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Abstract
Inducible protection from apoptosis in vivo controls the size
of cell populations. An important question in this respect is
how differentiation affects mechanisms of apoptosis regula-
tion. Among mature T lymphocytes, the NF-jB/Rel transcrip-
tion factors are coupled to receptors that control cell
population sizes by concurrently regulating survival and
multiplication. In the present study, we used a transgenic
inhibitor of NF-jB/Rel signaling to investigate the role of this
pathway in proliferation and death of mature T cells in vivo.
The results indicate that NF-jB integrates two critical yet
distinct molecular pathways preventing apoptosis affected by
the death receptor Fas, coordinately regulating levels of FLIP
and Bcl-xL in primary T cells. Surprisingly, NF-jB blockade
preferentially impacted naive as compared to memory T cells.
The Fas/FasL pathway was linked to these findings by
evidence that the abnormalities imposed by NF-jB inhibition
were ameliorated by Fas deficiency, particularly for the CD4+

lineage. Moreover, levels of an inhibitor of Fas-mediated
apoptosis, c-FLIP, were diminished in cells expressing the
transgenic inhibitor. NF-jB was also linked to T cell survival
in vivo by mediating induction of Bcl-xL: restoration of Bcl-xL
levels reversed the preferential deficit of naive T cells,
differentially impacting the CD4 and CD8 subsets. These
results show that promoting survival and effective multi-
plication are central roles for NF-jB in T lymphoid home-

ostasis in vivo, but this effect and its underlying mechanisms
are influenced by the developmental state of the lymphocyte.
Cell Death and Differentiation (2003) 10, 1032–1044. doi:10.1038/
sj.cdd.4401257
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Introduction

Signal-induced regulation of apoptosis makes key contribu-
tions to the determination of cell population size during
homeostasis, growth, differentiation, and tissue remodeling.
Cellular differentiation may take place concurrent with the
growth or maintenance of tissues, so that the influence of
developmental state on the function of specific molecular
mechanisms of cell survival in vivo is a fundamental question
in understanding these processes. Lymphoid cell populations
represent an attractive model for studying the effect of
differentiation state on mechanisms of apoptosis regulation.
The immune system establishes and maintains homeostasis,
that is, normal sizes and subset compositions, for pools of
differentiated CD4+ and CD8+ lineages of T cells.1,2 The size
of each mature T lymphoid population results from thymic
production rates, signal-dependent survival of resting and
activated T lymphocytes, the multiplication and death of these
cells during immune responses, and differentiation into a
memory-phenotype subset derived from naive T cells.1–6

Moreover, T cells can sense niche availability in peripheral
compartments so as to regulate the pool of cycling T cells by
limiting or increasing clonal expansion.7–10 Thus, an addi-
tional mechanism which can contribute to restoration of
normal T cell numbers has been termed homeostatic
proliferation. However, the molecular mechanisms that
establish and maintain normal T cell numbers within these
developmental subsets are not understood.
Survival of naive T cells depends on the presence of an

appropriate ligand for the T cell antigen receptor (TCR).11–14

The NF-kB/Rel protein family provides critical integration
between signal transduction and transcription pathways
activated in T cells after engagement of the TCR, costimula-
tory molecules, and cytokine receptors.15–17 Thus, it has been
important to determine the role of NF-kB in T cell survival,
death, and homeostasis in vivo. However, this goal has been
complicated by functional redundancy amongmembers of the
family, and no knockout of these genes has been shown to
play a cell-intrinsic role in determining lymphoid population
size or apoptosis rates in vivo (reviewed in Ghosh et al.15). To
bypass potential functional redundancy among NF-kB/Rel
proteins and investigate the role of this family in the death of T
cells, we generated transgenic mice expressing amutant form
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of IkB specifically in T lineage cells.18 Expression of this
mutant protein, termed IkBa(DN), functioned as an effec-
tive repressor of NF-kB/Rel signaling in T lineage cells.
Although thymic precursors of the mature T cell subsets were
virtually normal in these mice, interference with NF-kB
induction led to a substantial reduction of the CD4+ subset
and a dramatic decrease of CD8ab+ mature T cells in the
periphery.18,19 In addition, our in vitro analyses indicated that
IkBa(DN) T cells exhibit increased apoptosis after TCR
crosslinking with anti-CD3.18 These findings suggested that
mechanisms operative in the periphery to be responsible for
the dramatic deficits in the population of mature T cells
because of NF-kB blockade. Alternatively, however, a
decrease in the pool of TCRhi CD8 single positive thymocytes
and other evidence of decreased positive selection when NF-
kB is inhibited raise the possibility that a decreased rate of T
cell production in the thymus exclusively accounts for the
deficit of mature T cells.18,20 Furthermore, the signaling
requirements for survival differ between naive lymphocytes
and their differentiated progeny, memory-phenotype T cells
(reviewed in Dutton et al.11; Boothby et al.21). Thus, naive
but not memory T cells require the antigen receptor to
survive, whereas signaling through hematopoietin receptors
sharing the common gamma (gc) chain contributes differen-
tially to the homeostatic expansion of naive versus memory-
phenotype T cells.21–24While these observations suggest that
survival and thus homeostasis are maintained through the
integration of signals from the TCR and collaborating
receptors, very little is known about the differences in
programming between naive andmemory-phenotype subsets
in terms of the signaling pathways or transcription factors
essential for preventing T cell apoptosis and allowing multi-
plication in the periphery.
In the present study, we have dissected the role of NF-kB in

death and homeostasis of differentiated subsets of T cells.
Blocking NF-kB signaling led to major defects of T cell
multiplication in vivo. Surprisingly, however, it was found that
the expansion of naı̈ve T cells was preferentially dependent
on NF-kB signals as compared to memory-phenotype cells.
This differential role of NF-kB was associated with a
progressive distortion of the balance between these two
subsets. Two apoptosis-related mechanisms were linked to
these homeostatic defects in IkBa(DN) mice. First, the
population of naive T cells in vivo was decreased in
association with attenuated Bcl-xL inducibility, and CD4
T cell numbers were restored in an epistasis analysis using
constitutive Bcl-xL expression in T cells. The data also
indicated that NF-kB proteins play a role in the control of
T cell AICD in vitro, and Fas expression contributes to the
deficits of mature T cells in vivo, particularly for CD4+ cells.
This finding was correlated with decreased induction of FLIP,
an inhibitor of death receptor signals, in naive T cells whose
NF-kB induction is inhibited. Taken together, the data show
that NF-kB inducibility in normal T lymphocytes plays a critical
role in maintaining their numbers in vivo by promoting the
survival of naive T cells, but highlight that the differentiated
state within the T lineage determines the degree to which
specific molecular mechanisms (NF-kB, Bcl-xL) regulate cell
survival. The findings further suggest that mechanisms
promoting the survival of naive T cells include a dependence

on NF-kB for coordinate induction of antiapoptotic factors as T
lymphocytes reside in their microenvironment, leading to
resistance to Fas-induced death.

