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The transcriptional repressor ID2 supports natural
killer cell maturation by controlling TCF1 amplitude
Zhong-Yin Li1, Rosemary E. Morman1, Emma Hegermiller1, Mengxi Sun1, Elizabeth T. Bartom2, Mark Maienschein-Cline3,
Mikael Sigvardsson4,5, and Barbara L. Kee1,6

Gaining a mechanistic understanding of the expansion and maturation program of natural killer (NK) cells will provide
opportunities for harnessing their inflammation-inducing and oncolytic capacity for therapeutic purposes. Here, we
demonstrated that ID2, a transcriptional regulatory protein constitutively expressed in NK cells, supports NK cell effector
maturation by controlling the amplitude and temporal dynamics of the transcription factor TCF1. TCF1 promotes immature NK
cell expansion and restrains differentiation. The increased TCF1 expression in ID2-deficient NK cells arrests their maturation
and alters cell surface receptor expression. Moreover, TCF1 limits NK cell functions, such as cytokine-induced IFN-γ
production and the ability to clear metastatic melanoma in ID2-deficient NK cells. Our data demonstrate that ID2 sets a
threshold for TCF1 during NK cell development, thus controlling the balance of immature and terminally differentiated cells
that support future NK cell responses.

Introduction
Natural killer (NK) cells are the innate counterpart to CD8 T
lymphocytes, and together, these cytotoxic cells create a for-
midable barrier against viral infection and cancer. CD8 T cells
are generated as naive cells with rare specificities that require
multiple signals for their activation, whereas NK cells arise as
primed cells that can be broadly and rapidly activated with
fewer stimulatory inputs. Therefore, NK cell function precedes
that of CD8 T cells in most infections and can set the stage for a
successful immune response (Sun and Lanier, 2011). In mice, NK
cells arise as CD27+CD11b− cells that produce IFN-γ upon acti-
vation and mature into CD27+CD11b+ and CD27−CD11b+ cells that
have robust cytotoxic properties (Chiossone et al., 2009).
These subsets are analogous to human CD16−CD56high,
CD16+CD56dimCD57−, and CD16+CD56dimCD57+ NK cells, re-
spectively (Freud et al., 2017), which share common tran-
scriptional regulatory circuits with their mouse counterparts
(Collins et al., 2019). NK cell development and maturation rely
on numerous transcription factors, including the T box factors
Eomesodermin and TBET (Daussy et al., 2014; Gordon et al.,
2012), known to regulate expression of the cytokine receptor
CD122 and Zeb2 (Intlekofer et al., 2005; van Helden et al., 2015),
a transcription factor that promotes CD8 terminal effector
differentiation (Dominguez et al., 2015; Omilusik et al., 2015).

The development of CD27+CD11b− NK cells is partially depen-
dent on the T cell–associated transcription factor TCF1, encoded
by the Tcf7 gene, which is downregulated during NK cell mat-
uration (Held et al., 2003; Jeevan-Raj et al., 2017). Despite their
negligible TCF1 expression, CD27−CD11b+ NK cells from Tcf7−/−

mice show dysregulated expression of a subset of NK cell re-
ceptors and increased expression of granzyme b (GZMB; Held
et al., 1999; Jeevan-Raj et al., 2017; Kunz and Held, 2001). TCF1 is
expressed in naive and memory CD8 T cells and is associated
with self-renewal of CD8 T cells during their activation and with
the ability of a subset of exhausted T cells in tumors and chronic
viral infection to become reactivated (Beltra et al., 2020; Im et al.,
2016; Lin et al., 2016; Shan et al., 2020). However, the mecha-
nisms controlling TCF1 expression during NK cell and CD8 T cell
development are not well understood.

NK cells constitutively express the transcription factor ID2
(Boos et al., 2007; Yokota et al., 1999), which is required for NK
cell effector maturation and for the primed state in CD27+CD11b−

NK cells (Delconte et al., 2016; Zook et al., 2018). ID2 was pro-
posed to inhibit the E protein–induced transcription of the
suppressor of cytokine signaling protein gene Socs3 and, thereby,
promote IL-15 signaling (Delconte et al., 2016), which would
impact NK cell maturation. However, ID2 also represses a
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program of T cell–associated genes that are critical for both
naive and memory CD8 T cells but whose expression is low in
effector cells (Delconte et al., 2016; Zook et al., 2018). How this
program is regulated during the maturation of NK cells, where
ID2 is constitutively expressed, is not understood.

Here, we show that a critical function of ID2 in NK cells is to
control the amplitude of TCF1 expression and to allow for its
dynamic regulation during NK cell maturation. ID2-deficient NK
cells showed elevated expression of TCF1 and multiple TCF1
target genes and had increased chromatin accessibility and nu-
cleosome depletion at a Tcf7 intronic region. Deletion of TCF1
from ID2-deficient NK cells restored expression of multiple
maturation-associated genes and proteins and improved their
ability to produce IFN-γ in response to inflammatory cytokines
and their ability to clear metastatic melanoma. Our data reveal
TCF1 to be an important target of the E protein–ID2 transcrip-
tional axis and provide critical insight into the regulatory cir-
cuits that coordinate the maturation program in NK cells.

Results
NK cell–specific deletion of Id2 results in arrested NK cell
maturation
We have previously reported that mice in which the Id2 gene
was deleted in all hematopoietic cells display a disruption in NK
cell maturation (Zook et al., 2018). In the absence of ID2,
CD27+CD11b− NK cells fail to acquire their “memory precursor-
like” chromatin state and instead appear more similar to naive
CD8 T cells and fail to activate the NK cell effector gene program.
Here, we used Ncr1Cre to delete Id2 (Id2Δ/Δ) in NKp46+ cells
(Walzer et al., 2007) and, as reported by Delconte et al. (2016),
we found a reduced frequency and number of NK cells in the
bone marrow (BM) and spleen (Fig. 1, A–D). In both tissues, NK
cell differentiation was arrested at the CD27+CD11b− stage with
increased mean fluorescence intensity (MFI) for CD27 (Fig. 1,
E–G). BM NK cells enriched from Id2F/F (control [Ctrl]) and
Id2Δ/Δ mice expanded and maintained their CD27hiCD11b− phe-
notype, with an increased MFI for CD27, when cultured in vitro
in low-dose IL-15 (Fig. S1, A and B).

To further interrogate the phenotype of Id2Δ/Δ NK cells, we
examined global changes in gene expression in NK1.1+CD49b+

BM cells using RNA sequencing (RNA-seq). We found 68 genes
that increased and 138 that decreased in expression in Id2Δ/Δ NK
cells (adjusted [adj.] P < 0.05; Fig. S1 C). Maturation-associated
genes Klrg1, Itgam, Gzmb, Prf1, Zeb2, and Klrb1b, encoding the NK
cell receptor NKR-P1B, were decreased (Fig. 1 H). In contrast,
genes associated with naive and memory T lymphocytes, such as
Il4ra, Il21r Cd3d, and Cxcr3, were increased as was Slamf6 and the
E protein target gene Cxcr5 (Fig. 1 I). Gene set enrichment
analysis (GSEA) indicated that Ctrl cells were enriched for genes
expressed in CD8 T effector compared with memory cells,
whereas Id2Δ/Δ NK cells were enriched for genes associated with
naive compared with activated CD8 T cells (Fig. S1 D). Taken
together, these data support that ID2 deficiency in NKp46+ cells
prevented NK cell maturation and promoted transformation of
CD27+CD11b− NK cells toward a naive gene program (Zook et al.,
2018).

