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Different NK Cell Developmental Events Require Different
Levels of IL-15 Trans-Presentation

Gilbert Aaron Lee,*" Yae-Huei Liou,” Szu-Wen Wang,* Kai-Liang Ko," Si-Tse Jiang,*
and Nan-Shih Liao’

NK cell development requires IL-15, which is ‘“trans-presented” to IL-15RB~y on NK cells by IL-15R« on other cells. In this study,
we report that different levels of IL-15 frans-presentation are required for different NK cell developmental events to reach full
maturation status. Because the IL-15R« intracellular domain has the capacity to recruit signaling molecules, we generated
knockin and transgenic (Tg) mice that lack the intracellular domain to assess the role of the IL-15 trans-presentation level
independent of the function of this domain. The level of IL-15Ra on various cells of these mice follows the order WT > Tg6 >
knockin > Tgl = knockout. Bone marrow (BM)-derived dendritic cells prepared from these mice induced Stat5 phosphorylation
in NK cells. The level of phospho-Stat5 correlated with the level of IL-15Ra on BMDCs, thus offering the opportunity to study
quantitative effects of IL-15 trans-presentation on NK cell development in vivo. We found that NK cell homeostasis, mature NK
cell differentiation, and acquisition of Ly49 receptor and effector functions require different levels of IL-15 frans-presentation
input to achieve full status. All NK cell developmental events examined were quantitatively regulated by the IL-15R« level of BM-
derived and radiation-resistant accessory cells, but not by IL-15Ra of NK cells. We also found that IL-15R« of radiation-resistant
cells was more potent than IL-15Ra of BM-derived accessory cells in support of stage 2 to stage 3 splenic mNK differentiation. In

summary, each examined developmental event required a particular level of IL-15 trans-presentation by accessory cells. The

Journal of Immunology, 2011, 187: 1212-1221.

atural killer cell development in mice involves multiple
N steps to reach full maturation (1). The earliest cells

committed to NK lineage are NK precursors (NKp) that
do not express known NK markers, such as NKR-P1C (NK1.1) or
Ly49 receptors (Ly49Rs), but express IL-15RB (CD122) and the
common 7y-chain (y.) (2). Transition from NKp to immature NK
cells (iNK) is characterized by the expression of NK1.1 and CD94/
NKG?2 and the subsequent acquisition of Ly49Rs. Expression of
DX5, CD11b, and CD43 indicates differentiation into mature NK
(mNK) cells. At this stage NK cells acquire the full capacity to
launch effector functions, such as cytotoxicity and IFN-y pro-
duction, upon stimulation through NK receptors (3). These NK cell
developmental events are regulated by cell-intrinsic mechanisms as
well as extrinsic signals. One critical extrinsic signal is IL-15. The
absence of IL-15 or its high-affinity receptor IL-15Ra results in
dramatic defects in NK cell homeostasis, mNK differentiation, and
the acquisition of Ly49Rs and effector functions (4, 5).

*Department of Life Sciences and Institute of Genome Sciences, National Yang-
Ming University, Taipei, Taiwan; and 'Institute of Molecular Biology, Academia
Sinica, Taipei, Taiwan

Received for publication February 1, 2011. Accepted for publication May 21, 2011.
This work was supported by Academia Sinica Grant 40-06 and National Science
Council, Taiwan Grant NSC 98-2320-B001-022-MY3.

Address correspondence and reprint requests to Dr. Nan-Shih Liao, Institute of Mo-
lecular Biology, Academia Sinica, No. 128, Academia Road, Section 2, Taipei 11529,
Taiwan. E-mail address: mbfelix @imb.sinica.edu.tw

The online version of this article contains supplemental material.

Abbreviations used in this article: BAC, bacterial artificial chromosome; BM, bone
marrow; BMDC, BM-derived dendritic cell; BMDM, BM-derived macrophage; v,
common 7y-chain; DC, dendritic cell; eGFP, enhanced GFP; ES, embryonic stem; IC,
intracellular; iNK, immature NK; KI, knockin; KO, knockout; Ly49Rs, Ly49 recep-
tors; MFI, mean fluorescence intensity; mNK, mature NK; NKp, NK precursor; P/1,
PMA plus ionophore; Tg, transgenic; WT, wild type.

Copyright © 2011 by The American Association of Immunologists, Inc. 0022-1767/11/$16.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1100331

IL-15 delivers signals through a mode termed “trans-presen-
tation” in which the IL-15/IL-15Ra complex expressed on one
cell triggers signaling through IL-15R{ and vy. on a neighboring
cell (6). Previous studies indicate that NK cell homeostasis and
mNK differentiation require IL-15Ra of bone marrow (BM)—
derived as well as radiation-resistant accessory cells, whereas
acquisition of Ly49Rs only requires IL-15Ra of BM-derived ac-
cessory cells (7-10). Overexpression of IL-15Ra by dendritic
cells (DCs) in I115ra~'~ mice fully supports developing NK cells
to acquire effector functions (11). These findings indicate that IL-
15 trans-presentation provided by accessory cells is important for
NK development.

In addition to trans-presentation of the ligand, IL-15Ra pos-
sesses other functions. Its intracellular (IC) domain has signaling
potential (12) and is required for the recycling of IL-15Ra in the
T cell line Kit-225 (13). This finding is consistent with the ob-
servation that the IL-15Ra level on the surface of CD8* T cells is
reduced in mice whose IL-15Ra IC domain has been replaced
with the IL-2Ra IC domain (14). These studies indicate that the
IL-15Ra IC domain not only transmits signals, but also maintains
an optimal level of IL-15Ra on the cell surface. However, the role
of accessory cell IL-15Ra IC domain in NK cell development
remains elusive.

