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Regulation of naive T cell function by the NF-kB2

pathway

Naozumi Ishimaru!*2, Hidehiro Kishimoto3, Yoshio Hayashi2 & Jonathan Sprentl’4

T cell activation involves the orchestration of several signaling pathways, including that of the ‘classical’ transcription factor
NF-kB components NF-kB1-RelA. The function of the ‘nonclassical’ NF-kB2-RelB pathway is less clear, although T cells
lacking components of this pathway have activation defects. Here we show that mice deficient in NF-kB-inducing kinase
have a complex phenotype consisting of immunosuppression mediated by CD25-Foxp3~ memory CD4* cells and, in the
absence of those cells, hyper-responsive naive CD4* T cells, which caused autoimmune lesions after adoptive transfer into
hosts deficient in recombination-activating genes. Biochemical studies indicated involvement of a cell-intrinsic mechanism
in which NF-xB2 (p100) limits nuclear translocation of NF-kB1-RelA and thereby functions as a regulatory ‘brake’ for the

activation of naive T cells.

The transcription factor NF-kB is key in the regulation of many
inflammatory processes of immune cells'. The NF-kB family consists
of five subunits: NF-kB1 (p105-p50), NF-kB2 (p100-p52), RelA (p65),
RelB and c-Rel. Hetero- or homodimers of these subunits can
be translocated into the nucleus to bind to kB sequences of neigh-
boring ‘target’ genes, thus regulating the transcription of genes
required for cell activation, survival and development?. Two pathways
of NF-kB have been defined in immune cells®: the ‘classical’ pathway,
which is initiated by complexes of NF-kB1 and RelA, and an alter-
native or ‘nonclassical’ pathway, which is initiated by complexes of
NF-xB2 and RelB.

For T cells, stimulation via the T cell receptor (TCR) and costimu-
latory molecules such as CD28 leads to NF-«B activation through a
variety of intracellular signaling molecules®. Initially, TCR-CD28
signaling via many adaptor molecules leads to activation of protein
kinase C-0 (PKC-0)°. Thereafter, CARMA1-Bcl-10-MALT1 proteins
‘downstream’ of PKC-6 activate IkB kinase (IKK) complexes, includ-
ing IKKa, IKKB and the adaptor protein IKKy (also called NEMO)%7.
Activated IKK complexes then phosphorylate IxB, releasing it from its
constitutively bound state with cytoplasmic NF-kB complexes (mainly
NEF-kB1-RelA) that normally prevents NF-kB complexes from trans-
locating to the nucleus. Ubiquitination and degradation of IkB by IKK
complexes allows components of the classical NF-kB pathway, espe-
cially p50-RelA, to be transported into the nucleus, thus promoting
transcription of essential target genes required for survival, cytokine
and chemokine production, upregulation of adhesion molecules,
organogenesis and apoptosis in the immune system®. The classical
NF-«kB pathway is especially important for the synthesis of interleukin
2 (IL-2) as well as IL-2 receptor (IL-2R, also called CD25) in T cells>°.

As for the alternative, nonclassical NF-kB pathway, signals from
specific cytokine receptors (such as the lymphotoxin-f receptor)
activate NF-xB-inducing kinase (NIK) as well as PKC-0 and
CARMA1-Bcl-10-MAIT1, which in turn activate homodimers
of IKKo that are required for the cleavage of pl00 to p52
(refs. 11-13). Complexes of p52 and RelB then translocate into the
nucleus to regulate transcription of a different set of genes.

Studies of gene-knockout mice have demonstrated that individual
members of the NF-kB family have distinct roles in vivo in T cell
function. Thus, T cell proliferation and T helper type 2 cytokine
production is reduced in NF-xB1-deficient (NfkbI7-) mice, and these
mice show increased susceptibility to experimental autoimmune
encephalomyelitis, typhlocolitis and infection with Leishmania major
but are resistant to asthma!*'7. RelA-deficient (Rela™~) mice have a
phenotype that is embryonically lethal, but studies with fetal liver
chimeras indicate that Rela”~ T cells are functionally defective!®!%,
RelB-deficient (Relb™~) mice are viable but develop systemic inflam-
mation and severe anemia around 2-3 months of age, and the T cell
and B cell functions of these mice are suppressed?’. NF-kB2-deficient
(Nfkb2-) mice have B cell defects as well as T cell hyperplasia and
hyperactivation of dendritic cells?>?2. Finally, mice deficient in c-Rel
(Rel"~) have B cell defects, impaired T cell proliferative responses and
reduced susceptibility to experimental autoimmune encephalomyeli-
tis?324, Nevertheless, precise information about the functions of the
individual NF-xB family members on T cell function is still unclear.

The importance of NIK for NF-kB activation has been demon-
strated in studies of NIK-deficient (Map3kI4~/~) mice and also mice
with alymphoplasia (Map3k142¥/3¥ or aly/aly’ mice), which carry a
mutation of Map3ki4. Functionally, NIK is key in regulating the
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Figure 1 NF-kB activation in CD4* T cells. (a) EMSA of NF-xB activity in
nuclear extracts from CD4* T cells from lymph nodes of B6 mice stimulated
(times, above lanes) with crosslinked anti-TCR (1 pug/ml) and anti-CD28

(20 pg/ml). Below, EMSA with competitor (concentration, above lanes).

(b) EMSA of NF-kB and Oct-1 activity in nuclear extracts of total,

naive CD44' or memory CD44" CD4+ T cells stimulated for 24 h by TCR-
CD28 ligation as in a. Top, CD44 expression on the cells before culture,
determined by flow cytometry. (c) Immunoblot for NF-xB subunits in nuclear
extracts of naive CD4* T cells cultured in medium alone or activated for

24 h by TCR-CD28 ligation. (d) Antibody supershift assay of nuclear extracts
from purified naive CD4* T cells obtained from B6 lymph nodes; cells were
stimulated for 24 h by TCR-CD28 ligation. Ab (=), no antibody; -, antibody
to. Results are representative of three to five independent experiments.
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processing of p100 to p52 through IKKa both in hematopoietic cells
and osteoclasts*>%’. Map3ki4~'~ and aly/aly mice lack lymph nodes,
and, at least for aly/aly mice, T cells show defective proliferation and
IL-2 production in response to stimulation with antibody to CD3
(anti-CD3)!32829 In addition, NIK may be involved in the main-
tenance of central tolerance in the thymus’. Moreover, aly/aly mice as
well as Relb~'~ mice show signs of autoimmune disease?®31:32, Despite
those findings, the mechanism for the regulation of peripheral T cell
activation through NIK has not been established.

Much of the data on the function of NIK has come from studies of
T cell populations that have not been separated into individual subsets
ased on their activation status. Expression of certain surface markers,
=" notably CD44, distinguishes mature T cells as those that are immu-
nologically naive (naive T cells) versus those that have been primed
through contact with environmental antigens (memory T cells)*>3*, In
mice, low or intermediate expression of CD44 (CD44le or CD44int)
indicates a naive differentiation status, whereas CD44M cells have
differentiated into memory cells. Here we examine the functions of
NIK, both in vivo and in vitro, in purified subsets of naive and
memory CD4" cells.

