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"Memory-like T cells" are a subset of thymic cells that acquire effector function through
the maturation process rather than interaction with specific antigen. Disruption of genes
encoding T cell signaling proteins or transcription factors have provided insights into the
differentiation of such cells. In this study, we show that in BALB/c, but not C57BL/6, mice,
a large portion of thymic CD4-CD8* T cells exhibit a memory-like phenotype. In BALB/c
mice, IL-4 secreted by invariant natural killer T (iNKT) cells is both essential and sufficient
for the generation of memory-like T cells. In C57BL/6 mice, iNKT cells are less abundant,
producing IL-4 that is insufficient to induce thymic memory-like CD8* T cells. BALB/c mice
deficient in the transcription factor Kruppel-like factor (KLF) 13 have comparable numbers
of iNKT cells to C57BL/6 mice and extremely low levels of thymic memory-like CD8*

T cells. This work documents the impact of a small number of KLF13-dependent iNKT cells

on the generation of memory-like CD8* T cells.

C57BL/6 and BALB/c mice are widely used in
biomedical research. It has been observed that
the two strains respond very differently to
pathogens and allergens. For example, BALB/c
mice are resistant to mouse adenovirus type 1
(Guida et al., 1995) and measles virus (Niewiesk
et al., 1993), whereas C57BL/6 mice are sus-
ceptible to these viruses. In contrast, BALB/c
mice are susceptible to herpes simplex virus-1
(Brenner et al., 1994) and most strains of Leish-
mania (Monroy-Ostria et al., 1994; Laskay et al.,
1995; Scott et al., 1996), whereas C57BL/6
mice are resistant. The difference in resistance
to Leishmania between BALB/c and C57BL/6
mice has been attributed to the predisposition
to Th2 responses in BALB/c mice and to Thl
responses in C57BL/6 mice (Heinzel et al., 1989),
as efficient Th1 responses were believed to be
essential for clearing the pathogen. However, it
remains unclear why BALB/c mice are more
prone to Th2 responses and C57BL/6 mice are
more prone to Th1 responses.

Multipotent progenitor T cells derived from
bone marrow migrate to the thymus and de-
velop into mature a3 or yo T cells. For conven-
tional afd T cells, CD4"CD8" double-positive
(DP) thymocytes receive positive and negative
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selection signals through their TCRs from
thymic stromal cells and progress to a mature state
in which either CD4 or CDS8 surface molecules
are retained. The mature CD4* and CD8" single-
positive (SP) cells leave the thymus and migrate
to peripheral lymphoid organs where they en-
counter pathogens and allergens and develop
into effecter T cells. In the periphery, naive
CDS8™* T cells that are activated by specific anti-
gens and co-stimulatory molecules develop into
effecter T cells that kill target cells through re-
lease of cytotoxic granules and secretion of
cytokines, including IFN~y and TNE A small
portion of activated CD8" T cells develops into
memory T cells that provide long-term protec-
tion against reinfection. The inflammatory en-
vironment derived from the innate immune
system influences development into effector or
memory CD8" T cells. For example, the in-
flammatory cytokine IL-12 inhibits the differ-
entiation of memory cells by repressing the
expression of transcription factor Eomesoder-
min (Eomes) and by maintaining a high level of
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the transcription factor T-bet (Takemoto et al., 2006), which
represses the expression of IL-7Ra (Joshi et al., 2007), a re-
ceptor essential for the survival of memory T cells (Williams
and Bevan, 2007). In addition to IL-7, IL-15 is also required
for the maintenance of memory CD8" T cells (Williams and
Bevan, 2007). Based on residence preference, memory CD8™
T cells can be divided into central memory T cells and ef-
fecter memory T cells (Sallusto et al., 2004). The former ex-
press high a level of CD62L and reside mainly in peripheral
lymphoid organs, whereas the latter express a low level of
CD62L and reside mainly in nonlymphoid tissues.

In addition to conventional afy T cells, there are also
several subsets of thymic T cells that acquire functions as a re-
sult of their maturation process rather than though antigen
activation. A subset of these cells, referred to as “memory-
like” or “innate-like”T cells, has been described in a few gene
knockout animal models and shares characteristics with con-
ventional memory CD8" T cells, including high levels of
expression of surface markers such as CD44 and CD122 and
rapid effector responses after TCR stimulation (Prince et al.,
2009; Readinger et al., 2009). In contrast to the conventional
T cells that are positively and negatively selected by thymic
stromal cells, these cells are believed to be selected by hema-
topoietic cells and are dependent on signals transduced through
signaling lymphocyte activation molecule (SLAM) family
members (Prince et al.,2009; R eadinger et al., 2009). Another
subset of the “unconventional”T cells is promyelocytic leuke-
mia zinc finger (PLZF)—expressing NKT cells, including CD1d-
restricted iINKT cells (Kovalovsky et al., 2008; Savage et al.,
2008) and Vy1.1*V6.3* yd NKT cells (Felices et al., 2009).
These cells express activation markers (CD44, CD69) and
generate cytokines rapidly after TCR engagement. The num-
bers of these PLZF-expressing cells vary greatly among indi-
viduals (Azuara et al., 2001; Grajewski et al., 2008) and may
contribute to the difference in immune responses among dif-
ferent mouse stains.