The study of protein function by comparing wild-type (WT) and
gene knockout (KO) cells or animals elucidates protein function in
a none-or-all setting. Accumulative evidence indicates that protein
quantity matters for decision making in biological processes (15—
17). For NK cells, the functional responsiveness positively cor-
relates with the quantity of signal input via inhibitory Ly49Rs
during development (18, 19). NK cell homeostasis positively
correlates with the level of y. on NK cells (20, 21) and is up-
regulated by IL-15-expressing CD11c"€" DCs expanded with Flt3
ligands in vivo. However, the finding that an increase in IL-15—
expressing DCs did not affect NK cell differentiation (22) suggests
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a differential regulation of NK cell developmental events by dif-
ferent types of IL-15-expressing cells. Therefore, it remains elu-
sive whether NK cell developmental events other than homeostasis
are quantitatively controlled by IL-15 signals. In this study, we
demonstrate that for each developmental event examined, that
is, homeostasis, mature NK cell differentiation, acquisition of
Ly49Rs, cytotoxicity, and IFN-y productivity, NK cells need to
receive a particular level of IL-15 frans-presentation by accessory
cells to achieve the intended developmental fate.

Materials and Methods
Mice

C57BL/6] (B6/T), B6.SIL-Pipre® Pepc®/Boy] (CD45.1" B6/), and B6.Cg-Tg
(ACTFLPe)9205Dym/J (FLPe) mice were purchased from The Jackson
Laboratory and bred in our animal facility. 115ra'~ mice (KO) were gen-
erated in this laboratory and backcrossed to B6/J for at least 27 generations
(23). CD45.1" KO mice were generated by breeding. Ubiquitin promoter-
driven enhanced GFP (eGFP) transgenic (Tg) mice on B6/J background
(eGFP* B6 mice) were provided by Dr. C.-K.L. Wang (National Laboratory
Animal Center, Taiwan). All mice used were 8—12 wk of age. All experiments
involving mice were approved by the Institutional Animal Care and Use
Committee at Academia Sinica and conformed to the relevant regulations.

Construction of 111 5rd®/TCRA'® transgene and
gene-targeting construct

A modified //15ra transgene was constructed by replacing the IL-15Ra IC
domain with the TCRa IC domain in a mouse bacterial artificial chro-
mosome (BAC) clone (RP24-148D16). A 43-bp DNA segment encoding
the TCRa IC domain, FLAG, a stop codon, and carrying an additional A
nucleotide (5'-AGGCTGTGGTCCAGTGATTACAAGGATGACGACGA-
TAAGTAGA-3’, hatched box in Supplemental Fig. 1A) was inserted into
exon 6 at a site immediately 3’ to the coding sequence of the trans-
membrane domain following the manual of the Counter Selection BAC
Modification Kit (Gene Bridges, Dresden, Germany).

The I115ra targeting construct was generated by insertion of a neomycin
selection cassette flanked by FRT sites into intron 5 of l/5ra in the
modified BAC clone described above using the Quick and Easy BAC
Modification Kit (Gene Bridges).

Generation of chimeric 1115 ra®/TCRa' knockin and Tg mice

For generation of 1115ra®"/TCRA" knockin (KI) mice, the construct de-
scribed in the previous section was excised from the BAC backbone by Notl
digestion, and transfected into mouse embryonic stem (ES) cells (B6/J
strain) by electroporation. Genomic DNA of G418-selected ES clones was
digested with Stul and analyzed by Southern blotting using a probe yielding
a 5.3-kb band for the WT allele versus a 4.4-kb band for the targeted allele
generated by homol%gous recombination (Supplemental Fig. 1B). ES cell
clones with 1115ra®"“/TCRa'® were injected into B6/J-Ty** blastocysts.
The resulting male KI chimeric mice were bred with B6/J—Tyr"'21 females,
and the progeny were analyzed for germline transmission of the KI allele by
PCR (data not shown). Mice carrying the KI allele were mated with FLPe
Tg mice to remove the Frt-flanked neomycin cassette. KI heterozygous mice
were then intercrossed to generate 1115ra**“/TCRA"® K1 mice. The KI allele
contains a DNA sequence 43 bp longer than WT due to the insertion in exon
6. PCR of the KI allele confirmed its larger size as compared with the WT
allele (Supplemental Fig. 1C).

To generate 1115/ “/TCRa' Tg mice, the ~54-kb BAC fragment
containing the modified ///5ra was microinjected into the KO zygotes. As
the KO mice retain WT [l/5ra exon 6, the BF primer (5'-CCGTCC-
TGGGCAAGAATGGAAAT-3") and BR primer (5'-GAGGGCCTCTTG-
GAATCGTTATG-3") amplified both WT and Tg alleles from the genomic
DNA of 1115ra*'/TCRd" Tg mice. The PCR product of Tg allele is larger
than the WT product. Two founders with different levels of transgene were
identified; the lower one was named Tgl, and the higher one Tg6 (Sup-
plemental Fig. 1D).

Flow cytometry

Cell surface molecules were stained with specific mAbs following standard
protocols and analyzed on a LSRII flow cytometer (BD Biosciences, San
Jose, CA). The following mAbs conjugated with fluorochrome or biotin were
used: CD3 (2C11), CD8a (53-6.7), CD19 (6D5), NK1.1 (PK136), NKp46
(29A1.4), CD4% (DXS5), Gr-1 (RB6-8CS5), CD45.1 (A20), CD45.2 (104),
F4/80 (BM8), CD11b (M1/70), Ly49A (YE1/48.10.6), Ly49G2 (4DI11),
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Ly49D (4ES5), Ly491 (YLI-90), Ly49C/1 (SE6), Ly49H (3D10), IL-15R«
(BAF551), CD107a (1D4B), IFN-y (XMG1.2), and phospho-Stat5 (C11C5)
(obtained from eBioscience, San Diego, CA; BioLegend, San Diego, CA;
R&D Systems, Minneapolis, MN; or Cell Signaling, Danvers, MA).

