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Murine thymic NK cells are distinct from ILC1s
and have unique transcription factor requirements
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Group 1 innate lymphoid cells include natural killer (NK) cells and ILC1s, which mediate
the response to intracellular pathogens. Thymic NK (tNK) cells were described with hybrid
features of immature NK cells and ILC1 but whether these cells are related to NK cells
or ILC1 has not been fully investigated. We report that murine tNK cells expressed the
NK-cell associated transcription factor EOMES and developed independent of the essential
ILC1 factor TBET, confirming their placement within the NK lineage. Moreover, tNK cells
resemble NK cells rather than ILC1 in their requirements for the E protein transcription
factor inhibitor ID2. We provide further insight into the mechanisms governing tNK-cell
development by showing that the transcription factor ETS1 prevented tNK cell acquisition
of the conventional NK-cell maturation markers CD11b and KLRG1. Our data reveal few
ILC1 in the thymus and clarify the identity and developmental requirements of tNK cells.
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Introduction

The Group 1 innate lymphoid cells (ILC) include natural killer
(NK) cells and ILC1 [1]. These cells function in the innate immune
response to intracellular pathogens and tumors, and they share
multiple features including expression of NK1.1 and NKp46, the
β chain of the IL-2/IL-15 receptor (CD122), and a dependence on
interleukin (IL)-15 for their survival [1]. All Group 1 ILC produce
IFNγ but ILC1 differ from conventional (c)NK cells in the range
of cytokines they produce, their transcription factor requirements,
and in their expression of integrins and multiple NK-cell associated
receptors [1]. ILC1s express and require the T-box transcription
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factor TBET but not EOMES whereas cNK cells express both TBET
and EOMES [1]. In many tissues, ILC1 are distinguished from cNK
cells by expression of the receptor for IL-7 (CD127) and integrin
α1 (CD49a) and their lack of integrin α2 (DX5/CD49b) [2–6].
However, CD49a can be induced on cNK cells by activation of the
transforming growth factor (TGF) beta-signaling pathway indicat-
ing that this adhesion molecule is not sufficient to distinguish ILC1
from NK cells [7].

The adult thymus has a unique subset of putative NK cells (tNK
cells) that are similar to human CD56bright NK cells [8]. These tNK
cells are implicated in regulating dendritic cell function in lymph
nodes and in tumor surveillance in the thymus. Thymic NK cells
have many features associated with ILC1 including a dependence
on the transcription factor GATA3, expression of CD127, and the
absence of integrin αM (CD11b) and the Ly49 receptors that char-
acterize cNK cells; however, tNK cells express the cNK-cell integrin
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DX5/CD49b [8]. Thymic NK cells are poor cytotoxic effectors but
they have an enhanced ability to produce TNFα and IFNγ when
compared to cNK cells [8]. Despite this knowledge, little is known
about the transcription factor requirements for tNK cell develop-
ment, an understanding of which could help to distinguish tNK
cells from ILC1.

We report here that the thymic Lin−CD122+NK1.1+ ILC pop-
ulation is composed primarily of NK1.1+ T lymphocytes and tNK
cells that have transcription factor requirements that are similar to
cNK cells. In Rag1 −/− mice tNK cells can develop in the absence of
ID2 or ETS1 but have a phenotype similar to that of cNK cells that
lack these factors. Indeed, ID2 promoted the tNK cell phenotype
whereas ETS1 prevented acquisition of a cNK cell phenotype as
measured by the expression of CD11b and the TNF receptor family
member CD27 [9]. Our data provide insights into the identity and
developmental requirements for tNK cells.

