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Bcl11b is essential for transition from the
DN2a to the DN2b stage in the thymus.
Hatano et al. find that CD5"NK1.1* v3

T cells develop from the DN2a stage in a
Bcl11b-independent manner and
participate in host defense at an early
stage after bacterial infection in
periphery.
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SUMMARY

We recently found that a unique subset of innate-like
v T cells develops from the DN2a stage of the fetal
thymus independently of the zinc-finger transcription
factor B cell leukemia/lymphoma 11b (Bcl11b). Here-
in, we characterize these Bcl11b-independent yd
T cells in the periphery as CD5 NK1.1* and Gran-
zyme B*, and we show that they are capable of pro-
ducing interferon (IFN)-y upon T cell receptor stimu-
lation without Ca®* influx. In wild-type mice, these
cells were sparse in lymphoid tissues but abundant
in non-lymphoid tissues, such as the liver. Bcl11b-in-
dependent CD5 NK1.1" yd T cells appeared and
contributed to early protection before Bcl11b-
dependent CD5*NK1.1~ v3 T cells following Listeria
monocytogenes infection, resembling their sequen-
tial appearance during development in the thymus.

INTRODUCTION

In the thymus, two types of T cells develop: yd T cell receptor
(TCR)-positive cells, which develop from the CD4~CD8™~ dou-
ble-negative (DN) stage (Hayday and Pennington, 2007; Petrie
et al.,, 1992; Prinz et al., 2006), whereas cell populations that
enter the CD4*CD8" double-positive (DP) stage become off
T cells (Yui and Rothenberg, 2014). Unlike conventional of
T cells, which are exported from the thymus as naive cells and
acquire effector functions upon encountering antigen in the
periphery, murine yd T cells are functionally committed to form-
ing effector cells that produce inflammatory cytokines, such as
interferon (IFN)-y and interleukin (IL)-17, within the thymus, and
they are disproportionately distributed within mucosal epithelia
(Chien et al., 2014; Ribot et al., 2009; Shibata et al., 2008;
Vantourout and Hayday, 2013). B cell leukemia/lymphoma 11B
(Bcl11b) is a zinc-finger transcription factor (Avram et al., 2002;
Satterwhite et al., 2001; Wakabayashi et al., 2003a) that is essen-
tial for transition from the early DN2a stage (CD117"9" CD44*
CD25%) to the late DN2b stage (CD117"ermediate Gpa4+ CD25)
during the stepwise maturation from DN1 (CD117* CD44*
CD257) to DN4 cells (CD117~ CD44~ CD257) (Avram and Cali-
fano, 2014; Ikawa et al., 2010; Li et al., 2010a; Liu et al., 2010;
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Wakabayashi et al., 2003b). Using germline Bcl11b knockout
(KO) mice, we recently found that IL-17A* v3 T cells develop
directly from DN2b-stage cells in a Bcl11b-dependent manner.
In contrast, there are two subsets of IFN-y* v3 T cells: one devel-
oping from DN2a-stage cells in a Bcl11b-independent manner
and another from DN3-stage cells in a Bcl11b-dependent
manner (Shibata et al., 2014).

The early yv3 T cell response to infection with various microbi-
al pathogens and tumor development suggests that a signifi-
cant fraction of v3 T cells form the first-line host defense (Chien
et al., 2014). It has been reported that the number of v3 T cells
significantly increases at the early stage of primary infection
with Listeria monocytogenes in mice (Ohga et al., 1990; Skeen
and Ziegler, 1993). These yd T cells produced Th1-type cyto-
kines, particularly IFN-vy, and a study using mice depleted of
vd T cells by in vivo treatment with TCRy3 monoclonal antibody
(mADb) revealed that vd T cells play a protective role, at least
during the early stages of bacterial infection (Hiromatsu et al.,
1992). This hypothesis was strengthened by the findings of a
study using TCRy gene-targeted mice (Mombaerts et al,
1993). Among the innate-like yd T cells in the fetal thymus
committed to forming IFN-y-producing effector cells, those
programmed to develop at the earlier DN2 stage in a Bcl11b-in-
dependent manner seemed to be more primitive T cells of the
innate immune system. The ontogenetic wave of 3 T cell devel-
opment in the thymus suggests that Bcl11b-independent 3
T cells play a critical role in protecting against infections at
the earlier stages after infection.

To test this hypothesis, we characterized the innate-like vd
T cells that developed from the DN2a stage in a Bcl11b-inde-
pendent manner using Bcl11b conditionally deleted mice, in
which T cell development was completely blocked before
the DP stage. These studies showed that Bcl11b-independent
vd T cells are CD5~ NK1.1* NKp46* NKG2D* CD244* Gran-
zyme B* and capable of producing IFN-y without Ca?* influx
upon TCR stimulation. In wild-type (WT) mice, CD5 NK1.1*
vd T cells, which correspond to Bcl11b-independent 3
T cells, are sparse in lymphoid tissues but abundant in non-
lymphoid tissues, such as the liver. Bcl11b-independent
CD5 NK1.1* v3 T cells appeared earlier than Bcl11b-depen-
dent CD5*NK1.1~ v3 T cells, and they contributed to early
protection following L. monocytogenes infection, resembling
their sequential appearance during development in the
thymus.
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Figure 1. T Cell Development in the Thymus
in the Absence of Bcl11b

(A) Representative dot plots are shown after
gating on CD3e~ CD4~ CD8a~ cells. Numbers
indicate the percentages of DN3 (CD117~ CD25")
cells in the thymus from flox/+ and flox/flox mice
(n=3).

(B) Representative dot plots are shown after
gating on lymphocytes. Numbers in the quadrants
indicate the percentages of expression of CD4
and CD8ua in lymphocytes of thymus from flox/+
and flox/flox mice (n = 3).

-yt (C and D) Representative dot plots are shown after
N gating on lymphocytes. Numbers indicate the
V4 percentages of af3 T cells (C) and y3 T cells (D) in
Vy5* the thymus from flox/+ and flox/flox mice (n = 3).

(E) Bar graphs show the means + SD of number of
vd T cells in the thymus from flox/+ and flox/flox
mice (n = 3).

(F) Pie charts show the percentage of TCR Vy
repertoire of y3 T cells in the thymus from flox/+
and flox/flox mice (n = 3).

(G) Bar graphs show the means + SD of produc-
tion of IFN-y and IL-17A of v3 T cells in the thymus
from flox/+ and flox/flox mice after being stimu-
lated with an anti-TCRd mAb (n = 5). IFN-y and
IL-17A levels in 3-day cell culture supernatants

|

were analyzed by ELISA.

(H) Intracellular Ca* mobilization in v T cells of
thymus from flox/+ and flox/flox mice. Thymo-
cytes were loaded with the Ca®* dye Cal-520 and

flox/+ I flox/ﬂoxI

Fura-red. Cells were stimulated with biotinylated
anti-CD3e mAb followed by streptavidin cross-
linking (downward arrow indicates when strepta-
vidin was added). Results are the Ca®* response
to the gated population of 3 T cells.