TCF1 expression was dysregulated in Id2Δ/Δ NK cells
Id2Δ/ΔNK cells also showed increased Tcf7mRNA (Fig. 2 A). TCF1
protein was elevated in Id2Δ/Δ BM and splenic CD27+CD11b− NK
cells when compared with Ctrl NK cells (Fig. 2 B–D). TCF1 pro-
tein was also more highly expressed in Id2Δ/Δ NK cells than Ctrl
NK cells after in vitro culture in IL-15 (Fig. 2, E and F). We ex-
amined Assay for Transposase-Accessible Chromatin (ATAC)-seq
data from Ctrl and ID2-deficient CD27+CD11b− NK cells and found
substantially increased chromatin accessibility in the second in-
tron of Tcf7 in the absence of ID2, with no altered accessibility at
upstream regions (Fig. 2, G and H). This intronic region, which
also showed decreased nucleosome occupancy in the absence of
ID2 (Fig. 2 I), contains three closely spaced E boxmotifs consistent
with direct regulation by E protein transcription factors (Fig. S2
A). This Tcf7 genomic region was enriched by chromatin immu-
noprecipitation (ChIP) with E protein antibodies from extracts of
Id2Δ/Δ compared with Ctrl BM NK cells, demonstrating that E
proteins bind this region after deletion of ID2 (Fig. 2 J). Taken
together, these data indicate that ID2 limited the ability of E
proteins to directly promote Tcf7 transcription in NK cells.

TCF1 bound to multiple genes that are dysregulated in ID2-
deficient NK cells
We questioned whether TCF1 might bind to some of the genes
that are dysregulated in the absence of ID2 (Zook et al., 2018).
Using TCF1-binding coordinates near these genes in T cells
(Emmanuel et al., 2018), we performed TCF1 ChIP using
NK1.1+CD49b+ cells from the BM, which are predominately
CD27+ NK cells that express TCF1, and spleen, which are pre-
dominately CD11b+ NK cells that have low TCF1 (Jeevan-Raj
et al., 2017). Notably, TCF1 bound sites near the Id3, Tgfbr1,
Cd3e, Foxp1, and Lck genes preferentially in BM compared with
splenic NK cells (Fig. 2 K). In contrast, TCF1 binding was low at
the regions tested near the Cxcr3 and CD8a genes in both the BM
and the spleen, despite that Cxcr3 is dysregulated in Id2Δ/Δ NK
cells (Fig. 2 K). To determine more globally whether TCF1 could
contribute to gene dysregulation in Id2Δ/Δ NK cells, we com-
pared published TCF1 ChIP-seq data from CD8 T cells with our
ATAC-seq data (Steinke et al., 2014; Xing et al., 2016). Of the
accessible regions that we identified in Ctrl and ID2-deficient
NK cells by ATAC-seq, 10.4% were differentially accessible,
with 6.7% of regions being more accessible in Ctrl and 3.7%
being more accessible in ID2-deficient CD27+CD11b− NK cells
(Fig. S2 B). TCF1 bound to 5,897 regions in CD8 T cells of which
299 (5.1%) were more accessible in ID2-deficient NK cells and
only 79 (1.29%) were more accessible in Ctrl CD27+CD11b− NK
cells (Fig. S2 B). Therefore, TCF1 binding sites are enriched in
chromatin regions that becomemore accessible in ID2-deficient
NK cells (Fig. S2 B). These data indicate that TCF1 could regulate
a substantial set of genes in CD27+CD11b− NK cells and led us to
hypothesize that TCF1 contributes to the arrested maturation
and gene dysregulation in ID2-deficient NK cells.

TCF1 was required for optimal NK cell numbers and
limited maturation
To further investigate the role of TCF1 in NK cell maturation, we
created mice in which TCF1 was inactivated in NK cells using
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Ncr1Cre. Studies in mice with a germline mutation in Tcf7 dem-
onstrated that TCF1 is required for development of NK progen-
itor (NKP) cells in the BM, promotes expression of the activating
NK cell receptor Ly49A, and limits the cytotoxic protein GZMB
(Jeevan-Raj et al., 2017). However, it was unknown whether
TCF1 was required in mature NK cells or only at earlier devel-
opmental stages. In mice lacking TCF1 only in NKp46+ cells
(Tcf7Δ/Δ), NK cell numbers were decreased in the BM and
modestly decreased in the spleen (Fig. 3, A–D). Analysis of CD27
and CD11b revealed that Tcf7Δ/Δ NK cells were skewed toward
the CD27−CD11b+ subset, consistent with the reported role for
TCF1 in restraining NK cell maturation (Fig. 3, E–G; Held et al.,
2003). Thus, deletion of Tcf7 inNcr1+ cells had a similar, although
less severe, consequence on NK cell development as germline
deletion of Tcf7.

To gain further insight into how TCF1 supports NK cell de-
velopment, we examined changes in mRNA expression in
NK1.1+CD49b+ BM cells using RNA-seq. Surprisingly, only 14
genes showed decreased and 16 genes showed increased mRNA
in the absence of TCF1 (adj. P < 0.05; Fig. S2, C and E). These
genes included Klra4, Klra8, and Klrb1a, which were decreased,

and T cell–associated Cd3d, CD3e, and Cd8a, which were in-
creased in the absence of TCF1 (Fig. 3 H and Fig. S2, C and D).
Despite the subtle increase in CD11b, Itgam was not significantly
different in Tcf7Δ/Δ and Ctrl NK cells in this analysis. GSEA in-
dicated enrichment for a mature NK cell gene program in Ctrl
NK cells primarily driven by the decreased expression of NK cell
receptor genes in the absence of TCF1 (Fig. S2 D). Thus, BM NK
cells in Tcf7Δ/Δ mice showed only subtle changes in gene ex-
pression compared with Ctrl NK cells.

Tcf7Δ/Δ NK cells showed dysregulated NK cell receptor
expression and altered function
We examined multiple receptors on Tcf7Δ/Δ NK cells by flow
cytometry. Although not evident by RNA-seq, there was an in-
creased frequency of cells expressing KLRG1 among Tcf7Δ/Δ

NK1.1+CD49b+ NK cells in the BM and spleen (Fig. 4, A and B; and
Fig. S2, F and G). There was also a subtly increased frequency of
CD226/DNAM-1+ NK cells and a decreased frequency of Ly49E/
F+ and Ly49G2+ NK cells (Fig. 4, A and B). Consistent with the
decreased Klra4 and Klra8mRNA, their protein products, Ly49D
or Ly49H, showed a reduced MFI on Tcf7Δ/Δ NK cells, although

Figure 1. Arrested NK cell maturation in
Id2Δ/Δ mice. (A) Flow cytometry showing gating
strategy for BM NK cells in Ctrl and Id2Δ/Δ mice.
Top panels show lineage (Lin; CD3e)/PI versus
NK1.1 on lymphoid cells in the BM. Lower panels
show NK1.1 versus CD49b on Lin/PI-NK1.1+ cells.
The percentage of cells in the gate is indicated.
(B) Summary of the number of NK cells per 108

BM cells. Bar represents the average ± SEM. Ctrl
(white) and Id2Δ/Δ (blue). Each circle represents
one mouse. (C) Same as A but for spleen.
(D) Same as B but for spleen. (E) CD49b+NK1.1+

NK cells from the BM (top) or spleen (bottom)
were examined for expression of CD27 and
CD11b by flow cytometry. The percentage of
cells in each quadrant is indicated. (F and
G) Summary of the number of CD27+CD11b−,
CD27+CD11b+, and CD27−CD11b+ NK cells per 108