© 2006 Nature Publishing Group
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RESULTS

NF-kB1 in CD4* cell activation

To define the kinetics of NF-kB activation during the course of normal
T cell activation, we analyzed the transcriptional activity of NF-xB in
stimulated CD4* T cells from normal C57BL/6 (B6) mice by electro-
phoretic mobility-shift assay (EMSA) using an NF-kB-binding DNA
probe. After total CD4" T cells were stimulated with plate-bound
monoclonal antibodies (mAbs) to TCR and CD28, activation of
NF-kB, measured in nuclear extracts of the cells, reached a peak
after 24 h and then decreased to undetectable amounts by
72 h (Fig. 1la). We confirmed the specificity of NF-«xB activation
by using unlabeled NF-kB-binding DNA as a competitor to diminish
the signal.
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To determine NF-kB activation in naive and memory CD4" T cells,
we stimulated enriched subsets of normal B6 CD44° (naive) and
CD44hi (memory) CD4" T cells by TCR-CD28 ligation for 24 h,
followed by EMSA to detect transcriptional activity of NF-kB in the
nuclear extracts; we used total CD4% cells as a control. Nuclear
translocation of NF-xB was much more prominent for naive
CDA4* cells than for memory cells; in contrast, transcriptional activity
of an internal control (Oct-1) was the same for both subsets of
CD4* T cells (Fig. 1b).

To determine the extent of nuclear translocation of individual
NF-kB family members in each subset, we treated naive CD4*
T cells for 24 h with mAbs to TCR and CD28, then purified nuclear
extracts and did immunoblot analysis with NF-kB protein subunit—
specific antibodies. Nuclear extracts had substantial amounts of both
p50 and RelA, a small amount of c-Rel protein and a conspicuous
absence of p52 or RelB proteins (Fig. 1c). Consistent with those
findings, analysis of the nuclear extracts after incubation with anti-
bodies specific for each NF-kB protein subunit (‘supershift assay’)
showed that the mobility shift of the NF-kB DNA probe was greatest
with anti-p50 or anti-RelA but only minimal with anti-p52 or anti-
RelB (Fig. 1d), suggesting a predominance of p50-RelA dimers. That
indicated, therefore, that early activation of NF-kB in naive CD4" cells
reflects nuclear translocation of NF-kB1 (p50)—RelA, with little or no
contribution from NF-kB2 (p52)-RelB.

NF-kB2 in CD4* T cell activation
The findings reported above failed to explain the T cell defects seen in
NIK-deficient aly/aly and Relb™~ mice!>?%?. Total CD4™ T cells
have been used in studies published before; thus, it was unclear
whether the abnormalities noted occur at the level of specific CD4*
T cell subsets. To examine that issue, we compared the functions
of total CD4" cells and enriched subsets of naive and memory
CD4" cells. As anticipated from prior studies'®?*?%, the proliferative
responses of total CD4" cells treated for 3 d in vitro with mAbs to
TCR and CD28 were much lower (50-70% reduction) for Relb™-,
aly/aly and Map3ki47~ mice than for heterozygous littermates or
wild-type B6 mice (Fig. 2a). We obtained similar findings with mixed-
lymphocyte reactions, in which proliferative responses were elicited
by exposure to allogeneic (BALB/c) spleen cells (Fig. 2b). The
decreased response of Relb™'~, aly/aly and Map3ki4”’~ CD4* cells
was only mildly improved after removal of CD25*CD4*cells; that is,
cells with T regulatory function (Treg cells)*>=37 (Fig. 2a—c). That
finding was unexpected because removing CD25" T cells from
control CD4" cell samples, thus leaving CD25"CD4" cells, led to
enhanced responses (Fig. 2c, left versus right). Notably, CD25*CD4*
cells are nearly all CD44M but about 50% of CD44hi cells are
CD25". In wild-type mice, CD25-CD44"CD4" cells have little or no
T regulatory function and are generally considered to be memory
(or ‘memory-phenotype’) cells. As shown for aly/+ cells in Figure 2c,
left, depleting normal control cell samples of both CD25" and
CD44hi cells, thus leaving enriched naive CD25-CD44l°CD4* cells,
led to much lower proliferative responses than those noted after
removal of CD25" cells alone. These findings indicated that in
wild-type mice, total CD44M cells are a mixture of two functionally
distinct populations: an inhibitory population of CD25" Ty cells, and
a helper population of CD25~ T memory cells, which probably
release stimulatory cytokines (discussed below). The situation with
respect to these cell subtypes and functions is radically different for
NIK-deficient cells.

For NIK-deficient aly/aly cells, poor TCR-mediated proliferative
responses were generally improved only slightly after selective removal
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of CD25" cells (classical Ty cells). In contrast, removal of both CD25*
and CD44M cells led to a substantial increase in the response; thus, the
remaining CD25"CD44°CD4" naive aly/aly T cells demonstrated a
hyper-responsive proliferation compared with that of a comparable
population of CD4* cells from control mice (Fig. 2ab,d versus
Fig. 2d—f). We noted the hyper-responsiveness of CD44'°CD4" aly/aly
cells in samples from Map3k14’/’ and Relb”~ mice, and it was
apparent for both mixed-lymphocyte reactions and TCR-CD28-
induced proliferation (Supplementary Fig. 1 online). We also noted
hyper-responsiveness for the main subset of CD44int cells, which like
CD44!° cells are considered immunologically naive (that is, they have
not experienced foreign antigen stimulation; Fig. 2f); in contrast,
CD44MCD4* cells were hypo-responsive compared with control cells
(Fig. 2g and Supplementary Fig. 1). In these and all subsequent
experiments, samples were enriched for ‘memory’ CD44M cells by
removal of CD25" cells (which included activated T cells as well as Ty,
cells) and CD62L* cells.

The main conclusion from the experiments reported above is that
in contrast to wild-type control cells, naive CD4" cells in NIK-
deficient and Relb™~ mice are poised to hyper-respond to TCR-
mediated signals and the hyper-proliferative response is ‘suppressed’
by CD25°CD44" memory T cells (called ‘CD44MCD4* memory
T cells here) when total CD4" T cells are assayed. As discussed
below, the properties of CD44MCD4* mem-
ory T cells in wild-type and aly/aly mice are
very different: CD44"CD4* memory T cells

ARTICLES

added exogenous IL-2 and found that it was sufficient to overcome
the inhibitory effect of adding aly/aly CD44"CD4* memory T cells
(Supplementary Fig. 2).

Because the CD44MCD4* memory T cell samples in the experi-
ments reported above were depleted of typical CD25" T, cells, the
substantial suppressive influence of aly/aly CD25"CD44"CD4* mem-
ory T cells was very unexpected. These cells could have had high
expression of Foxp3, a transcription factor that in normal mice is
selectively expressed mainly in CD25" Ty cells*°. That was not the
case, however, as we found that Foxp3 protein was undetectable in
both wild-type and aly/aly CD25-CD44MCD4" memory T cells even
after TCR stimulation (Supplementary Fig. 3 online). Detection of
Foxp3 protein was restricted to CD25*CD4" typical T cells, and the
numbers of Foxp3* cells were much lower (70-80% reduction) for
aly/aly than for wild-type, consistent with published findings®®*!.

