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Although the role of p21We1<ipT gene expression is well docu-
mented in various cell culture studies, its in vivo roles are poorly
understood. To gain further insight into the role of p21Wafi/Cip1
gene expression in vivo, we attempted to visualize the dynamics of
p21Wafi/Cip1 gene expression in living animals. In this study, we
established a transgenic mice line (p21-p-luc) expressing the firefly
luciferase under the control of the p27Waf1Cip? gene promoter. In
conjunction with a noninvasive bioluminescentimaging technique,
p21-p-luc mice enabled us to monitor the endogenous p21Waf1/Cip?
gene expression in vivo. By monitoring and quantifying the
p21Wafiip1 gene expression repeatedly in the same mouse
throughout its entire lifespan, we were able to unveil the dynamics
of p21Wafi/Cip? gene expression in the aging process. We also
applied this system to chemically induced skin carcinogenesis and
found that the levels of p27Wf1/CieT gene expression rise dramat-
ically in benign skin papillomas, suggesting that p21Waf1/Cie1 plays
a preventative role(s) in skin tumor formation. Surprisingly, more-
over, we found that the level of p27Waf1/Cip! expression strikingly
increased in the hair bulb and oscillated with a 3-week period
correlating with hair follicle cycle progression. Notably, this was
accompanied by the expression of p63 but not p53. This approach,
together with the analysis of p27W2f1/Cip1 knockout mice, has
uncovered a novel role for the p21Waf1/Cip1 gene in hair develop-
ment. These data illustrate the unique utility of bioluminescence
imaging in advancing our understanding of the timing and, hence,
likely roles of specific gene expression in higher eukaryotes.

aging | cell cycle | hair cycle | imaging

he founding member of the mammalian cyclin-dependent

kinase (CDK) inhibitor family, p21W*f/Cipl is one of the best
characterized transcriptional targets of the pS53 tumor suppressor
protein (1-4). As a general inhibitor of CDKs, p21Wafl/Cip!
prevents phosphorylation of the retinoblastoma tumor suppres-
sor protein (pRb) thereby enhancing its growth suppressive
function (2, 3, 5). Thus, p21W4f/Ciel links the p53 pathway to the
pRb pathway, providing a tight security network toward tumor
suppression. Indeed, the tumor-suppressive role of p21 Wafl/Cirl i
well documented in various cell culture studies; up-regulation of
the p21%af1/Cip! gene expression participates in processes such as
DNA damage-induced cell cycle arrest, cellular senescence, and
terminal differentiation, each of which may prevent tumor
formation (5, 6). However, in vivo, the role of p21Wafl/Cipl
especially in the context of tumor suppression, remains unclear.
For example, mutations in the p2IWef/Cie! gene are rarely
observed in human cancers (7), and, although the majority of
mice lacking the p53 gene develop spontaneous tumors by 6
months of age (8, 9), mice lacking the p21#4//Cir! gene do not
exhibit any predisposition to spontaneous tumor formation (10,
11). These observations raise a question of whether the results
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seen in cell culture truly reflect the physiological roles of
p21Wafl/Ciel iy yjvo, However, because knockout experiments
performed to date have used mice with germ-line deficiencies at
the p21"W/l/Cipl gene locus, there is the possibility of develop-
mental compensation, as seen with other cell cycle regulators
(12, 13). Moreover, expression of the p2]W«1/Ci/ gene overlaps
with that of other CDK inhibitor family members in many
different tissues (5). It is, therefore, possible that the effects of
p21WaliCipl deficiency is somewhat compromised by develop-
mental or somatic compensation by functionally related CDK
inhibitors in p21%a/Ciel knockout mice. Alternative approaches
are therefore needed to supplement the in vitro studies and assist
in understanding the physiological roles of p2I%#/Cie! gene
expression in vivo.

Bioluminescence imaging (BLI) is an emerging approach that
is based on detection of light emission from cells or tissues (14,
15). Optical imaging by bioluminescence allows a noninvasive
and real-time analysis of various biological responses, such as
gene expression, proteolytic processing, or protein—protein in-
teractions, in living animals (16-20). In this study, we generated
a transgenic mice line (p21-p-luc) expressing the firefly lucif-
erase under the control of the p21%#1/Ci! gene promoter. Using
this mouse model, we explored the dynamics of p2]##/1/Cip! gene
expression in many different biological processes in vivo. This
approach, in conjunction with the analysis of p27%ef1/Ciel knock-
out mice, uncovered a previously uncharacterized function of
p21WalliCipl gene expression in hair development. The ability to
image p2]%e/1C! gene expression noninvasively therefore pro-
vides a valuable tool for studies on the role of p2/¥a1/Ciel gene
expression in vivo.

