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Natural killer (NK) cells are important effectors of the innate immune system and participate
in the first line of defense against infections and tumors. Prior to being functional, these
lymphocytes must be educated or licensed through interactions of their major
histocompatibility complex class | molecules with self-specific inhibitory receptors that
recognize them. In the absence of such contacts, caused by either the lack of expression
of the inhibitory receptors or a very low level of major histocompatibility complex class |
(MHC class 1) proteins, NK cells are hypo-reactive at baseline (ex vivo). After stimulation
(assessed through plate-bound antibodies against activating receptors or culture in the
presence of cytokines such as interleukin (IL)-2 or IL-15) however, they can become
cytotoxic and produce cytokines. This is particularly the case in transporter associated
with antigen processing (TAP)-deficient mice, which we investigated in the present study.
Transporter associated with antigen processing transports endogenous peptides from
the cytosol to the endoplasmic reticulum, where they are loaded on nascent MHC class |
molecules, which then become stable and expressed at the cell surface. Consequently,
TAP-KO mice have very low levels of MHC class | expression. We present a study about
phenotypic and functional aspects of NK cells in two mouse strains, C57BL/6 wildtype
and TAP1-KO in spleen and lung. We observed that in both types of mice, on the same
genetic background, the initial pattern of education, conferred to the cells via the inhibitory
receptors Ly49C/I and NKG2A, was maintained even after a strong stimulation by the
cytokines interleukin-2, interleukin-12, interleukin-15 and interleukin-18. Furthermore, the
percentages of activated NK cells expressing Ly49C/l and Ly49l were strongly down-
modulated under these conditions. We completed our investigations with phenotypic
studies of NK cells from these mice.

Keywords: natural killer cells, NK cells, education, major histocompatibility complex class |, inhibitory receptors,
TAP-KO
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INTRODUCTION

Natural Killer (NK) cells are the founding members of the innate
lymphoid cell (ILC) family comprising in addition several other
populations called innate lymphoid cells types 1, 2 and 3, as well
as lymphoid tissue inducer cells (1). All the latter are
predominantly cytokine producers, whereas NK cells are
likewise able to release cytokines and chemokines but are also
endowed with cytotoxic properties, further subdivided into
natural cytotoxicity (killing of targets without prior
sensitization or immunization) and antibody-dependent
cellular cytotoxicity (ADCC), which occurs when the Fc
portion of antibodies bound to a target cell interacts with the
activating NK cell receptor CD16 (FcyRIIIa) (2, 3). Natural Killer
cells are extensively studied in human and mouse for their anti-
tumoral and anti-infectious properties that are therapeutically
exploitable and constitute a true hope for the future of
immunotherapy (4, 5). Since the first descriptions of NK cells
in the mid-seventies, their capacity to kill tumor cells and viral-
infected cells has been observed in many in vitro and in vivo
investigations. Upon recognition of a target cell, the granule
content of the cytolytic vesicles (perforin, granzymes, and, in
human but not in the mouse, granulysin) is released and induces
apoptosis of the abnormal cell (6).

Before reaching this step, NK cells integrate signals from their
activating and inhibitory receptors, respectively (AR and IR), and
the target cell is eliminated when the activating messages
predominate (7). The best studied IR are specific for major
histocompatibility complex (MHC) class I molecules, and a
normal level of the latter is characteristic for healthy cells that
are consequently identified as such and spared by the NK cells.
Their absence is recognized as “missing self” and induces target
cell lysis in the presence of sufficient activating messages (7-9).
Besides the concept of the balance between signals transmitted
through AR and IR (7), another important factor governing NK
cell functions is education or licensing (10-12). These terms
designate the interaction of IR with autologous MHC class I
molecules during NK cell development, which is necessary for
the cell to become functional (10-12), although non-MHC class I
ligands can educate NK cells via different IR (11). Therefore, NK
cell education relies on the paradox that they only become active
after having received a signal through an IR that later can inhibit
NK cell functions. In the absence of this phenomenon, due either
to the lack of expression of one or several self-specific IR on a NK
cell or to a general MHC class I deficiency of the cellular
environment, such as observed in beta-2 microglobulin (2m)
and/or transporter associated with antigen processing (TAP)
defects, NK cells remain uneducated (unlicensed) and hypo-
reactive. This observation was made both in human (13-15) and
in knockout mouse strains, such as f2m-KO, TAP1-KO, 2m/
TAP1 double KO (16, 17): ex vivo NK cells display low or absent
cytotoxicity and low cytokine production, but become
functionally very active upon cytokine-mediated stimulation
and then kill autologous Con A T cell blasts (16). In human
TAP deficiency, activated NK cells kill autologous B
lymphoblastoid cells (Epstein-Barr virus-transformed

immortalized B lymphocytes) and skin fibroblasts, whereas
they surprisingly spare self T-PHA blasts (18-20).

Natural killer cell education is in the focus of interest of
several groups. Different models have been elaborated, such as
the arming model (21), the disarming model (21, 22), the
rheostat model (23, 24), the cis-trans model (25, 26) and the
confinement model (11, 12). More recently, it has been shown
that TRP Calcium channels dynamically regulate NK cell
licensing on the level of the content of cytolytic proteins in the
secretory lysosomes (that degranulate upon target cell
recognition) (27). Moreover, and in accordance with the cis-
trans interaction model, the role of NK cell-intrinsic MHC class I
molecules for tuning has been emphasized (28).

All these different concepts have mostly been established with
short-term activated NK cells, for example taken ex vivo the day
after poly (I:C) or tilorone administration. In the present work,
we wanted to rather explore what happens in mouse NK cells in
terms of the production of their major cytokine, namely
interferon gamma (IFNY), after culture with interleukin 2 (IL-
2) for five days and then an overnight re-stimulation with IL-2
alone, (IL-2, IL-12, IL-15) and (IL-2, IL-12, IL-18), respectively.
The first condition was the negative control, as in the mouse IL-2
alone does not induce significant IFNy production. In contrast,
the last cytokine combination represented the positive control, as
IL-12 and IL-18 together activate the production of a maximal
amount of IFNY. Finally, the IL-12 plus IL-15 association was
supposed to lead to an intermediate level of stimulation, for
which differences between NK cell subsets, defined by the
presence or absence of self-specific IR, could be visible.

We choose to work with the most frequently used mouse
model in immunology, the C57BL/6 (B6) strain, and its TAP1-
KO littermates. In B6 mice, the self MHC class I-specific IR are
Ly49C/1, recognizing the classical MHC class I molecules H-2K"
(and H-2D), and CD94/NKG2A (NKG2A), binding to the non-
polymorphic molecule Qa-1°, the mouse equivalent of HLA-E
(29, 30). Consequently, NK cells expressing either one or both IR
are supposed to be educated, whereas their double negative
(Ly49C/I-NKG2A-) counterparts are expected to be hypo-
reactive. In contrast, in TAPI1-KO mice, the entire NK cell
population should in principle be functionally deficient. The
reason for the choice of TAP1-KO animals was to undertake an
in vitro study of their NK cells before switching to a mouse in
vivo model of a chronic bacterial infection of the airways in order
to detect what goes wrong in this context. Transporter associated
with antigen processing-deficient human patients suffer severely
from such pathologies, which usually evolve to bronchiectasis
(13, 14). Understanding the pathophysiology of this
phenomenon and the potential link between NK cells and
bacterial infections might be useful even for patients without a
MHC class I deficiency.