Experimental Procedures

Mice

IkBa(DN) transgenicmice (Tg), in which expression of a stable
inhibitor of NF-kB/Rel activation25 is targeted to the T cell
lineage using the lck promoter and CD2 locus control region,
have been described previously.18 IkBa(DN) transgenic mice
on a BALB/c (H-2d; BCZ6) background were bred with
DO.11.10 TCR transgenic BALB/c mice, and those on a
C57BL/6 background (H-2b; BCZ5) were bred with lines for
the previously described 2C TCR transgene.26 Mice carrying
the autosomal recessive lpr mutation on a C57BL/6 back-
ground were obtained from The Jackson Laboratory (Bar
Harbor, ME, USA). IkBa(DN) transgenic mice on BALB/c and
C57BL/6 backgrounds were bred with transgenic mice
constitutively expressing Bcl-xL (provided by Dr. Craig
Thompson;27) and crossed onto BALB/c or B6 backgrounds.
IkBa(DN), DO-11.10-TCR double-transgenic mice were sub-
sequently bred with Bcl-xL, DO-11.10-TCR double-transgenic
mates to generate DO-11.10-positive littermates expressing all
four combinations of IkBa(DN) and Bcl-xL transgenes. Genotyp-
ing of the DO.11.10, 2C TCR, Bcl-xL transgenes, and lpr mice
was performed by PCR. Mice were maintained in microisolator
cages under SPF conditions, and used in accordance with
applicable regulations with institutional approval.

Antibodies, fluorescence reagents, and flow
cytometric analyses

Biotinylated and fluorochrome-conjugated antibodies against
CD8 (biotin, FITC or r-PE), CD4 (biotin, FITC or r- PE), TCR
Vb8.1/2 (r-PE), CD44 (FITC), CD62L (FITC), CD69 (FITC),
Ly6C (biotin), Thy1.2 (biotin), and activated caspase-3 (r-PE)
as well as streptavidin-PerCP were obtained from B-D
PharMingen (Mountain View, CA, USA). Anticlonotypic
antibodies against the DO-11.10 and 2C TCRs were purified
from the appropriate hybridomas (KJ1-26 and 1B2, respec-
tively) and biotinylated. Magnetized microbeads for magnetic
cell sorting (strepavidin-, anti-CD8, -MHC-II, and -CD62L-
conjugated) were obtained fromMiltyeni BioTec (Auburn, CA,
USA), 7-actinomycin D (7-AAD) from Molecular Probes
(Eugene, OR, USA). Most flow cytometry was performed as
described previously,18,19 while Bcl-xL expression was deter-
mined by flow cytometry as described28 and the levels of
activated caspase-3 were measured according to the manu-
facturer’s instructions.

Cell and preparative sorting

Single cell suspensions were prepared from thymus, spleen or
lymph nodes as described previously.18 For preparative cell
sorting, Thy1.2+ lymphocytes from spleen and lymph node of
wild-type (WT) and IkBa(DN) transgenic mice were obtained
by positive selection using streptavidin-magnetic beads
(Miltyeni BioTec). Cells were incubated with biotinylated
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anti-Thy1.2 antibody (15min at 41C), washed with bovine
serum albumin (0.5% w/v in PBS), and incubated for 10min at
41Cwith streptavidin-magnetic beads. After 10min, cells were
washed extensively and cells bound to the anti-Thy1.2
antibody were applied to a column and subjected to positive
selection using a magnet (Miltyeni BioTec). Positively
selected cells were stained with anti-CD44 (FITC) and SA-
PerCP. Lymphocytes were then sorted into Thy1.2+, CD44lo

and Thy1.2+, CD44hi populations. Magnetic sorting according
to manufacturer’s instructions was used to separate T cells
according to the levels of CD62L expression.

Adoptive transfers of TCR transgenic cells

For transfer of CD4+ T cells from DO11.10 TCR transgenic
mice, single cell suspensions prepared from lymph nodes of
DO11.10, DO11.10 H IkBa(DN), DO11.10 H Bcl-xL, and
DO11.10 H IkBa(DN) H Bcl-xL mice were stained with anti-
CD4, biotinylated anticlonotypic mAb KJ1-26, and streptavi-
din-PerCP. CD4+, KJ1-26+ cells (2� 106 per recipient) were
transferred into nonirradiated BALB/c mice. One day later,
recipient mice were immunized with an emulsion consisting of
equal volumes of OVA (2mg/ml in sterile PBS) and CFA H37
Ra (Difco, Detroit, MI, USA), for which 200ml of emulsion was
divided among three sites (each flank and at the base of the
tail). After 7 days, inguinal, mesenteric, and periaortic lymph
nodes were harvested and analyzed. For measurement of
CD8 cell multiplication in vivo, pooled cells from spleen and
lymph nodes of WT and IkBa(DN) transgenic mice (ages 6
months) positive for the 2C TCR transgene were transferred
into lethally irradiated (750R) BALB/c mice (106 CD8+ 1B2+

cells per recipient). After 4 days, splenocytes harvested from
recipient mice were counted, stained with anti-CD4, anti-CD8,
and the clonotypic mAb against 2C TCR (1B2), and analyzed
by flow cytometry. For analysis of induced cell death after
allostimulation in vivo, splenocytes harvested from recipient
mice 2 days after adoptive transfer were counted and stained
with anti-CD8 or anti-B220mAb. Cells were resuspended in
binding buffer (10mM Hepes, pH 7.4, 140mM NaCl, 2.5mM
CaCl2) and dead cells were detected by Annexin V (Pharmi-
gen) and 7-AAD. For parking experiments, cells from spleen
and lymph node of WT and IkBa(DN) transgenic mice positive
for the 2C TCR transgene were transferred into irradiated
C57BL/6 mice (3 x106 CD8+ 1B2+ cells per recipient). After 1
and 7 days, splenocytes were harvested from recipient mice,
counted, stained with anti-CD4, anti-CD8, and 1B2mAbs, and
analyzed by flow cytometry. For adoptive transfer of TCR
transgenic CD44lo andCD44hi cells, spleen and lymph node of
WT and IkBa(DN) transgenic mice were stained and sorted
into CD8+CD44lo and CD8+CD44hi cells. CD8+ CD44lo or
CD8+CD44hi cells (106 per recipient) were transferred into
syngeneic RAG2-deficient mice (Jackson Lab) and followed
by weekly phlebotomy and FACS analyses. After 7 weeks,
spleens and lymph node cells harvested from recipient mice
were counted, stained with anti-CD8 and anti-CD44, and
analyzed by flow cytometry.

Retroviral transduction and AICD assays

IkBa(DN) cDNA was inserted into the bicistronic MSCV2.2-
IRES-GFP (GFP-RV).29 Retrovirus-containing supernatants

were collected 48 h after transfection of FNX ecotropic
packaging cells, and centrifuged (1 h, 10 000� g) with
ConA-activated splenocytes as described.30 Cells cultured 2
days in complete medium and IL-2 were washed and then
stimulated with plate-bound anti-CD3. Cell viability was
determined from the percentages of 7-AAD+ cells in the
CD4+ and CD8+ gates. TUNEL assays were performed as
described.18 Control experiments documented that transduc-
tion with IkBa(DN) led to a 95% reduction in NF-kB induction in
the GFP+ population of T cells as compared to empty
GFP-RV.

Northern blot analyses

Splenic and lymph node T lymphocytes were depleted of B
cells by chromatography through nylon wool columns as
described previously.18,19 T cells were plated (2.5� 106 cells/
ml) and cultured overnight at 371C in the presence of plate
bound anti-CD3 (10 mg/ml) plus anti-CD28. Total cellular RNA
was isolated using TriZol reagent according to the manufac-
turer’s instructions (Life Technologies, Bethesda, MD, USA).
After resolving RNAs by electrophoresis on formaldehyde
agarose gels, nucleic acids were detected and band
intensities were quantitated by hybridization with radioactive
cDNAs and phosphorimaging.