Results

To study how p21%4/1/Cipl gene expression is regulated in vivo,
we attempted to visualize the transcriptional activity of the
p21%WafliCipl gepe in living animals. To this end, a transgenic
mice line (p2l-p-luc mice) expressing the firefly luciferase
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Fig. 1. Characterization of the p21-p-luc mice. (A) The p21-p-luc mice
(8-week-old) were injected i.p. with doxorubicin (DXR) (20 mg/kg) and were
subjected to noninvasive BLI at various times after doxorubicin (DXR) injec-
tion. Representative images of five different experiments are shown. (8) The
same line of p21-p-luc mice were treated with doxorubicin (+DXR) (20 mg/kg)
or saline (—DXR) for 24 h, injected with luciferin, and incised through the
mouth and anus under anesthesia. Representative BLI data of five different
experiments are shown. The color bar indicates photons with minimum and
maximum threshold values.

driven by the p2]W«fl/Ciel gene promoter, which contains two
p53-binding sites, was established and subjected to noninvasive
in vivo BLI. Although basal levels of bioluminescent signals
were very low throughout the body, except for the paws. a
striking increase in signal was observed (particularly over the
abdomen) within 24 h of treatment with doxorubicin, a DNA
damaging agent that activates p53 (Fig. 14). These signals were
sustained until 36 h and then declined to baseline values within
the next 12 h (Fig. 14, 48 h). To define the organs expressing
high levels of luciferase activity, the same lines of transgenic
mice were treated with or without doxorubicin for 24 h,
injected with luciferin, and incised through mouth and anus
under anesthesia (Fig. 1B). As expected from noninvasive BLI
data (Fig. 14, 24 h), a significant induction of bioluminescent
signal was observed in liver and kidney in doxorubicin-treated
mice [Fig. 1B and supporting information (SI) Fig. 44]. A
substantial but less pronounced induction was observed in the
submandibular gland, spleen, bladder, and stomach (Fig. 1B
and SI Fig. 44). Similar but different dynamics of p2]¥a//Cip!
gene expression was observed by x-ray irradiation (SI Fig. 5).
Importantly, the levels of bioluminescent signal were well
correlated with those of endogenous p2I™e/1/Ciel mRNA (SI
Figs. 4 and 5), indicating that, in the p21-p-luc mice, luciferase
expression accurately reports the transcriptional dynamics of
p21WefliCipl gene expression in vivo. Furthermore, in concor-
dance with the levels of endogenous p21Wafl/Ciel expression,
luciferase activity was strikingly increased in the cortex and
medulla of the kidney (SI Fig. 6). Taken together, these results
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suggest that the p21-p-luc mice provide an ideal tool for the
analysis of p2]We/1/Cipl gene expression in vivo.

Although p53 serves the beneficial function of tumor suppres-
sion, p53 activation may, in some circumstance, act in a manner
detrimental to the long-term homeostasis of living organism
(21). Indeed, aberrant activation of p53 is known to accelerate
the aging process in mice, and the induction of p21%a/1/Cipl gene
expression has been shown to be involved this process (22, 23).
We thus next attempted to explore the dynamics of p21 Wef1/Cip!
gene expression throughout entire life span in p21-p-luc mice (51
Fig. 7). Unexpectedly, only a slight (3- to 4-fold) induction of
bioluminescent signal was observed in aged kidney but not in
other aged organs or tissues (SI Fig. 7). Surprisingly, moreover,
any signs of strong activation of p53 and DNA damage responses
were not observed in aged kidney (SI Fig. 7), indicating that the
induction of p2]#a/!/Cip! gene expression in aged kidney is likely
to be regulated by a p53-independent mechanism, although we
cannot rule out the possibility that weak activation of p53
contributes to the up-regulation of p2]#ef1/CiPl gene expression.

The up-regulation of p21"4f1/Cie! gene expression is implicated in
cellular senescence, the state of stable cell cycle arrest provoked by
diverse stresses including DNA damage and oncogenic ras expres-
sion in cultured primary cells (4, 24). To explore this notion in vivo,
p21-p-luc mice were subjected to a conventional chemically induced
skin tumor protocol with a single dose of DMBA for initiation and
biweekly treatment with 12-o-tetradecanoylphorbol 13-acetate
(TPA) for promotion. Because this protocol causes an oncogenic
mutation in the H-ras gene, it appeared to be ideal for studying
physiological responses against oncogenic ras expression in living
animals (25, 26). In agreement with previous reports (25, 26),
benign skin papillomas began to appear after 7-8 weeks of pro-
motion (Fig. 24). Notably, papilloma formation was accompanied
by the induction of a bioluminescence signal (Fig. 24), endogenous
p21Wal/Cipl expression, and activation of p53 (Fig. 2B). These
observations, together with previous studies that indicate that
disruption of the p21#a1/Cp! gene results in an increase of papil-
loma formation or carcinoma formation (27-29), strongly suggest
that p21WaVGel plays a preventative role against oncogenic ras-
signaling in vivo.

