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ABSTRACT

Natural killer (NK) cells are an important component of anti-cancer immunity, and their activity is
regulated by an array of activating and inhibitory receptors. In mice, the inhibitory NKR-P1B receptor is
expressed in NK cells and recognizes the C-type lectin-related protein-b (Clr-b) ligand. NKR-P1B:Clr-b
interactions represent a ‘missing-self’ recognition system to monitor cellular levels of Clr-b on healthy
and diseased cells. Here, we report an important role for NKR-P1B:Clr-b interactions in tumor immu-
nosurveillance in MMTV-PyVT mice, which develop spontaneous mammary tumors. MMTV-PyVT mice
on NKR-P1B-deficient genetic background developed mammary tumors earlier than on wild-type (WT)
background. A greater proportion of tumor-infiltrating NK cells downregulate expression of the
transcription factor Eomesodermin (EOMES) in NKR-P1B-deficient mice compared to WT mice.
Tumor-infiltrating NK cells also downregulated CD49b expression but gain CD49a expression and
exhibit effector functions, such as granzyme B upregulation and proliferation in mammary tumors.
However, unlike the EOMES™ NK cells, the EOMES™ NK cell subset is unable to respond to further in
vitro stimulation and exhibits phenotypic alterations associated with immune dysfunction. These
alterations included increased expression of PD-1, LAG-3, and TIGIT and decreased expression of
NKp46, Ly49C/l, CD11b, and KLRG-1. Furthermore, tumor-infiltrating NKR-P1B-deficient NK cells exhib-
ited an elevated dysfunctional immune phenotype compared to WT NK cells. These findings demon-
strate that the NKR-P1B receptor plays an important role in mammary tumor surveillance by regulating
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anti-cancer immune responses and functional homeostasis in NK cells.

Introduction

NK cells are the third major lymphocyte population after B and
T cells. They make up 5-15% of lymphocyte populations in
blood and peripheral lymphoid tissues in humans and mice."
NK cells are classified as innate lymphoid cells due to their
rapid response without prior antigenic exposure and their lack
of antigen-specific receptors. However, NK cells have been
shown to possess some degree of antigen specificity and adap-
tive memory-like functions.” * The mechanisms of these adap-
tive functions in NK cells are not known. The target cells for
NK cells include pathogen-infected cells, damaged or stressed
cells, and transformed malignant cells. NK cells play an impor-
tant role in anti-cancer immune responses by mediating direct
killing of cancer cells and by modulating the activity of other
immune cells via production of cytokines, including interferon
y (IFNy) and tumor necrosis factor a (TNE-a).! Deficiencies in
NK cell functions is associated with increased susceptibility to
cancer in humans.””’ Similarly, depletion of NK cells and
genetic manipulations that disrupt NK cell functions in mice
increase tumorigenesis,*’ demonstrating that NK cells are an
essential component of anti-cancer immunity in both humans
and mice.

The function of NK cells is regulated by an array of activat-
ing and inhibitory cell surface receptors.'® Integration of sig-
nals from these receptors interacting with their ligands
expressed on target cells determines the outcome of NK cell
activity. Increased interactions involving activating receptors
and their ligands result in NK cell activation and target cell
killing, while interactions involving inhibitory receptors and
their ligands result in the suppression of NK cell activation.'!
Known ligands for activating receptors include viral proteins,
such as m157 and m12 proteins of the mouse cytomegalovirus
(MCMV)'#12 and selt-MHC-like proteins, such as MICA and
MICB in humans'* and Rael in mice,'” which are upregulated
in cells undergoing neoplastic transformation and genotoxic
stress.'® The ligands for inhibitory NK cell receptors include
self proteins, such as class I major histocompatibility (MHC-I)
molecules, which are expressed at high levels in normal healthy
cells."” Inhibitory ligands are often downregulated in diseased
cells, which can trigger NK cell activation in a process called
the ‘missing-self’ response.'®

Among the NK cell receptors, the NKR-P1 receptor family
is unique in that these receptors are C-type lectin proteins
conserved in multiple species and recognize non-MHC ligands
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belonging to the C-type lectin-related (Clr) family of proteins.”
1929 Genes encoding for NKR-P1 receptors and Clr ligands are
genetically linked to the NK gene complex (NKC). In mice, five
expressed members of the NKR-P1 receptors (NKR-P1A, B, C,
F, and G), and seven members of the Clr proteins (Clr-a, b, ¢, d,
f, g, and h) have been report<—’:d.21"23 The known interactions
between NKR-P1 and Clr proteins include NKR-P1B:Clr-b;
NKR-P1F:Clr-c/d/g; and NKR-P1G:Clr-d/f/g.**"*” In C57BL/
6 mice, NKR-P1B is an inhibitory receptor expressed on
approximately 60% of the splenic NK cells.”®** Its ligand,
Clr-b, is broadly expressed in hematopoietic cells, but its
expression is often downregulated in tumor cell lines and in
cells undergoing genotoxic and cellular stress in vitro.**°
NKR-P1B:Clr-b interactions represent a ‘missing-self’ recogni-
tion system to monitor cellular levels of Clr-b. NKR-P1B:Clr-b
interactions are also involved in cancer immunosurveillance by
NK cells and in cancer immunoevasion. Genetic deficiency of
NKR-P1B in mice was found to delay development of B cell
lymphoma, which expresses Clr-b at high levels.””

Alterations in NK cell phenotype and functions have been
noted in multiple cancers. T-box transcription factors,
Eomesodermin (EOMES) and T-bet, play important roles
in NK cell development, maturation, and function. Both
transcription factors are expressed in NK cells.*' > EOMES
regulates expression of CD122, the -chain of IL-2 and IL-15
receptors, which is required for IL-15 signaling and NK cell
development.”” Genetic deficiency of EOMES in hemato-
poietic cells results in impaired NK cell development, while
T-bet deficiency results in reduced numbers of NK cells in
the peripheral organs, which exhibit an immature
phenotype.’’>* EOMES and T-bet appear to function in a
stage-specific manner during NK cell development, with
EOMES being essential during the early immature stages
and T-bet in more mature NK cells.”>*®* EOMES and T-bet
expression are upregulated when NK cells are stimulated
with IL-12, IL-15, and IL-18, and correlates positively with
IFNy production.’”***” Downregulation of EOMES and T-
bet expression, accompanied by molecular signatures of
immune exhaustion, such as downregulation of activating
receptors, upregulation of inhibitory receptors, and expres-
sion of programmed cell death protein 1 (PD-1), T cell
immunoglobulin, and ITIM domain protein (TIGIT), and
lymphocyte-activation gene 3 (LAG-3) has been shown in
various cancer models. As well, exhausted NK cells have a
reduced capacity to produce IFNy, perform cytotoxic activ-
ity, and fail to control tumor growth.”” *® NK cells may also
be induced to convert to type 1 innate lymphoid cells in the
tumor microenvironment, which have reduced capacity for
tumor immunosurveillance.*’

Immune dysfunction is an established phenomenon that
occurs in the tumor microenvironment, which has been exten-
sively studied in T cells. Antigen-specific T cells progressively
differentiate into distinct dysfunctional states in tumors. Early
during tumorigenesis, T cells receive suboptimal activation and
co-stimulatory signals in a non-inflammatory environment
resulting in an anergy-like dysfunctional state characterized
by cell surface expression of PD-1 and LAG-3.**>° As tumors
progress, T cells receive continual antigenic stimulation, lead-
ing to an exhausted dysfunctional state characterized by the

expression of inhibitory receptors CD38, CD39, CD101, and T-
cell immunoglobulin domain and mucin domain 3 (TIM3), in
addition to PD-1 and LAG-3.>'"> While T cells in the early
dysfunctional state can regain effector function when removed
from the tumors, the late dysfunctional state appears to be
irreversible in T cells. Progression to dysfunctional states is
likely driven by multifaceted immunosuppressive mechanisms
in the tumor microenvironment. Unlike T cells, there are no
established phenotypic markers to distinguish various dysfunc-
tional states of NK cells. Moreover, the mechanisms leading to
NK cell dysfunction in the tumor microenvironment are not
fully understood.