KLF13 is a member of the Kruppel-like family of transcrip-
tion factors. We first identified KLF13 as an essential transcrip-
tion factor controlling the late expression of CCL5 (RANTES)
in human T lymphocytes (Song et al., 1999). Indeed, mice
deficient in KLF13 showed impaired CCL5 generation in
T cells after TCR stimulation (Zhou et al., 2007), and a very
recent study documents that microRINA-125a regulates CCL5
expression by targeting KLF13 in activated T cells in humans
and impacts RANTES expression in patients with systemic
lupus erythematosus (Zhao et al., 2010). In this study, we found
that KLF13 is essential for the maintenance of the large popu-
lation of CD24-CD4~CD8" memory-like T cells in the
thymi of BALB/c¢ mice. In thymocytes from C57BL/6 mice,
this population is much smaller but can be expanded by pro-
vision of IL-4. In BALB/c mice, IL-4 is provided by thymic
iNKT cells whose numbers are also elevated compared with
C57BL/6 animals. In the absence of KLF13 in BALB/c mice,
there are fewer iNKT cells and less IL-4 is produced. Dis-
ruption of either the Il4 gene or the Cd1d gene in BALB/c
mice also leads to a reduction in thymic CD8* SP T cells,
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demonstrating the requirement for IL-4 produced by
iNKT cells. Thus, the elevated number of iNKT cells and the
resulting high production of IL-4 in BALB/c mice leads to the
generation of memory-like CD8* T cells and also offers a possi-
ble explanation for the Th2 predisposition in BALB/c mice.

RESULTS

KLF13 regulates CD8* SP cells in BALB/c mice

in a cell nonautonomous manner

Although development of CD4*CD8~ and CD4~CD8* SP
T cells in thymus is normal in KIf13~/~ mice on a C57BL/6
background (Zhou et al., 2007), on a BALB/c background,
KIf13=/~ mice have significantly fewer CD4~CD8" SP, but
not CD4*CD8~ SP cells, compared with wild-type mice
(Fig. 1, A and B). To test if the effect of KLF13 on CD8* SP
cells is a cell autonomous or cell nonautonomous event, DP
cells were purified to eliminate thymic stromal cells impor-
tant for positive selection and lineage choice, and signals natu-
rally provided by thymic stromal cells were added in vitro.
The positive selection signal normally provided through the
TCR was substituted with ionomycin and PMA, and an IL-7
signal essential for CD8" SP lineage development was pro-
vided by recombinant IL-7. After in vitro culture for 4 d, the
majority of DP cells from wild-type BALB/c mice developed
into CD8* SP cells (Fig. 1 C, top). In the absence of KLF13,
DP cells developed into CD8* SP cells as efficiently as in the
presence of KLF13 (Fig. 1 C, bottom). We conclude that the
developmental defect in CD8" SP cells is nonintrinsic and is
influenced by the environment (see also Fig. 2 E).

CD24 is a cell surface marker reflective of the matura-
tion state of T cells. In the thymus, as T cells develop from
CD4~CD8~ DN to CD4*CD8" DP and finally to CD4* SP
or CD8* SP cells, the expression of CD24 decreases from
high to medium and then to low or negative. In BALB/c
mice, CD24~CD4~CD8" cells represent ~30% of all CD8*
SP cells in KLF13*/* thymus, but only ~7% in Kif13~/~
thymus (Fig. 1 D, left). This is in sharp contrast to C57BL/6
mice, in which the percentage of CD24~CD4~CD8™ SP cells
is largely unchanged in the absence of KLF13 (Fig. 1 D, right).
The percentages of CD24-CD4~CD8* SP cells are very
similar among Kif13*/* C57BL/6, KIf13~/~ C57BL/6, and
Kif13=/~ BALB/c mice (Fig. 1 D), suggesting that a unique
population of CD24~CD4~CD8" cells exists in the thymus
of BALB/c mice, but not in C57BL/6 mice, and that the ab-
lation of KIf13 removes this population from the BALB/c
thymus. In contrast, CD4" SP cells are only minimally affected
by the absence of KLF13 in both BALB/c and C57BL/6
mice (Fig. 1 D).

The thymus is the central immune organ for the genera-
tion of mature naive T cells. Because there are fewer thymic
CD8* SP cells in KIf13~/~ BALB/c mice, we predicted that
there would be fewer CD8* mature T cells in the periphery.
However, the percentage, as well as absolute number of
mature CD87 T cells, is similar in the spleens of KIf137/~ and
wild-type BALB/c mice (Fig. 1 E, left; and not depicted).
Hyper-proliferation has been observed in peripheral T cells to
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KLF13 is critical for the maintenance of CD4-CD8*CD24~ T cells in BALB/c thymus. (A) CD4 and CD8 expression in thymocytes from

wild-type and KIf13~/~ BALB/c mice. (B) Absolute numbers of CD4+*CD8~ single positive (CD4* SP) and CD4~CD8* (CD8* SP) cells in the thymi of wild-
type and KIf13~/~ BALB/c mice. P < 0.05 is considered significant. Error bars are SDs. (C) Purified CD4*CD8* double-positive (DP) cells were differentiated
with PMA, ionomycin, and IL-7 to CD8* SP cells in vitro. (D) Expression of CD24 and TCRR in the indicated thymic populations from BALB/c and C57BL/6
mice. Gates were based on an isotype control antibody. (E) Expression of CD44 and CD62L in CD4+ SP and CD8* splenocytes from BALB/c mice. Data are
representative of three (B and C) and four (A, C, and E) independent experiments with three mice in each genotype group.

maintain lymphocyte homeostasis in lymphopenic mice
(Jameson, 2002), and these cells usually exhibit a CD44" mem-
ory phenotype.To determine if the normal number of CD8*
T cells observed in the periphery of KIf13~/~ BALB/c mice
was caused by homeostatic proliferation, we stained spleno-
cytes with CD44 and CD62L antibodies. Peripheral CD8*
T cells in KIf137/~ BALB/c mice did not adopt a memory-
like phenotype (Fig. 1 E, right). We also considered the possi-
bility that the KIf137/~ cells in the periphery survive longer
or proliferate faster than their wild-type counterparts. T cells
from central and peripheral lymphoid organs were stained
with Annexin 'V, which detects apoptotic cells. No difference
in survival was observed in KIf137/~ cells compared with
wild-type cells (Fig. S1, top). We also injected mice 1.p. with
BrdU and analyzed BrdU incorporation, which reflects cell
proliferation. Cells from Klf137/~ mice did not show any
signs of hyperproliferation 16 h after BrdU injection (Fig. S1,
bottom). These data indicate that both peripheral T cell re-
newal and survival are normal in KIf13~/~ lymphocytes on a
BALB/¢ background.

