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Differential Role of Hematopoietic and Nonhematopoietic
Cell Types in the Regulation of NK Cell Tolerance
and Responsiveness

Nataliya Tovbis Shifrin,*' Djem U. Kissiov,*> Michele Ardolino, " Nathalie T. Joncker,*"
and David H. Raulet*

Many NK cells express inhibitory receptors that bind self-MHC class I (MHC I) molecules and prevent killing of self-cells, while
enabling Kkilling of MHC I-deficient cells. But tolerance also occurs for NK cells that lack inhibitory receptors for self-MHC I, and
for all NK cells in MHC I-deficient animals. In both cases, NK cells are unresponsive to MHC I-deficient cells and hyporesponsive
when stimulated through activating receptors, suggesting that hyporesponsiveness is responsible for self-tolerance. We generated
irradiation chimeras, or carried out adoptive transfers, with wild-type (WT) and/or MHC I-deficient hematopoietic cells in WT or
MHC I-deficient C57BL/6 host mice. Unexpectedly, in WT hosts, donor MHC I-deficient hematopoietic cells failed to induce
hyporesponsiveness to activating receptor stimulation, but did induce tolerance to MHC I-deficient grafts. Therefore, these two
properties of NK cells are separable. Both tolerance and hyporesponsiveness occurred when the host was MHC I deficient.
Interestingly, infections of mice or exposure to inflammatory cytokines reversed the tolerance of NK cells that was induced by
MHC I-deficient hematopoietic cells, but not the tolerance induced by MHC I-deficient nonhematopoietic cells. These data
have implications for successful bone marrow transplantation, and suggest that tolerance induced by hematopoietic cells versus

nonhematopoietic cells may be imposed by distinct mechanisms.

n important role of NK cells is to eliminate cells that
A extinguish or diminish expression of self-MHC class I

(MHC I) molecules, which commonly occurs as a result
of viral infection or cellular transformation (1-5). NK cells rec-
ognize MHC I molecules using various inhibitory receptor fami-
lies, including killer Ig-related receptors (KIRs; in humans), Ly49s
(in mice), and CD94/NKG2A (in both humans and mice) (4, 6, 7).
When a NK cell encounters a cell with normal MHC I expression,
engagement of the inhibitory receptors conveys signals that
counteract stimulatory signaling, and therefore the cell is spared.
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When the target cell lacks one or more self-MHC I molecule, in
contrast, inhibitory signaling is diminished and lysis may occur.
Lysis occurs because even normal cells often present ligands that
engage activating receptors on NK cells, but the intensity of
stimulation is typically insufficient to override inhibitory signaling
by KIRs or Ly49 receptors. However, other activating ligands are
often upregulated on infected or transformed cells, and in some
cases are sufficiently potent to override inhibitory signals con-
veyed by KIRs or Ly49 receptors.

NK cells vary in the number and specificity of MHC I-specific
inhibitory receptors they express (4, 6-9). NK cells undergo an
education process that depends on the set of MHC I-specific in-
hibitory receptors expressed by a given NK cell and the MHC
molecules expressed in the environment. The education process
determines how well the NK cell responds to stimulation by
otherwise normal MHC I—deficient cells or to engagement of ac-
tivating receptors (10-12). Cells with several self-MHC I-specific
receptors exhibit the greatest basal responsiveness and mediate the
greatest activity against MHC I-deficient cells. NK cells that lack
all self-MHC I-specific receptors are the least responsive, and fail
to attack MHC I-deficient cells. These data suggest that the re-
sponsiveness set point of individual NK cells is tuned depending
on the balance of inhibitory and stimulatory ligands that each NK cell
encounters on other cells in the steady state environment (13, 14).

As one model of NK cell education, NK cells from MHC I-
deficient mice have been studied in detail. Such NK cells, which
have never encountered MHC I, fail to kill, or reject, cells from
MHC I-deficient mice (2, 15, 16), and also exhibit many other
deficient responses, including reduced tumor cell killing (15),
reduced Ab-dependent cellular cytotoxicity (17), and lower cy-
tokine responses when stimulated with immobilized Abs that bind
activating receptors (18, 19). The available evidence suggests that
signaling pathways that activate NK cells are dampened in such
NK cells in a direct or indirect fashion, resulting in poor activation
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of the cells despite normal amounts of activating receptor occu-
pancy. In these respects, such NK cells are very similar to NK
cells in normal MHC I* mice that lack receptors for self-MHC I
molecules (18, 19). In both cases, the low responsiveness of the
cells to stimulatory receptor activation is thought to help prevent
autoreactivity mediated by NK cells despite the absence of in-
hibitory receptor engagement by MHC 1.

The low responsiveness that occurs when NK cells do not en-
counter MHC I molecules was initially assumed to be the con-
sequence of developmental processes, but we observed that even
mature NK cells can be rapidly induced to become hyporesponsive
when the cells are transplanted to MHC I-deficient mice (20).
Within a few days after transfer, the donor NK cells gave much
reduced responses when restimulated in vitro, and the recon-
stituted mice were unable to reject grafts of MHC I-deficient
spleen cells. Conversely, when mature NK cells from MHC I-
deficient mice were transferred to wild-type (WT) mice, the donor
NK cells were induced to undergo a significant increase in re-
sponsiveness, when tested 7-10 d later (20, 21). These data sug-
gested that NK cell responsiveness is highly plastic, and that
mature NK cells can undergo re-education, which allows them to
reset their responsiveness thresholds. Thus, the processes that
determine NK cell responsiveness allow even mature NK cells to
continually adapt to the MHC environment.

Many questions remain concerning the role of MHC I and KIR/
Ly49 receptors in NK cell education. One important question is
whether NK cell education and re-education are driven by inter-
actions with specialized cell types as opposed to many different cell
types. Different aspects of T cell education are known to be driven
by distinct cell types, and the knowledge of this has led to a deeper
understanding of the molecular mechanisms of positive selection in
the thymus and T cell self-tolerance. An equally important issue to
be addressed concerns whether the tolerance of NK cells that fail to
engage self-MHC I is determined exclusively by the responsiveness
set point of NK cells to activating receptor aggregation, or involves
other mechanisms as well. In studies to date, NK cell responsiveness
to Abs that aggregate activating receptors has been well correlated
with their capacity to reject MHC-deficient cells, consistent with the
conclusion that self-tolerance depends on low responsiveness. If
exceptions exist, it would suggest that multiple mechanisms may be
responsible for self-tolerance.