Because noninvasive BLI permits continuous readout of gene
expression in living animals (14, 15), we next examined the
kinetics of p27We/1/Cipl gene expression toward papilloma for-
mation. To our surprise, a remarkable bioluminescent signal was
observed well before papilloma appearance and oscillated with
a 3-week period (Figs. 2 C and D). Uneng.cted , MOreover, a
remarkable expression of endogenous p21Wa/Cipl was observed
in the hair bulb, but not in the skin itself (Fig. 2E), suggesting
that p21W4fV/Cip! may play a role in hair development. To produce
new hairs, existing hair follicles undergo cycles of growth (ana-
gen), regression (catagen), and rest (telogen) (30). Because TPA
treatment has been shown to promote entry of hair follicles into
their anagen phase (31), we next asked whether the oscillating
bioluminescence signal in DMBA/TPA-treated skin reflects hair
follicle cycle progression. Although TPA treatment, in itself, did
not cause skin papilloma formation, a similar oscillation of
bioluminescence signals and p21%a/1/Clip! mRNA expression was
induced by TPA treatment alone (SI Fig. 8). Notably, this was
accompanied b‘z remarkable hair growth (SI Fig. 84), suggesting
a role for p21Wafl/Ciel in the hair follicle cycle progression in
mouse skin.

To substantiate this idea in a more physiological setting, we
next tested whether p21W*1/Cipl expression oscillates throughout
the natural hair follicle cycle, exploiting the fact that hair follicle
cycles are synchronized for the first two postnatal periods of hair
follicle growth in mice (32). Although the dynamics of hair cycle
progression were visually undetectable during the second post-
natal hair follicle cycle, BLI was sensitive enough to monitor
oscillating p21Wafl/Ciel expression (Fig. 34). The levels of biolu-
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Oscillation of bioluminescence signals in DMBA/TPA-treated mouse skin. (A) The p21-p-luc mice treated with DMBA/TPA or with acetone (control) were

subjected to noninvasive BLI at indicated time points after TPA treatment. Representative images of 12 different experiments were shown (Lower). These
papillomas and control skin were photographed in regular lighting (Upper). The color bar indicates photons with minimum and maximum threshold values. (8)
H&E staining and the immunochistochemistry for endogenous p21%*/1/5p! expression, phosphorylation of p53 at serine 18 residue, and p53 expression were
performed by using biopsy samples of skin papilloma (Right) or control normal skin (Left). (C) Noninvasive BLI was performed throughout the time course after
DMBAJTPA treatment (Upper) or acetone control (Lower). Mice were imaged at 0.5-week intervals after TPA treatment. Representative images of 12 different
experiments were shown. The color bar indicates photons with minimum and maximum threshold values. (D) The intensity of bioluminescence signal throughout
the time course was graphed. (£) Immunohistochemistry was conducted to examine the endogenous p21Waf/Ce! expression in the dorsal skin at 3 weeks after
TPA treatment (corresponding to the first peak of bioluminescence oscillation). A magnified image of hair bulb is shown (Lower).

minescence signals reached their peak at postnatal day 28 (P28);
endogenous p21WafVCiPl expression was also strongly observed in
the precortex area above the hair matrix (differentiating cell
area) at this time (Fig. 34). These data suggest that p21Wa{/Cip!
may regulate the size of hair bulb and thereby control the hair
phenotype.

To explore this possibility, microscopic examination of the
various hair types was conducted by using mice with different
p21WariiCipl genotypes (10). The morphology of the four main
hair types (guard, awl, auchene, and zigzag) was not significantly
different among three different genotypes (p217'*, p21™'~,
p21~/7) (data not shown). However, the proportion of zigzag
hairs, which are produced by the smallest hair bulb, was signif-
icantly reduced in p21'/~ mice, whereas awl hairs and auchene
hairs, which are produced by the intermediate-sized hair bulb,
were increased (Fig. 3B). Curiously, these effects were less
pronounced in p21~'~ mice (Fig. 3B). Importantly, however,
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unusually high level of p27¥i! expression, another member of
the p21Wa/Cipl family CDK inhibitors, was observed in the hair
bulb of p21~'~ mice (Fig. 3C). Thus, it is likely that the effects
of p21W/Cipl deficiency are concealed, at least in part, by
up-regulation of p27¥'?! expression in the hair bulb of p21~'~
mice. In line with this observation, the proportion of zigzag hairs
has been shown to reduce in p27¥P! knockout mice (33),
suggesting that p21WafCipl and p27%iP! possess overlapping
role(s) in hair development.