A population of KLF13-dependent memory-like CD8* T cells
exists in the thymi of BALB/c mice

To test if some unknown genes regulated by KLF13 in periph-
eral CD8" T cells are responsible for their normal number in

KIf13~/~ mice, we performed cDNA microarray analysis on
FACS-sorted splenic CD8* T cells from Kif13** and KIf13~/~
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BALB/c¢ mice. In addition to KIf13, two other genes were dif-
ferentially expressed more than twofold (unpublished data). One
was Ren3 (BC025602), and the other was Eomesodermin (Eomes),
aT-box transcription factor proposed to promote memory for-
mation in CD8" T cells (Intlekofer et al., 2005; Takemoto et al.,
2006).The reduced expression of Eomes in peripheral KiIf13~/~
BALB/c CD8" T cells was confirmed by real-time RT-PCR
(Fig.2 A). We also checked Eomes expression in thymus. Eomes,
but not T-bet, a related T-box transcription factor, showed high
mRNA abundance in thymocytes from wild-type BALB/c
mice but not from Kif13~/~ BALB/c, wild-type C57BL/6, or
Kif13~/~ C57BL/6 mice (Fig. 2 A). Expression of high levels of
Eomes mRNA and increased numbers of CD24-CD4~CD8”*
cells in the thymi of wild-type BALB/c, but not in the thymi
from Klf13=/~ BALB/c or C57BL/6 (either wild-type or
KIf137/7), suggested that the CD24-CD4~CD8" population
might be CD8" memory-like T cells. To confirm this, we
measured Eomes levels after intracellular staining. Nearly all
CD24-CD8" SP cells from BALB/c thymus expressed
Eomes (Fig. 2 B). Although Eomes is highly expressed in CD8*
SP cells in wild-type BALB/c thymocytes, there was very little
Eomes in thymocytes from Kif13~/~ BALB/c or C57BL/6
mice (Fig.2 C,left). The CD8* SP cells in the thymi from wild-
type BALB/c mice, but not from KiIf13~/~ mice or C57BL/6
mice, generated large amounts of IFN-y upon stimulation with
ionomycin and PMA (Fig. 2 C, right), further suggesting that
these are memory-like CD8" T cells.
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CD8* memory-like T cells exist in the thymi of BALB/c, but not C57BL/6 mice. (A) Abundance of Eomes and T-bet mRNA relative to

HPRT1 in splenic CD8* T cells and total thymocytes from wild-type and K/f713~/~ mice on BALB/c or C57BL/6 backgrounds measured by quantitative real
time PCR. Error bars are generated from real-time PCR triplicates from the same RNA sample. Error bars are SDs from triplicate PCR. (B) Expression of
CD24 and Eomes in CD8* SP thymocytes from wild-type BALB/c mice. (C) Expression of Eomes and IFN-y in CD8* SP thymocytes from BALB/c and
C57BL/6 mice. CD4* SP thymocytes from BALB/c mice are used as negative control. (D) Expression of cell surface markers on CD4* SP and CD8* SP thy-
mocytes from indicated strains of mice. (E) Expression of congenic surface markers Thy1.1 and Thy1.2 in thymocytes and Eomes in CD8* SP cells from
lethally irradiated mice adoptively transferred with unequally mixed bone marrow cells, as indicated. Data are representative of two (A and B) or three
(C, D, and E) independent experiments with three mice in each genotype group (B-E).

The maintenance of memory T cells is dependent on 7y,
family cytokines, such as IL-7 and IL-15 (Rochman et al.,
2009). The receptors for these cytokines are usually up-
regulated in memory CD8" T cells. Both CD122 (IL-2R ), a
shared receptor chain for both IL-2 and IL-15, and CD124
(IL-4R) were up-regulated in BALB/c CD8"* SP cells, but
not in CD4" SP cells (Fig. 2 D). The staining pattern of 37-
integrin, an adhesion molecule that is essential for trafficking
of activated CD8" T cells to gut-associated lymphoid tissues
(Wagner et al., 1996; Lefrancois et al., 1999), and CXCR3, a
chemokine receptor associated with recruitment of activated
T cells to sites of inflammation (Xie et al., 2003), also re-
flected the memory phenotype of CD8* SP cells in BALB/c
mice (Fig. 2 D). Collectively, these findings demonstrate the
existence of a population of memory-like CD8* T cells in the
thymus of BALB/c, but not C57BL/6, mice and this popula-
tion was dependent on KLF13 in BALB/c mice.

KLF13 controls memory-like CD8*+ SP

thymocytes extrinsically

Our findings suggest that KLF13 regulates the development
of CD8" SP thymocytes in a cell-nonautonomous manner
(Fig. 1 C). To elucidate whether KLF13 intrinsically or ex-
trinsically regulates the generation of memory-like CD8* SP
thymocytes, we set up unequal mixed bone marrow chimeras,
as described previously (Weinreich et al., 2009). Bone marrow
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cells from KiIf137/* or KIf13~/~ mice were mixed at a 1:9 or
a 9:1 ratio and injected into lethally irradiated BALB/c
hosts. The congenic markers Thy1l.1 and Thy1.2 were used
to track donor cells. The minority CD8* SP thymocytes ad-
opted the phenotype of their majority counterparts, regard-
less of their own genotype (Fig. 2 E and not depicted),
indicating that KLF13 regulates CD8* SP cells indirectly
through the environment.