In this study, we attempted to define the cell compartment that is
responsible for induction of NK cell tolerance, and for induction of
low responsiveness of NK cells to activating receptor stimuli. We
demonstrate that hematopoietic cells that lack expression of MHC
class I induce tolerance to MHC-deficient target cells but fail to
induce hyporesponsiveness to activating receptor stimulation. In
contrast, MHC I-negative nonhematopoietic cells induce unrespon-
siveness to target cells as well as hyporesponsiveness to stimula-
tory receptor engagement. Notably, tolerance imparted by MHC
I-deficient hematopoietic cells (i.e., associated with high respon-
siveness to receptor stimulation) can be broken in the presence of
infection or treatment with inflammatory cytokines. In contrast,
tolerance imparted by MHC I-deficient nonhematopoietic cells
(i.e., associated with hyporesponsiveness to receptor stimulation)
is quite refractory to inflammatory signals. These results suggest that
multiple mechanisms of tolerance may exist and furthermore work
together to shape NK cell functionality depending on the state of
the immune environment.

Materials and Methods
Mice

Mice were bred at the University of California, Berkeley, from breeders
obtained from Jackson Laboratory (C57BL/6J), Charles River (B6-Ly5.2/Cr,
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which express Ly5.1), W. Yokoyama (Washington University in St. Louis,
St. Louis, MO; NKD mice), and L. Lanier (University of California, San
Francisco; Raetle transgenic mice) (22). B2m™'~ mice (23) on the B6
background (B6-B2m ') had been backcrossed >10 times to B6. B6
B2m ™'~ -Ly5.1 mice were bred in our facilities.

Abs and flow cytometry analysis

The following Abs were purchased from eBioscience: anti-NK1.1 (PK136),
anti-CD45.1 (A20), anti-CD45.2 (104), anti—-H-2D° (28-14-8), anti-CD107a
(1D4B), anti—IFN-y (XMG1.2), anti-NKG2D (MI-6) (24), anti-H-2K"
(AF6-88.5), anti-CD107a (1D4B), anti-Foxp3 (150D/E4), and anti-CD226
(10ES). From BioLegend we purchased anti-CD3-¢ (145-2C11) and anti-
NKp46 (29A1.4). From R&D Systems we purchased anti—pan-RAE-1
(199215).

Biotin-conjugated mAbs were detected with streptavidin Pacific Blue
(Invitrogen) or streptavidin Brilliant Violet 421 (BioLegend). Before staining,
cells were preincubated for 20 min with 2.4G2 hybridoma supernatant to
block FcyRII/II. Flow cytometry was performed on a cytometer (LSR II,
LSR Fortessa, or LSR Fortessa X-20; BD Biosciences), and data were
analyzed with the FlowJo software (Tree Star).

Where applicable, donor cells were gated based on the expression of a
congenic CD45 molecule. NK cells were defined as CD3 " NK1.1* or CD3™
NKp46™ cells.

In vitro NK stimulation assay

Stimulation assays of spleen cells were performed using flat-bottom, high-
binding 96-well plates (Thermo Fisher) precoated with the relevant Ab: MI6
specific for NKG2D (24), eBio244F4 specific for 2B4 (eBioscience),
13G3-19D specific for Ly108 (eBioscience), and 29A1.4 specific for
NKp46 (eBioscience). Plates were coated by applying 100 pl indicated Ab
diluted in PBS, and incubating overnight at 4°C. Prior to stimulation, the
plates were washed four times with 200 pl PBS/well. Wells coated with
isotype control Ab or PBS (as indicated) served as controls. A total of 1 X
10° splenocytes/well was stimulated for 5 h in the presence of 1 wg/ml
brefeldin A and 1000 U/ml human rIL-2 (from the National Cancer In-
stitute, to optimize viability). In assays in which intracellular IFN-y and
degranulation (i.e., cell surface display of CD107a) were simultaneously
analyzed, 1 pg/ml monensin was also added to the samples. In some ex-
periments, where indicated, mice were pretreated with 200 g high mo-
lecular weight poly(I:C) (catalogue tlrl-pic; Invivogen) i.p. 2436 h prior
to collecting spleen cells for assay.

Spleen cell rejection assay in vivo

Spleen cells from B2m ™'~ or Raetle-transgenic mice were labeled with
10 pM CFSE for 10 min at 37°C. For use as an internal control, WT B6
splenocytes were similarly labeled with 1 WM CFSE. A mixture of 5 X 10°
cells of each genotype was injected i.v. into recipient mice. Graft rejection
was assessed 18—42 h later (specified in figure legends) by harvesting re-
cipient spleens and determining the percentages of CFSE™ and CFSE"
cells among CFSE* cells by flow cytometry. Percent graft rejection was
defined as follows: 100 X [1 — (%B2m ™'~ cells/%WT cells)] after nor-
malizing to the mean rejection obtained when B2m ™'~ mice were chal-
lenged with the same mixture. When rejection of Raetle-transgenic splenocytes
was measured, the data were normalized to the starting percentages, de-
termined by flow cytometry after mixing the cells.

Adoptive transfers

WT or B2m ™'~ splenocytes (containing 2-2.5 X 10° NK cells) were in-
jected i.v. into mice that had received 6 Gy irradiation from a '*’Cs source
4-5 h prior. Adoptive transfer recipients were kept on water containing
antibiotics (Sulfamethoxazole and Trimethoprim) following irradiation until
the end of the experiment.

Radiation chimeras

Chimera hosts were irradiated either with a '*’Cs source or by using an
x-ray irradiator. For the '*’Cs source, mice received 9 Gy 4-5 h before
injecting fetal liver cells. For the x-ray irradiator, mice received a split dose
of 6 Gy 16 h before receiving a second dose of 4 Gy, which was followed
3—4 h later by the fetal liver cell injection. Each recipient received 1 X 107
donor fetal liver cells from CD45-congenic, embryonic day 14-17 em-
bryos. For mixed chimeras, 1 X 10 fetal liver cells of each genotype were
coinjected. WT hosts that were to receive B2m '~ donor cells were pre-
treated with 200 g anti-NK1.1 Ab (PK136, purified in-house) i.p. 2 d
prior to reconstitution, to deplete NK cells and prevent rejection of B2m ™'~
donor cells. Chimeras were kept on antibiotic (Sulfamethoxazole and
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Trimethoprim)-containing water for at least 8 wk following irradiation and
reconstitution. Chimeras were analyzed 13-22 wk postreconstitution.

