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T cells are essential for immune defenses against pathogens, such
that viability of naive T cells before antigen encounter is critical to
preserve a polyclonal repertoire and prevent immunodeficiencies.
The viability of naive T cells before antigen recognition is ensured
by IL-7, which drives expression of the prosurvival factor Bcl-2.
Quiescent naive T cells have low basal activity of the transcription
factor NF-xB, which was assumed to have no functional conse-
quences. In contrast to this postulate, our data show that basal
nuclear NF-kB activity plays an important role in the transcription
of IL-7 receptor a-subunit (CD127), enabling responsiveness of
naive T cells to the prosurvival effects of IL-7 and allowing T-cell
persistence in vivo. Moreover, we show that this property of basal
NF-kB activity is shared by mouse and human naive T cells. Thus,
NF-kB drives a distinct transcriptional program in T cells before
antigen encounter by controlling susceptibility to IL-7. Our results
reveal an evolutionarily conserved role of NF-xB in T cells before
antigenic stimulation and identify a novel molecular pathway that
controls T-cell homeostasis.
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Survival of naive quiescent T cells is essential to maintain
a pool of polyclonal T cells ready for activation by their
cognate antigen. On egress from the thymus, survival of pe-
ripheral naive T cells (CD4*CD44'° and CD8*CD44'°) depends
on intermittent tonic engagement of the T-cell receptor (TCR)
and signaling by the cytokine IL-7 (1, 2). Tonic TCR engagement
is generated by the interaction of the TCR with weakly reactive
self-peptides (3). Survival of quiescent CD8 T cells requires
MHC class I-TCR engagement, which is indicated by dwindling
numbers of naive CD8 T cells after transfer into MHC class
I-deficient mice (4, 5). In addition, long-term (but not short-term)
survival of CD4 T cells requires the presence of MHC class II (6).

IL-7 is important for survival and homeostatic proliferation of
naive T cells, which is shown by reduced recovery of naive T cells
transferred into IL-77/~ mice (7, 8) and impaired survival and
homeostatic proliferation of T cells from IL-7 receptor a-subunit
(IL-7Ra) -deficient mice (9, 10). The receptor for IL-7 is a het-
erodimer consisting of the IL-7Ra (CD127) and common y-chain
receptor (y.; CD132) subunits. Triggering of IL-7R activates
Stat5 through Jak1/Jak3 (11) and the PI3K/Akt/mTOR axis (12).
IL-7-mediated survival involves up-regulation of the prosurvival
factors Bcl-2 and Mcl-1 as well as reduction of proapoptotic
molecules Bax, Bad, and Bim (13). Interestingly, IL-7 negatively
regulates the expression of its receptor, promoting endocytosis,
degradation, and the transcriptional inhibition of I/7r expression
(11, 14). This milieu enables a pool of T cells that have not yet
encountered IL-7 to be preferentially responsive to limiting
concentrations of this cytokine. Several transcription factors are
involved in the control of II7r expression in T cells, including
positive regulation by GA binding protein, glucocorticoid re-
ceptor, Etsl, Runx1, Runx3, and Foxol and repression by Foxp1
and Gfil, the latter exclusively in CD8 T cells (15).
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The transcription factor NF-xB is critical for T-cell activation,
proliferation, and survival after TCR engagement. NF«xB exists
mostly as heterodimers between the transactivating proteins RelA,
RelB, and c-Rel and their DNA binding partners p50 (p105; NF-
kB1) and p52 (p100; NF-kB2) (16). On TCR engagement, the
kinase IKKp, part of the IKK complex, phosphorylates IxBa,
the inhibitor of NF-kB, targeting it for degradation and allowing
NF-kB to translocate into the nucleus. In activated T cells, NF-
kB induces up-regulation of the prosurvival molecules Bel-x,
Al, A20, and cellular inhibitors of apoptosis (17-19). IkBaAN
mice bear transgenic expression of a nondegradable form of
IxBa in early thymocyte development, resulting in NF-kB-im-
paired T cells (20). These mice have diminished survival of acti-
vated mature T cells and reduced numbers of peripheral naive
T cells (20, 21). The mechanism for decreasing survival of IkBaAN
naive T cells is not clear. Using various genetic mouse models of
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NF-kB impairment in T cells as well as pharmacological inhibition
of NF-kB, our results show that basal NF-kB activity controls sur-
vival of naive quiescent T cells, at least in part, by enhancing /I7r
transcription, a mechanism conserved in both mice and humans.
Our findings show an essential role of NF-kB in the control of naive
T-cell homeostasis.