Memory-like CD8+ SP thymocytes require IL-4

Because CD122 and CD124 are highly expressed in mem-
ory-like CD8" T cells, we hypothesized that these cells were
induced by 7y, family cytokines. Therefore, we treated thymo-
cytes from wild-type and Klf13~/~ BALB/c mice with IL-4,
IL-7, or IL-15, the three most important -y, cytokines for the
homeostasis of memory T cells (Jameson, 2002; Rochman
et al., 2009). IL-4, but not IL-7 or IL-15, induced increased
Eomes expression in Kif137/~ CD8" SP cells (Fig. 3 A, right).
However, in wild-type CD8* SP cells, in which Eomes levels
are already high, none of the three cytokines affected Eomes
expression (Fig. 3 A, left). These data indicate that IL-4 alone
up-regulates Eomes in vitro. To test the effect of IL-4 in vivo,
we injected KiIf137/~ mice i.p. with 1 pug of IL-4 complexed
with anti-IL-4 antibody every other day for 10 d. Analysis of
thymocytes after the last injection showed that IL-4 efficiently
induced the expression of Eomes in CD8" SP cells (Fig. 3 B),

KLF13 regulates iNKT cells and memory-like T cells | Lai et al.
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proving that IL-4 alone is sufficient to induce Eomes in vivo.
In vivo supplied IL-4 was also able to induce Eomes expres-
sion in C57BL/6 CD8* SP cells (unpublished data). To exam-
ine IL-4 expression in vivo, we performed real-time RT-PCR
on thymocytes from mice of different genetic backgrounds
and genotypes. We found that IL-4 mRINA was high in
wild-type BALB/c thymus but low in the thymi of KIf137/~
BALB/c¢ mice and C57BL/6 mice, regardless of KLF13 ex-
pression (Fig. 3 C). Expression of IL-7 and IL-15 was similar
among these stains (Fig. 3 C). At the protein level, IL-4—
producing cells were much more abundant in thymocytes from
wild-type BALB/c mice than from KIf13~/~ BALB/c mice
or mice on a C57BL/6 background (Fig. 3 D), suggesting that
IL-4 was indeed the inducer of thymic memory-like CD8*
T cells. To conclusively demonstrate that thymic memory-like
CDS8' T cells are induced by IL-4, we compared thymocytes
from wild-type BALB/c mice and from Il4~/~ mice on a
BALB/c background. IL-4 was indeed absent in the thymi of
1147/~ mice (Fig. 3 E), and the memory-like phenotype of
CD8" SP cells was totally reversed to “normal,” manifested by
low levels of intracellular Eomes, basal interferon-y produc-
tion, and loss of the CD24~ population (Fig. 3 F). We there-
fore conclude that thymic IL-4 is both essential and sufficient
for the generation of thymic memory-like CD8" SP cells.

iNKT cells are the source of IL-4 and are required

for the generation of memory-like CD8+ SP thymocytes
Although IL-4 has been reported to be expressed by CD4*
SP cells in Kif27/~ thymi (Weinreich et al., 2009) and by yd
T cells in Itk~/~ mice (Felices et al., 2009), we found that in
wild-type BALB/c mice the source of IL-4 was CD1d-
restricted iNKT cells (Fig. 4 A, top) and not yo T cells (Fig. 4 A,
bottom). The percentage and the absolute number of iNKT
cells was identical in thymi from 1147/~ and wild-type mice

JEM VOL. 208, May 9, 2011

(E) FACS analysis of the expression of interferon-y and
IL-4 in wild-type and //4~/~ thymus from BALB/c mice.
Thymocytes were treated with ionomycin and PMA in
the presence of brefeldin A for 4 h before analysis.

(F) Expression of Eomes, IFN-vy, and CD24 in CD8* SP
thymocytes from wild-type and //4~/~ BALB/c mice.
Data are representative of two (A and C) or three (B-F)
independent experiments with two (B) or three (D, E,
and F) mice in each genotype group.

(Fig. 4, B and C), suggesting that the loss of memory-like
CD8" SP cells in II47/~ mice was caused by the absence of
IL-4 and not by some unidentified defects in iNKT cells.
BALB/c¢ mice lacking CD1d, which are devoid of CD1d-
restricted NKT cells including iNKT cells (Fig. 4 D, left), did
not generate IL-4 in thymocytes (Fig. 4 D, right), further
proving that the source of IL-4 in BALB/c mice was iNKT
cells. The loss of memory-like CD8% SP cells in KIf137/~
(Fig. 2, C and D) and I14~/~ (Fig. 3 F) mice was also observed
in Cd1d~/~ mice (Fig. 4 E), proving that IL-4 generated by
iNKT cells causes the expansion of memory-like T cells in
BALB/c¢ mice and that KLF13 is a major regulatory molecule
in iNKT cells in BALB/c¢ mice.

KLF13 is intrinsically required to sustain iNKT cells
in BALB/c mice
We next examined iNKT cells in thymi from mice with dif-
ferent genetic backgrounds and genotypes. In terms of per-
centage (Fig. 5 A) and absolute number (Fig. 5 B), iNKT cells
were approximately sevenfold more abundant in the thymi of
mice on a BALB/c¢ background compared with mice on a
C57BL/6 background. KLF13 ablation reduced the percent-
age and absolute number of iNKT cells in the thymi of
BALB/c mice to levels similar to those in thymi of wild-type
C57BL/6 mice (Fig.5,A and B). KLF13 ablation did not fur-
ther reduce the number of iNKT cells in C57BL/6 thymi
(Fig. 5,A and B), presumably because of the already low num-
ber of iNKT cells in C57BL/6 mice.The percentage of iNKT
cells was also slightly lower in spleens and livers of KIf13~/~
BALB/c mice compared with their wild-type counterparts,
but no difference was observed in lymph nodes (Fig. S2).
Mice adoptively transferred with unequally mixed bone
marrow cells (Fig. 2 E) were also analyzed for iNKT cells. The
percentage of minority iNKT cells was significantly reduced
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in the absence of KLF13, regardless of the genotype of co-
injected majority cells (Fig. 5 C), suggesting that KLF13 in-
trinsically regulates iNKT cells in BALB/c mice.

