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Abstract

Killer cell immunoglobulin-like receptors (KIR) interact with HLA class I ligands to regulate NK
cell development and function. These interactions affect the outcome of unrelated donor (URD)
hematopoietic cell transplantation (HCT). We have shown previously that donors with KIR B vs.
KIR A haplotypes improve the clinical outcome for patients with acute myelogenous leukemia
(AML) by reducing the incidence of leukemic relapse and improving leukemia free survival
(LFS). Both centromeric and telomeric KIR B genes contribute to the effect, but the centromeric
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genes are dominant. They include the genes encoding inhibitory KIR that are specific for the C1
and C2 epitopes of HLA-C. We used an expanded cohort of 1532 T-cell replete transplants to
examine the interaction between donor KIR B genes and recipient Class | HLA KIR ligands. The
relapse protection associated with donor KIR B is enhanced in recipients who have one or two C1-
bearing HLA-C allotypes, compared to C2 homozygous recipients, with no effect based on donor
HLA. The protective interaction between donors with =2 vs. 0-1 KIR B-motifs and recipient C1
was specific to transplants with class | mismatch at HLA-C (RR of LFS 0.57 [0.40-0.79];
P=0.001) irrespective of the KIR ligand mismatch status of the transplant. The survival advantage
and relapse protection in C1/x recipients compared to C2/C2 recipients was similar irrespective of
the particular donor KIR B genes. Understanding the interactions between donor KIR and recipient
HLA class I can be used to inform donor selection to improve outcome of URD HCT for AML.

Introduction

The interactions of variable killer-cell immunoglobulin-like receptors (KIR) with
polymorphic HLA class | ligands form an extraordinary immunogenetic system that
influences NK cell biology, human susceptibility to disease, and the success of
hematopoietic cell transplantation (HCT) as therapy for acute myelogenous leukemia
(AML). A key feature of this system is that the KIR and HLA genes are on different
chromosomes and thus segregate independently in human populations. This serves to
increase the functional diversity of the system and has important consequences for HCT.
Unrelated donors (URD) and recipients who are HLA-identical almost never have identical
KIR genes. In fact, even in families, only 25% of HLA-identical siblings are also KIR
identical (1).

KIR recognize four polymorphic epitopes of HLA-A, B and C molecules. These epitopes,
defined by amino-acid substitutions in residues 76-83 of the a1 helix of the HLA class |
heavy chain, are also called KIR ligands. The C1 and C2 epitopes are carried by different
subsets of HLA-C allotypes, the Bw4 epitope is carried by subsets of HLA-A and -B
allotypes and the A3/11 epitope is carried by the HLA-A*03 and —A*11 allotypes. Each of
the four epitopes is recognized by different inhibitory KIR which are encoded by
polymorphic genes. The C2 epitope is also recognized by the activating receptor encoded by
KIR2DS1. Additional members of the KIR gene family encode proteins whose functions are
yet to be determined. In addition to the polymorphism of individual genes, the KIR locus
exhibits haplotypic gene-content variation. The basis for this component of KIR variation is
the presence of two groups of KIR haplotype: KIR-A and KIR-B haplotypes in all human
populations. The KIR-A haplotypes have conserved gene content and encode mainly
inhibitory receptors, whereas KIR-B haplotypes have varied gene content that includes a
variety of activating receptors of unknown function. Further details of HLA and KIR
immunogenetics are provided in the Materials and Methods section.

The potential value of NK cell responses in HCT was first demonstrated by Ruggeri et al(2).
These investigators observed that certain HLA-B and -C incompatibilities reduce relapse
and improve the survival of AML patients receiving a haploidentical, T-cell depleted
transplant from a related family members(3, 4). For these transplants, in which donor and
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recipient share one HLA haplotype but are mismatched for the other haplotype, a beneficial
alloreactive response occurs when the donor has a KIR ligand, Bw4, C1 or C2, not present
in the recipient. In this situation, subsets of donor-derived NK cells can attack and kill
recipient cells because they are missing self-HLA class I. Velardi and colleagues proposed
that reduced relapse was due to NK-cell killing of residual leukemia cells that had survived
the myeloablative conditioning regimen. They also proposed that the reduced graft-versus-
host disease (GVHD) they observed was caused by NK-cell killing of recipient dendritic
cells(5). These pioneering observations led to investigations of various other types of
transplant examining the effects of alloreactive NK cells and the HLA-A, -B and -C
epitopes recognized by KIR(6-10). A general observation emerging from these subsequent
studies is that NK cell effects in HCT are principally seen in patients transplanted for AML.
A second observation is that the nature of NK cell effects varies considerably and is
influenced by factors that include the intensity of the preparative regimen, the extent of HLA
match, donor type (sibling or URD) and the source, processing method and T-cell content of
the stem cell graft (8, 9). Third, it has been reported that C2/C2 homozygous patients with
AML have more relapse (11, 12).

Whereas other studies concentrated on the polymorphic HLA class | ligands that are
recognized by KIR, we have studied variation of the KIR gene family and its effect on HCT.
For AML patients transplanted with a T-cell replete transplant from an unrelated donor
(URD), we found that clinical outcome was better when the donors have one or two KIR-B
haplotypes (KIR-B/x donors) than for donors who have two KIR-A haplotypes (KIR-A/A
donors). With a KIR-B/x donor, relapse was reduced and leukemia-free survival (LFS) was
increased(13). In a subsequent study we sought to determine whether the protective effect of
KIR-B could be mapped to either the centomeric or the telomeric region of the KIR locus.
The centromeric region contains genes encoding the inhibitory receptors for the C1 and C2
epitopes of HLA-C, whereas the telomeric region contains genes encoding the inhibitory
receptors for the Bw4 and A3/11 epitopes and the activating C2 receptor. We found that
both the centromeric and telomeric regions of KIR-B correlated with protective effect, but
the much stronger association was with the centromeric region(14). The beneficial effects
associated with KIR B haplotype donors were consistent in both HLA-matched and HLA-
mismatched transplants. Because the genes encoding the inhibitory C1 and C2 receptors are
located in the centromeric regions, we have investigated the influence of the C1 and C2
epitopes on the protection provided by donor KIR-B haplotypes in HCT.