An additional layer of complexity in NK cell education stems
from the observation that Ly49C interacts with its ligand H-2K" in
cis, on the same NK cell membrane, and simultaneously in trans,
with the same ligand on surrounding target cells, which leads to an
optimal calibration of NK cell reactivity even in the presence of only
a minor down-regulation of the MHC class I molecule in the cellular
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environment. This phenomenon had initially been demonstrated by
the Held group for the receptor-ligand pair Ly49A — H-D? (26). As
the 5E6 monoclonal antibody binds to both the IR Ly49C and
Ly49], the former might actually not been well recognized by the
antibody due to its cis interaction, which could render the epitope
inaccessible. We unsuccessfully tried to obtain aliquots of the non-
commercially available Ly49C-specific antibody clone 4LO3311
(31) from several groups, and attempted acid stripping to disrupt
the cis interaction. By staining Ly491 with the specific antibody YLI-
90, the problem was resolved at least indirectly, by showing the
“educational” effect of Ly49C compared with no such effect
for Ly49L

In summary, our investigations show that the initial pattern
of NK cell education leaves its imprint even after six days of
intense cytokine-mediated stimulation in B6 animals, and,
surprisingly, that there is an unequal functional distribution
between NK cell subsets of activated TAP-KO littermates,
largely matching the one observed in B6 mice. Overall, we
confirm that a defective TAP results in somewhat reduced NK
cell functions ex vivo, but that the cells display the same
educational profile than their wildtype counterparts after a
strong cytokine-mediated stimulation, which should in
principle not be the case. The IR Ly491I is well expressed on
NK cells from both strains, ex vivo and after activation, but does
not really seem to play a major role in NK cell education.
Furthermore, we were able to detect Ly49C from a functional
point of view (acting as an educating IR), but not with absolute
certainty as a reliable phenotypic NK cell marker.

MATERIAL AND METHODS
Ethical Statement

The animal studies were approved by the Animal Welfare
Structure (AWS) and the experiments were carried out in
accordance with the European Union directive 2010/63/EU as
incorporated in Luxembourgish law for the care and use of
laboratory animals. The official authorization for our protocol
was given by the Luxembourgish Ministry of Health under the
number DII-2017-02.

Mice

Wildtype (TAP1+/TAP1+) and TAP1-KO (TAP1-/TAP1-)
littermates on the C57BL/6 (H-2b) genetic background,
obtained through intercross of heterozygous F1 (TAP1+/TAP1-)
mice aged 8-12 weeks, were used. The genetic characteristics
(homozygous wildtype, heterozygous, and homozygous TAP1-)
were established through genotyping. Mice were bred and
maintained at the Luxembourg Institute of Health’s specific
pathogen-free animal facility. They were fed a standard
maintenance chow and followed a 12-h light dark cycle at 22-
23°C and 45-65% relative humidity.

Cell Preparation
Lungs and spleens were extracted from WT and TAP1-KO mice.
Lungs were incubated in 1.6 ml digestion solution (for 15 ml, 20

mg collagenase II, 10% FBS, 750 U benzonase, 15 pl of 1M
MgCl,, PBS) for one hour at 37°C. Spleens and the digested lungs
were passed through a 40 um cell strainer (Corning) with the
back of a syringe plunger to make a single cell suspension. Red
blood cell lysis was performed by ACK lysing buffer (Gibco'").
Murine T-lymphoma cell lines YAC-1 (ATCC), RMA, and
C4.4.257, the B,m-deficient variant of the EL-4 lymphoma,
were chosen as target cell lines. YAC-1 and RMA were
cultured in suspension with RPMI1640 medium supplemented
with 10% FBS, 1% Pen/Strep, 1 mM HEPES, while C4.4.25" was
cultured in DMEM medium supplemented with 10% FBS, 1%
Pen/Strep, 1 mM HEPES.

Flow Cytometry

The cells were washed twice with PBS buffer containing 1% BSA
(Miltenyi) (FACS bufter) and were proceeded for surface staining by
Fc block anti-mouse CD16/CD32 followed by fluorochrome-
conjugated monoclonal antibodies, incubated at 4°C for 30
minutes, in the dark. Cells were then washed twice (100 ul, 4°C,
300 x g, 10 minutes, FACS buffer), and fixed with Cytofix/Cytoperm
buffer (BD) for 45 minutes. Intracellular staining was performed
after fixation/permeabilization, and staining was done in Perm/
Wash buffer (BD) at 4°C for 30 minutes, in the dark. The samples
were washed again and re-suspended in FACS buffer for further
analysis. The acquisition was done on BD LSR Fortessa' . The
monoclonal antibodies (mAbs) used for phenotypic and functional
analyses are listed in Table 1.

Degranulation Assay

NK cell degranulation towards target cells was tested by co-
culturing them together for four hours at 37°C, in the presence of
GolgiStop protein transport inhibitor (BD). Target cell lines
YAC-1, RMA and C4.4.25 were stained with CellTrace Violet
at 0.5 mM concentration. The NK cells used were cultured in IL-
2 and stimulated with IL-12/IL-15 and IL-12/IL-18 overnight.
The Effector : Target (E:T) ratios were 2:1 and 5:1. The cells were
then stained with mAbs to NKI.1, CD3, Ly49C/I, Ly49I,
NKG2A, intracellular IFNy and the fixable viability dye
according to the staining protocol. The acquisition was done
on BD LSR Fortessa' .

Cytotoxicity

NK cell cytotoxicity towards target cells was tested by co-
culturing them for four hours at 37°C. The NK cells used were
cultured in IL-2 for six days and stimulated with IL-12/IL-15 and
IL-12/IL-18 overnight before co-culture. The tested E:T ratios
were 1:1, 5:1, 10:1, 25:1, 50:1. Target cell lines YAC-1, RMA and
C4.4.25" were stained with CellTrace Violet at 0.5 mM
concentration. At the end of the four hours, TO-PRO-3 (1 uM,
Invitrogen) diluted at 1:1000 was added to each sample. The
aliquots were incubated at room temperature for 15 minutes and
acquired on a NovoCyte Quanteon instrument.

Statistics

Statistical analyses were performed in GraphPad Prism Version
9.3.1 for Windows (GraphPad Software, San Diego, CA, USA).
Data points were plotted in grouped tables and the tests used to
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TABLE 1 | List of antibodies used.

Antibody to Clone
NK1.1 PK136
CcD3 145-2C11
NKG2AB® 16a11
Ly49C and Ly49l 5E6

Ly49l YLI-90
KLRG1 oF1

Qa-1° 6A8.6F10.1A6
CD335 (NKp46) 20A1.4
Qa-2 69H1-9-9
Ly49D 4E5
Ly49G2 4D11
Ly49H 3D10
H-2KP AF6-88.5
Ly49F HBF-719
CD314 (NKG2D) cX5
CD19 1D3

IFNy XMG1.2
TNFo MP6-XT22
CD107a 1D4B
Fixable Viability Stain 780

CD16/CD32 (Mouse BD Fc Block ™) 2.4G2

Format Supplier Identifier
BUV-395 BD Biosciences 564144
BV421 Biolegend 108741
BV510 BD Biosciences 563024
PE-Cyanine7 eBioscience™ 25-0031-82
PerCP-eFluor 710 eBioscience™ 46-5897-82
BV786 BD Biosciences 744032
FITC Thermo Fisher Scientific A15413
BVv421 BD Biosciences 562897
Bv421 BD Biosciences 744385
BVv421 BD Biosciences 562850
FITC eBioscience ™ 11-5096-82
FITC BD Biosciences 555313
FITC BD Biosciences 555315
FITC BD Biosciences 562536
PE Biolegend 116507
PE BD Biosciences 550987
PE Biolegend 130207
PE/Cyanine7 BD Biosciences 552854
BUV737 BD Biosciences 564693
FITC eBioscience™ 11-7321-82
BV711 BD Biosciences 564348

BD Biosciences 565388
unconjugated BD Biosciences 553142

determine the statistical differences were One-way ANOVA
(Tukey’s multiple comparisons test) or Two-way ANOVA
(Dunnett’s or Sidak’s multiple comparisons tests), depending
on the number of animals and parameters in the assay. We used
p < 0.05 as the limit for statistical significance.

RESULTS

Comparative Phenotype of B6 and
TAP1-KO NK Cells

We previously described the phenotype of B6 wildtype NK cells
from spleen and lung, which displays several significant differences
between the two organs. Notably, lung NK cells are more mature
than their splenic counterparts (32). These findings, which were
confirmed by others (33), have, to the best of our knowledge, not yet
been investigated for the TAP1-KO strain. Splenocytes and lung
mononuclear cells were stained with fluorescent antibodies
(Table 1) and NK cells comparatively analyzed by flow
cytometry. Figure 1A represents the gating strategy.

The proportion of NK cells (percentage of living cells that were
CD3-NK1.1+) was almost threefold higher in lung than in spleen,
whereas the absolute numbers were comparable (Figure 1B).