Infections

Mouse CMV. Mice were infected i.p. with 1 X 10* PFU third-passage
salivary gland—derived mouse CMV (MCMV) in 100-200 wl PBS. For
preparation of salivar%/ gland MCMYV, 4-wk-old BALB/c female mice were
infected with 1 X 10” PFU tissue culture—derived MCMV (obtained from
American Type Culture Collection). Fourteen to 17 d later, salivary glands
were harvested, dissociated using the gentleMACS device (Miltenyi Bio-
tec), and sonicated five times, alternating between 30 s of sonication and
30 s of incubation at 4°C. The resulting viral extract was filtered through
a 0.4-pM filter and used to infect a second group of naive BALB/c mice
(1 X 10® PFU was used). After this amplification step, the salivary gland
virus was prepared again after 14—17 d and used for another round of
infection (for a total of three passages).

Listeria. Mice were infected i.p. with 1 X 10* CFU WT Listeria mono-
cytogenes.

In vivo cytokine treatment

Mice were injected i.p. every 2 d with the indicated cytokines, for a total of
three injections. The cytokine doses used are indicated in the figure legends.
Murine rIL (rmIL)-12 (catalogue 210-12) and rmIL-15 (catalogue 210-15)
were purchased from PeproTech. rmIL-18 (catalogue B0O04) and rmIL-
15Ra (catalogue 551-MR) were purchased from R&D Systems. IL-15 and
IL-15Ra were precomplexed by coincubation at 37°C for 30 min at a
concentration of 5 pwg/ml IL-15 and 30 pg/ml IL-15Ra.

Results
Cell types determining responsiveness and tolerance of NK
cells in fetal liver chimeras

We employed fetal liver irradiation chimeras as a means to dis-
tinguish the roles of nonhematopoietic versus hematopoietic cells
in educating NK cells. We generated chimeras in which WT or
MHC I-deficient (B2m ") NK cells developed from hematopoietic
precursor cells in B2m ™"~ or WT hosts. This protocol allowed us to
determine the origin (hematopoietic versus nonhematopoietic) of
cells that interact with NK cells and regulate their responsiveness
and tolerance. The donor cells differed from the host in the allele
of CD45 expressed, allowing us to identify the genotype of the NK
cells. NK cell responsiveness was analyzed 13-21 wk after recon-
stitution with fetal liver cells, by stimulating splenic NK cells from
the chimeras with plate-bound Abs against different activating NK
receptors, followed by staining for CD107a to assess degranulation,
and intracellular staining of IFN-y to assess cytokine production.
The responsiveness of the NK cells from each type of chimera in
these assays was compared with the capacity of similar chimeras
to reject spleen cell grafts from B2m ™~ mice in vivo.

The results indicated that WT NK cells that developed in MHC
I-deficient hosts were hyporesponsive to immobilized NKG2D Ab
(Fig. 1A). In fact, these NK cells (WT—>BZm7/7 NK cells) were
as hyporesponsive as NK cells from control B2m™' " >B2m ™'~
chimeras. In comparison, WT—-WT NK cells gave substantially
stronger responses. Interestingly, however, B2m~'~ NK cells that
developed in WT hosts (from B2m~'~>WT chimeras) gave high
responses to plate-bound Ab stimulation. These findings were
replicated in five independent experiments. The responsiveness of
B2m~'~—>WT NK cells, in terms of the percentage of responding
NK cells, was only slightly lower than that observed with NK cells
from control WT—-WT chimeras. Therefore, despite the preva-
lence of B2m ™'~ cells among hematopoietic cells in the B2m™'~—WT
chimeras, the NK cells attained a relatively high level of responsiveness
to activating receptor stimuli.

To isolate the impact on NK cell education of nonhematopoietic
cells, we created chimeras in which WT or B2m™’~ hosts were
reconstituted with a mixture of WT and B2m ™/~ hematopoietic
cells. Both types of mixed chimeras contained roughly 50% B2m "~

cells and 50% WT cells, and there was little change in these frac-
tions over a period of months (Fig. 1C; see also the section headed
Impact of infections and cytokines on NK cell tolerance, below).
Notably, NK cells from mix—WT chimeras produced high responses,
whereas NK cells from mix—B2m ™/~ chimeras produced low
responses, demonstrating that radioresistant host nonhematopoietic
cells determine the responsiveness of NK cells in the chimeras
(Fig. 1A). The responsiveness of NK cells from mix—WT chimeras
was again only slightly lower than that observed with control
WT—-WT NK cells. This small difference pertained even when the
stimulatory Ab was present at limiting concentrations (Supplemental
Fig. 1), arguing against a threshold effect. When gating on the
responding NK cells, the intensity of staining of activated NK
cells with anti-IFN-y or anti-CD107a differed very little in the
different chimeras (Supplemental Fig. 2), consistent with previous
findings that NK cell education primarily impacts the probability
that a NK cell will trigger, but not the magnitude of its individual
response. Thus, the presence of B2m™ " cells in the hematopoietic
cell mixture had only a minor effect on the responsiveness of NK
cells from the chimeras, whereas host nonhematopoietic cells had
a substantial impact.

An important issue is whether rejection of MHC I-deficient cells
is always correlated with low responsiveness to stimulation via
activating receptors. The pattern of rejection of B2m '~ spleen
cell grafts by chimeras, which has been investigated previously in
the case of both spleen cell and bone marrow cell grafts, is shown
for comparison (Fig. 1B) (20, 25). Strikingly, this pattern differed
from the pattern of responsiveness in one critical respect. Whereas
the WT—B2m '~ and mix—B2m '~ chimeras failed to reject
the grafts, consistent with the low responsiveness of their NK cells
after stimulation through activating receptors, the B2m~'~—>WT
and mix—WT chimeras also failed to reject the grafts, despite the
high responsiveness of their NK cells (Fig. 1B). These data showed
that unresponsiveness to B2m '~ cells can occur despite the high
responsiveness of the NK cells to activating receptor aggregation.
As expected, the rejection of B2m ™'~ spleen cell grafts by WT mice
was entirely NK cell dependent, as it was abrogated when the mice
were pretreated with NK1.1 Ab to deplete NK cells (Fig. 1B). Finally,
the differences in the chimeras in graft rejection or responsiveness
cannot be attributed to alterations in the T regulatory/NK cell ratios,
which were similar in the different chimeras (Supplemental Fig. 3).