Results

Basal NF-kB Contributes to the Survival of Quiescent Naive T Cells.
Activation of NF-kB on TCR engagement is essential for survival
of activated T cells (22). Basal NF-kB activity has been noted in
unstimulated T cells, although at much lower levels than in TCR-
stimulated T cells, but its functional significance was unknown
(23). To investigate the NF-xB subunits at play in naive T cells,
EMSAs were performed using nuclear extracts from FACS cell-
sorted purified CD4*CD44'° and CD8*CD44" naive WT and
NF-kB-impaired IkBaAN T cells. NF-xB activity in IkBaAN
naive T cells was greatly reduced compared with naive WT T
cells (Fig. 14). Supershift assays revealed that the predominant
NF-xB complexes present in quiescent naive WT T cells were
RelA/p50 and p50/p50 dimers (Fig. 1B).

Because NF-kB signaling is required for lymphopenia- and ac-
tivation-induced proliferation of T cells (21), we tested whether
NF-kB drives quiescent naive T-cell survival in vivo. To this end,
equal numbers of WT (CD45.1/2) and IkBaAN (CD45. 2) CD4*
CD44'° and CD8*CD44" cells were coadoptively transferred into
congenic WT recipients (CD45.1). One week later, analyses of
spleen (Fig. 24) and peripheral lymph nodes (Fig. S1) revealed
that the ratio of recovered IkBaAN to WT CD4"CD44"° and
CD8*CD44"° T cells was significantly reduced. To rule out a
causal role of TCR repertoire differences in developing NF-kB—
impaired thymocytes, survival of T cells with a fixed TCR speci-
ficity was analyzed. Ovalbumin-specific TCR transgenic DO11.10
WT and DO11.10 IxBaAN mice were thymectomized, and the half-
life of DO11.10 CD4 T cells was assessed over time in peripheral
blood cells. The decay of DO11.10 IkBaAN T cells was faster and
more pronounced than that of WT controls (Fig. 2B), further in-
dicating that basal NF-xB activity is necessary for survival of qui-
escent naive T cells in vivo.

Basal NF-xB Does Not Control Tonic TCR Signaling. The reduced
lifespan of NF-kB-impaired naive T cells suggests that NF-xB
regulates the expression of one or more genes important for naive
T-cell survival. Because tonic TCR signaling is required for
survival of naive T cells, we hypothesized that basal NF-xB activity
may control tonic TCR signaling in naive T cells. At steady state,
expression of CD5 in naive T cells reflects proximal TCR signal
strength in response to self-peptide/MHC (24). To test if basal NF-
kB controls tonic TCR signals, expression of CD5 was analyzed in
peripheral naive CD4 and CDS8 T cells from WT and IkBaAN
mice. Remarkably, CD5 expression in IkBaAN CD4 and CD8
naive T cells was comparable with WT T cells (Fig. S24). To rule
out any compensatory effect caused by a potentially disparate
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Fig. 1. Naive T cells display basal NF-xB activity. (A) EMSA for NF-kB using
nuclear extracts of WT and IkBaAN FACS cell-sorted CD4*CD44' and CD8*
CD44"° T cells. (B) EMSA supershift for NF-kB subunits RelA and p50 per-
formed with nuclear extracts from WT naive T cells. Results are represen-
tative of at least three independent experiments. "Supershifted bands for
RelA. *Supershifted band for p50.
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Fig. 2. Basal NF«B is required for T-cell survival in vivo. (A) Equal numbers of
CD45.1/2 WT and CD45.2 WT or IkBaAN CD4*CD44'"° and CD8*CD44" cells were
coadoptively transferred into CD45.1 recipients. Seven days later, ratios of
IxBaAN:WT and WT:WT splenic CD4*CD44"® and CD8'CD44" T cells were
assessed as follows: (% CDA45.2¢ina/% CDA45.1/2¢na)/(% CDA45.2;itia/ % CD45.1/
2initial)- The graph represents recipients receiving WT:WT (n = 13) and IkBaAN:
WT (n = 14) cells. Data are pooled from five independent experiments and
analyzed by Kruskal-Wallis test with Dunn'’s posttest. (B) DO11.10/WT and
DO11.10/IkBaAN mice were thymectomized, and presence of CD4*TCRV(8.2*
T cells in peripheral blood was assessed weekly by flow cytometry (WT, n = 6;
IkBaAN, n = 8). Values displayed are percentages of CD4*TCRVp8.2* T cells
with respect to the live gate and relative to the value obtained at the time of
thymectomy (day 0). Data are representative of two independent experiments.

TCR repertoire in NF-kB-impaired T cells, expression of
CDS5 was analyzed in ovalbumin-specific TCR transgenic WT
and IkBaAN OT-II CD4" naive T cells. Again, no differences
were observed in levels of CDS5 expression between the two
strains (Fig. S2B), suggesting that basal NF-xB does not control
tonic TCR signaling.