Immunoprecipitation, Western blot, and gel
mobility shift analyses

For measurements of IkBa, sorted CD44lo and CD44 T cells
were used to prepare whole cell extracts and perform
immunoprecipitations as described previously.18 Precipitated
proteins were fractionated by SDS-PAGE, transferred to a
nitrocellulose membrane, and processed as described.18 For
gel mobility shift analyses, nuclear fractions were prepared
from single cell suspensions (thymocytes and preparatively
sorted CD44lo and CD44hi CD8+ lymphocytes) and gel
mobility shift assays were performed using radiolabeled kB-
pd probe as described.18 For analysis of FLIP expression, T
cells were purified by depletion using anti-MHC class II
antibody attached to magnetic beads (MACS). T cell-enriched
preparations were sorted into naı̈ve andmemory-phenotype T
cells using anti-CD62L antibody attached to MACS beads.
Extracts from cells cultured in the presence of 1 mg/ml plate-
bound anti-CD3 and 2.5mg/ml anti-CD28 were subjected to
SDS-PAGE, and resolved proteins were probed using Dave-2
anti-FLIP mAb (Alexis Biochemicals) after transfer to PVDF
membranes. Relative loading was assessed on stripped blots
reprobed with anti-cyclophilin B (Alexis Biochemicals).

Proliferation, BrdU incorporation, and RNA
synthesis assays

Splenocytes were plated (2� 105 cells per 100ml of media) in
microtiter wells previously incubated overnight with PBS or
anti-CD3 mAb (10mg/ml; clone 2C11, PharMingen). Triplicate
samples were cultured for 48 h at 371C in the presence of
medium, plate-bound anti-CD3, or Con A (2.5 mg/ml). Tritiated
thymidine (1 mCi in 100 ml of media) or, as in,31 tritiated uridine
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(0.25mCi in 100 ml of media), was added to each well for the
final 8 h before determination of radioisotope incorporation
into DNA or RNA, respectively. For short-termmeasurements
of S-phase entry rates, cells from spleen and lymph nodewere
cultured for 40 h in the presence of Con A (2.5 mg/ml) and then
treated for 1 h with 5-bromo-20-deoxyuridine (BrdU; 100 mM).
BrdU-positive CD4+ and CD8+ cells were measured as
described.32 In brief, after staining with either anti-CD4- or
anti-CD8-rPE, cells were permeabilized with 95% EtOH, fixed
with paraformaldehyde, treated (10min at 221C) with 50U
DNase I (Boehringer-Mannheim Biochemicals, Indianapolis,
IN, USA), stained with a FITC-conjugated mAb against BrdU
(Beckton-Dickson, Mountain View, CA, USA), and analyzed
by flow cytometry.

Results

Cell-intrinsic NF-jB signaling is required for T cell
multiplication in vivo

The number of both CD4+ and CD8+ peripheral T cells is
significantly reduced in mice whose T cells have been
subjected to inhibition of NF-kB inducibility.18,28,33–35 One

potential explanation for this observation is that the rate of
T cell production in the thymusmay be diminished whenNF-kB
is blocked.18,20,35,36 However, the populations of T lympho-
cytes normally exhibit an intrinsic capacity to achieve normal
numbers in a manner independent of the cell input.4,5 We
therefore hypothesized that an enhanced susceptibility to
apoptosis and a diminished ability to multiply in the intact
animal were key mechanisms giving rise to the reduced
population of mature T cells.
To determine whether or not the ability to induce NF-kB is

essential for homeostasis of mature T cells in vivo, we tested if
mechanism(s) regulatingmature T cell population sizes in vivo
were affected by the IkBa(DN) transgene. We first measured
ability of CD4+ T cells to multiply at normal rates in the intact
animal when subject to inhibition of their NF-kB induction.
After transfer of equal numbers of WT or mutant CD4+ cells
bearing a unique antigen receptor (DO11.10 TCR) into
recipients lacking this marker but bearing normal numbers
of T cells, the frequency of antigen-specific T lymphocytes at
their site of multiplication (draining lymph node) was mea-
sured.WTT cells underwent significant population expansion,
whereas those bearing the IkBa(DN) transgene did not
(Figure 1a). To perform similar measurements of clonal

Figure 1 Diminished clonal expansion in vivo of T cells with defective NF-kB/Rel signaling. (a) Inhibition of NF-kB attenuates clonal expansion of CD4+ T cells. Equal
numbers of CD4+ T cells, as determined by flow cytometry, were prepared from BALB/c-DO11.10 TCR transgenic mice expressing IkBa(DN), or littermates with normal
NF-kB signaling and transferred into naive syngeneic mice. Draining lymph node cells from mice immunized the next day with OVA323–339 peptide in CFA (‘Activated’)
were harvested six days later, and the frequency of donor-derived T cells was determined by staining with the anti-clonotypic mAb KJ1-26 and CD4 (***, Po0.001
compared to each other sample set). Under these conditions, other work has failed to detect an abnormal localization of IkBa(DN) T cells to nonlymphoid tissue
sites.19,74,75 As a control, frequencies of cells in the KJ1-26+CD4+ gate were measured without immunization (‘RESTING’). (b) Defective alloreactive expansion.
Lymphoid cells from H-2b, 2C TCR transgenic mice bearing or lacking the IkBa(DN) transgene were transferred into irradiated BALB/c recipients (106 1B2+ CD8+ cells/
mouse). After 4 days, viable splenocytes were enumerated, stained with CD8 and anticlonotypic mAb against the 2C TCR (1B2), and analyzed by FACS. Cell numbers
were calculated from the percentage of cells positive for the indicated markers. Data represent the mean determined in three independent experiments (open bars, WT-
2C+ BALB/c recipients (n¼5); filled bars, IkBa(DN)-2C+ BALB/c recipients (n¼7)) (c) Defective homeostatic expansion. Cells from 2C mice, as described in (b), were
transferred into irradiated syngeneic recipients (3� 106 1B2+CD8+ cells per mouse). After 1 and 7 days, viable splenocytes were enumerated and analyzed by FACS
after staining with CD8, 1B2, and B220 mAbs. Cell numbers were calculated as in (b). Data are the mean obtained from four animals in a representative experiment. (d)
NF-kB preferentially affect clonal expansion of naı̈ve T cells. Lymphoid cells from 2C TCR transgenic mice (6 months old) bearing or lacking the IkBa(DN) transgene
were sorted into CD8+CD44lo and CD8+CD44hi cells and transferred into syngenic RAG2-deficient mice (106 cells/mouse). After 7 weeks, cells from spleen were counted
and analyzed by FACS after staining for the indicated markers. Representative profiles from the viable cell gate in the spleens of control mice (WT C57BL/6 and Rag2�/�

mice without transferred cells) and recipient mice are shown. Numbers indicate relative percentage of positive cells within a quadrant; the few CD8lo cells observed in
Rag2�/� mice are presumed CD8a+ dendritic cells. The observed increase in CD44 expression in CD8+CD44lo cells during homeostatic expansion is as previously
described41,42
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expansion for the CD8 lineage of T cells, equal numbers CD8+

cells bearing a distinct antigen receptor (2C TCR) were
transferred into recipients whose combination of the MHC
class I molecule Ld and a self-derived peptide26,37 strongly
drive T cell proliferation via stimulation of this TCR. WT CD8+