KLF13 regulates iNKT cells in BALB/c mice through PLZF
The observations that BALB/c mice have more iNKT cells
than C57BL/6 mice and K137/~ BALB/c mice have a simi-
lar number of iNKT cells to C57BL/6 mice suggest that
BALB/c mice might harbor a higher level of KLF13. How-
ever, KLF13 abundance is very similar between the two strains,
both in DP thymocytes (Fig. 5 D) and in thymic iNKT cells
(Fig. 5 E). However, PLZE a transcription factor that is essen-
tial for the development of iNKT cells (Kovalovsky et al.,
2008; Savage et al., 2008), is expressed at significantly lower
levels in C57BL/6 mice than in BALB/c mice (Fig. 5 E).
Lower expression of PLZF in C57BL/6 thymic iNKT cells
was confirmed by intracellular staining (Fig. 5 F). Further,
KLF13 ablation reduces the PLZF level in thymic iNKT cells
on a BALB/c background (Fig. 5 F), but does not further de-
crease PLZF in thymic iNKT cells on a C57BL/6 background
(not depicted).

The level of PLZF decreases when iNKT cells develop
through stages I (CD44"°NK1.17), II (CD44MNK1.17) and
[l (CD44MNK1.1%; Kovalovsky et al., 2008; Savage et al.,
2008). It is possible that the higher level of PLZF reflects a
more immature state of thymic iNKT cells in BALB/¢ mice.
Because the NK1.1 surface molecule does not exist in BALB/c
mice, we tested two other pan-NK cell markers that are
present in both C57BL/6 and BALB/c¢ mice to determine
whether they can be used to identify iNKT cell developmen-
tal stages. One marker, DX5, co-stains ~5% of iNKT cells
with NK1.1 in C57BL/6 mice (Fig. S3 A, left), whereas the
other marker, NKG2D, co-stains ~60% of iNKT cells with
NKI1.1 in C57BL/6 mice (Fig. S3 B, left). The staining patterns
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of DX5 in iNKT cells are very similar

among mice with different back-
grounds and genotypes (Fig. S3 A, right), suggesting that DX5
is not a useful marker for determining iNKT developmental
stages I through III as defined by NK1.1 and CD44.Therefore,
we used NKG2D to assess the differences in developmental
stages of INKT cells in C57BL/6 and BALB/c mice. We found
that the percentage of mature CD44"NKG2D* iNKT cells in
BALB/c mice is considerably lower than that in C57BL/6
mice (Fig. S3 B, right), suggesting a correlation between an
immature state and higher PLZF expression in BALB/c¢ thy-
mic iNKT cells. In mature peripheral splenic iNKT cells,
PLZF levels are similar between C57BL/6 and BALB/c mice
(Fig. S4), further proving that the PLZF expression difference in
BALB/c and C57BL/6 mice is a result of a more immature
state of thymic iNKT cells in BALB/c mice.

In Kif13=/~ BALB/c mice, however, the percentage of
the CD44"NKG2D" mature thymic iNKT cells is compa-
rable to that in wild-type BALB/c mice (Fig. S3 B, right).
In each specific stage as defined by CD44 and NKG2D,
PLZF expression is always lower in Klf137/~ BALB/c mice
than in wild-type BALB/c mice (Fig. S3 C), suggesting
that KLF13 ablation does not affect the maturation state of
iNKT cells and that lower expression of PLZF is a direct re-
sult of KLF13 ablation. Lower levels of PLZF may account
for the decreased number of iNKT cells in KIf13~/~ BALB/c
and C57BL/6 mice.

To determine if KLF13-dependent PLZF regulates the
number of iNKT cells in BALB/c mice by aftecting cell pro-
liferation and survival, we assessed the BrdU incorporation
and cellular apoptosis that were revealed by AnnexinV bind-
ing in KIf13=/~ iNKT cells. Both cell proliferation and sur-
vival of Kilf13=/~ iNKT cells were normal (Fig. 5 G). When
compared with wild-type counterparts, the KIf13~/~ BALB/c
iNKT cells generated a similar amount of IL-4 and expressed
normal cell surface activation markers (Fig. 5 H), suggesting
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Figure 5.

KLF13 regulates iNKT cells in BALB/c mice. (A) iNKT cells (Tet-PBS57+) in thymi of wild-type and KIf73~/~ on BALB/c or C57BL/6 back-

grounds. (B) Absolute number of thymic iNKT cells in indicated mice. (C) Minority iNKT cells (Tet-PBS57+) from lethally irradiated mice adoptively trans-
ferred with unequally mixed bone marrow cells, as indicated. (D) Expression of indicated genes in DP thymocytes from indicated mice measured by
Western blot. (E) Abundance of indicated genes in FACS-sorted iNKT cells from indicated mice measured by quantitative real-time PCR. Error bars are
generated from real-time PCR triplicates from the same RNA sample. (F) PLZF expression in thymic iNKT cells from the indicated mice (left). The mean
fluorescence intensity (MFI) of PLZF in iNKT cells relative to CD8* SP cells was determined using three mice for each point (right). (G) BrdU uptake and
Annexin V binding to thymic iNKT cells from wild-type and K/f13~/~ BALB/c mice. (H) Expression of IL-4, CD69, and CD44 by thymic iNKT cells from wild-
type and KLF13~/~ BALB/c mice. IL-4 was analyzed 4 h after stimulation with lonomycin and PMA in the presence of brefeldin A. Data are representative
of three independent experiments (A-H) with three mice in each genotype group (A-C and F-H). Error bars are SDs (B and F) or SDs from triplicate (E).

that KLF13-dependent PLZF does not regulate IL-4 directly
in iNKT cells and that iNKT cells function normally in the
absence of KLF13.These data suggest that the intracellular level
of PLZF only affects the generation of iNKT cells. A higher
level of PLZF may expedite the transition into iNKT cells,
leading to accumulation of early stage immature iNKT cells.
Once iNKT cells are committed, they function normally, re-
gardless of intracellular PLZF levels or maturation stages.
Thus, the decreased IL-4 production in KIf13~/~ BALB/c
thymi is a direct result of fewer iNKT cells. This is further
supported by the strong correlation between IL-4 generation
and iNKT cell number in mice from different genetic back-
grounds and genotypes (compare Fig. 3 D and Fig. 5 A).