In the present study, we have used the MMTV-PyVT
mouse model of breast cancer with a genetic ablation of
the gene encoding for the inhibitory NKR-P1B receptors to
study the role of NKR-P1B:Clr-b interactions in mammary
tumor immunosurveillance. We demonstrate that NKR-P1B
plays a role in mammary tumor immunosurveillance
mediated by NK cells. Compared to WT mice, mammary
tumors develop earlier in NKR-P1B-deficient mice, possibly
due to the defective ‘missing-self’ response against Clr-b-
deficient mammary tumor cells in these mice. Interestingly,
inhibitory signals from the NKR-P1B receptor are important
for maintaining effector functions in tumor-infiltrating NK
cells. In the absence of the NKR-P1B receptor, NK cells
exhibit a higher level of phenotypic and functional altera-
tions associated with NK cell dysfunction. Together, the
defective ‘missing-self’ response against Clr-b-deficient tar-
get cells and increased NK cell dysfunction in NKR-P1B-
deficient mice renders them more susceptible to mammary
tumor development.

Materials and Methods
Mice

NKR-P1B-deficient mice (NkrpIb”") have been reported
earlier.”” Wild-type (WT) C57BL/b (B6) and MMTV-PyVT
transgenic mice on B6 background (strain: B6.FVB-Tg
(MMTV-PyVT)634Mul/Lell]) were obtained from The Jackson
Lab. Male MMTV-PyVT mice were bred with female Nkrp1b™~
mice to obtain the F1 progeny, which were Nkrp1b*'~ and were
either positive or negative for the MMTV-PyVT transgene. To
obtain MMTV-PyVT Nkrplb™~ and MMTV-PyVT*Nkrp1b*"*
mice, male MMTV-PyVT'Nkrp1b*"~ were bred with female
Nkrp1b™™ mice. To increase the number of mice with appro-
priate genotype for experiments, we also established male
MMTV-PyVT Nkrplb™" with female NkrpIb™" breeders, and
male MMTV-PyVT Nkrplb™* with female WT (Nkrplb™'™")
breeders. All mice were genotyped by polymerase chain reaction
(PCR) using primers described before.”*” The female MMTV-
PyVT*Nkrplb™™ (referred to as Nkrplb”") and MMTV-
PyVT'Nkrplb*'* (referred to as WT) mice of similar age were
co-housed throughout the duration of the experiments. All mice
were housed in a specific pathogen-free (SPF) facility at the
University of Windsor. All experiments were approved by the
University of Windsor’s Animal Care Committee in accordance
with the Canadian Council for Animal Care (CCAC) guidelines.



Tumor measurements

Female mice were monitored weekly for the onset of the first
palpable tumor. Subsequently, tumor growth was monitored
biweekly, and tumor diameter measurements were recorded
using a digital caliper. The size of tumors was recorded as an
average of two diameter measurements at two different angles
at each time point. MMTV-PyVT mice develop tumors in
multiple mammary glands. Mice were euthanized when the
tumor diameter was between 10 and 15 mm.

Preparation of tumor-infiltrating lymphocytes

Tumors from female MMTV-PyVT® and MMTV-
PyVT*Nkrplb™~ mice were harvested after euthanasia.
Tumors were categorized by size; small (<5 mm), medium
(5-10 mm), and large (>10 mm), representing early-
(small) and late-stage (large) mammary tumors.
Mammary glands #3 and 4 were harvested from normal
WT and Nkrplb™™ mice after removing the lymph nodes.
Tumors and normal mammary glands were cut into fine
pieces in 5 mL serum-free RPMI medium (Invitrogen)
containing 200 upg/mL collagenase D (Wortnin) and
20 pg/mL DNasel (Roche) and incubated at 37°C for
30 minutes with gentle shaking every few minutes.
EDTA (Sigma) was added at a final concentration of
1 mM to stop digestion. The digested tumors were passed
through a 70- um cell strainer (Fisher Scientific) to obtain
single-cell suspensions in phosphate buffered saline (PBS)
solution containing 1 mM EDTA to prevent clumping of
cells. Cells were spun down at 500xg for 5 min and treated
with 5 mL Ammonium-Chloride-Potassium (ACK) lysis
buffer for 5 min to lyse red blood cells. Subsequently,
cells were washed and resuspended in PBS. Live cells
were counted using trypan blue dye and a hemocytometer.

Flow cytometry analysis

The following antibodies were purchased from BioLegend:
AF700-CD45 (30-F11), PE/Dazzel 594-NK1.1 (PK136),
BV510-TCRP (H57-597), PE-CY7-CD49b (Dx5), FITC-Ki67
(11 F6), PerCP-CY5.5-CD1lb (M1/70), BV421-NKp46
(29A1.4), biotin-NKG2D (C7), FITC-PD-1 (29 F.1A12), PE-
CY7-KLRG-1 (2F1/KLRG-1), BV421-TIGIT (1 G9), PerCP-
CY5.5-DNAM-1 (10E5), biotin-LAG-3 (C9B7W), AF647-
EOMES (W17001A), PE-EOMES (W17001A), BV421-
Granzyme B (QA18A28), FITC-CD107a (1D4B), PE-IFNy
(XMG1), BV650-streptavidin, PerCP-Cy5.5-streptavidin, and
PE-CY7-streptavidin. The following antibodies were purchased
from BD Bioscience: PerCP-CY5.5-T-bet (04-46), AF647-
CD161b (2D9), BV421-CD161b (2D9), PE-CD49a (Ha31/8),
APC-CD49a (Ha31/8), and biotin-Ly49C/I (5E6). Fixable viabi-
lity dye (APC-eF780) was purchased from Invitrogen. Anti-Clr-
b (4A6) antibody has been described previously.**
Approximately, 2 x 10° cells were stained with fluorescently
labeled antibodies for flow cytometry analysis. Tumor cell
suspensions were treated with TRUstain Fc block reagent
(Biolegend) according to the manufacturer’s instructions and
then incubated with appropriate dilutions of the primary
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antibodies cocktail in FACS staining buffer (2.5% bovine
serum albumin and 0.1% NaNj in PBS) at 4°C and protected
from light for 20 min. Cells were washed once with FACS
staining buffer, and if required, cells were incubated with
fluorophore-conjugated streptavidin in FACS staining buffer
at 4°C and protected from light for 20 min. For intracellular
staining and staining of transcription factors, cells were washed
with FACS buffer once after surface staining, fixed and per-
meabilized using transcription factor fixation and permeabili-
zation buffers (Invitrogen), and incubated with appropriate
dilutions of the antibodies in the permeabilization buffer
(Invitrogen) following the manufacturer’s instructions. Data
were acquired using BD LSR Fortessa X20 flow cytometer
and analyzed using Flow]Jo software.

