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Dendritic Cells Require the NF-�B2 Pathway for

Cross-Presentation of Soluble Antigens1

Evan F. Lind,* Cory L. Ahonen,* Anna Wasiuk,* Yoko Kosaka,* Burkhard Becher,†

Kathy A. Bennett,* and Randolph J. Noelle2*

NF-�B-inducing kinase (NIK) is responsible for activation of the non-canonical p100 processing pathway of NF-�B activation. This

kinase has been shown to be critical for activation of this pathway after signaling through several TNF family members including

CD40. The functional importance of this pathway in CD40 and TLR-induced dendritic cell (DC) differentiation was studied in vivo

in the alymphoplasia (Aly) mouse. The Aly mouse expresses a mutant NIK molecule that prohibits the induction of the non-

canonical pathway. We show that while MHC class II presentation and in vivo migration of Aly DCs is intact, these cells are unable

to cross-prime CD8� T cells to exogenous Ag. Gene expression array analysis of DCs matured in vivo indicates multiple defects

in Ag processing pathways after maturation and provide a global view of the genes that are regulated by the NF-�B2 pathway in

DCs. These experiments indicate a possible role for NIK in mediating cross-priming of soluble Ag. In addition, our findings explain

the profound immune unresponsiveness of the Aly mouse. The Journal of Immunology, 2008, 181: 354–363.

C
entral to the immunologic function of dendritic cells

(DC)3 is their maturation induced by TNF family mem-

bers. TNF-�, CD154, and RANKL are all TNF family

members that induce DC maturation. Common to the signaling of

many TNFRs is the activation of the canonical and non-canonical

NF-�B pathways. Although the role of the canonical NF-�B path-

way has been extensively studied in DC, the role of the non-ca-

nonical pathway has not yet been fully resolved. NF-�B-inducing

kinase (NIK) is a serine/threonine kinase that was identified as a

potential activating kinase in the NF-�B pathway (1). Later it was

shown that NIK is not required for activation of the canonical

NF-�B pathway (2) but rather is involved in a second non-canon-

ical NF-�B pathway (3). Activation of this non-canonical pathway

results in phosphorylation of IKK� by NIK. This results in ubiq-

uitination and partial proteasomal degradation of the p100 NF-�B2

precursor protein releasing active p52 and p52/RelB dimers that

then target transcriptional activation of responsive genes (4, 5).

Activation of this pathway has been shown to occur by signaling

through several TNFR family members including lymphotoxin �

receptor (6), BAFF receptor (7), CD40 (8), and others.

Mice that bear spontaneous or engineered mutations in the NIK

gene (2, 9) have been used to study the role of NIK in immune

function. These mutant mice provide the unique opportunity to

study the role of the non-canonical pathway in DC maturation in

vivo. The alymphoplasia (Aly) mouse bears a spontaneous single

point mutation in the NIK gene resulting in an inability of NIK to

interact with the IKK complex (9–12). Several groups have stud-

ied the requirement for specific NF-�B subunits in DC develop-

ment and function. These studies all focus on mice or cells lacking

a specific member or members of the NF-�B family (13–17). To

study specifically the role for the NF-�B2 pathway in DC function,

we conducted the studies presented here in the Aly mouse. The

data shows that the NIK defect incapacitates the activation of the

NF-�B2 pathway in DCs as measured by the inability of Aly DCs

(DCAly) to translocate p52 to the nucleus in response to CD40

engagement. This observation was followed by a series of in vivo

studies to investigate the breadth and depth of DC deficiencies

imposed by this selective impairment in NF-�B2 activation. The

studies reveal a series of very well defined DC functions that are

controlled by the NF-�B2 pathway. Furthermore, transcriptional

profiling of heterozygous DCs (DCWT) and homozygous mutant

DC (DCAly) matured in vivo provide a global view of the gene

expression regulated by the non-canonical and canonical pathways

in DCs in vivo.

Materials and Methods
Mice

Aly mice were obtained from CLEA, Japan. All Aly mice were bred and
housed at the pathogen-free animal facility at Dartmouth Medical School.
TAP1�/�, OT1, and OT2 mice were purchased from The Jackson Lab-
oratory. Animal experiments were performed in accordance with institu-
tional guidelines.

Abs and cell lines

The CD8OVA CD8� T cell hybridoma was a gift of Dr. Brent Berwin
(Dartmouth Medical School, Dartmouth, NH) with the permission of Dr.
Clifford V. Harding (Case Western Reserve University, Cleveland, OH).
Abs specific to CD45.1, CD86, CD8, H-2Db, and B220 were all purchased
from BioLegend. Abs specific to CD80, 41BB-L, CD150, CD70, IA/IE,
CD103, and IFN-� were all purchased from eBiosciences. OVA tetramer
H-2Kb SIINFEKL PE was purchased from Beckman Coulter. Anti-DEC
205 was purchased from Serotec. Anti-CD40 and anti-CD4 were conju-
gated in house. Anti-CD11c clone HL3 (PE and FITC) were a gift from Dr.
Leo Lefrancois (University of Connecticut Medical Center, Farmington,
CT). Agonistic anti-CD40 clone FGK4.5 was purchased from Bio Express.
Endotoxin content of the anti-CD40 Ab was �1 EU/mg as determined by
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a quantitative chromogenic limulus amebocyte lysate kit (QCL 1000;
Cambrex).