It is worthwhile to note that a similar level of p21W#fl/Cipl
expression was observed in anagen hair bulbs, regardless of p53
gene status (SI Fig. 94). Moreover, the proportion of four main
hair types was not substantially different among mice of three
different genotypes (p53*/*, p53*/~, p53~/~) (SI Fig. 9B), sug-
gesting that p53 is not a major player in this setting. Interestingly,
although we were unable to see any p53 expression in the hair
bulb throughout hair follicle cycle (data not shown), the levels of
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p63 (34), a member of p53-family of transcription factors, were
dramatically increased in anagen hair bulbs (Fig. 34). Together,
these results imply that p63, but not p53, may play a critical role
in the regulation of hair development.

Discussion

In this study, we generated a transgenic mouse model to visualize
p21™efliCipl gene expression in living animals. The p21-p-luc mice
carry the firefly luciferase ¢cDNA under the control of the
p21WefliCipl gene promoter. Because this promoter contains two
canonical p53-binding sites, this mouse model is expected to be
an ideal system for monitoring not only p21%4///Cip! gene expres-
sion, but also p53 activation in vivo. Indeed, a dramatic induction
of bioluminescent signal was observed in various organs within
24 h upon treatment with doxorubicin, a well known DNA-
damaging agent that activates p53 (Fig. 1 and SI Fig. 4). Notably,
different dynamics of p2]##7/Cipl gene expression were observed
when p21-p-luc mice were irradiated with x-ray (SI Fig. 5). In
both cases, the levels of bioluminescent signals observed were
well correlated with those of endogenous p2]%4/Cipl mRNA
detected by RT-PCR analysis (Fig. 1 and SI Figs. 4 and 5),
indicating that the p2l-p-luc mice provide an ideal tool to
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monitor the expression of p21"f1/Ci! gene and/or activity of p53
in living animals. Interestingly, neither doxorubicin nor x-rays
induced p2I"af!/CP! gene expression in the small intestine,
implying that p53 is not a major regulator of p21#af!Ciplgene
expression in the small intestine, as suggested by previous
studies (35).

By monitoring and quantifying p21"%/Ciel gene expression
repeatedly in the same mouse throughout its entire life span, we
revealed the dynamics of p2]%af7/Cl! gene expression during the
aging process in living mice. Only a slight (3- to 4-fold) induction
of bioluminescent signal was observed in kidney, but not in other
organs, as mice age (SI Fig. 7). Moreover, strong signs of p53
activation and DNA damage responses were virtually undetect-
able in aged kidney (SI Fig. 7). These results were unexpected
because several lines of evidence suggest that p53-dependent
induction of p21©PYWafl js inyolved in the aging process (22, 23,
36). Our results are, however, consistent with a recent RT-PCR-
based study showing that only a slight increase in the p2]#e/1/Cip!
gene expression was seen in tissues from old mice versus young
mice (37, 38). Moreover, it has been shown that increased p53
expression under the endogenous p53 gene promoter protects
mice from tumorigenesis without showing any indication of
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accelerated aging (39). Furthermore, p21W#fl/Cip1 appears to play
protective effects on stem cell exhaustion and ionizing radiation,
which may underlie the long-term homeostasis throughout entire
life span (40-42). Thus, it is likely that the role of p21#4/1/Ci! jn
organismal aging is context-dependent and more complicated
than envisaged.

Another important aspect of the p53/p21Wa/C¢! pathway is
the induction of cellular senescence (4, 24), the state of perma-
nent cell cycle arrest provoked by a variety of oncogenic stimuli
including oncogenic ras expression in cultured primary cells
(43-45). Because this mechanism is poorly understood in vivo
(46), we tested this notion using our in vivo BLI system. Indeed,
DMBA/TPA treatment, which causes an oncogenic mutation of
the endogenous H-ras gene (25, 26), resulted in a significant
induction of p21™a/1/Cipl expression accompanied by skin papil-
loma formation (Fig. 24). Because the induction of p27%&//Cipl
expression can be seen from the very beginning of papilloma
formation and was further enhanced as the papillomas devel-
oped (Fig. 24), the p21%afl/Cipl gene is likely to play multiple
roles in preventing benign skin papilloma formation and/or
malignant conversion. These results are somewhat consistent
with two conflicting reports; one shows that disruption of the
p21WerliCiel gene accelerates benign skin papilloma formation
but not malignant conversion (27), and the other shows that
disruption of the p2/Wa1/Ciel gene accelerates malignant con-
version but not benign skin papilloma formation (28).

