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Cutting Edge

Cutting Edge: Heterogeneity in Cell Age Contributes to
Functional Diversity of NK Cells

Nicholas M. Adams,*' Carlos Diaz-Salazar,*"! Celeste Dang,*’i Lewis L. Lanier,®Y and

Joseph C. Sun*"*
Heterogeneity among naive adaptive lymphocytes de-

termines their individual functions and fate decisions
during an immune response. NK cells are innate
lymphocytes capable of generating “adaptive” re-
sponses during infectious challenges. However, the fac-
tors that govern various NK cell functions are not fully
understood. In this study, we use a reporter mouse
model to permanently “time stamp” NK cells and type
1 innate lymphoid cells (ILCls) to characterize the
dynamics of their homeostatic turnover. We found that
the homeostatic turnover of tissue-resident ILCls is
much slower than that of circulating NK cells. NK cell
homeostatic turnover is further accelerated without the
transcription factor Eomes. Finally, heterogeneity in
NK cell age diversifies NK cell function, with “older”
NK cells exhibiting more potent IFN-y production to
activating stimuli and more robust adaptive responses
during CMYV infection. These results provide insight
into how the functional response of an NK cell varies
over its lifespan.  The Journal of Immunology, 2021,
206: 465-470.

ith unparalleled diversity in its receptor reper-

toire, adaptive lymphocytes are equipped to rec-

ognize nearly any encountered Ag (1). Although
TCR engagement is the central event in T cell activation,
T cell responsiveness is also shaped by complex events and
interactions during its lifespan, from its development to its
maturation to its maintenance and differentiation in the pe-
riphery. For example, CD8" T cell developmental origin,
either from liver hematopoietic stem cells in fetal life or bone
marrow hematopoietic stem cells in adule life, epigenetically
imprints CD8" T cells, which coincides with distinct effector

functions and fate decisions during infection (2). Further-
more, after thymic selection, T cells emerge into the periphery
as recent thymic emigrants that possess a unique functional
profile compared with mature naive T cells that have expe-
rienced postthymic maturation (3).

NK cells are innate lymphocytes that specialize in antitumor
and antiviral defense, particularly in the clearance of herpes-
viruses in both mice and humans (4, 5). NK cell functions
span the innate—adaptive continuum, from rapid cytokine
production (most notably, IFN-y) and cytotoxicity to adap-
tive responses driven by specific receptor-ligand interactions
(6). Adaptive NK cell responses are best defined in the context
of CMV infection, which drives NK cell clonal expansion and
establishes long-lived memory NK cells in a manner reminis-
cent of the antiviral response of adaptive lymphocytes (7, 8). In
C57BL/6 mice, a subset of NK cells expresses the activating
receptor Ly49H, which recognizes the mouse CMV (MCMYV)
gp m157 (9, 10), and drives adaptive NK cell responses to
MCMYV with comparable kinetics, transcriptome, and epige-
netic profiles to simultaneously responding CD8" T cells (11).

Many groups have interrogated the effect of diversity in the
NK cell receptor repertoire on antiviral NK cell responses (8).
The NK cell receptor profile is established early during de-
velopment, yet other aspects of NK cell heterogeneity that are
introduced during their maintenance and turnover in the
periphery are poorly understood. In this study, we use a re-
porter mouse model to permanently “time stamp” and track
group 1 innate lymphoid cells (NK cells and type 1 innate
lymphoid cells [ILC1s]) during their lifespan and find that
circulating NK cells turn over faster than tissue-resident
ILC1s. These studies also provide evidence that homeostatic
turnover yields extensive heterogeneity in cell age among
naive group 1 innate lymphocytes and that cell age is a key
variable governing NK cell function.
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CUTTING EDGE:

CELL AGE REGULATES NK CELL FUNCTION
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FIGURE 1. iNkp46“7"" mice are a tool to characterize NK cell homeostatic turnover. (A) Flow plots illustrating percentage of NK cells
(TCRB™CD3&™ NKI1.1%) expressing tdTomato (Tom") in blood at indicated days PT (left). Data were fitted with a one-phase decay curve between day 3 and 39
PT (right). t;/» parameter represents half-life of the best-fit curve, and % indicates the goodness-of-fit of the model to the experimental data. (B) Percentage of
blood Tom" NK cells within the most mature CD11b"CD27 " subset or expressing KLRG1 at indicated days PT. (C) Percentage of blood Tom" NK cells

expressing the indicated activating and inhibitory receptors at day 7 PT or day 39 PT. Horizontal bar indicates mean. Groups were compared via a paired, two-

tailed # test. All data are representative of at least three independent experiments with three to seven mice per experiment. Data are presented as the mean = SEM.