SLAM family receptor signaling is essential for responses of NK
cells to MHC I-deficient hematopoietic cell grafts, and is therefore
directly relevant to rejection of MHC I-deficient spleen cell grafts
(26). The pattern of NK cell responsiveness observed in chimeras
with immobilized NKG2D Abs was replicated when the cells were
stimulated with immobilized Abs specific for other receptors, in-
cluding two different SLAM family receptors, 2B4 and Ly108
(Fig. 2). Most notably, NK cells from B2m~'~—>WT and mix—WT
chimeras exhibited high responsiveness to SLAM family receptor
cross-linking with Abs (Fig. 2), despite the finding that these
chimeras were unresponsive to B2m '~ spleen cell (and bone
marrow cell; data not shown) grafts (Fig. 1B). Therefore, tolerance
induced by MHC I-deficient hematopoietic cells is not associated
with hyporesponsiveness to stimulation via SLAM family receptors.

In contrast to the high responsiveness of NK cells from B2m ™"~ —WT
and mix—»WT chimeras when activating receptors were aggre-
gated, these chimeras failed to reject B2m '~ spleen cell grafts
(Fig. 1B) (20, 25). These data confirmed that B2m ™'~ cells of
hematopoietic origin are capable of inducing tolerance to B2m '~
cell grafts. Thus, B2m '~ —WT and mix—WT chimeras represent
situations in which NK cells exhibit a form of tolerance with un-
responsiveness to MHC I-deficient grafts despite high responsive-
ness to activating receptor stimuli.
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FIGURE 1. Responsiveness of NK cells in fetal liver chimeras to acti-
vating receptor triggering and MHC I-deficient target cells in fetal liver
chimeras. Lethally irradiated and NK-depleted hosts were reconstituted
with WT, BZm_/_, or a 1:1 mix of WT and B2m ™'~ fetal liver cells. Black
bars indicate WT hosts; gray bars indicate B2m ™'~ hosts. Data represent
means = SEM. (A) Responsiveness of splenic NK cells from chimeras was
tested 13 wk after reconstitution, by stimulating for 5 h with 5 pwg/ml plate-
bound anti-NKG2D Ab (MI6 clone). The percentages of donor NK cells
coexpressing intracellular IFN-vy and surface CD107a were determined by
flow cytometry. In analyzing mix—WT and mix—B2m '~ chimeras, we
gated on the congenic CD45 markers and MHC I during the analysis to
determine the separate responses of WT and B2m ™'~ NK cells. Data are
representative of five independent experiments performed 13-21 wk after
reconstitution. (B) Rejection of B2m ™'~ spleen cell grafts by chimeras 9—
17 wk after reconstitution. Rejection of CEFSE-labeled B2m ™'~ spleen
cells, mixed with internal control B6 spleen cells, was determined by flow
cytometry of spleen cells 18 h after injection of the cells. Unmanipulated
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Hyporesponsiveness of NK cells is imparted in trans by
MHC-deficient nonhematopoietic cells

It was possible to separately test the responsiveness of WT and
B2m~’~ NK cells from the mixed chimeras by gating the two pop-
ulations based on congenic markers and MHC I expression. The
results showed that both WT and B2m ™'~ NK were hypores-
ponsive in the mix—B2m '~ chimeras, when tested by stimulating
the cells with plate-bound Abs for NKG2D (Fig. 1A), 2B4 (Fig. 2A),
or Ly108 (Fig. 2B). Conversely, both WT and B2m '~ NK were
similarly responsive in the mix—WT chimeras (Figs. 1A, 2A, 2B).
Therefore, the responsiveness of NK cells in the mixed chimeras was
independent of MHC I expression by the NK cells themselves or by
hematopoietic cells generally, but was instead determined in trans
by the MHC I expressed on host nonhematopoietic cells.

Cell types determining responsiveness of adoptively
transferred NK cells

We previously reported that when mature NK cells are transferred to
hosts that differ in MHC I expression, the transferred NK cells rapidly
reset their responsiveness based on the new environment (20, 21). Thus,
WT NK cells transferred to B2m '~ hosts were induced to become
hyporesponsive to stimulation through the NKG2D and NKR-P1C
activating receptors (20), whereas B2m™'~ NK cells transferred to
WT hosts were induced to become responsive to these stimuli (20, 21).

We corroborated and extended those earlier results by showing
that WT NK cells transferred to B2m ™"~ adoptive transfer recip-
ients exhibited low responsiveness 10 d later when stimulated with
immobilized Abs specific for a distinct activating receptor, NKp46
(Fig. 3A). We also examined responses of B2m '~ NK cells trans-
ferred to MHC TI" recipients. To prevent the donor cells from being
rejected by host NK cells in these transfers, we used as recipients
NKD mice, which are NK deficient due to a transgene insertion (27,
28). Donor NK cells from B2m’~—NKD or mix—NKD adoptive
transfer recipients exhibited high responsiveness to NKp46 stimu-
lation (Fig. 3A). To assess the impact of adoptive transfer on the
reactivity of NK cells to MHC I-deficient cells, we determined
whether similar adoptive transfer recipients were capable of reject-
ing B2m ™'~ spleen cell grafts. As shown in Fig. 3B, MHC I* (NKD)
hosts reconstituted with B2m '~ donor cells failed to reject B2m '~
spleen cell grafts (Fig. 3B). Control WT hosts reconstituted with
donor WT cells potently rejected the grafts, whereas B2m ™'~ hosts
reconstituted with donor B2m '~ cells did not, as expected. We
previously reported that B2m '~ hosts reconstituted with WT donor
cells also failed to reject B2m ™'~ spleen cell grafts (20). Therefore,
both chimera and adoptive transfer studies show that NK cells ex-
posed concurrently in vivo to WT nonhematopoietic cells and B2m ™'~
hematopoietic cells were responsive to activating receptor stimuli,
yet unresponsive to B2m '~ hematopoietic cell grafts. To the
contrary, NK cells exposed in vivo to B2m ™~ nonhematopoietic
cells and WT hematopoietic cells were hyporesponsive to both
activating receptor triggering and B2m ™'~ hematopoietic cell grafts.