Significant differences are shown (**p < 0.001,
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Bcl11b-Independent y3 T Cells Function in the Thymus

Homozygous mutant Bcl11b KO mice developed severe neuro-
logical and other uncharacterized defects, and they died shortly
after birth (Wakabayashi et al., 2003b). To characterize Bcl11b-
independent vd T cells after the neonatal stage, we generated
mice in which Bcl11b was conditionally deleted by overexpres-
sion of the Cre recombinase under the control of the Rag1
promoter (CreRag1;Bcl11b™" mice, referred to hereafter as
flox/flox mice). The flox/flox mice had a smaller body size
compared with WT mice starting from around 7 weeks of age,
and they died at 15 weeks as a result of severe inflammation.
Therefore, we mainly examined healthy 3-week-old mice. T cell
development in the thymus was completely blocked at the
DN2 stage before transition to CD4" CD8" DP cells, resulting in
the complete loss of CD4* CD8" DP cells in the thymus of
flox/flox mice (Figures 1A and 1B). Thus, very few aff T cells
were detected in the thymus (Figure 1C), while appreciable levels
of vd T cells were detected in the thymus of flox/flox mice,
although the absolute number of yv3 T cells was significantly
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T Student’s t test). See also Figure S1.

decreased compared with controls (CreRag1;Bcl11b™* mice,
referred to hereafter as flox/+ mice) (Figures 1D and 1E).

vd T cells expressing Vvy5, Vy6, Vy4, Vy1/2, or Vy7 (TCR
nomenclature by Heilig and Tonegawa [1986]) develop sequen-
tially in the fetal thymus from around embryonic day (E)12
(Havran and Allison, 1988). The variable (V) repertoire of 3
T cells in the thymus of 3-week-old mice was assessed by stain-
ing with anti-Vy1, anti-Vy4, or anti-Vy5 mAb and RT-PCR. The
vd T cells in the thymus mainly consisted of Vy1*, Vy4*, and
Vy1~ Vy4~ Vy5~ (presumably Vy6*, as assessed by RT-PCR)
vd T cells, but Vy5* v3 T cells were rarely detected (Figures 1F
and S1A). There were no remarkable differences in the Vy reper-
toire of vd T cells in the thymus of flox/flox mice and flox/+ mice.
In agreement with previous findings of neonatal thymocytes in
homozygous mutant Bcl11b KO mice (Shibata et al., 2014),
IFN-y production by y3 T cells was detected in flox/flox mice
after stimulation via y3TCR, while IL-17A production was
completely absent in flox/flox mice upon ydTCR stimulation
(Figure 1G).

As Bcl11b is involved in various signaling pathways down-
stream of TCR, such as the pathway controlling calcium
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(Ca?*) influx (Albu et al., 2007; Hirose et al., 2015; Inoue et al.,
2006), we compared the intracellular Ca®* ([Ca2*]i) profile of v3
T cells in flox/flox and flox/+ mice upon y3TCR stimulation.
The v T cells from flox/flox mice had an impaired Ca%*
response, whereas yd T cells from flox/+ mice had a high
initial (Ca®*)i spike, followed by a rapid decrease with few os-
cillations (Figure 1H). Thus, yvd T cells can produce IFN-y

flox/+  flox/flox '

B merge

flox/+

flox/flox

E r-IEL
flox/+ flox/flox
Vy1*
/ L A
W
Vy5*
- S VTV WS
PEC
flox/+ flox/flox
vyt
P N S V4
Vy5*
- 4
N\ 4 T W1 Vy4 WSt
H i-IEL
flox/+ flox/flox
L Vy1t
S Vy4r
Vy5*
> T V1t V4 Vs
K spleen
flox/+ flox/flox
Vy1*
L S— o VY4+
- WS
N S s Vy1-Vyd- y5-
L liver
flox/+ flox/flox
vyt
S Vy4r
S -
Vy5*
G T L WtV Vs

Figure 2. Tissue Distribution of Bcl11b-In-
dependent v3 T Cells

(A) Representative dot plots are shown after
gating on CD3e* cells. Numbers indicate the
percentages of s-IELs in ears from flox/+ and
flox/flox mice (n = 3).

(B) Paraformaldehyde-fixed epidermal sheets of
ears from flox/+ and flox/flox mice were probed
with anti-Vy5 (green) and anti-CD3e (magenta)
mADb. Scale bars represent 100 pm.

(C and D) Bar graphs show the means + SD of
number of v T cells in r-IEL (C) and PEC (D) from
flox/+ and flox/flox mice (n = 4).

(E and F) Pie charts show the percentage of TCR
Vv repertoire of vd T cells in r-IEL (E) and PEC (F)
from flox/+ and flox/flox mice (n = 4).

(G) Representative dot plots are shown after
gating on TCR&" CD3e* cells. Numbers in the
quadrants indicate the percentages of expression
of CD8o. and CD8B in y3 T cells of i-IEL from flox/+
and flox/flox mice (n = 3).

(H) Pie charts show the percentage of TCR Vy
repertoire of y3 T cells in i-IEL from flox/+ and flox/
flox mice (n = 3).

(I and J) Bar graphs show the means + SD of
number of y3 T cells in spleen (I) and liver (J) from
flox/+ and flox/flox mice (n = 3).

(K and L) Pie charts show the percentage of TCR
Vy repertoire of v3 T cells in spleen (K) and liver (L)
from flox/+ and flox/flox mice (n = 3).

Significant differences are shown (*p < 0.05 and
***p < 0.001, Student’s t test). See also Figure S1.

without Ca2* influx upon y3TCR stimu-
lation in the absence of Bcl11b.

Bcl11b-Independent v3 T Cells Are
Localized in Peripheral Tissues

vd T cells preferentially migrate into
mucosal epithelia (for example, of the
skin, intestine, and uterus) as tissue-
associated cells, and the proportion of
vd T cells depends on their TCR V
repertoire and anatomical location (Hay-
day and Tigelaar, 2003). To determine
the tissue distribution of Bcl11b-inde-
pendent y3 T cells, we examined the
presence of yd T cells in peripheral
tissues, including the skin, uterus, peri-
toneal cavity (PEC), and intestine of
flox/flox mice. Vy5* yd T cells, which
are exclusively present in the skin intra-
epithelial lymphocyte (s-IEL) population

(Asarnow et al., 1988; Bonneville et al., 1988), were equally de-
tected in flox/flox and flox/+ mice (Figures 2A and 2B), whereas
Vy1~ Vy4~ Vy5~ 3 T cells bearing a Vy6* chain, which are
predominantly present in female reproductive organ IELs
(r-IELs) (Itohara et al., 1990) and PEC (Mokuno et al., 2000),
were reduced in the r-IELs and the PEC from flox/flox mice
compared with flox/+ mice (Figures 2C-2F). In the small
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Figure 3. Surface Characteristics of Bcl11b-Independent v3 T Cells

(A and B) Histograms show expression of CD5, NK1.1, CD122, CD27, CD44, and CD62L on 3 T cells of the spleen (A) and liver (B) from flox/+ and flox/flox mice.
Data are representative of 3 mice from each group.