DC isolation

Mouse spleens were enzymatically digested with a mixture of Liberase/
DNase I (Roche Applied Sciences) solution. DCs were isolated via MACS
CD11c� bead selection (Miltenyi Biotec). Post-isolation purity was deter-
mined by staining cells with a different clone of anti-CD11c Ab, HL3, and
anti-MHC class II Abs. For gene arrays, bead purification was followed by
FACS sorting to high purity (98% or greater) for expression of both CD11c
and MHC class II.

DC adoptive transfers and OT1 expansion in TAP1�/� mice

On day �1, 5 � 106 OT1 CD8� CFSE-labeled cells were injected i.v. into
TAP1�/� recipients. Cells were isolated via negative magnetic bead se-
lection for CD8 (Miltenyi Biotec). Twenty four hours later, mice received
5 � 105 DCs i.v. from either wild-type (WT) or Aly mice that were pulsed
with whole OVA protein (25 mg/ml; Sigma-Aldrich), pulsed with
SIINFEKL peptide (1 mg/ml), or unpulsed for 3 h in vitro. At the time of
DC injection, mice received 25 �g of LPS and 100 �g of anti-CD40 to
mature DCs. Spleens were isolated 72 h later and stained with anti-CD8
and OVA H-2Kb tetramer for analysis.

OT2 expansion in WT or Aly mice

WT or Aly mice received 1 � 106 CFSE-labeled OT2 cells purified by
negative magnetic selection. Twenty four hours later they received 25 �g
of LPS to mature the DCs and 2 mg of whole OVA, or no treatment as
control. At indicated days, mice were sacrificed and OT2 expansion and
IFN-� production was assessed. For intracellular IFN-� staining, spleen
cells were incubated with PMA/ionomycin and monensin (eBioscience) for
2 h at 37°C. Cells were then stained for the OT2 congenic marker CD45.1
and CD4, followed by fixation/permeabilization using the Cyto perm/fix kit
(BD Biosciences) and staining for IFN-� for 30 min at 4°C.

Western blotting

For NF-�B2, cytoplasmic extracts were made by hypotonic lysis for 15 min
in 10 mM HEPES (pH 7.6), 1 mM EDTA, 0.1 mM EGTA, 10 mM KCl,
1 mM DTT, with leupeptin, aprotinin, pepstatin, and PMSF present. In the
last 5 min, IGEPAL (Sigma-Aldrich) was added to a final concentration of
0.6%. Nuclei were then pelleted and resuspended in 20 mM HEPES (pH
7.6), 0.2 mM EDTA, 0.1 mM EGTA, 25% glycerol, 0.42 M NaCl, 1 mM
DTT, in the presence of protease inhibitors. Debris was removed by cen-
trifugation and samples were denatured in 2� SDS buffer with 2-ME.
Proteins were detected by rabbit polyclonal anti-NF-�B2 (p100/p52), pro-
vided by Dr. Steven C. Ley (National Institute for Medical Research, Mill
Hill, London, U.K.). Equal nuclear loading was assured by blotting for
SAM68 (Santa Cruz Biotechnology).

Ag uptake

For Alexa Fluor 488 LDL, Alexa Fluor 488 latex beads and DQ OVA
uptake, DCs were isolated from spleens of Aly or WT mice by Miltenyi
CD11c magnetic beads (CD11c� isolated population typically �95%
pure). DCs were cultured for 2 h at 37°C in RPMI 1640 with either Alexa
Fluor 488 AcLDL or Alexa Fluor 488 latex beads or for 6 h with indicated
concentration of DQ OVA. After 4 h, cells were washed and analyzed on
a BD FACScan measuring FL1 (530/30 BP filter) fluorescent signal. To
measure OVA-Alexa Fluor 488 uptake in vitro, DCs were isolated as men-
tioned above and cultured for 2.5 h with 10 �g/ml OVA-Alexa Fluor 488
at either 37°C or 4°C. For OVA-Alexa Fluor 488 uptake in vivo, mice were
injected i.v. with 100 �g of OVA-Alexa Fluor 488 or unlabeled OVA as a
control, splenic DCs were analyzed 24 h later. In both cases, cells were
stained with Abs specific to CD11c and CD8. Alexa Fluor 488 fluorescence
was then measured on populations by gating on CD11c� cells, and then
gating on either CD8� or CD8� subpopulations.

Histology

Spleens were frozen in OCT (Sakura Finetek USA), over dry ice ethanol
bath and stored at –70°C until use. Tissue was sectioned at 5 �m on a
cryostat. Slides were fixed in 4°C acetone, dried and rehydrated in PBS.
Sections were stained with anti-CD4 FITC, anti-CD11c PE, and anti-B220
APC. Images were captured using a Zeiss LSM 510 confocal microscope.

