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The rules governing natural killer (NK)—
cell education in the allogeneic environ-
ment created by unrelated hematopoietic
stem-cell transplantation (HSCT) are still
largely elusive, especially in an unrelated
donor setting. NK-cell inhibitory recep-
tors for self-human leukocyte antigen
(HLA) play a central role in the acquisition
or maintenance of NK-cell functional com-
petence. Therefore, the responsiveness

of different NK-cell subsets was as-
sessed as a function of their expression
or absence of expression of self-HLA-
specific inhibitory receptors, in a large
cohort (n = 60) of unrelated HSCT recipi-
ents. A fully effective NK-cell education
process was achieved within the first
year after allogeneic HSCT and lasted for
at least 3 years thereafter. In addition,
HLA-mismatched HSCT led to a stable

education pattern that was determined by
the donor’s HLA ligands. These data sug-
gest that the NK cell’s education partner
could be of hematopoietic rather than
extrahematopoietic origin. This donor-
ligand—driven NK-cell education model
would suggest a sustained graft-versus-
leukemia effect after HLA-mismatched
HSCT. (Blood. 2011;117(3):1021-1029)

Introduction

Natural killer (NK) cells are lymphocytes of the innate immune
system that are able to synthesize and secrete cytokines and lyse
infected or transformed cells, with no need for previous stimula-
tion.! Their activation depends on a complex array of activating and
inhibitory signals transduced by multiple receptors. The capacity of
NK cells to spare healthy cells while targeting damaged or infected
cells relies on inhibitory receptors for major histocompatibility
complex (MHC) class I molecules, which serve as the basis for
NK-cell sensitivity to the “missing self,“> with the lack of
engagement of inhibitory receptors allowing NK-cell activation.

The main MHC class I inhibitory receptors in humans are the
lectin-like heterodimer CD94-NKG2A, which recognizes the non-
classical MHC class I human leukocyte antigen (HLA)-E mole-
cule, and the Kkiller-cell immunoglobulin-like receptors (KIRs),
which recognize specific groups of HLA-A, HLA-B, and HLA-C
alleles. Specifically, KIR2DL1 recognizes HLA-C molecules with
a Lys® residue (HLA-C2 group); KIR2DL2 and KIR2DL3 recog-
nize HLA-C molecules with an Asn® residue (HLA-C1 group) and,
to a lesser extent, with a Lys® residue; and KIR3DL1 recognizes
several HLA-A and HLA-B molecules containing the Bw4 motif.3-¢
Notably, inhibitory KIRs have activating counterparts with exten-
sive homology in their extracellular domains. As a result, commer-
cially available monoclonal antibodies (mAbs) are unable to
distinguish the activating receptor KIR2DS1 from KIR2DLI1
(CD158a specificity), or KIR2DS2 from KIR2DL2 and KIR2DL3
(CD158b specificity).

The KIR locus, located on chromosome 19q13.4, is highly
polymorphic and exhibits haplotype variations in gene content.
Because the HLA locus is located on chromosome 6p21.3, there is
no cosegregation of KIR receptors and their ligands.? In addition,
KIR and CD94-NKG2A expressions on NK cells are variegated.
So, how can every NK cell be tolerant to healthy self cells? The
long prevailing “at least one” hypothesis’ advanced that, through
some regulatory mechanism, all NK cells expressed at least one
inhibitory receptor for self-HLA class I molecules. However, it was
shown that, in mice and humans, some NK cells did not express any
inhibitory receptor for self-HLA and nonetheless had impaired
responsiveness. The emerging concept is that signals dependent on
self-specific inhibitory receptors are required for the acquisition
and/or maintenance of NK-cell responsiveness, in a process called
“licensing” or “education.”®!* The responsiveness-conferring sig-
nals should rely on an interaction between the NK cell’s inhibitory
receptors and MHC class I molecules on a still elusive partner cell.