(C) Upper dot plots are shown after gating on TCR3* CD3¢e* cells. Numbers in the quadrants indicate the percentages of expression of CD5 and NK1.1in v3 T cells
of liver from flox/flox and WT mice. Lower dot plots are shown after gating on CD5"NK1.1* and CD5*NK1.1~ 3 T cells. Numbers in the quadrants indicate the
percentages of expression of intracellular IFN-y and IL-17A after PMA/ionomycin stimulation. Data are representative of 3 mice from each group.

(legend continued on next page)
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intestine, most 3 intestinal IELs (i-IELs) had a CD8ao. pheno-
type in flox/+ mice, as reported previously (Goodman and
Lefrancois, 1989), whereas CD8aa. vd i-IELs were selectively
reduced in flox/flox mice (Figure 2G). Vy1~ Vy4~ Vy5~ 3
i-IELs bearing a Vy7* chain, as assessed by RT-PCR and
uniquely present in i-lIELs (Goodman and Lefrancois, 1989),
were decreased, whereas Vy1* or Vy4* 3 i-IELs were
increased in flox/flox mice compared with flox/+ mice (Figures
2H and S1B). We compared the Vy repertoire of yv3 T cells in
the spleen and liver of flox/flox and flox/+ mice. Although the
absolute number of y3 T cells was significantly reduced in
the spleen of flox/flox mice, there were no obvious differences
in the Vvy repertoire of yd T cells between flox/flox mice and
flox/+ mice (Figures 21, 2K, and S1C). In the liver, the absolute
number of v3 T cells was increased in flox/flox mice, accompa-
nied by increased percentages of Vy1~ Vy4~ Vy5~ y3 T cells
bearing a Vy6 chain and Vy5* vd T cells (Figures 2J, 2L,
and S1D).

Bcli1b-Independent v3 T Cells Have a CD5 NK1.1*
NKp46* NKG2D* Granzyme B* CD244* Phenotype

We next characterized the cell surface phenotype of Bcl11b-in-
dependent v3 T cells in the spleen and liver of flox/flox mice.
Naive yd T cells in flox/flox mice were characterized as CD5™
NK1.1* CD122* CD27* CD44"*, while those in flox/+ mice con-
tained heterogenous cell subsets based on the expression levels
of CD5, NK1.1, and CD122 (Figures 3A and 3B). CD5 " NK1.1*
expression was unchanged, but CD122 expression was
decreased in IFN-y* y3 T cells from flox/flox mice activated
with phorbol myristate acetate (PMA) and ionomycin (Figures
S2A and S2B). Taken together, yd T cells from flox/flox mice
are phenotypically distinguishable in flox/+ mice by differences
in the expression of CD5 and NK1.1.

To confirm the presence of Bcl11b-independent v3 T cells in
the periphery of WT mice, we examined cytokine production
and Bcl11b expression of CD5"NK1.1* v3 T cells in WT mice.
In the liver of flox/flox mice, these cells produced IFN-y, but
not IL-17A, upon PMA/ionomycin stimulation. In WT mice,
CD57NK1.1* v3 T cells produced IFN-y, but not IL-17A, upon
PMAV/ionomycin stimulation, whereas CD5*NK1.1~ v3 T cells
produced either IFN-y or IL-17A upon stimulation (Figure 3C).
In WT mice, a high level of Bcl11b expression at both the
mRNA and protein levels was detected in CD5*NK1.17, but
not in CD5 NK1.1%, yv3 T cells (Figures 3D and 3E). Thus, we
confirmed that CD5 NK1.1" y3 T cells (corresponding to
Bcl11b-independent vd T cells in flox/flox mice) are present in
WT mice. We further compared the (Ca2*)i profile between
CD5*NK1.1~ and CD5 NK1.1* v3 T cells from WT mice upon
vd TCR stimulation. CD5"NK1.1* v3 T cells had an impaired

Ca?* response, whereas CD5*NK 1.1~ v3 T cells had a high initial
(Ca2")i spike, followed by a rapid decrease with few oscillations
(Figure 3F). Thus, CD5 NK1.1* v3 T cells were impaired in Ca®*
influx upon y3TCR stimulation.

We next analyzed global gene expression by comparing the
transcriptome profiles of whole y3 T cells from the liver of
flox/flox mice, in which more than 99% were CD5 NK1.1", and
prototypical Bcl11b-independent yv3 T cells (CD5 NK1.1" v3
T cells) and a prototypical Bcl11b-dependent vd T cell subset
(CD5*NK1.17 y3 T cells) sorted from the liver of WT mice. These
data showed that 1,345 probe sets were differentially expressed
in CD5"NK1.1" v3 T cells from WT mice compared with
CD5*NK1.1” v3 T cells from WT mice. Genes overexpressed
in CD5"NK1.1* vd T cells from flox/flox or WT mice included
Gzmb, Prf1, Cd7, Clec7a, Ccl3, Ccl4, and Ccl5. Levels of lI7r,
I118r1, 1123r, and Rorc expression were lower in the CD5 NK1.1*
vd T cells than in the Bcl11b-dependent CD5*NK1.1~ v3 T cells
(Figure 4A). For further analysis, we stained CD5"NK1.1* and
CD5*NK1.1~ v3 T cells from WT mice and yd T cells from flox/
flox mice with the corresponding mAbs. Consistent with the
gene expression data, yd T cells from flox/flox mice and
CD57NK1.1* v3 T cells from WT mice expressed higher levels
of NKp46, NKG2D, CD244, and Granzyme B and lower level
of CD127 protein compared with CD5*NK1.1~ v3 T cells (Fig-
ure 4B). Although the mean fluorescence intensity (MFI) of
each antigen was not identical (Figure 4B), CD5 NK1.1* v3
T cells from WT mice were phenotypically similar to yd T cells
from flox/flox mice.

Bcl11b-Independent v3 T Cells Are Abundant in the Liver
of WT Mice

We next examined the effect of location and age on the number
of CD5"NK1.1* v3 T cells in various organs of 3-week-old WT
mice. CD5 NK1.1* v3 T cells were relatively abundant in the liver
(Figures 5A-5C). The numbers and populations of CD5"NK1.1*
vd T cells in the liver increased to a peak at 21 days and then
decreased (Figures 5D-5F). Thus, CD5"NK1.1* v3 T cells were
relatively abundant in the liver of young mice. In other non-
lymphoid organs, such as lung and gut, appreciable numbers
of CD5"NK1.1" y3 T cells were detected in young mice
(Figure S3).