Materials and Methods

Patient cohort

We studied 1532 patients with AML, including 1086 previously analyzed(14), who received
myeloblative preparation for an unrelated donor (URD) HCT facilitated by the National
Marrow Donor Program (NMDP) between 1988 and 2009. DNA samples were obtained
from the NMDP Research Sample Repository. Outcome data were obtained from the Center
for International Blood and Marrow Transplant Research (CIBMTR). Complete high-
resolution HLA-A, HLA-B, HLA-C, HLA-DRB1 and HLA-DQBL1 typing data were obtained
from the NMDP retrospective typing project. The demographics, KIR genotypes, and
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multivariate statistical analysis of the clinical data have been described(13, 14). KIR
genotyping using MALDI-TOF mass spectroscopy was performed as previously
described(15, 16). DNA samples and clinical data were obtained with informed consent and
approval from the NMDP and University of Minnesota Institutional Review Boards.

HLA and KIR immunogenetics

Complete high-resolution, allele-level HLA-A, HLA-B, HLA-C, HLA-DRB1 and HLA-DQB1
typing data were obtained from the NMDP retrospective typing project. KIR typing at the
level of KIR gene content was performed using MALDI-TOF mass spectroscopy as
described previously(15, 16). Four epitopes of HLA-A, -B and —C molecules are recognized
by KIR. The epitopes, also called KIR ligands, are situated on the upward face of the HLA
class I molecule and involve the amino-terminal part of the a helix and the carboxy-
terminal parts of the bound peptide and the a.,-helix(17). The epitopes are mutually
exclusive, such that each HLA-A, -B or —C molecule either carries one of the four epitopes
or no epitope at all. Every HLA-C allotype is a KIR ligand whereas only 43% of HLA-A
and 35% of HLA-B allotypes are KIR ligands. The KIRs are named according to the number
of extracellular Ig-like domains, either 2 or 3, and the length of the cytoplamic tail, either
long (L) or short (S), correlating respectively with inhibitory and activating signaling
function(18). The C1 and C2 epitopes carried by HLA-C are distinguished by lysine and
methionine residues at position 80, respectively(17). The C1 epitope is recognized by the
inhibitory KIR2DL2/3 receptor, whereas the C2 epitope is recognized by inhibitory
KIR2DL1 and activating KIR2DS1 receptors. The Bw4 epitope, carried by 27% of HLA-A
and 35% of HLA-B allotypes, is recognized by inhibitory KIR3DL1(19, 20). The A3/11
epitope, carried by 16% of HLA-A allotypes is recognized by inhibitory KIR3DL2. The C1,
C2 and Bw4 epitopes play major roles in NK-cell regulation. Such a role has not been
demonstrated for the A3/11 epitope(21) which is unusually dependent upon the sequence of
the peptide bound to HLA-A*03 or HLA-A*11(22). For this reason the A3/11 epitope was
not included in the analyses of the transplant donors and recipients studied here. In the
studies described in this paper, the impact of recipient C1 on transplant outcome dominated
C2. In some analyses, recipients with C2/C2 genotype were compared to recipients with
either C1/C1 or C1/C2 genotypes. The combined group of C1/C1 or C1/C2 recipients was
designated C1/x.

The KIR locus is part of the leukocyte receptor complex on human chromosome 19 and
segregates independently of the HLA class | genes in the MHC on chromosome 6. A KIR
haplotype is the set of KIR genes that are linked together on the same chromosome.
Haplotypes contain 7-15 KIR genes and are 129-215kb in length(23). Every individual has
a maternally inherited and a paternally inherited KIR haplotype that together form his or her
KIR genotype. Conserved genes in the center of the locus and at the two ends divide the
locus into centromeric (Cen) and telomeric (Tel) regions, each of which exhibits variable
content of KIR genes. In both regions there are two distinctive types of variable gene-content
motif. These are designated Cen-A/Cen-B, and Tel-A/Tel-B. Further variations within these
four motifs are differentiated by numbers; e.g. Cen-B1 and Cen-B2. The A motifs are
shorter, more conserved and consist mainly of genes for inhibitory KIR that recognize the
C1, C2 and Bw4 epitopes. The B motifs are longer, more variable and contain one or more
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of seven KIR B-specific genes(23). These comprise KIR2DS2 and KIR2DL?2 in Cen-B,
KIR2DS1 and KIR3DS1 in Tel-B, and KIR2DS3/5 and KIR2DLS5 in either Cen-B or Tel-B, or
both. Of the KIR encoded by the B-specific genes, only KIR2DL2 (C1-specific) and
KIR2DS1 (C2-specific) recognize HLA class I. Haplotypes that consist of a Cen-A motif
and a Tel-A motif are called KIR A haplotypes and haplotypes consisting of a Cen-B and a
Tel-B matif are called KIR B haplotypes. Recombinant haplotypes, which consist of either
Cen-A and Tel-B or Cen-B and Tel-A, are also included in the KIR B haplotypes because of
the dominant effect of the B motifs in disease, transplantation and other clinical associations.

