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NK cells are thought to develop primarily in the bone marrow during adult life. However, increasing evidence
shows that NK cell developmental intermediates can be found in different peripheral tissues with unique
characteristics. Here, we identified a unique NK cell subset with the CD49a™~ CD49b~ phenotype in the spleen.
These cells displayed an immature phenotype and weak abilities in cytotoxicity and cytokine production.
Adoptive transfer experiments revealed that they could develop into mature conventional NK (cNK) cells.

Transcriptome analysis further confirmed their immature features. Parabiosis experiments revealed that these
cells maintained tissue-resident properties in the spleen. Moreover, T-bet deficiency intrinsically impaired the
ability of these cells to develop into mature cNK cells. Thus, our study identified a spleen-resident immature NK
cell subset that could undergo extramedullary maturation in a T-bet dependent manner.

1. Introduction

Natural killer (NK) cells are important innate lymphocytes, serving
as the first line of defense against infection and cancer. After being
activated, NK cells can secrete perforin and granzymes to initiate
apoptosis of the target cells [1-3]. Death ligands on NK cells, e.g., FasL
and TRAIL, can also induce cell apoptosis by interacting with their
corresponding receptors on target cells [4,5]. Additionally, NK cells also
secrete cytokines, notably IFN-vy, and participate in shaping both innate
and adaptive immunity [6-8].

NK cells are widely distributed all around the body, consisting of
phenotypically and functionally distinct subsets, and the composition of
NK cell subsets varies with tissue distribution. It is generally accepted
that conventional NK (cNK) cells are generated mainly in the bone
marrow and migrate through the circulation to peripheral tissues. In the
hematopoietic lineage hierarchy, NK cell precursors (NKPs) represent
the branching point of NK cell- and other lymphocyte-lineages.
Although the precise phenotypic characteristics of NKPs is still con-
troversial, it is believed that NKPs are within the cell population that
lack linage markers, including pan-NK cell markers such as NK1.1 and

NKp46, but possess CD122 expression [9-12]. NKPs give rise to im-
mature NK (iNK) cells following acquisition of pan-NK cell markers [9].
iNK cells further undergo progressive phenotypic changes in expression
of multiple surface molecules, such as CD49b, CD11b, CD27, Ly49s and
KLRG1, and functional maturation to become mature NK cells [13-16].

CD49b~ NK cells have long been regarded as iNK cells, as they
could give rise to CD49b™* NK cells and acquire other NK cell matura-
tion markers under certain conditions [17-19]. However, recent studies
found that the liver CD49b~ NK cells represent a developmentally
distinct lineage from cNK cells and could be distinguished from cNK
cells by their positive expression of CD49a [20,21]. These
CD49a* CD49b~ NK cells were liver-resident and did not convert into
CD49b* ¢NK cells at steady state [20]. CD49a™ CD49b ™ tissue-resident
NK are also found in other tissues such as uterus and skin, in addition to
the liver [21]. Meanwhile, a common progenitor to all helper-like in-
nate lymphoid cell (ILC) lineages has been defined, which could give
rise to type 1 ILCs (ILC1s) including liver CD49a* CD49b~ NK cells and
small intestine ILC1ls with low CD49b expression, but do not develop
into cNK cells [22]. In addition, the progenies of bone marrow CD49b ™
NK cells include both ¢NK cells and ILCls [12]. Thus, the “CD49b~”
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phenotype cannot precisely define the iNK cells. How to phenotypically
distinguish iNK cells from ILC1s need to be determined.

Although bone marrow is considered the major site for NK cell
generation, increasing evidence has shown that NK cells could develop
in the peripheral organs, such as liver [20], thymus [23,24] and lymph
nodes [25]. As an important secondary lymphoid organ, the spleen
contains a large number of NK cells [26]. Moreover, spleen stromal cells
express IL-15 [27], a cytokine essential for NK cell development, thus
providing necessary signals in promoting NK cell development. Con-
sistent with this, spleen fibroblasts could promote the NK cell devel-
opment from blood progenitors via producing IL-15 [28]. Despite these
findings, few studies focused on the NK cell extramedullary develop-
ment in the spleen. In this study, we found an iNK cell population with
tissue-resident features in the spleen. These iNK cells were
CD49a" CD49b~ and could develop into mature cNK cells via a T-bet
dependent manner.