In vitro stimulation

NK cell stimulation was performed by treating 1 x 10° cells
prepared from tumors, as described above, with PMA (20 ng/
mL) and ionomycin (1 pg/mL), or IL-12 (10 ng/mL) and IL-18
(10 ng/mL) in 200 uL RPMI-1640 (Sigma) medium containing
10% FBS (Gibco), 100 U/mL penicillin (Gibco), 100 pg/mL
streptomycin (Gibco), 10 mM HEPES (Gibco), 1 mM sodium
pyruvate (Gibco), 55 uM B-mercaptoethanol (Gibco), and 1%
non-essential amino acids (HyClone). Cell stimulations were
performed in a 96-well round-bottom plate. Unstimulated
control cells were treated similarly but without the addition
of stimuli. After 30-60 min of incubation at 37°C and 5% CO,,
brefeldin A (BioLegend), monensin (BioLegend), and FITC-
CD107a antibody at appropriate dilution were added to the
cells. Cells were incubated for another 4 h at 37°C and 5% CO..
After incubation, the plate was spun at 500xg for 5 min, the
supernatant was removed, and cells were stained using NK cell
surface markers followed by intracellular staining for EOMES
and IFNy, as described above.

Statistical analysis

Statistical analysis was performed by log-rank test (tumor-free
survival), two-tailed unpaired Student’s ¢-test, and one-way or
two-way ANOVA followed by Tukey or Sidak post-hoc test,
respectively. Differences with p values of less than or equal to
0.05 were deemed statistically significant.

Results

Mammary tumors develop earlier in NKR-P1B-deficient
MMTV-PyVT mice

MMTV-PyVT mice express the Polyoma virus middle T anti-
gen in the mammary glands under the control of the mouse
mammary tumor virus promoter and spontaneously develop
mammary tumors.”* To understand the role of the NKR-
P1B:Clr-b recognition axis in mammary tumor immuno-
surveillance, we bred MMTV-PyVT mice on NKR-P1B-
deficient (Nkrp1b™") background. Female MMTV-PyVT
mice on WT and NKR-P1B-deficient backgrounds were
monitored for palpable tumor onset and progression. We
observed that the WT mice remained tumor-free
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significantly longer than the NKR-P1B-deficient mice
(Figure 1a), suggesting a role for NKR-P1B in mammary
tumor immunosurveillance. We did not observe a signifi-
cant difference in tumor progression determined by an
increase in tumor diameter over time (Figure 1b) or
tumor growth rate (Figure lc) between WT and NKR-
P1B-deficient mice. Clr-b is highly expressed in hemato-
poietic cells, and its expression is reduced in tumor cell
lines.”* We analyzed Clr-b expression in mammary tumor
cells from MMTV-PyVT mice by flow cytometry.
Compared to the CD45" tumor-infiltrating lymphocytes
which expressed Clr-b at high level, only a subset of
mammary tumor cells (CD457) expressed Clr-b, which
was highly variable between tumors (Figure 1d).
Although a smaller proportion of CD45 tumor cells
expressed Clr-b in large tumors from NKR-P1B-deficient
mice compared to WT mice, this difference was not sta-
tistically significant (Figure le). We did not detect any
statistically significant differences in Clr-b expression
level quantified by median fluorescent intensity (MFI) of
Clr-b staining in tumors from NKR-P1B-deficient and WT
mice. We have previously shown that NKR-P1B-deficient
mice exhibit defective NK cell-mediated missing-self
response against target cells lacking Clr-b expression.”

Since a majority of tumor cells (>70%) in MMTV-PyVT
mammary tumors lack expression of Clr-b, the defective
Clr-b-dependent missing-self response in the NKR-P1B-
deficient mice may render them more susceptible to mam-
mary tumors. Together, these data demonstrate the role of
NKR-P1B receptors in mammary tumor immunosurveil-
lance in MMTV-PyVT transgenic mice.

Tumor-infiltrating NK cells in NKR-P1B-deficient mice lose
EOMES expression

NKR-P1B receptor plays an important role in Clr-b-dependent
‘missing-self” responses and immunosurveillance mediated by
NK cells in B6 mice.”” Therefore, we analyzed the NK cell
population in the mammary tumors from WT and NKR-
P1B-deficient mice to reveal any differences that may impact
mammary tumor immunosurveillance. Flow cytometry analy-
sis of NK cells (CD45"'NK1.1"TCRp") in the large (>10 mm in
diameter), medium (5-10 mm in diameter), and small (<5 mm
in diameter) mammary tumors from MMTV-PyVT mice
revealed equal infiltration of NK cells into the tumors from
both NKR-P1B-deficient and WT mice (Suppl. Fig. 1). NK
cells express EOMES and T-bet transcription factors.”> We
detected loss of EOMES expression, but not T-bet expression,
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Figure 1. Mammary tumors develop earlier in NKR-P1B-deficient MMTV-PyVT mice. Mammary tumor development and growth in MMTV-PyVT mice on C57BL/6 (WT)
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(S: <5 mm in diameter) mammary tumors are shown as mean + SEM. Each symbol represents a single tumor from one mouse.



in tumor-infiltrating NK cells in the mammary tumors (Figure
2a). A greater frequency of NK cells lacking EOMES expression
was detected in the tumors from NKR-P1B-deficient mice
compared to the WT mice (Figure 2a). EOMES is a transcrip-
tion factor essential for NK cell development and function.”!
Loss of EOMES expression associated with NK cell dysfunction
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has been previously shown in adaptively transferred NK cells in
the mouse lymphoma model.”” While we observed that the
proportion of EOMES* and EOMES™ NK cells remained stable
in mammary tumors of different sizes in WT mice, EOMES”
NK cell frequency increased progressively with tumor size in
NKR-P1B-deficient mice (Figure 2a). There were significantly

a Exxx
TIL: CD45*NK1.1*TCRB" 80+ r}. |—; 80 *** O wr
o e ~ - 2
wr Nkrplb™ Te0d Tl =2 & = 60- ,—| . * * O Nkrp1b™
T 523 196 2 < S A :~' "i b > 2
W 72} i H . p 7)) |
s ] ; | &S %40 : il g 401 [ ; g ;
2779 i ’Q i 20- 2 20- CHEIN
jos0 “ 0.98 s78
e nachl g l] B oLl ' | oLl ' '
T-bet L M S L M S
Tumour size Tumour size
b EOMES* d
EOMES* i o
wTt Nkrpib/~ = owr . ‘ wTt Nkrplb™
Evo“’” ‘ 29 | e ‘ = % 60] - . ) Nkrp1b % .1139 185 | <'10.48 205
[a) o . : N
— . x : 2
000 03 =2 40‘ : i °
D, ot — “ i w e .
g 31779 24 3.481 405 o 20 ¥ A ..w: nud ..“: e
U‘.q.* ) '_‘a _"“"_._ ) ’Io\o ] ! FI : R - CRE R
"cbasa P I 5 Y CD49a
CD49b" CD49b° CD49%b CD49b' 80y gwr :
CD4%9a" CD49a’ CD49a" CD49a" 2 ol O Nkrp1b™ [
[ * .
(o] i o
EOMES" 100- EOMES £ 401 j :
_ wWT Nkrplb™”~ - o wr RS s e B v
10 1o 101 | 40125 882 % O Nkrp1b”' & 52 204 :‘: .
Q S 60 : oL LI
'g '°; '°| z = 40- . EOMES* EOMES' EOMES"
b_ SR ’ Y ot %, | © : " CD49a" CD49a" CD49a’
s o Mt v Kl h[l] .
CD49a T T j’m‘, .
CD49b" CD49b' CD49b" CD49b
CD4%a CD49a" CD49a" CD49%a
e -/~
wTt Nkrplb 50-
112_ 40_ . .
@304 .
[[] EOMES'CD4%a~ q.
EoMEs'cDasa® & 0]
Aa@ P . i . § 10-
1 EOMES™CD49a
Vo R T T L S e 0-