To determine whether Bcl11b-independent CD5 NK1.1" y3
T cells develop in the thymus only during fetal stages or not,
we examined the development of CD5 NK1.1* v3 T cells in
lethally irradiated mice reconstituted with bone marrow (BM) or
fetal liver (FL) cells (Figure S4A). CD5 NK1.1* v3 T cells were
detected in the liver of either of these reconstituted mice (Fig-
ure S4B). These yd T cells expressed CD244 and NKG2D, but
no CD127 or Bcli1b, similar to those in flox/flox mice

(D) CD5"NK1.17, CD5*NK1.1*, CD5 NK1.1~, and CD5 NK1.1* v3 T cells were sorted from the liver of WT mice, and Bc/11b expression was analyzed by

RT-PCR.

(E) Histograms show expression of intracellular Bcl11b in CD5*NK1.1~ v3 T cells, CD5 NK1.1* y3 T cells from WT mice, and v3 T cells from flox/flox mice in liver

and spleen.

(F) Intracellular Ca®* mobilization in CD5*NK1.1~ and CD5~NK1.1* y3 T cells of spleen from WT mice. Cells were loaded with the Ca®* dye Cal-520 and stimulated
with biotinylated anti-CD3e mAb followed by streptavidin crosslinking (downward arrow indicates when streptavidin was added). Results are the Ca®* response to

the gated population of CD5*NK1.1~ and CD5 NK1.1* y3 T cells.
See also Figure S2.
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Figure 4. Microarray Analysis of Gene Expression in CD5 NK1.1* yv3 T Cells

(A) Microarray analysis of gene expression in CD5*NK1.1~ y3 T cells, CD5 NK1.1* y3 T cells from the liver of WT mice, and y3 T cells from the liver of flox/flox mice
(1 replicate of cells from 20 mice per sample). Color indicates the distance from the mean for each probe intensity (log, transformed).

(B) Histograms show expression of NKp46, NKG2D, CD244, CD127, and intracellular Granzyme B in CD5*NK1.1~ y3 T cells, CD5 NK1.1* y3 T cells from the liver
of WT mice, and y3 T cells from liver of flox/flox mice. Bar graphs show mean fluorescence intensity (MFI) of each histogram.

(Figure S4C). These results suggest that CD5 " NK1.1" y3 T cells
are not a fetal type and can develop in the adult thymus. Among
vd T cells developing in the adult thymus, v3 T cells developing
directly from DN2a stage in a Bcl11b-independent manner are
thought to be more primitive than those developing later from
DN2b in a Bcl11b-dependent manner.

We further examined surface expression of CD5 and NK1.1 on
vd T cells from the liver of CrehCD2;Rosa26™" Bcl11b/fox
mice. As marked by red fluorescent protein (RFP) expression
due to excision of the loxP-flanked transcription-translation
stop sequence from the Rosa267" allele in Rosa26™" mice
(Luche et al., 2007), hCD2-expressing mature T cells were
RFP*Bcl11b™ in CrehCD2;Rosa267" Bcl11b™/ %% mice. As
shown in Figure S4D, RFP*Bcl11b™ y3 T cells were CD5"NK1.1~
(Figure S4D). These results suggest that unique CD5 " NK1.1* 3
T cells are primarily generated in the thymus and that CD5 down-
regulation and NK1.1 acquisition may not occur in mature
peripheral yd T cells in the absence of Bcl11b.
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Bcl11b-Independent yd T Cells Participate in the Early
Host Defense against Infection

We previously reported that v3 T cells have an important role
in protection as early as 3 days after L. monocytogenes infection,
which might bridge the gap between innate and adaptive
immune activation following L. monocytogenes infection
(Hiromatsu et al., 1992; Ohga et al., 1990). To determine whether
vd T cells are involved in early protection against
L. monocytogenes infection, we examined yd T cells in the liver
of 3-week-old mice after intravenous inoculation with
L. monocytogenes. At 3 days after infection, the major popula-
tion of effector vd T cells producing IFN-y and/or Granzyme B
was CD57NK1.1* y3 T cells. In contrast, at 5 days after infection,
more effector cells had a CD5'NK1.1~ phenotype (Figures
6A-6C). Similar kinetics were also detected in the liver of
12-week-old mice following L. monocytogenes infection (Figures
S5A-S5C). These results suggested that Bcl11b-independent
CD5 NK1.1* vd T cells appeared before Bcl11b-dependent



A gated on TCR&*

WT flox/flox

0.16

)]
)

95

N 2.8

D

thymus | * L

0.26 °
e
10° 10t 108

20 10°

48_ | a9

b e
0102 10° 10* 10°

0.041 0.041

w
1

0 102

10°135

Number of CD5-

N

i

Figure 5. Tissue Distribution and Age-
Related Changes in CD5 NK1.1* y3 T Cells
Numbers

(A) Representative dot plots are shown after gating
on TCR3* cells. Numbers in the quadrants indicate
the percentages of expression of CD5 and NK1.1
in vd T cells of thymus, liver, and spleen from WT
and flox/flox mice (n = 3).

(B) Bar graphs show the means + SD of number of
CD5 NK1.1* y3 T cells in thymus, liver, and spleen
from WT mice (n = 3).

WT mice

NK1.1* 3 T cells (log,,)

liver 10

N
o
)

8.1 37 °
0 10?

e
10° 10t 108
75

7.6 10°

10° 10t 108

0.23

w
o
1

spleen
P [Te]

-
o
1

NK1.1* yo T cells (%)
N
o

Percentage of CD5-

26 73

O o4

33 °

0 thymus

liver spleen

WT mice

(C) Bar graphs show the means + SD of percent-
age of CD5"NK1.1* v3 T cells in yd T cells of
thymus, liver, and spleen from WT mice (n = 3).
(D) Representative dot plots are shown after gating
on TCR3* cells. Numbers in the quadrants indicate
the percentages of expression of CD5 and NK1.1
in vd T cells of liver from 3- to 84-day-old WT mice
(n=5).

(E) Line graphs show the means + SD of number of

™ v3 T cells and CD5 NK1.1* y3 T cells from the liver

o

P
00?2  10° 10f  10°

4

R
010? 10° 10f 10°

NK1.1

gated on TCR&*
3d

D

21d 42

thymus

d

. of 3- to 84-day-old WT mice (n = 5).
liver  spleen

(F) Line graphs show the means + SD of percent-
ages of CD5 " NK1.1* y3 T cells in vd T cells from

84 d the liver of 3- to 84-day-old WT mice (n = 5).

10°159 6.8 20[°430 19/10*340

102

°19.1

18

16 °116 42/ °

19 See also Figures S3 and S4.

31/ °110 13

0% 10t 10° 0102 10° 10* 10° 010 10 10* 10°

010°

NK1.1

0% 10t 10°

flox/flox mice. RAG1/2 expression is
known to begin at the transitional stage

0% 10t 10°

b

0 10°

m
a
o

5 -

N
o
1

e

4

N W
o O
L L

—0— YO T cells
—@— CD5 NK1.1"y5 T cells

-
o
L

NK1.1*v8 T cells (%)

Number of cells (log)
Percentage of CD5~

- from DN1 and DN2a, during which

Vy-Jy gene rearrangement occurs
(Krangel, 2009). The flox/flox mice
showed a complete absence of CD4*
CD8* DP cells and very few a3 T cells
but appreciable amounts of yd T cells
in the thymus. However, flox/flox mice
generated only a limited amount of

o

3 7 21 42 84 3
age (d)

CD5*NK1.17 v3 T cells after infection, resembling their sequen-
tial appearance during development in the thymus.