In this study we characterized transplant donors according to their KIR B-motif content, a
parameter that varies from 0-4 and is simply the sum of the number of Cen-B and Tel-B
motifs in the donor’s KIR genotype. Based upon the results of our previous study (2), donors
are classified as “Neutral” (0-1 KIR B-motifs),”Better” (=2 B-motifs without Cen-B/B),

or "Best” (= 2 B-motifs with Cen-B/B)(14). In some analyses, the “Better” and “Best”
groups were combined to form the KIR-Better/Best donor group (with = 2 B-motifs) (Table

).

Statistical Analysis

Results

We considered five clinical outcomes of HCT: leukemia free survival (LFS), relapse,
treatment-related mortality (TRM), grade 11-1V or I11-1V acute graft-versus-host disease
(aGVHD) and chronic graft-versus-host disease (cGVHD). Kaplan-Meier curves were used
to evaluate LFS, whereas cumulative incidence functions were used to evaluate the other
outcomes. Unadjusted comparisons between KIR genotypes were made on either the hazard
rates for LFS or the crude hazard rates for relapse, TRM, aGVHD and cGVHD. In the
cohort we studied, the completeness of follow-up at three years after transplantation was
over 98.8%. At this time, 90% of events had occurred. Cox proportional hazard models were
used to adjust for important clinical factors. Proportional hazards were checked in a time-
dependent covariate model. Factors that violated proportional assumptions were adjusted via
stratification. Forward stepwise regression modeling was used to identify clinical and patient
factors that needed adjustment using a 5% significance level. Adjusted factors include
patient age, cytogenetic risk, sex match, HLA matching, graft source, CMV serostatus, race,
Karnofsky score, GVHD prophylaxis, the use of total body irradiation (TBI), time from
diagnosis to transplant, disease status and year of transplantation. Cases were excluded from
some models if data for the outcome or significant covariates were missing. All analyses
were performed using SAS version 9.3 (SAS Institute, Cary, NC).

KIR-Better/Best donors improve recipient survival and reduce relapse in patients
transplanted for AML

The cohort of myeloablative, T-cell replete unrelated donor (URD) transplants we studied
included adult and pediatric patients with early, intermediate and advanced AML. Fifty-six
percent (n=856) of the donor-recipient pairs were 10/10 HLA-allele matched for HLA-A,
HLA-B, HLA-C, HLA-DRB1, and HLA-DQB1; the rest (n=676) had varying degrees of HLA
mismatch: 407 had one mismatch, 173 had two mismatches, and 85 had three or more
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mismatches. Whereas 357 (53%) of the HLA-mismatched transplants involved an HLA-C
mismatch, only 110 of them were also KIR ligand mismatched in the graft-versus-host
direction. Approximately 53% (n=810) of the recipients received bone marrow (BM) grafts,
whereas the others received grafts of stem cells present in peripheral blood (PB) mobilized
with granulocyte-colony stimulating factor (G-CSF). Additional information describing the
transplant characteristics and HLA matching of the cohort is provided in Supplemental
Tables I and 1.

Transplant donors were typed for the presence or absence of each of the 15 KIR genes. From
these KIR genotype data, donors were assigned as either A/A or B/x based upon the absence
or presence of KIR B-specific genes(13). Each donor was also assigned to one of three
groups based on the number of centromeric and telomeric B-motifs in the KIR genotype:
“Neutral” (0 or 1 B-motif), “Better” (=2 B-motifs without Cen-B/B) or “Best” (=2 B-motifs
with Cen-B/B) (Table I)(23). Analysis of clinical outcome for this cohort of myeloablative
transplants confirmed our previous observations that improved LFS and protection from
relapse are associated with transplant donors having =2 B-motifs. These comprise the
combination of the “Better” and “Best” donor groups; KIR-Better/Best(13, 14). Compared to
KIR-Neutral donors who have one or no KIR B-motifs, a 30% reduction in the risk of relapse
(RR 0.70 [0.57-0.86]; P=0.0005) was associated with KIR-Better/Best donors, which gave
improved LFS (RR 0.79 [0.69-0.91]; P=0.001) (Table II: A and B). The magnitude of the
protection was similar for HLA-matched and HLA-mismatched transplants. Compared to
KIR-neutral donors, the KIR-Better/Best donors improved LFS (RR 0.83 [0.69-1.01];
P=0.063 and RR 0.76 [0.62-0.93]; P=0.0078, for HLA-matched and HLA-mismatched
transplants, respectively) and decreased the risk of relapse (RR 0.72 [0.55-0.94]; P=0.016
and RR 0.49 [0.57-0.93]; P=0.016, respectively).

Recipient C1 contributes to the benefit provided by a KIR B donor by decreasing the
likelihood of relapse