Mechanism of suppression

The findings reported above indicated that aly/aly naive and memory
T cell subsets differ considerably in their capacity to synthesize and/or
use IL-2. To test that hypothesis, we evaluated both cell subsets for IL-
2 synthesis and IL-2Ra (CD25) expression after TCR-CD28 ligation
(Fig. 3). For naive CD4" T cells, there was somewhat less IL-2, as
measured by enzyme-linked immunosorbent assay (ELISA), in the
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r (5 X 10Y) of syngeneic aly/+
CD44MCD4* memory T cells (Supplemen-

tary Fig. 2 online). In contrast, the prolifera-
tion of aly/aly CD44!°CD4"* cells was reduced
considerably by the addition of syngeneic
aly/aly CD44MCD4* memory T cells (Supple-
mentary Fig. 2). We obtained similar results
when we incubated CD44MCD4* memory T
cells from wild-type B6 or aly/aly mice (both
Thy-1.2%) with CFSE-labeled CD44°CD4*
cells from B6.PL mice (Thy-1.1*; Supplemen-
tary Fig. 2). For CD44MCD4* memory T cells
from wild-type mice, the ‘helper’ effect of
these cells correlated with increased IL-2 in
the mixed cultures (Supplementary Fig. 2),
presumably reflecting IL-2 synthesis by the
added CD44"CD4* memory T cells. In con-
trast, the inhibitory influence of aly/aly
CD44MCD4* memory T cells correlated with
a decrease in IL-2 in the cultures (Supple-
mentary Fig. 2). To directly test the function
of IL-2 in this experimental situation, we
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Figure 2 T cell responses of mice deficient in NF-kB2-RelB. (a,b) Proliferation assays of total CD4+*

and enriched CD25CD4* cell populations from spleens of Relb™-, aly/aly, NIK-deficient (Map3k14")
and control (B6, Relb*~, aly/+ and Map3k14+-) mice stimulated for 72 h by TCR-CD28 ligation as
in Figure 1 (a) or by culture for 96 h together with irradiated T cell-depleted spleen cell samples from

BALB/c mice (b). (c) Proliferation assays of total, CD25~ and CD25-CD44' CD4* T cells from aly/+ and

aly/aly mice; cells were stimulated for 72 h with O-1 pg/ml (horizontal axes) of mAb to TCR (a-TCR)
and 20 pg/ml of mAb to CD28. (d-g) Proliferation assays of CD25CD4* cells and enriched subsets

of CD44'"°, CD44int and CD44M CD4+ T cells (all CD25") separated by FACSsort and stimulated for
72 h with TCR-CD28 ligation. Insets, CD44 expression on the cells before culture. *, P < 0.05, and
** P < 0.005, aly/aly mice versus control mice. Data are means + s.d. of triplicate samples and are

representative of three independent experiments.
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culture supernatants of aly/aly cells than of wild-type (aly/+) cells
(Fig. 3a). That result was unexpected given the enhanced proliferative
responses of naive aly/aly cells; however, intracellular staining showed
N that there was much more IL-2 protein in the cytoplasm of aly/aly cells
©  than wild-type cells (Fig. 3b,c). Likewise, induction of CD25 cell
la.l surface expression was much greater on aly/aly cells than on wild-type

006 Nature Publishing Group

ells (Fig. 3d,e). Hence, the reduced IL-2 in the culture supernatants of

=" naive aly/aly cells presumably reflected enhanced IL-2 consumption
through binding to the increased CD25 expressed on the cell surface.
From these results we concluded that the increased proliferative
responses of aly/aly naive cells correlated with increased IL-2 and
IL-2R protein synthesis.

For CD44MCD4* memory T cells, there was much less IL-2
synthesis in cells from aly/aly mice than in cells from control (aly/+)
mice, as assessed by both the amount of IL-2 secreted into the culture
supernatant (Fig. 3a) and the amount detected inside the cells by
intracellular staining (Fig. 3b,c). However, the results were very
different for IL-2R; compared with wild-type CD44MCD4* memory
T cells, aly/aly CD44MCD4* memory T cells had enhanced CD25
cell surface expression, similar to that seen in the aly/aly naive cells
(Fig. 3d,e), and the cells also demonstrated enhanced CD69 expres-
sion (data not shown). Hence, the reduced proliferative response of
aly/aly CD44MCD4* memory T cells correlated with poor IL-2
synthesis despite high IL-2R induction. The suppressive effect of aly/
aly CD44MCD4* memory T cells on naive CD4" T cells therefore
might reflect the possibility that aly/aly CD44"CD4* memory T cells
deplete the cultures of IL-2 because of enhanced expression of CD25.
In agreement with that interpretation, proliferative responses of both
wild-type and aly/aly naive CD4" cells were considerably reduced by

766

representative of four independent experiments. *, P < 0.05, and **, P < 0.005, aly/aly mice versus control mice. (b,c) Flow cytometry for intracellular
IL-2 in aly/aly and aly/+ naive CD44'"° and memory CD44NCD4* T cells stimulated for 24 h with mAb to TCR (0.1-5 pg/ml; horizontal axes) and mAb to
CD28 (20 pg/ml; ‘TCR-CD28’). (b) Representative data for percent IL-2* cells (numbers above horizontal lines, in top right corners) after stimulation at
0.5 pg/ml of mAb TCR. (c) Mean percent of IL-2* cells after stimulation with ‘graded’ concentrations of mAb to TCR. (d,e) Flow cytometry for CD25
expression on CD4* T cells of aly/aly and aly/+ mice from b,c. (d) Numbers above horizontal lines indicate percent CD25* cells after stimulation at

0.5 pg/ml of mAb TCR. (e) Percent CD25* cells after stimulation with ‘graded’ concentrations of mAb to TCR. Results are representative of three to

depleting the cultures of IL-2 with mAb to IL-2 (Supplementary
Fig. 2). Moreover, in mixed cultures of naive and memory CD4*
T cells (Supplementary Fig. 2), poor IL-2 synthesis by these cells
combined with high IL-2R expression led to IL-2 depletion, which is
the likely mechanistic explanation of the suppressive property of
aly/aly memory cells.

The finding that total aly/aly CD4* cells were hyporesponsive to
TCR-CD28 ligation after selective depletion of CD25" cells suggested
that the CD25% Ty cells in aly/aly mice are functionally defective.
Alternatively, the aly/aly Ty, cells might have ‘normal’ suppressive
activity but function poorly because their relative numbers are much
lower than those in wild-type mice (Supplementary Fig. 3).
In support of the last idea, the capacity of purified CD25"CD4*
cells to suppress proliferation of wild-type naive CD4" T cells was
almost as efficient for aly/aly CD25" cells as it was for wild-type
CD25" cells (Supplementary Fig. 4 online). Likewise, aly/aly and
wild-type CD25" cells were comparable in their low synthesis of IL-2
but high synthesis of both IL-10 and transforming growth
factor-f (Supplementary Fig. 4).