To investigate the potential role of Bcl11b-independent 3
T cells in early protection against L. monocytogenes infection,
we examined bacterial growth in C3 KO x flox/flox mice. Bacterial
numbers in the liver and spleen were significantly higher in C3 KO
X flox/flox mice than in flox/flox mice on days 1 and 3 after infec-
tion (Figures 6D and S6). Thus, Bcl11b-independent yd T cells
contribute to protection in the early stages of L. monocytogenes
infection. The bacterial numbers of WT mice were higher in the
liver and spleen than flox/flox mice. This may be explained by
the presence of relatively higher numbers of innate-like effector
vd T cells in flox/flox mice at the early stages after infection.

DISCUSSION

Here, we characterized the yd T cell subset that develops
from the DN2a stage in a Bcl11b-independent manner using

7

21 42 84
age (d)

IFN-y* vd T cells and no IL-17" 3
T cells, which develop from DN2b cells
in a Bcl11b-dependent manner, as pre-
viously observed in Bcl11b KO new-
borns (Rothenberg et al., 2008; Li et al., 2010a; Shibata
et al., 2014). Deletion of Bcl11b in early CD4* CD8* DP thymo-
cytes using CD4-Cre was reported to cause defects in Ca2*
influx (Albu et al., 2007). Consistent with this finding, we
observed attenuated calcium influx in Bcl11b-deficient 3
T cells upon ydTCR stimulation. Taken together, flox/flox
mice in which Bcl11b is completely blocked at the DN2a stage
in thymic development are useful for analyzing primitive
innate-like yd T cells that develop before the DN2a stage in
a Bcl11b-independent manner.

vd T cells are present in small numbers in the blood and
peripheral lymphoid tissues, but they are relatively abundant in
s-IELs, r-IELs, and i-IELs (Asarnow et al., 1988; Goodman and
Lefrancois, 1989; Havran and Allison, 1988; Hayday and Tige-
laar, 2003). Both s-IELs and r-IELs differentiate in the thymus
at a very early ontogenic stage, and they bear truly invariant
Vy5/V31 or Vy6/Vd1 TCRs without junctional diversity (Itohara
et al., 1990; Lafaille et al., 1989). Vy5* vd T cells were equally
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detected in s-IELs of flox/flox and flox/+ mice, confirming that
this population can develop in the thymus at a very early onto-
genic stage under Bcl11b-deficient conditions. Meanwhile, y3
T cells expressing Vy6" mRNA or CD8a.a. v3 T cells were reduced
in the r-IEL or i-IEL populations, respectively, of flox/flox mice.
Despite early reports suggesting an extrathymic origin for
i-IELs, recent studies indicate that the majority of CD8a.a i-IELs
are derived from thymic precursors, a unique CD8a.o-expressing
subset of CD4* CD8uB" thymocytes, that subsequently migrate
to the gut (Cheroutre et al., 2011). Our present results suggest
that most CD8aa. vd i-IELs develop later than the DN2b stage
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CD244, and Granzyme B, but no CD5
or CD127. The corresponding yd T cells
are present under physiological condi-
tions in WT mice, especially in the liver
of young mice. Using CreERT2;Bcl11b™"* mice, in which
tamoxifen-induced Cre recombinase is encoded in the ubiqui-
tously expressed Rosa26 locus, Li et al. (2010b) found that
Bcl11b-deficient DN1-2-3 thymocytes differentiate into cells of
the NK-like lineage and express some NK-related genes, such
as NK1.1, NKp46, and NKG2A/C/E, in vitro. Furthermore, even
acute loss of Bcl11b by in vivo injection of tamoxifen increased
the numbers of CD3 "NKp46™* cells and CD3*NKP46™ T cells
(including yd T cells) in the thymus and spleen of adult mice (Li
et al., 2010b). On the other hand, it was reported that using
CD4-Cre, deletion of Bcl11b in early DP thymocytes induced



the expression of some genes usually expressed in mature sin-
gle-positive T cells, such as Zbtb7b (Th-POK) and Runx3, but
no NK cell genes (Kastner et al., 2010; Avram and Califano,
2014). We also showed that, using CrehCD2;Rosa26"""
Bcl11b"*/MX mice, the acquisition of NK1.1 and downregulation
of CD5 may not occur in mature T cells in peripheral tissues in the
absence of Bcl11b. Hirose et al. (2015) recently reported that
Bcl11b prevents the intrathymic development of innate-like
CD8 T cells. Thus, Bcl11b has a role in repressing genes of the
innate immune system, such as NK-related genes during T cell
development in the thymus.

It is reported that deletion of Bc/711b in early DP thymocytes
caused defects in the initiation of positive selection, including
impaired proximal TCR signaling, attenuated extracellular
signal-regulated kinase phosphorylation, and Ca®* influx (Albu
et al., 2007). Consistent with these findings, we observed atten-
uated Ca?* influx in Bcl11b-deficient v3 T cells upon TCR stimu-
lation. Bcl11b also may be involved in signaling pathways down-
stream of TCRs, such as Ca?* influx. It remains unclear how
Bcl11b represses NK-related genes and other precocious
T cell profiles during T cell development. Recent advances in
combinatorial action of Bcl11b with other transcription factors,
such as E2A, Runx1, TCF-1, and GATAS, may clarify activation
and repression target genes bound by Bcl11b (Longabaugh
et al., 2017; Kueh et al., 2016).

CD57NK1.1" v3 T cells that develop from early T cell precursor
have an enormous potential to express IFN-y and Granzyme B.
Therefore, CD5 NK1.1* v3 T cells may provide early protection
as part of innate immunity against microbial infection and tumor
development, and they might thus bridge the gap between
innate and adaptive immunity. Recently, Dadi et al. (2016)
reported that innate-like unconventional T cells expressing
NK1.1* (including 3 T cells) engage in immunosurveillance dur-
ing early tumor onset by responding to cell transformation. We
found that Granzyme B* CD5 NK1.1* y3 T cell numbers
increased to reach a peak on day 3 following infection with
L. monocytogenes, preceding the appearance of CD5"NK1.1~
vd T cells. We further found a potential role for Bcl11b-indepen-
dent v3 T cells in early protection against L. monocytogenes in
flox/flox mice genetically depleted of vd T cells. These results
suggest that Bcl11b-independent 3 T cells precede the appear-
ance of Bcl11b-dependent y3d T cells during host defense
against infection, resembling their sequential appearance during
thymus development.