B6 and B2m ™'~ mice were tested in parallel as controls for rejection and
tolerance, respectively. To establish the role of NK cells, some groups of
chimeras were pretreated i.p. twice (on days —2 and —1) with 200 pg
PK136 (NKI1.1) Ab (NK depleted) in PBS, as indicated. n = 3—4 in all
groups except NK-depleted B6 controls, where n = 2. Data are represen-
tative of three independent experiments. nd, not done. (C) Chimerism was
determined on the days shown by flow cytometry of PBLs stained for
H-2K® (in this experiment), or the congenic CD45 marker (data not
shown), 63 and 125 d following reconstitution. Statistical significance was
determined with a two-tailed unpaired Student ¢ test (*p < 0.05, *¥p <
0.005, ***p < 0.0005).
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FIGURE 2. Responsiveness of NK cells in fetal liver chimeric mice to
Ab-mediated stimulation of SLAM-family activating receptors. Fetal liver
chimeras were generated, as described in Fig. 1. Responsiveness of splenic
NK cells from chimeras, tested 13 wk after reconstitution, to stimulation
for 5 h with 5 pg/ml plate-bound (A) anti-2B4 or (B) anti-Ly108 Abs. The
percentages of donor NK cells coexpressing IFN-y and CD107a were
determined by flow cytometry. Black bars indicate WT hosts; gray bars
indicate B2m '~ hosts. Data represent means * SEM. Data are repre-
sentative of three independent experiments performed 13-21 wk after re-
constitution. For some comparisons, statistical significance was determined
with a two-tailed unpaired Student 7 test (*p < 0.05, **p < 0.005, ***p <
0.0005).

Mix — B2m
= |82m

Cell types in chimeras determining responsiveness of NK cells
in vivo to target cells displaying NKG2D ligands

Having assessed the impact of host environment on the respon-
siveness of NK cells to activating receptor aggregation with plate-
bound Abs, we determined whether responses to target cells
expressing activating ligands were similarly affected. This issue
was examined by determining the capacity of NK cells in the
various chimeras to reject Raetle-transgenic spleen cells. These
transgenic spleen cells express the NKG2D ligand RAE-1e (22),
which is absent from normal spleen cells. In preliminary experi-
ments, we observed that rejection of Raetle-transgenic spleen cells
by nonchimeric WT mice, or by any of the chimeras, did not occur
significantly unless the mice were pretreated with poly(I:C), which
enhances NK responses in other contexts as well (compare Fig. 4A
and Fig. 4B). When pretreated with poly(I:C), WT—-WT chimeras
rejected Raetle-transgenic spleen cells, whereas B2m™'~—B2m ™',
WT—B2m™'~, and mix—B2m '~ chimeras rejected the Raetle-
transgenic spleen cells substantially less efficiently, as expected
(Fig. 4A). Surprisingly, chimeras prepared with B2m '~ hema-
topoietic cells in WT hosts (i.e., B2m™'">WT or mix—»WT
chimeras) were similarly defective in rejecting the Raetle-trans-
genic spleen cells (Fig. 4A), despite harboring responsive NK
cells, as tested by stimulating with Abs against NKG2D (Fig. 1A),
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FIGURE 3. Responsiveness of adoptively transferred NK cells to acti-
vating receptor triggering and MHC I—deficient target cells. Spleen cells
containing mature NK cells from the donor strains shown were transferred
to the indicated irradiated hosts. Black bars indicate WT or NKD hosts;
gray bars indicate B2m~'~ hosts. (A) Ten days after transfer, the respon-
siveness of splenic NK cells was determined after stimulating the cells for
5 h with 5 pg/ml plate-bound NKp46 Ab. The percentages of donor NK
cells expressing IFN-y were determined by flow cytometry. Data are
representative of three independent experiments. (B) Ten days after
transfer, groups of adoptive transfer recipients (n = 3—4) were tested for
rejection of CFSE-labeled B2m™"” spleen cell grafts, mixed with internal
control B6 spleen cells, 18 h after injection of the cells. Data are repre-
sentative of three independent experiments, with n = 3—4 mice for each.
For relevant comparisons, statistical significance was determined with a
two-tailed unpaired Student ¢ test (*p < 0.05, **p < 0.005, ***p <
0.0005). Data represent means = SEM.

the same receptor that RAE-1¢e engages. Therefore, the presence
of B2m™'~ cells in either the hematopoietic or nonhematopoietic
compartments of fetal liver chimeras resulted in deficient responses
to Raetle-transgenic spleen cell grafts, mimicking the lack of
reactivity toward B2m ™'~ hematopoietic cell grafts. Thus, defective
responses to Raetle-expressing cells can occur even when the cells
exhibit high responses against plate-bound NKG2D Abs.

Impact of infections and cytokines on NK cell tolerance

It was previously reported that MCMYV infection breaks tolerance
of NK cells in mix—>WT chimeras, resulting in elimination of
B2m™'" cells (29). Therefore, we next addressed the impact of
immune system activation associated with infections on the main-
tenance of self-tolerance to MHC I-deficient donor cells in chi-
meras, and whether the stability of self-tolerance correlated
with the in vitro hyporesponsiveness of NK cells. Mix—WT and
mix—B2m ™'~ chimeras were compared, and loss of tolerance was
inferred from the disappearance of B2m ™~ cells in the blood after
initiating the infection. As mentioned previously, hematopoietic cell
chimerism was consistently maintained long-term in both types of
chimeras if they were not further manipulated (note sustained
chimerism between days 60 and 157 in Fig. 5A). Infection of
mix—WT chimeras with MCMV resulted in a rapid 30-40%
decrease in the representation of B2m '~ cells among blood cells
in the chimeras (Fig. SA, 5B). After 7-8 d, at which time the acute
MCMV infection is typically resolved, the populations stabilized
and remained more or less constant for the remainder of the ex-
periment. These data suggested that elimination of B2m ™'~ he-
matopoietic cells in the chimeras only occurs during the acute
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FIGURE 4. Rejection of spleen cells expressing NK-activating ligand
RAE-1e by fetal liver chimeras. Chimeras were generated, as described in
Fig. 1. Twenty weeks postreconstitution, chimeras were challenged with
CFSE-labeled grafts of spleen cells from Raetle-transgenic mice (22)
mixed with internal control B6 spleen cells. Rejection was tested by flow
cytometry 42 h later. Mice were either pretreated i.p. (on day —1 relative to
the time of engraftment) with 200 g poly(I:C) to enhance NK responses
(A), or left untreated (B). Data in (A) are representative of three inde-
pendent experiments performed 13-21 wk after reconstitution with n = 3-5
mice for each. (B) Performed only once. Black bars indicate WT hosts;
gray bars indicate B2m™"" hosts. Data represent means = SEM. For some
comparisons, statistical significance was determined with a two-tailed
unpaired Student ¢ test (**p < 0.005, ***p < 0.0005).

stage of infection when inflammation is ongoing, and ceases once
inflammation subsides. Strikingly, however, MCMYV infection of
mix—B2m ™'~ chimeras, prepared and tested in parallel, had little
or no effect on chimerism (Fig. SA, 5B). These data indicated that
NK cell self-tolerance in mix—B2m ™'~ chimeras is refractory to
inflammation associated with MCMYV infection.