In allogeneic hematopoietic stem-cell transplantation (HSCT), a
graft-versus-leukemia effect has been assigned to NK cells of
donor origin after a haploidentical T cell-depleted transplanta-
tion.!> Pertinently, the acute myeloid leukemia relapse rate was
dramatically lowered when an HLA ligand for an inhibitory KIR
was present in the donor and absent in the recipient. NK-cell
reconstitution after HSCT has been shown to be dominated by
CD56Pight NK cells, which express more NKG2A and less KIRs
than CD564im NK cells.!®!8 However, data on NK-cell education
after allogeneic HSCT are still scarce, controversial, and concern
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Table 1. HLA-C and KIR genotypes

HLA-C genotype Donor KIR genotype Samples analyzed,
No. Donor Recipient HLA-C group (D—R) 2DL1 2DL2 2DL3 2DS1 2DS2 days after HSCT
1 0303/0701 0304/0701 C1/C1—C1/C1 I = e = = 85
2 0102/1203 0701/1203 C1/C1—=C1/C1 + - + + - 88, 438
8 0702/1601 0702/1601 C1/C1—C1/C1 4 = I I = 196
4 0701/0702 0702/1203 C1/C1—C1/C1 + + + - + 90
8 1202/1203 1202/1203 C1/C1—C1/C1 b + = b 4 344
6 0702/0702 0702/0702 C1/C1—C1/C1 + - + + - 100, 162, 190, 366
7 0102/1601 0102/1601 C1/C1—C1/C1 4 + + = I 88, 358
8 0702/0702 0702/0702 C1/C1—=C1/C1 + + + + + 263
9 0702/1402 0702/1402 C1/C1—C1/C1 I = e = = 123
10 0702/1203 0702/1203 C1/C1—C1/C1 + - + + - 341
11 0102/1601 0304/1601 C1/C1—C1/C1 b ap b b b 181
12 0303/0802 0303/0802 C1/C1—C1/C1 + - + - - 382
13 0701/1203 0701/1203 C1/C1—C1/C1 4 = + = = 750
14 0401/0702 0401/0702 C1/C2—C1/C2 + - + + + 131
ill5; 0602/0704 0602/0704 C1/C2—C1/C2 e + 4 4 I 85
16 0602/0701 0602/0701 C1/C2—C1/C2 + - + - - 694
17 0501/1402 0501/1402 C1/C2—C1/C2 b b b b 4 316
18 0501/1203 0501/1203 C1/C2—C1/C2 + - + - - 91
19 0401/1601 0401/1601 C1/C2—C1/C2 e + + = + 706
20 0602/0701 0602/0701 C1/C2—C1/C2 + - + - - 722
21 0303/0602 0303/0602 C1/C2—C1/C2 4 + = I = 88, 181, 777
22 0202/0701 0202/0701 C1/C2—C1/C2 + - + + - 97
23 0401/1203 0401/1203 C1/C2—C1/C2 b b b G 4 98, 185
24 0401/0501 0401/0501 C2/C2—C2/C2 + + + + + 753
25 0202/0401 0202/0401 C2/C2—C2/C2 4 + 4 I e 723
26 0501/1703 0501/1703 C2/C2—C2/C2 + + - - + 85, 223, 377, 419, 671
27 0401/1502 0401/1502 C2/C2—C2/C2 4 = 4 = = 94
28 0401/0602 0401/0602 C2/C2—C2/C2 + + + - + 92
29 0401/0602 0401/0602 C2/C2—C2/C2 b = + - = 106
30 1701/1802 1701/1802 C2/C2—C2/C2 + + + - + 87,179
31 0202/0202 0202/0202 C2/C2—C2/C2 e + 4 = 4 382
32 0401/0501 0401/0501 C2/C2—C2/C2 + + - + + 710
33 0501/1502 0501/1502 C2/C2—C2/C2 e = 4 4 = 349
34 0401/0401 0401/0401 C2/C2—C2/C2 + + + + + 122
35 1202/1402 1202/1502 C1/C1—=C1/C2 b b b 4 4 414
36 0702/1601 0401/0702 C1/C1—-C1/C2 + - + + - 36,71, 92, 159, 187
37 0702/0704 0202/0702 C1/C1—C1/C2 I = F = = 101, 185, 367
38 0702/0701 0401/0701 C1/C1—=C1/C2 + - + - - 111
39 0702/0702 0702/1502 C1/C1—-C1/C2 4 * e - + 74,147,615
40 0102/0304 0304/0403 C1/C1—C1/C2 + - + + - 98, 343, 530, 949
41 03083/0702 0501/0702 C1/C1—=C1/C2 b Ei b — b 98, 182, 765
42 0702/0704 0501/0702 C1/C1—-C1/C2 + + + - + 106, 216, 391
43 1601/1601 0602/0701 C1/C1—C1/C2 + e + = e 109
44 0102/0303 0102/0401 C1/C1—=C1/C2 + - + - - 84
45 0303/0702 0401/0702 C1/C1—-C1/C2 4 F = + e 91, 336
46 0702/1601 0501/0713 C1/C1—C1/C2 + - + - - 98
47 0702/0401 0702/1203 C1/C2—C1/C1 b = b b = 365
48 0202/0304 0304/1402 C1/C2—C1/C1 + + + + + 216, 866
49 0303/0501 0102/0303 C1/C2—C1/C1 4 e e = I 660
50 0501/0702 0102/0702 C1/C2—C1/C1 + + + + + 110
51 0602/1203 0701/1203 C1/C2—C1/C1 4 F 4 + 4 91,174,313
52 05/1203 0704/1203 C1/C2—C1/C1 + + + - + 97, 216, 371
53 1204/1507 0102/1203 C1/C2—C1/C1 b b = = b 1184
54 0202/0305 0202/1504 C1/C2—C2/C2 + - + + - 190, 323, 757
E5 0602/1402 0501/0602 C1/C2—C2/C2 + e e = e 681
56 0401/1402 0401/0401 C1/C2—C2/C2 + + + + + 154,177, 448
57 0501/1502 0501/1402 C2/C2—C1/C2 e = 4 + = 108
58 0202/1502 0102/1502 C2/C2—C1/C2 + - + - - 106, 175
59 0501/0501 0102/0501 C2/C2—C1/C2 b b b b b 147, 355, 614, 691
60 0202/0602 0602/1203 C2/C2—C1/C2 + - + - - 343