Cross-priming of CD8� T cells to soluble Ag in vivo

WT or Aly mice were treated i.p. with 25 �g of LPS (055:B5; Sigma-
Aldrich), 100 �g of agonistic anti-CD40 (clone FGK4.5), and 2 mg of

whole OVA protein. Six days later, spleen cells were stained with anti-CD8
PE, and OVA H-2Kb tetramer APC. Representative of three experiments,
n � 3 mice per experiment. In vivo cytotoxicity assay was conducted as
described previously (18). Target cells were injected into Aly or WT mice,
5 days after challenge with 500 �g of whole OVA protein, 50 �g of
anti-CD40, and 200 �g of TLR7 agonist S-27609 (3M Pharmaceuticals).

Gene array

Mice were treated in vivo for 6 h with both 25 �g of LPS and 100 �g of
agonistic anti-CD40. Each experiment had 3 mice per group. RNA was
pooled per each experiment. Experiment was performed three separate
times per group. Statistical differences were decided based on t test of raw
chip signals between groups p � 0.05 for statistically different genes (see
Fig. 7), or p � 0.05 for genes not different. Genes included in list have a
fold change of 1.5 or more above un-stimulated and an average chip signal
of 100 minimum in the stimulated groups. Heat map image derived from
normalization of signals after statistics for display purposes, image made
using MeV software by Institute for Genomic Research (TIGR). Microar-
ray data are available from the National Center for Biotechnology Infor-
mation Gene Expression Omnibus under accession no. GSE7219.

Results
DCAly fail to translocate p52 to the nucleus in response to

CD40 engagement

Initial studies were designed to evaluate the biochemical role of

NIK in murine DCs triggered by innate and/or adaptive signals.

Proteolytic processing of NF-�B p100 to p52 is tightly regulated,

and is a measurement of non-canonical NF-�B activity. Following

triggering by agonistic anti-CD40 and/or LPS, the magnitude of

cellular p52 expression and the nuclear translocation of p52 was

measured and used as an index of NF-�B2 activation. Purified

CD11c� splenic DCs from WT (DCWT) and Aly (DCAly) mice

were cultured overnight with LPS, anti-CD40 Ab, or both. As

shown in Fig. 1, triggering via CD40 in the presence or absence of

LPS in DCWT increases the abundance of cytoplasmic p52 as well

as the nuclear translocation of p52. Activation of DCAly with anti-

CD40 and/or LPS failed to induce either an increase in p52 in the

cytoplasm or nuclear translocation. Therefore, similar to B cells

(8), triggering via CD40 and not TLR in DCs activates the non-

canonical NF-�B2 cascade. However, DCAly triggered with either

anti-CD40 and/or LPS failed to activate the NF-�B2 cascade.

FIGURE 1. DCaly fail to translocate p52 to the nucleus after CD40 en-

gagement. DC were placed in culture for 18 h with either 500 ng/ml LPS

or 10 �g/ml agonistic anti-CD40 Ab or both. Nuclear and cytoplasmic

fractions were separated and blots were detected with Abs that detect both

p100 and processed p52. SAM68 was used as a nuclear loading control.

355The Journal of Immunology
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The Aly mutation does not alter the development of DC subsets

or their ability to up-regulate the expression of selected cell

surface molecules

NF-�B subunit defects have been shown to affect DC subset de-

velopment (17, 19). Phenotypic multiparameter analysis of Aly or

WT littermates for CD11c, CD4 vs CD8 revealed that the subsets

of DCs present in either the homozygous mutant and heterozygous

littermates were indistinguishable (Fig. 2a). Recent studies into

DC function have implicated DC subsets expressing both CD8 and

DEC205 (20) and CD103 (21) as the cells responsible for

FIGURE 2. Phenotypic distribution and in vivo maturation of Aly DCs. a, Frequency and distribution of Aly DCs in vivo. Spleens were digested with

DNase and Liberase and then stained for CD11c, CD4 and CD8. Fig. 2a shows distribution of CD4� vs CD8� populations after gating on CD11c� cells.

b, In vivo maturation of DCs. WT or Aly mice were treated for 18 h with LPS and anti-CD40 Ab. After treatment, spleens were digested as in a and stained

with Abs specific to indicated markers. All histograms gated on CD11c� populations. Light lines represent untreated levels. Dark lines represent levels

after treatment. Shaded histograms represent isotype controls. c, Gene array profiling of WT or Aly DCs matured in vivo. Mice were treated for 6 h with

both LPS and anti-CD40. DCs were then isolated to high purity and RNA was isolated for gene array profiling. Displayed are genes which respond to stimuli

in a similar manner in both Aly and WT DCs. Fold increase represents the average fold induction of listed gene over unstimulated. Numbers represent

average chip signal induction, which were statistically induced over untreated by t test p � 0.05, that were also induced in Aly DCs. Signals are averages

from three individual experiments, three mice per group pooled RNA.