Basal NF-xB Activity Controls IL-7-Dependent T-Cell Survival. Ho-
meostasis of naive T cells requires intermittent interaction of IL-7
with its receptor, IL-7R, which in turn, activates the Jak3/Stat5
signaling. This pathway promotes the expression of the prosurvival
factor Bcl-2 (1). To test the susceptibility of IkBaAN T cells to IL-
7-mediated survival, WT and IkBaAN splenocytes were cultured
in vitro in the presence of exogenous IL-7, and viability of naive
CD4 and CD8 T cells was analyzed. Surprisingly, addition of IL-7
enhanced survival of WT but not IkBaAN naive CD4 and CD8 T
cells (Fig. 34). Consistent with this observation, IL-7-mediated
STATS phosphorylation (Fig. 3B) and Bcl-2 up-regulation (Fig.
3C) were severely compromised in the majority of IL-7-stimulated
IkBaAN T cells, suggesting that IL-7 signaling in T cells depends
on basal NF-xB activity.

To test if diminished IL-7-mediated Bcl-2 up-regulation was re-
sponsible for defective survival of naive IkBaAN T cells, [kBaAN
mice overexpressing human Bcl-2 (25) were generated. Indeed,
Bcl-2"¢ rescued the percentage of CD4 and CDS naive T cells in
IkBaAN mice (Fig. S34), and in vitro, Bcl-2"€ significantly im-
proved viability of IkBaAN naive T cells after 3 d of culture with
and without IL-7 (Fig. S3 B and C). Finally, coadoptive transfer
of CD45.1/2 WT, CD45.2 WT, and IkBaAN or IkBaANxBcl-2T8
CD4 and CDS8 naive T cells into congenic recipients showed that
Bcl-2"# partially restored survival of IkBaAN naive T cells in vivo
(Fig. 3D). Our data suggest that the defective survival of NF-xkB—
impaired naive T cells in response to IL-7 is, at least in part,
caused by reduced IL-7-dependent Bcl-2 up-regulation.

NF-kB Is Required for IL-7Ra Expression. The requirement of NF-kB
activity for IL-7R signaling implied that NF-xB might control the
expression or activation of components of the IL-7R pathway. To
investigate this hypothesis, levels of IL-7Ra (CD127) and the
common y.-chain (CD132) subunits of the IL-7R were assessed
in WT and IkBaAN CD4 and CDS$ naive T cells by flow
cytometry. Interestingly, levels of IL-7Ra were reduced on
IkBaAN CD4*CD44" and CD8*CD44" T cells (25% and 20%
of WT, respectively), whereas levels of CD132 and CD3¢ were
not (Fig. 44 and Fig. S4A4), indicating that NF-xB selectively
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Fig. 3. Basal NF-xB activity is required for IL-7-mediated survival. (A) Sple-
nocytes from WT (n = 3) and IkBaAN (n = 6) mice were cultured for 3 d in the
presence (open symbols) or absence (filled symbols) of 1 ng/mL IL-7. Percentages
of CD4*CD44"° and CD8*CD44" live (7AAD-negative) cells were assessed by flow
cytometry. (B) WT and IkBaAN splenocytes were cultured in vitro for 30 min
in the presence or absence of 1 ng/mL IL-7, and (Y694) STAT5 phosphorylation
in CD4*CD44"™ and CD8"CD44'"° was assessed by intracellular flow cytometry.
Data are representative of n = 6 mice each. (C) Splenocytes from WT (n = 3) and
IkBaAN (n = 3) mice were cultured in the presence (open symbols) or absence
(filled symbols) of IL-7, and 24 h later, expression of Bcl-2 was assessed by in-
tracellular flow cytometry in CD4*CD44"° and CD8*CD44" cells. Data were an-
alyzed by two-way ANOVA with Bonferroni posttests. (D) Equal numbers of
CD45.1/2 WT, CD45.2 WT, and IkBaAN or IkBaANXBcl-2™ CD4*CD44" and CD8*
CDA44" cells were coadoptively transferred into CD45.1 recipients. Results were
analyzed as in Fig. 2A. The graph represents recipient mice for WT:WT (n = 8),
IkBaAN:WT (n = 9), and IkBaANXBcl-2T%WT (n = 9). Data are pooled from three
independent experiments and analyzed by Kruskal-Wallis test with Dunn’s
posttest. All experiments were performed at least three times. MFI, mean
fluorescence intensity; ns, not significant. *P < 0.05. ***P < 0.001.

regulates the IL-7Ra chain in T cells. Because of impaired positive
and negative selection of CD8SP but not CD4SP IkBaAN (26),
levels of IL-7Ra were also assessed in OT-1I IkBaAN CD4 naive
T cells (Fig. S4B). Similar to results in polyclonal T cells, IL-7Ra
levels were diminished in OT-II IxkBaAN cells, suggesting that
the impact of NF-kB on IL-7Ra expression is independent of
effects on thymic selection.