As described earlier for MHC class I-deficient mouse strains
(30, 34), the splenic percentages (and MFI) of NK cells
expressing Ly49C/I (Figure 1C) and NKG2A (Figure 2) were
significantly higher in the TAP1-KO background than in the
wildtype littermates.

In the lung, as previously observed (32) in B6 animals, the
Ly49 IR were down- and the AR also down (Ly49H)-regulated or
unchanged (Ly49D) (Figure 1C), with NKG2A remaining stable,

compared to the spleen (Figure 2). For the TAP1-KO NK cells,
the IR, including NKG2A (Figures 1C, 2), still displayed an
increased frequency of positive cells relative to the B6 wildtype
mice, whereas the AR Ly49D and Ly49H were non significantly
down-modulated.

We then turned to the analysis of the comparative expression
between mice of the AR NKp46 and NKG2D (Figure 2), which are
crucial for the cytotoxic activity of NK cells. The natural cytotoxicity
receptor (NCR) NKp46 was present on almost all NK cells in the
two types of mice and in spleen as well as in lung, with very similar
expression levels per cell (reflected by the MFI), but overall higher
MFI in lung than in spleen. Furthermore, the C-type lectin-type AR
NKG2D showed a trend for lower frequencies and MFI in spleen
and lung (no statistical significance) of TAP1-KO NK cells.
However, the overall percentage of NKG2D+ NK cells was rather
low compared to previous studies (35), which might be related to
the antibody clone used.

Although, as previously described (36), the classical MHC class I
molecule H-2K" was severely down-modulated but not absent from
TAP1-KO cells (Figure 3), the non-polymorphic MHC class I
molecule Qa-2 could not at all be revealed, whereas it was present
on the totality of the NK cells from the B6 littermates (with,
interestingly, a higher MFI in lung than in spleen). Thus, it can
be concluded that this molecule, considered as the mouse equivalent
of the human non-classical class I protein HLA-G (37), is entirely
TAP-dependent and cannot be loaded with TAP-independent
peptides, in contrast to Qa-lb (38).

We made interesting observations by comparing the expression
levels of the MHC class I molecules H-2K®, Qa-2 and Qa-1° in NK
cells of the B6 and TAP-KO strains, after 18 hours of culture of ex
vivo splenocytes in the presence of either IL-2 alone, (IL-2, IL-12, IL-
15), or (IL-2, IL-12, IL-18) (Figure 4). The hypothesis here was that
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FIGURE 1 | Comparison of NK cells from B6 and TAP1-KO littermates in spleen and in lung. (A) Gating strategy used to identify murine NK cells and their subsets.
Representative flow cytometry plots of NK cells derived from mouse lung/spleen gated using the side and forward scatter dot plot display. NK cells were defined as
CD3-NK1.1+ events and were further divided into NK cell subsets based on the expression levels of NKG2A and Ly49C/I. (B) Comparison of NK cell absolute count
and frequency in live cells between wildtype B6 and TAP1-KO littermates derived from lung and spleen. (C) The comparison of some activating (Ly49D, Ly49H) and
inhibitory (Ly49C/I, Ly49G2) members of the Ly49 family in spleen and in lung. Statistical analyses were performed using GraphPad Prism 9.0.0 with an ordinary
two-way ANOVA with Sidak multiple comparisons tests (n=3). *, p<0.05, **, p<0.01, **, p<0.001 and ****, p<0.0001.

maybe these self-molecules would be differentially expressed by the
four subsets defined by the presence or absence of Ly49C/I and
NKG2A. As expected, the former two proteins (H-2K® and Qa-2)
were expressed homogeneously and at high levels in B6 mice,

without major differences in the MFI between the subpopulations.
However, we observed a double peak for H-2K” in the Ly49C/I-
NKG2A+ and Ly49C/I+NKG2A+ NK cells only in the (IL-2, IL-12,
IL-18 condition). Our hypothesis held true in the case of Qa—lb in
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FIGURE 2 | Comparison between expression levels of the natural cytotoxicity receptor NKp46 (AR), the C-type lectin NKG2D (AR) and the IR NKG2A. Statistical analysis was
performed using GraphPad Prism 9.0.0 with an ordinary two-way ANOVA with Sidak multiple comparisons tests (n=3). *, p<0.05, **, p<0.01, **, p<0.001 and ***, p<0.0001.

the B6 strain. Indeed, whereas we found a homogeneous peak
almost superposed to the negative control in the NK cells devoid of
NKG2A, the two NKG2A+ subsets displayed a MFI overall
approximately twice as high and moreover two connected but
separate populations (one “bright” and one “dim”) in the three
cytokine conditions. The significance of this data will have to be
analyzed in further experiments.

Furthermore, while the expression of H-2K” was very low in
TAP1-KO NK cells, again as expected, the effect of IL-12 + IL-18
was still observable even in this MHC class I-deficient context
(Figure 4). Very interestingly, for Qa-1°, the same phenomenon of

the double populations appeared selectively in the NKG2A+ NK
cells of the three mixtures of cytokines. This suggests both in B6
wildtype and in TAP1-KO NK cells, that the observation is linked to
NKG2A rather than to the types of cytokines and/or the MHC class
I molecules themselves.

We concluded our phenotypic investigations with the
senescence and activation marker KLRG1 (Figure 5), better
represented on terminally differentiated NK lymphocytes (39).
KLRG1 was expressed on a significantly reduced NK cell
population of f2m-KO mice of various genetic backgrounds (40),
an observation that we could confirm in the spleens of TAP1-KO
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FIGURE 3 | Expression and frequency of NK cell subsets based on MHC class | molecules H-2K®, Qa-2 and Qa-1° in B6 wildtype and TAP1-KO mice. The NK
cells were derived from lung and spleen, and stained and acquired by flow cytometry without expansion (ex vivo). Statistical analysis was performed using GraphPad
Prism 9.0.0 with an ordinary two-way ANOVA with Sidak multiple comparisons tests (n=3). **, p<0.01 and ****, p<0.0001.
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animals, both in terms of frequency of KLRG1+ cells and of MFL
Interestingly, the percentages of the KLRG1+ NK cells and the MFI
of the receptor showed a strong trend to increase in both types of
mice in the lung compared to the spleen, although TAP1-KO NK
cells still lagged behind wildtype for both of the parameters. Overall,
the data shows that NK cells from TAP1-KO mice are relatively less
senescent and activated compared to their wildtype counterparts.

Differences in Activated NK Cell IFNy
Production According to the Initial
Licensing Status

Next, we wanted to compare the production of the signature
cytokine of NK cells, IFNY, in the four subsets defined by the
presence or absence of the self-specific and educating IR, Ly49C/I
and NKG2A. Theoretically, as outlined above, we expected fewer
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FIGURE 5 | KLRG1 expression levels and frequency measured in murine lung- and spleen-derived NK cells. Statistical analyses were performed using GraphPad
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IFNYy-producing NK cells in the double negative, unlicensed NK cell
fraction, as described by Kim et al. (10). This dataset was
nevertheless established in ex vivo splenocytes stimulated with
plate-bound antibodies. We asked the question if the licensing
features would be maintained after a strong stimulation with the
cytokines IL-2, (IL-2, IL-12, IL-15) and (IL-2, IL-12, IL-18), and
investigated this initially at day 1, i.e. after an overnight activation
(Figure 6A). Here, we found in B6 wildtype NK cells no significant
IFNY production with IL-2 alone, whereas all four subsets defined
by Ly49C/1 and NKG2A produced the cytokine with significant
values around or above 50% for the two NKG2A+ subpopulations
versus approximately 30% to 40% for the NKG2A- ones when
stimulated by the (IL-2, IL-12, IL-15) cocktail. Ly49C/I+ NK cells
contained more IFNy-producers than the double negative subset. In
the presence of (IL-2, IL-12, IL-18), between 80% and 100% of NK
cells produced the cytokine. This observation, at least regarding (IL-
2, IL-12, IL-15), fits with current models for NK cell education,
notably the licensing model (10) and the rheostat model (10-12, 23,
24). The latter predicts higher functional capability of NK cells when
they express more than one self-specific IR. Natural killer cells from
TAP1-KO mice were stimulated under the same conditions.
Whereas again no IFNY production was observed in the presence
of IL-2 alone, the two cytokine cocktails surprisingly induced an
almost similar distribution of the IFNYy-producing NK cells
compared to wildtype mice, with the strongest effect seen in
NKG2A+ cells, followed by Ly49C/I single positives and finally
the double negatives (barely half the values of the NKG2A+ cells). In

principle, as TAP1-KO NK cells cannot be appropriately educated,
one should not observe such a difference in IFNy-producing cells
between the NK subsets but, as even MHC class I- NK cells become
activated under appropriate cytokine stimulation (18), a more
equal distribution.