Preparation of BM-derived DCs, BM-derived macrophages,
and in vitro IL-15 trans-presentation assay

BM-derived DCs (BMDCs) were generated, as described previously (24).
Briefly, BM cells were cultured in culture medium containing 200 U/ml GM-
CSF for 10 d and used as resting BMDCs. The proportion of CD11c"e"
MHC-II* cells was on average 70-75%. Stimulated BMDCs were prepared
by treatment with poly I:C (25 pg/ml) for 19 h. RPMI 1640 supplemented
with 2 mM L-glutamine, 20 mM HEPES-NaOH, penicillin-streptomycin (2
U/ml), 50 mM 2-ME, and 10% FCS was used as culture medium.

BM-derived macrophages (BMDMs) were generated, as described
previously (25). Briefly, BM cells were cultured in conditioned medium
made of DMEM, 10% FBS, and 20% of 1.929 supernatant as a source of
M-CSF for 7 d. BMDMs were then stimulated with LPS (1 pg/ml) in
DMEM containing 10% FBS and M-CSF (1 ng/ml) for 24 h. The pro-
portion of CD11b*F4/80" cells was on average 95%.

NK cells (CD3CD19"NK1.1*) from the spleen of eGFP* B6 mice
were sorted by FACS (Vantage SE/Diva; BD Biosciences). Poly I:C—
stimulated BMDCs and eGFP* NK cells were mixed at 1:1 ratio, cultured
for 30 min, and then stained intracellularly with anti-phospho-Stat5 Ab
following standard protocols. mAb (5 pg/ml) to block IL-2RB (TM-B1;
eBioscience) or to neutralize IL-2 (S4B6, homemade) was added to cul-
tures, as indicated.

Detection of IL-15Ra

For ELISA, BMDCs (4 X 10° per condition) were lysed in lysis buffer (50
mM HEPES, 120 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40, leupeptin
(10 pg/ml), aprotinin [1 wg/ml]) and measured for IL-15Ra using the
DuoSet kit (R&D Systems), according to the manufacturer’s instructions.
Cell surface IL-15Ra expression was analyzed by flow cytometry.

IFN-y and CD107a mobilization assays

Splenocytes of WT, KO, KI, and Tg mice were incubated in the absence or
presence of plate-bound anti-NK1.1 Ab (20 pg/ml) or PMA (250 ng/ml) plus
ionophore (A23187, 1 wg/ml) (P/I) for 5 h at 37°C. Culture medium con-
tained 5 pg/ml anti-CD107a mAb, 6 pg/ml monensin (Sigma-Aldrich), and
50 U/ml murine rIL-2. Brefeldin A (10 pg/ml) was added for the last 4 h of
culturing. Cells were stained intracellularly with anti-IFN-y mAb or isotype
control following the standard protocol, and analyzed via flow cytometry.

BM chimera

BM cells from WT, KO, KI, and congenic CD45.1" KO mice were depleted
of T and NK cells by complement-mediated lysis with anti-Thy1 (J1J) and
anti-NK1.1 (PK136) mAbs. Indicated types of BM cells were mixed at 1:1
ratio and injected i.v. into lethally irradiated (1000 rad, '*’Cs source) re-
cipient mice. Chimeras were analyzed 9-12 wk later.

Statistical analysis

Unpaired ¢ test was applied to all data analyses using GraphPad Prism
(GraphPad). The error bars represent the SEM.

Results
The level of IL-15Ra on BMDCs determines the level of
phospho-Stat5 induction in NK cells

To separate the function of the IL-15Ra IC domain from the
function of the level of IL-15 frans-presentation, we generated one
KI and two Tg mouse lines carrying chimeric ///5ra, whose IC
domain was replaced with the TCRa IC domain. We first examined
the expression of IL-15Ra by 1115ra™'/TCRa"® KI and Tg BMDCs,
as IL-15Ra on BMDCs prime NK cells for IFN-y production and
cytotoxicity (26, 27). The level of IL-15Ra on KI BMDCs was 3—
3.5 times lower compared with WT BMDCs under either resting or
poly I:C—stimulated conditions (Fig. 1A), whereas the amounts of
IL-15Ra in KI and WT BMDC lysates were comparable (Supple-
mental Fig. 1E, 1F). In the case of resting Tgl BMDCs, the level of
IL-15Ra on the cell surface (Fig. 1A) or in cell lysate was below
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FIGURE 1. The level of IL-15Ra on BMDCs determines the level of
Stat5 phosphorylation in NK cells. A, Expression of IL-15Ra on resting or
poly I:C—stimulated CD11c¢*MHC-II"¢" BMDCs from //15ra mutant mice.
Cell surface IL-15Ra was detected by biotinylated anti-murine IL-15Ra
mAD followed with streptavidin-allophycocyanin. Staining process without
using the anti-murine IL-15Ra mAb is presented as negative control. The
number in each panel is the A mean fluorescence intensity (MFI) of surface
IL-15Ra. A representative of four experiments is shown. B, Induction of
phospho-Stat5* NK cells by poly I:C—stimulated BMDCs. eGFP* NK cells
(eGFP*CD3 CD19 NKI1.1%) were analyzed for the percentage of phos-
pho-Stat5* cells. Data points represent the average of four experiments.
#Significant difference between indicated I/15ra genotypes and WT. p <
0.05. *Significant difference between indicated ///5ra genotypes and KO.
p < 0.05. C, IL-2RB-blocking mAb, but not IL-2-neutralizing mAb,
inhibited induction of Stat5 phosphorylation in NK cells by DCs. Data
points represent the average of three experiments. *p << 0.05.