The IkBaAN transgene is driven by the proximal Lck promoter;
therefore, its expression is turned on early during thymic de-
velopment (20), which results in reduced IL-7Ra expression in
IkBaAN CD4SP and CDS8SP thymocytes (Fig. S54). CD4“™
IKKPY™ mice, which delete IKKp in double-positive thymocytes
and have overall normal thymic development (Fig. S5B) (27),
were used to confirm the requirement of NF-xB for IL-7Ra ex-
pression. Indeed, IL-7Ra levels on peripheral CD4“™ IKK"" CD4
and CD8 naive T cells were one-half of the levels in WT controls
(Fig. 4B) and below the levels in IL-7Ra*~ T cells (Fig. S64). The
impact of reduced IL-7Ra expression on CD4“IKKpM and IL-
7R heterozygous T cells on IL-7-mediated survival was determined
in vitro. Survival of IL-7R“**~ and WT T cells was equivalent,
whereas that of CD4“"*IKKB™ naive CD8 T cells was slightly
impaired but significantly higher than that of IkBaAN T cells (Fig.
S6B). Thus, these data suggest that a threshold of IL-7Ra is
required to confer full survival in the presence of IL-7 and that
NF-xB is a limiting factor to attain this threshold.

Two pathways of NF-kB activation have been described: RelA/
p50 and cRel/p50 dimers are activated in the canonical (IKKp
and IkBa) pathway, whereas the alternative pathway is dominated
by RelB/p52 dimers (18). IL-7Ra expression was reduced in p50-
but not p52-deficient CD4 and CDS8 naive T cells (Fig. 4C) to
a lesser extent than in IkBaAN or CD4“IKKBY™ T cells. Our
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results indicate that the canonical but not the alternative NF-xB
pathway regulates IL-7Ra expression.

IL-7 availability is increased in lymphopenic mice and humans
(1). To address whether reduced IL-7Ra in IkBaAN T cells was
caused by increased IL-7 availability and consequent receptor
down-regulation in vivo, IkBaAN T cells were harvested from
their in vivo environment and cultured in vitro in the absence of
IL-7 (18). In contrast to WT T cells that increased their IL-7Ra
over a 48-h culture, IkBaAN T cells were unable to do so (Fig.
S7A). Additionally, to avoid potential in vitro artifacts, WT and
IkBaAN T cells were coadoptively transferred into lymphor-
eplete mice. Similar to the results in vitro, IL-7Ra was not re-
stored in IkBaAN T cells (Fig. S7B), suggesting that NF-xB is
intrinsically required for IL-7Ra expression.

Transcriptional Control of IL-7Rx by NF-xB. To address whether NF-kB
governs IL-7Ra transcription, 1/7r mRNA was analyzed by quan-
titative RT-PCR (RT-gPCR) in WT and IkBaAN CD4 and CD8
naive T cells. Levels of II7r mRNA were reduced in IkBaAN CD4
and CDS8 T cells (Fig. 54), suggesting that NF-kB is required for
1I7r transcription. To test the requirement of NF-xB for de novo
IL-7Ra expression in mature T cells, the IKKp pharmacological
inhibitor 6-amino-4—4-phenoxyphenylethylamino-quinazoline (NF-
«Bi) was used (28). IL-7 inhibits transcription of I/7r, and reex-
pression of IL-7Ra requires de novo transcription. To assess
whether NF-xB controls de novo gene expression of IL-7Ra, WT
T cells were incubated for 24 h with IL-7, washed, and cultured
alone or in the presence of NF-kBi. CD4"CD44"° and CD8*
CD44% T cells treated with NF-kBi had a substantial reduction in
de novo expression of IL-7Ra mRNA (Fig. 5B) and protein (Fig.
S8). These data prompted us to investigate whether NF-kB might
directly regulate I/7r transcription.