BM cells or per spleen (n = 5 for BM and n = 3 for
spleen [Sp]; data are from independent experi-
ments). (H and I) RNA expression for the indi-
cated genes in Ctrl or Id2Δ/Δ determined by RNA-
seq and expressed as normalized reads. Data are
from three biological replicates. Error bars rep-
resent SD. Statistical significance was deter-
mined by two-tailed unpaired t test. *, P < 0.05;
**, P < 0.01; ***, P < 0.005.
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the frequency of positive NK cells was similar to Ctrl (Fig. 4, A
and B; and Fig. S2, F and G). The MFI of IL-4rα was also reduced
on Tcf7Δ/Δ NK cells, whereas IL-18R1 and CD244 were expressed
similarly to Ctrl NK cells (Fig. 4, A and B; and Fig. S2). These
modest changes in receptor expression could be indicative of an
impact on Tcf7Δ/Δ NK cell function; therefore, we tested these
cells in multiple functional assays. Tcf7Δ/Δ NK cells were able to
expand in vitro in IL-15, and treatment with IL-2 and IL-12 led to
robust IFN-γ production (Fig. 4, C and D). However, crosslinking
of NK1.1 led to less IFN-γ in Tcf7Δ/Δ NK cells compared with Ctrl
cells (Fig. 4, E and F). In addition, while injection of Ctrl mice
with a mixture of splenocytes from WT C57BL/6 and β2 micro-
globulin (β2M)−/− mice led to rapid rejection of the β2M−/− cells,
Tcf7Δ/Δ mice were less effective at rejecting the β2M−/− cells
(Fig. 4, G and H), similar to what was reported for germline
Tcf7−/− mice (Jeevan-Raj et al., 2017). However, in contrast to
ID2-deficient animals, Tcf7Δ/Δ mice were able to efficiently clear
B16-F10 melanoma cells from the lungs of mice (Fig. 4, I and J).
These data demonstrate that Tcf7Δ/Δ mice had multiple alter-
ations in NK cell receptor expression, were compromised in
their ability to produce IFN-γ in response to receptor cross-
linking, and were less efficient at killing MHC class I–deficient

cells. Nonetheless, TCF1 was dispensable for IFN-γ production in
response to inflammatory cytokines and for clearance of meta-
static melanoma.

TCF1 limited maturation of Id2Δ/Δ NK cells
Given the dysregulation of Tcf7 in Id2Δ/Δ NK cells, we hypothe-
sized that TCF1 was critical for the observed maturation arrest.
To test this, we deleted both Id2 and Tcf7 in NK cells using Ncr1Cre

(Id2Δ/ΔTcf7Δ/Δ). NK cell numbers in the BM and spleen were
similarly low in Id2Δ/Δ and Id2Δ/ΔTcf7Δ/Δ mice (Fig. 5, A and D).
However, TCF1 was necessary for the arrested maturation in
Id2Δ/Δ NK cells as there was an increased frequency of
CD27+CD11b+ and CD27−CD11b+ NK cells and a decreased fre-
quency of CD27+CD11b−NK cells in Id2Δ/ΔTcf7Δ/Δmice compared
with Id2Δ/Δ mice (Fig. 5, E–G). In vitro, Id2Δ/ΔTcf7Δ/Δ NK cells
grew in IL-15 and had a CD27 MFI intermediate between that of
Ctrl and Id2Δ/Δ cells (Fig. S3, A and B). NK cell maturation was
also restored in the liver of Id2Δ/ΔTcf7Δ/Δ mice, as evidenced by
an increased frequency of CD27−CD11b+ cells and increased
expression of KLRG1 (Fig. S3, F–I). ILC1s in the liver were af-
fected by deletion of Id2 using Ncr1Cre, but their numbers are not
restored in Id2Δ/ΔTcf7Δ/Δ mice (Fig. S3 E).

Figure 2. Dysregulation of Tcf7/TCF1 in Id2Δ/Δ NK cells. (A) Tcf7mRNA in Ctrl and Id2Δ/Δ NK cells by RNA-seq expressed as normalized reads. Data are from
three biological replicates. Error bars represent SD. (B) TCF1 in CD27+CD11b− NK cells from BM and spleen from Ctrl and Id2Δ/Δ mice determined by
flow cytometry. The MFI of TCF1 is indicated for Ctrl (black) and Id2Δ/Δ (blue; n = 4 for BM and n = 3 for spleen; data are from independent experiments). (C and
D) Summary of relative TCF1 MFI from BM and spleen. MFI of Ctrl NK cells was set as 1 in each experiment. (E) CD49b+-enriched BMNK cells were cultured in
IL-15 (20 ng/ml) for 6 d before flow cytometry analysis for TCF1 in NK1.1+CD49b+ cells. The MFI for TCF1 in Ctrl (black) and Id2Δ/Δ (blue) is shown. (F) Summary
of relative TCF1 MFI in IL-15–cultured NK cells. MFI of Ctrl NK cells was set as 1 in each experiment (n = 4; data are from independent experiments). Error bars
represent SEM (C, D, and F). (G) Chromatin accessibility surrounding the Tcf7 gene as determined by ATAC-seq on CD27+CD11b− NK cells (Zook et al., 2018).
Ctrl (black) and ID2-deficient (blue) NK cells. (H) Enhanced view of the indicated region of the Tcf7 intron showing increased chromatin accessibility in ID2-
deficient CD27+CD11b− NK cells. (I) The same region as in H but showing nucleosome depletion. (J) E protein ChIP was performed on chromatin isolated from
Ctrl or Id2Δ/Δ BM NK cells and amplified using two different primer sets flanking the region shown in H. Data are represented as the signal relative to input and
are representative of two independent experiments with triplicate measurements. (K) TCF1 ChIP was performed on chromatin isolated from spleen (Sp) or BM
NK cells and represented as the signal at the indicated gene relative to input. Data are representative of two experiments with triplicate samples. Statistical
significance was determined using a two-tailed unpaired t test (A, D, and F). *, P < 0.05; **, P < 0.01; ***, P < 0.005; ****, P < 0.001.
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Analysis of Id2Δ/ΔTcf7Δ/+ NK cells revealed a partial restora-
tion of NK cell maturation with an increased frequency of
CD27+CD11b+ cells but no alteration in CD27−CD11b+ NK cells in
the BM and spleen (Fig. S4, A–C). In the spleen of Id2Δ/ΔTcf7Δ/+,
there was also a significant reduction in the frequency of
CD27+CD11b− NK cells compared with Id2Δ/Δ mice (Fig. S4, A and
C). TCF1 protein was reduced in Id2Δ/ΔTcf7Δ/+ NK cells compared
with Id2Δ/Δ NK cells and was similar to the TCF1+ population in
Ctrl NK cells, but this was not sufficient for further maturation
of NK cells. In contrast, TCF1 protein was absent from
Id2Δ/ΔTcf7Δ/Δ NK cells (Fig. S4 D). These observations led us to
suggest that both amplitude and temporal regulation of TCF1 are
essential for normal maturation. Consistent with this hypothe-
sis, TBET expression was restored to Ctrl levels, or higher, in
Id2Δ/ΔTcf7Δ/Δ NK cells but remained low in Id2Δ/ΔTcf7Δ/+ NK
cells, suggesting continued Tbx21 repression by TCF1 in the
Id2Δ/ΔTcf7Δ/+ NK cells.