In vivo responses

To examine responses in vivo, we first compared normal and aly/aly
CDA4" subsets for their capacity to undergo homeostatic proliferation
in syngeneic irradiated mice. As described before*?, the paucity of
T cells in irradiated mice allows adoptively transferred CD4" T cells
to proliferate in response to major histocompatibility complex class
II-restricted self peptides. Homeostatic proliferation of CFSE-
labeled naive CD44/°CD4* cells was greater for aly/aly cells than
for normal aly/+ cells (Fig. 4a). In contrast, homeostatic proliferation
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Figure 4 Proliferative responses of naive and memory aly/aly CD4* subsets in

of CFSE-labeled naive CD44' or memory CD44M CD4* T cells (5 x 106) from aly/aly and aly/+ mice
(both Thy-1.2) transferred 7 d previously into irradiated (700 rads) B6.PL (Thy-1.1) mice. (b) Flow

cytometry of CFSE-labeled naive CD4+ T cells (5 x 108) from B6 Ly5.1 mice
with unlabeled aly/+ or aly/aly memory cells (2.5 x 106 or 5 x 108; both Ly5

(700 rads) B6 mice. Ly5.1*CD4+ T splenocytes were evaluated 7 d after transfer. (c) Proliferative assay
of naive CD44'°CD4+* T cells from either aly/aly OT-II or aly/+ OT-Il mice cultured for 72 h in vitro

with irradiated (1,500 cGy) T cell-depleted B6 spleen cell samples (5 x 10°

of ‘graded’ concentrations of OVA peptide (left) or with ‘graded’ numbers of T cells and 0.5 uM OVA
peptide (right). Data are means + s.d. of triplicate cultures. *, P < 0.05, aly/aly OT-11 versus aly/+
Z OT-ll cells. (d) Flow cytometry of CSFE-labeled naive CD4* T cells (5 x 108) from aly/aly or aly/+ OT-1

B6.PL mice (both Thy-1.1%) transferred intravenously into B6 (Thy-1.2%) mice
(0-200 pg) was injected intraperitoneally into recipient mice. Thy-1.1*Vp5.2*

of CD44MCD4" memory T cells was much less for aly/aly cells than
for normal aly/+ cells. Likewise, homeostatic proliferation of
wild-type naive CD4* cells (CFSE labeled) in vivo was enhanced
by the addition of wild-type memory CD4" cells (not CFSE labeled)
but was inhibited by the addition of aly/aly CD44MCD4* memory
T cells (Fig. 4b). There was also hyper-responsiveness of naive
aly/aly CD4* cells in vivo for antigen-specific CD4" cells. Thus,
compared with control aly/+ naive OT-II cells, aly/aly naive
CD44°CD4* OT-II cells demonstrated enhanced proliferative
responses to stimulation with specific ovalbumin (OVA) peptide
in vitro (Fig. 4c) and to a limiting dose of OVA peptide
(100 pg/mouse) in vivo (Fig. 4d).

NF-kB expression in naive versus memory CD4+ cells

To understand the hyper-responsiveness of naive aly/aly cells, it was
important to determine the expression of individual NF-kB subunits
in wild-type and NIK-deficient CD4* cells. For naive CD44'°CD4*
cells from control aly/+ mice, confocal microscopy after TCR-CD28
ligation for 24 h showed increased synthesis of NF-kB1 and RelA in
the cytoplasm and translocation of both subunits to the nucleus
(Fig. 5a); the two subunits were in close proximity, as indicated by
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location of NF-kBl (p50)-RelA compared
with that of wild-type naive T cells.

Through IxB-like ankyrin repeats, NF-xB2
p100 can bind other NF-kB family members
and thereby prevent their nuclear transloca-
tion’. The hyper-responsiveness of naive
aly/aly CD4* cells, therefore, might reflect
reduced pl00. To test that possibility, we
evaluated cytoplasmic and total cell lysates
of naive aly/aly CD4* cells; both showed a
substantial reduction in p100 protein relative
to that in aly/+ cells (Fig. 5¢). We confirmed
that result by fluorescence resonance energy
transfer (FRET) analysis, which showed that
association of p52-p100 with RelA or p50 in
aly/aly cells was undetectable (Fig. 5d). In
contrast, control naive aly/+ cells showed
substantial intracytoplasmic association of p52-p100 with both RelA
and p50 (Fig. 5d). For the control aly/+ and wild-type B6 cells, we
confirmed the association of RelA and p50 with p52-p100 by immu-
noprecipitation of cytoplasmic extracts with anti—p52-p100 followed
by immunoblot with NF-kB subunit—specific antibodies. After TCR-
CD28 stimulation, p52-p100 protein (mostly pl00) was associated
with RelB, RelA and p50 but not with c-Rel (Fig. 5e and Supplemen-
tary Fig. 5). Also, immunoprecipitation of [*S]methionine-labeled
cells with anti-RelA demonstrated a notable p100-RelA complex in
wild-type cells but not in aly/aly cells (Supplementary Fig. 5). Based
on those observations, the hyper-responsiveness of naive aly/aly CD4*
cells can be attributed to reduced pl00, which enhances nuclear
translocation of p50-RelA and NF-xB-mediated gene transcription
and cell activation.

For aly/+ CD44MCD4* memory T cells, there was increased
production and nuclear translocation of both NF-kBl1 and
RelA after TCR-CD28 ligation, although less than for naive
aly/+ cells (Fig. 5a). Nuclear translocation of the alternative NF-xB2
and RelB proteins was very prominent for aly/+ CD44MCD4*
memory T cells and correlated with much more p52 in total
cell lysates (Fig. 5¢c). In notable contrast, aly/aly CD44"CD4* memory

vivo. (a) Flow cytometry

transferred together
.2) into irradiated

cells) in the presence

; 1 d later, OVA peptide
CD4* T splenocytes
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Figure 5 Molecular interactions between NF-xB
subunits during T cell activation. (a) Confocal
microscopy of naive CD44/° and memory CD4+
T cells from aly/aly and aly/+ mice stimulated

) Medium
g b for 24 h with TCR-CD28 ligation (as in Fig. 1),
Z TcR-cDz2s | fixed in 3% paraformaldehyde on a glass slide
and stained with anti-p50, anti-RelA, anti-p52
> and anti-RelB followed by Alexa Fluor 488-
g  Medium labeled (green) or Alexa Fluor 568-labeled (red)
= TCR-CD28 anti-mouse or anti-rabbit 1gG. M, merged image.
Original magnification, x630. (b) Immunoblot
to detect p50 and RelA in nuclear extracts
b p50 RelA  Histone c from naive aly/aly and aly/+ CD4* T cells
W > \X > W > after 24 h of TCR-CD28 ligation. Histone
S P CE  Total serves as a control. (c) Immunoblot to detect
Medium | [ == Naive niemory N Naive ["jm"'y\* NF-kB2 (p52-p100) in total and cytosolic
X - -— q q ¥ & & O\ X\ extracts (CE) of stimulated naive and memory
Ton-epzs F & FSwa M Sodioa CD4* T cells from aly/aly and aly/+ mice.
d aly /+ aly/aly Medium " ' 100 100 Glyceraldehyde phosphate dehydrogenase
Alexad88 FRET  Alexad88 FRET GAPDH s 52 B g > (GAPDH) serves as a control. (d) FRET analysis
—control p52-p100  —control p52-p100 e 00 RS WS 100 of aly/aly and aly/+ naive CD4* T cells stimulated
TCR-CD28 > |- for 24 h with TCR-CD28 ligation, fixed in 3%
- = 4 52 & 5 paraformaldehyde on a glass slide and stained
GAPDH with Alexa Fluor 488-labeled (Alexa488)