In silico analysis of II7r genomic DNA in eight mammalian
species revealed three evolutionary conserved regions (ECRs)
upstream of the II7r transcription start site (TSS): ECRI1 in the
proximal /I7r promoter and ECR2 at —3.6 kb and ECR3 at -5.6
kb from the I7r TSS. ECR2 and ECR3 each contain a potential
NF-kB binding site (Fig. 5C). ChIP assays revealed that NF-xB/
RelA present in WT T cells bound to ECR2 but marginally

A IC == WT aa IkBaAN B 500 cD4*CD44' o CcD8*CD44'°
CD4*CD44" CD8*CD44" =
S——— - £ w0 400 _I'
=l - i 5 30 b 300
s - ~ S *kk *k
s . g 200 Geo 200 e
100 100
R R
- | N N N \
" - & & & &
O « -
E - -
B . C CD4* CD44" CD8* CD44"
—ns
800 ak 900! T
£ 600 .M k%
. £ 6001 by &
. - & 400 ‘}
T - - a
= | N © 200 @ %00
o . ¢ o ®
{soo NP
& SO $ SO €
CD3¢ e, & o5 o
Lee &

Fig. 4. Basal NF-«B is required for IL-7Ra expression. (A) Histograms displaying
(Top) IL-7Ra/CD127, (Middle) y/CD132, and (Bottom) CD3¢ as analyzed by flow
cytometry in WT (solid line) and IkBaAN (broken line) CD4*CD44'"° (Left) and
CcD8*CD44'° (Right) T cells. IC, isotype control. (B) Expression of CD127 in (Left)
CD4*CD44'° and (Right) CD8*CD44" splenocytes from CD4IKKp™" or
CD4A“eIKKp™ M mice. Data were analyzed by Student t test. (C) Expression of
CD127 in WT (n = 4), IkBaAN (n = 5), p50~"~ (n = 5), and p52~~ (n = 8) mice as
assessed by flow cytometry and one-way ANOVA with Bonferroni posttests for
pairwise comparisons. Results are representative of at least two independent
experiments. **P < 0.01. ***P < 0.001.
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Fig. 5. Basal NF-xB controls transcription of //7r in naive T cells. (A) II7r
MRNA from WT and IkBaAN CD4*CD44'® and CD8*CD44™ cells was assessed
by RT-gPCR, and triplicates were normalized to Actb. RU, relative units.
Results are shown as mean + SD of triplicates analyzed by Student t test, and
they are representative of three independent experiments. ***P < 0.001. (B)
WT splenocytes were cultured for 24 h with 1 ng/mL IL-7, washed, and in-
cubated for another 24 h with 1 ng/mL IL-7, no IL-7 (medium), or 5 nM NF-
kBi. CD127 expression was analyzed by RT-gPCR in FACS cell-sorted CD4*
CD44" live cells with one-way ANOVA and Bonferroni posttests. **P < 0.01.
***P < 0.001. (C) In silico analysis of murine //7r locus highlighting ECRs
upstream of the 5’ TSS. ECR2 (-3.6 kb) and ECR3 (-5.6 kb) contain sequences
with putative NF-xB binding sites. (D) ChIP for ECR2 and ECR3 using anti-RelA
antibody or isotype control (IgG) in WT and IkBaAN naive T cells as assessed
by RT-gPCR. (E) Semiquantitative PCR after ChIP for ECR2 using anti-RelA,
anti-p50 antibodies or isotype control (IgG) in WT and IkBaAN naive T cells.
*Two hundred eighty-two-base pair expected PCR product. *Nonspecific
band. MW, molecular weight. (F) Supershift EMSA for NF-xB binding site
contained in ECR2 using antibodies against RelA, p50, or isotype control.
*Supershifted bands. ®RelA/p50. °p50/p50 dimers. **P < 0.01. (G) Dual lucif-
erase assay of lysates of 293T cells transfected for 48 h with the luciferase
reporter plasmid pGL4.23 alone or containing ECR2 and ECR3 sequences from
II7r gene plus pRL-TK and control plasmid (EV) or plasmids encoding IKKB-CA
and RelA. Results were analyzed by two-way ANOVA with Bonferroni posttests
for pairwise comparisons. Results are representative of at least two independent
experiments. ***P < 0.001.

bound to ECR3 (Fig. 5D). NF-kB1/p50 was also recruited to
ECR2 (Fig. 5E). In contrast, neither subunit was recruited to
1I7r ECR2 or ECR3 in IkBaAN T cells (Fig. 5 D and E). Addi-
tionally, EMSA supershift assays confirmed that RelA and p50
bound to this region (Fig. 5F). Finally, to test the capacity of NF-
kB to enhance [I7r expression, reporter assays in 293T cells were
performed using ECR2 and ECR3 as enhancers of a minimal
promoter driving the luciferase gene. Cotransfection with plasmids
coding for constitutively active IKKp (IKKB*) or RelA showed
that only ECR2 possessed a functional NF-xB enhancer (Fig. 5G).
Taken together, these data imply that RelA/pS0O controls tran-
scription of II7r through the —3.6-kb ECR2 enhancer.