detection. Although poly I:C stimulation upregulated both surface
and lysate IL-15Ra, the levels were the lowest among the KI and Tg
cells (Supplemental Fig. 1E, 1F). For Tg6 BMDCs, surface IL-15Ra
was 2-fold lower, whereas lysate IL-15Ra was 2-fold higher com-
pared with those of WT cells with or without poly I:C stimulation
(Fig. 1A, Supplemental Fig. 1E, 1F). Together, these results indicate
that the IL-15Ra IC domain did not affect receptor expression, but
was required for the optimal expression of IL-15Ra on the cell
surface. The level of surface IL-15Ra follows the order of WT >
Tg6 > KI > Tgl = KO. The same order was observed for IL-15Ra
on splenic CD11b* DCs, F4/80*CD11b" macrophages as well as on
BMDMs and stromal cells. The level of surface IL-15Ra on splenic

CD8aa™ DCs follows the order of WT > Tg6 ~ KI > Tgl = KO
(Supplemental Fig. 2A).

We next examined whether the IL-15Ra level on BMDCs
affects the input of IL-15 trans-presentation to NK cells. After
coculturing of BMDCs and NK cells for 30 min, WT BMDCs
induced Stat5 phosphorylation in 30% of NK cells, whereas KO
BMDCs barely induced Stat5 phosphorylation in NK cells. Tgl
BMDCs poorly induced Stat5 phosphorylation, whereas KI and
Tg6 BMDCs induced Stat5 phosphorylation in 18 and 26% of NK
cells, respectively (Fig. 1B). The induction of phospho-Stat5S in
NK cells by WT or KI BMDCs was inhibited by IL-2R3-blocking
mADb, but not by IL-2-neutralizing mAb (Fig. 1C). These results
indicate that the level of IL-15Ra on BMDCs determined the level
of phospho-Stat5 in NK cells in an IL-2Rp—dependent manner.
Therefore, the I/15ra mutant mice display a wide range in the
level of IL-15Ra, allowing us to study quantitative effects of
IL-15 trans-presentation on NK cell development in vivo.

The level of IL-15 trans-presentation by accessory cells
positively regulates NK cell homeostasis in the absence of the
IL-15Ra IC domain

We first examined homeostasis of NK cells at precursor (NKp,
Lin"CD122"NK1.1 " DX5"), immature (iNK, CD3~CD19"NK1.1*
DX57), and mature (mNK, CD3 CD19 NK1.1"DX5") stages
in 1115ra®'/TCRA'C K1 and Tg mice. Because WT, KO, KI, and
the two Tg mice lines harbor a similar total number of cells in the
BM and spleen (Supplemental Fig. 2B), the percentage of NK
cells in total cells reflects NK cellularity. Whereas the percentages
of NKP were comparable among all mouse types examined, iNK
cells and mNK cells in the BM and spleen of KO mice were
significantly reduced in comparison with WT mice (Fig. 24, WT
versus KO). For BM iNK cells, there was no recovery in Tgl
mice, but intermediate recovery in KI mice and full recovery in
Tg6 mice (Fig. 2A4). By contrast, splenic iNK cells fully recovered
in all KI and Tg mice (Fig. 2A). In contrast, both BM and splenic
mNK showed progressive recovery in Tgl, KI, and Tg6 mice (Fig.
2A). These results indicate a positive correlation between the level
of surface IL-15Ra and the restoration of iNK and mNK cells in
the absence of the IC domain (Figs. 1A, 24). The observation that
splenic iNK cells, but not mNK cells, recovered to WT level in KI
and Tgl mice suggests that splenic iNK cells require less IL-15Ra
than mNK cells to achieve normal homeostasis.

We next examined whether the IL-15Ra level on accessory cells
affects homeostasis of iNK and mNK cells. To assess BM-derived
accessory cells, we constructed mixed BM chimeras by trans-
planting CD45.1" KO BM plus CD45.2* WT, KI, or KO BM into
KO recipients. This system allows evaluation of the effect of IL-
15Ra provided only by CD45.2" BM-derived accessory cells. We
found that the KI BM-derived accessory cells were as potent as
their WT counterparts to support iNK cell homeostasis, but were
less potent than the WT counterpart to support mNK cell ho-
meostasis (Fig. 2B, KI + KO—-KO versus WT + KO—-KO). To
assess radiation-resistant accessory cells, we used chimeric mice
made of KO BM and WT, KI, or KO recipients. KI and WT
radiation-resistant cells supported iNK homeostasis to a similar
extent, whereas KI radiation-resistant cells were less potent than
their WT counterparts in support of mNK cells (Fig. 2C, KO +
KO—KI versus KO + KO—-WT). Taken together, these results
indicate that the IL-15Ra level on BM-derived and on radiation-
resistant accessory cells positively regulates mNK homeostasis.
The observation that both types of accessory cells from KI mice
fully restored iNK, but not mNK cells suggests that iNK cells
require a lower level of IL-15 frans-presentation than mNK cells
to achieve normal homeostasis.
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The level of IL-15 trans-presentation by accessory cells
positively regulates mNK cell differentiation in the absence of
the IL-15Ra IC domain