*p < 0.05.

Materials and Methods
Mice

All mice used in this study were bred under specific pathogen-free conditions
at Memorial Sloan Kettering Cancer Center and handled in accordance with
the guidelines of the Institutional Animal Care and Use Committee. The
following mouse strains, all on the C57BL/6 background, were used in this
study: C;129S4-Rag2™ 1% [12rg™ - 1721] (Rag2™ "~ I[2g ™), Nkp46~R"2
(12), Ramzém’Tpmﬂm (13)) Nkp4 “reERT2/+ Rwa26thom/m/ta’ omato (iNkp46ulTWmm’),
Eomed™ (14), and iNkp46" ATomato gy med". Experiments were conducted
using age- and gender-matched mice in accordance with approved institu-
tional protocols.

Tamoxifen

To time stamp NK cells, iNkp46“/7""* mice were administered 1 mg of
tamoxifen (Sigma) dissolved in 0.2 ml corn oil (Sigma) by oral gavage.

Virus preparation and infection

MCMYV (Smith strain) was serially passaged through BALB/c hosts three times.
Stocks were prepared by using a dounce homogenizer to dissociate the salivary
glands of infected mice 3 wk postinfection. Rag2 "~ II2rg '~ recipients were
infected with 7.5 X 10 PEU MCMYV stock by i.p. injection on the day after

adoptive splenocyte transfer.

Ex vivo stimulation of NK cells

Five hundred thousand splenocytes were cultured for 5 h in RPMI 1640
containing 10% FBS and 1000 IU/ml of human IL-2 (Roche) (media) in the
presence of the following stimuli: 20 ng/ml recombinant mouse IL-12 (R&D
Systems) plus 10 ng/ml IL-18 (MBL), 10 ng/ml PMA (Sigma) plus 1 pwg/ml
ionomycin (Sigma), or 10 wg/ml of plate-bound anti-mouse Abs (BioLegend)
against NK1.1 (PK136), Ly49H (3D10), Ly49D (4E5), or NKp46 (29A1.4)
coated on 96-well high-bind plates (Corning). Brefeldin A (BioLegend) and
BD GolgiStop were added to the media 1 h into the stimulation, and anti-
mouse CD107a Ab was added 2 h into the stimulation. Cells were cultured in
media alone as a negative control.

Flow cytometry

Fc receptors were blocked with 2.4G2 mAb before staining with surface or
intracellular fluorophore-conjugated anti-mouse Abs (BD Biosciences, eBio-
science, BioLegend, and Tonbo Biosciences). Intracellular staining for cyto-
kines was performed by first fixing with 2% paraformaldehyde to preserve

tdTomato expression, followed by further fixation and permeabilization with
the eBioscience Foxp3 Transcription Factor Staining Set (Thermo Fisher
Scientific). Flow cytometry was performed on an LSR II cytometer (BD
Biosciences). Data were analyzed with Flow]o software (Tree Star).

Statistical analysis

For graphs, data are shown as mean + SEM. Statistical analyses are described
in the figure legends; p < 0.05 was considered significant. Graphs were
produced and statistical analyses were performed using GraphPad Prism.

Results
Modeling NK cell homeostatic turnover in iNkp46™ ™ mice
reveals heterogeneity in NK cell age

To model NK cell homeostatic turnover, we used a previ-
ously developed transgenic mouse expressing the CreERT2
recombinase under control of the Nerl gene on a bacterial
artificial chromosome (12), which we intercrossed with mice
bearing a loxP-flanked STOP cassette preventing transcription
of a tdTomato reporter allele in the Rosa26 locus (13). Ad-
ministration of tamoxifen to iNkp46™ "
to efficiently label immature and mature NK cells in the pe-
riphery but not precursor NK cells in the bone marrow (12).
Thus, tdTomato reporter expression permanently time stamps
NK cells present upon tamoxifen administration, enabling the
longitudinal analysis of this NK cell population as it “ages.”
iNkp46“/7°™*** mice gavaged with tamoxifen maximally la-
beled peripheral blood NK cells with tdTomato (Tom") at
day 3 posttamoxifen (PT) (Fig. 1A). We observed a pro-
gressive decline in Tom®™ NK cell frequency over time
(Fig. 1A), indicating their homeostatic turnover, and their
replacement by Tom™ NK cells derived from bone marrow
progenitors to ensure constant niche size. Fitting a one-phase
decay model estimated the half-life of peripheral blood NK
cells at 19.4 d (14.4-29.2 d, 95% confidence interval)

(Fig. 1A), which is consistent with earlier reports that relied

mice was shown
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on BrdU labeling (15). Collectively, these data suggest that at
any given snapshot in time, the naive NK cell pool is a mosaic
of NK cells with distinct cell ages.