We investigated the mechanism underlying the beneficial effect of KIR B donors in URD
transplantation for AML. Multivariate analyses tested the involvement of interactions
between donor KIR and the Bw4, C1 and C2 epitopes of donor or recipient HLA class I. In
these analyses we distinguished between C2/C2 individuals (N=238), who lack the C1
epitope, and C1/x individuals (N=1294) who are hetrozygous or homozygous for HLA-C
bearing the C1 epitope. C1/x recipients had improved LFS when transplanted with grafts
from KIR-Better/Best compared to KIR-Neutral donors (RR 0.78 [0.67-0.91]; P=0.0015;
Table 111, Figure 1:A1). A similar beneficial effect was not observed for C2/C2 recipients
(RR 0.93 [0.63-1.37]; P=0.71; Table II, Figure 2: Al). Factors that may contribute to the
improved LFS are reductions in leukemic relapse, treatment related mortality (TRM) and
GVHD, either singly or in combination. Our analyses demonstrate that reduced incidence of
leukemia relapse is the predominant protective effect. No significant correlations were
observed with the risks of TRM, acute GVHD or chronic GVHD. Thus, C1/x recipients
paired with KIR-Better/Best donors experienced significantly less relapse than C1/x
recipients with KIR-Neutral donors (RR 0.70 [0.56-0.87]; P=0.0018; Table IlI, Figure 1:
B1). Five years after transplantation, the frequencies of relapse in C1/x recipients based on
donor KIR were 27% vs. 38%, respectively. Although a 4% absolute relapse protection was
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observed in C2/C2 recipients receiving grafts from KIR-Better/Best vs. KIR-Neutral donors,
this trend was not statistically significant (Table 111, Figure 2: B1). In all these analyses of
the interactions between donor KIR and the Bw4, C1 and C2 epitopes of HLA class I,
significant benefits were observed only with C1 epitopes of recipient HLA-C. No significant
interactions with donor KIR were demonstrated with recipient C2 and Bw4 or with donor
Bw4, C1 and C2.

An HLA-C mismatch further reduces relapse for transplants with KIR B donors and C1/x

recipients

Our study cohort consisted of similar numbers of HLA-matched (57%) and HLA-
mismatched (43%) transplants. This balance enabled a robust evaluation of the effects of
HLA mismatch on the interactions of donor KIR with recipient HLA class I. In this analysis,
the effects of KIR-Better/Best donors were always compared to those of KIR-Neutral donors
(Table I11). For HLA-matched transplantation, KIR-Better/Best donors increased LFS and
reduced relapse for C1/x recipients compared to C2/C2 recipients (Table 111, Figure 1: A2
and B2, Figure 2: A2 and B2) but the difference was not significant. For HLA-mismatched
transplants, a stronger, statistically significant effect was observed involving KIR-Better/
Best donors and C1/x recipients. Compared to KIR-Neutral donors, LFS was enhanced (RR
0.70 [0.56-0.88]; P=0.003) and relapse was reduced (RR 0.61 [0.43-0.88]; P=0.008; Table
I11, Figure 1: A3 and B3). Again, C2/C2 recipients derived no significant benefit from a
KIR-Better/Best donor (Table I, Figure 2: A3 and B3).

Having demonstrated the beneficial effect of an HLA mismatch on the interaction between
donor KIR B and recipient C1, further analyses were performed on the set of 676 HLA-
mismatched transplants to determine which HLA genes were involved. We first compared
the effects of HLA class I and Il mismatch. Improved LFS and relapse protection were
observed for C1/x recipients receiving transplants from KIR-Better/Best donors in the subset
of 457 HLA-class | mismatched transplants (RR 0.69 [0.54-0.88]; P=0.0029, and RR 0.62
[0.42-0.92]; P=0.019, respectively: Table IV A), but not in the subset of 81 HLA class Il
mismatched transplants (Table IVA). No differences between HLA class | and class |1
mismatched transplants were seen in the C2/C2 recipients (data not shown). To identify the
specific HLA class | gene responsible for the interaction, we next compared the outcomes
for transplants mismatched at HLA-A, or —B (N = 180) or at HLA-C (N=277). The added
benefit of an HLA mismatch for a transplant involving a KIR-Better/Best donor and a C1/x
recipient was observed only for HLA-C mismatched transplants (RR 0.57 [0.40-0.79];
P=0.001, and RR 0.54 [0.33-0.88]; P=0.013, respectively, Table IV B). Again, no
differences were observed in the C2/C2 recipients (data not shown). We next determined
whether the benefit of an HLA-C mismatch is the consequence of a KIR-ligand mismatch
between transplant donor and recipient. In the circumstance of KIR-ligand mismatch, when
the donor expresses C1 or C2 ligand which is lacking in the recipient, donor NK cells can
respond alloreactively to the recipient’s cells because they are missing self inhibitory
signals. We compared LFS and relapse risk between transplants which included mismatches
at HLA-C (n= 460) vs. those with KIR-ligand mismatches based on C1 and C2 (n=60) for
the C1/x recipient group. In this small subset, KIR-ligand mismatched transplants were not
associated with additional protection (data not shown), demonstrating that KIR-ligand
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mismatch does not contribute added benefit to other types of HLA-C mismatch. In previous
analyses of HLA aloneg, the degree of HLA-matching correlates with better transplant
outcomes(24). Consideration here of the interaction between the HLA and KIR gene systems
has shown a benefit for mismatching HLA-C in the particular context of transplantation
involving KIR-Better/Best donors and C1/x recipients.

All KIR B genes contribute to improved clinical outcome associated with KIR B/x donors

Next we examined the extent to which each of the seven KIR B genes individually affected
the outcomes associated with the HLA-C1, C2 and Bw4 KIR-ligand status of the recipients.
The relative risks for each outcome were determined for 7 groups of KIR B/x donors in
comparison to KIR A/A donors. Each of these groups corresponded to the subset of donors
carrying one of the 7 KIR genes specific to the KIR-B haplotype. Because most KIR B/x
donors have more than one KIR B haplotype-specific gene, each donor is represented in
more than one of the 7 groups.