The differentiation status of mNK cells can be further distinguished
by the expression of CD11b and CD27. The earliest mNK cells are
CD27*CD11b"¥ (stage 1), which give rise to the CD27*CD11b*
population (stage 2), and then to the most mature CD27°*CD11b*
population (stage 3). Stage 1 and stage 2 mNK cells are present in
the BM and spleen, whereas stage 3 mNK cells are present in the
spleen (11, 28, 29). We found that the majority of mNK cells in
KO mice are at stage 1 (Fig. 34). The differentiation of mNK cells
into stage 2 was fully restored in all KI and Tg mice, whereas the
differentiation into stage 3 was progressively restored in Tgl, KI,
and Tg6 mice (Fig. 3A). These results indicate a positive regulation
of mNK differentiation by the level of IL-15Ra in the absence of
the IC domain (Figs. 1A, 3A) and suggest that the threshold of the
IL-15Ra level required for stage 1 to stage 2 mNK differentiation is
lower than that for stage 2 to stage 3 mNK differentiation.

We next analyzed the role of NK cell IL-15Ra in mNK dif-
ferentiation using WT + KO—-WT chimera. Mature NK cells
derived from either WT or KO BM showed a similar distribution
of mNK subpopulations (Fig. 3B), indicating that IL-15Ra on NK
cells is not essential for mNK differentiation.

We then examined the role of IL-15Ra level on accessory cells
in mNK differentiation using mixed BM chimeras. As mNK cells
derived from CD45.1" and from CD45.2" BM showed a similar
distribution of CD11b and CD27 regardless of the 1/15ra genotype
(data not shown), we examined total mNK cells (CD45.1* and
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CD45.2%) of the mixed BM chimeras to maximize the number of
cells for analysis. For stage 1 to stage 2 mNK differentiation in the
BM and spleen, KI accessory cells derived from either BM (Fig.
3C, KI + KO—=KO versus WT + KO—KO) or recipient (Fig. 3C,
KO + KO—KI versus KO + KO—WT) were less supportive than
their WT counterparts. For stage 2 to stage 3 mNK differentiation
in the spleen, IL-15Ra of BM-derived and radiation-resistant
accessory cells are both required (Fig. 3B, WT + KO—>WT ver-
sus Fig. 3C, KO + KO—»WT and WT + KO—KO). The KI
radiation-resistant cells were less potent than their WT counter-
parts (Fig. 3C, KO + KO—KI versus KO + KO—-WT). We also
found that WT radiation-resistant accessory cells were much more
potent than WT BM-derived accessory cells (Fig. 3C, KO +
KO—-WT versus WT + KO—KO).

Taken together, these results indicate that IL-15Ra level on
both BM-derived and radiation-resistant accessory cells positively
regulates stage 1 to stage 2 mNK differentiation in the BM and
spleen, and stage 2 to stage 3 mNK cell differentiation in the
spleen. Moreover, IL-15Ra of radiation-resistant cells was more
potent than IL-15Ra of BM-derived accessory cells in support of
the latter event.

The level of IL-15 trans-presentation by accessory cells
positively regulates acquisition of Ly49Rs in the absence of the
IL-15Ra IC domain

Acquisition of Ly49Rs occurs progressively during iNK to mNK
differentiation, which equips NK cells with the capability to rec-
ognize self-MHC-I-expressing cells. Previous studies reported
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that the acquisition of Ly49Rs is defective in /115ra™'~ and 115"~
mice, and only requires IL-15Ra of BM-derived cells (10, 30). We
examined Ly49Rs acquisition by BM and splenic NK cells in
1115ra™/TCR4'C KI and Tg mice. NK cells of all mice types
examined expressed a similar level of Ly49Rs (Supplemental
Table I), whereas the percentage of Ly49R™ cells was significantly
reduced in the KO mice (Fig. 4A). The level of Ly49A* and
Ly49D* cells recovered to WT level in all KI and Tg mice (Fig.
4A), whereas the level of other Ly49R™ cells recovered pro-
gressively in Tgl, KI, and Tg6 mice, reaching WT level in Tg6
mice (Fig. 4A). These results indicate that the level of IL-15Ra
positively regulates Ly49Rs acquisition by NK cells in the absence
of the IL-15Ra IC domain, and suggest that the level of IL-15Ra
required for acquisition of Ly49A and Ly49D is lower than that
required for the acquisition of the examined Ly49Rs.

We next investigated whether the level of IL-15Ra on BM-
derived accessory cells affects Ly49Rs acquisition. In order to
avoid influence by IL-15Ra of NK cells, we examined Ly49Rs
acquisition of CD45.1* KO NK cells in the mixed BM chimera
groups. In mixed BM chimeras with WT recipient, IL-15Ra on
BM-derived accessory cells was necessary for splenic NK cells to
acquire each Ly49Rs examined, with the exception of Ly49A and
Ly49D; however, IL-15Ra was dispensable for Ly49 acquisition
by NK cells in the BM niche, except for Ly49H (Fig. 4B, upper
panels). The latter result indicates that the level of IL-15Ra
on radiation-resistant accessory cells was sufficient to support
Ly49Rs acquisition by NK cells. In order to avoid any influence
from recipient’s IL-15Ra, we constructed mixed BM chimeras in
KO recipients and analyzed Ly49 acquisition by CD45.1" KO NK
cells (Fig. 4B, lower panels). The IL-15Ra level on BM-derived
accessory cells (WT versus KI versus KO) clearly showed a pos-

CD11b

itive correlation to NK Ly49Rs acquisition in the spleen as well as
in the BM, except for Ly49A (Fig. 4B, lower panels).