To get a deeper insight into this topic, we repeated the
experiments by first culturing splenocytes with IL-2 alone for
five days and then, at day 5, adding the same three cytokine
combinations until day 6, when the cells were harvested and
stained (Figure 6B). We then similarly looked at the percentages
of IFNYy+ NK cells in the four subsets defined by the presence or
absence of the IR Ly49C/I and NKG2A.

Opverall, we observed the same results as at day 1, although the
global cytokine production levels were higher in each subset. The
double negative population was still the less proficient in
intracellular IFNy accumulation in the (IL-2, IL-12, IL-15)
condition, whereas the NKG2A+ subsets remained the most
productive ones. With (IL-2, IL-12, IL-18), almost 100% of the
four subpopulations became IFNy+. However, concordant
differences were still observed in the MFI, reflecting in these
cases the quantity of IFNYy per cell and not, as the percentages
parameter, the fraction of NK cells producing the cytokine. Similar
to day 1, we could not observe significant differences between B6
wildtype and TAP1-KO mice, meaning that (i) the wildtype NK
cells maintained to some degree the ex vivo educational profile that
left an imprint even after a very strong cytokine stimulation at
days 1 and 5, and (ii) this imprint was also present in the TAP1-
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KO context, although NK cells are not supposed to be educated
through classical and non-classical MHC class I molecules in this
genetic background (as the expression of these proteins is severely
reduced). Moreover, our data validate the licensing (10) and the
rheostat models (10-12, 23, 24) even in a situation of major NK
cell activation.

Given the previously mentioned fact that the 5E6 antibody
recognizes both Ly49C and Ly491, but that in the B6 wildtype
animals, Ly49C might be masked due to its cis interaction with
H-2K", we also stained the cells with the Ly49I-specific antibody
YLI-90. Here, we found at day O (ex vivo) nicely separated
subpopulations of Ly49I+/- and/or NKG2A+/- NK cells
(Figure 7) in both wildtype and TAP1-KO mice, the latter
displaying a highly increased MFI (155% relative to B6 wildtype)
for Ly49L In contrast, the Ly49C/I versus Ly491I staining revealed a
double positive diagonal population, as observed in flow cytometry
by staining the same molecules or closely related epitopes. Finally,
the percentages of Ly49C/I+ cells versus NKG2A+ events in the

wildtype mice were abnormally low, which could reflect steric
hindrance between 5E6 and YLI-90.

We then repeated the IFNy-producing experiments at day 6 and
measured the level of the cytokine in the Ly49C/I, Ly49I and
NKG2A NK cell subsets compared with the receptor-negative
counterparts. Overall, for Ly49C/I and NKG2A, the data shown
in Figure 6B were confirmed (Figure 8). Interestingly, Ly49I did
not seem to contribute to NK cell licensing, as the Ly491+ subset did
not produce more IFNY than the Ly49I- populations. In contrast,
the Ly49C/I+ NK cells harbored a distinctly higher percentage of
cytokine-producing NK cells than their counterparts negative for IR.
Thus, as this increase cannot stem from Ly491, we consider our
results as evidence for the educational imprint of Ly49C.

Downmodulation of Ly49C/I and Ly49l on
Activated NK Cells at Day 6

When we undertook the phenotyping of the spleens at day 6 for
the purpose of measuring intracellular IFNy production by NK
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FIGURE 7 | (A) Ex vivo staining of CD3-NK1.1+ splenocytes from a wildtype B6 mouse with anti-NKG2AE® (clone16a11), anti-Ly49C/I (clone 5E6), and anti-Ly49l
(clone YLI-90) monoclonal antibodies. (B) Same antibodies used for the staining of splenocytes from a TAP1-KO littermate. One representative experiment out of two
is shown (n=2). Particularly in the wildtype cells, the discrimination of Ly49C/I+ NK cells from the Ly49C/I- population is suboptimal, which might be explained, at
least in part, by a competitive effect of the YLI-90 antibody for epitopes shared with 5EB. In the TAP1-KO mouse, the MFI of Ly49l on NK cells expressing this
receptor is higher than in the B6 wildtype, suggesting that Ly49I, similar to Ly49A and Ly49C for example, tries to adapt to the missing MHC class | molecules
through up-regulation.
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cells, we observed that the percentages of Ly49C/I+ events were
dramatically down-modulated compared with days 0 (ex vivo)
and 1. This phenomenon (also noticed in the case of Ly49I but
not of NKG2A) was significant for each mouse type, either
between day 0 and day 6 (NKG2A-Ly49C/I+) or between day
1 and day 6 (double positive), whereas rather minor and not
systematically significant differences could be seen between day 0
and day 1 (Figure 9). In a mirror image, the percentages of
NKG2A+Ly49C/I- as well as double negative NK cells increased.
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FIGURE 8 | One representative experiment out of two showing the educational impact of Ly49C, but not of Ly49l, at day 6 in cytokine-stimulated NK cells. (A)
Comparison of IFNy production in CD3-NK1.1+ splenocytes activated with IL-2, (IL-2, IL-12, IL-15) and (IL-2, IL-12, IL-18) among the subsets defined by the
presence or absence of Ly49C/I and NKG2A. (B) The same readout for NK cells expressing or not the IR Ly49l and NKG2A. (C) Comparison of the differences in
IFNy production in the NK cell subsets defined by the presence or absence of Ly49C/I and Ly49l. The higher production in the Ly49C/I+ population suggests an
educational impact of Ly49C under our activation conditions, but no or only a very weak influence of Ly49l.

A reduction of Ly49C/I+ NK cells in the context of activated
tumor-infiltrating lymphocytes has been previously described by
Shi et al. (41).

Natural Killer Cell Cytotoxic Activity

Besides cytokine production, natural cytotoxicity against tumor
cells and viral-infected cells is the second major property of NK
cells. In the mouse, the lymphoma cell line YAC-1 is the standard
target, due to its exquisite NK cell sensitivity (42). Another T cell
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lymphoma, RMA, is rather resistant to these cells, whereas C4.4-
257, a B2m-deficient variant of EL4, the parental cell line of RMA
(43), is again susceptible because of the almost absent expression
of MHC class I molecules (44). As the latter two possess the B6
genetic background, they can serve for the determination of the
missing self-recognition by NK cells from B6 origin.

We performed a four-hour cytotoxicity assay in duplicates,
with splenocytes from the two types of mice cultured overnight
with IL-2 alone and with each of the two cytokine cocktails and
evaluated the lysis of the targets YAC-1, RMA and C4.4-25
(Figure 10A). It is known that a relatively short incubation time
with IL-2 is enough to significantly increase natural cytotoxicity
(45), and this was the case in both strains, as YAC-1 was killed at
levels between 50% and nearly 70% at all E/T ratios.
Interestingly, the addition of the other cytokines did not
further level up the cytotoxicity, but even induced a minimal
trend towards a decrease.

RMA cells resisted quite well as described (44) and the residual
level of cytotoxic activity, that became significant at the highest E/T
ratios, was again observed to a comparable degree between the two
types of splenocytes. Furthermore, we demonstrated that B6
wildtype and TAP1-KO NK cells were able to perform missing

self-recognition, as they abundantly killed the MHC class I-deficient
cell line C4.4-25", which lacks the B6 class I molecules H-2D" and
H-2K®, highly expressed by RMA (data not shown). Thus, after
cytokine stimulation, NK cells from TAP1-KO become functional
to the same extent as their wildtype counterparts.