Alexa488 FRET Alexa488 FRET

anti-p50 or anti-RelA and Alexa Fluor 546-

—RelA  control —RelA  control e X o
labeled anti-p52. The binding of p52 to RelA or
v % 2 2 2 % ; ;
- " & T o o o PO s detected asa FRET signal (red). Control,
S «OQ’ S &K & e?\«o‘?‘ no first antibody. Original magnification, x630.
Alexa488 FRET  Alexa488 FRET wa N ‘ W AT VAT AT (e) Immunoprecipitation with anti-NF-xB2
—RelA P52-p100 —RelA p52-p100 100 7‘ {— p100-p52 and immunoblot (IB) for p100-p52,
L — s RelB, p50, RelA and c-Rel in cytosolic extracts of
52 naive B6 CD4* T cells stimulated for 24 h with
Alexa488 FRET  Alexa488 FRET IB: 0-p52-p100 o-RelB  o-RelA  0-p50  a-c-Rel TCR-CD28 ligation. Results are representative of

—p50 p52-p100  —p50  p52-p100

T cells demonstrated no detectable nuclear translocation of RelA,
NF-kB1, NF-xB2 or RelB (Fig. 5a). For NF-kB2, p100 was apparent
in the cytoplasm of aly/aly CD44"CD4* memory T cells, as
shown by both confocal microscopy (Fig. 5a) and immunoblot

to» Of cytoplasmic extracts (Fig. 5c); processing of pl00 to p52

@was undetectable.

Kinetics of p100 synthesis and p52 nuclear translocation

The data reported above apply to early (day-1) responses to
TCR-CD28. For naive aly/aly CD4" cells, kinetics experiments showed
that p100 in protein cytoplasmic extracts was undetectable for up to
72 h, which correlated with above-normal nuclear translocation of
NF-kB1-p50 throughout this time (Fig. 6a,b). In contrast, for aly/+
naive CD4" cells, the amount of p100 in cytoplasmic extracts was high
at 24 and 48 h, which correlated with only moderate amounts of
NF-kB1-p50 in nuclear extracts. We also noted that nuclear p50 in
aly/+ naive cells fell to undetectable amounts by 72 h and was
‘replaced’ by low but detectable amounts of p52-RelB. We noted the
delayed nuclear translocation of p52-RelB only for aly/+ and not
aly/aly cells, and this paralleled a decrease in cytoplasmic p100,
perhaps reflecting p100-to-p52 processing; delayed nuclear transloca-
tion of p52-RelB in aly/+ cells was also apparent by confocal micro-
scopy (Fig. 6¢). These observations strengthen the view that via direct
protein-protein interaction, pl00 in the cytoplasm serves to inhibit
nuclear translocation of p50-RelA in aly/+ naive CD4* cells and
thereby acts as a ‘brake’ for gene transcription. The data also indicate
that after several days, NF-kB activation in aly/+ naive CD4* cells
involves a ‘switch’ from NF-kB1- to NF-kB2-dependent pathways.
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three to five independent experiments.

Induction of autoimmune disease

NIK-deficient and Relb™~ mice develop CD4-dependent, slow-onset
(> 14 weeks), multiorgan autoimmune disease, which can be ‘adop-
tively transferred’ to hosts deficient in recombination-activating gene
2 (Rag2™"~ hosts)?»3132, Given the data reported above, autoimmune
disease might be enhanced by the removal of CD44"CD4* memory
T cells. To investigate that possibility, we adoptively transferred
enriched subsets of aly/+ and aly/aly CD4" T cells into Rag2~"~ hosts.
For both control naive and memory aly/+ CD4* T cells, cell numbers
recovered from the spleen after adoptive transfer were modest (about
5 x 10° cells/mouse; Fig. 7a), infiltration of lymphocytes in the lungs
and lacrimal glands was minimal (Fig. 7b) and evidence of autoim-
mune disease in those tissues was undetectable (Fig. 7c). We obtained
very different results after injecting aly/aly CD4* cells. For those,
injection of either total CD4* or CD25"CD4" cells resulted in relatively
low recovery of cells from the spleen (Fig. 7¢), thus correlating with the
hyporesponsiveness of the aly/aly cells (as demonstrated above). As for
autoimmune disease induction, both populations produced mild but
detectable lymphocyte infiltration of lungs and lacrimal glands, with
such pathology being slightly more prominent with CD25~ cells
(Fig. 7b,c). The effects were much more prominent, however, after
injection of enriched naive CD4% cells (that is, samples depleted of
both Ty cells and memory CD4" T cells): cell recoveries were
considerably enhanced in the spleen (presumably reflecting enhanced
homeostatic proliferation) and there was substantial lymphocytic
infiltration and prominent pathology in lung and lacrimal glands.
These results demonstrated that the hyper-responsiveness of purified
naive aly/aly CD4" cells applies not only to short-term proliferative
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responses and related cytokine production but also to induction of
autoimmune disease after transfer into Rag2™'~ hosts.

For T cells, primary immune responses generally require the classical
NF-kB1 pathway** whether T cell activation also requires the non-
classical NF-kB2 pathway is less clear. Nevertheless, studies of NIK-
deficient aly/aly mice have led to the conclusion that ‘optimal’

Figure 6 Kinetics of NF-kB1 and NF-kB2 expression in naive CD4* cells after TCR ligation.

(@) Immunoblot to detect p100 and p52 in cytosolic extracts (CE) and nuclear extracts (NE) of aly/+
and aly/aly naive CD4* cells after 0-72 h of TCR-CD28 ligation. GAPDH and histone serve as controls.
Results are representative of two independent experiments. (b) Nuclear expression of NF-xB1 and
NF-kB2. Relative activities were measured with the nuclear extracts of naive T cells from aly/+ and
aly/aly mice stimulated for 0-72 h with TCR-CD28 ligation. Data represent means + s.d. of triplicate
wells. (c) Confocal analysis of NF-kB subunits in naive CD4* cells from B6 mice stimulated for

0-72 h with TCR-CD28 and then stained with anti-p50, anti-RelA, anti-p52 and anti-RelB, followed
by secondary Alexa Fluor 488-labeled (green) or Alexa Fluor 568-labeled (red) anti-mouse or anti—
rabbit 1gG. M, merged images. Original magnification, x630. Results are representative of two
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activation of mature T cells requires signaling
via NIK as well as PKC-0'3. Because NIK
controls processing of p100 to p52, it would
seem to follow that T cell activation is partly
dependent on nonclassical NF-kB2. However,
the T cell defects in aly/aly mice also correlate
with reduced spleen cell expression of p50,
RelA and c-Rel'®?%, suggesting an indirect
effect on the classical NF-kB1 pathway.