We then examined the role of IL-15Ra on radiation-resistant
accessory cells in Ly49Rs acquisition. In the presence of WT BM-
derived cells, IL-15Ra on radiation-resistant accessory cells was
only needed for the full acquisition of Ly49C/I and Ly49I in the
spleen (Fig. 4C, upper panels). In the absence of IL-15Ra from
BM-derived cells, IL-15Ra on radiation-resistant accessory cells
was required for acquisition of all Ly49Rs examined (Fig. 4C,
lower panels). Compared with WT radiation-resistant accessory
cells, the KI counterparts exerted an intermediate level of support
for all Ly49Rs, except Ly49A in both BM and spleen niches (Fig.
4C, lower panels).

Taken together, these results indicate that Ly49Rs acquisition by
NK cells in the BM requires IL-15 trans-presentation by either
BM-derived or radiation-resistant accessory cells. By contrast,
Ly49Rs acquisition by NK cells in the spleen requires IL-15 trans-
presentation by both types of accessory cells, especially the input
from BM-derived accessory cells. The reduced supporting effect
of KI accessory cells in comparison with that of WT accessory
cells indicates that the level of IL-15 trans-presentation regulates
Ly49Rs acquisition by NK cells. An exception is Ly49A, as KI
accessory cells restored it to WT level. This observation suggests
that the level of IL-15 trans-presentation required for Ly49A ac-
quisition is the lowest among all Ly49Rs examined.

The level of IL-15 trans-presentation by accessory cells
positively regulates the acquisition of effector functions by NK
cells in the absence of the IL-15Ra IC domain

NK cells from Rag '~ 1115~' mice display reduced cytotoxicity
toward YAC-1 targets and reduced IFN-vy production in response
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to IL-2/IL-12 or PMA plus ionomycin stimulation (5), indicating
a role of IL-15 in the acquisition of NK cell effector function. We
examined the functional capacity of splenic NK cells in /1 5ra™/
TCRa' KI and Tg mice ex vivo. Because isolated NK cells re-
spond poorly to NK1.1 stimulation in vitro (Supplemental Fig.
3A), we examined the NK cell response in total splenocyte culture.
As LPS- or CpG-activated murine DCs trans-present IL-15 to
prime NK cells (26, 27, 31, 32), we first determined whether IL-
15Ra on splenocytes affects the NK cell response in the absence
of microbial stimulation. WT and KO NK cells expressed a similar
level of surface NK1.1 before stimulation (Supplemental Table I).
CD45.2" WT, CD45.1* KO, or WT + KO splenocytes were
stimulated with immobilized anti-NK1.1 mAb or P/I. After stim-
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ulation, the percentages of IFN-y* and CD107a"* cells in KO
NK cells in the mixed culture were similar to those in the KO
culture (Supplemental Fig. 3B, ¢ versus d and g versus &), whereas
the percentages of IFN-y* and CD107a" cells in WT NK cells in
the mixed culture were similar to those in the WT culture (Sup-
plemental Fig. 3B, b versus a and f versus e). These results in-
dicate that the measured NK cell responses in total splenocytes
were not affected by IL-15Ra on splenocytes. We thus used this
assay to examine the functional status of NK cells developed in
the KI and Tg mice. The level of surface NK1.1 on NK cells in
WT, KI, and Tg mice was comparable (Supplemental Table I). The
induction of IFN-y*CD107a* NK cells in response to NKI.1
triggering was reduced in the KO mice, whereas it was progres-
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sively restored in Tgl, KI, and Tg6 mice (Fig. 5A). The level of impaired response of KO NK cells to NK1.1 stimulation could be
IC IFN-y was also restored (Fig. 5B). These results indicate that due to defects in effector function development or in NKI1.1-
the level of IL-15Ra positively regulates IFN-y production and triggered signaling. Therefore, we analyzed NK cell responses
degranulation in the absence of the IL-15Ra IC domain. The to P/I, which bypasses the NK1.1 receptor, yet activates protein

Mixed BM chimera
A anti-NK1.1 P/ PBS C P
1.23 16.3| {7.23 50.6| {0.106] 0.0177 WT+KO = WT
WT donor KO donor
wWT 0.85 246 {132 233
il 0813
anti-NK1.1
136 4.75| 265 145 {0.425] 0212
623 | 148
KO 10.1 54.8
678, 261 146 | 13 1936 573 oy
S PN E
12 8.38| [16.2 44.4] {0.374 0 = A
22 | 147 1205 - 155
iy
Tg1 Z 0.245] 0307 {0.365 0
56.1__] 34.3] 130.3_] 9.04 97“."3;m2'32
PBS =
0482] 943 18 51.3) {0.18 | 0.0449 &
996.| 178  1100. | _0.486
Kl CD107a
522°| " 3791281 _s7s io78 | . 202
D anti-NK1.1 P/ PBS
0.92 12.8| {8.54 50| {0.0844 0.0422)
113 174 56/ {0.295 | 0.148
Tg6 o ) WT+KO—KO
2571 158 199.2;], 0662 s
CcD107a 21.8_; 6.6/ 196.5. 3.03
1.43 12.4 {308 24.6| 11.47 0.295
anti-NK1.1 P/l KHKO—KO
w1715 | 174 {386, 597 1947 | 354
p4
L 203 131 [27.7 26,5 {0 0.158
KO+KO—»WT
; o 3
WT KO Tgl KI WT KO Tg1 i =
38.3. | 745/ 1987 111
14 447 {317 15.4 {0.426 0
KO+KO —»KI
81 | 182 1455 | 7381957 | 383
. CD107a
B anti-NK1.1 P/l
anti-NK1.1 P/l
WT+KO -»KO F] . |'|] -
KI+KO =-+KO h :I"
KO+KO -»WT H]* |-i:|*
KO+KO = KI |-i }i
[} 5 10 15 20 0 10 20 30 40 50 60 70
NK cell (%) NK cell (%)