Then, we repeated the cytotoxicity experiments with spleen
and lung NK cells cultured during five days in the presence of IL-
2 and re-stimulated overnight with IL-2 alone (Figure 10B).
Here again, YAC-1 and C4.4-25 were very efficiently lysed by
NK cells from the two strains and of both organs. Lung NK cells
showed a tendency to a stronger killing activity than their splenic
counterparts. RMA cells were significantly susceptible to spleen
and lung NK cells (especially at higher E/T ratios), which might
be related to the longer stimulation time of these effectors
compared with only one day. Importantly, we could not detect
statistically significant differences in the lysis intensity between
B6 and TAP1-KO NK cells, confirming the results obtained at
day 1 with the spleen and extending them at day 6 to the lung.

Natural Killer Cell Degranulation
Degranulation assays consist in the measurement, by flow
cytometry, of the percentage of NK cells expressing the marker
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CD107a at the surface after, for example, incubation with target
cells (46). This molecule is part of the membrane of the NK
cytotoxic granules and accompanies their secretion. It is
considered as a surrogate for the cytolytic activity (46). We
analyzed degranulation of ex vivo spleen and lung NK cells from
the two types of mice (three mice per strain) after overnight
stimulation with the same cell lines and cytokine cocktails used
for the cytotoxicity evaluation in the various quadrants defined
by the presence or absence of Ly49C/I and NKG2A
(Figures 11A, B). Quite surprisingly, there was a significant
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FIGURE 10 | (A) NK cells derived from murine spleen were expanded ovemight in IL-2 and stimulated with IL-2 alone, (IL-2, IL-12, IL-15) or (IL-2, IL-12, IL-18) cytokines
overnight. These cells were then co-cultured with the targets YAC-1, RMA and C4.4-25- for four hours. The cytotoxicity was measured with TO-PRO-3 staining. (B) NK cells
derived from murine spleen and lung were expanded in the presence of IL-2 for 5 days and then restimulated with IL-2 alone overnight. These cells were then co-cultured with
the targets YAC-1, RMA and C4.4-25- for four hours. The cytotoxicity was measured with TO-PRO-3 staining. **, p<0.01, **, p<0.001, ***, p<0.0001.

level of degranulation (CD107a+ NK cells) at baseline, i.e. in the
absence of targets. This background was higher with IL-2 alone
than with the two mixtures of interleukins, but predominantly
among the NKG2A single positive and the double positive NK
cells. The values did not change significantly after addition of the
three target cells but continued to be highest with IL-2 alone.
Furthermore, we observed the same distribution of the
percentages of de-granulating cells than in the experiments
about IFNY production, namely that the most important
fractions of CD107a+ NK cells were reached in the two subsets
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FIGURE 11 | (A) NK cells derived from murine spleen were expanded in the presence of IL-2 for five days and then restimulated with IL-2 alone, or (IL-2, IL-12, IL-

with the targets YAC-1, RMA and C4.4-25- for four hours. The stimulated cells were

investigated for CD107a expression among CD3-NK1.1+ NK cells by flow cytometry staining. The expression levels were divided into four NK cell subsets based on
the presence or absence of NKG2A and Ly49C/I. Statistical analysis was performed using GraphPad Prism 9.0.0 with an ordinary two-way ANOVA with Tukey’s
multiple comparisons tests (n=3). *, p<0.05, **, p<0.01, ***, p<0.001 and ****, p<0.0001. (B) Same experiments, but with NK cells derived from murine lungs.

expressing NKG2A, compared to the Ly49C/I single positive and
the double negative populations. Whereas IL-2 was most efficient
in stimulating spontaneous and target cell-induced CD107a cell
surface mobilization, it came a bit unexpected that the cytokine
cocktails were less active here. In any case, the degranulation
experiments confirmed once more published data about NK cell
licensing and education.

DISCUSSION

In this study, we confirm the initial licensing profile of NK cells
in the B6 wildtype mouse genetic background, corresponding to
the fact that the expression of self-specific IR for autologous (self)
MHC class I molecules educates these cells and renders them
functionally active, although the licensing does not automatically
lead to the activation of the entire population of self-specific IR+
NK cells but only of a fraction of them, in accordance with the
literature (10, 11). The choice of TAP1-KO mice stems from the
fact that their NK cells are usually considered as non-educated
and hypo-reactive (36), in contrast to standard B6 mice, and are
therefore an optimal model for a study about licensing.
However, the phenotype and functions of TAP1-KO NK cells
are not that different from their wildtype counterparts, and in

many knockout models of NK cell receptors or members of
signaling cascades, the surface phenotype remains unaffected.

Our experiments furthermore confirmed the phenotypic
differences between spleen and lung NK cells that we (32), and
others (33), have previously shown. The latter appear as more
mature at least in the mouse (32, 33). This is fully in line with the
current paradigm of NK cell heterogeneity dependent on the
organ that is looked at (47), and so the mere investigation of
peripheral blood NK cells in human and/or splenic NK cells in
the mouse, although they are easily accessible, is to some extent a
limitation. This might have clinical consequences in human
patients, if for example an immunotherapeutic modality
targeting NK cells would have organ-specific effects that could
be either favorable or detrimental depending on the
specific population.

Interestingly, the phenotype of TAP1-KO NK cells was only
minimally different from wildtype, as previously described (36).
However we found that after a strong cytokine-mediated
activation, these cells resembled wildtype NK cells in terms of
licensing. Indeed, the level of autologous MHC class I molecules
being very low in their cellular environment, they are
hyporeactive ex vivo and can in principle not be educated.
Nevertheless, after stimulation with (IL-2, IL-12, IL-15) or (IL-
2, IL-12, IL-18), they become significantly active in terms of
cytokine production and cytotoxicity. What was really surprising
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was the observation that, although the four NK cell subsets
defined by the presence or absence of the self-specific IR were
significantly active regarding IFNy production, which was largely
expected in the wildtype mice, the initial education profile was to
some extent conserved at day 6, and moreover, also present and
clearly identifiable in the TAP1-KO NK cells. Thus, there must
be molecular processes that can license these cells independently
of MHC class I molecules and on the other hand are likely related
to them, as the differences are defined by the presence or absence
of Ly49C/I and NKG2A.

The phenotypic analysis of the NK cells from the two strains
revealed some interesting differences, which might be worth
investigating in more detail and with more fluorochromes for
flow cytometry and/or an investigation by mass cytometry. We
were particularly impressed by the total absence of staining of
TAP1-KO cells by the anti-Qa2 antibody, revealing the complete
dependence of this non-classical HLA class I molecule on a
functional TAP.

The downmodulation of Ly49C/I, whereas NKG2A
expression was spared, has previously been described by Shi
etal. (41). These authors envisaged several possibilities to explain
the observation, namely receptor down-modulation
(internalization?), contraction of the subset or relative
expansion of the Ly49C/I- NK cells, to finally suggest after an
experimental approach that the most likely explanation might be
receptor shedding from the cell surface. In any case, the
phenomenon could be reproduced after cytokine-mediated
stimulation of NK cells as an incidental finding in our study. If
the reason behind it was receptor internalization after prolonged
contact with cognate MHC class I ligands in the cell culture
system, it would most likely not have been observed in TAP1-KO
mice. Comparative evaluation of the proliferation of Ly49C/I-
compared with Ly49C/I+ NK cells, and the amount of soluble
Ly49C/I in the supernatant of strongly activated versus less
activated splenocyte cultures could be interesting perspectives
for future experiments. Likewise, Korten et al. reported a
reduction in the percentages of Ly49C+, Ly49G2+ and Ly49A+
NK cells in helminth infection, in the context of a global NK cell
expansion (48). However, these observations stem from the Balb/
¢ mouse strain, which carries another genetic background and
other polymorphic forms of the Ly49 family. Tay et al. showed
that in murine cytomegalovirus infection, the percentage of
Ly49C+ NK cells declines in the spleen but not in the
peritoneal exudate, a phenomenon that is not present in
lymphocytic choriomeningitis virus (LCMV) infection (49).
Other aspects of Ly49C/I receptors are their presence on
memory NK cells and their peptide sensitivity (recognition of
the peptide presented by the cognate MHC class I molecules), as
reviewed by Wight et al. (50). One might hypothesize that the
loss of Ly49C/I by activated NK cells renders these effectors more
efficient against targets expressing classical MHC class I ligands.
After cytokine-mediated stimulation however, the most efficient
activation resides in the NKG2A-expressing subsets, which seem
to educate NK cells “better” than Ly49C/I. Finally, Ly49C also
interacts with its ligand in cis, i.e. in the plane of the same cell

membrane (51, 52), which corresponds in fact to the
physiological situation. This phenomenon, initially described
for Ly49A, has important consequences for the education and
function of NK cells (26).