) 4

KR-P1B

Figure 2. Altered phenotype of tumor-infiltrating NK cells in NKR-P1B-deficient mice. Flow cytometry analysis of NK cells from large (L: >10 mm in diameter), medium
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greater proportions of EOMES™ NK cells in the large- and
medium-sized tumors from NKR-P1B-deficient mice com-
pared to WT mice (Figure 2a). Analysis of integrins CD49a
and CD49b in tumor-infiltrating NK cells revealed major dif-
ferences in the expression of both integrins in the EOMES™ and
EOMES’™ NK cell subsets, but no statistically significant differ-
ences in the proportion of cells were observed in tumors from
WT and NKR-P1B-deficient mice (Figure 2b and c). EOMES™
NK cells were composed of roughly equal proportions of
CD49b*"CD49a’, CD49b"CD49a*, and CD49b CD49a" cells
(Figure 2b); however, EOMES™ NK cells were predominantly
CD49b CD49a" (Figure 2c). CD49a is normally expressed in
tissue resident NK cells but not in NK cells in circulation or in
lymphoid tissues.”® Based on the expression of EOMES and
CD49a in tumor-infiltrating NK cells, three distinct subsets of
NK cells could be distinguished: EOMES'CD49a,
EOMES"CD49a", and EOMES CD49a"* (Figure 2d), with a
significantly lower frequency of EOMES"CD49a" and larger
frequency of EOMES CD49a™ NK cells present in tumors from
NKR-P1B-deficient mice compared to WT mice (Figure 2d).
All three NK cell subsets expressed the inhibitory NKR-P1B
receptor, but to varying degrees, with the highest frequencies of
NKR-P1B* NK cells being present in the EOMES CD49a"
subset followed by the EOMES"CD49a" and EOMES*CD49a”
subsets (Figure 2e). The data together reveal that mammary
tumor-infiltrating NK cells acquire a tissue-resident phenotype
accompanied by a loss of EOMES expression, which occurs at a
higher frequency when NKR-P1B receptor signals are dis-
rupted via genetic deletion of the NkrpIb gene.”>>’

Tumor-infiltrating EOMES™ NK cells exhibit an activated
phenotype but fail to respond to further stimulation in
vitro

To determine how CD49a expression and loss of EOMES
affected effector functions of mammary tumor-infiltrating
NK cells, we first analyzed the expression of granzyme B
and Ki67 ex vivo in three subsets of tumor-infiltrating NK
cells: EOMES"CD49a”, EOMES*CD49a”, and EOMES"
CD49a". Granzyme B is a cytotoxic effector molecule pre-
sent in NK cell granules, and its expression is increased in
activated NK cells. Activated NK cells in a proliferative
state also upregulate expression of Ki67, a nuclear protein
involved in cell proliferation. We observed a marked
increase in both granzyme B and Ki67 expressiond in
CD49a" NK cells (both EOMES™ and EOMES™ subsets)
compared to the CD49a” NK cell subset, indicating that
CD49a" NK cells constitute the effector subset of NK cells
in mammary tumors from both WT mice (Figure 3a and
b) and NKR-P1B-deficient mice (Suppl. Fig. 2A). We also
observed that in large tumors, significantly fewer EOMES”
CD49a” NK cells expressed Ki67 compared to the
EOMES"CD49a™ subset (Figure 3b), suggesting a reduced
proliferative capacity in the EOMES™ subset of tumor-
infiltrating effector NK cells.

To further study tumor-infiltrating NK cell functionality in
the MMTV-PyVT mice, NK cell degranulation (CD107a expres-
sion) and IFNy production was evaluated following in vitro

stimulation of tumor-infiltrating NK cells with PMA and iono-
mycin, or IL-12 and IL-18. PMA and ionomycin treatment
induced IFNy production and degranulation in a significantly
larger proportion of EOMES"CD49a” NK cells compared to
EOMES CD49a* NK cells with EOMES"CD49a" NK cells show-
ing an intermediate response in both WT (Figure 3c) and NKR-
P1B-deficient mice (Suppl. Fig. 2B). Similarly, IL-12 and IL-18
stimulation induced IFNy production in a significantly higher
proportion of EOMES'CD49a NK cells compared to
EOMES*"CD49a" and EOMES CD49a* NK cells (Figure 3c).
Together, the data demonstrate that CD49a™ NK cells in mam-
mary tumors constitute effector subset of tumor-infiltrating NK
cells; however, they can lose expression of EOMES and enter
into a dysfunctional state characterized by lower proliferative
capacity and impaired response to stimulation in vitro.

EOMES™ NK cells exhibit phenotypic alterations associated
with a dysfunctional state

To determine whether EOMES™ NK cells exhibit phenotypic
characteristics of dysfunctional NK cells, we analyzed the expres-
sion of markers associated with differentiation and immune
dysfunction ex vivo in three subsets of tumor-infiltrating NK
cels  from MMTV-PyVT mice: EOMES"CD49a’,
EOMES"CD49a", and EOMES CD49a".

Dysfunctional NK cells in cancers lose expression of activat-
ing receptors and acquire expression of markers associated
with immune exhaustion. Therefore, we assessed expression
of PD-1, LAG-3, and TIGIT, as well as the natural cytotoxicity
receptor NKp46, and activating receptors NKG2D and
DNAM-1. We observed a significant upregulation of PD-1
expression in EOMES CD49a” NK cells compared to
EOMES*CD49a™ NK cells (Figure 4a). Similarly, EOMES"
CD49a" NK cell subset contained significantly higher propor-
tion of cells expressing LAG-3 compared to the other two
subsets (Figure 4b). On the other hand, TIGIT expression
was detected in significantly larger proportion of
EOMES"CD49a" NK cell subset (Figure 4c). EOMES CD49a"
NK cells also exhibited significant loss of the activating NKp46
receptor compared to other two subsets (Figure 4d); however,
DNAM-1 expression was significantly increased in this subset
of tumor-infiltrating NK cells (Figure 4e). NKG2D expression
remained largely unchanged in three NK cell subsets of mam-
mary tumors (figure 4f). Additionally, EOMES*CD49a" and
EOMES CD49a” NK cells exhibited significant loss of expres-
sion of Ly49C/I (Figure 4g), CD11b (Figure 4h), and killer cell
lectin-like receptor G1 (KLRG1) (Figure 4i), which are asso-
ciated with NK cell function, maturation, and homeostasis.’">*
Normal mammary glands harbor a small population of NK1.1"
cells, which include small subsets of EOMES™ and CD49a" cells
(Suppl. Fig 3A and B). However, NK cells in normal mammary
glands do not express PD-1, TIGIT, or LAG-3 unlike tumor-
infiltrating NK cells (Suppl. Fig. 3D and E). The data together
indicate that EOMES™ NK cells in mammary tumors exhibit
phenotypic alterations characterized by a loss of expression of
cell surface proteins associated with NK cell maturation and
homeostasis and upregulation of markers associated with
immune cell dysfunction in MMTV-PyVT mice.
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Figure 3. EOMES™ NK cells exhibit effector phenotype in the mammary tumors but are less responsive toward external stimuli than EOMES* NK cells. A and B) Granzyme
B (a) and Ki67 (b) expression in EOMES*CD49a ", EOMES*CD49a*, and EOMES CD49a" subsets of tumor-infiltrating NK cells in the large (n = 10), medium (n = 8), and
small (n = 7) mammary tumors from WT mice. Each symbol represents a single tumor from one mouse. Representative histogram plot for cells stained with anti-
granzyme B (a) and anti-Ki67 (b) antibodies, and isotype control antibodies (gray histogram) in large tumors is shown. ¢) Tumor-infiltrating lymphocytes were treated
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Tumor-infiltrating NK cells experience higher immune
dysfunction in NKR-P1B-deficient mice