T cells bearing the 2C TCR (1B2+) underwent clonal
expansion in response to the foreign MHC molecule (Ld). In
contrast, the multiplication of clonotype-positive cells under
these conditions was blocked by the transgenic inhibitor,
IkBa(DN) (Figure 1b). One mechanism which can help
maintain normal numbers of T cells is that they can undergo
MHC interaction-dependent, antigen-independent prolifera-
tion in lymphopenic environments. This process, homeostatic
proliferation, is more rapid for CD8 as compared to CD4 T
lymphocytes.7–10 To analyze whether defective maintenance
of homeostatic proliferation contributes to the lack of T cells
observed in IkBa(DN) mice, we transferred marked CD8+(H-
2b) T cells into irradiated syngeneic (H-2b) recipients.
Enumeration of donor-derived CD8 T cells 1 week after
transfer showed a dramatic reduction in the clonal expansion
of T cells expressing the IkBa(DN) transgene (Figure 1c). We
conclude that the NF-kB/Rel signaling pathway regulates
multiplication driven by antigen receptor stimulation for both
the CD4 and CD8 lineages of T cells in the intact animal.
For the CD4 and CD8 lineages of T lymphocyte, achieving

andmaintaining normal-sized populations involves both naive
T lymphocytes and their differentiated, memory-phenotype
descendants.5,11,38,39 These subsets differ with respect to
their MHC-peptide and cytokine requirements for survival and
proliferation,13,21,24,40 but the signaling or transcriptional
mechanisms that distinguish regulation of naı̈ve T cell
apoptosis or multiplication from memory-phenotype cells are
unknown. To test whether inhibition of NF-kB differentially
affects naive and memory-phenotype T cell subsets, we
analyzed their proliferation after transfers of each population
into lymphopenic mice. As the multiplication rate of CD4+ cells
would be too slow for such analyses, we focussed on the
CD8+ lineage of T cells. Prior to transfer, levels of CD44 were
used to distinguish between naı̈ve (CD44lo) and memory-
phenotype (CD44hi) CD8+ T cells from TCR transgenic mice.
After transfer, naive cells undergoing homeostatic expansion
became CD44hi as previously reported.41,42 Nonetheless,
donor CD44lo cells expressing the IkBa(DN) transgene had a
far more severe reduction in their expansion capacity than
their CD44hi IkBa(DN)-expressing counterparts when mea-
sured 7 weeks after transfer (Figure 1d). Thus, transferred
IkBa(DN) CD8+CD44lo cells expanded and accumulated four
to 10-fold less than control cells in spleen and lymph node of
host mice, respectively. In contrast, the prevalence of
transgene CD8+CD44hi cells 7 weeks after transfer was
similar to WT controls in spleen, and only halved in lymph
nodes. This difference was also observed during weekly
monitoring of CD8 cells circulating in the blood during weeks
1–6 (data not shown).
Based on these findings, we reasoned that the population

deficit of naive T cells in IkBa(DN) mice should become
progressively more severe than that of memory-phenotype
cells, thereby leading to a distortion of the normal ratio of these
subsets over time. Accordingly, we measured the frequency
of CD44 hyperexpression among resting CD4+ and CD8+ T

cells at 2, 4, 6 and 8 months of age.43–46 The CD44hi

population size in IkBa(DN) mice was nearly normal (cells
numbers were 50–90% than those in WT littermates, data not
shown), but these cells prematurely dominated the CD4+ and
CD8+ subsets, so that by 6 months of age most CD8+ T cells
were small, resting, and memory-phenotype (Figure 2a, b).
Analogous changes were evident when using other markers
of the memory-phenotype state of differentiation (CD45RB,
CD62L, and Ly-6C; data not shown), whereas other cell
surface markers (CD25 and CD69) were characteristic of
memory-phenotype rather than activated T cells. The alter-
native explanation for this differential impact on naive T cells
and their memory-phenotype descendants is that there is
selection in vivo against T cells which expressed high levels of
IkBa(DN). If cells with the lowest expression of transgene-
encoded protein were best able to become memory-pheno-
type cells after MHC-peptide encounters, this mechanism
would lead a dominance of IkBa(DN)lo, CD44hi T cells
because of longer survival and the kinetics of cycling in the
CD44hi population relative to CD44lo cells.38,47 This explana-
tion predicts that levels of the epitope-tagged IkBa and NF-kB
inhibitionmutant would bemuch lower in CD44hi T cells than in
their naive (CD44lo) counterparts. Instead, the transgene-
encoded protein was expressed and inhibited NF-kB as much
in purified CD44hi cells as in the CD44lo subset (Figure 2c, d),
whereas AP-1 induction was unaffected by IkBa(DN) in either
subset (Figure 2d). The basal NF-kB of primary T cells cannot
be assayed without their purification, and it is conceivable that
each of several purification techniques would activate NF-kB.
Nonetheless, it is interesting to note that active NF-kB
complexes were readily detectable in highly purified resting
T cells (Figure 2d). Together with evidence of (micro)environ-
mental production of TNF-a and the constitutive presence of
ligands for members of the TNF-R superfamily35,48 the data
suggest that ongoing interactions with environmental stimuli
lead to a low-level activity of the NF-kB pathway,49 which is
blocked by the dominant IkB transgene.
Antigen receptor signaling appears essential for the survival

of naive but not memory T cells.12–14,21 Thus, our observa-
tions could arise if TCR expression or early signaling were
inhibited by the IkBa(DN) transgene. Importantly, mature T
cells expressing IkBa(DN) showed normal TCR expression
(both endogenous and transgenic), ZAP-70 phosphorylation,
and upregulation of the early activation marker CD69 as
compared to WT controls (data not shown). In addition, the
expression of coreceptors and MHC proteins were all normal
in IkBa(DN) transgenic mice (data not shown). These results
indicate that the expansion of naı̈ve-phenotype T cells is more
dependent on NF-kB signaling than that of memory-pheno-
type cells, and suggest that the diminished expansion of
IkBa(DN) T cells is not a consequence of reduced efficiency of
TCR signaling in these mature T cell subsets.
Fundamental mechanisms which could underlie the depen-

dence of T cell multiplication on NF-kB could include the
intrinsic ability of T cells to traverse the cell cycle and the
probability of T cell death. Our in vitro studies indicated that
the inhibition of NF-kB by unknown mechanism(s) led to
increased apoptotic susceptibility of mature T cells after
mitogenic stimulation.18 As high rates of ongoing apoptosis
normally are hard to detect in vivo, even after stimulation of T
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cells, we measured the death rate of 1B2+ CD8+ cells from 2C
TCR-transgenic mice 2 days after adoptive transfer into
recently irradiated BALB/c recipients. The proportion of dead
1B2+ CD8+ cells was two-fold higher among donor cells from
IkBa(DN) mice as compared to WT donors (Figure 3a). To
investigate the role of NF-kB in regulating apoptotic suscept-
ibility of mature T cells by a transgene-independent approach,
we used retroviral transduction of developmentally normal T
cells. When the IkBa(DN) protein was expressed in recently
activated primary T cells, which were then re-stimulated, a
significantly higher rate of restimulation-induced apoptosis
was observed in both CD4+ and CD8+ T cells whose NF-kB
induction was inhibited (Figure 3b). Together, these findings
indicate that one mechanism by which NF-kB regulates
peripheral T cell numbers is by promoting protection against
cell death.