RNA-seq analysis of NK1.1+CD49b+ BM NK cells revealed that
67 genes were decreased in the Id2Δ/ΔTcf7Δ/Δ NK cells (compared
with the 138 that were decreased in the Id2Δ/Δ NK cells) and 61
genes were increased (compared with 68 in the Id2Δ/Δ NK cells)
when compared with Ctrl NK cells (adj. P > 0.05). Thus,
Id2Δ/ΔTcf7Δ/Δ NK cells appeared more similar to Ctrl NK cells
than did Id2Δ/ΔNK cells (Fig. S1 C and Fig. S5 A). Indeed, multiple
genes that decreased in Id2Δ/Δ NK cells were at least partially
restored in the Id2Δ/ΔTcf7Δ/Δ NK cells, with only 7 of 68 genes
continuing to be significantly decreased (Fig. S5 B). Itgam was

partially restored, whereas Gzma, Fgl2, Slc24a3, Fcer1a, and Klrb1b
were restored to the level of Ctrl NK cells (Fig. 5 H). As expected,
many proposed E protein target genes continued to be dysreg-
ulated in Id2Δ/ΔTcf7Δ/Δ NK cells, including Cd3e, Il4ra, Il21r, Cxcr5,
and Cxcr3. However, there were some genes that increased in
Id2Δ/Δ NK cells that were closer to Ctrl levels of Id2Δ/ΔTcf7Δ/Δ

cells, such as Slamf6 and Drc1, suggesting that they are TCF1
targets rather than E protein targets (Fig. 5 H).

TCF1 deficiency in Id2Δ/Δ NK cells restored expression of
multiple receptors associated with maturation
We further investigated the expression of maturation-associated
NK cell receptors on Id2Δ/ΔTcf7Δ/Δ NK cells. Both KLRG1 and
CD146 (Despoix et al., 2008; neural cell adhesion molecule) were
substantially decreased on Id2Δ/Δ NK cells and showed a partial
recovery on Id2Δ/ΔTcf7Δ/ΔNK cells in the BM and spleen (Fig. 6, A
and B). The MFI for CD27 and IL-4ra was lower on Id2Δ/ΔTcf7Δ/Δ

NK cells compared with Id2Δ/Δ NK cells, and the frequency of
Ly49E/F+ cells returned to the level of Ctrl NK cells (Fig. 6, A and
B; and Fig. S5 C). However, Ly49G2 continued to be increased on
Id2Δ/ΔTcf7Δ/Δ splenic NK cells, and CD226 was increased similar
to Tcf7Δ/Δ NK cells (Fig. S5, D–H). Therefore, TCF1 was required
for dysregulation of multiple NK cell receptors on Id2Δ/Δ NK
cells, particularly those associated with NK cell maturation.

To further interrogate the maturation state of Id2Δ/ΔTcf7Δ/Δ

BM and spleen NK cells, we performed flow cytometry using a
panel of 13 cell surface markers followed by dimensionality

Figure 3. Deletion of Tcf7 in mature NK cells
impacts their numbers and maturation. (A)
Flow cytometry for BMNK cells in Ctrl and Tcf7Δ/Δ

mice. Top panels show lineage (Lin)/PI versus
NK1.1 on lymphoid cells. Bottom panels show
NK1.1 versus CD49b on Lin/PI-NK1.1+ cells. The
percentage of cells in the gated region is indi-
cated. (B) Summary of the number of NK cells per
108 BM cells in Ctrl (white) and Tcf7Δ/Δ (maroon).
Bars represent the average ± SEM. Each circle
represents one mouse (n = 5). (C) Same as A but
for spleen. (D) Same as B but for spleen (n = 4).
(E) NK1.1+CD49b+ NK cells from BM (top) or
spleen (Sp; bottom) were examined for expres-
sion of CD27 and CD11b by flow cytometry.
Numbers indicate the percentage of cells in the
respective quadrant. (F and G) Summary of the
percentage of CD27+CD11b−, CD27+CD11b+, and
CD27−CD11b+ NK cells among CD49b+NK1.1+ NK
cells in BM and in spleen (n = 3; all flow cytometry
data are from independent experiments). (H) RNA
expression for the indicated genes in Ctrl or
Tcf7Δ/Δ NK cells determined by RNA-seq and ex-
pressed as normalized reads. Data represent
three biological replicates. Error bars represent
SD. Statistical significance was determined by
two-tailed unpaired t test. *, P < 0.05; **, P <
0.01; ***, P < 0.005.
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reduction using the t-distributed stochastic neighbor embedding
(tSNE) algorithm to identify relationships between the cells.
NK1.1+CD49b+ cells from the Ctrl, Id2Δ/Δ, Tcf7Δ/Δ, and
Id2Δ/ΔTcf7Δ/Δ samples were concatenated and analyzed by tSNE
followed by extraction and individual visualization (Fig. 6, C–F).
An overlay of CD11b+ or CD27+ cells in Ctrl BM and spleen re-
vealed identifiable clusters of CD27+CD11b−, CD27+CD11b+, and
CD27−CD11b+ NK cells (Fig. 6, C and E). Tcf7Δ/Δ NK cells were
enriched for cells that clustered near Ctrl CD27−CD11b+ NK cells
in the BM and spleen, whereas Id2Δ/Δ NK cells were clustered
near Ctrl CD27+CD11b− in the spleen and CD27+CD11b+ NK cells in
the BM (Fig. 6, D and F). Strikingly, in the BM, Id2Δ/ΔTcf7Δ/Δ NK
cells were found close to CD27−CD11b+ NK cells and overlapped
substantially with Tcf7Δ/ΔNK cells (Fig. 6, C and D). In the spleen,
Id2Δ/ΔTcf7Δ/Δ NK cells moved toward Ctrl CD27−CD11b+ NK cells
along tSNE1 and were distinct from Id2Δ/Δ NK cells (Fig. 6, E and
F). Taken together, our analysis reveals that deletion of Tcf7 from
Id2Δ/Δ NK cells partially restored their maturation.

Restoration of NK cell functions in Id2Δ/ΔTcf7Δ/Δ NK cells
Given the partial restoration of NK cell maturation in
Id2Δ/ΔTcf7Δ/Δ compared with Id2Δ/Δ NK cells, we questioned

whether Id2Δ/ΔTcf7Δ/Δ NK cells would have restored function.
To address this question, we examined functions that were
altered in Id2Δ/Δ but not Tcf7Δ/ΔNK cells. Deletion of Tcf7 at least
partially restored the ability of Id2Δ/Δ BM and spleen NK cells to
produce IFN-γ and GZMB in response to IL-2 + IL-12 (Fig. 7,
A–D). Remarkably, Id2Δ/ΔTcf7Δ/Δ NK cells also had a restored
ability to prevent B16-F10 melanoma cells from forming tumor
nodules in the lung (Fig. 7, E and F). Taken together, these data
demonstrate that in addition to allowing for NK cell matura-
tion, deletion of Tcf7 from Id2Δ/Δ NK cells restored at least some
of the functional capacity of these cells. Overall, our data reveal
that a major function of ID2 during NK cell development was to
restrain the expression of TCF1, thus allowing for appropriate
maturation and function.