Despite their biological immune suppression (low number of
CD8+ T cells, hypo-reactive NK cells), TAP1-KO mice display
no clinical phenotype, if they live in a specific pathogen free or a
“dirty” animal facility. Moreover, their short life span and the
normal humoral immune response, as well as the possibility of
activating their NK cells in an infectious context, might
contribute to the explanation. In addition and importantly,
Barbet et al. recently described that a “non-canonical” way of
cross-presentation by TAP-deficient dendritic cells allows the
stimulation of CD8+ T cells (53). This is in sharp contrast to
human TAP deficiency, a very rare autosomal recessive disease
(around 40 cases described in the literature) characterized by
repeated bacterial infections of the respiratory tract,
bronchiectasis, deep skin ulcers and a granulomatous
destruction of the nasal cartilage ending up in a clinical picture
resembling NK/T cell lymphoma, nasal type (lethal midline
granuloma) (54). These patients usually reach early adulthood
but have a low quality of life. Their NK cells are hypo-reactive ex
vivo as in the mouse, but they become strongly activated after
cytokine stimulation (IL-2). They present aroused NK cells
within the skin lesions, so that we cannot exclude that the
former contributes to the pathophysiology of the disease (13,
14, 18). A mouse model mimicking skin ulcers and/or bacterial
respiratory infections would be necessary to address these
questions in-depth.

Overall, we confirm the licensing (an IR on the NK cell must
interact with an autologous MHC class I molecule) and the
rheostat (the more IR there are on a NK cell, the better it is
educated - quantitative aspect) models that surprisingly also
seem to apply to the TAP1-KO NK cells, whereas this is
theoretically not possible. The only explanation would be that
Qa-1" might educate the cells, as its expression is possible with
TAP-independent peptides (55). An argument for this possibility
could be that the NKG2A+ NK cell subsets react stronger than
the NKG2A- ones, at least in the case of the parameters we
investigated. An interesting observation is the loss of Ly49C/I,
that could indicate, if similar observations would be made for
human KIR and/or NKG2A, the possibility of selecting subsets
with lower percentages of IR+ NK cells. This would in turn
optimize adoptive NK cell therapies, because the majority of the
cells would be free from inhibition by the host’'s MHC class I
molecules and therefore, at least in theory, be more effective than
a bulk population in eradicating tumors or infections.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 818015


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Patil et al.

Education in Activated NK Cells

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Welfare Structure of the Luxembourg Institute of Health and by
the Ministry of Health, Luxembourg.

AUTHOR CONTRIBUTIONS

NP, CM, MauT, OS, CNAA and MarT performed experiments
and analyzed data. CS-D and HS gave critical input to the study.

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

Bal SM, Golebski K, Spits H. Plasticity of Innate Lymphoid Cell Subsets. Nat
Rev Immunol (2020) 20(9):552-65. doi: 10.1038/s41577-020-0282-9
Duesberg U, Schneiders AM, Flieger D, Inchauspe G, Sauerbruch T, Spengler
U. Natural Cytotoxicity and Antibody-Dependent Cellular Cytotoxicity
(ADCC) is Not Impaired in Patients Suffering From Chronic Hepatitis C.
J Hepatol (2001) 35(5):650-7. doi: 10.1016/s0168-8278(01)00194-5

. Demaria O, Cornen S, Daeron M, Morel Y, Medzhitov R, Vivier E.

Harnessing Innate Immunity in Cancer Therapy. Nature (2019) 574
(7776):45-56. doi: 10.1038/s41586-019-1593-5

. Lin CY, Gobius I, Souza-Fonseca-Guimaraes F. Natural Killer Cell

Engineering - a New Hope for Cancer Immunotherapy. Semin Hematol
(2020) 57(4):194-200. doi: 10.1053/j.seminhematol.2020.10.002

. Yilmaz A, Cui H, Caligiuri MA, Yu J. Chimeric Antigen Receptor-Engineered

Natural Killer Cells for Cancer Immunotherapy. ] Hematol Oncol (2020) 13
(1):168. doi: 10.1186/s13045-020-00998-9

. Pitabut N, Dhepakson P, Sakurada S, Keicho N, Khusmith S. Coordinated In

Vitro Release of Granulysin, Perforin and IFN-Gamma in TB and HIV/TB
Co-Infection Associated With Clinical Outcomes Before and After Anti-TB
Treatment. Pathogens (2020) 9(8):655. doi: 10.3390/pathogens9080655

. Lanier LL. NK Cell Receptors. Annu Rev Immunol (1998) 16:359-93.

doi: 10.1146/annurev.immunol.16.1.359

. Ljunggren HG, Karre K. In Search of the 'Missing Self: MHC Molecules and

NK Cell Recognition. Immunol Today (1990) 11(7):237-44. doi: 10.1016/
0167-5699(90)90097-s

. Karre K. Natural Killer Cell Recognition of Missing Self. Nat Immunol (2008)

9(5):477-80. doi: 10.1038/ni0508-477

Kim S, Poursine-Laurent J, Truscott SM, Lybarger L, Song Y], Yang L, et al.
Licensing of Natural Killer Cells by Host Major Histocompatibility Complex
Class I Molecules. Nature (2005) 436(7051):709-13. doi: 10.1038/nature03847
He Y, Tian Z. NK Cell Education via Nonclassical MHC and non-MHC
Ligands. Cell Mol Immunol (2017) 14(4):321-30. doi: 10.1038/cmi.2016.26
Perera Molligoda Arachchige AS. Human NK Cells: From Development to
Effector Functions. Innate Immun (2021) 27(3):212-29. doi: 10.1177/
17534259211001512

de la Salle H, Hanau D, Fricker D, Urlacher A, Kelly A, Salamero J, et al.
Homozygous Human TAP Peptide Transporter Mutation in HLA Class I
Deficiency. Science (1994) 265(5169):237-41. doi: 10.1126/science.7517574
Moins-Teisserenc HT, Gadola SD, Cella M, Dunbar PR, Exley A, Blake N,
et al. Association of a Syndrome Resembling Wegener's Granulomatosis With
Low Surface Expression of HLA Class-I Molecules. Lancet (1999) 354
(9190):1598-603. doi: 10.1016/s0140-6736(99)04206-3

Ardeniz O, Unger S, Onay H, Ammann S, Keck C, Cianga C, et al. Beta2-
Microglobulin Deficiency Causes a Complex Immunodeficiency of the Innate
and Adaptive Immune System. ] Allergy Clin Immunol (2015) 136(2):392-401.
doi: 10.1016/j.jaci.2014.12.1937

Salcedo M, Andersson M, Lemieux S, Van Kaer L, Chambers BJ, Ljunggren HG.
Fine Tuning of Natural Killer Cell Specificity and Maintenance of Self Tolerance
in MHC Class I-Deficient Mice. Eur J Immunol (1998) 28(4):1315-21.
doi: 10.1002/(SICI)1521-4141(199804)28:04<1315::AID-IMMU1315>3.0.CO;2-2

MO and JZ conceived and supervised the work. NP and JZ wrote
the paper. All authors edited the paper and agreed with the
final version.

FUNDING

Salary of the PhD student (NDP): Fonds National de la Recherche
Luxembourg, FNR PRIDE/11012546/NEXTIMMUNE. Other
funding: Ministry of Higher Education and Research, Luxembourg.

17.

18.