In the full cohort of transplants, C1/x recipients benefited from increases in LFS associated
with all 7 KIR B/x donor groups compared to KIR A/A donors (Table V:A). Only KIR2DS1
and KIR3DS1 were associated with about a 20% reduction against relapse (p=0.052 and
0.044 respectively). A striking difference was noted based on the HLA match status of the
transplant, as significantly improved LFS and relapse protection were seen only for HLA-
mismatched transplants. There was no effect in matched transplants (Table V: B, C). In the
HLA-mismatched transplants, multivariate analyses showed that each of the seven KIR B
genes contributed clinical benefit of similar magnitude; RR ranged from 0.65-0.80
(P=0.0032-0.055) for LFS and from 0.57-0.70 (P=0.0038-0.036) for relapse (Table V: C).
In contrast, for transplantation of C2/C2 recipients, the clinical outcomes were similar for all
7 groups of KIR B/x donors, where KIR B/x donor group has no effect on survival or relapse
protection (Table VI). Consequently, no particular donor KIR B haplotype genes interact
with recipient C1 to increase LFS or reduce relapse.

Discussion

In the present study, which was designed to determine whether the differential clinical
effects of donor centromeric and telomeric encoded KIR could involve interactions with
HLA-Bw4, HLA-C1 and HLA-C2, we analyzed a cohort of patients who received HLA-
matched and mismatched URD grafts without T-cell depletion following myeloablative
preparative regimens. In this large cohort, KIR B donors reduced relapse and improved LFS
in both HLA-matched and mismatched transplants. We now demonstrate a significantly
protective interaction between donor KIR and recipient C1. In C1/x recipients, KIR-Better/
Best donors were associated with improved LFS, attributed to an 11% reduction in relapse
rate. The protective effect of this interaction was strongest in the HLA-mismatched
transplants, specifically those with class | mismatch for at the C locus. Thus, we have
demonstrated that donor KIR B, recipient C1, and an HLA-C mismatch between donor and
recipient are all factors that interact to reduce leukemia relapse and increase the LFS after
URD HCT as treatment for AML. The correlation of donor KIR B and recipient C1 with
protection from relapse raises the strong possibility that interactions between C1 epitopes
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and the Cl-reactive KIR encoded by KIR B haplotypes is a molecular mechanism underlying
the improved transplant outcome. Inhibitory KIR2DL2 is the only C1 receptor encoded by
KIR B. Moreover, the KIR2DL2 gene, in combination with the KIR2DS2 gene, defines the
common Cen-B motif that in homozygous form defines the KIR-Best transplant donors(14).
These correlations are consistent with the interaction of C1 with KIR2DL2 being an
important contributor to the observed clinical benefits.

While the data support a model in which an interaction between recipient C1 and donor
KIR2DL2 enhances NK cell education and improves clinical outcome, we must consider the
alternatives. Three KIR genes encode receptors that discriminate HLA-C1 and HLA-C2.
These comprise the inhibitory C1 receptor KIR2DL2/3, the inhibitory C2 receptor KIR2DL1
and the activating C2 receptor KIR2DS1. Although KIR2DL?2 and KIR2DL3 are both
inhibitory receptors that recognize C1, KIR2DL2 is specific to Cen-B haplotypes and
KIR2DL3 is specific to Cen-A haplotypes. These receptors differ in four potentially
important ways. First, KIR2DL2 has higher avidity for C1 than KIR2DL3, which can affect
the education of NK cells mediated by the C1 ligand(25). Second, KIR2DL2 has
crossreactivity with C2(25, 26) which can alter NK cell education and produce NK cells that
are educated by and responsive to both C1 and C2. The presence of the KIR2DL2 gene
causes a major reduction in frequency of NK cells expressing KIR2DL1(27). This
mechanism is independent of the presence or absence of the C1 or C2 epitope and is a
potential mechanism by which KIR B and Cen-B can mediate beneficial clinical effects in
the absence of C1. Fourth, the KIR2DL1 alleles that are in linkage disequilibrium with the
KIR2DL2 gene are functionally weaker in ligand-binding affinity or signaling function(28)
than those in linkage disequilibrium with KIR2DL3 (23, 28, 29).

The differences between KIR2DL2 and KIR2DL3 may not account for all the beneficial
clinical effect associated with KIR B donors. KIR2DS1 is specific to KIR B haplotypes, and
the KIR2DL.1 allotypes carried by B haplotypes expressed at lower frequencies by NK
cells(27). We have previously demonstrated a benefit, albeit less significant, associated with
Tel-B in the absence of Cen-B(14). That finding is consistent with this analysis of individual
KIR-B specific genes. We have shown that all seven genes contributed equally to the clinical
benefit, specifically in C1/x but not C2/C2 recipients. It has previously been reported that
C2/C2 homozygous patients with AML had more relapse after HLA-C matched URD HCT
(12) and HLA-matched sibling HCT(11).

We also observed significant relapse protection associated with the telomeric KIR2DS1 and
KIR3DS1 in the total cohort, consistent with other reported associations with those KIR and
improved transplant outcome(30, 31). Venstrom et al have reported that donor KIR2DS1 is
associated with reduced relapse and better LFS for AML patients who received an URD
HCT that is HLA matched or has a single HLA mismatch(30). Based on a mechanism
described by Fauriat et al in which NK cells expressing only KIR2DS1 from healthy C2/C2
donors are hyporesponsive (32), Venstrom et al propose that those cells recognize leukemia
and improve LFS via recognition of missing self when transplanted into C1/x recipients.