NF-jB protects cells from Fas in vivo

Engagement of the death receptor Fas by FasL plays an
important role in regulating the populations of CD4 and CD8 T
lymphocytes by inducing cell death. To determine if NF-kB
promotes survival of T cells in vivo by providing protection
against normal processes of Fas-mediated apoptosis, we

crossed the IkBa(DN) transgene onto a background that
harbors a loss-of-functionmutation in the fas gene. The loss of
Fas completely reversed the defect in cellularity of the CD4+ T
cell subset caused by expression of IkBa(DN) in these cells
(Figure 4a). The numbers of CD8+ T cells doubled (Figure 4b),
consistent with prior work showing Fas-dependent death of
CD8 T cells in vitro and in vivo.50–52 In contrast to the results
with CD4-lineage T cells, however, this increase represented
only a partial recovery of the population size. This distinction
suggests that the molecular requirements for NF-kB in
providing protection against Fas-dependent apoptosis in vivo
depend on the differentiated state of the T lymphocyte, so that
CD4 lineage cell numbers were completely restored whereas
CD8 cells were not.
The increased size of peripheral T cell populations

observed in these epistasis experiments in vivo was asso-
ciated with a decrease in activation-induced cell death of
CD4+ and CD8+ IkBa(DN) T cells bearing the lpr mutation
(Figure 4c). Apoptotic responses to Fas and other death
receptors are controlled by a set of inducible inhibitors. Among
these, apoptosis inhibitors termed c-FLIP (FLICE/caspase-8
inhibitory proteins) inhibit the activation of caspase-8 at the
level of a death-inducing signaling complex (DISC) formed by
the activation of Fas. To determine if NF-kB regulates FLIP

Figure 2 Sustained transgene expression and premature dominance of CD44hi T cells in IkBa(DN) transgenic mice. (a,b) Progressive decline in naive T cells and
premature dominance of CD44hi T cells as a consequence of inhibiting NF-kB. Splenocytes from WT and IkBa(DN) transgenic littermates of the indicated ages were
stained for CD4, CD8, and CD44 and analyzed by FACS. Results are presented as the mean (7S.E.M.) prevalence of CD8+ or CD4+ cells expressing low levels of
CD44 (n¼6–12 mice for each group) (panel a) as well as the mean (7S.E.M.) ratio of CD44hi to CD44lo cells in each mouse (panel b). The absolute numbers of CD44hi

cells in IkBa(DN) mice were roughly normal (50–90% those in WT littermates, data not shown). (c) Lymphocytes from WT and IkBa(DN) mice were stained for surface
expression of CD3 and CD44 and then subjected to preparative sorting to purify CD44hi and CD44lo T cells. Whole cell extracts (15 mg) were subjected to anti-FLAG
immunoprecipitation followed by SDS-PAGE and immunoblotting using antisera against IkBa.to determine IkBa(DN) expression. Thymocyte whole cell extracts
(200mg) from WT and IkBa(DN) mice were used as controls. (d) Equivalent inhibition of NF-kB induction in CD44hi and CD44lo T cells. Gel mobility shift analyses were
performed using extracts from the indicated cell populations after preparative sorting and culture in medium supplemented as indicated (PMA/ionomycin (2 h) for
thymocytes (P+I) as a control, or plate-bound anti-CD3 (16 h) for T cell subsets). Previous analyses have shown that the upper band represents p50-RelA and c-Rel
containing complexes, whereas the lower band corresponds primarily to complexes lacking RelA and c-Rel. As controls, matched amounts of the same extracts were
used for mobility shift assays using radiolabeled AP-1 probe and in immunoblots of cyclophilin B, as indicated
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expression in primary T cells, samples fromWT and IkBa(DN)
transgenic mice were activated and analyzed by Western
blotting. Naive IkBa(DN) T cells expressed significantly lower
levels of c-FLIP following stimulation (Figure 5). Together,
these results indicate that one of the mechanisms by which
NF-kBparticipates in regulating T cell population size in vivo is
by providing protection against Fas-mediated death, and
suggest that a role of NF-kB in promoting c-FLIP expression
helps to mediate this resistance to Fas.

An NF-jB-dependent gene product, Bcl-xL,
suppresses effects of IjBa(DN) in vivo

Although a significant increase in the CD8 subset was
observed in Fas-deficient CD8 T cells subject to inhibition of
the NF-kB, CD8 T cell numbers in the IkBa(DN) transgenic
mice lacking functional Fas were substantially diminished.
This finding suggested that NF-kB might also regulate other
apoptotic signaling pathways in primary mouse T cells.
Antiapoptotic members of the Bcl-2 gene family can inhibit
the cell death promoted by Fas-independent mechanisms,
and screens of defects in Jurkat T cells expressing IkBa(DN)
revealed decreased induction of Bcl-xL but not Bcl-2 (data not

Figure 4 NF-kB regulates T cell numbers through a Fas-dependent
mechanism. Lack of Fas ameliorates the population defect of T cells in
IkBa(DN) mice. B6 lpr/lpr and IkBa(DN) transgenic mice were intercrossed, and
lymphoid cells from young WT, lpr/lpr, IkBa(DN) and lpr/lpr, IkBa(DN) littermate
mice were counted, stained for surface expression of CD4 and CD8, and
analyzed by FACS. The data represent the mean numbers of total T cells
(7S.E.M.) (number of cells in spleen+2.5� number of cells in lymph nodes,4)
for the CD4+ (A) or CD8+ (B) subset (nZ4 mice for each group) (**, Po0.01
versus IkBa(DN) sample set). (c) Splenocytes from mice of the indicated
genotype were cultured 48 h following ConA stimulation (2.5 mg/ml) and then
restimulated at a limiting concentration of anti-CD3 (50 ng/ml). Cells were
harvested, surface stained for CD4 and CD8 expression and subjected to TUNEL
analysis. Data are presented as the mean of the percentage of TUNEL-positive
cells in the CD4+ or CD8+ gates. Results represent the mean values (7S.E.M.)
from two separate experiments, two mice in each group

Figure 5 NF-kB regulation of c-FLIP levels. T cell-enriched preparations from
WT and IkBa(DN) mice were prepared by negative selection of MHC class II+

cells followed by separation of CD62Lhi (naive – N) and CD62Llo (memory-
phenotype – M) T cells. After stimulation for the indicated time using plate-bound
anti-CD3 (1 mg/ml) plus anti-CD28 (2.5 mg/ml), whole cell extracts were subjected
to SDS-PAGE and resolved proteins (6 mg in each lane) were detected by
Western blotting for c-FLIP. Relative loading was assessed by reprobing blots
with anti-cyclophilin B

Figure 3 Increased susceptibility of IkBa(DN) T cells to death in vivo. (a)
Lymphoid cells from H-2b, 2C TCR transgenic mice bearing or lacking the
IkBa(DN) transgene were transferred into irradiated BALB/c recipients (106 1B2+