MCMY induces inflammatory cytokines and also causes NK cell
activation through expression in infected cells of a virus-encoded
cell surface ligand for the NK cell activating receptor Ly49H.
Infections with the Gram® bacterial pathogen L. monocytogenes
also induce various inflammatory cytokines, but are not known to
induce expression in infected cells of activating ligands for NK
receptors. Similar to infections with MCMYV, infections with Listeria
resulted in a depletion of ~50% of the B2m ™'~ donor cells among
blood cells in the mix—WT chimeras, which ceased after 5-10 d (Fig.
5C). Substantially less (though still significant) depletion occurred
in infected mix—B2m '~ chimeras. These data support the con-
clusion that tolerance associated with high responsiveness of NK
cells to activating receptor stimuli can be readily broken upon in-
fection, but tolerance associated with low responsiveness to acti-
vating receptor stimuli, as in mix—B2m '~ chimeras, is considerably
more refractory to such effects.

MCMV and Listeria infections are accompanied by production
of large amounts of inflammatory cytokines. We therefore tested
the possibility that provision of cytokines that activate NK cells, in
the absence of infections, could also break tolerance. Injections
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FIGURE 5. Infections break self-tolerance to MHC I-deficient donor
cells in mix—»WT chimeras, but not in mix—B2m '~ chimeras. (A) The
chimerism of peripheral blood cells (expressed as percentage of blood
hematopoietic cells from the B2m ™'~ donor) was stable in mixed chimeras
until infection with MCMV on day 156. MCMYV infection caused an abrupt
loss of B2m ™"~ donor cells in mix—WT chimeras, but not in mix—B2m '~
chimeras. Loss of chimerism stabilized 7 d postinfection, around the time
virus is expected to be cleared in the acute infection. Chimerism was de-
termined by staining peripheral blood cells with H-2K® Ab. n = 3-4. Data in
(A) are representative of three independent experiments. (B) Data in (A)
calculated to show percentage loss of K™ cells on each day postinfection
with MCMYV. The percentage loss of K cells was calculated as 100 X [1 —
(%K -negative cells at a given time point/%K"-negative cells on day 0)]. (C)
Thirteen weeks after reconstitution, chimeras were infected with L. mono-
cytogenes. Peripheral blood B2m ™'~ cells were lost preferentially from
mix—WT chimeras in comparison with mix—B2m '~ chimeras. Percent-
age loss of chimerism is shown. Data are representative of two independent
experiments. Data represent mean = SEM. n = 3—4. Statistical significance
(comparing mix—WT with mix—B2m ") was determined with a two-
tailed unpaired Student 7 test (*p < 0.05, **p < 0.005, ***p < 0.0005).

every other day of a mixture of IL-12, IL-18, and IL-15 (the latter
precomplexed with IL-15Ra protein in vitro, to effect trans-
presentation of IL-15) (30) resulted in a depletion of up to 80% of
the B2m™"~ donor cells in mix—WT chimeras (Fig. 6A). In con-
trast, the same doses of IL-12 plus IL-18 alone, or IL-15 alone, had
almost no effect compared with mock-treated chimeras, indicating
that these cytokines synergistically break NK cell tolerance. By
itself, however, a higher dose of IL-15 had nearly the same effect
as the mixture of the three cytokines (Fig. 6A). The depletion of
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B2m™~'~ donor cells in cytokine-treated chimeras, compared with
mock-treated chimeras, was abolished if the mice were pretreated
with NK1.1 Ab to deplete NK cells before application of the
cytokines (Fig. 6A). These data indicated that high doses of IL-15,
or lower doses of IL-15 in combination with IL-12 plus IL-18,
break NK cell self-tolerance in mix—=WT chimeras, resulting in
depletion of B2m ™'~ donor cells. The cytokine mixture did not cause
increases in NKp46, NKG2D, or NK1.1 activating receptor ex-
pression on NK cells in either WT or B2m ™"~ mice, suggesting
that any changes in NK activity in vivo are unlikely to be mediated
by increases in expression of these activating receptors (Supplemental
Fig. 4).

In contrast to the results in mix—WT chimeras, the IL-12 plus
IL-18 plus IL-15 mixture failed to cause significant depletion of
B2m™"~ donor cells in mix—B2m™'~ chimeras (Fig. 6B), con-
sistent with the infection results (Fig. 5). Together, these findings
indicated that self-tolerance of NK cells in mix—WT chimeras is
readily reversed as a result of inflammation induced by cytokines
or associated with viral or bacterial infections, whereas self-tolerance
in mix—B2m '~ chimeras is relatively refractory to such inflam-
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FIGURE 6. Treatments with proinflammatory cytokines break self-tol-
erance of NK cells to B2m-deficient donor cells in mix—WT chimeras, but
in not mix—B2m '~ chimeras. (A and B) Percentage loss of B2m ™'~ cells
in chimeras treated on days 0, 2, and 4 with the cytokine mixtures shown.
In (A), mix—>WT chimeras were analyzed, and, in (B), mix—WT and
mix—B2m '~ chimeras were compared. The cytokine mix group in (A)
was also tested in mice that were depleted of NK cells by injecting 200 g
PK136 Ab 1 d prior to and 1 d after the first cytokine treatment. The IL-12 +
IL-18 + IL-15 cytokine mixture in both panels consisted of 200 ng each IL-
12 and IL-18 plus a precomplexed low dose of IL-15 + IL-15Ra (2 + 0.6
g each/mouse, respectively). The corresponding doses of IL-12 + IL-18,
or low dose IL-15 alone were also tested. In addition, a high dose of IL-15 +
IL-15Ra (1 + 3 g each/mouse, respectively) was tested. n = 5 mice in each
group. Data represent means = SEM. Data are representative of three in-
dependent experiments comparing different cytokine treatments, and two
independent experiments comparing cytokine-treated mix—WT and
mix—B2m '~ groups. Statistical significance comparisons in (A) were de-
termined with a Dunnett’s multiple comparison test (*p < 0.05, **p < 0.01,
##%p < 0.001). In (B), the mix—cytokine-treated group was compared with
the mix—B2m '~ cytokine-treated group with a two-tailed unpaired Student
t test (*p < 0.05, **p < 0.005, ***p < 0.0005).

mation. These data support the hypothesis that tolerance that is ac-
companied by high responsiveness to plate-bound activating receptor
Abs (as in mix—WT chimeras) is more fragile than tolerance ac-
companied by low responsiveness (as in mix— B2m ™'~ chimeras).