Forced NF-xB Activity Enhances II7r Expression. Given the re-
quirement of canonical NF-kB activation for IL-7Ra expression,
we reasoned that manipulations enhancing canonical NF-xB
signaling may further augment IL-7Ra levels. To test this pos-
sibility, we generated mice expressing IKKP“* specifically in T
cells by crossing the Rosa26-Stop™ IKK$“*-GFP mice (29) with
Lck“™ transgenic mice (30). The resulting IKKp“*-expressing T
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cells (Lck“IKKB) coexpress the GFP (Fig. 64) and display
enhanced NF-kB activity (31). The penetrance of the Lck®™
transgene is variable (27), allowing for discrimination of TKKf“*
transgenic (GFP") from nontransgenic (GFP™) cells in the same
mouse (Fig. 64). IKKB“*-GFP* CD4*CD44" and CD8"CD44° T
cells had double the amount of IL-7Ra compared with their WT or
GFP~ counterparts at both the protein (Fig. 6B) and mRNA (Fig.
S9) levels. These data also support the conclusion that basal NF-xB
activity intrinsically enhances I/7r expression in naive T cells.

NF-xB Controls IL-7Ra Expression in Human T Cells. To test whether
basal NF-kB activity is important for IL-7Ra expression in human
T cells, the IKKp pharmacological inhibitor (NF-xBi) was used.
Human peripheral blood mononuclear cells (PBMCs) from
healthy volunteers were subjected to IL-7-mediated IL-7Ra down-
regulation and reexpression as described for mouse splenocytes
(Fig. 5B). Doses of NF-xBi of 5 nM or greater, although not af-
fecting cell viability (Fig. S10), limited de novo IL-7Ra expression
by 35-47% in CD4*CD45RO™ and CD8*CD45RO™ naive T cells,
which were assessed by flow cytometry in live-gated cells (Fig. 7).
These data suggest that NF-xB controls the expression of IL-7Ra
in both human and mouse T cells; therefore, therapies targeting
NF-kB activity could potentially impact naive T-cell survival in
human patients.

Discussion

Survival of naive T cells is essential to maintain T-cell homeostasis
and prevent lymphopenia and immunodeficiency. Persistence of
naive T cells depends on intermittent signaling through IL-7Ra and
tonic TCR stimulation (32). In this study, we show that basal NF-xB
activity is essential for the survival of naive T cells. Rather than
controlling homeostatic signals induced by tonic TCR stimulation,
basal NF-kB activity in naive T cells is a limiting factor to enhance
transcription of I/7r. In antigen-experienced T cells, NF-«kB activity
directly induces expression of prosurvival factors, such as c-FLIP
and Bcl-x;, (21). In contrast, our findings suggest that NF-xB—de-
pendent survival of naive T cells relies, at least in part, on Bcl-2 up-
regulation on IL-7 exposure. Supporting our results, Silva et al. (33)
recently reported that IKKp is required for IL-7Ra expression and
homeostatic proliferation. Together with our findings, both studies
define a role for NF«B in the control of naive T cells homeostasis
in both lymphoreplete and lymphopenic hosts.

The signals driving basal NF-kB signaling in quiescent naive T
cells are not known. Several receptors of the TNFR superfamily
present in naive T cells may deliver basal NF-kB signaling. TNFR
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Fig. 6. Constitutive active IKKB enhances IL-7Ra expression. (A) Expression
of GFP was assessed by flow cytometry in CD4*CD44'® and CD8CD44' T cells
from WT and Lck“™® IKKBA mice. (B) CD127 expression was assessed by flow
cytometry in CD4*CD44' and CD8*CD44' T cells from WT (n = 4) and Lck®"®
IKKB? (n = 6; gated on GFP~ and GFP* events) mice. Results were analyzed
with one-way ANOVA and Bonferroni posttests. ***P < 0.001.
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Fig. 7. Pharmacological inhibition of NF-xB reduces expression of IL-7Ra in
human peripheral T cells. PBMCs from healthy individuals were cultured for
24 h with 10 ng/mL recombinant human IL-7, washed, and incubated for 24 h
with increasing doses of NF-kBi. Expression of CD127 was assessed in CD3*
CD4"CD45R0- and CD3*CD8"CD45R0~ live-gated cells and represented
compared with maximum (NF-xBi = 0 nM). Results are representative of two
independent experiments.

and CD27 signaling have been shown to promote IL-7Ra ex-
pression in an NF-kB-dependent manner (14, 33). Therefore, it
is possible that these receptors are part of the physiological
network driving basal NF-xB activity in naive T cells.