FIGURE 5. The level of IL-15Ra on accessory cells positively regulates the acquisition of effector function in the absence of the IL-15Ra IC domain. A,
Degranulation and IFN-y production in splenic NK cell from ///5ra mutant mice in response to anti-NK1.1 and P/I stimulation. NK cells were gated as
NK1.1"CD3 CD197, except in anti-NK1.1 stimulation, in which they were gated as NKP46*CD3~CD19™ cells. Numbers shown in each quadrant gate
represent the frequency of CD107a* or IFN-vy* cells in NK cells. Representative flow cytometric plots of five experiments are shown. Lower panels, Bar
graphs indicate percentage of CD107a*TFN-y* cell in total NK cells of indicated I//5ra genotype mice. *Significant difference between indicated 1115ra
genotypes and WT. p < 0.05. *Significant difference between indicated //15ra genotypes and KO. p < 0.05. B, MFI of IFN-y in activated NK cells from
1115ra mutant mice after anti-NK1.1 and P/I stimulation; n = 4/group. *Significant difference between indicated I115ra genotypes and WT. p < 0.05.
*Significant difference between indicated 1/15ra genotypes and KO. p < 0.05. C, Degranulation and IFN-y production in splenic NK cells of indicated
mixed BM chimera. In the anti-NK1.1 group, NK cells derived from WT and KO donors were gated by CD45.2*"NKP46*CD3 " CD19™~ and CD45.2™
NKP46*CD3 CDI19™, respectively. In the P/I and PBS groups, NK cells derived from WT and KO donors were gated by CD45.1 NK1.1"CD3"CD19~
and CD45.1"NK1.1"CD3"CD19, respectively. Representative dot plots of five experiments are shown. D, NK cells were gated as described in A.
Representative dot plots of five experiments are shown. The bar graphs indicate percentage of CD107a"IFN-y* cells in total NK cells of indicated mixed
BM chimera groups. *Significant difference between indicated BM chimera groups. p < 0.05.
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kinase C and increases IC calcium directly. The percentage of
CD107a*IFN-y* NK cells was reduced in KO NK cells, nearly
restored to WT level in Tgl mice, and fully restored in KI and
Tg6 mice (Fig. 5SA). Full restoration of IC IFN-y level also oc-
curred in Tgl, KI, and Tg6 mice (Fig. 5B). These results indicate
that the level of IL-15Ra regulates the acquisition of NK cell
effector function in the absence of the IC domain.

We next examined which type of cell’s IL-15Ra affects the
acquisition of effector function by NK cells. We analyzed WT +
KO—WT chimera to assess the role of IL-15Ra on NK cells. The
percentages of IFN-y* and CD107a" cells induced by NK1.1 or
P/1 stimulation were similar in NK cells derived from WT and KO
BM (Fig. 5C), indicating that IL-15Ra on NK cells is not required
for the acquisition of NK cell effector function. We next analyzed
the role of the IL-15Ra level on accessory cells. In the NK1.1-
triggered response, the percentages of IFN-y* and CD107a* NK
cells were lower in chimeras made with KI accessory cells derived
from either BM (Fig. 5D, KI + KO—KO versus WT + KO—-KO)
or recipient (KO + KO—KI versus KO + KO—-WT) as compared
with those in chimeras made with WT accessory cells. Similarly,
reduced responses to P/I stimulation, especially with regard to
induction of IFN-y"CD107a* NK cells, also occurred in chimeras
made of KI accessory cells (Fig. 5D). Taken together, these results
indicate that IL-15 trans-presentation level of BM-derived and
radiation-resistant accessory cells positively regulates the acqui-
sition of IFN-vy production and degranulation capacity during NK
cell development.

Discussion

IL-15 and IL-15Ra are critical for NK cell development. In this
study, we generated mice expressing various levels of surface
IL-15Ra in the absence of the IL-15Ra IC domain to investigate
the effect of the IL-15 rrans-presentation level on NK cell de-
velopment. The level of IL-15Ra on resting and poly I:C-acti-
vated BMDC:s followed the order WT > Tg6 > KI > Tgl = KO.
The level of phospho-Stat5 in NK cells induced by the various
types of BMDCs also followed the same order as the level of
surface IL-15Ra. Although Tgl cells expressed a very low level of
surface IL-15Ra and induced Stat5 phosphorylation poorly in NK
cells, they still supported certain NK cell developmental events
in vivo, such as restoring Ly49A and D acquisition and P/I-
stimulated IFN-y production to WT level. In contrast, the level
of IL-15Ra in Tg6 cells was sufficient to restore NK cell ho-
meostasis, Ly49C/I, G2 and H acquisition, and mNK cell differ-
entiation to WT level (Table I). These results indicate that dif-
ferent NK cell developmental events require different levels of
IL-15 trans-presentation.

Splenic iNK cells defined as CD3 CD19” NKI1.1*DX5™ most
likely contain the NKR-expressing LTi cells (NKR-LTi) (33-37).
Because there is no surface marker to identify splenic NKR-LTi
cells, except using the RORvyt fate map mice (36, 37), we could
not readily distinguish them from iNK cells in the spleen. How-
ever, if the splenic NKR-LTi cells are IL-15 independent as the
intestinal NKR-LTi cells (34, 35), we think that their presence
would not mask the relationship between the IL-15 system and
iNK cells, because their numbers in the spleen of various //15ra
mutant mice shall be the same.