D indicates donor; HLA-C, human leukocyte antigen C; HSCT, hematopoietic stem-cell transplantation; KIR, immunoglobulin-like receptor; and R, recipient.

only KIR-ligand—matched HSCT at rather early time points. Yu et  self during the first 100 days after HSCT followed by a progressive
al'? showed results interpreted as breaking of NK-cell tolerance to  functional education. Notwithstanding, Bjorklund et al* showed
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Figure 1. Quantitative and functional reconstitution A
of NK-cell subsets after allogeneic HSCT. (A) Absolute
cell numbers in each subset were determined by flow s
cytometry. (B) NK-cell responsiveness was assessed as —
the percentage of CD107a* cells in each NK-cell subset 104
after a 15-hour incubation with K562 targets. *P < .05;
=p< 01 P < 001. ) 102
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o Healthy subjects

that NKG2A-negative NK cells expressing KIRs for nonself-HLA
ligands remain self-tolerant during the first 6 months after HLA-
identical sibling HSCT. No data exist on NK-cell education and
functional tolerance in HSCT recipients with more than 1 year of
follow-up.

Herein, we assessed long-term NK-cell education after KIR-
ligand—matched or —mismatched allogeneic HSCT in humans. We
found the NK-cell education process after transplantation to be
fully effective and dependent on donor ligands because a donor-
like education pattern ensued and lasted stably for at least 3 years
after HSCT.

Methods

Patients and samples

Seventy-seven healthy subjects (56 HSCT donors and 21 healthy volun-
teers) and 60 HSCT recipients transplanted at the Bone Marrow Transplan-
tation Unit, Saint-Louis Hospital (Paris, France) between September 2001
and April 2008 were included in this study. All transplants were unrelated,
the stem cell sources being bone marrow, peripheral blood stem cells, or
umbilical cord blood, without T-cell depletion. Patient and transplant
characteristics are detailed in supplemental Table 1 (available at the Blood
Web site; see the Supplemental Materials link at the top of the online
article). Forty-two of 60 donor/recipient pairs were HLA-A and -B identical
at the allelic level. Full HLA-C typings are provided in Table 1. Blood
samples from healthy donors were obtained at the Hopital Saint-Louis
Transfusion Center.