Because of the compact arrangement of genes in the KIR locus and the extensive linkage
disequilibrium between KIR genes, these data should be interpreted with caution(33). For
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example, KIR2DS2 and KIR2DL2 in Cen-B haplotypes are in almost complete linkage
disequilibrium. Several characteristics of the KIR system, including the coordinated
transcription of the KIR genes, their variegated expression, and the haplotypic gene-content
variation support a model in which the KIR genotype reduces the effect of individual genes.
Additionally, KIR gene content analyses alone could be misleading given that the
differences between KIR allotypes affect the affinity for HLA class | ligands as well as
signaling function(25, 28, 34, 35). Application of high resolution typing of KIR alleles will
investigate this possibility. It is also important to emphasize that we can address only the
modulation of NK cell education and function by polymorphic KIR and HLA and not by the
contributions of the many conserved receptors and ligands that affect these processes(36).
Lastly, one must consider the possibility that allogeneic disparity contributes to the graft-
versus-leukemia protection mediated by T cells. This could be mediated directly, by an
allogeneic response that provides T cell help to NK cells, or indirectly through reciprocal
activation of dendritic cells and NK cells that function to bridge the innate and adaptive
immune response(37). With those caveats, we propose that the many differences between
centromeric and telomeric KIR A and B haplotype receptors result in substantial influences
on NK-cell education and repertoire development, which in turn alters NK-cell mediated
graft-versus-leukemia reactions following URD HCT for AML.

Independent of the underlying molecular mechanism, there is a general consensus that KIR
B/x donors improve outcome for AML patients receiving T-cell containing, myeloablative
HCT. We have demonstrated that interactions with HLA-C1 augment the effect of a KIR B/x
donor, specifically by enhancing relapse protection, most significantly in transplants
mismatched at HLA-C. For the 15% of recipients who are C2/C2, our analysis did not detect
additional improvements in survival or reductions in relapse based in interactions with KIR
B donors. Larger studies will be needed to test the validity of this result. Understanding the
interactions between KIR B/x donors and recipient HLA-C1 is particularly important
because a considerable majority (~85%) of US transplant recipients are HLA-C1/x. The
findings presented here are being further tested in our ongoing multi-center prospective
study incorporating KIR genotyping into URD selection for AML coordinated through the
National Marrow Donor Program and Center for International Blood and Marrow Transplant
Research (clinicaltrials.gov NCT01288222).
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Figure 1. Interactions between KIR-Better/Best donors and recipient HLA-C1 improve LFS and
protect against relapse, especially in HL A-mismatched transplants

Donors were assigned to KIR-Neutral and KIR-Better/Best groups based on KIR genotyping.
Probabilities of LFS are provided by Kaplan Meier curves (A) and cumulative incidence
probabilities are shown for relapse (B). Each outcome is shown comparing KIR-Neutral
donors with KIR-Better/Best donors in HLA-C1/x recipients for all transplants (1), HLA-
matched transplants (2) and the HLA-mismatched transplants (3). The estimated rates are
presented for LFS and relapse at 5 years. P values were calculated from multivariate
analyses comparing relative risks of outcomes for KIR-Neutral and KIR-Better/Best donor

groups.
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Figure 2. HLA-C2/C2 recipients do not experience enhanced protection from Kl R-Better/Best

donors

Donors were assigned to KIR-Neutral and KIR-Better/Best groups based on KIR genotyping
and recipients were designated based on their HLA-C allotypes (C1/x and C2/C2).
Probabilities of LFS are provided by Kaplan Meier curves (A) and cumulative incidence
probabilities are shown for relapse (B). Each outcome is shown comparing KIR-Neutral
donors with KIR-Better/Best donors in HLA-C2/C2 recipients for all transplants in all
transplants (1), HLA-matched transplants (2) and the HLA-mismatched transplants (3). The
estimated rates are presented for LFS and relapse at 5 years. P values were calculated from
multivariate analyses comparing relative risks of outcomes for KIR-Neutral and KIR-Better/

Best donor groups.
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TABLE Il
Effect of Donor KIR Genotype on Outcome
A. All Transplants LFS
Donor KIR Content Group N RR (CI P
KIR B=0 [i.e. KIR A/A] 478  1.00
KIR B 21 [i.e. KIR B/x] 964  0.89(0.78-1.01) 0.075
KIR B=1 535  0.98 (0.85-1.14) 0.80
KIR B=2 325 0.79(0.66-0.94)  0.008
KIR B=3+4 104  0.76 (0.59-0.99)  0.043
KIR B=0 or 1 [i.e. Neutral Donors] 1013 1.00
B=2 (non Cen B/B) [i.e. Better Donors] 290  0.86 (0.73-1.00)  0.055
B>2 (Cen B/B) [i.e. Best Donors] 139 0.67 (0.54-0.85) 0.0007
B=>2 [i.e. Better/Best Donors] 429 0.79 (0.69-0.91) 0.001
B. All Transplants Relapse
Donor KIR B Content Group N RR (CI P
KIR B=0 [i.e. KIR A/A] 499  1.00
KIR B =1 [i.e. KIR B/X] 1003 0.88(0.73-1.06)  0.18
KIR B=1 556  1.03(0.84-1.26) 0.77
KIR B=2 339 0.73(0.57-0.94) 0.014
KIR B=3+4 108  0.64 (0.43-0.97) 0.033
KIR B=0 or 1 [i.e. Neutral Donors] 1055 1.00
B>2 (non Cen B/B) [i.e. Better Donors] 302  0.82 (0.65-1.02)  0.078
B>2 (Cen B/B) [i.e. Best Donors] 145  0.46 (0.31-0.68) 0.0001
B=>2 [i.e. Better/Best Donors] 447  0.70 (0.57-0.86)  0.0005

J Immunol. Author manuscript; available in PMC 2015 May 15.

Page 17



Page 18

Cooley et al.