Results and discussion

Lin−CD122+NK1.1+ thymocytes include tNK cells
and other innate-like lymphoid cells

We characterized the surface markers and transcription fac-
tor requirements of lineage negative (TCRβ, TCRγ, CD3ε, CD4,
CD8/Lin−) CD122+NK1.1+ innate-like (ILC-like) cells in the thy-
mus to gain insight into their identity. As reported previously [8],
a minority of this population expressed the cNK-cell marker DX5
(Fig. 1A). The DX5+ cells expressed CD127 and had low expres-
sion of CD11b (Fig. 1B), consistent with a previous study [8].
Most ILC-like cells were DX5− and expressed high levels of CD127
and CD49a (Fig. 1B), a marker associated with ILC1 [4, 10].
CD103, the αE integrin that is associated with tissue resident T
cells, was expressed on approximately 50% of DX5− cells (Fig.
1B) [11, 12]. In contrast, tNK cells in wild-type (WT) mice lacked
these markers (Fig. 1B). These data indicate that the thymic ILC-
like population is heterogeneous with a majority of cells having an
ILC1-like phenotype (CD122+NK1.1+CD127+CD49a+CD103+)
and a minor population having the tNK-cell phenotype
(CD122+NK1.1+CD127+DX5+CD11blo) [9].

NK cells are distinguished from ILC1 by their expression of
EOMES and their ability to develop in the absence of TBET, which
is required for ILC1 development (4, 5). Both GATA3 and EOMES
were expressed in Lin−CD122+NK1.1+DX5+ cells, consistent with
their designation as tNK, whereas DX5− cells expressed GATA3
but had low EOMES (Fig. 1C). In Tbx21 −/− mice (TBET-deficient)
there was an approximate 50% decrease in ILC-like thymocytes
but >90% of the remaining cells were DX5+ (Fig. 1D, E and F).
Indeed, in the absence of TBET there was a specific loss of CD49a+,
CD127hi, CD103+,and DX5− cells (Fig. 1E and F). Therefore, tNK
cells developed in TBET-deficient mice but DX5− ILC-like cells
were TBET-dependent.

To confirm that the DX5+ tNK cells were related to NK cells,
we tested whether they developed in the absence of NFIL3, a tran-
scription factor that is essential for cNK cells and some ILC1 but

not for innate-like T cells [13, 14]. In Nfil3 −/− mice total ILC-like
cell numbers were not altered but there was a near complete loss
of the minor DX5+ tNK cell population (Fig. 1G, H and I). These
data indicate that tNK cells are CD127+GATA3+EOMES+ cells that
require NFIL3 but not TBET for their development, consistent with
their designation as NK cells rather than ILC1, and consistent with
the loss of tNK cells previously reported in Nfil3 −/− mice [14].
Moreover, these data indicate that DX5− ILC-like thymocytes are
TBET-dependent and NFIL3-independent.

Thymic NK cells in Rag1−/− mice acquire markers
of tissue residency

Given that a substantial portion of the ILC-like cells in WT mice
are DX5−, we questioned whether these cells were ILC1s. To fur-
ther test the identity of these cells we examined ILC-like cells in
Rag1 −/−mice, which lack adaptive lymphoid cells. Surprisingly, all
Lin−CD122+NK1.1+ thymocytes in Rag1 −/− mice expressed DX5
(Fig. 2A), suggesting that the major population of DX5−cells in WT
mice were T lymphocytes. Consistent with this conclusion, a major-
ity of NK1.1+ cells in the thymus of WT mice were NKT cells that
stained positively with PBS57-loaded CD1d tetramers and some of
these cells have low TCRβ staining (Fig. 2B, Supporting Informa-
tion Fig. 1). Moreover, CD1d tetramer+ NK1.1+ cells expressed
CD49a and approximately half were CD103+ (Fig. 2C), con-
sistent with the phenotype of thymic Lin−CD122+NK1.1+DX5−

cells. There may be additional NK1.1+ T cells in the thymus that
express these markers because we observed such cells in the CD1d
tetramer negative NK1.1+ population (Fig. 2C). Some γδ T cells
express NK1.1 and could fall into this gate [15]. In Rag1 −/− mice
the DX5+ tNK cells expressed EOMES, GATA3, and CD127 and had
low expression of CD11b, similar to WT tNK cells (Fig. 2D) [8].
These cells also expressed EOMES confirming that they were tNK
cells and not ILC1 that acquired DX5 expression (Fig. 2D). Inter-
estingly however, Rag1 −/− tNK cells expressed CD49a and CD103
indicating that, in the absence of T cells, they are impacted by
factors that can drive the expression of these proteins (Fig. 2D
and E) [7].