In conclusion, Bcl11b-independent yd T cells had a
CD57NK1.1* Granzyme* phenotype and were abundant in the
liver in WT mice. Bcl11b-independent y3d T cells contributed to
early protection against L. monocytogenes infection. Bcl11b-in-
dependent v3 T cells participated in early protection as primitive
innate-like yd T cells in host defense.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6 female mice were purchased from Japan KBT (Tosu, Japan).
Bcl11b"1°% mice were provided by R. Kominami (Niigata University, Niigata,
Japan) (Go et al., 2013). CreRag1 mice were provided by T. Rabbitts (Leeds
Institute of Molecular Medicine, Leeds, UK) courtesy of K. Akashi (Kyushu
University, Fukuoka, Japan) (Forster et al., 2005). C3 KO mice were generated

as previously described (ltohara et al., 1993). Bcl11b conditional KO mice
were generated by crossing Bcl11b™71°% mice with CreRagl? mice
(CreRag1;Bcl11b™°% mice). CrenCD2 mice were purchased from Jackson
Laboratory (Bar Harbor, ME, USA). CrehCD2 mice were crossed to mice
expressing an allele for the expression of RFP from the ubiquitously expressed
Rosa26 locus (Rosa26-STOP-RFP; called Rosa26™ ") (Luche et al., 2007).
CrehCD2;Rosa26™™"  Bcl11b™*™X mice were generated by crossing
CrehCD2;Rosa26F"" mice with Bcl1167"* mice. For vd T cell-deficient
Bcl11b conditional KO mice, CreRag1;Bcl11b™*™* mice were backcrossed
with C3 KO mice. All mice were female and used at 3, 7, 21, 42, or 84 days
of age. All mice were maintained under specific pathogen-free conditions
and provided with food and water ad libitum. Age- and gender-matched
mice were used for all experiments. This study was approved by the Commit-
tee of Ethics on Animal Experiments of the Faculty of Medicine, Kyushu Univer-
sity. Experiments were carried out according to local guidelines for animal
experimentation.

Cell Preparations from Various Tissues

Single-cell suspensions were isolated from the thymus, uterus, PEC, i-IEL,
colonic lamina propria lymphocytes (c-LPL), lung, and spleen as previously
described (Shibata et al., 2008). Livers were homogenized using slide glasses
and passed through a mesh, and mononuclear cells were further purified with
40% and 70% Percoll (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) by
centrifugation at 600 x g for 20 min. Epidermal sheets were isolated from the
ear as previously described (Haas et al., 2012). s-IELs were isolated from
epidermal sheets of ears by centrifugation in a 40% and 70% Percoll gradient.

Flow Cytometry Analysis
Cells were stained for 20 min at 4°C with mAbs. We added 1 pg/mL propidium
iodide (Sigma-Aldrich, Tokyo, Japan) to the cell suspension just before flow
cytometry to detect and exclude dead cells from the analysis of surface stain-
ing. To measure cytokine production, cells were stimulated with 25 ng/mL
PMA (Sigma-Aldrich) and 1 pg/mL ionomycin (Sigma-Aldrich) for 4 hr at
37°C; 10 pg/mL Brefeldin A (Sigma-Aldrich) was added for the last 3 hr of
incubation. After cells were stained with various mAbs, intracellular staining
was performed according to the manufacturer’s instructions (BD Biosciences,
San Jose, CA, USA). 100 pL BD Cytofix/Cytoperm solution (BD Biosciences)
was added to the cell suspension with gentle mixing and incubated for
20 min at 4°C. Fixed cells were washed twice with 250 uL. 10% BD Perm/Wash
solution (BD Biosciences) and then stained intracellularly for 30 min at
4°C. Stained cells were analyzed on a FACSVerse flow cytometer (BD Biosci-
ences), and data were analyzed using FlowJo software (Tree Star, Ashland,
OR, USA). We used the nomenclature of Heilig and Tonegawa (1986) for
TCR v chains.

Antibodies for flow cytometry analysis are detailed in the Supplemental
Experimental Procedures.

vd T Cell Sorting

Single-cell suspensions were isolated from various tissues and stained with
mAbs. v3 T cells, CD5*NK1.1~ y3 T cells, and CD5"NK1.1*y3 T cells were
sorted using a FACSAria (BD Biosciences).

Measurement of Ca2* Mobilization

Single-cell suspensions were prepared from a mouse thymus. CD4*, CD8",
and major histocompatibility complex (MHC) class II* thymocytes were
depleted by negative selection with anti-CD4 (GK1.5, BioLegend, San Diego,
CA. USA), anti-CD8u. (53-6.7, BioLegend), and anti-MHC class Il (M5/114.15.2,
BioLegend) mAbs, followed by incubation with anti-Rat IgG Dynabeads
(Invitrogen, Carlsbad, CA, USA). Purified cells were loaded with 10 uM mem-
brane-permeable fluorescent Ca?* indicator dye Cal-520 AM (AAT Bioquest,
Sunnyvale, CA, USA) and 10 pM Fura-red AM (Thermo Fisher Scientific,
Waltham, MA, USA) for 30 min at 37°C. Cells were then stained with anti-
TCRS (GL3) mAb and incubated on ice. Before stimulation, cell aliquots were
equilibrated to 37°C for 5 min and then analyzed using a FACSCalibur flow
cytometer (BD Biosciences) and FACSVerse flow cytometer. After acquisition
of background intracellular Ca®* concentrations for 30 s, cells were stimulated
via the TCR with biotinylated anti-CD3e (145-2C11), streptavidin (20 ng/mL)
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was crosslinked to the TCR, and cell responses were assayed for 5 min. Data
were analyzed using FlowJo software.

ELISA

After single-cell suspensions were prepared from the thymus of flox/+ and
flox/flox mice, thymocytes (2 x 10* cells/well) were stimulated with anti-
TCR3 mADb (GL3) in the presence of anti-Hamster IgG (10 pg/well) for crosslink-
ing. After stimulation, IL-17A and IFN-y levels in 3-day culture supernatants
were analyzed with a DuoSet ELISA Development System (R&D Systems),
according to the manufacturer’s instructions.

Immunohistochemistry

Ear epidermal layers were prepared on glass slides, fixed with phosphate-buff-
ered 4% paraformaldehyde (Nacalai Tesque, Kyoto, Japan) at room tempera-
ture (RT) for 10 min, permeabilized with rinse buffer (50 mM Tris-HCL and 0.1%
Triton-X [pH 8.0]) for 10 min, and blocked with Blocking One Histo (Nacalai
Tesque) at RT for 10 min. Epidermal sheets were then incubated with the
following antibodies diluted in blocking solution (1 x Tris-buffered saline,
0.1% Tween 20 [Sigma-Aldrich], and 5% Blocking One Histo) at 4°C overnight:
1:100 dilution Alexa Fluor 647-conjugated anti-CD3e mAb (17A2) and 1:100
dilution phycoerythrin (PE)-conjugated anti-Vy5 mAb (536). Slides were
mounted in ProLong Gold Antifade reagent (Invitrogen) and analyzed with a
Zeiss LSM700 confocal microscope (Carl Zeiss, Oberkochen, Germany).