Discussion
Constitutive ID2 expression is a hallmark of NK cells and other
ILCs, and it is required for their proper development (Vivier
et al., 2018; Zook and Kee, 2016). ID2 deficiency arrests NK
cell maturation at the CD27+CD11b− stage and transforms these
cells into naive-like cells with increased expression of multiple

Figure 4. TCF1 deficiency in mature NK cells
impacts NK cell receptor expression and NK cell
function. (A) Flow cytometry plots of multiple sur-
face proteins on BM NK cells from Ctrl (white) and
Tcf7Δ/Δ (maroon) mice. The percentage of cells in the
gated region is indicated (n = 3 or 4 for each group in
two to three independent experiments). (B) Sum-
mary of data shown in A. MFI of Ctrl NK cells was set
as 1 in each experiment. (C) CD49b+-enriched NK
cells from BM were stimulated by IL-2 and IL-12
followed by analysis of IFN-γ in NK1.1+CD49b+ NK
cells by flow cytometry. Numbers are the percentage
of cells in the indicated gates (n = 3). (D) Summary of
data shown in C. (E) Flow cytometry for IFN-γ in
NK1.1+CD49b+ NK cells 18 h after activation with
anti-NK1.1 (n = 3). (F) Summary of data shown in E.
(G) C57BL/6 (H-2b) and β2m−/− splenocytes were
labeled with a low and high dose of CFSE, respec-
tively, before injection into polyinosinic:polycytidylic
acid–primed Tcf7Δ/Δ and Ctrl mice. Recipient spleens
were analyzed 18 h later by flow cytometry. Num-
bers are the percentage of cells in the indicated
gates (n = 3). (H) Summary showing percent rejec-
tion in Ctrl and Tcf7Δ/Δ mice (G). (I) Ctrl and Tcf7Δ/Δ

mice were injected with B16-F10 cells, and lungs
were analyzed for metastases on day 12 (n = 3
for each group in two independent experiments).
(J) Summary of data shown in I for numbers of tumor
nodules in the lung. Note that there is no significant
difference between Ctrl and Tcf7Δ/Δmice; Id2Δ/Δ mice
are also shown for comparison. Error bars represent
SEM (B, D, F, H, and J). Statistical significance was
determined by two-tailed unpaired t test (B, D, F, H,
and J). *, P < 0.05; **, P < 0.01. SSC, side scatter.
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T cell–associated genes (Delconte et al., 2016; Zook et al., 2018). E
proteins likely regulate many of these T cell genes, as evidenced
by the presence of E boxes in regions that gain accessibility near
these genes (Zook et al., 2018). Despite this, the essential targets
of the ID2–E protein axis in controlling NK cell maturation were
not known. Here, we showed that ID2 limited accessibility and E
protein binding at an intronic Tcf7 enhancer and limited TCF1
expression to allow for NK cell maturation. Deletion of TCF1 in
the context of ID2 deficiency partially restored a gene program
associated with NK cell effector maturation and restored the
ability tomaximally produce IFN-γ and GZMB in response to the
minimal cytokine combination of IL-2 + IL-12. TCF1 deficiency
also restored the ability of Id2Δ/Δ NK cells to prevent growth of
melanoma cells in a model of metastatic disease. Despite resto-
ration of NK cell maturation and function, we found that the
dysregulation of E protein activity continued to impact multiple
genes, such as Cxcr3 and Cxcr5, indicating a broader requirement
for ID2 in NK cells. Thus, while ID2 has many functions in NK

cells, a critical function is to control the amplitude and temporal
expression of TCF1 to allow for its dynamic modulation during
NK cell maturation.

TCF1 is expressed at the inception of NK cell development,
but its expression declines as NK cells mature into CD27−CD11b+

cells (Jeevan-Raj et al., 2017). Loss-of-function studies revealed
an important role for TCF1 in NKPs (precursor NKP and revised
NKP), where it restrains Gzmb and promotes the expression of
Ly49A (Jeevan-Raj et al., 2017). Despite the loss of NKPs in
Tcf7−/− mice, a notable population of terminally differentiated
CD11b+ NK cells develop, even under competitive conditions,
suggesting that TCF1 restrains maturation. Using a conditional
allele of Tcf7 with deletion only in NKp46+ cells, we found no
alteration in Gzmb transcription but confirmed that TCF1 was
required for optimal NK cell numbers and proper expression of
some receptors. In mature NK cells, TCF1 critically supported
production of IFN-γ downstream of NK1.1 receptor ligation and
was required for missing self-recognition (Jeevan-Raj et al.,

Figure 5. TCF1 is required for the arrested maturation of Id2Δ/Δ NK cells. (A and C) BM and spleen from Id2Δ/ΔTcf7Δ/Δ, Id2Δ/Δ, and Ctrl mice were analyzed
by flow cytometry for NK cells. The top panels show lineage (Lin) + PI versus NK1.1+ on lymphoid cells, and the bottom panels showNK1.1 versus CD49b on Lin/
PI−NK1.1+ NK cells. Numbers are the percentage of cells in the indicated gates (n = 5). (B and D) Summary of data shown in A and C, respectively, for NK cell
numbers per 108 cells. (E) CD49b+NK1.1+ NK cells from BM (top) and spleen (Sp; bottom) were analyzed by flow cytometry for CD27 and CD11b. Numbers
indicate the percentage of cells in the respective quadrant (n = 6). (F and G) Summary of data shown in E for BM (F) and spleen (G) for frequencies of different
NK cell subsets. Error bars represent SEM (B, D, F, and G). Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test
(B, D, F, and G). (H) Log2FC for Id2Δ/Δ/Ctrl or Id2Δ/ΔTcf7Δ/Δ/Ctrl determined from RNA-seq. Data are from comparisons of three biological replicates. Statistical
significance determined after adjustment for multiple comparisons. *, P < 0.05; **, P < 0.01; ***, P < 0.005; ****, P < 0.001.
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2017). Consistent with our findings here, constitutive ectopic
expression of full-length TCF1 is sufficient to arrest NK cell
maturation in otherwise normal NK cells (Jeevan-Raj et al.,
2017).

Our findings indicate that E proteins interfere with both the
amplitude and the temporal regulation of TCF1 since Id2Δ/Δ NK
cells with a heterozygous mutation in Tcf7 have near Ctrl levels
of TCF1 but fail to undergo terminal maturation and fail to up-
regulate TBET. Thus, E proteins must be kept inactive for mat-
uration to occur. E2A binds to the Tcf7 intronic region in
memory CD8 T cells, whereas ID2 prevents memory cell for-
mation (Masson et al., 2013). Our observations raise multiple
questions about how this intronic region functions, including

whether E proteins are required for its initial activation in NK
cells or whether the loss of Tcf7 mRNA during NK cell matura-
tion requires repression of this “enhancer.” At present, it is not
known how Tcf7 downregulation occurs in NK cells, but com-
putational analysis of chromatin accessibility in human NK cell
subsets led to the hypothesis that BLIMP1, a transcriptional re-
pressor expressed in and required for NK cell maturation, may
play a role (Collins et al., 2019; Kallies et al., 2011). In tissue-
resident CD8 T cells, Blimp1 binds to the Tcf7 gene, although
none of the binding sites overlap with the intronic region
affected by ID2 deficiency in NK cells (Mackay et al., 2016).
The transcriptional repressor ZEB2, which binds to paired E box
sequences, is also implicated in NK cell maturation and