During the time-course BLI experiments in skin tumor for-
mation, we unexpectedly found that the expression of p21Wa/!/Cip!
oscillates over the 3-week time course of the hair follicle cycle
(Figs. 2 C and D and 34). Moreover, although the morphology
of the four main hair types was not remarkably different, the
proportion of zigzag hairs, which are produced by the smallest
hair bulb, was significantly reduced in p21*/~ mice (Fig. 3B).
Surprisingly, the effects of p21Wafl/Cipl deficiency were less
pronounced in p21~'~ mice than in heterozygotes (Fig. 3B)
because of an up-regulation of p27Xi®! expression in the hair bulb
of p21~'~ mice (Fig. 3C). In concordance with this notion, recent
study revealed that the proportion of zigzag hairs is substantially
reduced in mice lacking p27%' (33) Thus, there is cross-talk
between p21W#!/Cip! and p27%P! in controlling hair phenotype.
Note that the proportion of zigzag hairs is also reduced in mice
lacking the SoxI8 gene (47), and Sox family transcription factors
are known to activate p2]%4/7/Ce! expression (48). Thus, it is
tempting to speculate that Sox18 controls hair phenotype
through regulating p2]#¢/7/Ci! gene expression in the hair bulb.
It is also important to note, however, that the expression of p63
(34), a member of p53 family transcription factor, overlapped
with that of p21Waf//Cipl jn the hair bulb (Fig. 34). It is therefore
likely that p2]¥#/Ciel gene expression is controlled by multiple
factors in hair bulbs.

We are currently uncertain about the biological consequence
of alteration of the zigzag hair proportion in p21*"~ mice.
However, because the hair coat plays a crucial role in controlling
body temperature in the wild, it is interesting to speculate that
p21WalliCipl and/or p27%iP! may be involved in temperature
control in the wild. Taken together, our results reveal an
unexpected role for p21Wa/Cip! and provide an insight into how
the hair phenotype is determined. Visualizing the dynamics of
p21%alliCipl gene expression in living mice, therefore, provides a
powerful tool for not only help to resolve and clarify issues
connecting in vitro studies but also reveals unrecognized func-
tions of this key proliferative regulator in various physiological
processes in vivo.

Materials and Methods

Generation of p21-p-luc transgenic mouse. The 2.5-kb fragment of
the p2]%ai/Cipl gene promoter containing two p53-binding sites
(GenBank accession number: NW_923073.1; from 9663447 to
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9665888) was placed in front of the firefly luciferase reporter
¢DNA in the pGL3-basic plasmid vector (Promega, Madison,
WI) (see plasmid construction map in SI Fig. 10). The plasmid
DNA was digested with Xhol and Sall, and the DNA fragment
containing the p2]%a1/Cip! gene promoter, luciferase cDNA, and
polyA signal was isolated and used for microinjection. The
transgenic mouse strain was generated by pronuclear microin-
jection of the reporter transgene into fertilized CD1 oocytes.
Genotyping of transgenic mice was determined by PCR and was
confirmed by whole-body BLI. One transgenic line, #34
(CDB0415T-34), was selected for studies described in this article
because the levels of bioluminescence signals were well corre-
lated with those of endogenous p21##/Ce! mRNA. All animals
were cared for by using protocols approved by the Committee for
the Use and Care of Animals of the University of Tokushima.

Bioluminescence Imaging. For the detection of luciferase expres-
sion, mice were anesthetized, injected i.p. with D-luciferin so-
dium salt (75 mg/kg) 5 min before beginning photon recording
(16-20). Mice were placed in the light-tight chamber, and a
gray-scale image of the mice was first recorded with dimmed
light, followed by acquisition of luminescence image by using a
cooled CCD camera (Princeton Instruments, Trenton, NJ). The
signal-to-noise ratio was increased by 2 X 2 binning and 5 min
exposure, unless otherwise stated in the text. For colocalization
of the luminescent photon emission on the animal body, gray
scale and pseudocolor images were merged by using IMAGE-
PRO PLUS (Media Cybernetics, Bethesda, MD).

Tumor-Induction Experiments. Twelve mice of the p21-p-lucline, in
the resting phase of the hair cycle (8-week-old), were shaved and
treated with 7,12-dimethylbenzanthracene (DMBA) (100 ug in
100 ul of acetone). One week after DMBA treatment, mice were
subsequently treated twice a week with TPA (12.5 pg in 100 ul
of acetone) for 20 weeks (25, 26). Control mice were treated with
acetone instead of DMBA/TPA.