RNA Purification and RT-PCR
Total RNA was purified from sorted vd T cells using an RNeasy Mini Kit
(QIAGEN, Hilden, Germany), and cDNA was synthesized using Superscript Il
(Invitrogen) according to the manufacturer’s instructions. PCR was performed
on a PCR thermal cycler (Takara, Tokyo, Japan). RT-PCR products were
analyzed by blotting in 1.8% agarose gels.

Primers for RT-PCR are detailed in the Supplemental Experimental
Procedures.

Gene Expression Microarrays

Total RNA was isolated from sorted CD5”NK1.1* and CD5*NK1.17 y3 T cells
from the livers of WT mice or 3 T cells from the livers of flox/flox mice using an
RNeasy Mini Kit (QIAGEN), according to the manufacturer’s instructions. RNA
samples were quantified using an ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE), and RNA quality was confirmed with a 2200
TapeStation (Agilent Technologies, Santa Clara, CA). cRNA was amplified,
labeled with 10 ng total RNA using a GeneChip WT Pico Kit, and hybridized
to an Affymetrix GeneChip Mouse Gene 2.0 ST Array, according to the manu-
facturer’s instructions. Hybridized microarrays were then scanned with an
Affymetrix scanner. Relative hybridization intensities and background hybridi-
zation values were calculated using Affymetrix Expression Console. The raw
signal intensities for all samples were normalized by quantile algorithm with
Affymetrix Power Tool version 1.15.0 software. To identify up- or downregu-
lated genes, we calculated the Z scores (Quackenbush, 2002) and ratios (non-
log-scale fold change) from the normalized signal intensities for each probe to
compare control and experimental samples. Criteria used for identifying up-
and downregulated genes were as follows: upregulated genes, Z score >
2.0 and ratio > 2.0; downregulated genes, Z score < —2.0 and ratio < 0.5.
A heatmap was generated with MeV software (Saeed et al., 2003). The color in-
dicates the distance from the mean of each probe intensity (log, transformed).
Microarray data analysis was supported by Cell Innovator (Fukuoka, Japan).

Generation of BM and Fetal Liver Chimera

BM cells were extracted from 8-week-old WT mice (Ly5.2/5.2) by flushing
femurs and tibias, and they were then depleted of T cells using anti-CD3
mADb (17A2, BioLegend) and anti-Rat IgG Dynabeads. FL cells were extracted
from liver of E14 WT mice (Ly5.2/5.2). 2 x 10" BM cells or 5 x 10° FL cells were
intravenously injected into lethally irradiated (10 Gy) recipient 8-week-old WT
mice (Ly5.1/5.1). After 8 weeks, reconstitution was confirmed.

Microorganisms and Bacterial Infection

The L. monocytogenes EGD strain was inoculated into C57BL/6 mice, and
fresh single colonies were obtained from infected spleen after plating onto
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Trypto-Soya Agar (Nissui, Tokyo, Japan). Single colonies were picked and
grown with vigorous shaking in 250 mL Trypto-Soya Broth (Nissui) at 37°C
for 15 hr. Bacteria were stored in 50% glycerol (Sigma-Aldrich, Tokyo, Japan)
at —80°C until use. Mice were intravenously infected with 4 x 10° colony-form-
ing units (CFUs) of L. monocytogenes, corresponding to 1/10 of the 50% lethal
dose (LD50) for C57BL/6 mice. At the indicated times after infection, bacterial
numbers were counted as CFUs after incubation at 37°C.

Statistical Analysis

Statistical significance was evaluated using Prism software (GraphPad,
San Diego, CA). Student’s t test was used when only two groups were
compared, and one-way ANOVA/Tukey was used for multiple comparisons.
p values < 0.05 were considered to represent significant differences.
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Supplemental Figure 1. Gene expression of TCR V repertoire in yd T cells from flox/+ and flox/flox mice
(related to Figures 1 and 2)

(A-D) Gene expression of Bcll1b, TCR Vy and V3 repertoires in yd T cells were analyzed in thymus (A), i-IEL (B),
spleen (C), and liver (D) from flox/+ and flox/flox mice.



A spleen wmmmmm flox/+ IFN-y* v flox/flox IFN-y*yd = = = isotype
i w0l 100

<>§ 8 .'P“ 8 I,": 0

= 1 ol i wof 1 w0

S woli ofih o

® ! 04! i 1 2

NK1.1 CD122 CD27 CD44 CD62L

B wm  flOX/+ [FN-y* v flox/flox IFN-y*yd = = = isotype
100 Wl

x 4 80 ol

© : i

2 ‘: 60 60 .; |“

"‘6 ‘\. 40 40 :' ':

IS '..‘ 20 20 ." ll

o e 0 R LR o il = 0
0102 10° 10t 10° 0102 10° 10t 10® 0102 10° 10t 10® 0102 10° 10* 10° 0102 10° 0t 10°

CD5 NK1.1 CD122 CD27 CD44

0® 10t 0%

""cDe2L

Supplemental Figure 2. Surface characteristics of IFN-y " Bell1b-independent yd T cells (related to Figure 3)
(A and B) Histograms show expression of CD5, NK1.1, CD122, CD27, CD44, and CD62L on IFN-y" v T cells of
the spleen (A) and liver (B) from flox/+ and flox/flox mice after PMA/ionomycin stimulation.
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Supplemental Figure 3. The distribution of CD5 NK1.1" y3 T cells in lung and gut (related to Figure 5)
Representative dot plots are shown after gating on TCRS" cells. Numbers in the quadrants indicate the percentage of
expression of CD5 and NK1.1 in yd T cells of lung, i-IEL and colonic lamina propria lymphocytes (c-LPL) from
3-week-old and 12-week-old WT mice (n = 4).
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Supplemental Figure 4. Bell1b-indenepndent CD5 NK1.17 yd T cells develop in adult thymus (related to
Figure 5)

(A) Recipient WT (Ly5.1/5.1) mice were lethally irradiated and reconstituted by BM or FL cells from WT
(Ly5.2/5.2) mice. Dot plots show an example of a gating strategy to identify y0 T cells derived from BM in the liver
from BM chimera mice.

(B) Representative dot plots are shown after gating on CD45.2" TCRS™ CD3e" cells. Numbers in the quadrants
indicate the percentage of expression of CD5 and NK1.1 in yd T cells of liver from BM and FL chimera mice (n =3).
(C) Histograms show expression of intracellular Bell1b, NKG2D, CD244 and CD127 in CD45.2" CD5" NK1.1™ vd
T cells, CD45.2" CD5 NK1.17 yd T cells from the liver in BM and FL chimera mice and yd T cells from the liver
from flox/flox mice.