We note that despite the loss of DX5− ILC-like cells in Tbx21 −/−

mice, tNK cells did not acquire expression of CD103. Therefore,
the loss of TBET-dependent T lymphocytes (such as NKT cells)
may not be sufficient to expose tNK cells to the factors that induce
CD103. Alternatively, TBET may be required for CD103 expression
on these cells.

Thymic NK cells develop in Rag1−/−Id2−/− mice

To gain further insight into the identity of tNK cells we exam-
ined their dependence on the transcription factor ID2. We exam-
ined tNK cell numbers in Rag1 −/−GzmbCre+Id2f/f mice on a
C57Bl/6 background (Rag1 −/−Id2−/−), in which Id2 is deleted in
all hematopoietic cells ( [16], Supporting Information Fig. 2). In
Rag1 −/−Id2−/- mice, tNK cell numbers were similar to littermate
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Figure 1. Characterization of the phenotype and transcription factor requirements of murine thymic ILC-like cells. Wild-type C57BL/6 thymocytes
were analyzed by FACS for (A) ILC-like cells (Lin−CD122+ NK1.1+). Lineage = TCRβ, TCRγ, CD3ε, CD4, and CD8. DX5 expression on ILC-like cells is
also shown. (B) CD11b, CD49a, CD127 and CD103, and (C) EOMES and GATA3, expression on DX5+ (dark) and DX5− (light) ILC-like cells. The open
profile is the FMO. (D) Mean number ± SEM of thymic ILC-like cells in Tbx21 +/+ and Tbx21 −/- mice ± SEM. (E) FACS analysis for CD127 versus DX5,
CD103 versus CD49a, and DX5 versus EOMES on thymic ILC-like cells in Tbx21 +/+ and Tbx21 −/- mice. (F) Mean percent ± SEM of Tbx21 +/+ (+, black)
and Tbx21 −/- (-, gray) thymic ILC-like cells expressing DX5, CD49a, and CD103. (G) DX5 expression on thymic ILC-like cells from Nfil3 +/+ and Nfil3 −/-

mice. (H) Thymic ILC-like numbers and (I) the percent DX5+ in Nfil3 +/+ and Nfil3 −/- mice. (A-C) Representative profile from > 7 experiments, (E, G)
from 3 experiments with one mouse of each genotype/experiment. (D, F, H) Each dot represents one mouse. Unpaired t-test *p<0.05, **p<0.01,
***p<0.001.

control mice (LMC) indicating that tNK cells can develop inde-
pendent of ID2 when T cells are absent (Fig. 3A and B). How-
ever, Rag1 −/−Id2−/- mice had an altered phenotype; they failed
to express even low levels of CD11b and had heightened CD27
expression (Fig. 3C). These cells also expressed DX5, CD127,
CD103 and CD49a (Fig. 3B and C).

Our observation that tNK cells developed independent of ID2
was surprising given that all ILCs and mature cNK cells are ID2-
dependent [17–19]. However, CD27+CD11b− cNK cells are a
minor portion of peripheral cNK cells and this subset was present

in Rag1 −/−Id2−/- mice and had a similar CD27hiCD11b− pheno-
type [20] (Supporting Information Fig. 2). Therefore, tNK cells
resemble cNK cells in their requirement for ID2.