The models of NF-kB-deficient T cells used in this study
display varying degrees of impairment in IL-7Ra expression, with
the lowest in IkBaAN naive T cells followed by CD4“IKKpY™
and finally, p50-deficient cells. Differences in the quantity and/or
quality of basal nuclear NF-xB in the different NF-kB-impaired
T cells may account for their different degrees in reduction of IL-
7Ra expression. Although RelA nuclear translocation is mostly
impeded in IkBaAN T cells by virtue of the IkBa superrepressor
(20), IKKa partially compensates the canonical NF-kB pathway
in IKKp-deficient T cells (27), and RelA/p52 complexes [gen-
erated only in particular circumstances (18)] might suboptimally
compensate for the canonical RelA/p50 complexes.

The impact of canonical NF-xB activity in the development
and survival of naive T cells is stronger in CD8 than CD4 T cells,
which was observed in several mouse models with defective ca-
nonical NF-xB signaling by either overexpression of dominant-
negative IkBa proteins in T cells or deletion of either IKKf or
NEMO (20, 27, 34). Given the importance of IL-7Ra in CD8
thymic development (8, 35), our results suggest that the reduced
number of CD8SP thymocytes in IkBaAN mice may be because
of their defective IL-7Ra expression (Fig. S5). Deficiencies of
other transcription factors that control IL-7Ra expression, such
as Foxol and Etsl, also lead to a more profound reduction of pe-
ripheral naive CD8 than CD4 T cells (36-38), strengthening reports
that IL-7Ra controls development and survival of naive CD8 T cells
more stringently than CD4 naive T cells (10, 35). Our findings that
NF«B regulates IL-7Ra in both T-cell compartments but has
a stronger impact in CD8 T-cell survival further support this theory.

In addition to Foxol and Etsl, several other transcription
factors have been implicated in the genetic control of 1I7r, mostly
through the binding to two evolutionary conserved regions up-
stream of the //7r. ECR1 is located in the proximal I/7r promoter,
spanning 200 bp, and it contains the binding sites for Runx1, PU.1
(active only in B cells), Ets1, and GABPa (38-40). ECR?2 is lo-
cated 3.6 kb upstream of /I7r, and this region was previously de-
scribed to contain binding sites for NF-kB, GATA3, Foxol/Foxpl
(36, 37), and glucocorticoid receptor (39). Although the NF-xB
binding site in the ECR2 had been previously predicted, we show,
for the first time to our knowledge, that RelA/p50 dimers bind to
this sequence and confer enhancer characteristics. Interestingly,
the NF-kB binding site located in ECR3 (—5.7 kb from II7r TSS)
had marginal RelA binding and enhancer activity, suggesting that
NF-B controls I/7r transcription mainly through ECR2.

Our in vitro data assessing the enhancer capacity of ECR2
correctly predicted that constitutively active IKKB would potentiate
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IL-7Ra expression in vivo. Despite higher levels of IL-7Ro, IKKp<*
T cells have increased cell death ex vivo (34, 41). Kimura et al. (2)
elegantly showed that continuous IL-7 stimulation in T cells with
suboptimal TCR triggering promoted cell death in an IFNy-
dependent manner. Interestingly, IKKBCA T cells produce large
amounts of IFNy and express one-half the amount of TCRf chain
compared with WT counterparts (Fig. S11), thus raising the pos-
sibility that IKKB“* T cells might die through this mechanism.

Antigen-mediated TCR stimulation, which potently activates
NF-kB, also ablates IL- 7Ra expression in T cells. Cekic et al.
(42) reported that PI3K activation is partially responsible for IL-
7Ra reduction in TCR-stimulated cells, possibly by phosphory-
lation and inhibition of Foxol (36). Transcriptional control of
the 1l7r ECR2 enhancer likely requires a minimal occupancy
by multiple transcription factors. As such, TCR/PI3K-mediated
Foxo1 inhibition may deprive ECR2 of a key component for its
enhancer. We speculate that, without Foxol, the //7r enhancer is
not functional, despite abundant active NF-kB in TCR-stimu-
lated T cells. In contrast, in naive T cells, both Foxol and NF-xB
are available and required for IL-7Ra expression.