Figure 6. TCF1 deficiency restores NK cell surface receptor expression in Id2Δ/Δ NK cells. (A) Flow cytometry plots of different receptors on NK cells of
BM (top) and spleen (Sp; bottom) from Id2Δ/ΔTcf7Δ/Δ (red), Id2Δ/Δ (blue), and Ctrl (black) mice. Numbers are the percentage of cells in the indicated gates. Data
represent three to six independent experiments (n = 3–6 for each group). (B) Summary of data shown in A. MFI of Ctrl NK cells was set as 1 in each experiment
for CD27 and IL-4Rα. Error bars represent SEM. Statistical significance was determined by one-way ANOVAwith Tukey’s multiple comparisons test. *, P < 0.05;
**, P < 0.01; ***, P < 0.005; ****, P < 0.001. (C and E) BM and spleen tSNE analysis showing expression of CD27 or CD11b on Ctrl NK1.1+CD49b+ NK cells and
the overlay of the two markers. Data are representative of two experiments. (D and F) BM and spleen tSNE analysis on NK1.1+CD49b+ NK cells for each of the
indicated genotypes. Plots were generated using surface receptors (NK1.1, CD49b, CD27, CD11b, CD49a, KLRG1, CD146, SLAMF6, CD226, IL4Ra, and CXCR3).
Data are representative of two experiments.
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represses the memory gene program in CD8 T cells (Dominguez
et al., 2015; Omilusik et al., 2015; van Helden et al., 2015). We
note that the Tcf7 intronic region identified here also contains
putative ZEB2 binding sites and that this region becomes less
accessible with NK cell maturation (data not shown). Indeed,
competition between E proteins and ZEB2 at closely spaced E
box sites has been proposed in other contexts (Remacle et al.,
1999; Sekido et al., 1997). Consistent with this possibility,
Masson et al. (2013) demonstrated that ectopic expression of
Tbx21, encoding TBET, resulted in decreased Tcf7 transcription in
ID2-deficient CD8 T cells, where TBET induces Zeb2 (Dominguez
et al., 2015). However, a third, and not mutually exclusive,
possibility is that the increased expression of ID2 during NK cell
maturation modulates E protein binding at this intronic en-
hancer, passing a critical threshold that results in extinguished
transcription of Tcf7. In either scenario, increased E protein
function augments Tcf7 transcription and prevents its down-
regulation. IL-12 signals the downregulation of TCF1 during CD8
T cell effector differentiation through a STAT4 dependent

mechanism (Danilo et al., 2018). IL-12 has been shown to induce
both TBET and ID2 in CD8 T cells and, thus, could inhibit TCF1
expression through either or both these mechanisms (Gray
et al., 2014; Yang et al., 2011).

TCF1 is expressed in both naive and memory CD8 T cells, but
its expression is substantially higher in naive cells where ID2
expression is low (Xing et al., 2016; Yang et al., 2011). TCF1 is
associated with CD8 T cell self-renewal and stem cell–like
properties, and this is consistent with its requirement in
CD27+CD11b− NK cells, which function as a reservoir for NK cell
effector differentiation and for adaptive NK cells generated in
the context of mouse CMV infection (Jadhav et al., 2019;
Kamimura and Lanier, 2015; Lin et al., 2016). Recent studies
have identified TCF1 in a subset of exhausted CD8 T cells that
retain the ability to be reinvigorated by checkpoint blockade in
chronic viral infections and tumors (Beltra et al., 2020; Im
et al., 2020; Utzschneider et al., 2016). The population most
available for reprograming expresses Slamf6 (Beltra et al.,
2020), reminiscent of our observation that Slamf6 mRNA is
increased on Id2Δ/Δ CD27+CD11b− NK cells and restored to near
WT levels after deletion of TCF1. Whether Slamf6 is an im-
portant mediator of TCF1 functions in self-renewal and NK cell
maturation remains to be investigated; however, these ob-
servations suggest striking parallels between the transcrip-
tional programs in self-renewing CD8 T cells and CD27+CD11b−

or CD56bright NK cells in mice and humans. Thus, our data also
suggest that in the context of NK cell and possibly T cell ex-
haustion, reducing ID2 expression could lead to increased Tcf7
transcription and induction of the stem cell–like state, allowing
for reinvigoration of these cells.

Our data reveal that loss of TCF1 does not completely overcome
the need for ID2 in NK cell maturation. We note that many genes
that decline during this process have increased expression and in-
creased chromatin accessibility at regions that contain E boxes and,
therefore, likely fail to be downregulated because of the continued
high E protein function. These genes may be TCF1 targets in
CD27+CD11b− NK cells but could also be TCF1-independent genes
that are coopted by E proteins in the absence of ID2. In addition,
genes not traditionally associated with NK cell development are
augmented in Id2Δ/Δ NK cell such as Cxcr5, encoding a chemokine
receptor directing cells into the germinal center. Our data raise the
possibility that these genes could be turned on by modulating ex-
pression of ID2 independent of the function of TCF1. Interestingly,
CXCR5 is expressed on a subset of NK cells that traffic to germinal
centers and can impact the generation of antibody responses
(Rydyznski et al., 2015; Rydyznski et al., 2018). Thus, modulation of
E protein activity may be useful therapeutically to manipulate the
germinal center tropism of NK cells. Overall, our data demonstrate
that ID2 controls the amplitude and temporal dynamics of TCF1 to
program NK cell maturation.

Materials and methods
Mice
All experiments were performed in accordance with the guide-
lines and approval of The University of Chicago Institutional
Animal Care and Use Committee. Ncr1CreId2f/f, Ncr1CreTcf7f/f, and

Figure 7. TCF1 deficiency in Id2Δ/Δ NK cells partially restores NK cell
function. (A) CD49b+-enriched NK cells from BMwere stimulated by IL-2 and
IL-12 to analyze IFN-γ production by flow cytometry. Numbers are the per-
centage of cells in the indicated gates. Data represent four independent
experiments (n = 4 for each group). (B) Summary of data shown in A.
(C) CD49b+-enriched NK cells from BM were stimulated by IL-2 and IL-12 to
analyze GZMB by flow cytometry. Numbers are the percentage of cells in the
indicated gates (n = 3; data are from independent experiments). (D) Summary
of data shown in C. (E) Id2Δ/ΔTcf7Δ/Δ, Id2Δ/Δ, and Ctrl mice were injected with
B16 cells, and lungs were analyzed for B16 metastases on day 12. Data
represent two independent experiments (n = 3 for each group). (F) Summary
of data shown in E for numbers of tumor nodules. Error bars represent SEM
(B, D, and F). Statistical significance was determined by one-way ANOVA with
Tukey’s multiple comparisons test (B, D, and F). *, P < 0.05; **, P < 0.01; ***,
P < 0.005; ****, P < 0.001.
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Ncr1CreId2f/fTcf7f/f mice were bred and maintained on the C57BL/
6 background. Tcf7F/Fmice were provided by Fotini Gounari (The
University of Chicago, Chicago, IL), and Ncr1Cre mice were pro-
vided by Eric Vivier (Aix Marseille University, Marseille,
France). Experimental mice used were age- and sex-matched
littermates whenever possible.

Flow cytometry
After single-cell suspension was prepared from BM and spleen,
cells were pretreated with Fc block (2.4G2). In some experi-
ments, a lineage cocktail of biotin-CD3ε, TCRβ, and γδTCR was
used as indicated before surface marker staining. After surface
staining, intracellular staining for TCF1 was performed with
Foxp3/transcription factor staining buffer set (00-5523; eBio-
science). In some experiments, propidium iodide (PI) was included
to exclude dead cells. Data were acquired on an LSRFortessa 4-15 or
LSRFortessa X20 flow cytometer (BD Biosciences) and were ana-
lyzed using FlowJo v10 software.