The increased frequency of tumor-infiltrating EOMES™ NK
cells in NKR-P1B-deficient mice compared to the WT mice
suggested accumulation of dysfunctional NK cells in the
tumors from these mice (Figure 2a and d). To determine if
tumor-infiltrating NK cells also exhibited higher levels of phe-
notypic changes associated with a dysfunctional state in the
NKR-P1B-deficient mice, we compared expression of pheno-
typic markers, described above, in three subsets of tumor-
infiltrating NK cells from the WT and NKR-P1B-deficient
mice. We observed Ki67 expression in a significantly larger

proportion of EOMES"CD49a" NK cells from NKR-P1B-defi-
cient mice compared to the WT mice, indicating higher pro-
liferation in this subset of NK cells in the NKR-P1B-deficient
mice (Figure 5a). Ki67 expression was reduced in EOMES
CD49a" NK cells compared EOMES"CD49a" NK cells to a
comparable level in both WT and NKR-P1B-deficient mice
(Figure 5a). Both the EOMES'CD49a" and EOMES CD49a"*
subsets of tumor-infiltrating NK cells from NKR-P1B-defi-
cient mice exhibited a significantly higher frequency of
Ly49C/I expression and lower frequency of NKp46 expres-
sion compared to the corresponding NK cell subsets from the
WT mice (Figure 5b and c). PD-1 expression was also sig-
nificantly higher in the EOMES CD49a" NK cells from NKR-
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Figure 4. EOMES™ NK cells exhibit an exhausted phenotype in the mammary tumors. Analysis of phenotypic markers, PD-1 (a), LAG-3 (b), TIGIT (c), NKp46 (d), DNAM-1
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represented by the gray histogram. Statistical significance was determined by one-way ANOVA followed by Tukey post-hoc test.

P1B-deficient mice compared to the WT mice (Figure 5d). In
contrast to mammary tumors, no phenotypic differences were
observed in NK cells in normal mammary glands from WT and
NKR-P1B-deficient mice (Suppl. Fig. 3). Additionally, when
stimulated in vitro (Figure 5e-g), tumor-infiltrating NKR-P1B-
deficient NK cell subsets exhibited lower degranulation com-
pared to WT-NK cells (Figure 5g), however, this difference did
not reach statistical significance. Together, the data suggest that
in addition to the increased frequency of EOMES™ NK cells in
tumors from NKR-P1B-deficient mice compared to WT mice,
the NKR-P1B-deficient NK cells also exhibit increased pheno-
typic changes associated with NK cell dysfunction compared to
WT-NK cells in mouse mammary tumors.

Discussion

NK cells are a major component of anti-cancer immune
responses owing to the rapid priming of their effector func-
tions without prior antigen exposure, and their natural ability
to kill tumor cells, meaning that they hold great potential for

use as effector cells in cancer immunotherapy. Several studies
have shown that immune checkpoint receptor blockade (ICB)
can improve NK cell functions and enhance their anti-cancer
activity.*"*>* NK cells exhibit dysfunctional states similar to T
cells, which can be resolved by ICB, but the nature of the
dysfunctional states in NK cells and the mechanisms driving
them are not fully understood. The functions of NK cells are
regulated by an array of activating and inhibitory receptors,
many of which have been shown to play important roles in
cancer immunosurveillance.>***>® A better understanding of
the functions of these receptors in cancer immunosurveillance
and their role in regulating functional homeostasis of NK cells
during anti-cancer immune responses will be crucial to fully
realize the potential of NK cells for cell-based cancer immu-
notherapy. Here, we report an important role of the inhibitory
NKR-P1B receptor in the immunosurveillance of mammary
tumors lacking expression of Clr-b in MMTV-PyVT transgenic
mice and its role in regulating NK cell anti-cancer immune
responses. We show that NKR-P1B-deficient mice develop
mammary tumors earlier than WT mice. We also show that a
greater frequency of NK cells exhibit phenotypic and
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Figure 5. NKR-P1B-deficient tumor-infiltrating NK cells exhibit increased exhaustion phenotype than the WT NK cells. Comparison of the phenotype and function of NK
cells in the large (>10 mm in diameter) mammary tumors from WT and Nkrp1b~~ mice. a-c) Percentage of cells expressing Ki67 (a), Ly49C/I (b), and NKp46 (c) amongst
the three subsets (EOMES*CD49a", EOMES*CD49a*, and EOMES CD49a") of tumor-infiltrating NK cells from WT (n = 6) and Nkrp1b™" (n = 6) mice. d) Mean fluorescence
intensity (MFI) values for PD-1 expression in the three subsets (EOMES"CD49a~, EOMES*CD49a", and EOMES CD49a*) of tumor-infiltrating NK cells from WT (n = 6) and
Nkrp1b™~ (n = 6) mice. e-g) Production of IFNy and degranulation (CD107a expression) in the three subsets (EOMES*CD49a", EOMES*CD49a*, and EOMES CD49a") of
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mean + SEM. Each symbol represents a single tumor from one mouse. Statistical significance was determined by two-way ANOVA followed by Sidak post-hoc test.

functional alterations associated with dysfunctional states in
mammary tumors from NKR-P1B-deficient mice compared to
WT mice, demonstrating that signals from the NKR-P1B
receptor aid in maintaining effector functions in tumor-infil-
trating NK cells.

Increased susceptibility to mammary tumors in NKR-P1B-
deficient mice is not completely unexpected since mammary
tumors in MMTV-PyVT are composed of a large proportion of
cells devoid of Clr-b expression, and NKR-P1B-deficient NK cells

display impaired ‘missing-self” response against Clr-b-deficient
target cells.”” NKR-P1B" NK cells could mediate a Clr-b-depen-
dent ‘missing-self” response against MMTV-PyVT mammary
tumors, hence delaying the development of mammary tumors
in WT mice. This is similar to the increased susceptibility of
NKC*® mice, which lack expression of inhibitory Ly49C/I recep-
tors for self-class I major histocompatibility (MHC-I) molecules,
to develop mammary tumors induced by the injection of MHC-I-
deficient but not MHC-I-sufficient E0771 mammary
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adenocarcinoma cells into the mammary glands.” The ‘missing-
self’ response against MHC-I-deficient target cells is impaired in
NKC*P mice, and hence, they display an increased susceptibility
to MHC-I-deficient tumor development.”® Similar to Ly49 recep-
tors, the function of the NKR-P1B receptor in tumor immuno-
surveillance also depends on the expression of its ligand in the
tumor cells. While NKR-P1B-deficient mice are more susceptible
to Clr-b-deficient mammary tumors compared to WT mice, they
are more resistant to B cell lymphoma, which expresses Clr-b at
high levels.”” In the B cell lymphoma model, the tumor cells
appear to exploit the inhibitory NKR-P1B:Clr-b interactions to
inhibit NK cells in WT but not in NKR-P1B-deficient mice. It
remains to be seen if Clr-b expression in mammary tumors (or
other solid tumors) can also aid in evasion of NK cells by engaging
the inhibitory NKR-P1B receptor.