356 NIK IS REQUIRED FOR OPTIMAL DC FUNCTION
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cross-priming. We undertook a separate series of studies to verify

that those subsets were in fact present in the Aly mouse. There

were no measurable differences between Aly and WT mice in the

frequency of CD103 or DEC 205 positive cell populations (data

not shown). Studies were also designed to evaluate whether the

ability to up-regulate the expression of cell surface molecules on

DCs was altered by the Aly mutation. After in vivo maturation of

DCs, by treating mice for 18 h with combined TLR/CD40 ago-

nists, staining was performed to observe baseline untreated levels

and in vivo-induced up-regulation of cell surface molecules on

DCWT or DCAly. The data shown in Fig. 2b indicate that there are

no overt differences in the up-regulation of MHC class I or II in

WT or mutant mice. Costimulatory molecule expression and up-

regulation of CD80/86, CD40, CD70, 41BB-L, or CD150 are in-

distinguishable between DCWT and DCAly. This observation is in

agreement with recent work (22) that observed maturation of Aly

DC in vitro by measuring levels of CD86, CD40, and MHC class I.

Maturational status of DCAly after stimulation in vivo with TLR/

anti-CD40 was further investigated by gene array profiling. Six

hours after stimulation, splenic DCs were isolated to high purity,

and RNA was extracted and analyzed by whole mouse genome

Affymetrix array. As can be seen in Fig. 2c, there are a series of

genes that are up-regulated in both the DCWT and DCAly after

maturation with TLR/anti-CD40. Included in this list are many

components of signaling cascades such as NF-�B2 and NIK, per-

haps indicating that players in the non-canonical NF-�B pathway

are regulated in a positive way during maturation. The fact that

many early events in DC maturation appear normal in the Aly

mouse is not surprising due to the specific nature of the mutation

in NIK regulating the non-canonical NF-�B pathway.

The Aly mutation specifically impairs cross-priming

One of the unique features of matured DCs is their ability to cross-

prime CD8� T cells. To evaluate the role of NIK in cross-priming,

WT or Aly mice were immunized with soluble OVA protein, anti-

CD40, and TLR agonist. Administration of whole OVA with anti-

CD40 and TLR agonist has been shown previously to induce ro-

bust cross-priming of endogenous CD8� T cells in vivo (18).

Following immunization of WT and Aly mice, the frequency of

endogenous OVA-specific CD8� T cells was measured using

OVA-H-2b tetramer. OVA-specific cytolytic activity was also

measured using an in vivo cytotoxicity assay. Immunization of WT

mice with OVA, using either a TLR4 or TLR7 agonist together

with anti-CD40, induced robust expansion of OVA-specific CD8�

T cells. In the WT mice, the tetramer-positive cells represented

3–7% of the CD8� T cells (Fig. 3, a and c). In addition, high levels

of in vivo OVA-specific CTL activity were observed (Fig. 3, b and

d). In contrast, immunization of Aly mice with OVA, anti-CD40,

and TLR4 or TLR7 agonist, did not induce the appearance of

OVA-specific CD8� T cells or enhance OVA-specific cytolytic

activities. Hence, using an immunization regime that induces ex-

tremely high frequencies of Ag-specific CTLs, the Aly mutation

ablates cross-priming in vivo. To verify that the functional CD8�

T cell responses we see in the WT mouse are due to processing of

whole OVA protein rather than direct exchange of any possible

contaminating peptide fragments present in our OVA preparation,

we performed a similar experiment using TAP1�/� mice as vac-

cine recipients (data not shown). The failure of TAP1�/� mice to

respond indicates that processing of the OVA protein is required in

our vaccine protocol and that the impact of any possible contam-

inating peptide fragments is negligible in this model. It is inter-

esting to note that recently it has been shown that RelB is involved

in cross-priming by DCs (13). RelB has been shown to preferen-

tially act as a dimer with p52 (6) and enhance MHC class I pre-

sentation (23) indicating this hetero-complex is critical for trigger-

ing the expression of genes essential to up-regulate the cross-

priming machinery in DCs.

The observation that the Aly mutation results in defective cross-

priming in vivo raised the possibility that the Aly mouse may have

broad defects in their ability to prime T cells. To test this, we

verified the ability of the Aly mouse to prime a naive CD4� T cell

FIGURE 3. Aly mice do not cross-prime endogenous Ag-specific

CD8� T cell responses, but MHC class II presentation appears intact. a and

b, Mice were treated with anti-CD40 agonistic Ab, 1 mg of whole OVA

protein and 50 �g LPS (a) or TLR7 agonist (c, d). Six days after treatment,

spleens were isolated and analyzed for Ag-specific expansion by anti-CD8

and OVA MHC class I tetramer (top panels). Numbers in top right quad-

rant represent the percentage of CD8� cells that are OVA-specific. On day

5 after treatment, mice were injected with B6 splenocytes loaded with

OVA peptide (higher peak) as targets for in vivo cytolysis, or left unpulsed

as internal specificity controls (lower peak). Data shown are representative

of three experiments n � 3 mice per group. e, Mice (WT or Aly) received

1 � 106 CD4� OT2 OVA-specific TCR transgenic T cells that were CFSE

labeled. 24 h later mice were treated with 2 mg of whole OVA protein and

25 �g of LPS. On indicated days, spleen cells were isolated and division

of OT2 and IFN-� production was assessed by gating on CD45.1� and

CD4� cells. Data typical of two experiments, four mice per group.

