL1*035/3DS1 (C), KIR3DL1*053/3DS1 (D),
KIR3DL1*054/3DS1 (E), KIR3DL1*051/*004 (F),andKIR3DL1*029/*001 (G), or DX9 vs
CD56 + CD16 staining profiles of CD3"CD16*CD56™ gated cells from a donor with
KIR3DL1*028/*015 (H).
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FIGURE 4.
Expression of KIR3DL1*053 on NK cells is lower than that of *005. PBMCs from individuals

with KIR3DL1*004/*008 (A), *005/*008 (B), and *053/*008 (C) were stained with anti-CD3,
anti-CD56, and anti-KIR3DL1 DX9 mAbs, and expression of KIR3DL1 was analyzed on
CD3°CD56"* NK cells. Dot plots show DX9 vs CD56 staining of NK cells.
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A single amino acid change alters KIR3DL1 expression. HEK293T cells transfected with
indicated concentrations of plasmids carrying KIR3DL1*005, *01502, or *053 (*005V18L)
(A), *01502 or *028 (*015R75SW+R145Sy(B) *01502 or *029 (*0152256K)(C), and *00101 or
*052 (001R266Q)(D) were stained with DX9. The results show the MFI of DX9.
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FIGURE 6.

*005

*053

Intracellular

Intracellular retention of KIR3DL1*028 (A) and *053 (B). HEK293T cells were transfected
with equal amounts of the indicated FLAG-tagged KIR3DL1 cDNAs. Twenty-four hours after
transfection, cells were harvested and surface KIR3DL1 expression was assessed using FITC-
conjugated anti-FLAG Ab (left two columns). Parallel samples were fixed, permeabilized, and
stained for total KIR3DL1 with the same Ab (right two columns). Staining of each novel
allotype (darker columns) was normalized to expression of its reference allotype (lighter

columns).
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FIGURE 7.

Several amino acid changes found in the novel and recently discovered KIR3DL1 allotypes
are located at positions that potentially result in functional differences. Two views of models
of the DO domain of KIR3DL1 are shown (A and B). The model is based on the crystal structure
of human platelet glycoprotein VI. The N terminus amino acid residue (amino acid 7) is shown
in black. Positively selected residues (amino acids 20, 31, 32, and 51) reported by Norman et
al. (27) are shown in red. Residue 86 unique to KIR3DL1*004 is shown in pink, while residues
18 and 75 that are unique to KIR3DL1*053 and *028 are shown in blue (A) and green (B),
respectively. Two views of models of the D1 and D2 domains are shown (C and D). The model
was based on the crystal structure of KIR2DL1. Black triangles indicate a predicted HLA-
interaction face. Residues in red (amino acids 138, 163, 166, and 238) are unique to
KIR3DL1*054. Colored residues (amino acids 141, 226, 237, and 256) represent unique amino
acids identified in KIR3DL1*033, *035, *029, and *052.
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