Semiquantitative RT-PCR. Total RNA was isolated by using TR1zol
reagent (Invitrogen, Carlsbad, CA), and 2 ug of total RNA was
used for the reverse-transcriptase reaction. The PCR was per-
formed by using Blend Taq polymerase (TOYOBO, Osaka,
Japan) with primers specific for the mouse p21"e/1/Cip? gene and
the mouse B-actin gene. The PCR primer sequences used are
shown in SI Text.

Real-Time RT-PCR. Quantitative real-time RT-PCR was performed
by using the SYBER Premix EX Taq system (TAKARA, Otsu,
Japan) and an ABI Prism 7900HT (Applied Biosystems, Foster
City, CA). Amplified signals were confirmed to be single bands
by gel electrophoresis and were normalized to the levels of
GAPDH. Data were analyzed by using SDS2.1 software (Ap-
plied Biosystems). The PCR primer sequences used are shown in
SI Text.

Histology and Immunohistochemistry. Biopsies of mouse skin taken
from the middorsal region were fixed in 10% formalin for a 24 h
or longer, progressively dehydrated through gradients of alcohol,
and embedded in paraffin. Samples were sectioned on a mic-
rotome (5-pum-thick), deparaffinized in xylene, rehydrated, and
then stained with hematoxylin and eosin (H&E). The hair cycle
status was determined by histological examination. For antibody
staining, deparaffinized and rehydrated sections were exposed to
heat-induced antigen retrieval for 5 min or 20 min in 10 mM
citrate buffer (pH 6.0). After washing in PBS, endogenous
peroxidase activity was quenched for 15 min in 1% H;0; in
methanol, followed by washing with PBS. The sections were
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incubated in blocking serum for 1 h at room temperature. After
incubation with primary antibodies overnight at 4°C, biotin-
ylated anti-mouse secondary antibody was applied and detected
by the avidin-biotin peroxidase technique using the DAB kit
(DAKO, Glostrup, Denmark) and then counterstained with
methyl green. For immunofluorescence. the relevant Alexa
Fluor 488 goat anti-mouse or 546 goat anti-rabbit antibodies
(1:1,000; Invitrogen) were used for detection of primary anti-
bodies. Fluorescence images were observed and photographed
by using an immunofluorescence microscope (Carl Zeiss,
Oberkochen, Germany). The primary antibodies used are shown
in ST Text.
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Hair Measurements. Hair was removed from the middorsal region
of each mouse (8-week-old) to reduce the potential regional
variation, although this is not known to occur in the dorsal region
of the mouse. One hundred hairs were examined to determine
the percentage of each hair type.
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Regulation of naive T cell function by the NF-xB2

pathway

Naozumi Ishimaru'?, Hidehiro Kishimoto?, Yoshio Hayashi’> & Jonathan Sprent!*

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-xB-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-xB is key in the regulation of many
inflammatory processes of immune cells'. The NF-kB family consists
of five subunits: NF-xB1 (p105-p50), NF-xB2 (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-kB! 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-xB activation through a
variety of intracellular signaling molecules®. Initially, TCR-CD28
signaling via many adaptor molecules leads to activation of protein
kinase C-8 (PKC-8)°. Thereafter, CARMA1-Bcl-10-MALT1 proteins
‘downstream’ of PKC-0 activate IkB kinase (IKK) complexes, includ-
ing IKKx, IKKp and the adaptor protein IKKy (also called NEMO)®”.
Activated IKK complexes then phosphorylate IkB, releasing it from its
constitutively bound state with cytoplasmic NF-kB complexes (mainly
NF-kBI-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 (TL-2) as well as IL-2 receptor (IL-2R, also called CD25) in T cells®'°,

As for the alternative, nonclassical NF-xB pathway, signals from
specific cytokine receptors (such as the lymphotoxin-f receptor)
activate NF-kB-inducing kinase (NIK) as well as PKC-6 and
CARMAI1-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-xB 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 (Nfkbl1™~) mice, and these
mice show increased susceptibility to experimental autoimmune
encephalomyelitis, typhlocolitis and infection with Leishmania major
but are resistant to asthma'*"". 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'®'9,
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?"?%. Finally, mice deficient in c-Rel
(Rel"") have B cell defects, impaired T cell proliferative responses and
reduced susceptibility to experimental autoimmune encephalomyeli-
tis?®?%. 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 (Map3k14~'~) mice and also mice
with alymphoplasia (Map3kI4¥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-xB activation in CD4* T cells. (@) 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 pg/ml) and anti-CD28

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

(b) EMSA of NF-xB 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. (¢) 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.

processing of p100 to p52 through IKKa both in hematopoietic cells
and osteoclasts?® 7, Map3kl4”~ 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?®*-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
based 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)***%. In
mice, low or intermediate expression of CD44 (CD44"° or CD44™)
indicates a naive differentiation status, whereas CD44" 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.