357The Journal of Immunology
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response. Either WT or Aly mice received OVA-specific OT2

TCR transgenic CD4� T cells and were then immunized with

whole OVA and LPS. The ability of Aly mice to prime a CD4� T

cell response was evaluated in groups of mice over 3, 5, and 7 days

post OVA injection. As can be seen in Fig. 3e, both the WT and

Aly mice can prime CD4� T cell response as visualized by pro-

liferation of the OT2 population (CFSE dilution) and IFN-� pro-

duction. Although the low threshold for priming high affinity OT2

cells may mask minor defects in MHC class II processing in the

Aly mice, this observation indicates that functional NIK is in-

volved in cross-presentation specifically and not the general func-

tion of DCs in Ag presentation, and specifically in MHC class II

presentation.

Defects in cross-priming are not due to structural defects in the

Aly mouse

In some cases, the profound immunodeficiency in Aly mice has

been attributed solely to the lack of lymph nodes and organized

structures in other secondary lymphoid organs (24, 25). Clearly,

disrupted architecture could impose a profound impact on DC

function and the clonal expansion of Ag-reactive T cells. To se-

lectively restore lymph node and secondary lymphoid organ archi-

tecture, but retain the Aly mutation in the DC compartment, pu-

rified DCAly or DCWT were transferred into TAP1�/� hosts and

their ability to cross-prime CD8� T cells in vivo was assessed.

Briefly, isolated CD11c� splenic DCs were pulsed for 3 h in vitro

with whole OVA protein and then were transferred i.v. into

TAP1�/� mice. The recipients received CFSE-labeled CD8� pu-

rified OVA-specific OTI cells 24 h earlier. All mice received LPS

and agonistic anti-CD40 i.p. at the time of DC transfer to induce

DC maturation. TAP1�/� mice were used as recipients to limit

presentation of OVA peptides to the adoptively transferred DCs

(experimental layout depicted in Fig. 4a). In mice receiving

DCWT, cross-priming occurred and could be observed as dilution

of CFSE in the OTI population (Fig. 4b). In mice that received

DCAly, no cross-presentation was observed. Interestingly, if DCAly

were pulsed with OVA peptide, thus eliminating the requirement

of uptake and processing, they induced robust priming and expan-

sion of the OTI cells. This indicates that the DCAly cells do not

lack MHC class I or costimulatory molecules required to prime

CD8� T cells, and migrate to the appropriate subanatomical sites

in vivo to drive CD8 responses. However, DCAly have a profound

and specific defect in processing whole Ags in the cross-priming

pathway.

Cross-priming defects seen in the Aly mouse are DC intrinsic

The findings that DCAly cannot mediate cross-priming when trans-

ferred into an intact recipient strongly suggests an intrinsic defect

in DC function. To confirm an intrinsic defect in DCAly cross-

priming their ability to cross-prime was evaluated in vitro. Purified

CD11c� splenic DCs were cultured with CD8� CFSE-labeled OTI

TCR transgenic T cells. Agonistic anti-CD40 Ab, LPS and de-

creasing concentrations of whole OVA protein were added to the

cultures to mature the DCs and induce cross-presentation. As seen

in Fig. 5a, OVA is efficiently cross-presented by DCWT at ranges

of OVA from 12.5 to 1.25 �g/ml. In contrast, there is a dramatic

shift in the dose response to OVA protein using DCAly.

An alternative means to assess cross-presentation efficiency of

DCs is to measure the activation of a MHC class I-restricted,

OVA-specific T cell hybridoma. Upon recognition of OVA pep-

tide-MHC class I, this cell line produces IL-2 (26). One advantage

of this system is that the production of IL-2 is independent of the

costimulatory activities of the DCs and IL-2 is correlated with the

density of MHC class I-restricted Ag on the surface of the APC

(27). DCs were cultured with the CD8OVA hybridoma (Fig. 5b)

and the amount of IL-2 produced was quantified (26). In conditions

identical to those used in Fig. 5a, the production of IL-2 by cul-

tures containing DCWT was greater than those with DCAly. At 12.5

�g/ml OVA protein, DCAly induced 50% the production of IL-2

when compared with DCWT. At the lower doses of OVA, DCAly

were unable to induce IL-2 production while the DCWT still in-

duced detectable production of IL-2.