Discussion
Differential responsiveness induced by nonhematopoietic and
hematopoietic cells

One of the most significant findings of this paper is that the absence
of MHC I ligands on nonhematopoietic cells results in low NK cell
responsiveness to activating receptor stimuli, whereas, in contrast,
the absence of MHC I ligands solely on hematopoietic cells does
not lead to hyporesponsiveness to activating receptor engagement.
In both cases, the NK cells lack reactivity against MHC I—deficient
spleen cell grafts, which demonstrates that tolerance does not
solely rely on the lack of responsiveness of NK cells to activation
receptor stimuli. These findings suggest that encounters with
nonhematopoietic cells play the principal role in determining the
responsiveness set point of NK cells to activating receptor stimuli.
Although the identity of the specific nonhematopoietic cell types
responsible for imparting high versus low responsiveness is not
known, it is tempting to speculate that they are the same cell types
that aid in the differentiation of NK cells. For example, they may
correspond to the nonhematopoietic cells that produce the cyto-
kine IL-15, which is required for NK cell development and sur-
vival (31-34), or possibly to the nonhematopoietic cell types that
express ligands for the Tyro3 family of tyrosine kinase receptors,
which have been shown to be necessary for NK cell maturation
and the acquisition of functional activity (35, 36).

The data are equally compatible with two proposals that differ in
certain predictions: one is that encounters of NK cells with B2m ™/~
nonhematopoietic cells induce low responsiveness, and the other
is that encounters with WT nonhematopoietic cells are necessary
to induce high responsiveness. Distinguishing between these pro-
posals will require generating animals in which the relevant non-
hematopoietic cells are a mixture of WT and B2m '~ cells.

Our data conflict with a recent study by Ebihara et al. (37), in
which the authors used an inducible MHC class I transgene to
address the roles of MHC expression on nonhematopoietic and
hematopoietic cells in NK cell education. This study suggested that
MHC I expression on hematopoietic cells, but not nonhematopoietic
cells, is critical for inducing responsiveness. One possible expla-
nation for this discrepancy is that the transgene was not expressed
on the relevant nonhematopoietic cell types. Another possibility is
that the interaction between the transgene-encoded MHC mole-
cule used (a covalently linked peptide-MHC complex) and the
cognate inhibitory receptor (Ly49C in this case) does not adequately
represent the interactions between cells expressing WT MHC and
NK cells. Further studies addressing the in vivo interactions be-
tween NK cells and the educating cells are required to address
these possibilities.

Beyond our findings concerning the impact of different cell types
in imparting responsiveness of NK cells to activating receptor
stimuli, our data, as well as previously published data, investigated
the impact of these cell types in imparting NK cell self-tolerance.
The results show that the absence of MHC I ligands on either
hematopoietic cells or nonhematopoietic cells results in lack of
reactivity against MHC I—deficient spleen cell grafts (20, 25, 38)
and low rejection of Raetle-transgenic spleen cell grafts (this
study). As previously noted, the finding that unresponsiveness to
B2m ™'~ grafts occurs in mix—WT chimeras but not WT—-WT
chimeras demonstrates that B2m ™'~ hematopoietic cells actively
induce tolerance to B2m '~ grafts. Mix—WT chimeras also were
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relatively deficient in rejecting Raetle-transgenic spleen cell grafts,
indicating that the impact of interactions with B2m '~ hematopoietic
cells extended to responses to cells displaying NKG2D ligands.

Published studies have emphasized the role of hematopoietic
cells in educating NK cells, especially in the context of antitumor
responses. Hence, donor allogeneic NK cells transferred with bone
marrow grafts are tolerant to healthy host cells, but reactive against
host leukemic cells (39). These findings do not necessarily conflict
with the present results, given that they represent the activity of
NK cells in the context of a tumor, where inflammation is ongoing
and where the tumor may express strong activating ligands for NK
cells (40). With respect to NK cell responsiveness, one study
reported that long after transplantation, high NK cell responsiveness
was determined by MHC molecules expressed by donor cells (41).
In contrast, another report arrived at the conclusion that recipient
MHC molecules can confer high responsiveness after marrow
transplantation in humans (42), consistent with our results. Ad-
ditional studies to address these issues are warranted.

Two distinct types of tolerance

Our findings are significant in light of previous studies that have
reported that NK cell tolerance to MHC I-deficient grafts is
generally correlated with hyporesponsiveness to stimulation with
plate-bound activating receptor Abs (10, 11, 18, 19). Based on
these findings, it has been generally assumed that self-tolerance is
accounted for by the reduced responsiveness of the NK cells (43—
45). To our knowledge, our new data are the first demonstration
that responsiveness and tolerance can in some instances be sepa-
rated. NK cells in mix—=WT or B2m ™'~ >WT chimeras, or in WT
recipients of transferred B2m~'~ NK cells, exhibited high re-
sponsiveness when stimulated with Abs against activating recep-
tors, but were tolerant of MHC I—deficient cells. Because we have
dissociated responsiveness to immobilized activating receptor Abs,
and responsiveness to NK-sensitive target cells, the term “hypore-
sponsive” needs to be better defined when used in future publications.

Notably, no converse example has yet been reported of NK cells
that exhibit low responsiveness to antireceptor stimulation, but
react against MHC I-deficient hematopoietic cell grafts. The ap-
parent discrepancy between responsiveness to activating receptor
stimulation and responses to target cells expressing ligands for
these activating receptors is most likely due to regulation of ad-
ditional interactions that are necessary for cell-cell interactions.
These include the action of inhibitory ligands on target cells (in-
cluding non-MHC I inhibitory ligands) and the activity of ligands
on target cells that impart adhesive and costimulatory signals. As
it is known that productive target cell interactions require engage-
ment of accessory receptors, including LFA-1, DNAX Accessory
Molecule-1, and other adhesion receptors, an interesting hypothesis
is that NK cells in mix—WT or B2m™'~—>WT chimeras are im-
paired in signaling by one or more of these accessory molecules,
or others that have yet to be defined.