The NF-«xB binding site present in the ECR2 is conserved be-
tween mice and humans. As in mice, de novo IL-7Ra reexpression
in human T cells was impaired by pharmacological inhibition of
NF-kB following exposure to IL-7. By contrast, deletion of IKKf in
mouse postthymic T cells did not affect constitutive levels of IL-
7Ra (33), suggesting that in mature T cells NF-kB may be required
for de novo IL-7Ra reexpression but not for its physiological
maintenance. TNF stimulation has been reported to up-regulate
IL7R mRNA in human HelLa cells in an NF-xB-dependent man-
ner (43), and chromatin immunoprecipitation and sequencing data
from the ENCODE project revealed RelA binding to the homol-
ogous IL7R ECR2 sequence in human lymphoblastoid cell lines
(44). Because this evidence supports a role for NF-xB in IL-7Ra
regulation in human cells, caution should be exercised in therapies
designed to inhibit the NF-kB pathway in immunoinflammatory
diseases (45), because these regimens may have deleterious effects
on the naive T-cell pool, with potential consequences on immune
responses to pathogenic threats.

Materials and Methods

Mice. C57BL/6 mice were obtained from Harlan Laboratories, whereas Lck,
Rosa26-Stop ™ KKBF“A-GFP, and CD45.1* mice (all C57BL/6 background) were
purchased from Jackson Laboratories. IkBaAN mice (C57BL/6 background), with
T cells that express a dominant-negative form of IkBa (driven by the proximal
Lck promoter and the CD2 enhancer), and DO11.10xIkBaAN mice generated by
breeding IkBaAN (BALB/c background) to DO11.10 mice, which express an
ovalbumin-specific TCR transgene, were a gift from Mark Boothby (Vanderbilt
University, Nashville, TN). NF-xB1/p50- and NF-kB2/p52-deficient mice
(C57BL/6 background) were provided by Yang-Xin Fu (University of Chicago,
Chicago, IL). Bcl-2" mice, obtained from Marcus Clark (University of Chicago,
Chicago, IL), express human Bcl-2 under control of a Vav promoter (25), and
OVA-specific OT-Il TCR transgenic mice (Taconic) were crossed to IkBaAN mice
at the University of Chicago. IKKp™, CD4", and IL-7R<**~ [a Cre knockin
that disrupts normal //7r mRNA (46)] mice were provided by Michael Karin (La
Jolla Institute, La Jolla, CA), Fotini Gounari (University of Chicago, Chicago,
IL), and Barbara Kee (University of Chicago, Chicago, IL), respectively. All mice
were bred at the University of Chicago specific pathogen free facility in
agreement with our Institutional Animal Care and Use Committee and
according to the National Institutes of Health guidelines for animal use.

Reagents. Recombinant mouse and human IL-7 were obtained from Pepro-
tech. 6-amino-4-4-phenoxyphenylethylamino-quinazoline (NF-kBi) was pur-
chased from EMD Millipore.

Splenocytes and Lymph Node Cells Isolation, T-Cell Purification, Adoptive
Transfer, and Flow Cytometry. Cells were isolated, purified, and analyzed as

described in S/ Materials and Methods.

EMSAs. Nuclear proteins were extracted and quantified as previously de-
scribed (31) and used in EMSAs as described in S/ Materials and Methods.
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In Vivo T-Cell Survival. Six- to eight-week-old DO11.10/IkBaAN mice and lit-
termate controls were thymectomized. Approximately 45-50 pL mouse pe-
ripheral blood was obtained weekly through the retroorbital plexus using
heparin-treated calibrated capillary tubes. Red blood cells were lysed for 5 min
in 1 mL ammonium chloride potassium lysis buffer. Peripheral mononuclear
cells were analyzed by flow cytometry.

In Silico Analysis. In silico analysis is described in SI Materials and Methods.

RT-qPCR. Total RNA was prepared from CD4*CD44'"° and CD8*CD44'"° T cells
and used for RT-qPCR as described in SI Materials and Methods.

Cloning of pGL4.23-ECR2 and pGL4.23-ECR3 and Luciferase Reporter Assays. The
plasmid pGL4.23 (Promega) containing a minimal promoter upstream of
firefly luciferase was used to test enhancer activity of the NF-kB-containing
sequences present in the ECR2 and ECR3 upstream of mouse //7r. Details are
in SI Materials and Methods.

ChIP. ChIP was performed following the manufacturer’s instructions (Upstate
Biotechnologies). More details are in S/ Materials and Methods.
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Isolation of PBMCs. PBMCs were isolated from healthy human volunteers as
previously described (47).

Statistical Analyses. Comparisons of means were performed with GraphPad
Prism (GraphPad Software) using the Student t test, one-way ANOVA, or
two-way ANOVA, where appropriate, with Bonferroni correction for multi-
ple comparisons (one-way ANOVA). Normality was assessed by Kolmogorov-
Smirnov tests, and nonparametric tests, such as Mann-Whitney and Kruskal-
Wallis (with Dunn'’s test), were used where appropriate. Differences were
considered significant for P values < 0.05.
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