CD8+ cells/mouse) as described in Figure 1b. Induced cell death was determined
by Annexin-V/7AAD staining 2 days after adoptive transfer. Representative data
are presented as the mean percentage of dead cells among CD8+ or B220+ cells.
(b) NF-kB regulates susceptibility to AICD in developmentally normal T cells.
Lymphoid cells from B6 mice were activated with ConA (2.5mg/ml). After 24 h,
cells were transduced with an IRES-GFP retrovirus containing no additional
insert or the IkBa(DN) cDNA and maintained 48 h in the presence of IL-2. After 2
days, cells were restimulated with the indicated concentrations of plate-bound
anti-CD3 mAb. Cell viability was determined by FACS analysis measuring the
percentage of 7-AAD positive cells from CD4+ and CD8+ gate

Roles of NF-kB in controlling T cell homeostasis
AL Mora et al

1038

Cell Death and Differentiation



shown). Moreover, in contrast to findings reported for
immature thymocytes subjected to inhibition of NF-kB,28

Bcl-xL mRNA and protein expression in T cells from IkBa(DN)
mice were attenuated compared toWT controls (Figure 6a, b).
Of note, analyses of RNA from freshly isolated splenic T cells
confirmed prior evidence that Bcl-x mRNA is expressed in
resting T cells.53 Together with the results of transient
transfection assays showing NF-kB-dependent trans-activa-
tion of a Bcl-x promoter segment in T cells (data not shown),
the data indicate that Bcl-xL gene expression is directly
mediated by NF-kB/Rel transcription factors in normal CD4+

and CD8+ T lymphocytes.
To test in vivo the functional significance of this depen-

dence, an epistasis analysis was performed by mating
IkBa(DN) transgenic mice with a transgenic line that targets
constitutive expression of Bcl-xL to the T lineage. This
transgene leads to Bcl-xL expression in both thymocytes
and mature T cells, and protected a significant fraction of
mature CD4+ and CD8+ T cells from apoptosis.27 The level of
transgenic Bcl-xL expression inmatureCD4+ andCD8+ T cells
was equal to that attained byWT cells after TCR stimulation 27

(data not shown). Restoration of Bcl-xL expression to the
physiological level of activated T cells partially suppressed the

homeostatic defect created by NF-kB blockade in vivo,
leading to increased steady-state populations of T cells.
Within lymph nodes, a preferred site for naive cells, and
spleen, CD4+ cell numbers were restored to normal levels
(Figure 7a; data not shown). In contrast, there was little
increase because of Bcl-xL expression in single transgenics.
Similar to the findingswith Fas-deficient IkBa(DN)T cells, CD8+

cell numbers increased significantly in doubly transgenic
(IkBa(DN)�Bcl-xL) mice but this increase was insufficient to
restore a normal population size. These results represented
specific epistatic suppression rather than a nonspecific effect of
Bcl-x in increasing cell numbers (Figure 7b).
The lack of naive T lymphocytes and relatively modest

diminution in numbers of memory-phenotype cells (Figure 2)
suggested that net losses from an increased death rate impact
naive T cells more than the memory-phenotype subset and
that a deficit of antiapoptotic proteins in the Bcl-2 superfamily
contributed to this imbalance. Importantly, constitutive ex-
pression of Bcl-xL restored a largely normal ratio of naive
(CD44lo) to memory-phenotype (CD44hi) cells in IkBa(DN)
transgenic mice (Figure 7c). Caspase-3 activation can be a
critical step in cellular commitment to apoptosis, and epistatic
analysis indicates that it is a key step downstream from Fas.54

Taken together with results on cell numbers, this finding
indicates that Bcl-xL had a greater effect on the naive
population when NF-kB was inhibited in CD4+ and CD8+ T
lymphoid lineages. Measurement of activated caspase-3 in
CD4 and CD8 T cells analyzed immediately ex vivo showed
that for both of these lineages, caspase-3 activation was
increased in IkBa(DN) T cells as compared to WT controls.
This finding reinforces the conclusion from adoptive transfers
of CD8 T cells (Figure 3a), to the effect that enhanced rates of
apoptosis in vivo result from inhibition of NF-kB in mature
T cells. Importantly, enforced expression of Bcl-xL in IkBa(DN)
T cells suppressed the increase in activated caspase-3
(Figure 7d). Together, the findings indicate that NF-kB/Rel
proteins regulate T cell numbers at least in part by controlling
apoptotic susceptibility in vivo. However, the involvement of a
nonredundant homeostatic mechanism, especially in the CD8
lineage of T cells, is suggested by the finding that neither
enforced Bcl-xL nor the absence of Fas receptor completely
restored this population to normal when NF-kB was inhibited
in vivo.

NF-jB blockade causes apoptosis-independent
perturbations of cell cycling in vitro

Prior work has shown that T lymphocytes from IkBa(DN)
transgenic mice exhibit a drastic decrease in cytokine
induction of Stat5, which is crucial for T cell proliferation,55,56

and NF-kB regulates cyclin D1 in nonlymphoid cell lines.57,58

However, Stat5 may provide a survival signal,59 and there is
little if any cyclin D1 expression in T cells. For kinetic reasons,
labeling techniques in vivo are unable to provide a definitive
measurement of division rates in the face of the substantial
enhancement of apoptosis, so ex vivo studies were per-
formed. To distinguish an effect on cell cycling from the effects
of IkBa(DN) on T cell survival prior to a [3-H]-TdR pulse, we
quantitated proliferation of mitogenically activated CD4+ and

Figure 6 Bcl-xL induction depends on NF-kB induction in primary T cells. (a) T
cell-enriched preparations from pooled spleen and LN of WT and IkBa(DN)
transgenic mice were cultured overnight, alone or with plate-bound anti-CD3
(10 mg/ml). Total RNA preparations (5 mg per sample) were fractionated on
denaturing gels, transferred to nylon membranes and probed with a radiolabeled
Bcl-x cDNA. (b) NF-kB-dependent induction of Bcl-xL protein in T cells. Bcl-xL

expression was measured by intracellular staining of Bcl-xL expression in CD4+

and CD8+ splenocytes (freshly isolated or cultured 16 h in medium, alone or with
plate-bound anti-CD3 (10 mg/ml) or anti-CD3 plus anti-CD28 (2.5 mg/ml), as
indicated). Owing to the paucity of T lymphocytes (especially CD8+ cells) in
IkBa(DN) samples, the number of events shown in each panel has been
adjusted to equalize numbers among the CD4-gated samples and similarly
among CD8-gated samples; in the unadjusted samples, the absolute frequencies
of CD4+ and CD8+ cells correspond to data in Figure 4. The effect of IkBa(DN)
on Bcl-xL induction was similar in naive as compared to memory-phenotype CD4+

and CD8+ cells (not shown)
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CD8+ T cells with brief BrdU pulse labeling. This analysis
demonstrated a lower rate of entry into S-phase for both CD4+

and CD8+ T cells derived from the IkBa(DN) transgenic mice
as compared to WT controls (Table 1). Thus, proliferation in
vitro was decreased when measured under conditions that
avoid effects because of differential rates of developmental
progression or death.
To determine whether increased Bcl-xL levels lead to

increases in the multiplication of T lymphocytes subjected to

NF-kB blockade, rates of 3H-thymidine incorporation were
measured for WT, Bcl-xL, IkBa(DN), and double-transgenic
cells after mitogenic stimulation (Figure 8a). Restoration of
Bcl-xL levels to those of activated T cells led to no significant
increase in proliferation in a population comprising both CD4+

and CD8+ T cells. Further, CD4+ T cell multiplication in vivo
was measured after adoptive transfers of limited numbers of
antigen-specific T cells expressing combinations of the
IkBa(DN) and Bcl-xL transgenes and immunization of the