Thus, we hypothesize two distinct mechanisms of NK cell self-
tolerance, although they may have partially overlapping features.
One mechanism desensitizes signaling via primary activating re-
ceptors, and we propose that a second mechanism acts at another
level, such as adhesion or other accessory receptors. Both mech-
anisms may be operative in the same NK cells, as is likely the case
for NK cells in B2m ™'~ mice, as well as NK cells in normal mice
that lack inhibitory receptors for self-MHC 1. But the second
mechanism is apparently sufficient to account for the tolerance of
NK cells to B2m ™'~ cells in mix—=WTor B2m~'~—>WT chimeras,
as these NK cells exhibit high responsiveness to activating receptor
Abs. Consistent with the idea that such NK cells are impaired in a
distinct locus of activation, they also respond poorly to spleen cells
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displaying RAE-1, despite the relatively high responses to Abs that
cross-link the very receptor that RAE-1 engages, NKG2D. The
existence of two or more mechanisms of self-tolerance in NK cells
should not be unexpected, given the evidence that multiple mech-
anisms account for self-tolerance of T cells and B cells.

Other hypotheses to account for the results remain viable, one
being that there are different depths of hyporesponsiveness at the
same step in the activation process. According to this idea, NK cells
in the mix—>WT chimeras are partially desensitized, sufficient to
remain unresponsive to MHC I-deficient cells, but are still more
sensitive than mix—B2m '~ NK cells when activating receptors are
aggregated with Abs. Although we often observed slightly lower
responsiveness with mix—WT NK cells as compared with WT—-WT
NK cells, the difference was so small that it seems unlikely to ac-
count for the major defects in rejection of B2m '~ or Raetle-trans-
genic spleen cells. The magnitude of the difference was, if anything
smaller at more limiting concentrations of stimulatory Abs. These
data rule out the possibility that we underestimated the difference in
responsiveness between WT—WT and mix—WT NK cells due to the
use of high Ab concentrations. Furthermore, the similar CD107a and
IFN-v staining intensities of NK cells from the different chimeras
rule out the possibility that we underestimated the difference be-
cause WT—-WT NK cells responded better on a per cell basis.

Breaking tolerance

A previous study showed that NK cell self-tolerance to B2m ™'~
cells is unstable in mix—WT chimeras, as shown by the induced
rejection of B2m ™'~ donor cells postinfection with MCMV (46).
In the current study, we made important additional findings con-
cerning the stability of NK cell self-tolerance. First, we showed
that infections with the bacterial pathogen Listeria have a similar
effect as MCMV infections in breaking NK cell self-tolerance in
mix—WT chimeras. Interestingly, in both infections, the destruc-
tion of B2m™'~ donor cells following infection ceased after a few
days, around the time the pathogens should be cleared, suggesting
that tolerance was rapidly re-established once the inflammatory
stimulus abated. We extended these findings by showing that tol-
erance was broken simply by injecting uninfected mix—WT chi-
meras with inflammatory cytokines, such as a high dose of IL-15, or
lower doses of IL-15 combined with IL-12 and IL-18 (which were
ineffective when injected separately). These findings raise the pos-
sibility that cytokines induced during infections may be sufficient to
break NK cell self-tolerance and lead to rejection of hematopoietic
cell grafts, as opposed to the possibility that breaking tolerance
requires the engagement of cell surface ligands for NK activating
receptors, which are induced in certain infected cells (47, 48).

Interestingly, tolerance was broken in mix—WT chimeras by a
combination of IL-12, IL-18, and a relatively low dose of IL-15
complexed with its soluble receptor, IL-15Ra. In contrast, the
same doses of IL-15/IL-15Ra alone, or IL-12 plus IL-18 alone,
were ineffective, suggesting that the cytokines work synergisti-
cally. IL-15 trans-presentation by dendritic cells has been shown
to be crucial for priming the responses of NK cells (49), whereas
IL-12 and IL-18 can enhance both elimination of target cells and
cytokine production by NK cells (50-52). A possible mechanism of
action is that NK cells are primed through IL-15 trans-presented by
dendritic cells, and IL-12 and IL-18 amplify the killing of B2m '~
donor cells by the primed NK cells. In contrast, a high dose of IL-
15/IL-15Ra was sufficient by itself to cause rejection of B2m ™'~
donor cells in these mixed chimeras.

An important finding of the present paper is that the stability of
tolerance differed dramatically between mix—WT and mix—B2m '~
chimeras. Infections and cytokine treatments caused much less or no
loss of chimerism in mix—B2m '~ chimeras as compared with
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the loss of chimerism in mix—>WT chimeras, suggesting that self-
tolerance accompanying the low responsiveness state is much
more stable than self-tolerance accompanying high responsive-
ness. One potential explanation for this effect is that the tolerance
mechanism operative in mix—WT chimeras is readily reversed by
cytokines, whereas the mechanism operative in mix—B2m '~
chimeras is less readily reversed. Regardless of the explanation, we
did observe a modest loss of B2m '~ cells in mix—B2m '~ chimeras
after Listeria infections in some experiments, suggesting that intense
inflammation may enable NK cells to exhibit autoreactivity in some
circumstances. It is interesting to speculate that such autoreactivity
could represent one component of NK cell-induced immunopathol-
ogy that accompanies some infections in vivo (52-54).

Our results represent a substantial revision of current thinking
regarding NK cell self-tolerance and responsiveness. As molecular
mechanisms of self-tolerance are elucidated, it will be essential to
account for the dissociation of responsiveness and tolerance un-
covered in this work. The results concerning the stability of he-
matopoietic cell tolerance in mixed chimeras are important because
they raise the possibility that, in some transplant scenarios, NK cell
self-tolerance may be broken as a result of infections or other
sources of intense inflammation, resulting in NK-mediated rejec-
tion of donor allogeneic or partially allogeneic human bone marrow
grafts. Extrapolating from our findings, this problem is predicted to
be more acute in the case of marrow transplants that lack one or
more of the recipient’s MHC I alleles.
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