Here we have shown that the relative con-
tributions of NF-kB1 and NF-xB2 to T cell
activation are crucially dependent on whether
the cells are immunologically naive. We have
made two main points in this context. The
poor immune response of total aly/aly T cells
(equally true for NIK-deficient Map3kl4~'~
and Relb™ cells) does not reflect a positive
requirement for NF-kB2 but instead reflects
the inhibitory function of a unique popula-
tion of ‘suppressor’ cells in the total cell
population. However, when depleted of
those suppressor cells, the aly/aly naive T
cell samples showed their cell-intrinsic ‘defect’
of hyper-reactivity after TCR stimulation.
Thus, the aly, NIK-deficient and Relb™~ phe-

notype is actually a combination of a cell-extrinsic suppressor function
in a subset of CD44MCD4"* NIK-deficient T cells and a cell-intrinsic

hyperactivation response in naive CD4* T cells that lack NIK function.
For wild-type mice, it is well established that primary responses of
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T cells can be suppressed by a population of CD25"Foxp3*CD4* Ty
cells and are enhanced when T, cells are eliminated®®°. For aly/aly
T cells, the enhancing effect of removing CD25"CD4* Ty, cells was
much less pronounced, probably because the proportion of the NIK-

deficient CD25*CD4* T, cells (specifically
Foxp3™" cells) is only 20-30% of the number
of such cells in wild-type mice. However, the
aly/aly CD25"CD4" Ty, cells are suppressor
cells functionally, as after enrichment they
suppressed the proliferation of naive T cells
nearly as well as Ty cells from control mice.
In addition, cytokine production by Ty, cells
from aly/aly and control mice was compar-
able. Hence, except for an overall reduction in

Figure 7 Induction of autoimmune disease

by subsets of aly/+ and aly/aly CD4* cells.
Enriched subsets of total CD4*, CD25-CD4* or
naive (CD25-CD44') CD4* cells from aly/+ and
aly/aly mice were transferred into Rag2" hosts
(5 x 10 cells/mouse); mice were killed 4 weeks
after transfer. (a) Total number of CD3*CD4*
splenocytes. Data are means + s.d of four to

five mice. *, P < 0.05, and **, P < 0.005,
aly/aly versus aly/+ cells in each group.

(b) Histopathological analysis of lung and
lacrimal gland sections. Left, number of
lymphocytes/mm? of lung; right, pathological
score of inflammatory lesions of lacrimal glands.
Data are means =+ s.d. of four to five mice.

(c) Histology of lungs and lacrimal gland sections
stained with hematoxylin and eosin. Original
magnification, x100. Results are representative
of four to five mice in each group.
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total numbers, the ‘classical’ CD25*CD4" T, cells in aly/aly mice
showed no obvious abnormality.

The situation with memory CD4* cells was very different. Wild-
type memory CD25"CD44MCD4* T cells functioned like ‘typical’
antigen-primed T cells: they rapidly generated large amounts of IL-2
after TCR ligation in vitro and provided efficient help to naive CD4" T
cells. In contrast, all of the data presented here indicate the conclusion
that aly/aly memory CD4" T cells function as suppressor cells. In every
test, both in vivo and in vitro, elimination of both CD25* (‘typical’ Treg
cells) and CD25°CD44MCD4* memory T cells was required for
reversal of the poor proliferative response of aly/aly CD4% cells.
The origin of such ‘naturally’ occurring CD44"CD4* memory cells
in either wild-type or NIK-deficient mice is unclear; such cells may
arise through contact with various environmental antigens and/or be
stimulated by self antigens.

The mechanism of suppression by aly/aly memory CD4* cells has
yet to be resolved. After TCR ligation, suppression correlated with a
combination of low IL-2 synthesis and enhanced CD25 expression,
which suggests that the cells could function mostly through CD25-
mediated consumption of IL-2. That idea fits with the finding that
suppression by aly/aly memory CD4* T cells in vitro could be
overcome by the addition of exogenous IL-2. However, simple con-
sumption of IL-2 is unlikely to explain the strong inhibitory influence
of aly/aly memory CD4" T cells in vivo, which was apparent for both
homeostatic proliferation and autoimmune disease induction. By
analogy with ‘typical’ T,g cells, suppression via transforming growth
factor-B or IL-10 production could be involved®*=37; however, at least
in vitro, production of these cytokines was no higher for aly/aly
memory CD4* T cells than for control memory cells. Hence, resolving
the mechanisms of suppression by aly/aly memory CD4" cells must
await further investigation.

Why memory CD4" cells in aly/aly mice show strong CD25
expression but poor IL-2 synthesis after TCR stimulation is also still
unclear. Nevertheless, it is notable that despite enhanced synthesis of
CD25, aly/aly memory CD4" T cells demonstrated very little nuclear
translocation of p50, RelA, p52, RelB (as presented here) or c-Rel
(data not shown), indicating that CD25 upregulation in aly/aly

o memory cells involves an NF-xB-independent pathway, such as
@AP—I and/or NF-AT*4*5, Because nuclear translocation of p50-RelA
= was high in naive aly/aly T cells, the limited translocation of these

subunits in memory aly/aly T cells in comparison was unexpected
although consistent with the reduced p50 and RelA reported for
aly/aly total spleen cells?®. Based on those preliminary data, poor
nuclear translocation of p50 and RelA in memory aly/aly CD4* cells
correlates with reduced synthesis in the cytoplasm, suggesting that

p50 and RelA synthesis in memory CD4™ cells is partly controlled by a

NIK-dependent pathway. In addition, as in stimulated osteoclast

precursors?®, the low amounts of p50 and RelA in aly/aly memory

CDA4* cells may be ‘held’ in the cytoplasm through association with

p100; thus, cytoplasmic pl00 in aly/aly cells is much higher in
memory cells than naive cells.

The hyper-responsiveness of naive aly/aly CD4* cells was associated
with increased synthesis of both IL-2R (CD25) and IL-2, relative to
that of wild-type naive cells; detection of an increase in IL-2 synthesis
required intracellular staining, presumably because of efficient absorp-
tion of extracellular IL-2 by the increased CD25 expressed on the cell
surface. Other signs of T cell activation, such as CD69 expression and
interferon-y synthesis, were nearly normal (data not shown), indicat-
ing that the hyper-responsiveness was centered on the IL-2-IL-2R axis.
As for NF-kB, it is particularly notable that the increased proliferative
responses of naive aly/aly CD4* cells were associated with considerable
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increases in nuclear translocation of p50 and RelA, apparent in both
nuclear extracts and by confocal microscopy. Therefore, this indicates
that NIK functions by preventing nuclear translocation of p50 and
RelA. The simplest possibility is that NIK regulates autocrine synthesis
of pl00 through continuous pl00-p52 processing, thus allowing
nuclear translocation of p52-RelB dimers and transcription of the
gene encoding pl100 (ref. 26); steady-state production of p100 then
keeps p50 and RelA in the cytoplasm. We favor that hypothesis
because there was much less p100 in aly/aly naive cells than in control
cells; that result was also confirmed by FRET analysis, which showed
no apparent association of p100 with p50 or RelA. Hence, we attribute
the hyper-responsiveness of aly/aly naive CD4* cells (as well as
Map3ki4~~ (NIK-deficient) and Relb~~ cells) to reduced p100 synthe-
sis, which leads to unregulated nuclear translocation of p50-RelA and
enhanced IL-2 and IL-2R synthesis. For Relb cells, p100 was also
reduced (data not shown), presumably because expression of the gene
encoding autocrine p100 is controlled by p52-RelB heterodimers?®.