Figure 7 Bcl-xL and homeostatic regulation by NF-kB.Bcl-xL ameliorates the T cell population defect caused by inhibition of NF-kB/Rel signaling. (a,b) Cells from
lymph nodes of the indicated mice were counted, stained for CD4 and CD8, and analyzed by FACS. The data represent the mean numbers (7S.E.M.) of CD4+ and
CD8+ cells (nZ6 mice for each group) (panel b) as well as the mean (7S.E.M.) ratio of number of cells from wild type/IkBa(DN) mice matched for the presence of the
Bcl-xL transgene (WT/IkBa(DN), open bars; Bcl-xL/IkBa(DN), Bcl-xL double Tg, hatched bars) (panel b). (c) Bcl-xL normalizes the imbalance of naive- and memory-
phenotype cells imposed by IkBa(DN). Splenocytes from 2- and 4-month old littermates of the indicated genotypes were stained for surface expression of CD4, CD8,
and CD44, then analyzed by FACS (nZ6 for each age and genotype). Shown are the means (7S.E.M.) of the ratio of CD44hi to CD44lo cells for CD4+ and CD8+ cells in
each mouse. (d) Bcl-xL suppresses increases in activated caspase-3 caused by inhibition of NF-kB in T cells in vivo. Splenocytes from unmanipulated mice bearing the
indicated transgenes were stained for CD4 or CD8, CD44, TCRb, and caspase-3 immediately ex vivo. Representative profiles are shown after gating on TCRb-positive
cells in the CD4 and CD8-positive gates, as indicated. Owing to the paucity of T lymphocytes (especially CD8+ cells) in IkBa(DN) samples, the number of events shown
in each panel has been adjusted to equalize numbers among the CD4-gated samples and similarly among CD8-gated samples; in the unadjusted samples, the absolute
frequencies of CD4+ and CD8+ cells correspond to data in panel A. A division into naive- (N) and memory- (M) phenotypes according to CD44 hyperexpression is
indicated
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recipients with antigenic peptide (Figure 8b). These experi-
ments showed that the Bcl-xL transgene did not overcome the
block to clonal expansion caused by inhibition of NF-kB in
CD4 T cells. These combinations of the IkBa(DN) and Bcl-xL
transgenes were also used in experiments measuring the
efficiency of blast formation, 3H-uridine incorporation (G0, G1
stages of cycling), and BrdU incorporation during short pulses
(S-phase) (Figure 8c-e). Each of these parameters of cell
cycle kinetics was decreased in CD4+ T cells expressing
IkBa(DN), and constitutive Bcl-xL expression failed to reverse
any of the defects caused by inhibition of NF-kB (Figure 8c-e).
Together, these data indicate that although normal numbers
of CD4+ T cells were restored by the enforced expression of
Bcl-xL, the effect was not accompanied by a substantial
increase in their cell cycling efficiency in vitro or activation-
induced multiplication in vivo.

Discussion

NF-kB/Rel transcription factors participate in a range of
developmental processes including the regulation of cell
death. Depending on the cell type, particular subunits of this
multigene family either promote60,61 or protect against
apoptosis62 in response to stimuli, and can apparently serve
opposite roles within the same cell type depending on the
stimulus.61,63 We have used the T lymphoid lineage as a
model system to explore the relation between differentiation
status and NF-kB-dependent regulation of cell population size
and apoptosis. No individual knockout of a gene encoding NF-
kB/Rel subunits has been shown to play a cell-intrinsic role in
regulating the population size of mature lymphoid cells
(reviewed in Ghosh et al.15). Using T cell-specific expression
of a transgene to inhibit NF-kB, we provide evidence that NF-
kB regulates homeostasis of mature T cells through regulation
of their rates of apoptosis. Strikingly, however, the data reveal
that the impact of NF-kB and a downstream anti-apoptotic
gene product, Bcl-xL, on survival and population size depend
on the state of differentiation within the T lineage.
Specifically, we show that NF-kB promotes the survival of

mature T cells in vivo, particularly those of naive phenotype.
This preferential effect of the inhibitory transgene on naive
cells parallels the finding that blockade of NF-kB disproportio-
nately slowed population expansion of naive T cells in the
intact mouse, as compared to their memory-phenotype
descendants. Further, the evidence suggests that there are
at least two distinct mechanisms by which these transcription

Figure 8 Failure of Bcl-xL to reverse defective proliferation of IkBa(DN) T cells.
(a) Splenocytes from mice of the indicated phenotypes were cultured for 40 h with
medium alone or plate-bound anti-CD3 (10 mg/ml), pulsed for 8 h with 3H-TdR,
and counted. Data represent mean values in one experiment of four performed
with two mice for each group. (b) Lymph node cells from BALB/c DO-11.10 TCR
transgenic mice expressing Bcl-xL, IkBa(DN) and Bcl-xL, IkBa(DN) double-
transgenic littermates were transferred into syngeneic recipients. These mice
were immunized with OVA peptide in CFA, and 7 days later cells harvested from
draining lymph nodes were analyzed by FACS after staining with CD4 and the
clonotypic antibody for the TCR (KJ1-26). Data are presented as the mean
percentages of CD4+ KJ1-26+ cells (7S.E.M.) in one experiment of the four
performed and represent four to eight mice for each group. (c) Splenocytes from
mice of the indicated phenotypes were activated as in (a) and pulsed (8 h) with
tritiated uridine as in Grumont et al.31 Data represent one experiment of the three
performed (n¼2 mice for each group). (d) Splenocytes from littermates of the
indicated phenotype were cultured for 40 h with plate-bound anti-CD3 (10 mg/ml)
followed by FACS analysis. Representative forward scatter histograms from the
CD4+ gate are shown. Similar results were obtained for CD8+ cells. Numbers
represent the percentage of cells with high forward scatter (blasts). (e)
Lymphocyte cell preparations from DO-11.10 TCR transgenic mice expressing
Bcl-xL, IkBa(DN) and Bcl-xL, IkBa (DN) double-transgenic littermates were
treated for 40 h with plate-bound anti-CD3 (10 mg/ml) and then pulsed with BrdU
(2 h). BrdU incorporation was measured by FACS analysis gated on CD4+

KJ1.26+ cells. The percentage of BrdU+ T cells is indicated in the representative
histograms

Table 1 Apoptosis-independent decrease in cell cycling in vitro

Br-dU uptake

WT IjBa(DN)

CD4+ 11.7 (3.3)a 5.8 (1.7)
CD8+ 17.2 (4.4) 9.3 (1.2)

Splenocytes from WT and IkBa(DN) mice activated by T-cell mitogen were
cultured 1 h in the presence of bromodeoxyuridine (BrdU) 48 h after stimulation.
Pulsed cells were stained for CD4, CD8, and BrdU, and analyzed by flow
cytometry. aMean (7S.E.M.) percentages of BrdU-positive cells in the indicated
cellular subsets.
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factors influence the maintenance of normal T cell numbers.
First, NF-kB regulates Bcl-xL induction in these primary cells
and promotes T lymphocyte survival in vivo, with epistasis
analyses indicating that a Bcl-xL transgene ameliorates
abnormalities of T cell number and decreases the frequency
of T cells with activated caspase-3 in the IkBa(DN) back-
ground. However, Bcl-xL-mediated increases in cell numbers
most impacted naive and CD4+ cells, such that inhibition of
apoptosis normalized the ratio between naive and memory-
phenotype T cells. Second, NF-kB also plays a role in the
protection of naive T cells against the death receptor Fas.
When NF-kB signaling was impaired in Fas-deficient T cells in
vivo, the deficit of CD4+ lymphocyte numbers was completely
reversed, and CD8+ T cell numbers increased but were not
restored to normal These findings are consistent with prior
evidence of a significant role for Fas in regulating naive T
cells.51