2. Methods
2.1. Mice

Mice were bred in a specific-pathogen-free facility in accordance
with the guidelines for the use of experimental animals at the
University of Science and Technology of China. Wild-type C57BL/6
(WT B6, CD45.2%) mice were bought from the Shanghai Experimental
Animal Center (Shanghai, China). CD45.1* mice (B6 background) and
Tbx21~/~ mice (T-bet deficient, B6 background) were obtained from
Jackson Laboratory (Bar Harbor, ME, USA). Thx21~/~, Tbx21%/~,
Tbx21*/*, and CD45.1 *CD45.2" mice were bred in house. Age- and
gender-matched 6-12-week-old mice were used for experiments.

2.2. Cell preparation

Liver mononuclear cells (MNCs) were obtained via the 40%-70%
percoll density gradient centrifugation method as previously described
[29]. The spleen was pressed and washed through a 200-gauge mesh.
The cell suspension was centrifugated, and then the splenocytes were
collected after lysing red blood cells. To collect BM cells, a femur of
each mouse was flushed, followed by lysing red blood cells. Peripheral
blood MNCs were prepared by lysing red blood cells. Inguinal lymph
node cells were collected by pressing and washing the lymph nodes
through a mesh. The lung MNCs were obtained as described previously
[30]. Briefly, the minced lung was digested at 37 °C for 60 min in
DMEM medium (Hyclone, South Logan, UT, USA) with 0.1% col-
lagenase I (Sigma-Aldrich, Saint Louis, MO, USA) and 5% fetal calf
serum; the supernatant was collected and the MNCs were obtained by
percoll gradient centrifugation.

2.3. Cell purification and adoptive transfer

Splenocytes were incubated successively with biotin-NKp46 anti-
bodies (Abs) and anti-biotin microbeads (Miltenyi Biotech, Bergisch
Gladbach, Germany), and then spleen NKp46 " cells were enriched by
using magnetic cell sorting (MACS) columns (Miltenyi Biotech). Next,
spleen NKp46 " cells were incubated with fluorescent Abs, and a FACS
Aria cell sorter (BD Biosciences, San Jose, CA, USA) was used to purify
spleen CD49a~ CD49b ™~ NK cells and spleen CD49a~ CD49b™* ¢NK cells.
The purity was above 95%, as detected by post-sort flow cytometry.
Purified cells were adoptively transferred into sublethally irradiated
recipient mice (6.5 Gy irradiated, 1 day before transfer) via tail-vain
injection.

2.4. Antibody staining and flow cytometry

Monoclonal Abs (mAbs) against CD49a (Ha31/8), CD49b (DX5),
CD107a (1D4B) and IFN-y (XMG1.2) were purchased from BD
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Biosciences. mAbs against Eomes (Danllmag), KLRG1(2F1), perforin
(eBioOMAK-D) and granzyme B (16G6) were purchased from
eBioscience (San Diego, CA, USA). mAbs against CD3e (145-2C11),
CD11b (M1/70), CD19 (1D3/CD19), CD27 (LG.3A10), CD45 (30-F11),
CD45.1 (A20), CD45.2 (104), CD62L (MEL-14), NK1.1 (PK136), NKp46
(29A1.4) and T-bet (4B10) were purchased from BioLegend (San Diego,
CA, USA). Isolated cells were first incubated with rat serum to block Fc
receptors, and then stained with fluorescently labeled mAbs against
surface molecules. For intracellular transcription factor staining, cells
were fixed, permeabilized (using a FoxP3/Transcription Factor Buffer
Set; eBioscience) after staining for surface molecules, and then stained
with mAbs against the intracellular molecules. For intracellular staining
of IFN-vy, granzyme B and perforin, cells were stimulated with 30 ng/ml
PMA (CalBioChem), 1 pg/ml ionomycin (Sigma-Aldrich) and 2.5 pg/ml
monensin (Sigma-Aldrich) for 4h at 37 °C. Then the cells were fixed,
permebilized and stained for the intracellular molecules. For CD107a
staining, anti-CD107a mAb was added at the beginning of the stimu-
lation. All data were collected using the flow cytometers (LSR II,
LSRFortessa X-20, FACS Aria; BD Biosciences) and analyzed with
FlowJo software (Tree Star, Ashland, OR, USA).