In addition to mediating Clr-b-dependent ‘missing-self’
responses, NKR-P1B receptors also appear to play a role in
the homeostasis of NK cell responses in mammary tumors. In
the absence of inhibitory NKR-P1B signals, NK cells display
higher levels of phenotypic alterations associated with dysfunc-
tional NK cells in mammary tumors. Tumor-infiltrating NK
cells assume a tissue-resident phenotype (expressing CD49a),
which also represents the NK cell subset with effector func-
tions, i.e. exhibiting high granzyme B expression and under-
going proliferation in tumors. A significant proportion of
effector NK cells in mammary tumors loses expression of
EOMES and exhibits phenotypic and functional features of
dysfunctional immune cells. These include loss of NCR
(NKp46) expression, increased expression of checkpoint recep-
tors TIGIT, LAG-3, and PD-1, and reduced capacity to respond
to external stimuli. Interestingly, NKR-P1B is highly expressed
on the activated EOMES™CD49a* and EOMES CD49a* NK
cells, suggesting that this receptor may have a similar role as
immune checkpoint receptors important for regulating NK cell
activation. Genetic disruption of NKR-P1B function leads to a
progressive loss of EOMES expression in tumor-infiltrating
NK cells, resulting in the accumulation of higher frequencies
of EOMES™ NK cells mammary tumors from NKR-P1B-defi-
cient mice compared to WT mice. Therefore, the inhibitory
signals from the engagement of NKR-P1B receptors by its
ligand in the tumor microenvironment appear to prevent the
rapid loss of EOMES expression and reduce NK cell dysfunc-
tion. Interestingly, NKR-P1B-deficient tumor-infiltrating NK
cells express higher levels of the inhibitory Ly49C/I receptor
than those from WT mice, which could be a compensatory
mechanism for the lack of inhibitor NKR-P1B signals.

While several dysfunctional states of T cells (ignorance,
anergy, exhaustion, and senescence) have been described in
cancers,” the dysfunctional states in NK cells are not well
defined. Alterations in NK cell subset composition, activity,
and phenotype have been reported in breast cancer patients, as
seen by the downregulation of activating receptors NKp30,
NKG2D, DNAM-1, and CD16 and upregulation of the inhibi-
tory receptor NKG2A.*** In mice, adaptively transferred NK
cells were found to undergo exhaustion and lose their capacity to
control tumors, accompanied by the downregulation of EOMES
and activating receptors, and an upregulation of checkpoint
receptors.”” In tumors lacking MHC-I expression, mouse NK
cells were shown to be induced into an anergic state that could be

rescued by cytokine treatment.’’ Anergy was not induced in NK
cells infiltrating into MHC-I-sufficient tumors, demonstrating a
potential role for the inhibitory Ly49 receptor interactions with
MHC-T in preventing NK cell dysfunction in tumors - similar to
the role of NKR-P1B:Clr-b interactions reported here. It should
be noted that MMTV-PyVT tumors express MHC-I as has been
shown previously.” The EOMES™ NK cells in MMVT-PyVT
mammary tumors appear to be different from anergic NK cells
in MHC-I-deficient tumors since these cells form in MHC-I-
sufficient tumors and do not respond to external stimuli, includ-
ing IL-12 and IL-18 treatment. Interestingly, in addition to NK
cell dysfunction, TGF-p in methylcholanthrene (MCA)-induced
fibrosarcoma microenvironment was shown to cause differen-
tiation of NK cells into ILC1 cells, which were less efficient in
controlling tumor growth in mice.*” In this study, induced ILC1s
in the tumor microenvironment downregulated CD49b expres-
sion and gained the expression of CD49a, similar to the EOMES”
CD49a" NK cells in mammary tumors. However, unlike the
ILC1 cells in MCA-induced fibrosarcomas, which could be
induced to produce IFNy after treatment with PMA and
ionomycin,* similar treatment failed to induce IFNy production
from EOMES CD49a" NK cells in the mammary tumors. None-
the-less, our data are unable to fully resolve whether the EOMES”
NK cells in MMVT-PyVT mammary tumors represent true
ILC1 or exhausted NK cells, nor their true origin.

While this study demonstrates an important role for NKR-
P1B:Clr-b interaction in mammary tumor immunosurveillance
mediated by NK cells, it does not reveal the cellular partners
mediating these interactions in the tumor microenvironment.
In addition to a variegated expression of Clr-b in MMTV-
PyVT mammary tumors, CD45" tumor-infiltrating leukocytes
also express Clr-b. Immune cells in the tumor microenviron-
ment include NK and T cells, which mediate anti-cancer
immune responses, along with regulatory T cells (Treg), mye-
loid-derived suppressor cells (MDSC), and tumor-associated
macrophages (TAM), which possess immune suppressive func-
tions and aid in tumor progression.”> The role played by the
NKR-P1B:Clr-b axis in cellular interactions within the mam-
mary tumor microenvironment to regulate anti-tumor
immune responses remains to be determined.

In conclusion, NKR-P1B:Clr-b interactions appear to
impact cancer immunosurveillance in mice in at least two
ways: (i) surveillance of self ligand (Clr-b) expression in
tumor cells, and (ii) aid in maintaining functional homeostasis
in tumor-infiltrating NK cells. Exploration of the mechanisms
that regulate NK cell function in cancer can aid in fully realiz-
ing the potential for NK cells in cancer immunotherapy.

Acknowledgments

We would like to thank Dr. Elizabeth Fidalgo Da Silva (University of
Windsor, Windsor, ON) for assistance with flow cytometry data acquisi-
tion. This work was supported by a NSERC Discovery grant (RGPIN-
2019-04582) and a Cancer Research Society Operating grant (# 840398) to
MMAR. KA and ME were supported by the NSERC-USRA awards.

Disclosure statement

The authors report there are no competing interests to declare.



Funding

This work was supported by the Cancer Research Society [840398];
Natural Sciences and Engineering Research Council of Canada [RGPIN-
2019-04582].

References

1.

10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

Cerwenka A, Lanier LL. Natural killer cells, viruses and cancer. Nat
Rev Immunol. 2001;1(1):41-49.

O’Leary JG, Goodarzi M, Drayton DL, von Andrian UH. T cell-
and B cell-independent adaptive immunity mediated by natural
killer cells. Nat Immunol. 2006;7(5):507-516.

Sun JC, Beilke JN, Lanier LL. Adaptive immune features of natural
killer cells. Nature. 2009;457(7229):557-561.

Wight A, Parsons BD, Rahim MMA, Makrigiannis AP. A Central
Role for Ly49 Receptors in NK Cell Memory. J Immunol.
2020;204:2867-2875.

Shaw RK, Issekutz AC, Fraser R, Schmit P, Morash B, Monaco-
Shawver L, et al. Bilateral adrenal EBV-associated smooth muscle
tumors in a child with a natural killer cell deficiency. Blood.
2012;119(17):4009-4012.