The maturation status of the declining pool of Tom"™ NK
cells remained relatively constant over time, as measured by
CDl11b, CD27, and KLRG1 (Fig. 1B), indicating that NK
cell “aging” and terminal maturation are distinct processes.
However, the “older” Tom™ NK cells displayed a shift in its
receptor repertoire, with a greater frequency of NK cells
expressing the activating receptors Ly49H and Ly49D and the
inhibitory receptor Ly49A (which has no ligand in C57BL/6
mice) and fewer NK cells expressing the inhibitory receptor
NKG2A at day 39 PT compared with day 7 PT (Fig. 1C).
The skewing of the genetically hardwired Ly49 profile sug-
gests that certain NK cell clones are favored for longevity.
Thus, longitudinal analysis of time stamped NK cells, per-
formed with tamoxifen treatment of iNkp46™ " mice,
enables modeling of NK cell homeostatic turnover and reveals
heterogeneity among naive NK cells on the basis of cell age.

Eomesodermin is required for the homeostasis, but not terminal
maturation, of peripheral NK cells

The identity, maturation, and function of conventional NK
cells is determined by a plethora of transcription factors, in-
cluding Eomesodermin (Eomes) and T-box expressed in
T cells (Tbet) (16, 17), that work cooperatively during NK
cell development to yield productive NK cells. We leveraged
our newly developed iNkp46™*"* time stamp strategy to
dissect the effect of Eomes on mature NK cell homeostatic
turnover, independent of its critical role in NK cell devel-
opment in the bone marrow. We generated iNkp46“**"
Eomes™ (Eomes™'™) mice and longitudinally assessed the
frequency and maturation status of Eomes-deficient Tom”"
NK cells after tamoxifen administration. We first confirmed
the efficient reduction of Eomes protein in Eomes™™ NK cells
atday 3 PT (Fig. 2A). Acute depletion of Eomes in peripheral
NK cells resulted in a faster decline in Tom™ NK cells over
time, with a shorter half-life (8.8 d, 95% confidence interval =
6.6-12.9 d) than Eomes-sufficient Tom®™ NK cells from
Eomes™ " control mice (Fig. 2B). A recent study similarly
implicated Eomes in mature NK cell homeostasis, although
the authors show a stage-specific requirement for Eomes in
NK cell terminal maturation (18). However, we observed that
similar to Eomes™ ' Tom®* NK cells, the terminal maturation
of Eomes™'™ NK cells (as measured by CD11b, CD27, and
KLRG1) remained relatively constant over time (Fig. 2C,
2D). Thus, NK cell homeostasis, but not terminal matura-
tion, is dependent on sustained Eomes expression.

Homeostatic turnover of tissue-resident ILClIs is slower than

circulating NK cells

Group 1 innate lymphocytes are a spatially, phenotypically,
and functionally heterogeneous family of cells that share the
capacity for IFN-y production and a developmental depen-
dence on T-bet (19). Group 1 innate lymphocytes are com-
posed of circulating, cytotoxic NK cells and helper-like ILC1s
that maintain long-term tissue residency (20). We thus sought
to model group 1 innate lymphocyte homeostatic turnover in
various tissues, an effort facilitated by the fact that all ILCls
also express NKp46 and are labeled with tdTomato in
tamoxifen-treated i1Vkp46" dlomato ice (12). To do so, we
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FIGURE 2. The transcription factor Eomes controls the homeostasis of
peripheral NK cells. (A) Histograms showing Eomes expression in peripheral
blood NK cells from Eomes™ " and Eomes™™ mice at day 3 PT. (B) Percentage
of Tom" NK cells in blood of Eomes™ " and Eomes'® mice at indicated days
PT, expressed as a percentage of Tom™ blood NK cells in that same mouse at
day 3 PT. Data were fitted with a one-phase decay curve between day 3 and 30
PT to determine t;, reported in the text. (C and D) Percentage of Fomes¥ " and
Eome"™ Tom" blood NK cells within the most mature CD11b"CD27~ subset
(O) or expressing KLRG1 (D) at indicated days PT. Data are representative of
three independent experiments with two to five mice per group per experiment.
Data are presented as the mean = SEM. *p < 0.05.

harvested spleen, liver, and lungs from cohorts of tamoxifen-
induced iNkp46™/7*™* mice at various time points PT.