2.5. Parabiosis

WT (CD45.2%) and CD45.1 " B6 mice (age- and size-matched) were
parabiosed for 4 weeks, according to a published protocol [31]. The
mice were co-housed before operations. First, we made longitudinal
skin incisions to the shaved lateral aspect of each mouse. Then, we used
surgical sutures to join the mice with knots at the elbow and knee, and
the wound was closed with surgical sutures. Parabiotic mice were
treated with supplementary antibiotics (Sulfatrim) in drinking water
after surgery.

2.6. RNA sequencing and analysis

RNA was isolated from sorted splenic CD49a™~ CD49b ™~ NK cells and
CD49a~CD49b™ cNK cells using Direct-zol™ RNA Miniprep (Zymo
Research Corp) and then sequenced by Illumina Novaseq™ 6000. To
analyze the sequencing data, we aligned reads of samples to the re-
ference genome (ftp://ftp.ensembl.org/pub/release-90/fasta/mus_
musculus/) using HISAT package. The mapped reads of each sample
were assembled using StringTie. Then all transcriptomes from the
samples were merged to reconstruct a comprehensive transcriptome
using perl scripts. After the final transcriptome was generated, StringTie
and edgeR was used to estimate the expression levels of all transcripts.
StringTie was used to perform expression level for mRNAs by calcu-
lating FPKM. The differentially expressed mRNAs and genes were se-
lected with log2 (fold change) = 1 or log2 (fold change) <= —1 and
with statistical significance (P value < 0.05) by R package.

The RNA-sequencing data have been deposited in NCBI's Gene
Expression Omnibus and are accessible through accession number GEO:
GSE133950 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc =
GSE133950).

2.7. Statistics

Statistical significance of differences was determined by Student's t
tests for 2 groups. P values less than 0.05 were considered significant.

3. Results
3.1. A unique CD49a~ CD49b~ NK cell subset in the spleen

The CD45"CD37 CD19 NKI1.1*NKp46™* cells (NK1.1"NKp46*
cells) were previously defined as NK cells. However, with the in-depth

study in recent years, in this group of cells, CD49a becomes the marker
of tissue-resident NK cells and ILC1s, while CD49b is the marker of cNK
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Fig. 1. Abundant DN NK cells exist in murine spleen. (A) The gating strategy of NK cells. The NK cells were gated as CD45"CD3~CD19 NK1.1 *NKp46 " cells. (B)
Representative flow cytometry plots showing expression of CD49a and CD49b on NK cells in the liver, spleen, bone marrow (BM), lung, peripheral blood (PB) and
inguinal lymph node (iLN) of WT C57BL/6 (B6) mice. (C-D) The percentages (C) and numbers (D) of DN NK cells in different organs are shown (n = 4-5 mice per
group). BM: cell numbers in one femur; PB: cell numbers in 1 ml blood. All plots are representative of two or three independent experiments. Means = SEM are
shown (unpaired two-tailed Student's t-test; ns, not significant; ****P < 0.0001; P values were calculated between the indicated group and the spleen group).

cells. Here, we examined the expression of CD49a and CD49b on
NK1.1"NKp46™* cells from different organs of WT mice (Fig. 1A and B).
Consistent with previous findings, the CD49a~CD49b™ subset, defined
as cNK cells, was abundant in all examined organs (Fig. 1B) [20]. The
CD49a" CD49b~ subset was enriched in the liver, defined as liver-re-
sident NK cells [20]. We noticed that there was a small subset in
NK1.1"NKp46™* cells: CD49a~CD49b~ cells, which we defined as
double negative (DN) NK cells. By comparing the frequency and abso-
lute numbers of DN NK cells in different tissues, we found that the
frequency of splenic DN NK cells within NK cells is higher than that of
their counterparts in the liver, BM, lung and peripheral blood, but
comparable to that of lymph node DN NK cells (Fig. 1C). The total count
of DN NK cells in the spleen is much higher than that in the lymph node
and other tissues (Fig. 1D), suggesting a relative abundance of DN NK
cells in the spleen.