ETS1 maintains the tNK cell phenotype

ETS1 is required for the proper development of cNK cells and limits
their activation [21, 22]. Therefore, we investigated the require-
ments for ETS1 in tNK cells using Rag1 −/−Il7raCreEts1 f/f mice

Figure 2. Thymic DX5+ ILC-like cells are RAG1-independent. (A) FACS analysis for ILC-like cells in Rag1 −/− mice. (B) Thymocytes were enriched
for CD8− cells and analyzed for expression of NK1.1 and the NKT-cell receptor using PBS57 (left) or unloaded (right) CD1d tetramers. (C) CD49a
and CD103 on NK1.1+ and CD1dPBS57+ (NKT1) or CD1dPBS57− (Tet−NK1.1+) cells. (D) Expression of CD127, GATA3, EOMES, CD11b, CD49a, and CD103
is shown for DX5+ tNK cells. Open profile is the FMO. (E) Mean percent ± SEM of thymic ILC-like cells expressing the indicated proteins in Rag1 +/+

(+, black) or Rag1 −/− (-, gray) mice. Each dot represents one mouse. (A, D) Data are representative of 4–7 experiments, (B, C) representative of three
experiments with one mouse of each genotype. Unpaired t-test *p<0.05, **p<0.01.
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Figure 3. ID2 and ETS1 regulate the phenotype of tNK-cells. Thymocytes from the indicated mouse strains were analyzed by flow cytometry.
(A) Mean number ± SEM of thymic ILC-like cells in Rag1 −/−Id2+/+ and Rag1 −/−Id2−/− mice. (B) Mean percent ± SEM of Rag1 −/−Id2+/+ (+, black) or
Rag1 −/−Id2−/− (-, gray) thymic ILC expressing DX5, CD49a, or CD103. (C) FACS analysis for CD11b, CD27, and CD127 on Rag1 −/−Id2+/+ (light gray) and
Rag1 −/−Id2−/− (dark gray) tNK cells. Open histogram is FMO. (D) Mean number ± SEM of thymic ILC-like cells in Rag1 −/−Ets1 +/+ and Rag1 −/−Ets1 −/−

mice. (E) Mean percent ± SEM of Rag1 −/−Ets1 +/+ (+, black) or Rag1 −/−Ets1 −/− (-, grey) thymic ILC expressing DX5, CD49a or CD103. Flow cytometry
analysis for (F) EOMES, GATA3, CD127, Ly49H and Ly49D (G) CD11b, CD27 and KLRG1, or (H) CD49a on Rag1 −/−Ets1 +/+ (light) and Rag1 −/−Ets1 −/−

(dark) tNK cells. Open histogram in (F, G, H) is FMO, except for LY49H and LY49D where open histogram is splenic cNK. Data are representative of
3–7 experiments one mouse of each genotype. Each dot represents one mouse. Unpaired t-test *p<0.05, **p<0.01.

(Rag1 −/−Ets1 −/−) [23]. In contrast to Rag1 −/−Id2−/- mice, tNK cell
numbers were decreased in the absence of ETS1 to approximately
50% of LMC (Fig. 3D). All of the ILC-like cells were tNK cells as
assessed by expression of DX5, EOMES, GATA3, and CD127 and
they had low expression of the cNK receptors Ly49H and Ly49D
(Fig. 3E and F). Surprisingly, we observed that Rag1 −/−Ets1 −/−

tNK cells had increased CD11b and decreased CD27 expression,
a phenotype associated with cNK cells, and they expressed higher
levels of another cNK-cell receptor, KLRG1 (Fig. G). Interestingly,
these cells failed to express CD103+ and had a lower intensity of
CD49a+ (Fig. 3E and H). Our data indicate that some tNK cells
developed in Rag1 −/−Ets1 −/−mice but that in the absence of ETS1
the cells acquired expression of CD11b, KLRG1 and down modu-
lated CD27.