For naive CD4" cells from wild-type mice, despite prominent
synthesis in the cytoplasm, nuclear translocation of p52-RelB was
undetectable within the first 2 d after TCR-CD28—induced activation,
indicating no involvement of the nonclassical NF-kB2 pathway.
However, by day 3 after TCR ligation, substantial nuclear translocation
of p52-RelB was evident, which paralleled a decrease in p50-RelA.
That result provides direct support for the hypothesis that NF-kB2-
RelB is involved in the later stages of the primary response*®—8,
perhaps by ‘substituting’ for the classical NF-kB1 pathway. One point
to emphasize here is that nuclear translocation of NF-kB2-RelB
presumably has only a positive effect on gene transcription and thus
cannot account for the regulatory effect of NIK on TCR responsive-
ness. As mentioned above, we envisage that NIK acts as a ‘brake’ for
the NF-kB1 pathway simply by maintaining unprocessed p100 in the
cytoplasm, thereby impeding entry of p50-RelA into the nucleus.

In summary, our data here have shown that the T cell defects
reported for NIK-deficient mice'® and Relb~~ mice?® reflect a domi-
nant form of immunoregulation in which otherwise hyper-responsive
NIK-deficient naive T cells are suppressed by a subset of NIK-deficient
CD25~ memory T cells. Only when the suppressor cells are eliminated
is the cell-intrinsic phenotype of NIK-deficiency demonstrated. At face
value, these results may seem at odds with the observation that aly/aly
mice develop multiorgan autoimmune disease. That syndrome, asso-
ciated with a reduction in classic CD25" Ty cells, may be triggered by
poor negative selection in the thymus because of reduced expression of
various self antigens in the thymic medulla®®. Given such a self-
tolerance defect, it is unexpected that autoimmune disease in aly/aly
mice is relatively mild, which suggests that the ‘nontolerant’ T cells in
these mice are generally very well controlled, perhaps by the inhibitory
memory subset we have described here. The fulminating autoimmune
disease seen when purified naive aly/aly CD4" cells were transferred
adoptively is consistent with that idea.

METHODS

Mice. B6 and 129 mice were obtained from the Jackson Laboratory. Map3k147-
(NIK-deficient), Map3k14*¥¥ (aly/aly) and Relb~"~ mice were provided by
R. Ulevitch (The Scripps Research Institute, La Jolla, California) and
M. Kronenberg (La Jolla Institute for Allergy and Immunology, San Diego,
California), and OT-II mice?® (C57BL/6-Tg(TcraTcrb)425Cbn/]) were
obtained from S. Webb (The Scripps Research Institute, La Jolla, California);
aly/aly OT-II mice were generated by crossing of aly/aly mice with OT-II mice.
Rag2™~ mice were obtained from Taconic. All mice were maintained in specific
pathogen—free conditions in our animal facility and the experiments were
approved by an animal ethics board of The Scripps Research Institute (La Jolla,
California) or Tokushima University (Tokushima, Japan).

VOLUME 7 NUMBER 7 JULY 2006 NATURE IMMUNOLOGY



http://www.nature.com/natureimmunology

© 2006 Nature Publishing Group

o)

Antibodies. Antibodies specific for p50 (C-19, NLS and D-17), p52 (K-27 and
C-5), RelA (A-20, C-20 and F-6), RelB (C-19), c-Rel, histone and glyceralde-
hyde phosphate dehydrogenase were purchased from Santa Cruz Biotechnology
and were used for immunoprecipitation, immunoblot analysis, EMSA and
confocal microscopy.

Cell purification. For purification of CD4" subsets, lymph node or spleen cells
were treated for 45 min at 37 °C with cytotoxic mAbs specific for CD8 (3.168.8)
and CD24 (J11D) plus guinea pig complement (Rockland)®®. After being
washed, CD25*CD4* T cells, NK1.1* T cells and cells positive for major
histocompatibility complex class II first underwent depletion by negative
selection with DynaBeads (Dynal). Samples were enriched for CD44!° and
CD44M cells by negative selection with anti-CD44 (IM7) or anti-CD62L
(Mel-14) and were positively ‘panned’ with anti-CD4 (RL172). In addition,
samples were enriched for CD44!°, CD44i" and CD44M CD4* and CD25tCD4*
T cells by cell sorting with a FACSvantage (Becton Dickinson).

Culture conditions. Cells were cultured in 0.2 ml of RPMI medium supple-
mented with 50 pM 2-mercaptoethanol, 1-glutamine and 10% FCS in 96-well
tissue culture plates coated with mAbs specific for TCRB (H57-597) and CD28
(37.51; eBiosciences).

Flow cytometry. A FACSsort (Becton Dickinson) was used for flow cytometry
and data were analyzed with FlowJo FACS Analysis software (Tree Star).
Analysis of cell division with CESE (Molecular Probes)??, intracellular cytokine
production (IL-2) with a BD Cytofix/Cytoperm kit (BD Biosciences)>! and
intracellular Foxp3 expression with an Intracellular Foxp3 Detection Kit
(eBioscience) was done according to the manufacturers’ instructions.

Proliferation assay. Cell proliferation was evaluated by [*H]thymidine incor-
poration or by counting of divisions by CFSE dilution of labeled cells. In most
experiments, 5 X 10* enriched CD4* T cells were stimulated for 24-72 h with
plate-bound mAbs to TCR (0.1-1 pg/ml) and CD28 (20 pg/ml). OT-II T cells
(0.625 x 10* to 5 x 10* cells/well) were cultured together with irradiated
(3,000 cGy) Thy-1.2%-depleted syngeneic spleen cell samples (5 x 10 cells) and
were stimulated with OVA peptide, amino acids 323-339 (Sigma Genosys).
Stimulated cells were then pulsed with 0.5 pCi [*H|thymidine per well for the
last 8 h of culture. For CFSE labeling, purified CD4" T cells were resuspended
with 0.1% BSA in PBS at a density of 5 x 10° cells/ml and were labeled for
10 min at 37 °C with 0.3 pM CFSE. CFSE-labeled cells were ‘quenched’ with
PBS containing 5% FCS and were washed twice. Cell division at 48-72 h was
analyzed by flow cytometry.