All subjects provided their informed consent in accordance with the
Declaration of Helsinki to participate in this study, which was approved by

© Recipients d84-d365 o Recipients d366—

the Hopitaux de Paris Review Board. Peripheral blood mononuclear cell
(PBMCs) were isolated from freshly collected blood by density-gradient
centrifugation by use of lymphocyte separation medium (EuroBio) and
stored in liquid nitrogen.

Functional assessment of NK-cell subsets

All reagents were obtained from Becton Dickinson, Beckman Coulter, or
Miltenyi Biotec. The following mouse mAbs were used: allophycocyanin
(APC)-cyanin 7-CD3 (SK7), biotin-CD56 (B159) with peridinin chloro-
phyll protein-streptavidin, APC-NKG2A (Z199), fluorescein isothiocyanate
(FITC)-CD158a (11PB6), FITC-CD158b (CH-L), FITC-CD158¢ (DX9),
APC-CD158a (11PB6), APC-CD158b (DX27), and APC-CD158e (DX9).
“KIR” labeling used a mixture of APC-CD158a (anti-KIR2DL1/2DS1),
APC-CD158b (anti-KIR2DL2/2DL3/2DS2), and APC-CD158e (anti-KIR3DL1).

For degranulation assays, PBMCs were thawed and incubated with
or without the human erythroleukemia cell line K562 target cells at an
effector/target ratio of 5:1 for 15 hours at 37°C in culture medium in the
presence of a phycoerythrin-CD107a mAb (H4A3). Thereafter, cells
were labeled with additional fluorescent mAbs and analyzed by flow
cytometry on a BD Biosciences LSR cytometer (Becton Dickinson) by
the use of Cell Quest and WinMDI software. For cytokine production
assays, PBMCs were incubated with K562 cells (E/T = 5/1) during
5 hours in the presence of brefeldin A (5 mg/mL). PBMC labeling
included permeabilization and incubation with an Alexa Fluor
488-interferon y (IFN-y) mAb (B27).

KIR and HLA genotyping

KIR genotyping used a previously described technique,?' that is, the
Invitrogen KIR genotyping SSP kit. HLA-A, -B, -C, -DRBI, and -DQB1 were
typed with the polymerase chain reaction sequence—specific oligonucleotide
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Figure 2. Absence of NK-cell education impairment after allogeneic HSCT. The percentages of CD107a* cells in specific NK-cell subsets were determined after incubation
with K562 targets. (A) The NKG2A-KIR~, NKG2A~KIR*, NKG2A"KIR~, and NKG2AKIR* subsets were evaluated in 16 post-HSCT samples. (B-D) The monoKIR subsets in
34 post-HSCT samples from recipients of HLA-C group—matched transplants (C1/C1—C1/C1: n = 13, C1/C2—C1/C2: n = 10, C2/C2—C2/C2: n = 11) were studied.
(B) Representative examples are shown. (C) In homozygous recipients, monoKIR NK-cell responsiveness was compared between cells expressing a receptor for self-HLA
(CD158b in C1/C1 subjects, CD158a in C2/C2 subjects) and for nonself-HLA (CD158ain C1/C1 subjects, CD158b in C2/C2 subjects). (D) The responsiveness of (left) CD158a
monoKIR and (right) CD158b monoKIR NK cells was compared between recipients as a function of HLA-C genotype. When several samples were available for the same
recipient, only the latest was included in the analysis. All dot plots were gated on total NK cells. Horizontal bars indicate the medians. **P < .01; ***P < .001.

reverse dot-plot kits from Innogenetics. Genotyping results are reported in Table
1. HLA-E allelic typing was performed as previously described.??

an ABI 3130 XL sequencer (Applied Biosystems). Informativity was
assessed in donor and recipient pre-HSCT blood samples.