Yang CM, Yang YH, Lin YT, Lu MY, Chiang BL. NATURAL
KILLER CELL DEFICIENCY ASSOCIATED WITH
HODGKIN’S LYMPHOMA: a CASE REPORT. ] Formos Med
Assoc. 2002;101:3.

Komiyama A, Kawai H, Yamada S, Kato M, Yanagisawa M,
Miyagawa Y, et al. A Killing Defect of Natural Killer Cells With
the Absence of Natural Killer Cytotoxic Factors in a Child With
Hodgkin’s Disease. Blood. 1987;69(6):1686-1690.

Guerra N, Tan YX, Joncker NT, Choy A, Gallardo F, Xiong N, et al.
NKG2D-deficient mice are defective in tumor surveillance in mod-
els of spontaneous malignancy. Immunity. 2008;28(4):571-580.
Tu MM, Rahim MMA, Sayed C, Mahmoud AB, Makrigiannis AP.
Immunosurveillance and Immunoediting of Breast Cancer via
Class I MHC Receptors. Cancer Immunol Res. 2017;5:1016-1028.
Lanier LL. NK cell receptors. Annu Rev Immunol. 1998;16:359—
393.

Lanier LL. NK cell recognition. Annu Rev Immunol. 2005;23:225-274.
Arase H, Mocarski ES, Campbell AE, Hill AB, Lanier LL. Direct
recognition of cytomegalovirus by activating and inhibitory NK
cell receptors. Science. 2002;296(5571):1323-1326.

Aguilar OA, Berry R, Rahim MMA, Reichel JJ, Popovi¢ B, Tanaka
M, et al. A Viral Immunoevasin Controls Innate Immunity by
Targeting the Prototypical Natural Killer Cell Receptor Family.
Cell. 2017;169(1):58-71.e14.

Bauer S, Groh V, Wu J, Steinle A, Phillips JH, Lanier LL, et al.
Activation of NK cells and T cells by NKG2D, a receptor for stress-
inducible MICA. Science. 1999;285(5428):727-729.

Diefenbach A, Jamieson AM, Liu SD, Shastri N, Raulet DH.
Ligands for the murine NKG2D receptor: expression by tumor
cells and activation of NK cells and macrophages. Nat Immunol.
2000;1(2):119-126.

Gasser S, Orsulic S, Brown EJ, Raulet DH. The DNA damage
pathway regulates innate immune system ligands of the NKG2D
receptor. Nature. 2005;436(7054):1186-1190.

Rahim MMA, Makrigiannis AP. Ly49 receptors: evolution, genetic
diversity, and impact on immunity. Immunol Rev. 2015;267
(1):137-147.

Kirre K, Ljunggren HG, Piontek G, Kiessling R. Selective rejection
of H-2-deficient lymphoma variants suggests alternative immune
defence strategy. Nature. 1986;319(6055):675-678.

Kirkham CL, Carlyle JR. Complexity and Diversity of the NKR-P1:
Clr (KlIrbl:Clec2) Recognition Systems. Front Immunol.
2014;5:214.

Zhang Q, Rahim MMA, Allan DSJ, Tu MM, Belanger S, Abou-
Samra E, et al. Mouse Nkrpl-Clr Gene Cluster Sequence and
Expression Analyses Reveal Conservation of Tissue-Specific
MHC-Independent Immunosurveillance. PLOS ONE. 2012;7(12):
e50561.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

ONCOIMMUNOLOGY 11

Kung SK, Su RC, Shannon J, Miller RG. The NKR-P1B gene
product is an inhibitory receptor on SJL/] NK cells. ] Immunol.
1999;162(10):5876-5887.

Carlyle JR, Mesci A, Ljutic B, Belanger S, Tai LH, Rousselle E, et al.
Molecular and genetic basis for strain-dependent NK1.1 alloreac-
tivity of mouse NK cells. ] Immunol. 2006;176(12):7511-7524.
Plougastel B, Dubbelde C, Yokoyama WM. Cloning of Clr, a new
family of lectin-like genes localized between mouse Nkrpla and
Cd69. Immunogenetics. 2001;53(3):209-214.

Carlyle JR, Jamieson AM, Gasser S, Clingan CS, Arase H, Raulet
DH. Missing self-recognition of Ocil/Clr-b by inhibitory NKR-P1
natural killer cell receptors. Proc Natl Acad Sci USA. 2004;101
(10):3527-3532.

lizuka K, Naidenko OV, Plougastel BEM, Fremont DH, Yokoyama
WM. Genetically linked C-type lectin-related ligands for the
NKRP1 family of natural killer cell receptors. Nat Immunol.
2003;4(8):801-807.

Chen P, Bélanger S, Aguilar OA, Zhang Q, St-Laurent A, Rahim
MMA, et al. Analysis of the mouse 129-strain Nkrp1-Clr gene cluster
reveals conservation of genomic organization and functional recep-
tor-ligand interactions despite significant allelic polymorphism.
Immunogenetics. 2011;63(10):627-640.

Kveberg L, Dai KZ, Inngjerdingen M, Brooks CG, Fossum S, Vaage
JT. Phylogenetic and functional conservation of the NKR-P1F and
NKR-P1G receptors in rat and mouse. Immunogenetics. 2011;63
(7):429-436.

Aust JG, Gays F, Mickiewicz KM, Buchanan E, Brooks CG. The
expression and function of the NKRP1 receptor family in C57BL/6
mice. ] Immunol. 2009;183(1):106-116.

Munir M, Rahim A, Chen P, Mottashed AN, Mahmoud AB,
Thomas MJ, et al. The mouse NKR-P1B:Clr-b recognition system
is a negative regulator of innate immune responses. Blood.
2015;125(14):2217-2227.

Fine JH, Chen P, Mesci A, Allan DSJ, Gasser S, Raulet DH, et al.
Chemotherapy-induced genotoxic stress promotes sensitivity to
natural killer cell cytotoxicity by enabling missing-self recognition.
Cancer Res. 2010;70(18):7102-7113.

Gordon SM, Chaix J, Rupp LJ, Wu ], Madera S, Sun JC, et al. The
Transcription Factors T-bet and Eomes Control Key Checkpoints
of Natural Killer Cell Maturation. Immunity. 2012;36(1):55-67.
Intlekofer AM, Takemoto N, Wherry EJ, Longworth SA, Northrup
JT, Palanivel VR, et al. Effector and memory CD8+ T cell fate
coupled by T-bet and eomesodermin. Nat Immunol. 2005;6
(12):1236-1244.

Paley MA, Gordon SM, Bikoff EK, Robertson EJ, Wherry EJ,
Reiner SL. Technical Advance: fluorescent reporter reveals insights
into eomesodermin biology in cytotoxic lymphocytes. J Leukoc
Biol. 2013;93(2):307-315.

Townsend MJ, Weinmann AS, Matsuda JL, Salomon R, Farnham
PJ, Biron CA, et al. T-bet regulates the terminal maturation and
homeostasis of NK and Valphal4i NKT cells. Immunity. 2004;20
(4):477-494.

Wagner JA, Wong P, Schappe T, Berrien-Elliott MM, Cubitt C,
Jaeger N, et al. Stage-Specific Requirement for Eomes in Mature
NK Cell Homeostasis and Cytotoxicity. Cell Rep. 2020;31
(9):107720.