(D) Dot plots show an example of a gating strategy to identify RFP"vyd T and RFP"yd T cells in the liver from
CrehCD2;Rosa26™" Bcll 16" mice. Histograms show expression of CD5 and NK1.1 in RFP yd T cells, RFP*yd
T cells from CrehCD2;Rosa26™" Bell 15" mice and yd T cells from flox/flox mice.
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Supplemental Figure 5. Bell1b-independent Y3 T cells of the liver from 12-week-old WT mice are involved in
host defense after L. monocytogenes infection (related to Figure 6)

(A) Kinetics of y0 T cells expressing IFN-y and Granzyme B in the liver of 12-week-old WT mice after intravenous
inoculation with L. monocytogenes. Upper dot plots are shown after gating on TCRS" CD3¢" cells. Numbers in the
quadrants indicate the percentage of expression of intracellular Granzyme B and IFN-y in y0 T cells of liver. Lower
dot plots are shown after gating on Granzyme B' yd T cells. Numbers in the quadrants indicate the percentage of
CDS5 and NK1.1 expression. Data are representative of 4 mice from each group.

(B) Line graphs show the kinetics of number of CD5” NK1.1" and CD5" NK 1.1~ in Granzyme B" yd T cells in the
liver after infection. Each point and vertical bar is the mean + SD of 4 mice.

(C) Line graphs show the kinetics of percentage of CD5” NK1.1" and CD5" NK1.1” in Granzyme B” yd T cells from

the liver after infection. Each point and vertical bar is the mean + SD of 4 mice.
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Supplemental Figure 6. Bclllb-independent yd T cells of spleen are involved in the host defense after L.
monocytogenes infection (related to Figure 6)

Bar graphs show the means + SD of bacterial number in the spleen from WT, floxflox and Cd” x flox/flox mice on
days 1 (upper panel) and 3 (under panel) after L. monocytogenes infection (n = 3). Representative dot plots are
shown after gating on lymphocyte. Numbers in the quadrants indicate the percentage of expression of intracellular
IFN-y and TCR® in lymphocytes of spleen from WT, floxflox and C&” x flox/flox mice on days 1 (upper panels) and
3 (under panels) after L. monocytogenes infection (n = 3). Significant differences are shown (*p<0.05, ***p<0.001:

one way ANOVA/Tukey).



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Antibodies for Flow cytometry

Antibodies used in this study: PE-conjugated anti-CD3¢ (145-2C11), PerCP-Cy5.5-conjugated anti-MHC class II
(M5/114.15.2), APC-conjugated anti-IFNy (XMG1.2), APC-Cy7-conjugated anti-CD3e (145-2C11),
PE-Cy7-conjugated anti-CD45.2 (104), V450-conjugated anti-CD4 (RM4-5), anti-CD8a (53-6.7), anti-IL-17A
(TC11-18H10), and V500-conjugated anti-MHC class II (M5/114.15.2) mAbs were purchased from BD
Biosciences (San Jose, CA, USA). FITC-conjugated anti-CD62L (MEL-14), Rat IgG2a « isotype control (¢eBR2a)
PE-conjugated anti-CD27 (LG.7F9), anti-CD44 (IM7), anti-CD62L (MEL-14), anti-CD117 (2B8), anti-CD122
(TM-b1), anti-CD127 (A7R34), anti-NKG2D (Cx5), Rat IgG2a « isotype control (RTK2758), Rat IgG2a k isotype
control (RTK4530), Hamster IgG isotype control (HTK888), PerCP-Cy5.5-conjugated anti-IL-17A (ebiol7B7),
APC-conjugated anti-CD45.2 (104), PerCP-eFluor 710-conjugated anti-Granzyme B (NGZB) and biotin-conjugated
anti-CD45.1 (A20) mAbs were all purchased from eBioscience (San Diego, CA, USA). FITC-conjugated anti-CD5
(53-7.3), anti-CD8f (YTS156.7.7), anti-CD44 (IM7), anti-CD244 (m2B4), anti-TCRp (H57-597), anti-MHC class
I (M5/114.15.2), anti-Vy1 (2.11), PE-conjugated anti-CD5 (53-7.3), anti-CD8a (53-6.7), anti-NK1.1 (PK136),
anti-MHC class 11 (M5/114.15.2), anti-Vy1 (2.11), anti-Vy4 (UC3-10A6), APC-conjugated anti-CD25 (PC61),
anti-NKp46 (29A1.4), anti-TCRP (H57-597), anti-TCRO (GL3), anti-Vy4 (UC3-10A6), Alexa Fluor
647-conjugated  anti-CD3e  (17A2), anti-NKI1.1  (PK136), Mouse IgG2a K« isotype  control
(MOPC-173) ,PE-Cy7-conjugated anti-CD4 (RM4-5), anti-TCRd (GL3) mAbs and V421-conjugated anti-TCR
(GL3) were purchased from BioLegend (San Diego, CA, USA). PE-conjugated anti-Vy5 (536) mAb was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). FITC-conjugated anti-Ctip2 (25B6) and Rat IgG2a
isotype control (RTK2758) mAb were purchased from Abcam (Cambridge, MA, USA)

Primers for RT-PCR

For analyzing the Bclllb, Vy, and V9§ repertoire, combinations of the following primers were used. Forward
primers: f-actin, 5'-TGGAATCCTGTGGCATCCATGAAAC-3"; Bclllb, 5-TGTCCCAGAGGGAACTCATC-3'".
Reverse primers: B-actin, 5'-TAAAACGCAGCTCAGTAACAGTCCG-3'; Bcell b,
5'-CTTGTCCAGGACCTTGTCGT-3". For the Vy and V9 repertoire analysis, combinations of following primers

were used. Forward primers: Vy 1/2, 5'-ACACAGCTATACATTGGTAC-3; Vy2,
5'-CGGCAAAAAACAAATCAACAG-3; Vvy4, 5'-TGTCCTTGCAACCCCTACCC-3% V5,
5'-TGTCCTTGCAACCCCTACCC-3"; Vy6, 5'-GGAATTCAAAAGAAAACATTGTCT-3'; Vy7,
5'-AAGCTAGAGGGGTCCTCTGC-3; Vol, 5'-ATTCAGAAGGCAACAATGAAAG-3'; Vo2,
5'-AGTTCCCTGCAGATCCAAGC-3" Va3, 5'-TTCCTGGCTATTGCCTCTGAC-3"; Vo4,
5'-CCGCTTCTCTGTGAACTTCC-3"; Vo5, 5'-CAGATCCTTCCAGTTCATCC-3" Voo,
5'-TCAAGTCCATCAGCCTTGTC-3'; Va7, 5'-CGCAGAGCTGCAGTGTAACT-3" Va8,

5'-AAGGAAGATGGACGATTCAC-3’; Reverse primers: Cy 5-CTTATGGAGATTTGTTTCAGC-3'; C9,
5'-CGAATTCCACAATCTTCT-3".
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