96'0 (9TZ-G70)86'0 L€ 9.0 (68T-2r'0)680 ¢¥ 180  (GGT-LS50)¥60 8L 1s8g/18n8g-dIM
00T L 00T 6. 00T 05T [einaN-HIX e
890 (€82-150)0cT L& [20 (ev1-620)¥90 €  Tv0  (9€T-L¥'0) 080 08 1s3g/18n8g-dIM
asde;py  29/20 VIH Jweidioey
00T zL 00T 08 00T ST [einaN-dIM
S0 (Svz-.90)82T €€ v0 (e¥T-Sr0) T80 2¥ 1.0 (LET-€90)€60 SL 1seg/4enag-diM
00T L 00T LL 00T 8vT [einaN-HIM s
610 (0TT-290)280 9ST 060 (OV'T-GL'0)20T L0C 920  (60'T-2L0)68'0 €9 1s8g/18n8g-dIM
00T LLE 00T 91S 00T €68 [einaN-HIX et
8000 (88°0-€¥'0)T90 95T TT'0 (90T-650)6.0 TTZ 8T000 (/80-950)0L0 L9€ 1s9g/18n8g-dIM
esdejad  X/TD VIH ueldiooy
00T 8¢ 00T 125 00T €06 [einaN-dIM
€000 (88°0-950)0.0 €ST LT0 (L07T-69°0)980 7T0Z GI000 (T6'0-29°0)8L0 ¥SE 1seg/4enag-diM
00T €9¢ 00T 205 00T 98 [einaN-HIM s
d paps| N d pSp| N d Y N
payoreWwsIN-Y TH peydR NV TH sjue|dsue L ||V dnoi9 Yy louogq  BWOdINO
syuaidioay X/TD 10} SaW02NQ anoldw] siouod 1sag/1enag-yIM
I 3|qeL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Immunol. Author manuscript; available in PMC 2015 May 15.



Page 19

Cooley et al.

2€0 (Sr'T-2€0)890 67 €100 (880-€€0)¥S0 S8 1sag/4on8g-dIM
00T €T 00T 261 [elnaN-dIM  esdepy
680 (67'7-€9°0)260 8y 1000 (620-0V'0) .50 €8 1s8g/1818g-dIM
00T gzt 00T G8T [enaN-dIx S41
d Y N d Y N
pauprewsI N 'V-V 1H pauypRWSIA O-V TH dno.9 |3 JouoQ

8-V H Jo/pue V-V TH 'SA O-V TH Jesiue|dsuel | yoJews| Al |SSe|D VIH 4

250  (0S¥-Lr0)SsyT 2z 6100  (26°0-2v'0)290  ¥ET 1sag/Ja18g-dIM
00T 65 00T €z¢ [eanaN-dIM  esdepy
€50 (20€-LS0)TET 2¢ 62000 (88°0-%G0) 690  TET 1s8g/1818g-HIM
00T €5 00T 01€ [eanaN-dIM  S47
d oy N d uy N
>_:O PayorewsI A ||sse|D YOTewssl|A |sse|D sepnjpou| Q:O‘_O oM Jouog

[1SSe[D VTH e UdTeWSIIA 'SA || SSe|D pue | SSe|D 10 |SSe|D WV TH Te YoTews!i Al yiimsiue(dsue | i

slouoq 1s9g/4a119g-H 1> YIIM UOI198101d Paoueyu WwoJj 1yausg D-v1H 1e YorewsiAl Yiim siuejdsuel ] Buiniedsy siusidiosy /10
Al 3|qeL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Immunol. Author manuscript; available in PMC 2015 May 15.



Page 20

Cooley et al.

NIH-PA Author Manuscript

€200 (560670890 82 2800 (66'0-29°0)8L0 TLZ +2SAZ UNMX/Q HIM
00T 28T 00T TLT VIV dIN
asdepy S41 dnou9 Y|y Jouog

d Shs] u d gy u

pauRTRWSIN VIH O

G650 (F¥'7-28°0)60T 8SE G60 (€2T-08°0)66'0 TVE +S1AZ UMM X/G I
190 (0§T-LL°0)L0T 68T 8.0 (S2T-GL'0)26'0 8LT +ESAZ YUM X/d dIM
980 (1€7-220).60 182 %50 (LT T-vL'0)€6'0 L9 +TSAE UMM X/g HIM
060 (ceT-€,0)86'0 282 TL0 (027T-LL0)960 vz +TSAZ UMM X/g dIM
6,0 (LET-6L0)¥0T 83 0.0 (6TT-220)960 TvE +21AZ UM X/d did
280 (Ir'71-920)¥0T 1€ €0 (T2T-9L0)96'0 T2¢ +GSAC UMM X/g HIM
110 (8ET-6L0)¥0T T9E TL0 (BT'T-LL0)960 Ve +2SAZ UMM X/g HIM
00T O 00T €€ VIV HIM
asdepy s41 dnoJo ¥ Jouoq

d ¥y U d ¥y U

Py N VIH ‘g

020 (80°T-TL'0)280 809 71900 (T0T-72'0)980 ¥8G +S1AC Yumx/d diM
020 (60T-99°0)580 T¢€ G200 (L6'0-29°0) T80 90€ +ESAZ UMM X/8 I
7700 (66°0-€9°0)6L°0 69y 2200 (86'0-0L°0)€8'0 8Py  +TSAE UNM X/Q HIM
2500 (00'T-¥9°0)08'0 €87 9£0'0 (66°0-TL'0) ¥8'0 €9y  +TSAT YUM X/d HIM
610 (L07T-020)280 €9 9500 (00T-¥20)980 O0T9 +27AZ UMM X/g dIM
210 (S0'T-99°0)€8°0 L6 8900 (T0T-2L'0)S8'0 Z8E  +GSAZ UMM X/d HIM
ST0  (90'7-69'0)98°0 6€9 TrO'0 (66°0-€2°0)S8'0 ST9  +2SAZT YUMm X/d dIM
00T Zzv 00T ¥OY VIV dIN
asdepy S41 dno.o Y1 Jouog

d ¥4 u d ¥y U

sjue|dsuel L ||V 'V

syuaidioay X/TD ul asdejay pue S47 U0 Sauas) g HIY Jouod [enpiAlpu] Jo 1oedw

A 3|qeL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Immunol. Author manuscript; available in PMC 2015 May 15.