To identify the development stage of the splenic DN NK cells, we
further analyzed the expression of transcription factors and surface
markers. Transcription factors T-bet and Eomes are master regulators of

NK cell development, maturation, and function [32]. We compared the
expression of T-bet and Eomes between splenic DN NK cells and ¢cNK
cells (Fig. 2A and B). Both DN NK cells and cNK cells were T-bet po-
sitive, but MFI of Eomes in DN NK cells was lower than that in ¢cNK
cells, due to a small fraction of DN NK cells were Eomes negative. The
expression of KLRG1 represents a terminal stage of NK cell differ-
entiation associated with reduced proliferation and effector functions
[15]. Interestingly, DN NK cells were mostly negative for KLRG1
(Fig. 2C and D). CD11b and CD27 constituted a classical 4-stage model
of NK-cell maturation: CD11b"“CD27"°% — CD11b*“CD27"&" —
CD11b""CD27"8" — CD11bME"CD27"" [16]. We also found that DN
NK cells were mainly CD11b'°¥CD27"8" (Fig. 2E and F). These data
suggest that the murine splenic DN NK cells are phenotypically im-
mature.

We next sought to compare the effector function of DN NK and ¢cNK
cells. Upon PMA and ionomycin stimulation, splenic DN NK cells pro-
duced significantly less IFN-y, and expressed markedly lower levels of
cytotoxic molecules, including granzyme B and perforin, and the
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Fig. 2. Splenic DN cells are phenotypically and functionally immature. (A) Representative histograms of T-bet (left) and Eomes (right) staining in DN NK (blue) and
cNK (red) cells. (B) The mean fluorescence intensity (MFI) of T-bet and Eomes in DN NK and cNK cells was quantified (n = 5 mice per group). (C) Representative
histograms of the maturation marker KLRG1 expression on DN NK (blue) and cNK (red) cells. (D) The percentages of KLRG1* cells among the indicated NK cell
subsets are shown (n = 5 mice per group). (E) Representative flow cytometric analysis of CD27 and CD11b expression by splenic DN NK and cNK cells. (F) Frequency
of the indicated NK cell subsets in DN NK and cNK cells (n = 5 mice per group). (G) Representative histograms of IFN-y, CD107a, Granzyme B and perforin staining in
DN NK (blue) and cNK (red) cells. (H) The percentages of cells expressing the indicated molecules were quantified (n = 5 mice per group). All plots are representative
of two or three independent experiments. Means *= SEM are shown (unpaired two-tailed Student's t-test; ns, not significant; ***P < 0.001; ****P < 0.0001).
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Fig. 3. Splenic DN NK cells can differentiate into mature cNK cells after adoptive transfer. (A) Schematic of experiment. Sublethally irradiated CD45.2% B6 mice
received 2 x 10° splenic DN NK or ¢cNK cells from CD45.1 *CD45.2" mice. One month after transfer, the recipient spleens were harvested. (B) CD49b and CD49a
expression on sorted DN NK and cNK cells before transfer is shown. (C) Representative flow cytometry plots showing the expression of cell surface markers and the
transcription factor Eomes on donor-derived (CD45.1*CD45.2%) NK cells in the recipient spleen. (D)The percentages of cells expressing the indicated molecules

among donor-derived cells (before transfer: red; after transfer: blue). Data are representative of two independent experiments, with n = 3-5 mice per group.
Means + SEM are shown (unpaired two-tailed Student's t-test; ***P < 0.001; ****P < 0.0001).

degranulation marker CD107a, as compared to cNK cells (Fig. 2G and

H). These results suggest that splenic DN NK cells are not functionally
mature.

harvested one month later (Fig. 3A and B). We found that donor-de-
rived DN NK cells could migrate back to the spleen. About 60% of
donor-derived DN NK cells converted into CD49b™ c¢NK cells while the
remaining cells maintained CD49a~ CD49b~ phenotype. Nearly all
donor-derived cNK cells still kept CD49a~CD49b ™ phenotype (Fig. 3C
and D). Furthermore, the donor-derived DN NK cells up-regulated the

3.2. Splenic CD49a~ CD49b~ NK cells give rise to mature cNK cells

Since splenic DN NK cells were phenotypically and functionally
immature, we wondered whether they could develop into mature cNK
cells. We adoptively transferred splenic DN NK and cNK cells from
CD45.1* mice into sublethally irradiated CD45.2" mice, which were

expression of NK cell maturation markers, including the surface mole-
cules CD62L, KLRG1 and CD11b and the transcription factor Eomes, in
the recipient spleen after transfer (Fig. 3C and D). These data indicate
that the DN NK cells are at the immature stage during c¢NK cell
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development process and have the potential to develop into mature cNK
cells.