Cross-priming represents a series of complex events that culmi-

nate in the presentation of MHC class I-binding proteins on the DC

surface. Defects in cross-priming seen in RelB�/� DCs has been

attributed to a reduced ability to take up Ags (14). To test whether

FIGURE 4. Cross-priming defects

seen in Aly mouse are not due to de-

fective environment. a, Schematic di-

agram of transfers performed in data

shown in Fig. 4. b, OT1 expansion in

TAP1�/� mice that received either

WT (left panel) or Aly DCs (middle)

pulsed with whole OVA protein. His-

tograms show OT1 expansion in

TAP1�/� mice gating on CD8� and

MHC class I tetramer OVA binding.

Right panel shows TAP1�/� mice

that received Aly DCs pulsed with

OVA peptide. Dotted lines in each

panel represent OT1 expansion in

TAP1�/� mice that received un-

pulsed DCs as a negative control.

Numbers indicate the percent of cells

divided minus the percent of no Ag

control. Data represents three experi-

ments, n � 3 mice per group.
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a similar defect is manifested in the DCAly, DCWT and DCAly were

cultured with Alexa Fluor 488-conjugated latex beads to evaluate

phagocytosis or Alexa Fluor 488-conjugated AcLDL to quantify

receptor-mediated endocytosis. As shown in Fig. 6a, there is no

apparent difference in phagocytic ability or receptor-mediated en-

docytosis. Further, no defect was seen in the Aly DCs ability to

take up soluble OVA as tested by exposing purified DCs from Aly

or WT mice to OVA protein conjugated to Alexa Fluor 488 either

in vitro or in vivo (Fig. 6, b and c, respectively). To test whether

Aly DCs have a defect in processing Ag, we incubated purified

splenic DCs from WT or Aly mice with DQ-OVA. DQ-OVA is

OVA protein conjugated with a fluorophore in such a way that the

signal is quenched in the whole OVA form. As OVA is processed

and broken down, the fluorophore becomes un-quenched and can

be visualized by flow cytometry. Fig. 6d, top panel, shows the

signal developed as DCWT (right) or DCAly (left) process DQ-

OVA after 6 h of incubation at 37°C. In Fig. 6d, bottom panel,

signals from Aly or WT DCs are overlaid, and as can be seen, there

appears to be no difference between the Aly or WT DCs ability to

process Ag in this system.

DCAly migrate normally in vivo after TLR/CD40 signaling

Migration and survival are key elements in the ability of DCs to

mediate the initiation of cell-mediated immunity (CMI). TLR sig-

naling is known to trigger DC migration. After TLR signaling, DC

down-regulate CCR2 and up-regulate CCR7 and migrate to

CCL19/CCL21 in the PALS where they can interact with naive T

cells. Once resituated in the PALS, prosurvival cues from T cells

through CD40 or TRANCE induce heightened DC longevity. In

the absence of these signals, DCs are rapidly cleared by apoptosis.

Previous studies have found that Aly mice have reduced levels of

CCL19/CCL21 (28), providing justification to study defects in DC

migration. Because an inability to migrate appropriately to these

cytokines would globally impact on the development of CMI in

mice (29, 30), studies were executed to evaluate the ability of

DCAly to traffic to defined histological sites following triggering

with TLR agonists in vivo.

First, the ability of DCs from the WT and Aly mouse to regulate

the expression of chemokine receptors and respond to migratory

chemokines in vivo was evaluated. LPS and anti-CD40 were ad-

ministered to Aly or WT mice and the expression of CCR2 and

CCR7 was determined. After 6 h, DCs were isolated from the mice

and real-time RT-PCR was performed to quantify the expression

of CCR2, which is present on immature DCs and CCR7, which is

up-regulated during TLR-induced maturation (31). As can be seen

in Fig. 7a, in vivo LPS treatment resulted in down-regulation of

CCR2 and up-regulation of CCR7 in both the DCAly and the

DCWT. Next, the impact of CD40 and/or TLR triggering on the

migration of DCs in WT and Aly mice in vivo was determined. In

untreated WT mouse spleen, the majority of DCs seen are in the

marginal zones and the bridging zones between B cell follicles

(Fig. 7b, top). Although the Aly mouse lacks defined B cell folli-

cles, the general arrangement of the T cell area and DC localization

appears normal. Six hours after systemic treatment with LPS, the

DCs have migrated to the PALS in both the WT and the Aly mice

indicating that the migration of DCs after TLR-induced maturation

appears normal in the Aly mouse (Fig. 7b, bottom).

Genes regulated by the NF-�B2 pathway in DC

The findings thus far illustrate that the NF-�B2 pathway in DCs is

not involved in early changes in costimulatory molecule expres-

sion, chemokine and cytokine production, the up-regulation of

chemokine receptors or MHC class II-dependent presentation.