Page 21

Cooley et al.

NIH-PA Author Manuscript

9/000 (88'0-v70)€90 0§52 0200 (96°0-650) SL0
86000 (88'0-8€°0)850 ZET €000 (98°0-8%°0) S9°0
86000 (€8'0-6€0) G0 88T 8T00 (S6°'0-25°0) €L°0
25000 (S8'0-TF0)650 96T GTO0  (¥6°0-95°0) €0
900  (86'0-T§°0)0L0 9.z G500  (T0'T-€9°0) 08°0
06000 (88'0-0¥'0) 650 99T 0v0'0  (66°0-85°0) L0
asdepy S41
d 44 U d pets|

paydreUsSIN V1H "0

544
8¢t
181
68T
69¢
19T

+G71dC Yum X/d dIx
+€SAC YIM X/g dIX
+1SAE YIM X/g dIM
+1SAC YUMm X/g dIx
+¢71dC Yum X/g dix
+GSAc Yum x/g diM

dnou9 Y1 Jouoq

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Immunol. Author manuscript; available in PMC 2015 May 15.



Page 22

Cooley et al.

NIH-PA Author Manuscript

98'0 (9£2-9€0)26'0 Oy 980 (€€2-6v'0) 20T 6€ +GSAZ UMM X/g HIM
80 (2Lv-950)29T 1§ /20 (8v'e-TL0)LGT Ly +2SAT UMM X/g dIM
00T 8¢ 00T /€ VIV 4N
asdepy SER dnouo Y1 Jouog

d ¥4 u d ¥4 U

poyoreWSIN VIH "D

€90 (¥87-9€0)280 19 090 (022-€9°0)8T'T 09 +57AZ UUMX/g dIM
2,0 (Ue-ve0)680 ve 160 (ETZ-€¥'0)S6'0 €€  +ESAT UMM X/g HIM
660 (evz-Tr0)00T Sy 690 (82Z-8G0)ST'T vy +TSAE UM X/d HIM
280 (122-L€0)060 97 250 (Lrz—€90)SCT Sy  +TSAT UMM X/ HIM
120 (167-6£0)980 99 6.0 (S6'T-09°0)80'T G9 +21AZ UMM X/g dIM
990 (erz-T€0) 180 9 2G0 (PS2-290)92T 9€  +GSAZ UMM X/d HIM
880 (S0Z-€v0)¥60 89 890 (202-€90)ETT 99 +2SAZ YUM X/g HIM
00T 6¢ 00T € VIV dIM
asdepy S41 dnou9 Y|y Jouog

d 44 U d ¥4 U

POUORIN VTH ‘g

€60 (697-250)860 TZT 890 (T9T-€L'0)60T LIT +G1AC UMM X/g HIM
680 (107-950)90T €9 8¢0 (0TZ-SL0)92T 09 +€SAT UM X/g HIM
¥80 (/87T-090)90T ¥6 S90 (69'T-2L0)0TT 06 +TSAE UM X/g HIM
160 (L27-950)660 96 TG0 (08T-GL0)9T'T 26  +TSAC UMM X/g HIM
190 (80Z-S90)9T'T LIT +20 (T9T-TL0) 0T CIT +Z71AZ YumX/g diIM
2,0 (S9T-870)680 9. 880 (26T-8L0)22T GL  +GSAC UM X/g HIM
850 (L07-290)LTT 6TT 690 (€9T-€L'0)60T €IT +¢SAC UMM X/g HIM
00T LL 00T L VIV 4
asdepy S41 dnou9 Y|y Jouog

d ¥4 U d ¥y U

sjue|dsuel L IV 'V

syuaidioay zD/zD ul asde|ay pue S47 U0 Saud9) g M Jouoq |enpiAlpu] Jo 19edw|

IN3|0eL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Immunol. Author manuscript; available in PMC 2015 May 15.



Page 23

Cooley et al.

NIH-PA Author Manuscript

S8°0
790
090
290
0€0

(z92-57'0) 60'T
(80'7—2'0) TE'T
(80°€-250) L2'T
(80'€-15'0) 92'T
(55'6-65'0) T8'T
asdepy

oy

09
6¢
514
0S
1§

L0
ST0
190
190
0€0

d

(¥2'2-85°0) €T'T
(Lv'1-gL0) ege
(6v'2-850) TZ'T
(L'2-95'0) 8T'T
(0v'€-69'0) €51

S47
oy

paypTeWSIA VIH O

LS
Le
Y
Ly
Ly

+G71d¢ UM X/g dIx
+€SA¢C YIm x/g dIM
+1SAE YIM X/g dIx
+1SAC UM X/g dIX
+271Q2 Yum x/g o1

dnoluo Y|y Jouoq

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Immunol. Author manuscript; available in PMC 2015 May 15.