MSA. Nuclear extracts of stimulated CD4' T cells were prepared as
described?. Cells were washed twice with PBS and were resuspended in
100 pl ice-cold lysis buffer, were vortexed and were centrifuged for 5 min at
5,000g. Nuclear pellets were resuspended in 100 pl extraction buffer containing
20 mM HEPES, 1.5 mM MgCl,, 0.2 mM EDTA, 0.4 mM NaCl, 2.5% glycerol
and a mixture of protease inhibitors. After centrifugation for 30 min at 12,000g,
nuclear extracts (0.5-5 pg) in the supernatant were incubated for 20 min at
25 °C with biotin-labeled B oligonucleotide probe (5-AGTTGAGGG
GACTTTCCCAGGC-3") and Oct-1 oligonucleotide probe (5-TGTCGAATG
CAAATCACTAGAA-3"). Protein-DNA complexes were resolved by nondena-
turing 4—6% PAGE in 0.5x TBE and were transferred to nylon membranes
(Pierce). After crosslinking of transferred DNA to the membranes, biotin-
labeled DNA was detected with a LightShift Chemiluminescent EMSA Kit
(Pierce) according to the manufacturer’s instructions. For supershift assay,
NF-xB subunit-specific antibodies were added before the formation of
DNA-protein complexes at 25 °C for 15 min.

Immunoprecipitation and immunoblot analysis. Nuclear extracts, cytoplas-
mic extracts and total cell lysates from CD4* T cells (2.5-10 pg) were separated
by 10% SDS-PAGE and were blotted onto polyvinyldifluoride membranes.
Blotted membranes were incubated with antibodies specific for NF-xB
subunits, followed by incubation with goat anti-mouse, or donkey anti-rabbit
coupled to horseradish peroxidase, and proteins were made visible with the
SuperSignal West Pico Chemiluminescent Substrate (Pierce). For immunopre-
cipitation, purified proteins (10-50 pg) ‘captured’ with the antibody were
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incubated with immobilized protein G and were precipitated with a Seize
Classic Mammalian Immunoprecipitation Kit (Pierce). Precipitated proteins
were analyzed by immunoblot with the NF-kB subunit—specific antibodies
described above and a Rabbit IgG TrueBlot set (eBioscience). Positive controls
for the detection of NF-kB subunits were confirmed by immunoblot analysis
(Supplementary Fig. 6 online) using Jurkat or A431 cell lysates (BD Transduc-
tion Laboratories).

ELISA. The amount of IL-2 and IL-10 proteins in culture supernatants was
determined by ELISA. Production of transforming growth factor-f was
measured with the DuoSet ELISA Development System (R&D Systems). For
this, 96-well flat-bottomed plates were precoated with capture antibodies, and
diluted samples or standard recombinant cytokines were added to each well.
After plates were washed, biotinylated antibodies were added and then wells
were incubated with horseradish peroxidase—labeled, affinity-purified anti-rat
immunoglobulin G (IgG). A solution of o-phenylendiamine (Sigma) was added
to each well as a substrate. The optical density at 490 nm was measured with a
microplate reader (Molecular Devices).

Confocal microscopy. Cells were deposited onto poly-L-lysine-coated glass
slides, were fixed with 3% paraformaldehyde in PBS, were made permeable for
2 min with 0.2% Triton X-100 in PBS and were preblocked for 1 h with 1%
BSA and 2.5% FCS in PBS. Cells were stained for 1 h with 1 pg/ml of the
appropriate primary antibodies. After being washed three times with 0.0001%
Triton X-100 in PBS, cells were stained for 30 min with secondary Alexa Fluor
488—conjugated donkey anti-mouse or goat anti-rabbit IgG (heavy plus light)
and then were washed with PBS. Coverslips were applied with Fluoromount-G
(Molecular Probes). Cells were visualized with a BioRad 1024 laser-scanning
confocal microscope (BioRad Laboratories). Each optical section was acquired
sequentially with 488-nm and 568-nm laser lines to excite Alexa Fluor 488
(green) and Alexa Fluor 568 (red) fluorescence, respectively. Merged images are
presented as yellow. For FRET, Zenon Rabbit IgG Labeling Kits or Zenon
Mouse IgG Labeling Kits (Molecular Probe) were used to label antibodies with
Alexa Fluor 488 as the ‘donor dye’ or Alexa Fluor 546 as the ‘acceptor dye’>.
Red color indicates that the acceptor dye was activated by the donor dye, as the
two dyes were in close proximity.

NF-kB transcription activity assay. The transcriptional activity of NF-xB
subunits of the nuclear extracts from naive T cells was analyzed with NF-xB
Family Transcription Factor Assay Kit (Chemicon). Nuclear extracts were
incubated with biotinylated double-stranded oligonucleotide probe containing
the consensus sequence (5-GGGACTTTCC-3") for NF-kB on a streptavidin-
coated plate. Captured complexes, including active NF-kB protein, were
incubated with the primary antibody for NF-kB subunit and horseradish
peroxidase—conjugated secondary antibody and tetramethylbenzidine substrate.
The absorbance of the samples was measured with a spectrophotometry
microplate reader set at 450 nm.

Pulse-chase assay. Purified naive CD4" T cells from aly/+ and aly/aly mice
were cultured for 4 h in methionine-free RPMI 1640 medium (Sigma)
supplemented with 3°S-labeled methionine (50 {1Ci/ml) on plates coated with
mADbs to TCR and CD28. Purified total extracts were immunoprecipitated with
rabbit anti-RelA. Radiolabeled proteins in the immunoprecipitate were resolved
by reduced SDS-PAGE; the dried gel was exposed to autoradiography film in a
phosphorimaging cassette.

Cell transfer. CFSE-labeled naive or memory CD4™ T cells (5 x 10° from
aly/aly, aly/+ or B6.Ly5.1 mice were transferred intravenously into irradiated
(700 cGy) B6.PL (Thy-1.17) or B6 mice. On day 7 after transfer, spleen cells
were analyzed to measure homeostatic proliferation via CFSE dilution by flow
cytometry. For analysis of in vivo antigen-specific T cell responses, 5 x 10°
CFSE-labeled naive CD4" T cells from aly/aly OT-II B6.PL and aly/+ OT-II
B6.PL mice were transferred intravenously into B6 mice; OVA peptide of amino
acids 323-339 (0-200 pg) was injected intraperitoneally into the mice; 3 d later,
proliferation of the donor cells in spleen and lymph node was analyzed by flow
cytometry. For induction of autoimmune lesions in aly/aly mice, 5 x 10°
enriched total CD4*, CD25"CD4" or naive CD4" cells from aly/+ or aly/aly
mice were transferred intravenously into Rag2~~ mice.
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Histological analysis. All organs of Rag2~'~ mice that had received cell transfer
were removed, were fixed with 4% phosphate-buffered formaldehyde, pH 7.2,
and were prepared for histological examination. Sections were stained with
hematoxylin and eosin. The disease incidence and severity in pancreata and
lacrimal glands was determined by the histological score of inflammatory
lesions as described>. For the inflammatory lesions of lungs, lymphocytes per
mm? were counted. Histological findings were estimated by three independent,
well-trained pathologists ‘blinded’ to sample identity.

Statistics. Student’s t-test was used for statistical analyses.
Note: Supplementary information is available on the Nature Immunology website.
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