Chimerism assessment HLA-C1-transfected K562 cell line

Chimerism was studied on DNA extracted from whole blood or marrow-
nucleated cells by the use of polymerase chain reaction amplification of
informative polymorphic microsatellite sequences and fragment analysis on

The K562-Cw*0304 cell line was obtained by cloning a cDNA encoding
the Cw*0304 allele into the pcDNA3 vector and selecting for G418
resistance after transfection into K562, as previously described.?
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Figure 3. NK-cell education kinetics. An example is
shown for each HLA-C-matched (A) or HLA-C-mis-
matched (B) transplantation setting studied. Red and
green curves correspond, respectively, to CD158a and
CD158b monoKIR NK cells.
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Statistical analysis

The Wilcoxon signed-rank test was used to compare different cell subsets
from the same samples. The Mann-Whitney U test was used to compare
similar cell subsets between groups of healthy subjects or HSCT recipients
or both. The Jonckheere-Terpstra test was used to assess the existence of a
trend among different groups as a function of the HLA-E genotype. All tests
were 2-sided, and P < .05 was considered significant.

Results

Responsiveness of NK cells from healthy subjects depends on
the inhibitory receptors they express and their HLA
environment

To assess NK-cell responsiveness, we determined the percent-
age of degranulating cells after coincubation with the tumoral,
HLA class I-negative, K562 cell line. First, the NK-cell
response was assessed as a function of NKG2A and KIR
expressions. In healthy subjects (n = 51), a clear hierarchy
emerged, with NKG2A~KIR™ cells being hyporesponsive com-
pared with NKG2A“KIR* or NKG2A*KIR™ cells, which, in
turn, were less responsive than NKG2ATKIR*® NK cells
(P < .00000001 for all comparisons; supplemental Figure 1A).
Thus, in line with Cooley et al,'” our results not only confirmed
the importance of KIRs but also demonstrated that CD94-
NKG2A plays a major role in normal NK-cell education in an
independent and additive fashion with regard to KIRs. Then, we
examined whether NKG2A+*KIR~ NK-cell responsiveness could
depend on HLA-E dimorphism because the HLA-E*0103 allele

o

0 100 200 300 400 500
Days post-transplant

C1/C2->C2/C2 (transplant #56)

is much more strongly expressed at the cell surface than its
counterpart HLA-E*0101 and might therefore engage its recep-
tor CD94-NKG2A more efficiently.?* However, no relationship
was found between HLA-E genotype and NKG2A*KIR~ NK-
cell responsiveness (supplemental Figure 2).

Second, we focused on “monoKIR” NK cells. CDI158a
monoKIR NK cells are defined as being CDI158a*
CD158b"CD158¢"NKG2A~. Conversely, CD158b monoKIR
NK cells are CD158b*CD158a~CD158e " NKG2A . The percent-
ages of degranulating monoKIR NK cells from 26 healthy
subjects, all expressing KIR2DL1 and KIR2DL2/2DL3, were
determined after coincubation with K562 (supplemental Figure
1B). In accordance with the education/licensing theory, the
relative responsiveness of monoKIR NK cells in a subject was
determined by the presence or absence of a cognate HLA ligand:
in HLA-C group-homozygous subjects, monoKIR NK cells
expressing a receptor for self-HLA (CD158b in C1/C1 subjects,
CD158a in C2/C2 subjects) were more responsive than their
counterparts expressing a receptor for nonself-HLA (CD158a in
C1/C1 subjects, CD158b in C2/C2 subjects; P = .00006; supple-
mental Figure 1C). In accordance, at the whole population level,
CD158a monoKIR cells were significantly less responsive in
C1/C1 than C1/C2 or C2/C2 subjects, whereas CD158b mono-
KIR cells were hyporesponsive in C2/C2 subjects (P = .009
and. 003, respectively; supplemental Figure 1D). Because C2
was recently shown to be an additional, low-affinity, CD158b
ligand,>¢ the impact of this interaction was investigated, but no
evidence for education of CD158b-expressing NK cells by C2
was seen, because CD158b monoKIR cells in C2/C2 subjects
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were as unresponsive as the uneducated CD158a monoKIR cells
of C1/C1 patients (data not shown).