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-xB-binding DNA
probe. After total CD4" T cells were stimulated with plate-bound
monoclonal antibodies (mAbs) to TCR and CD28, activation of
NE-xB, measured in nuclear extracts of the cells, reached a peak
after 24 h and then decreased to undetectable amounts by
72 h (Fig. 1a). 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-xB activation in naive and memory CD4" T cells,
we stimulated enriched subsets of normal B6 CD44° (naive) and
CD44" (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
CD4* 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-xB 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-xB protein subunit (‘supershift assay’)
showed that the mobility shift of the NF-xB 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-xB in naive CD4 " cells
reflects nuclear translocation of NF-xB1 (p50)-RelA, with little or no
contribution from NF-xB2 (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 Map3k14~~ 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™~, alyfaly and Map3ki4”~ CD4" cells
was only mildly improved after removal of CD25*CD4"cells; that is,
cells with T regulatory function (Tieg cells)**-¥7 (Fig. 2a—). That
finding was unexpected because removing CD25" Ty, cells from
control CD4" cell samples, thus leaving CD25°CD4" cells, led to
enhanced responses (Fig. 2¢, left versus right). Notably, CD25*CD4*
cells are nearly all CD44™, but about 50% of CD44" 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
CD44b cells, thus leaving enriched naive CD25-CD44°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 CD44™ 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 CD44" 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. 2a,b,d versus
Fig. 2d-f). We noted the hyper-responsiveness of CD44'°CD4" aly/aly
cells in samples from Map3kl4”/~ 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 CD44™ 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’ CD44" cells by
removal of CD25" cells (which included activated T cells as well as Treg
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 CD25CD44" memory T cells (called ‘CD44"CD4* memory
T cells’ here) when total CD4* T cells are assayed. As discussed
below, the properties of CD44™CD4" 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

from wild-type mice function as helper T cells a Total CD4* CD25-CD4* 2 80 CD25-CD4*
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Thy-12%) with CFSE-labeled CD44'°CD4*
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from wﬂd-t); e mice, the helper effect of Figure 2 T cell responses of mice deficient in NF-xB2-RelB. (a,b) Proliferation assays of total CD4*

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
CD44%CD4* 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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and enriched CD25-CD4* cell populations from spleens of Relb™-, aly/aly, NIK-deficient (Map3k147'-)
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 ug/ml (horizontal axes) of mAb to TCR (x-TCR)
and 20 pg/ml of mAb to CD28. (d-g) Proliferation assays of CD25-CD4* cells and enriched subsets

of CD44'°, CD44'™ and CD44" 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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Figure 3 IL-2 secretion and IL-2R synthesis by aly/aly CD4* subsets. (a) ELISA of IL-2 in culture supernatants of aly/aly and aly/+ naive CD44" and
memory CD44"CD4* T cells stimulated (time, horizontal axes) by TCR-CD28 ligation (as in Fig. 1a). Data are means + s.d. of triplicate samples and are
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 CD44"CD4* T cells stimulated for 24 h with mAb to TCR (0.1-5 ug/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

five independent experiments.

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
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
surface expression was much greater on aly/aly cells than on wild-type
cells (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 CD44%CD4* memory
T cells, aly/aly CD44"CD4* 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 CD44"CD4* 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
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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 T, 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
CD4" 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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their merged fluorescence. We obtained simi-
lar results for naive aly/aly cells, although in
this case the fluorescence of NF-kB1 and RelA
was stronger in the nucleus than in the
cytoplasm, suggesting increased nuclear trans-
location (Fig. 5a). In support of that conclu-
sion, immunoblot analysis of nuclear extracts
showed substantially more p50 and RelA in
aly/aly cells than in aly/+ cells (Fig. 5b). In
contrast, NF-xB2 and RelB were almost unde-
tectable in the nuclei of both aly/aly and aly/+
cells, despite high expression of both proteins
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in the cytoplasm of aly/+ cells (Fig. 5a). These
data confirmed that at 1 d after TCR-CD28
ligation, nuclear translocation of NF-kB was
restricted mainly to NF-kBl (p50)—RelA
dimers (Fig. 1). There was also enhanced
nuclear translocation of p50 and RelA in
naive Relb~' cells, as demonstrated by both
confocal and immunoblot analyses (Supple-
mentary Fig. 5 online). Thus, hyper-respon-
siveness of naive aly/aly and Relb™~ CD4* T
cells correlated with increased nuclear trans-