Consistent with their status as circulating cells, NK cells
displayed comparable homeostatic turnover across all ana-
tomical sites analyzed (Fig. 3A). However, despite comparable
initial tdTomato labeling of NK cells and ILCls in the liver
(the primary tissue site of murine ILCls), the Tom" ILC1
frequency decayed more slowly compared with NK cells
(Fig. 3B, 3C). A similar trend was observed in the lung when
NK cells and ILC1s were normalized to account for different
initial tdTomato labeling efficiencies (Fig. 3D). In both the
liver and lung, the Tom" ILC1 frequency ranged from ~4.5
to 7.4 times greater than that of NK cells (Fig. 3C, 3D),
indicating that ILC1 homeostatic turnover is ~2-3-fold
slower than NK cells. Given that ILCs are thought to seed
tissues during fetal and perinatal life and be maintained in
adulthood predominantly through local self-renewal with a
limited contribution from circulating precursors (21), the
greater self-renewal or longer half-life of ILCls may adapt
them for longevity in tissue. These findings collectively in-
dicate that ILC1 homeostatic turnover also introduces het-
erogeneity in cell age among naive ILCls but at a slower rate
than NK cells, perhaps as a consequence of or to meet the
unique demands of tissue residency.

NK cell effector function and adaptive responses vary with cell age

Having established that homeostatic turnover introduces
heterogeneity in cell age among naive NK cells, we sought to
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FIGURE 3. Tissue-resident ILCls have a longer half-life than circulating NK cells. (A) Percentage of Tom™ NK cells in spleen, liver, and lung at indicated days
PT, expressed as a ratio relative to percentage of Tom" blood NK cells in that same mouse at day 2 PT. (B) Flow plots illustrating percentage of hepatic NK cells
(Live Lin~ CD45"NK1.1"NKp46"CD49b"CD200r1 ") and ILCls (Live Lin~ CD45"NK1.1"NKp46"CD49b~ CD200r1") expressing tdTomato at indicated
days PT. Lin": TCRB~CD3g F4/80  CD19 . (€) Quantification of percentage of Tom" NK cells and ILCls in liver at indicated days PT, expressed relative to
percentage of Tom™ blood NK cells in that same mouse at day 2 PT and subsequently normalized to the mean of that same ratio at day 3 PT to account for the
initial labeling efficiency. (D) Percentage of Tom™ NK cells and ILCIs in lung at indicated days PT, expressed relative to percentage of Tom™ blood NK cells in

that same mouse at day 2 PT and subsequently normalized to the mean of that same ratio at day 3 PT to account for the initial labeling efficiency. Data are

representative of two independent experiments with three to four mice per time point. Data are presented as the mean = SEM. At each time point PT, the

frequency of Tom" NK cells and ILC1s were compared via a paired, two-tailed ¢ test. Fold changes indicate the ratio of mean Tom" ILCI frequency to mean

Tom™ NK cell frequency at indicated days PT. *p < 0.05.

investigate whether NK cell effector function varies over its
lifespan. To do so, we evaluated the response of relatively “old”
(Tom™) versus “¥oung” (Tom™) NK cells from tamoxifen-
treated 1Nkp46™ """’ mice at day 29-39 PT during ex vivo
stimulation and in vivo challenge with MCMYV infection. In
response to diverse activating stimuli, a greater percentage of
old Tom" NK cells produced IFN-vy (Fig. 4A). However,
Tom" and Tom™ NK cells degranulated comparably when
their activating receptors were ligated (Fig. 4B), suggesting
that cytokine production but not cytotoxic function is de-
pendent on NK cell age.