DISCUSSION

In this study, we identify a thymic memory-like Eomes-
expressing CD8" T cell population in BALB/c but not
C57BL/6 mice. This population is regulated by IL-4 secreted
by iNKT cells. KLF13 regulates the abundance of iNKT cells
in BALB/c mice through PLZE resulting in IL-4—dependent
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induction of memory-like CD8* T cells. The strain-specific
differential importance of KLF13 in regulating iNKT cells
suggests a new potential mechanism for genetic control of
human diseases.

The existence of memory-like or innate-like CD8* SP
T cells has been described in several gene-manipulated models,
including Klf2 (Weinreich et al., 2009), Tec kinases Itk and
Rlk (Atherly et al., 2006; Broussard et al., 2006; Dubois et al.,
2006; Horai et al., 2007), and histone acetyltransterase Chp
(Fukuyama et al., 2009) knockout mice and in CII'TA trans-
genic mice (Choi et al., 2005; Li et al., 2005). Itk and Rlk
were believed to be the predominant factors that drove thy-
mocyte development into conventional lineages versus innate
lineages, including iNKT cells, CD8aa* T cells, mucosal in-
variant T cells, and the aforementioned innate-like CD8*
SP T cells, which were thought to result from thymocyte/
thymocyte selection caused by lack of ITK in Itk~/~ mice
(Horai et al., 2007). However, our findings suggest that it is
also possible that the innate-like CD8" SP cells in Itk™/~
mice, as well as in the aforementioned models, were converted
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from conventional CD8" SP cells by NKT-generated IL-4,
similar to the mechanism we report here for BALB/c mice.
Itk~’~ mice exhibited elevated levels of IL-4—producing yd
NKT cells (Felices et al., 2009), and the removal of SLAM-
associated protein, an adaptor molecule essential for thymocyte-
selected iINKT and yd NKT cells (Pasquier et al., 2005;
Kreslavsky et al., 2009), eliminated the innate-like phenotype
in Itk™/~ CD8" SP cells (Horai et al., 2007), strongly suggest-
ing that the innate-like phenotype was an indirect bystander
effect exerted by v NKT cells. In CIITA transgenic mice,
IL-4 and STATG are essential to the memory-like phenotype
of CD8* SP cells (Li et al., 2005), implying that these cells
were also induced by IL-4, whose source is presumably NKT
cells. Because NKT cells are derived from the same hemato-
poietic precursor as conventional CD8* T cells, mixed bone
marrow chimera experiments cannot reveal the bystander
effects in the aforementioned animal models. The exception
is the KIf2 knockout model, in which an unequal mixed bone
marrow chimera experiment revealed that development of
the thymic memory-like phenotype was indeed cell extrinsic
(Weinreich et al., 2009). With the same unequal mixed bone
marrow chimera approach, two recent papers confirmed that
the memory-like phenotype in CD8* SP thymocytes from
Itk=/~, CPB~/~ (Weinreich et al., 2010), Sh2d1a~’~ (SLAM-
associated protein),and Id3~/~ (Verykokakis et al., 2010) mice
were indeed the result of bystander effects. The thymic
memory-like CD8* cells were also described in BALB/c
mice, and the authors ascribed the memory-like phenotype
to IL-4 generated by expanded PLZF* T cells on the basis
that PLZF* T cells were able to produce IL-4, and the abla-
tion of either IL-4R or PLZF (CD1d in the case of wild-type
BALB/c mice) removed the memory-like thymic cells in
Kif2=/~ and Itk~/~ C57BL/6 mice, as well as in wild-type
BALB/¢ mice (Weinreich et al.,2010). Our findings in I14~/~
BALB/c¢ mice extend their observations and rule out the pos-
sibility of IL-13—mediated effects that cannot be eliminated
in the IL-4R knockout mice model (Weinreich et al., 2010)
because IL-4R also responds to IL-13. Our data from in vitro
cell culture and in vivo IL-4 provision further prove that
NKT cell-derived IL-4 alone is sufficient to induce thymic
memory-like CD8" cells. This eliminates the possibility that
in the PLZF and CD1d knockout model (Weinreich et al.,
2010) other defects in NKT cells, rather than overproduction
of IL-4, cause the expansion of the memory-like subset. It is
interesting that IL-4 does not induce a memory-like pheno-
type in thymic CD4* T cells (Fig. 2, C and D). This phenom-
enon was shown to be dependent on a repressive effect of
GATAS3, which is abundant in CD4* T cells, but expressed at
much lower levels in CD8" T cells. When GATA3 is removed,
CD4* T cells do develop a memory-like phenotype in re-
sponse to IL-4 (Yagi et al., 2010).

Although KLF2 and KLF13 are both members of the
same transcription factor family, they mediate opposing func-
tions in T cells. To date, 17 members of the mammalian KLF
family have been identified (Cao et al., 2010). Each contains
a highly conserved DNA-binding domain comprised of three
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C,H, zinc fingers at the C terminus and bind to the CACCC
element and GC box consensus sequences. In addition, there
is a highly conserved seven-residue sequence between the
zinc fingers (TGEKP[Y/F]X), but the non—-DNA-binding
regions are quite divergent (Cao et al., 2010). KLF2 is ex-
pressed in lung, endothelial cells, and lymphocytes, and KLF2
deficiency is lethal. KLF2 has been reported to regulate as-
pects of T cell quiescence, survival, activation, and migration
(Cao et al.,, 2010). KLF2 is expressed in quiescent T cells and
is down-regulated soon after activation (Buckley et al., 2001;
Kuo et al., 1997). In contrast, KLF13 is not expressed in rest-
ing T cells but is produced within 24—48 h of activation
through the T cell receptor (Song et al., 2002). KLF13 defi-
ciency 1s not lethal (Zhou et al., 2007). KLF13 regulates the
late expression of CCL5 in T cells by recruiting a large trans-
activating complex, including p300/CBP, PCAE MAPK
Nemo-like kinase, and the ATPase BRG-1 (Ahn et al., 2007).
The reciprocal effects of KLF2 and KLF13 on thymic NKT
cell number and on the activation state of T cells suggest that
these closely related transcription factors exert a Yin/Yang
effect on the immune system.