3.3. Splenic CD49a™ CD49b~ NK cells are transcriptionally different from
cNK cell

To deeply understand the differences between splenic DN NK and
cNK cells, we conducted high-throughout RNA sequencing.

Comparative transcriptome analysis of DN NK and cNK cells revealed
that there were 2211 differentially expressed genes (fold change = 2
and P value < 0.05), among which 1330 genes were up-regulated in
DN NK cells (Fig. 4A and B). The differentially expressed genes included
those involved in cell differentiation, responses to stimuli, cell traf-
ficking, cell proliferation and effector functions (Fig. 4C).

Consistent with our findings that DN NK cells are relatively im-
mature, DN NK cells had lower expression of Itga2 (CD49b), Itgam
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(CD11b), Klra3 (Ly49C), Klra4 (Ly49D), Klra7 (Ly49G), Klra8 (Ly49H),
Klra9 (Ly4910), and Eomes, but higher expression of Kit (c-kit) (Fig. 4D).
In accordance with the flow cytometric results (Fig. 2G and H), cyto-
lysis genes such as Gzmb, Prfl, Gzma, and Gzmk were down-regulated in
DN NK cells (Fig. 4C and D). Moreover, DN NK cells had lower ex-
pression of 1118r1 (Fig. 4D), which might be a factor influencing their
IFN-y production [33,34]. We also observed that Il1r1, Il2ra, I121r, I123r,
and genes encoding toll-like receptors (TLRs) were expressed at higher
levels in DN NK cells than in ¢NK cells (Fig. 4D), implying that DN NK
cells might be more sensitive to certain cytokine stimuli and respond
directly to pathogen components. Notably, in comparison with ¢cNK
cells, DN NK cells expressed higher levels of Zfp683 (Hobit), a tran-
scription factor critical for tissue-resident lymphocytes [35], and lower
levels of Sell (CD62L) and Ccr2, suggesting that these two populations
may differ in migratory properties.

3.4. Splenic CD49a~ CD49b~ NK cells are tissue-resident

Since DN NK cells were rarely found in other tissues (Fig. 1D), and
they had a distinct transcription profile impacting their trafficking
compared to cNK cells (Fig. 4C and D), we wondered whether DN NK
cells do or not move out from the spleen. To address this, we analyzed
splenic DN NK cells in congenic CD45.1" and CD45.2 " mice that were
surgically joined by parabiosis (Fig. 5A). Surprisingly, we found that
DN NK cells expressing CD45.1* were confined to the CD45.1 " spleens,
which contained few DN NK cells from the CD45.2* parabiont, and vice
versa (Fig. 5B and C). Nevertheless, cNK cells from each parabiont were
found in the spleens of both parabionts (Fig. 5B and C), consistent with
previous reports [20,21]. These results indicate that the majority of
murine splenic DN NK cells reside in the spleen and do not participate
in the peripheral circulation.

3.5. T-bet intrinsically drives maturation of splenic CD49a™ CD49b~ NK
cells

Previous reports demonstrated the decrease in number of peripheral
cNK cells when T-bet was deficient [18,36], but the mechanism is not
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Fig. 5. Splenic DN NK cells rarely exchange between parabiotic mice. (A)
Schematic of experiment. WT B6 (CD45.2*) mice were parabiosed to congenic
B6-CD45.1" mice. 4 weeks later, the spleen was harvested. (B) Representative
dot plots show the expression of CD45.1 and CD45.2 on splenic DN NK and cNK
cells from each parabiont as indicated. (C) The percentages of foreign-derived
cells among the splenic DN NK (blue) and cNK (red) cells in the parabiotic
CD45.17" (left) or CD45.2" mice (right). Data are representative of three pairs
of parabiotic mice. Means *= SEM are shown (unpaired two-tailed Student's t-
test; **P < 0.01; ****P < 0.0001).
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fully understood. Considering high expression of T-bet on DN NK cells,
we wonder whether T-bet affects the developmental potential of DN NK
cells. Here, we noticed that the percentage and the number of murine
splenic DN NK cells were significantly increased in T-bet-deficient mice,
while the splenic cNK cell number was reduced (Fig. 6A, C, D and E). In
accordance with previous reports [37], the percentage of terminally
mature cells (CD11b"KLRG1™" cells) declined in cNK cells (Fig. 6B and
F). These data suggest that T-bet deficiency may impede the develop-
ment of DN NK cells into mature cNK cells.