Levels of two other molecules are known to quantitatively affect
NK cell development. One is the input from Ly49 inhibitory
receptors, which positively regulates NK cell functional re-
sponsiveness (18, 38). It has been proposed that the threshold of
inhibitory input required for degranulation is lower than that for
IFN-vy production (19). Another is the amount of vy, on NK cells,
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Table I.  Summary of NK cell developmental events in ///5ra mutant
mice

Mice

KO Tgl KI Tg6*

Surface IL-15Rac level KO = Tgl < KI < Tgb6

Homeostasis” - + ++ e+
Ly49 acquisition®

Ly49A, D - ++++ ++++ ++++

Ly49C/, G2, H - ++ ++ ++++

mNK differentiation” + +++ +++ ++
IFN-y production®

Anti-NK1.1 + ++ ++ +++

P ++ ++++ ++++ ++++

“The MFI of IL-15Ra on Tg6 BMDC is 50% of that on WT cells.

PThe percentage of total splenic NK cells, as previously described.

“The percentage of indicated Ly49 expression in total splenic NK cells, as pre-
viously described.

“The percentage of mNK cells in total splenic NK cells was analyzed.

“The percentage of IFN-y* NK cell in total splenic NK cells after anti-NK1.1 or
P/I stimulation, as previously described.

—, Below 25% of WT level; +, 25-50% of WT level; ++, 50-70% of WT level;
+++, 70-90% of WT level; ++++, 90-100% of WT level.

which correlates with NK cell homeostasis and acquisition of
Ly49D (20, 21). In the current study, we demonstrate that the level
of IL-15Ra on accessory cells positively regulates multiple NK
cell developmental events. Together, these studies strengthen the
view that not only the presence, but also the level of a relevant
regulatory protein is critical for determining the outcome of a NK
cell development process. This concept of protein threshold most
likely applies to the regulation of other biological processes.

The requirement for functional maturation of NK cells is not
fully understood. A recent study demonstrated that the abilities of
NK cell IFN-vy production and degranulation are positively regu-
lated by the strength of interaction between MHC class I mole-
cules and the corresponding inhibitory Ly49Rs (18, 38). In this
study, we found that the IL-15 system affects the Ly49R reper-
toire, but not the level of Ly49R (Supplemental Table 1) or MHC-I
(data not shown). Moreover, the percentage of IFN-y* NK cells
was reduced in both of Ly49C/I* and Ly49C/I” KO NK subsets in
response to NK1.1 or P/l stimulation (data not shown). These
observations suggest that the regulation of the acquisition of NK
cell effector function by IL-15Ra is independent of MHC-1/Ly49
interaction. Therefore, in addition to the input from inhibitory
Ly49R, IL-15 signaling is also required for the developing NK
cells to acquire effector function.

NK cell development is dependent on IL-15Ra of accessory
cells, but not of NK cells. Previous studies using BM chimeras

Table II.  The role of accessory cell IL-15Ra in NK cell development

BM-Derived Cell Radiation-Resistant Cell

Homeostasis” + +
Ly49 receptor acquisition” + +
mNK
Stage 1 + +
Stage 2 + +
Stage 3° + +
IFN-vy production
Anti-NK1.1 + +
P + +

“The supportive effect provided by IL-15Ra of BM-derived accessory cells is
more dominant than that provided by IL-15Ra of radiation-resistant accessory cells.

bThe supportive effect provided by a single type of accessory cells is greater for
radiation-resistant accessory cells than for BM-derived accessory cells.

+, IL-15Ra expressed by these accessory cells has supportive effects.
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demonstrated that IL-15Ra of NK cell is dispensable for NK cell
homeostasis and Ly49 acquisition (7, 11). In this study, we found
that IL-15Ra of NK cells is dispensable for mNK cell differen-
tiation and effector function acquisition. We also found that all
NK cell developmental events examined were quantitatively reg-
ulated by the level of IL-15Ra on accessory cells. Previous con-
ditional KO mice study indicates that IL-15Ra expressed by
CD11c* cells or macrophages is required for the progression
of mNK cells to stage 3 (CD3 NKI.1*CD27"°¥CD11b%) (39).
However, the role of IL-15Ra expression by radiation-resistant
cells in mNK cell differentiation is not clear. In this study, we
demonstrate that IL-15Ra of BM-derived and radiation-resistant
accessory cells are both required to support stage 2 to stage 3
mNK cell differentiation in the spleen (Table II). We also found
that the potency in supporting stage 2 to stage 3 mNK cell dif-
ferentiation by a single type of accessory cells is greater for
radiation-resistant than for BM-derived accessory cells. A recent
study demonstrated that IL-15Ra expressed by radiation-resistant
cells is dispensable with regard to Ly49Rs acquisition (10). How-
ever, we found that IL-15Ra of both BM-derived and radiation-
resistant accessory cells is required (Table II). The reason for
this difference is not clear.

In summary, this study provides new information pertaining to the
function of IL-15 for NK cell development. First, NK cell ho-
meostasis, mNK differentiation, and acquisition of Ly49Rs and
effector functions during NK cell development are quantitatively
regulated by the IL-15 trans-presentation level. Secondly, the IL-
15Ra IC domain of accessory cells affects the level of surface IL-
15Ra and subsequently the level of IL-15 trans-presentation re-
ceived by NK cells. Lastly, IL-15Ra of radiation-resistant accessory
cells is required for the acquisition of Ly49Rs and effector function,
and is more potent than IL-15Ra of BM-derived accessory cells in
support of stage 2 to stage 3 mNK cell differentiation.
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