However, this pathway is critical for the in vivo survival of ma-

tured DCs, and the ability of those DC to cross-present Ag to

CD8� T cells. To gain a more global perspective on genes that are

regulated in DCs in vivo by the NF-�B2 pathway, transcriptional

profiling of in vivo activated DCs was pursued. Fig. 8 summarizes

several new targets of interest that were found in our screen for

NF-�B2 regulated genes in DCs. Several of these targets have

clear implications in the survival defect seen after maturation, for

example induction of c-Flip, which has been shown to be an anti-

apoptotic mechanism of DC survival induced by CD40 signaling

(32). Likewise, serpinb9 (spi6) has been shown to protect cells

from granzyme B-mediated killing. Spi6 has been shown to be

increased in DCs specifically after CD40 engagement, thus making

DCs resistant to CD8� T cell-mediated killing during presentation

of Ags (33). These two genes indicate possible escape mechanisms

from T cell-mediated killing afforded via CD40 signaling. In a

recent report, regulatory T cells were shown to kill target cells via

granzyme B (34). It is thus possible to speculate that one mecha-

nism of tolerance maintenance used by T regulatory cells may be

to kill inappropriately matured DCs presenting self-Ag and that

CD40 signaling may rescue such DCs from clearance in a similar

way to what we have observed in Fig. 7. IL-15 and IL-15R like-

wise are genes that appear to be regulated by NIK. IL-15 has

recently been shown to act as a survival factor for DCs after mat-

uration (35). Genes involved in Ag processing and presentation

were observed to be deficient after maturation of the Aly DCs. We

observed several genes including cathepsin E, Lamp1, and the pro-

teosome subunit 26s and others (see Fig. 8, bottom group). Quite

interestingly, cathepsin E has been implicated in endosomal deg-

radation of proteins (36) and thus may be partially responsible for

our Ag-processing observations. Lamp1 is commonly used as a

FIGURE 5. Defects seen in Aly DC are cell-intrinsic. a, In vitro expan-

sion of OT1 T cells to dilutions of whole OVA protein with either WT DCs

(dark lines), or Aly DCs (shaded). DCs were purified from spleen by anti-

CD11c magnetic beads. The OT1 cells were purified from spleen and

lymph node by anti-CD8 magnetic beads. All wells contained LPS and

anti-CD40 Ab to induce cross-presentation. DC to T cell ratio was 1:1.

Data representative of two experiments, three wells per group. b, IL-2

production by CD8OVA T cell hybridoma in response to WT or Aly DC

processing of whole OVA. Cells were cultured under similar conditions as

described in (a). After 24 h of coculture supernatants were collected and

IL-2 concentrations were quantitated by ELISA. Data shown for one of two

identical experiments, n � 3 wells per group.
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lysosomal marker and has recently been shown to have a func-

tional role in phagosome to lysosome fusion (37) a function that

may play a role in processing of exogenously acquired proteins. In

FIGURE 6. Ag uptake and processing appear normal in Aly DCs. a,

Receptor-mediated endocytosis and phagocytosis in WT DCs compared

with Aly DCs. CD11c� splenic DCs from WT (top panels) or Aly mice

were cultured for 2 h at 37°C with AcLDL or latex beads both conjugated

to Alexa Fluor 488. Left panel shows AcLDL uptake, shaded histograms

represent DCs incubated with AcLDL, empty histograms are untreated DCs.

Data representative of three experiments n � 3 wells per group. b, OVA

uptake by Aly DCs is not impaired. Splenic DCs from WT or Aly mice

were incubated for 2.5 h in vitro with OVA-Alexa Fluor 488 at either 4°C

(shaded) or 37°C (unshaded). OVA uptake was measured in both the

CD11c� CD8� DC population (top panel) and the CD11c� CD8� pop-

ulation (bottom panel). Data is representative of 2 separate experiments. c,

In vivo uptake of OVA protein is normal in Aly mice. WT or Aly mice

were injected i.v. with either unlabeled OVA (left panel) or Alexa Fluor

488 conjugated OVA (right panels). After 24 h, spleen cells were isolated

and OVA uptake was measured by FACS. OVA-Alexa Fluor 488 uptake

was measured in CD11c� CD8� (top row) or CD11c� CD8� (bottom

row) subpopulations. Data shown is representative of observations in two

separate experiments. d, Ag processing by DCs. Purified splenic Aly or WT

DCs were incubated with DQ-OVA for 6 h in vitro. Ag processing was visu-

alized as un-quenching of DQ-OVA and subsequent fluorescence. Top panel

shows dilutions of DQ-OVA and processing by WT (left) or Aly DCs (right)

gray histogram shows signal from DCs incubated with 0.25 �g/ml DQ-OVA

and incubated on ice to account for background fluorescence. The bottom

panel overlays DQ-OVA signals of WT (blue) or Aly (red) for each dilution

tested. Data representative of two experiments triplicate wells per dilution.