To confirm this, we respectively sorted splenic DN NK cells from
CD45.1" WT mice and CD45.2" T-bet-deficient mice, mixing them at a
ratio of 1:1, and then adoptively transferred them into sublethally ir-
radiated CD45.1*CD45.2™" recipient mice (Fig. 7A). One month after
transfer, T-bet-deficient donor cells mostly remained the
CD49a" CD49b~ phenotype while about half of the WT donor cells
converted into CD49a~ CD49b™ cNK cells (Fig. 7B and C). In contrast to
the finding that WT donor cells substantially became KLRG1*CD11b™,
T-bet-deficient donor cells could hardly generate these terminally ma-
ture cells (Fig. 7B and D). These data indicate that T-bet deficiency
impedes the maturation process of splenic DN NK cells converting into
mature cNK cells.

4. Discussion

NK cells are a heterogeneous population. Bulk NK cells that have
been extensively studied actually represent a mixture of distinct cell
subsets. For example, bulk NK cells in the liver are divided into ¢cNK
cells and liver-resident NK cells [20,21]. The picture is more compli-
cated in the intestine, where NK1.1 *NKp46™" cells are comprised of
cNK cells, ILC1s and NKp46 ™ ILC3s [38]. Generally, ILC1s express low
levels of ¢NK cell maturation-associated molecules, such as CD49b,
CD11b and Ly49s, but express relatively high levels of CD49a, CD69
and CD200R [39,40]. In this study, we found that splenic CD49b~ NK
cells, unlike their counterparts in the liver, were substantially CD49a
negative. Since these DN NK cells express the pan-NK cell markers
NK1.1 and NKp46, they are likely to lie downstream of NKPs. Com-
pared to CD49b™ cNK cells, they displayed an immature phenotype,
and were functionally incompetent as evidenced by their weak abilities
in IFN-y production and cytotoxicity. After adoptive transfer, splenic
DN NK cells could acquire CD49b expression and up-regulate expres-
sion of NK cell maturation-markers including CD11b, CD62L and
KLRG1, but remained CD49a negative in the spleen. These findings
suggest that splenic DN NK cells represent iNK cells.

Although splenic DN NK cells display poor effector functions, they
have more abundant transcripts for some inflammatory cytokine re-
ceptors and TLRs, as compare to cNK cells, suggesting that they might
be sensitive to pathogen and cytokine stimuli. In fact, we observed an
expansion of DN NK cells in the spleen following lymphocytic chor-
iomeningitis virus infection (data not shown). Since previous studies
have shown that TLR3 ligand stimulation induces NK cell egress from
the spleen to inflamed tissues [41], it raises a possibility that the dif-
ferentiation of splenic DN NK cells may replenish the pool of c¢NK cells
during infection.

Tissue-resident features of lymphocytes have attracted much in-
terest of many investigators during recent years. Tissue-resident lym-
phocytes share a number of characteristics, including high expression of
several surface molecules associated with lymphocyte retention within
tissues [42]. Splenic DN NK cells lack expression of the tissue-resident
markers CD49a and CD103, and only a few of them express CD69 or
CXCR6 (data not shown). However, parabiosis experiments revealed
that they were mostly host-derived, thus suggesting their tissue-resident
feature. Transcriptome analysis of DN NK and cNK cells also revealed
that many differentially expressed genes were associated with cell ad-
hesion and migration, which may provide clues to molecular mechan-
isms underlying retention of DN NK cells in the spleen. Tissue residency
of splenic DN NK cells raises a question about the origin of these cells.
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Fig. 6. Splenic DN NK cells are increased in T-bet-deficient mice. (A-F) Splenocytes were isolated from WT, Tbx21 (T-bet) +/= and Tbx21~/~ mice, and
analyzed by flow cytometry. Representative dot plots show the expression of the indicated molecules on splenic bulk NK (A) or cNK (B) cells. Bar graphs display the
percentages (C) and absolute numbers (D) of splenic DN NK cells. (E) The absolute numbers of splenic cNK cells are shown. (F) The percentages of splenic
CD11b*KLRG1™ cells in cNK cells are shown. Data are representative of two independent experiments, with n = 3-5 mice per group. Means = SEM are shown
(unpaired two-tailed Student's t-test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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Fig. 7. T-bet deficiency impedes the maturation of splenic DN NK cells. (A-D) Sublethally irradiated CD45.1"CD45.2* B6 mice received 2 x 10°> CD45.1"WT
splenic DN NK cells mixed with 2 x 10°> CD45.2% Thx21 ~/~ splenic DN NK cells, and donor-derived cells in recipients were analyzed one month after transfer. (A)
Schematic of experiment. (B) The representative flow cytometry plots showing the expression of the indicated molecules on WT- or Thx21 ~/~-donor derived NK cells
in recipient spleens. (C)The percentages of cNK cells in the WT donor-derived (black) and Tbx21 ~/~ donor-derived (white) cells. (D) The percentages of the
CD11b"KLRG1™" cells in the WT donor-derived (black) and Thx21 7~ donor-derived (white) cells. Data are representative of two independent experiments, with
n = 4-5 mice per group. Means + SEM are shown (paired two-tailed Student's t-test; *P < 0.05; ***P < 0.001).