19.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

Elliott JM, Wahle JA, Yokoyama WM. MHC Class I-Deficient Natural Killer Cells
Acquire a Licensed Phenotype After Transfer Into an MHC Class I-Sufficient
Environment. ] Exp Med (2010) 207(10):2073-9. doi: 10.1084/jem.20100986
Zimmer ], Donato L, Hanau D, Cazenave JP, Tongio MM, Moretta A, et al.
Activity and Phenotype of Natural Killer Cells in Peptide Transporter (TAP)-
Deficient Patients (Type I Bare Lymphocyte Syndrome). ] Exp Med (1998) 187
(1):117-22. doi: 10.1084/jem.187.1.117

Zimmer J, Donato L, Hanau D, Cazenave JP, Moretta A, Tongio MM, et al.
Inefficient Protection of Human TAP-Deficient Fibroblasts From Autologous
NK Cell-Mediated Lysis by Cytokines Inducing HLA Class I Expression. Eur J
Immunol (1999) 29(4):1286-91. doi: 10.1002/(SICI)1521-4141(199904)
29:04<1286:AID-IMMU1286>3.0.CO;2-L

Vitale M, Zimmer ], Castriconi R, Hanau D, Donato L, Bottino C, et al.
Analysis of Natural Killer Cells in TAP2-Deficient Patients: Expression of
Functional Triggering Receptors and Evidence for the Existence of Inhibitory
Receptor(s) That Prevent Lysis of Normal Autologous Cells. Blood (2002) 99
(5):1723-9. doi: 10.1182/blood.v99.5.1723

Raulet D. H. (2006). Missing Self Recognition and Self Tolerance of Natural Killer
(NK) cells. Sermin Immunol 18(3):145-50. doi: 10.1016/j.smim.2006.03.003
Joncker NT, Raulet DH (2008). Regulation of NK Cell Responsiveness to
Achieve Self-Tolerance and Maximal Responses to Diseased Target Cells.
Immunol Rev 224:85-97. doi: 10.1111/j.1600-065X.2008.00658.x

Brodin P, Karre K, Hoglund P. NK Cell Education: Not an on-Off Switch But a
Tunable Rheostat. Trends Immunol (2009) 30(4):143-9. doi: 10.1016/
j-it.2009.01.006

Joncker NT, Fernandez NC, Treiner E, Vivier E, Raulet DH. NK Cell
Responsiveness is Tuned Commensurate With the Number of Inhibitory
Receptors for Self-MHC Class I: The Rheostat Model. ] Immunol (2009) 182
(8):4572-80. doi: 10.4049/jimmunol.0803900

. Zimmer J., V. Ioannidis, W. Held (2001). H-2D Ligand Expression by Ly49A+

Natural Killer (NK) Cells Precludes Ligand Uptake from Environmental Cells:
Implications for NK Cell Function. ] Exp Med 194(10):1531-39. doi: 10.1084/
jem.194.10.1531

Doucey MA, Scarpellino L, Zimmer J, Guillaume P, Luescher IF, Bron C, et al.
Cis Association of Ly49A With MHC Class I Restricts Natural Killer Cell
Inhibition. Nat Immunol (2004) 5(3):328-36. doi: 10.1038/ni1043

Goodridge JP, Jacobs B, Saetersmoen ML, Clement D, Hammer Q, Clancy T, et al.
Remodeling of Secretory Lysosomes During Education Tunes Functional Potential
in NK Cells. Nat Commun (2019) 10(1):514. doi: 10.1038/s41467-019-08384-x
Boudreau JE, Liu XR, Zhao Z, Zhang A, Shultz LD, Greiner DL, et al. Cell-
Extrinsic MHC Class I Molecule Engagement Augments Human NK Cell
Education Programmed by Cell-Intrinsic MHC Class 1. Immunity (2016) 45
(2):280-91. doi: 10.1016/j.immuni.2016.07.005

Anderson SK, Ortaldo JR, McVicar DW. The Ever-Expanding Ly49 Gene
Family: Repertoire and Signaling. Immunol Rev (2001) 181:79-89.
doi: 10.1034/j.1600-065x.2001.1810106.x

Zhang X, Feng ], Chen S, Yang H, Dong Z. Synergized Regulation of NK Cell
Education by NKG2A and Specific Ly49 Family Members. Nat Commun
(2019) 10(1):5010. doi: 10.1038/s41467-019-13032-5

Brennan J, Lemieux S, Freeman JD, Mager DL, Takei F. (1996). Heterogeneity
among Ly-49C Natural Killer (NK) Cells: Characterization of Highly Related

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 818015


https://doi.org/10.1038/s41577-020-0282-9
https://doi.org/10.1016/s0168-8278(01)00194-5
https://doi.org/10.1038/s41586-019-1593-5
https://doi.org/10.1053/j.seminhematol.2020.10.002
https://doi.org/10.1186/s13045-020-00998-9
https://doi.org/10.3390/pathogens9080655
https://doi.org/10.1146/annurev.immunol.16.1.359
https://doi.org/10.1016/0167-5699(90)90097-s
https://doi.org/10.1016/0167-5699(90)90097-s
https://doi.org/10.1038/ni0508-477
https://doi.org/10.1038/nature03847
https://doi.org/10.1038/cmi.2016.26
https://doi.org/10.1177/17534259211001512
https://doi.org/10.1177/17534259211001512
https://doi.org/10.1126/science.7517574
https://doi.org/10.1016/s0140-6736(99)04206-3
https://doi.org/10.1016/j.jaci.2014.12.1937
https://doi.org/10.1002/(SICI)1521-4141(199804)28:04%3C1315::AID-IMMU1315%3E3.0.CO;2-2
https://doi.org/10.1084/jem.20100986
https://doi.org/10.1084/jem.187.1.117
https://doi.org/10.1002/(SICI)1521-4141(199904)29:04%3C1286::AID-IMMU1286%3E3.0.CO;2-L
https://doi.org/10.1002/(SICI)1521-4141(199904)29:04%3C1286::AID-IMMU1286%3E3.0.CO;2-L
https://doi.org/10.1182/blood.v99.5.1723
https://doi.org/10.1016/j.smim.2006.03.003
https://doi.org/10.1111/j.1600-065X.2008.00658.x
https://doi.org/10.1016/j.it.2009.01.006
https://doi.org/10.1016/j.it.2009.01.006
https://doi.org/10.4049/jimmunol.0803900
https://doi.org/10.1084/jem.194.10.1531
https://doi.org/10.1084/jem.194.10.1531
https://doi.org/10.1038/ni1043
https://doi.org/10.1038/s41467-019-08384-x
https://doi.org/10.1016/j.immuni.2016.07.005
https://doi.org/10.1034/j.1600-065x.2001.1810106.x
https://doi.org/10.1038/s41467-019-13032-5
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Patil et al.

Education in Activated NK Cells

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Receptors with Differing Functions and Expression Patterns. ] Exp Med 184
(6):2085-90. doi: 10.1084/jem.184.6.2085

Michel T, Poli A, Domingues O, Mauffray M, Theresine M, Brons NH, et al.
Mouse Lung and Spleen Natural Killer Cells Have Phenotypic and Functional
Differences, in Part Influenced by Macrophages. PloS One (2012) 7(12):
€51230. doi: 10.1371/journal.pone.0051230

Wang J, Li F, Zheng M, Sun R, Wei H, Tian Z. Lung Natural Killer Cells in
Mice: Phenotype and Response to Respiratory Infection. Immunology (2012)
137(1):37-47. doi: 10.1111/j.1365-2567.2012.03607.x

Salcedo M, Diehl AD, Olsson-Alheim MY, Sundback J, Van Kaer L, Karre
K, et al. Altered Expression of Ly49 Inhibitory Receptors on Natural Killer
Cells From MHC Class I-Deficient Mice. J Immunol (1997) 158
(7):3174-80.