ETS1 is a signal-regulated factor whose DNA binding is
controlled by Ca2+-dependent kinases and transactivation is
dependent on mitogen-activated protein kinases. Therefore, the
differences in tNK cell and cNK-cell phenotype (CD27+CD11b−

versus CD27−CD11b+) could be a consequence of the presence
or absence of signals that control ETS1 function in the thymus.
CD27+CD11b− tNK cells may be less differentiated cells, simi-
lar to what is proposed for CD27+CD11b− cNK cells, that have
not been activated by IL-15 or other cytokines that are induced
in dendritic cells by microbial products [24]. Therefore, the thy-
mus may lack the cells that can stimulate tNK cell expression of

cNK-cell maturation markers; alternatively, tNK cells may be resis-
tant to these signals. Thymic NK cells express CD127, which shares
the common γ chain with the IL-15/IL2 receptor alpha chain, and
expression of two receptors that share a common component may
diminish responsiveness to either cytokine if the common compo-
nent is limiting [25]. Thus, the expression of CD127 may reduce
responsiveness to IL-15, an intriguing possibility since ETS1 limits
the sensitivity of cNK cells to IL-15 [21]. Therefore, increased IL-15
sensitivity in Ets1 −/− tNK cells could drive their differentiation.

Concluding remarks

We conclude that the thymus contained a heterogeneous pop-
ulation of Lin−CD122+NK1.1+ cells that included DX5−CD49a+

innate-like T lymphocytes and DX5+CD27+CD11blo NK cells. The
innate-like T cells required the transcription factor TBET but not
NFIL3 whereas tNK cell development required NFIL3 but was inde-
pendent of TBET, consistent with the classification of the latter as
NK cells rather than ILC1. Thymic NK cell development in Rag1 −/−

mice was independent of ID2 although ID2-deficiency resulted in a
CD27hiCD11b− phenotype. Thymic NK cells also developed, albeit
inefficiently, in the absence of ETS1 but these cells were primarily
CD27lo and CD11b+ suggesting that ETS1 prevents tNK cells from
acquiring a mature cNK cell phenotype. Our data demonstrate that
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tNK cells have developmental requirements consistent with the NK
cell lineage and are not ILC1; however, they have a requirement
for the transcription factor ETS1 that only partially overlaps with
cNK cells.

Materials and methods

Mice

C57Bl/6, Rag1 −/−, Rag1 −/−Il7RaCreEts1 f/f (Ets1 −/−)[23], Rag1 −/−

GzmbCreId2f/f mice, and their Rag1 −/−Cre+ littermate controls
(LMC) were maintained in a specific pathogen free facility at
the University of Chicago. Tbx21 −/− mice were purchased from
Jackson. Thymocytes from Nfil3 −/− mice and LMC [26, 27]
were provided by Dr. Joe Sun (Memorial Sloan Kettering Can-
cer Center, New York). All mice were on a C57BL/6 background.
Rag1 −/−GzmbCreId2f/f mice delete Id2 in all hematopoietic cells
( [16] and manuscript in preparation). Mice were euthanized
using CO2 asphyxiation followed by cervical dislocation.

Cell preparation and flow cytometry

Thymocytes were stained for flow cytometry using standard pro-
cedures. The antibodies used are available upon request. PBS57
loaded and unloaded CD1d tetramers were from the NIH Tetramer
Facility (Atlanta, GA). The Foxp3 Transcription Factor Staining
Buffer Set (eBioscience) was used for the intracellular staining
with the EOMES and TBET antibodies. Flow cytometry was per-
formed on a BD LSRIII Fortessa, and the data were analyzed using
FlowJo software (Tree Star, Ashland, OR). All gates were set using
negative controls. Cell numbers were calculated using Precision
Count Beads (Biolegend)

CD8 lineage depletion was performed using CD8-biotin fol-
lowed by streptavidin-magnetic beads (Miltenyi Biotech) prior to
passing over an LS magnetic columns (Miltenyi Biotech).

Statistical analysis

Unpaired Student t-test’s were calculated using Prism 6 (GraphPad
Software).
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