B. Wang, et al.

Although spleen can conduct extramedullary hematopoiesis in patho-
logical conditions [43,44], whether the progenitors of NK cells exist in
the spleen of healthy adult mice remains unclear. Since these DN NK
cells were still detectable in the recipients > 2 months after transfer
(data not shown), they may migrate from hematopoiesis site to the
spleen during a certain stage of ontogeny and keep self-renewal. No-
tably, there were a small proportion of DN NK cells that could come
from the parabiont mice, which implied a possibility that splenic DN NK
cells might partly come from the bone marrow via blood circulation.
Overall, the origin of splenic DN NK cells needs further investigation.

By intravenous injection of splenic DN NK cells into recipient mice,
donor cells were also found in tissues outside the spleen. In particular,
transferred DN NK cells partially converted into CD49a™ liver-resident
NK cells; however, splenectomy in normal WT mice did not influence
the number of liver-resident NK cells (data not shown), thus excluding
the contribution of splenic DN NK cells to the liver-resident NK cell
pool. This is likely due to the tissue-resident feature of splenic DN NK
cells. At steady state, they have no chance to participate in circulation
to get access to the liver, and their confinement to the spleen makes
them exclusively give rise to cNK cells, suggesting that environmental
niches are critical in determining DN NK cell differentiation.

T-bet has been demonstrated to be essential for NK cell terminal
maturation [37]. T-bet-deficiency results in reduced expression of CD27
and c-kit and increased expression of KLRG1lon NK cells [18,37,45,46].
T-bet also controls the S1P5 expression, which helps NK cell egress from
the bone marrow and lymph nodes [47]. Accordingly, NK cell numbers
are increased in the bone marrow and lymph nodes but reduced in the
periphery of T-bet deficient mice [47]. It appears that T-bet is central in
the transcription factor network governing NK cell maturation. Tran-
scription factors ETS1, TOX1 and TOX2 act upstream of T-bet by po-
sitively regulating T-bet expression during NK cell development
[48-50], whereas Foxol downregulates T-bet expression to inhibit NK
cell maturation [51]. T-bet further controls expression of transcription
factors Blimpl and Zeb2 to promote NK cell maturation [46,52]. In
addition to these intrinsic factors, T-bet deficiency can extrinsically
impede NK cell final maturation by regulating IL-15Ra expression on
monocytes [53]. In striking contrast to cNK cells, our study found that
splenic DN NK cell numbers were significantly increased in T-bet de-
ficient mice. Moreover, T-bet deficient DN NK cells could hardly gen-
erate mature cNK cells, suggesting that the development process from
DN NK cells to mature c¢NK cells was intrinsically dependent on T-bet.
Since these DN NK cells were mainly spleen-resident, this develop-
mental step occurred in the spleen locally, and block of such step might
be responsible for splenic cNK cell reduction observed in T-bet deficient
mice. It would be of interest to further investigate whether, or to what
extent, the development from splenic DN to cNK cells contributes to the
total cNK cell pool in periphery.

Collectively, we have identified a spleen-resident NK cell subset
characterized by CD49a~ CD49b~ phenotype, which were phenotypi-
cally and functionally immature and can undergo extramedullary ma-
turation in a T-bet dependent manner. The impeded development step
from DN NK cells to cNK cells caused by T-bet deficiency may explain
the reduction of cNK cells in the periphery tissues. This study also sheds
light on the extramedullary development.
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