Our epistasis results indicate that NF-kB mediates protec-
tion against apoptosis promoted through the Fas death
receptor in primary T cells in vivo. This effect was correlated
with a role for NF-kB in determining the steady-state level of
the survival factor c-FLIP. These findings are consistent with a
model in which NF-kB regulates Fas-mediated cell death via
levels of c-FLIP. NF-kB-dependent induction of c-FLIP has
been observed in overexpression systems using reporter
plasmids,64 and FLIP levels are associated with protection
against Fas-mediated AICD in primary T cells.65,66 A uniform
role of Bcl-xL in preventing Fas-inducing apoptosis has been
elusive, but our aggregate data (Figures 6, 7 suggest that NF-
kB-dependent Bcl-xL induction contributes to regulating
survival of naive CD4+ T cells after FasL encounters in vivo.
Expression of Bcl-xL may impede Fas-mediated cell death in
some settings, but the Fas/FasL pathway can induce death by
separable pathways, only one of which is blocked by
prosurvival members of the Bcl-2 superfamily.67,68 Our results
suggest that the NF-kB dependence of activation-induced
Bcl-xL expression in primary T cells helps to control their fate,
especially for CD4+ cells. Thus, expression of this survival
factor in mature lymphoid cells at the level induced by T cell
activation (data not shown) leads to a specific but partial
suppression of the deficit of naive T cells and the imbalance
between naive- and memory-phenotype T lymphocytes
(Figure 7).
We have found that normal numbers of CD4+ T cell are

restored either by the absence of Fas or by enforced Bcl-xL
expression when NF-kB is inhibited in vivo. These data
suggest that these are key mechanisms through which NF-kB
acts in this lineage. The significant increases in CD8+ T cells
implicate these molecular links in regulation of CD8 T cell
numbers. However, the failure of either Fas deficiency or
constitutive Bcl-xL expression to restore normal numbers of
CD8+ T cells indicates that additional mechanisms are
involved in the regulation of homeostasis by NF-kB. Two
major possibilities, which are not mutually exclusive, are that
(i) the cell cycling defects observed in vitro are applicable in
vivo, or (ii) Fas-independent apoptotic pathways that require
survival factor(s) other than Bcl-xL are responsible. Roles for
NF-kB/Rel proteins in regulating survival pathways in other
cell types have been proposed, but the relation of most to
normal T cells is unclear. Analyses of Jurkat T cells indicated

that induction of mRNA encoding the Bcl-2/X-related protein
Bfl-1/A1 was also blocked by IkBa(DN) (data not shown).
Antiapoptotic Bcl-2-related proteins substitute functionally for
one another in transgenic and knockout mice,27 so the Bcl-xL
transgene used in the present study may have reversed a
decrease in Bfl-1 in addition to that noted for Bcl-xL. Outside
the Bcl-2 family, several other molecules with prosurvival
function have been reported to be NF-kB target genes in
various tumor cell lines. Normal levels and induction of
mRNAs encoding c-myc,55 caspase inhibitors (cIAP-1, cIAP-
2), and the TNF-receptor associated factors TRAF1 and
TRAF2 were found in IkBa(DN) T cells (data not shown).
Nonetheless, death receptors other than Fas and defects in
still other NF-kB-dependent survival proteins such as
GADD45b69 or Bcl-3 are also likely to be implicated in the
enhanced death of IkBa(DN)-expressing T cells.
Intriguingly, NF-kB was found to regulate the kinetics of

CD4+ and CD8+ T cell cycling in short-pulse BrdU labeling
experiments in vitro. Whether this finding applies to mature T
cells in vivo remains unclear. A 50% decrease in the numbers
of stage III CD4-CD8-TCR� thymic precursors to T cells was
attributed exclusively to enhanced susceptibility to apopto-
sis.36 However, the quantitatively greater severity of the
population defect for mature T cells in IkBa(DN) mice might
reflect a dual role, with NF-kB promoting cell cycle rates in
addition to the effect on survival. The in vitro data indicate that
inhibition of NF-kB in T cells can lead to intrinsic defects in
execution of steps in cell cycle progression, at least outside of
the normal microenvironment. Previous studies in other cell
types suggest that NF-kB may participate in the control of cell
cycle regulatory proteins57,58,70 but the role of NF-kB in cell
proliferation appears dependent on the tissue and cell type.
RNA synthesis and blastogenesis of CD4+ IkBa(DN) trans-
genic T cells were substantially decreased compared to
controls, effects which persisted despite constitutive expres-
sion of Bcl-xL (Figure 8). Although the analysis with Bcl-xL
transgenic cells was limited to CD4-lineage T cells for
technical reasons, the lack of any meaningful increase in 3-
H TdR incorporation into a mixed population of cycling CD4
andCD8T cells suggests that enforcedBcl-xL expression also
was unable to enhance the proliferation of the CD8 subset.
The BrdU pulse labeling studies suggest that NF-kB regulates
the rate of entry into S phase (Table 1; Figure 8). In a
mammary tumor cell line, NF-kB activity has been associated
with cyclin D1 transcription in the G1 phase and the G1-to-S-
phase transition,58 whereas NF-kB appears to control p53,
p21WAF, and c-Myc in HeLa cells.70 We have recently
determined that c-Myc induction is unaffected by the inhibition
of NF-kB in primary T cells.55 However, cytokine-activated
Stat5 is essential for cell cycle progression in T cells and the T
cell-specific expression of IkBa(DN) selectively inhibits Stat5
induction by cytokine receptors which share the gc chain (IL-
2R and IL-4R).55,59,71 Although its role in vivo remains
unproven, this defect in cytokine-induced Stat5 could poten-
tially contribute to both the apoptosis-independent cycling
defects in vitro and to defects in survival.
Unlike memory T cells, the survival of naive lymphocytes

requires ligand engagement of the antigen receptor.12–14 This
observation raises the question whether the NF-kB-depen-
dence of T cell survival and clonal expansion exclusively
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reflect TCR signaling. PKC-y is an essential link between TCR
signaling and NF-kB activation in mature T lymphocytes.72,73

T cells derived from PKC-y -deficient mice exhibited impaired
activation, proliferative responses (in vitro), and a defect in T
cell-dependent function (in vivo), yet T cell numbers were
normal in PKC-y knockout mice.72 These results suggest that
decreased survival and a modest decrease in the initial rate of
T cell production arise when NF-kB induction by a wide variety
of signaling pathways is inhibited (as in IkBa(DN) mice) as
opposed to a selective defect in induction by the antigen
receptor. Thus, it is likely that NF-kB activation by PKC-y -
independent pathways, such as those triggered by members
of the TNF and IL-1-receptor superfamilies, are critical for the
generation of NF-kB-dependent survival signals in T cells in
their microenvironment.
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