Of importance, because anti-CD158a and -CD158b mAbs
cannot discriminate between inhibitory and activating KIRs, some
monoKIR NK cells may indeed express only an activating KIR
(KIR2DS1 for CD158a and KIR2DS2 for CD158b monoKIR NK
cells) and no inhibitory KIR. This possibility could lead to
underestimations of CD158a monoKIR-subset responsiveness in
subjects expressing KIR2DS1 and that of the CD158b monoKIR
subset in KIR2DS2-expressing subjects, all the more so that
expression of activating KIRs has been reported to lower NK-cell
responsiveness to target cells.?> Therefore, these functional data
were reanalyzed according to KIR genotypes, excluding subjects
positive for either KIR2DS1 and HLA-CI or KIR2DS2 and
HLA-C2, and the responsiveness difference between monoKIR
NK cells expressing or not expressing a receptor for self-HLA
remained statistically significant (n = 8, P = .008, data not shown).

HSCT by itself does not impair the NK-cell education process

We examined whether this NK-cell reactivity pattern would be
normally reproduced or not after allogeneic HSCT in a cohort of 60
patients (Table 1). First, NK-cell subsets (total NK, CD56ight,
CD569m, NKG2A-KIR~, NKG2A-KIR*, NKG2A*KIR™,
NKG2A*KIR", CD158a monoKIR, and CD158b monoKIR) were
quantified and tested for their responsiveness after HSCT. As
shown in Figure 1A, all NK-cell subsets were present at normal
levels after HSCT, except CD56eh, which are known to be
expanded for a long time after HSCT,'® and CD158a monoKIR,
which are diminished after HSCT. Indeed, in accordance with
previous work,626-28 we observed that the reconstitution of CD158a
expression on NK cells after HSCT was delayed compared with
CD158b expression and did not reach normal levels even later than
1 year after transplantation (supplemental Figure 3). Although a
general trend toward hyporesponsiveness could be observed during
the first year after HSCT (and especially during the first 100 days;
data not shown), normal reactivity levels were reached by day 365
and maintained at later times (Figure 1B). In addition, posttransplan-
tation NK cells kept their ability to be inhibited by cognate HLA-C
ligands, because CD158b monoKIR and total CD158b-expressing
NK cells were significantly less responsive against HLA-Cw*0304—
transfected (HLA-C1 group) K562 targets than untransfected K562
cells (supplemental Figure 4).

Second, the responsiveness hierarchy of NK-cell subsets was
studied, starting with the relative responsiveness of NK-cell subsets
to K562 according to CD94-NKG2A and KIR expressions. After
HSCT, CD94-NKG2A and KIRs conferred responsiveness to NK
cells in an additive way (median percentages of degranulation after
K562 challenge: 7.0%, 22.1%, 23.2% and 34.9%, for
NKG2A"KIR™, NKG2A“KIR", NKG2A*KIR~, and
NKG2A*KIR* NK cells, respectively, P < .0001 for all compari-
sons). This hierarchy of NK-cell subsets, depending on their
CD94-NKG2A and KIR expressions, was already in place during
the first year after HSCT and remained stable afterward (Figures
1B and 2A).

Then, CD158a and CD158b monoKIR NK cells were tested
after 34 HLA-C-group—matched transplantations (ie, 13 C1/C1—C1/
CI, 10 C1/C2—Cl1/C2, and 11 C2/C2—C2/C2; Table 1, Figure
2B). Consistent with the education process observed in healthy
subjects, after matched HLA-C group-homozygous transplantations,
monoKIR NK cells expressing a receptor for self-HLA were more
responsive than their counterparts expressing a receptor for nonself-
HLA (P = .00002, Figure 2C). In general, CD158a monoKIR NK
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cells were hyporesponsive after C1/C1—C1/C1 transplantations,
as were CD158b monoKIR NK cells after C2/C2—C2/C2 transplan-
tations (P = .00003 and .002, respectively, Figure 2D). The
functional hierarchy between the monoKIR NK-cell subsets was
established by day 100 after HSCT and remained unchanged
thereafter, although the absolute responsiveness levels could vary
over time (Figure 3A). As expected, this posttransplantation
NK-cell subset hierarchy was similar to the donor profile in a few
HLA-matched sibling HSCTs we could study (supplemental Figure 5).