200 pg

98,

Figure 4 Proliferative responses of naive and memory aly/aly CD4* subsets in vivo. (a) Flow cytometry
of CFSE-labeled naive CD44'° or memory CD44M CD4* T cells (5 x 10€) 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 10°) from B6 Ly5.1 mice transferred together
with unlabeled aly/+ or aly/aly memory cells (2.5 x 10% or 5 x 105; both Ly5.2) into irradiated

(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-11 or aly/+ OT-1l mice cultured for 72 h in vitro
with irradiated (1,500 cGy) T cell-depleted B6 spleen cell samples (5 x 10° cells) in the presence

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-Il versus aly/+
OT-11 cells. (d) Flow cytometry of CSFE-labeled naive CD4* T cells (5 x 10%) from aly/aly or aly/+ OT-II
B6.PL mice (both Thy-1.1*) transferred intravenously into B6 (Thy-1.2*) mice; 1 d later, OVA peptide
(0-200 pg) was injected intraperitoneally into recipient mice. Thy-1.1*VB5.2*CD4* T splenocytes
were analyzed 3 d after peptide injection. Numbers above horizontal lines (a,b,d) indicate percentages
of divided cells from the fourth division. Results are representative of two (b) or three (a,c,d)

independent experiments.

of CD44"CD4* 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 CD44"CD4* 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-xB 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-xB 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-xB1 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-xBl (p50)-RelA compared
with that of wild-type naive T cells.

Through IxB-like ankyrin repeats, NF-kB2
pl100 can bind other NF-xB 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 p100, which enhances nuclear
translocation of p50-RelA and NF-kB-mediated gene transcription
and cell activation.

For aly/+ CD44"CD4* memory T cells, there was increased
production and nuclear translocation of both NF-xkBl and
RelA after TCR-CD28 ligation, although less than for naive
aly/+ cells (Fig. 5a). Nuclear translocation of the alternative NF-kB2
and RelB proteins was very prominent for aly/+ CD44"MCDa*
memory T cells and correlated with much more p52 in total
cell lysates (Fig. 5¢). In notable contrast, aly/aly CD44"CD4" memory
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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
for 24 h with TCR-CD28 ligation (as in Fig. 1),
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
labeled (green) or Alexa Fluor 568-labeled (red)
anti-mouse or anti-rabbit 1gG. M, merged image.
Original magnification, x630. (b) Immunoblot
to detect p50 and RelA in nuclear extracts

from naive aly/aly and aly/+ CD4* T cells
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T cells demonstrated no detectable nuclear translocation of RelA,
NF-xB1, NF-xB2 or RelB (Fig. 5a). For NF-xB2, p100 was apparent
in the cytoplasm of aly/aly CD44%CD4' memory T cells, as
shown by both confocal microscopy (Fig. 5a) and immunoblot
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
NE-xB1-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 pl00,
perhaps reflecting p100-to-p52 processing; delayed nuclear transloca-
tion of p52-RelB in aly/+ cells was also apparent by confocal micro-
scopy (Fig. 6c). These observations strengthen the view that via direct
protein-protein interaction, p100 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-xB activation in aly/+ naive CD4" cells
involves a ‘switch’ from NF-kB1- to NF-xB2-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 (RagZ~ 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. 7c), 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 T, 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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activation of mature T cells requires signaling
via NIK as well as PKC-8'3. Because NIK
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Figure 6 Kinetics of NF-kB1 and NF-xB2 expression in naive CD4* cells after TCR ligation.

(a) 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-xB2. 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. (¢) Confocal analysis of NF-xB subunits in naive CD4* cells from B& 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

independent experiments.

responses and related cytokine production but also to induction of
autoimmune disease after transfer into RagZ~~ hosts.

DISCUSSION

For T cells, primary immune responses generally require the classical
NE-kB1 pathway*’; whether T cell activation also requires the non-
classical NF-xB2 pathway is less clear. Nevertheless, studies of NIK-
deficient aly/aly mice have led to the conclusion that ‘optimal’
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made two main points in this context. The
poor immune response of total aly/aly T cells
(equally true for NIK-deficient Map3ki4”'~
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
T cells can be suppressed by a population of CD25"Foxp3*CD4" T,
cells and are enhanced when T, cells are eliminated®®#C. 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,y cells (specifically
Foxp3* cells) is only 20-30% of the number

Eacxinel ghend of such cells in wild-type mice. However, the
r E:"::;y aly/aly CD257CD4" Ty cells are suppressor
3 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 T, cells
from aly/aly and control mice was compar-
able. Hence, except for an overall reduction in
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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 108 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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