FIGURE 7. Defects observed in the Aly mouse are not due to structural

defects in the spleen. a, Real-time RT-PCR for chemokine receptor expression

after in vivo maturation in Aly or WT mice. Mice were treated with either LPS

or agonistic anti-CD40 Ab or both for 6 h. DCs were then isolated from spleen

and RNA was extracted and subject to reverse transcription. Signals were

amplified with primers specific for CCR2 or CCR7. Data is represented as

relative to �-actin expression. b, Migration of Aly DCs is normal in vivo. Mice

were treated with LPS for 6 h. Spleens were isolated, sectioned and stained

with Abs recognizing B cells (B220) in blue, T cells (CD4) green, and DCs

(CD11c) in red. Images represent similar results seen in three experiments, n �

3 mice per group. Scale bar � 100 mm.
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the analysis performed here, the fact that the entire list of genes

up-regulated in the DCWT but not in the DCAly numbers 916 in-

dicated that the scope of genes regulated by NIK/NF-�B2 in DCs

may be much greater than previously thought. This indicates that

the defects in cross-priming CD8� T cells to soluble Ag seen in

DCs from Aly mice are due to a complex matrix of gene tran-

scription defects.

Discussion
The Aly mouse has been used extensively as a model of a “lymph

node-less” mouse whose immune responses are impaired solely

due to the lack of the appropriate immune architecture (9, 24, 25,

38, 39). The data reported herein show that DCs in the Aly mice

have significant intrinsic defects in cross-presentation, which con-

tributes significantly to the immune incompetence of this mutant

mouse. The data show that the NF-�B2 pathway in DCs is not

involved in early changes in costimulatory molecule expression (as

seen in Fig. 2), or the up-regulation of chemokine receptors (as

seen in Fig. 7) and MHC class II presentation. Hence, many of the

early events in DC maturation are intact.

Initially, when mutations in NIK were discovered, it was be-

lieved that pathways involving NIK signaling were restricted to

genes involved in lymph node development. It soon became clear,

however, that this pathway was also involved in B cell (24, 40) and

T cell function (41). The work presented here investigates the role

of this pathway in APC function and show that the NIK and the

NF-�B2 pathway exert specific effects on DC function. Further, we

report for the first time the pattern of genes regulated by the p52

transcription factor in DCs via whole genome transcriptional

analysis.

The important role for NIK in cross-priming CD8� T cell re-

sponses is a novel finding that further defines the mechanistic role

of CD40 in APC function. Several earlier studies on other cell

types have shown that NIK is required for activation of the NF-

�B2 pathway, and activation induces the release of p52/RelB

dimers for transcription. As one might expect, other mutations in

this pathway also result in deficiencies similar to those observed in

RelB-deficient mice. In fact, mice that lack the NF-�B family

member RelB have been clearly shown to have defects in cross-

priming (13, 14). These studies also revealed a defect in classical

FIGURE 8. Expression profiles of

NIK/NF-�B2 responsive genes in

DCs matured in vivo. WT or Aly mice

were treated for 6 h with LPS and anti-

CD40 Ab. After treatment spleens

were isolated digested with DNase

and Liberase and purified by magnetic

anti-CD11c beads followed by sorting

by FACS to increase purity to greater

than 95%. RNA was amplified and

hybridized to Affymetrix 430.2 whole

mouse genome expression arrays.

Genes shown represent a small subset

of genes where mRNA was up-regu-

lated by TLR/CD40 treatment in the

WT but not the Aly samples. Heat

map represents standardized data

graphed on a relative scale.
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priming of T cells from RelB�/� mice indicating that a lack of

individual transcription factors in this pathway may result in mul-

tiple defects. Recently it has been shown that DCs deficient in

NF-�B2 are hyperactive in cytokine production and in ability to

prime naive CD4� T cells (15). This phenotype is due to consti-

tutive RelB nuclear translocation and thus is not contradictory to

our findings that blockade of normal p52/RelB system results in

defects in DC function.

Cross-priming of CD8� T cells is classically defined as func-

tional expansion of CTLs to cell-associated Ags. In our model,

however, we have chosen to study the ability of soluble Ags to

prime a functional CD8� T cell response, and thus this model does

not meet the classical definition of the term “cross-priming” as

historically defined (42, 43). However, the ability to prime a CD8�

T cell response to soluble Ags as studied in our system has great

potential and clinical application when attempting to induce a

functional response in the case of tumor vaccine strategies.

The pattern of genes activated by the NF-�B2 pathway have

been studied in response to lymphotoxin stimuli in fibroblasts (6),

but until now the pattern of genes regulated by this pathway has

not been investigated in DC after CD40 activation. Analysis of

gene arrays hybridized using RNA from purified DCs matured in

vivo gives us the added advantage of allowing investigation of

genes regulated during DC maturation in their normal environ-

ment. Our studies indicate that NIK and the NF-�B2 signaling

pathway have critical and previously un-described functions in

cross-priming mechanisms. The data presented here contributes

further mechanistic explanations of how downstream signaling

events through CD40 in DC results in enhanced adaptive T cell

responses seen after administration of agonistic anti-CD40 Abs.

This data also begins to study the genes regulated by NIK/NF-�B2

in hematopoietic cells, and such knowledge may aid in developing

new strategies for both inducing tolerance in cases of autoimmu-

nity and intentionally breaking self-tolerance in tumor vaccine

strategies.
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