In addition to their traditional innate-like functions above,
NK cells can mount adaptive responses, particularly against
MCMYV infection, characterized by robust clonal proliferation
and establishment of immunological memory driven by a
specific activating receptor-ligand interaction (Ly49H-m157)
(7). To definitively track the fate of existing NK cells during
their antiviral response, we adoptively transferred splenocytes,
containing Tom" and Tom™ NK cells, into Rag2™ "~ [12rg7/7
recipients, which lack endogenous NK cells. Compared with
the preinfection frequency of Tom™ NK cells within trans-
ferred Ly49H" NK cells, older Tom™ NK cells progressively
outcompeted their younger Tom™ counterparts during both

expansion (day 7 postinfection) and memory formation (day
29 postinfection) (Fig. 4C, 4D). In contrast, older Tom"
Ly49H ™~ NK cells did not exhibit any selective advantage over
younger Tom™ cells over the course of MCMYV infection
(Fig. 4D), suggesting that the greater fitness of aged NK cells
is required in the setting of robust Ag-driven proliferation but
not modest cytokine-driven bystander proliferation. Com-
pared with Tom™ NK cells, Tom" NK cells were slightly
more mature following MCMV-driven expansion, but despite
their differential memory formation, Tom”™ and Tom™
Ly49H" NK cells similarly underwent terminal maturation
(Fig. 4E). Collectively, these data reveal that the intrinsic age
of an NK cell regulates its functional response to stimulation
and viral challenge.

Discussion

Our study reveals that the peripheral compartment of naive
NK cells is comprised of layers of differentially aged NK cells,
generated by continuous waves of homeostatic turnover and
repopulation from bone marrow progenitors. Longer-lived
naive NK cells mount more robust Ag-specific proliferation
and memory formation to MCMYV. Collectively, our data
show that NK cell antiviral function is heterogeneous, with NK
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degranulating (B) in response to the indicated stimuli. Data are representative of two independent experiments with three to seven mice per experiment. Groups
were compared using a paired, two-tailed # test. (C-E) Splenocytes harvested at day 39 PT from tamoxifen-treated iNkp46™“7*"** mice were transferred into
Rag2™"~ II2r¢ "~ mice 1 d prior to MCMYV infection of the recipients. (C) Quantification of relative ratios of Tom™ and Tom* Ly49H" NK cells over the
duration of MCMYV infection, normalized to their preinfection ratio. Horizontal bar indicates mean. Groups were compared against 50 using a one-sample 7 test.
(D) Flow plots illustrating percentage of Ly49H ™~ and Ly49H" NK cells expressing tdTomato from transferred splenocytes or recipient blood at indicated days
postinfection (PI). (E) Percentage of Tom™ and Tom" Ly49H" NK cells within the CD11b"CD27* or CD11b*CD27" (terminally mature) subsets from
peripheral blood at days 7 and 29 PI. Groups were compared using a paired, two-tailed ¢ test. Data in (C)—(E) are representative of two independent experiments

with five to eight mice per experiment. Data are presented as the mean = SEM. *p < 0.05. ns, not significant.

cell age at the time of viral challenge being a key determinant of
its functional response. We also observed that the aging of the
NK cell pool coincides with a marked shift in its receptor
repertoire, suggesting that some NK cell clones are favored for
longevity during homeostasis. Our model does not exclude
the possibility that enrichment for these clones, which may be
programmed for enhanced functionality, contributes to the
results obtained from old NK cells.

Interestingly, homeostatic turnover is not constant among all
group 1 innate lymphocytes, but rather ILC1s are maintained
longer than NK cells across several tissues. ILCs are thought
to self-renew with limited repopulation from hematogenous
progenitors (20), so it is tempting to speculate that the
delayed kinetics of ILC1 homeostatic turnover represents an
adaptation to tissue residency and is integral for the mainte-
nance of barrier immunity over host lifespan. Future work is
required to unravel the cell-intrinsic and cell-extrinsic mech-
anisms that support the self-renewal and longevity of ILCls in
tissue. For instance, is the prolonged lifespan of ILCls reg-
ulated transcriptionally by factors that also program them for
tissue residency? And what is the contribution of the distinct
microenvironment that ILCls are exposed to in the tissue
parenchyma?

In summary, our work highlights how homeostatic turnover
of group 1 ILCs controls the maintenance and function of
these cells, from the longevity of tissue-resident ILCs to the

antiviral responses of NK cells. Because NK cells are emerging
as a promising cell therapy for cancer and infectious disease,
it will be important to investigate the dependency of human
NK cell responses on their intrinsic age and to appropriately
consider NK cell age in adoptive cell therapies.
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