Zhang ], Le Gras S, Pouxvielh K, Faure F, Fallone L, Kern N, et al.
Sequential actions of EOMES and T-BET promote stepwise
maturation of natural killer cells. Nat Commun. 2021;12(1):5446.
Gill S, Vasey AE, De Souza A, Baker J, Smith AT, Kohrt HE, et al.
Rapid development of exhaustion and down-regulation of eome-
sodermin limit the antitumor activity of adoptively transferred
murine natural killer cells. Blood. 2012;119(24):5758-5768.
Krneta T, Gillgrass A, Chew M, Ashkar AA. The breast tumor
microenvironment alters the phenotype and function of natural
killer cells. Cell Mol Immunol. 2016;13(5):628-639.
Beldi-Ferchiou A, Lambert M, Dogniaux S, Vély F, Vivier E, Olive
D, et al. PD-1 mediates functional exhaustion of activated NK cells
in patients with Kaposi sarcoma. Oncotarget. 2016;7(45):72961-
72977.



12 (&) R ALOLABIET AL

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Benson DM, Bakan CE, Mishra A, Hofmeister CC, Efebera Y,
Becknell B, et al. The PD-1/PD-L1 axis modulates the natural killer
cell versus multiple myeloma effect: a therapeutic target for CT-
011, a novel monoclonal anti-PD-1 antibody. Blood. 2010;116
(13):2286-2294.

da Silva IP, Gallois A, Jimenez-Baranda S, Khan S, Anderson AC,
Kuchroo VK, et al. Reversal of NK-cell exhaustion in advanced
melanoma by Tim-3 blockade. Cancer Immunol Res. 2014;2
(5):410-422.

Zhang Q, BiJ, Zheng X, Chen Y, Wang H, Wu W, et al. Blockade of
the checkpoint receptor TIGIT prevents NK cell exhaustion and
elicits potent anti-tumor immunity. Nat Immunol. 2018;19
(7):723-732.

Mamessier E, Sylvain A, Thibult ML, Houvenaeghel G, Jacquemier
], Castellano R, et al. Human breast cancer cells enhance self
tolerance by promoting evasion from NXK cell antitumor immunity.
J Clin Invest. 2011;121(9):3609-3622.

Semeraro M, Rusakiewicz S, Minard-Colin V, Delahaye NF, Enot
D, Vély F, et al. Clinical impact of the NKp30/B7-H6 axis in high-
risk neuroblastoma patients. Sci Transl Med. 2015;7(283):283ra55.
Platonova S, Cherfils-Vicini J, Damotte D, Crozet L, Vieillard V,
Validire P, et al. Profound coordinated alterations of intratumoral
NK cell phenotype and function in lung carcinoma. Cancer Res.
2011;71(16):5412-5422.

Hsu ], Hodgins JJ, Marathe M, Nicolai CJ, Bourgeois-Daigneault
MG, Trevino TN, et al. Contribution of NK cells to immunother-
apy mediated by PD-1/PD-L1 blockade. J Clin Invest. 2018;128
(10):4654-4668.

Gao Y, Souza-Fonseca-Guimaraes F, Bald T, Ng SS, Young A,
Ngiow SF, et al. Tumor immunoevasion by the conversion of
effector NK cells into type 1 innate lymphoid cells. Nat Immunol.
2017;18(9):1004-1015.

Melero I, Bach N, Chen L. Costimulation, tolerance and ignorance
of cytolytic T lymphocytes in immune responses to tumor antigens.
Life Sci. 1997;60:2035-2041.

Mognol GP, Spreafico R, Wong V, Scott-Browne JP, Togher S,
Hoffmann A, et al. Exhaustion-associated regulatory regions in
CD8+ tumor-infiltrating T cells. Pnas. 2017;114(13):E2776-85.
Baitsch L, Baumgaertner P, Devévre E, Raghav SK, Legat A, Barba
L, et al. Exhaustion of tumor-specific CD8" T cells in metastases
from melanoma patients. ] Clin Invest. 2011;121(6):2350-2360.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Li H, van der Leun AM, Yofe I, Lubling Y, Gelbard-Solodkin D,
van Akkooi AC]J, et al. Dysfunctional CD8 T Cells Form a
Proliferative, Dynamically Regulated Compartment within
Human Melanoma. Cell. 2019;176(4):775-789.e18.

Philip M, Fairchild L, Sun L, Horste EL, Camara S, Shakiba M, et al.
Chromatin states define tumour-specific T cell dysfunction and
reprogramming. Nature. 2017;545(7655):452-456.

Thommen DS, Schreiner J, Miiller P, Herzig P, Roller A, Belousov
A, et al. Progression of Lung Cancer Is Associated with Increased
Dysfunction of T Cells Defined by Coexpression of Multiple
Inhibitory Receptors. Cancer Immunol Res. 2015;3(12):1344-1355.
Guy CT, Cardiff RD, Muller WJ. Induction of mammary
tumors by expression of polyomavirus middle T oncogene: a
transgenic mouse model for metastatic disease. Mol Cell Biol.
1992;12(3):954-961.

Sojka DK, Plougastel-Douglas B, Yang L, Pak-Wittel MA,
Artyomov MN, Ivanova Y, et al. Tissue-resident natural killer
(NK) cells are cell lineages distinct from thymic and conventional
splenic NK cells. eLife. 2014;3:¢01659.

Chiossone L, Chaix J, Fuseri N, Roth C, Vivier E, Walzer T.
Maturation of mouse NK cells is a 4-stage developmental program.
Blood. 2009;113(22):5488-5496.

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. The
Journal of Immunology. 2007;178(8):4764-4770.

Bélanger S, Tu MM, Rahim MMA, Mahmoud AB, Patel R, Tai LH,
et al. Impaired natural killer cell self-education and “missing-self”
responses in Ly49-deficient mice. Blood. 2012;120(3):592-602.
Philip M, Schietinger A. CD8+ T cell differentiation and dysfunc-
tion in cancer. Nat Rev Immunol. 2021;22:209-223.

Mamessier E, Pradel LC, Thibult ML, Drevet C, Zouine A,
Jacquemier J, et al. Peripheral blood NK cells from breast cancer
patients are tumor-induced composite subsets. ] Immunol.
2013;190(5):2424-2436.

Ardolino M, Azimi CS, Iannello A, Trevino TN, Horan L, Zhang L,
et al. Cytokine therapy reverses NK cell anergy in MHC-deficient
tumors. J Clin Invest. 2014;124(11):4781-4794.

Labani-Motlagh A, Ashja-Mahdavi M, Loskog A. The Tumor
Microenvironment: a Milien Hindering and Obstructing
Antitumor Immune Responses. Front Immunol. 2020;11:940.



	Abstract
	Introduction
	Materials and Methods
	Mice
	Tumor measurements
	Preparation of tumor-infiltrating lymphocytes
	Flow cytometry analysis
	<italic>In vitro</italic> stimulation
	Statistical analysis

	Results
	Mammary tumors develop earlier in NKR-P1B-deficient MMTV-PyVT mice
	Tumor-infiltrating NK cells in NKR-P1B-deficient mice lose EOMES expression
	Tumor-infiltrating EOMES<sup>‒</sup> NK cells exhibit an activated phenotype but fail to respond to further stimulation in vitro
	EOMES<sup>‒</sup> NK cells exhibit phenotypic alterations associated with a dysfunctional state
	Tumor-infiltrating NK cells experience higher immune dysfunction in NKR-P1B-deficient mice

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	References