BALB/c and C57BL/6 mice are differentially susceptible
to many diseases. Many of the differences can be ascribed to
the predisposition to Th1l or Th2 immune responses in
C57BL/6 and BALB/c mice, respectively. Th1 cells are in-
duced by IL-12 and generate IFN-y, which activates macro-
phages and other cells to control intracellular pathogens
(Medzhitov, 2007). Th2 cells are induced by IL-4 and secrete
IL-4, IL-5, and IL-13. These cytokines are important for the
activation of eosinophils, basophils, and the mucosal epithelia,
which are involved in protection against multicellular para-
sites (Medzhitov, 2007). IL-4 stimulates a class switch in B cells
to produce IgE, which mediates the functions of eosinophils
and basophils. However, excessive Th2 responses are also cou-
pled with allergy development mediated by IgE-activated
eosinophils and basophils. In the presence of robust Th2 re-
sponses, Th1 cells are usually not sufficient to control intra-
cellular pathogens, as in the case of Leishmania infection of
BALB/c¢ mice. IL-4 is key in the balance between Th1 and
Th2 immune responses. The presence of more IL-4—generating
thymic iNKT cells may explain in part why BALB/c mice are
more prone to a Th2 response. iNKT cells can stimulate IgE
production by secreting IL-4 (Yoshimoto et al., 1995), and
the basal serum IgE level is much higher in BALB/c mice
(~500 ng/ml) than in C57BL/6 mice (<100 ng/ml; Ota
et al., 2009). The development of allergic airway hyperre-
sponse, an animal model of asthma, is more severe in BALB/¢
mice than in C57BL/6 mice in response to various allergens
(Pinelli et al., 2001; Atochina et al., 2003; Shinagawa and
Kojima, 2003; Kierstein et al., 2006; Fukunaga et al., 2007;
Page et al., 2007; Conrad et al., 2009; Gueders et al., 2009;
Van Hove et al., 2009; Sahu et al., 2010), and iNKT cells are ab-
solutely required for allergic airway hyperresponse in BALB/c
mice (Umetsu and Dekruyft, 2010). Elevated numbers of
iNKT cells were observed in the lungs of moderate-to-severe
persistent asthma patients (Akbari et al., 2006). Furthermore,
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when iNKT cells are activated with a-galactosylceramide
during Leishmania donovani infection in C57BL/6 mice, ex-
perimental visceral leishmaniasis is exacerbated (Stanley et al.,
2008), implying that the decreased number of iNKT cells
contributes to resistance to Leishmania in C57BL/6 mice. Our
data suggest the differential expression of PLZF in iNKT cells
from C57BL/6 and BALB/c mice might account for the dif-
ferent iNKT cell numbers in the two strains. However, PLZF
transgenic mice on a C57BL/6 background did not show
more abundant iNKT cells (Savage et al., 2008; Kovalovsky
et al., 2010), presumably because of an insufficient effect of
ectopic PLZF expression in iNKT cells where endogenous
PLZF is already high. In summary, our observations suggest
that thymic iNKT cells might play an important role in sus-
ceptibility to diseases among different individuals. Our find-
ing that KLF13 regulates iNKT cell numbers may have
potential diagnostic and therapeutic implications.

MATERIALS AND METHODS

Mice. Klf137/~ mice on C57BL/6 background were previously described
(Zhou et al., 2007). The mice were backcrossed for >10 generations to a
BALB/c background. C57BL/6 mice with EGFP replacing the first intron of
IL-4 (Hu-Li et al., 2001), here referred to as Il4~/~ mice, were backcrossed to
a BALB/c background (Line 185) and maintained by Taconic—National
Institute of Allergy and Infectious Disease exchange program. Cd1d~’~ mice
on a BALB/c background were purchased from The Jackson Laboratory.
BALB/c Thyl.1" mice (provided by G. Punkosdy, National Institutes of
Health, Bethesda, MD) were previously described (Huter et al., 2008). The
mice were housed in a conventional facility and littermates were used when
6—8 wk old, unless otherwise indicated in the text. The National Cancer
Institute Animal Care and Use Committee approved all animal experimental
protocols, and all mice were cared for in accordance with the National Insti-
tutes of Health guidelines.

In vivo treatment of KIf13~/~ mice with IL-4. 5-wk-old KIf13~/~ mice
were injected i.p. with IL-4C (1 pg IL-4 in 100 pl vehicle) every other day
for 10 d. IL-4C, which has longer half-life in vivo than IL-4, was prepared as
previously described (Morris et al., 2009) with slight modifications. In brief,
20 pg of recombinant IL-4 (PeproTech) powder was reconstituted with 80 ul
water and mixed with 120 pl anti-IL-4 antibody (1 mg/ml; clone 11B11;
eBioscience). The mixture was incubated for 10 min at room temperature,
and then diluted 10-fold with PBS containing 1% serum from BALB/c mice
(Innovative Research) and kept at 4°C until used.

Flow cytometry. Cells in single-cell suspension were treated with BD Fc
Block, and then stained with fluorophore-labeled antibodies against surface
molecules with standard methods. For intracellular staining of IL-4 and IFN-y,
cells were stimulated with 1 uM ionomycin and 10 ng/ml PMA (both from
Sigma-Aldrich) in the presence of GolgiPlug (BD) for 4 h before surface and
intracellular antigens were stained sequentially with a Fixation and Permea-
bilization kit from eBioscience according to the manufacturer’s instructions.
Eomes was stained with eBioscience’s Foxp3 staining buffer according to the
manufacturer’s instructions. PLZF was stained as previously described (Savage
et al., 2008). Data were collected on a LSR II machine (BD), and analyzed
with FlowJo software (Tree Star). Antibodies against CD3 (145-2C11),
CD4 (GK1.5), CD8 (53-6.7), TCRB (H57-597), TCRY3 (eBioGL3),
CD24 (M1/69), CD44 (IM7), CD62L (MEL-14), CD122 (5H4), IL-4
(11B11), IFN-y (XMG1.2), and Eomes (Dan11mag) were purchased from
eBioscience. Antibodies against 37-integrin (M293) and CD124 (mIL4R-M1)
were purchased from BD. Antibody against CXCR3 (clone 220803) was
purchased from R&D Systems. PBS57-loaded CD1d tetramer provided
by the National Institutes of Health Tetramer Facility was used to detect
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iNKT cells. For detection of liver iNKT cells, liver lymphocytes were purified
by spinning total liver cells in single-cell suspension over 37.5% Percoll
(GE Healthcare) at 690 g for 12 min. The pelleted cells were treated with ACK
buffer to remove red blood cells before surface staining. In vivo BrdU labeling
and detection were performed according to supplier’s instructions (BrdU Flow
kits; BD). Mice were analyzed 16 h after BrdU injection. AnnexinV staining
was performed following supplier’s instructions (eBioscience).