The following antibodies were from eBioscience: biotin-TCRβ
(H57-597, 13-5961-85, 1:400), biotin-CD3ε (145-2C11, 13-0031-86,
1:400), biotin-γδTCR (UC7-13D5, 13-5811-85, 1:400), PerCp-
cyanine5.5-streptavidin (45-4317-82, 1:400), FITC-CD49b
(DX5,11-5971-85), PE-CD49b (DX5, 12-5971-82), eFluor450-
CD49b (DX5, 48-5971-82), APC-NK1.1 (PK136, 17-5941-82),
eFluor450-NK1.1 (PK136, 48-5941-82), PE-cyanine7-CD11b (M1/70,
25-0112-82, 1:400), APC-eFluor780-CD27 (LG.7F9, 47-0271-82), APC-
KLRG1 (2F1, 17-5893-82), APC-Ly49D (eBio4E5, 17-5782-82), PE-
Ly49H (3D10, 12-5886-82), APC-Ly49E/F (CM4, 17-5848-80),
FITC-Ly49G2 (eBio4D11, 11-5781-82), APC-CD226 (10E5, 17-2261-82),
and FITC-CD244 (eBio244F4, 11-2441-85, 1:200). Alexa Fluor 647–IL-
18Rα (BG/IL18RA, 132903, 1:100) and Alexa Fluor 488–CD146 (ME-
9F1, 134708) were from BioLegend. PE-IL-4Rα (mIL4R-M1, 552509,
1:200) was from BD Biosciences. Alexa Fluor 488–TCF1 (C63D9,
#6444, 1:200) was from Cell Signaling Technology.

tSNE analysis was performed using FlowJo software. The
cells were stained with 13 fluorochromes to label CD3/TCRb,
NK1.1, CD49b, CD27, CD11b, KLRG1, CD146, SLAMF6, CD226, IL4Ra,
CXCR3, Ly49E/F, and LY49G2 and the live/dead discrimination
dye NIR. For analysis, CD3/TCRb−NK1.1+CD49b+ cells from all
samples were concatenated, and clustering was performed using
all markers or after removal of LY49E/F and LY49G2 since these
markers did not impact the result but caused a visual division of
clusters that was not maturation associated in the tSNE plot.

In vitro analysis of NK cell function
CD49b+ NK cells were enriched by magnetic sorting (Miltenyi)
from BM. For stimulation through NK1.1, 10 µg/ml anti-NK1.1
(PK136, 108701; BioLegend) in NaHCO3 (pH 9.2) was precoated
on an ELISA plate (655081; Greiner Bio-One). After culture in
20 ng/ml murine IL-15 (210-15; PeproTech) overnight, NK cells
were then added to the plate with Brefeldin A (555029; BD
Biosciences) for the last 4.5 h. For stimulation through cyto-
kines, NK cells were cultured with 1,000 U/ml IL-2 (212-12;
PeproTech) and 10 ng/ml IL-12 (210-12, PeproTech) overnight
and Brefeldin A for the last 4.5 h. Cytofix/Cytoperm Fixation/
Permeabilization Kit (554714; BD Biosciences) was used to
detect IFN-γ (XMG1.2, 12-7311-81; eBioscience), and Cyto-Fast

Fix/Perm Buffer Set (426803; BioLegend) was used to detect
GZMB (QA16A02, 372207; BioLegend) according to the man-
ufacturer’s instructions.

Killing assays
Mice were primed with 200 µg polyinosinic:polycytidylic acid
(P1530; Sigma) by intraperitoneal injection. 24 h later, spleno-
cytes from β2m-deficient and WT mice were depleted of red
blood cells using ACK Lysing Buffer (A10492-01; Gibco) and la-
beled with 5 µM and 0.5 µM CFSE (C34554; Molecular Probes),
respectively, and a mixture of 1 × 106 H-2b (WT), and 1 × 106

β2m-deficient cells were injected into mice through the retro-
orbital vein. Recipient spleens were analyzed 18 h later by flow
cytometry for the presence of transferred CSFE-labeled cells.
The specific rejection was calculated as follows: 100 × [1 –

(percentage of β2m-deficient (CFSEhigh) final / percentage of
H-2b (CFSElow) final) / (percentage of β2m-deficient (CFSEhigh)
initial / percentage of H-2b (CFSElow) initial)].

B16-F10 melanoma assay
B16-F10 melanoma cells were grown in F10 medium, and mice
were given a retro-orbital injection of 5 × 104 B16 melanoma
cells. On day 12 after injection, lungs were collected, and B16
tumor nodules were counted using a dissecting microscope.

ChIP
NK1.1+CD49b+ cells were isolated from the BM and spleen of WT
and Id2Δ/Δ mice by cell sorting, and ChIP was performed fol-
lowing the ChIPmentation protocol (Schmidl et al., 2015).
Briefly, cells were fixed in 1% formaldehyde and quenched in
0.125 M glycine followed by sonication. Chromatin was incu-
bated overnight at 4°C with 5 µg anti-TCF1 rabbit mAb (C63D9;
Cell Signaling) and was immunoprecipitated using protein A
beads that were precleared overnight at 4°C in radioimmuno-
precipitation buffer. DNA from input and ChIP samples was am-
plified for 12 cycles using Nextera primers, and ChIP quantitative
PCR was performed using the gene-specific primers. Amplifica-
tionwith gene-specific primerswas normalized to input. E protein
ChIP was performed using anti-E2A (sc-133075; Santa Cruz Bio-
technologies) and anti-Tcf12 (SAB3500566; Sigma).

RNA-seq
NK cells were enriched from BM using biotin-CD49b antibody
(DX5, 13-5971-85; eBioscience) by magnetic sorting (Miltenyi)
followed by flow cytometric sorting for NK1.1+CD49b+ cells.
Purified NK cells 2 × 104 were sorted into RNeasy lysis buffer and
total RNA was isolated using the RNeasy Micro Kit (QIAGEN) ac-
cording to the manufacturer’s directions. Libraries were con-
structed using Nugen’s Ultralow Library Systems and were
subsequently subjected to 76 cycles of NextSeq 500 sequencing.
Sequencing data were processed as described previously (Jacobsen
et al., 2020). Data are available through the Gene Expression
Omnibus (accession no. GSE156046).

Integration of ATAC-seq and ChIP-seq data
ATAC-seq was performed on Ctrl and GzmbCreId2F/F CD27+CD11b−

NK cells as described previously (Xu et al., 2015; Zook et al.,
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2018; Gene Expression Omnibus accession no. GSE109518).
These data were reanalyzed and visualized on the Integrated
Genome Viewer from the Broad Institute. TCF1 ChIP-seq data
were from Gene Expression Omnibus accession no. GSE73239
(ChIP, GSM1889262; input, GSM1889251) and (ChIP, GSM1258235;
IgG, GSM1258239) and were mapped to mm10 using Burrows–
Wheeler Aligner MEM, PCR duplicates were removed using Picard
MarkDuplicates, and peakswere called usingMACS2. The two ChIP
samples were compared to generate a list of overlapping high-
confidence peaks that were then comparedwith the ATAC-seq data.

Statistics
All statistical analyses were performed using GraphPad Prism 8
software and two-tailed t test, after determining equal variance,
unless otherwise indicated.