Moreover, as observed in healthy subjects, excluding recipients
whose donor’s genotype was positive for KIR2DS1 and HLA-C1
or KIR2DS2 and HLA-C2, did not affect our results, which
remained statistically significant (n = 9, P = .004; data not shown).

A stable donor-like NK-cell education pattern emerges after
KIR-ligand—-mismatched HSCT

Because NK-cell education appeared to proceed normally after
allogeneic HSCT, we wondered what impact a KIR-ligand mis-
match would have in this context. More specifically, once full
donor chimerism is achieved, the recipient expresses mostly donor
ligands on cells of the hematopoietic lineage and mostly recipient
ligands on cells of nonhematopoietic origin. Therefore, the NK-cell
education pattern observed after HLA-mismatched HSCT should
depend on the origin of the NK cell’s partner in its education
process. If this partner were to originate in the hematopoietic
system, a donor-like pattern would emerge; however, if it were to
derive from an extrahematopoietic origin, a recipient-like pattern
would be seen. Finally, if several cell types interacted with NK
cells to shape their responsiveness, an intermediate NK-cell
education profile would be expected.

A Healthy subjects
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Figure 4. Association between CD158b monoKIR NK-cell frequency and donor
HLA-C ligands. The percentages of CD158b monoKIR NK cells among total or
CD158b* NK cells were determined in (A) 40 healthy subjects (C1/C1: n = 14,
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plotted against HLA-C ligands. *P < .05, **P < .01.
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Horizontal bars indicate the medians. *P < .05; **P < .01; ***P < .001.

To address that question, NK-cell education was assessed after
26 HLA-C-group—mismatched transplantations (ie, 12 C1/C1—C1/
C2, 7 C1/C2—Cl1/Cl1, 3 Cl1/C2—C2/C2,and 4 C2/C2—C1/C2;
Table 1). CD158a and CD158b monoKIR NK cells were studied in
samples obtained from day 84 to day 1184 after HSCT, all of which
being characterized by a full donor-type chimerism.

Because the KIR repertoire has been reported to be biased
toward self-recognition,'-?%3% monoKIR NK-cell frequencies were
determined for healthy subjects and HSCT recipients as a function
of HLA genotype. Although there was no link between CD158a
monoKIR NK-cell frequency and HLA (data not shown), CD158b
monoKIR NK-cell frequency was significantly associated with

HLA genotype in healthy subjects: subjects lacking C1 ligands had
fewer CD158b monoKIR NK cells (Figure 4A). In the same way,
after HLA-C-mismatched HSCT, the percentages of CD158b
monoKIR NK cells among total NK cells or CD158b* NK cells
were significantly lower when the donor genotype lacked Cl1
alleles (total NK: P = .047; CD158b*: P = .009; Figure 4B). By
contrast, no difference in CD158b monoKIR NK-cell frequencies
was determined by recipient genotype between C1/C2—C1/C1 and
C1/C2—C2/C2 transplantations (data not shown). Thus, in
terms of KIR expression, post-HSCT NK cells behave according to
donor HLA.

Regarding functionality, as shown in Figure 5, NK-cell subset
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responsiveness appeared to be dependent on donor ligands because
in recipients whose donor was HLA-C group homozygous, mono-
KIR NK cells expressing a receptor for donor HLA (“‘donor self”)
were more responsive than the corresponding monoKIR NK cells
expressing a receptor for HLA molecules absent from donor
genotype but present in recipient genotype (“donor nonself”), in
terms of degranulation as well as IFNvy production (P = .00003
and .016, respectively, Figure 5SA-B). In addition, CD158a and
CD158b monoKIR NK cells were hyporesponsive after C1/C1 or
C2/C2 donor-genotype transplantations, respectively (P = .010
and .005, respectively, Figure 5C). Like for HLA-matched HSCT,
NK-cell education after HLA-mismatched HSCT, as reflected by
the monoKIR NK-cell subset hierarchy, appeared to be rapidly
achieved and stable over time (Figure 3B). Again, as observed for
healthy subjects and KIR-ligand—matched transplantations, the
results remained statistically significant even after exclusion of
recipients whose donor’s genotype included KIR2DS1 and HLA-C1
or KIR2DS2 and HLA-C2 (n = 11, P = .001, data not shown).