Cell sorting, microarray, and real-time PCR. Splenic CD8" T cells
were sorted on a BD FACSAria machine based on CD8*CD4-CD19™.
Thymocytes from 10 mice were pooled and stained with PE-labeled, PBS57-
loaded CD1d tetramer. iNKT cells were enriched with anti-PE beads (Milt-
enyi Biotec) and then sorted on a FACSAria instrument based on expression
of CD3 and tetramer. RINA was prepared from sorted cells with RNEasy kit
(QIAGEN). Microarrays on Affymetrix GeneChip Mouse Gene 1.0 ST
slides were performed by National Cancer Institute-Frederick Advanced
Technology Program. The results were analyzed with GeneSpring GX soft-
ware (Agilent Technologies) and deposited in Gene Expression Omnibus
under accession no. GSE25502. For real-time PCR, RNA was reverse-tran-
scribed with iScript cDNA Synthesis kit (Bio-Rad Laboratories). A PCR
master mix containing SYBR Green was used to amplify the resulting cDNA
on a 7900HT machine (Applied Biosystems). Data were plotted using the
278ACt method. Primers used were as follows: Eomes, 5'-GGCCTACCA-
AAACACGGATA-3" and 5'-GACCTCCAGGGACAATCTGA-3'; T-bet,
5'-TCAACCAGCACCAGACAGAG-3" and 5'-ATCCTGTAATGGCTT-
GTGGG-3';IL-4, 5'-TGAACGAGGTCACAGGAGAA-3' and 5'-CGAG-
CTCACTCTCTGTGGTG-3'; IL-7, 5'-GCCACATTAAAGACAAAGA-
AGGT-3"and5'-TGGTTCATTATTCGGGCAAT-3";1L-15,5'-AGCACT-
GCCTCTTCATGGTC-3' and 5'-CTGCCATCCATCCAGAACTC-3';
HPRT1, 5-TCCTCCTCAGACCGCTTTT-3" and 5'-CATAACCTGGT-
TCATCATCGC-3"; PLZF, 5'-AGAAGTTCAGCCTCAAGCACC-3’
and 5'-AGTAGTCTCGGGAGCGCTGG-3"; KLF13, 5'-TGCGAGAAA-
GTTTACGGGAA-3" and 5'-TGCGAACTTCTTGTTGCACT-3".

In vitro stimulation of thymocytes. 107 freshly isolated thymocytes were
cultured in 4 ml complete medium (DME + 10% fetal bovine serum) with
20 ng/ml IL-4, 20 ng/ml IL-7, or 50 ng/ml IL-15 (all from PeproTech) for
20 h.The cells were then stained with Eomes and analyzed with FACS.

In vitro differentiation of CD8" SP cells. The protocol was based on that
used by the Singer laboratory (National Institutes of Health) with slight
modifications. DP cells were purified with cell panning. In brief,a 10 cm Pe-
tri dish was coated with 1.5 pg/ml peanut agglutinin (Sigma-Aldrich) in PBS
overnight at 37°C, and then blocked with blocking buffer (HBSS with 5%
fetal bovine serum) for 30 min at room temperature. 5 X 107 thymocytes in
10 ml blocking buffer were loaded onto the plate and incubated for 2 h at
4°C.The unbound cells were discarded and the plates were washed gently by
swirling three times with blocking buffer, and the bound cells were eluted
with complete culture medium (RPMI with 10% fetal bovine serum) con-
taining 0.2 M p-galactose (Sigma-Aldrich) by incubating the plate for 5 min
at room temperature. The resulting DP cells were usually >95% pure, and the
main contaminants were CD4% SP cells. CD8" SP cell contamination was
<1%.The purified DP cells were suspended in complete medium at 5 X 10°
cells/ml and stimulated with 0.3 ng/ml ionomycin and 0.3 ng/ml PMA for
16 h, and then ionomycin and PMA were washed away with medium. The
cells were cultured in complete medium for 16 h to recover. 10 ng/ml IL-7
was then added to the medium and the cells were cultured for another 24 h
before treatment with 0.01% pronase (EMD) in HBSS for 12 min at 37°C to
remove surface CD4 and CD8.The cells were cultured for another 24 h with
IL-7 and freshly expressed CD4 and CDS surface markers were analyzed
with FACS.

Mixed bone marrow chimera. These experiments were performed essen-
tially as previously described (Verykokakis et al., 2010) except that the recipient
BALB/c mice were irradiated at a dose of 500 rad twice, with a 3-h interval.
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Statistics. P < 0.05 from Student’s unpaired, two-tailed ¢ test were consid-
ered significant.

Online supplemental material. Fig. S1 showsT cell proliferation and sur-
vival in KiIf137/~ BALB/c mice. Fig. S2 shows percentages of peripheral
iNKT cells in KIf137/~ BALB/¢ mice. Fig. S3 shows the development stages
of thymic iNKT cells from KIf13*/*, KIf13~/~ BALB/c mice, and C57BL/6
mice. Fig. S4 shows PLZF levels in splenic and thymic iNKT cells from
BALB/c and C57BL/6 mice. Online supplemental material is available at
http://www.jem.org/cgi/content/full/jem.20101527/DC1.
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