Zafirova B, Mandaric S, Antulov R, Krmpotic A, Jonsson H, Yokoyama WM,
et al. (2009). Altered NK Cell Development and Enhanced NK Cell-Mediated
Resistance to Mouse Cytomegalovirus in NKG2D-Deficient Mice. Immunity
(2008) 31(2):270-82. doi: 10.1016/j.immuni.2009.06.017

Ljunggren HG, Van Kaer L, Ploegh HL, Tonegawa S. Altered Natural Killer
Cell Repertoire in Tap-1 Mutant Mice. Proc Natl Acad Sci U S A (1994) 91
(14):6520-4. doi: 10.1073/pnas.91.14.6520

da Silva IL, Montero-Montero L, Ferreira E, Quintanilla M. New Insights Into
the Role of Qa-2 and HLA-G Non-Classical MHC-I Complexes in
Malignancy. Front Immunol (2018) 9:2894. doi: 10.3389/fimmu.2018.02894
Tompkins SM, Kraft JR, Dao CT, Soloski MJ, Jensen PE. Transporters
Associated With Antigen Processing (TAP)-Independent Presentation of
Soluble Insulin to Alpha/Beta T Cells by the Class Ib Gene Product, Qa-1
(B). J Exp Med (1998) 188(5):961-71. doi: 10.1084/jem.188.5.961
Huntington ND, Tabarias H, Fairfax K, Brady J, Hayakawa Y, Degli-Esposti
MA, et al. NK Cell Maturation and Peripheral Homeostasis is Associated With
KLRG1 Up-Regulation. ] Immunol (2007) 178(8):4764-70. doi: 10.4049/
jimmunol.178.8.4764

Corral L, Hanke T, Vance RE, Cado D, Raulet DH. NK Cell Expression of the
Killer Cell Lectin-Like Receptor G1 (KLRG1), the Mouse Homolog of MAFA,
is Modulated by MHC Class I Molecules. Eur ] Immunol (2000) 30(3):920-30.
doi: 10.1002/1521-4141(200003)30:3<920::AID-IMMU920>3.0.CO;2-P

Shi L, Li K, Guo Y, Banerjee A, Wang Q, Lorenz UM, et al. Modulation of
NKG2D, NKp46, and Ly49C/I Facilitates Natural Killer Cell-Mediated
Control of Lung Cancer. Proc Natl Acad Sci U S A (2018) 115(46):11808-
13. doi: 10.1073/pnas.1804931115

Petersson M, Charo J, Salazar-Onfray F, Noftz G, Mohaupt M, Qin Z, et al.
Constitutive IL-10 Production Accounts for the High NK Sensitivity, Low
MHC Class I Expression, and Poor Transporter Associated With Antigen
Processing (TAP)-1/2 Function in the Prototype NK Target YAC-1.
J Immunol (1998) 161(5):2099-105.

Gays F, Unnikrishnan M, Shrestha S, Fraser KP, Brown AR, Tristram CM,
et al. The Mouse Tumor Cell Lines EL4 and RMA Display Mosaic Expression
of NK-Related and Certain Other Surface Molecules and Appear to Have a
Common Origin. ] Immunol (2000) 164(10):5094-102. doi: 10.4049/
jimmunol.164.10.5094

Chambers BJ, Salcedo M, Ljunggren HG. Triggering of Natural Killer Cells by
the Costimulatory Molecule CD80 (B7-1). Immunity (1996) 5(4):311-7.
doi: 10.1016/s1074-7613(00)80257-5

Rosenstein M, Yron I, Kaufmann Y, Rosenberg SA. Lymphokine-Activated
Killer Cells: Lysis of Fresh Syngeneic Natural Killer-Resistant Murine Tumor

Cells by Lymphocytes Cultured in Interleukin 2. Cancer Res (1984) 44
(5):1946-53.

Alter G, Malenfant JM, Altfeld M. CD107a as a Functional Marker for the
Identification of Natural Killer Cell Activity. ] Immunol Methods (2004) 294
(1-2):15-22. doi: 10.1016/j.jim.2004.08.008

Dogra P, Rancan C, Ma W, Toth M, Senda T, Carpenter DJ, et al. Tissue
Determinants of Human NK Cell Development, Function, and Residence. Cell
(2020) 180(4):749-763 €713. doi: 10.1016/j.cell.2020.01.022

Korten S, Volkmann L, Saeftel M, Fischer K, Taniguchi M, Fleischer B, et al.
Expansion of NK Cells With Reduction of Their Inhibitory Ly-49a, Ly-49C,
and Ly-49G2 Receptor-Expressing Subsets in a Murine Helminth Infection:
Contribution to Parasite Control. ] Immunol (2002) 168(10):5199-206.
doi: 10.4049/jimmunol.168.10.5199

Tay CH, Yu LY, Kumar V, Mason L, Ortaldo JR, Welsh RM. The Role of LY49
NK Cell Subsets in the Regulation of Murine Cytomegalovirus Infections.
J Immunol (1999) 162(2):718-26.

Wight A, Parsons BD, Rahim MMA, Makrigiannis AP. A Central Role for
Ly49 Receptors in NK Cell Memory. ] Immunol (2020) 204(11):2867-75.
doi: 10.4049/jimmunol.2000196

Forbes CA, Scalzo AA, Degli-Esposti MA, Coudert JD. Ly49C-Dependent Control
of MCMYV Infection by NK Cells is Cis-Regulated by MHC Class I Molecules. PloS
Pathog (2014) 10(5):¢1004161. doi: 10.1371/journal.ppat.1004161

Forbes CA, Scalzo AA, Degli-Esposti MA, Coudert JD. Ly49C Impairs NK
Cell Memory in Mouse Cytomegalovirus Infection. J Immunol (2016) 197
(1):128-40. doi: 10.4049/jimmunol.1600199

Barbet G, Nair-Gupta P, Schotsaert M, Yeung ST, Moretti J, Seyfter F, et al.
TAP Dysfunction in Dendritic Cells Enables Noncanonical Cross-
Presentation for T Cell Priming. Nat Immunol (2021) 22(4):497-509.
doi: 10.1038/541590-021-00903-7

Zimmer J, Andres E, Donato L, Hanau D, Hentges F, de la Salle H. Clinical
and Immunological Aspects of HLA Class I Deficiency. Q/M (2005) 98
(10):719-27. doi: 10.1093/qjmed/hcil12

Doorduijn EM, Sluijter M, Querido BJ, Seidel UJE, Oliveira CC, van der Burg
SH, et al. T Cells Engaging the Conserved MHC Class Ib Molecule Qa-1(B)
With TAP-Independent Peptides Are Semi-Invariant Lymphocytes. Front
Immunol (2018) 9:60. doi: 10.3389/fimmu.2018.00060

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Patil, Domingues, Masquelier, Theresine, Schlienger, Njinju Amin
Asaba, Thomas, Seguin-Devaux, Slevogt, Ollert and Zimmer. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 818015


https://doi.org/10.1084/jem.184.6.2085
https://doi.org/10.1371/journal.pone.0051230
https://doi.org/10.1111/j.1365-2567.2012.03607.x
https://doi.org/10.1016/j.immuni.2009.06.017
https://doi.org/10.1073/pnas.91.14.6520
https://doi.org/10.3389/fimmu.2018.02894
https://doi.org/10.1084/jem.188.5.961
https://doi.org/10.4049/jimmunol.178.8.4764
https://doi.org/10.4049/jimmunol.178.8.4764
https://doi.org/10.1002/1521-4141(200003)30:3%3C920::AID-IMMU920%3E3.0.CO;2-P
https://doi.org/10.1073/pnas.1804931115
https://doi.org/10.4049/jimmunol.164.10.5094
https://doi.org/10.4049/jimmunol.164.10.5094
https://doi.org/10.1016/s1074-7613(00)80257-5
https://doi.org/10.1016/j.jim.2004.08.008
https://doi.org/10.1016/j.cell.2020.01.022
https://doi.org/10.4049/jimmunol.168.10.5199
https://doi.org/10.4049/jimmunol.2000196
https://doi.org/10.1371/journal.ppat.1004161
https://doi.org/10.4049/jimmunol.1600199
https://doi.org/10.1038/s41590-021-00903-7
https://doi.org/10.1093/qjmed/hci112
https://doi.org/10.3389/fimmu.2018.00060
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Imprint of Initial Education and Loss of Ly49C/I in Activated Natural Killer Cells of TAP1-KO and C57BL/6 Wildtype Mice
	Introduction
	Material and Methods
	Ethical Statement
	Mice
	Cell Preparation
	Flow Cytometry
	Degranulation Assay
	Cytotoxicity
	Statistics

	Results
	Comparative Phenotype of B6 and TAP1-KO NK Cells
	Differences in Activated NK Cell IFN&gamma; Production According to the Initial Licensing Status
	Downmodulation of Ly49C/I and Ly49I on Activated NK Cells at Day 6
	Natural Killer Cell Cytotoxic Activity
	Natural Killer Cell Degranulation

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