An interesting illustration of the importance of donor ligands
was given by one patient who successively underwent 2 allogeneic
HSCTs from different donors. This C1/C2 patient first received a
fully HLA-matched unrelated transplant (#14; Table 1, supplemen-
tal Table 1). Expectedly, CD158a and CD158b monoKIR NK cells
from this patient showed similar reactivity after HSCT (Figure 6
left). After a leukemic relapse, she underwent transplantation a
second time with an HLA-C—mismatched unrelated C1/C1 donor
(transplant #36; Table 1, supplemental Table 1); thereafter, CD158a
monoKIR NK cells were stably hyporesponsive, in accordance
with absence of C2 ligands in the second donor (see Figure 6 right,
and Figure 3B for kinetics).

Discussion

In the present study, NK-cell education was investigated after
KIR-ligand—matched or —mismatched unrelated HSCT. In line with
Bjorklund et al,?° we found that, after KIR-ligand-matched HSCT,
the NK-cell subset responsiveness hierarchy was in keeping with
HLA genotype. Because NK-cell education is not impaired by the
HSCT context, it was of particular interest to study in which way
NK cells are educated after KIR-ligand—mismatched HSCT and to
assess the relative importance of donor and recipient ligands. Our
results show that, after KIR-ligand—mismatched HSCT, the NK-
cell education process reiterates durably the responsiveness pattern
determined by the donor’s HLA ligands. This finding strongly,
albeit indirectly, supports a hematopoietic origin for the cellular
partner in NK-cell education. However, it could be argued that the

NK cells observed after HSCT might be cells that were already
mature and educated in the graft, survived in vivo after transplanta-
tion, rather than progenitor-derived NK cells educated in the
recipient. However, this hypothesis seems unlikely considering the
half-life of mature NK cells, which does not usually exceed 10 days
in mice and humans?'-3? and 70 days for the so-called “long-lived”
memory-like NK cells recently described in mice.?>3* Because
most samples in the present study were collected 3 months or later
after HSCT (Table 1), the NK-cell populations we assessed most
probably originated from engrafted progenitors. In accordance, we
and others showed that NK-cell reconstitution after HSCT repeats
NK-cell differentiation,'®33-3¢ which suggests the continuous NK-
cell generation from lymphoid progenitors after HSCT. Therefore,
the donor-like hierarchy of NK-cell subset responsiveness ob-
served after transplantation should reflect a donor-ligand—driven
NK-cell education process in the recipient.

In addition, several clinical parameters that could affect NK-cell
function after HSCT were controlled (supplemental Table 1).
Conditioning (ATG, cyclophosphamide administration), stem-cell
source, and acute graft versus host disease (GVHD) prophylaxis
and occurrence had no impact on NK-cell degranulation function.
Only extensive chronic GVHD (n = 9) was associated with lower
NK-cell degranulation percentages than limited (n = 21) or absent
(n = 30) chronic GVHD during the first year after HSCT (P = .005).
However, this impairment was homogeneous among all NK-cell
subsets and did not interfere with NK-cell education (data not
shown).

The NK cell’s education partner may be the NK cell itself or
another cell, with the former hypothesis being supported by the
observation that, in mice, the MHC-specific Ly49A receptor
engages with its ligand H-2D9 in a cis interaction that plays a role in
NK-cell education.’” Our results are also compatible with both the
“arming” and “disarming” models describing the mechanism of
NK-cell education,?® ie, whether, respectively, the stimulation of
inhibitory receptors is necessary to induce functional maturation of
precursor NK cells or the chronic unbalanced stimulation of
activating receptors induces a state of hyporesponsiveness.

Pertinently, our findings suggest important clinical implica-
tions. Because NK-cell education after HSCT is driven by donor
ligands, NK cells specific to a ligand present in the donor but absent in
the recipient should remain responsive even long after transplantation
and may therefore exert a long-term graft-versus-leukemia effect.
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