Online supplemental materials
Fig. S1 shows increased CD27 on Id2Δ/Δ NK cells cultured
in vitro and the analysis of RNA-seq data from Ctrl and Id2Δ/Δ

BM NK cells. Fig. S2 shows the sequence of the intronic region
of Tcf7 bound by E proteins in Id2Δ/Δ NK cells, the overlap of TCF1
binding sites in CD8 T cells with changes in chromatin accessi-
bility in Id2Δ/Δ NK cells, and the analysis of gene and protein
changes in Tcf7Δ/Δ BM NK cells. Fig. S3 shows the analysis of NK
cell and ILC1 numbers and phenotype in the liver Id2Δ/ΔTcf7Δ/Δ

mice. Fig. S4 shows the analysis of NK cell maturation in
Id2Δ/ΔTcf7Δ/+mice and expression of TCF1 and TBET in the BM and
spleen of Ctrl, Id2Δ/Δ, Id2Δ/ΔTcf7Δ/+, and Id2Δ/ΔTcf7Δ/Δ mice. Fig. S5
shows the analysis of RNA-seq data from Id2Δ/ΔTcf7Δ/Δ BM NK
cells and the restoration of multiple NK cell receptors on
Id2Δ/ΔTcf7Δ/Δ NK cells.
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Supplemental material

Figure S1. Alterations in gene expression in Id2Δ/Δ BM NK cells. (A) CD49b+-enriched NK cells from BM were culture in 20 ng/ml IL-15 for 6 d, and then
NK1.1+CD49b+ NK cells were analyzed for CD27 and CD11b by flow cytometry. Numbers indicate the percentage of cells in the respective quadrant (n = 4 from
four independent experiments). (B) Summary of relative CD27 MFI. MFI of Ctrl NK cells was set as 1 in each experiment. Error bars represent SEM. Statistical
significance was determined by two-tailed unpaired t test. ***, P < 0.005. (C) Volcano plot showing Log2FC versus adj. P value for RNA-seq data from Id2Δ/Δ

and Ctrl NK cells. Data are combined from three biological replicates. (D and E) Example of enrichment data from GSEA of Ctrl and Id2Δ/Δ RNA-seq data. FDR,
false discovery rate; NES, normalized enrichment score.
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Figure S2. Altered gene expression in Tcf7Δ/Δ BMNK cells. (A) Sequence of the intronic region of Tcf7 that shows increased accessibility in ID2-deficient BM
CD27+CD11b− NK cells. (B) Schematic representation of the overlap between regions with altered chromatin accessibility in ID2-deficient CD27+CD11b− NK
cells by ATAC-seq and TCF1 binding sites in CD8 T cells determined by ChIP-seq (Gene Expression Omnibus accession no. GSE73239). Regions with increased
accessibility by ATAC-seq are shown in yellow, decreased accessibility in peach, and no change in orange. TCF1 binding sites are significantly enriched in ATAC-
seq regions that gain accessibility in ID2-deficient cells. P < 1.84610-66 (Fisher’s exact test). (C) Volcano plot showing Log2FC versus adj. P values for RNA-seq
data from Tcf7Δ/Δ and Ctrl NK cells. Data were generated from three biological replicates. (D) GSEA for Ctrl versus Tcf7Δ/Δ NK cell RNA expression. (E) Table
showing differentially expressed genes from RNA-seq data shown in C. (F) Flow cytometry plots of different proteins on NK cells of spleen from Tcf7Δ/Δ and Ctrl
mice (n = 3–4 for each group from independent experiments). (G) Summary of the data in F. Error bars represent SEM. Statistical significance was determined
by two-tailed unpaired t test. *, P < 0.05; **, P < 0.01. FDR, false discovery rate; NES, normalized enrichment score.
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Figure S3. TCF1 deficiency partially rescues ID2-deficient NK cell maturation in the BM and liver. (A) CD49b+-enriched NK cells from BMwere culture in
20 ng/ml IL-15 for 6 d, after which NK1.1+CD49b+ cells were analyzed for CD27 and CD11b by flow cytometry. Numbers indicate the percentage of cells in the
respective quadrant (n > 4 from independent experiments). (B) Summary of CD27 MFI for n = 4 in A. MFI of Ctrl NK cells was set as 1 in each experiment.
(C) Liver from Id2Δ/ΔTcf7Δ/Δ, Id2Δ/Δ, and Ctrl mice were analyzed by flow cytometry for NK and ILC1 cells. The top panels were from lymphocyte gate, and the
bottom panels were from lineage (Lin)/PI−NK1.1+ gate. NK cells are defined as NK1.1+CD49b+CD49a−, and ILC1 cells are defined as NK1.1+CD49b−CD49a+.
Numbers are the percentage of cells in the indicated gates (n = 3 from three independent experiments). (D and E) Summary of data shown in C for NK cell and
ILC1 cell numbers per 108 cells. (F) NK1.1+CD49b+CD49a− NK cells from the liver were analyzed by flow cytometry for CD27 and CD11b. Numbers indicate the
percentage of cells in the respective quadrant (n = 3 from three independent experiments). (G) Summary of data shown in F for frequencies of different NK cell
subsets. (H) Flow cytometry plots of KLRG1 expression in Id2Δ/ΔTcf7Δ/Δ, Id2Δ/Δ, and Ctrl mice. Numbers indicate the percentage of cells in the respective
quadrant (n = 3; data are from independent experiments). (I) Summary of data shown in H. Error bars represent SEM. Statistical significance was determined by
one-way ANOVAwith Tukey’s multiple comparisons test (B, D, E, and G) and Holm-Sidak’s multiple comparisons test (I). *, P < 0.05; **P < 0.01; ***, P < 0.005;
****, P < 0.001.
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Figure S4. Heterozygous deletion of Tcf7 restores maturation of Id2Δ/Δ NK cells to the CD27+CD11b+ stage. (A) Flow cytometry showing CD27 and
CD11b on CD3ε−NK1.1+DX5+ NK cells from the BM (top row) or spleen (bottom row) of Ctrl, Id2Δ/Δ (blue), and Id2Δ/ΔTcf7Δ/+ (green) mice (n = 4 from four
independent experiments). (B) Summary of the frequency of each NK cell subset in CD3ε−NK1.1+DX5+ NK cells from the BM (top) or spleen (bottom) of Ctrl,
Id2Δ/Δ (blue), and Id2Δ/ΔTcf7Δ/+ (green) mice. Error bars are SEM. *, P < 0.05 determined by one-way ANOVA with Tukey’s multiple comparisons test.
(C) Intracellular expression of TCF1 or TBET in BM or spleen NK cells from each of the indicated mouse strains. Numbers are MFI. One representative ex-
periment is shown (n = 2 for Id2Δ/ΔTcf7Δ/+ NK cells and n > 4 for Ctrl, Id2Δ/Δ, and Id2Δ/ΔTcf7Δ/Δ NK cells).
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Figure S5. Partial rescue of NK cell gene expression and surface receptor expression in Id2Δ/ΔTcf7Δ/Δ NK cells. (A) Volcano plot showing Log2FC versus
adj. P values for RNA-seq data from Id2Δ/ΔTcf7Δ/Δ and Ctrl NK cells. Data represent three biological replicates. (B) Log2FC for Id2Δ/Δ/Ctrl versus Id2Δ/Δ/
Id2Δ/ΔTcf7Δ/Δ for genes that were significant in Id2Δ/Δ/Ctrl (adj. P < 0.05). Each gene is represented by a circle. Pink indicates significance in both comparisons;
black indicates significance only in Id2Δ/Δ/Ctrl. (C) Summary of expression of CXCR3, IL-18Rα, Ly49D, and Ly49H on NK cells from BM and spleen (Sp) de-
termined by flow cytometry (n = 3–5 from independent experiments). (D and G) Flow cytometry plots of Ly49G2 and CD226 on NK cells of BM (top) and spleen
(bottom) from Id2Δ/ΔTcf7Δ/Δ, Id2Δ/Δ, and Ctrl mice. Numbers are the percentage of cells in the indicated gates (n = 3 from independent experiments). (E and
F) Summary of data for Ly49G2 on BM and spleen NK cells. (H and I) Summary of the data for CD226 on BM and spleen NK cells. Error bars represent SEM.
Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test. *, P < 0.05; **, P < 0.01; ****, P < 0.001.
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