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ABSTRACT

A proliferation inducing ligand (APRIL) and B cell activating factor belonging to the TNF 
family (BAFF/BLyS) have been implicated in IgA class switch recombination in thymus-
independent (TI) B cell responses. Dendritic cells (DC) are thought to regulate Ig class 
switching in TI B cell responses by providing B cells with cytokines, including APRIL 
and BAFF. We therefore set out to analyze the regulation of APRIL and BAFF expres-
sion by human monocyte-derived DC (moDC). We observed that moDC produce and 
secrete APRIL, but could not detect expression of BAFF. Importantly, stimulation with 
the Toll-like receptor ligands CpG and poly I:C specifically induced APRIL produc-
tion, while other Toll-like receptor ligands were ineffective. The increase in APRIL was 
dependent on translation, but surprisingly not transcription. Instead, enhanced APRIL 
production and secretion resulted from activation of protein kinase receptor (PKR), as it 
was completely inhibited by the specific inhibitor of PKR, 2-aminopurine. This suggests 
that the specific induction of APRIL by CpG and poly I:C, and the signal integration by 
PKR, are regulated by translational modification and hint at a role for APRIL in the TI B 
cell response to viral infections.
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INTRODUCTION

The mammalian innate immune system acts in concert with adaptive immunity to pro-
tect against bacteria and viruses. Dendritic cells (DC) play a central role in this cooper-
ation by translating innate signals into appropriate adaptive T and/or B cell responses. 
A main feature of the innate immune system is the recognition of conserved motifs in 
pathogens termed ‘pathogen-associated molecular patterns’ (PAMP). Toll-like recep-
tors (TLR) are important in the recognition of PAMP, although recent evidence indicates 
that several TLR-independent mechanisms also exist. Such mechanisms can involve 
the family of NOD-like receptors (NLR), RIG-I-like receptors (RLR) and protein kinase 
receptor (PKR), which serve as cytoplasmic PAMP receptors [1], [2]. Recognition of 
PAMP via TLR-dependent and -independent mechanisms leads to activation of DC, 
which in turn can lead to the initiation of adaptive immunity (reviewed by [3]). The im-
portance of DC in shaping cytotoxic T cell responses, and in providing T cell help to 
these responses, is well established [4]. In contrast, relatively little is known about the 
role of DC in regulating B cell responses.
Classically, B cell responses have been divided into two subsets: thymus depend-
ent (TD) and thymus independent (TI). TD B cell responses are dependent on CD40-
CD40L help, provided by T helper cells [5], and are primarily mediated by follicular B 
cells (reviewed by [6]). In contrast, TI B cell responses do not require CD40-CD40L 
interactions or T cell help in general. TI B cell responses are an important part of the 
first line defense mechanism against pathogens and are often directed at repetitive 
structures on pathogens. In the case of blood-borne pathogens, they are mediated by 
marginal zone B cells in the spleen, whereas enteric and air-borne pathogens are dealt 
with by B1 B cells in the peritoneal and alveolar cavities (reviewed by [7]). It is well 
established that DC play an indirect role in TD B cell responses by the activation of T 
helper cells. However, in both TD and TI B cell responses, DC also play a more direct 
role by capturing and presenting unprocessed antigen to B cells. Moreover, cell-cell 
contact dependent receptor-ligand pairing, and the release of soluble factors by DC, 
are crucial in the regulation of B cell responses [8]. In response to antigen, mature B 
cells can generate diverse antibody/effector functions through Ig class switching. Ig 
heavy chain class switching is mediated by class switch DNA recombination (CSR) 
(reviewed by [9]). In contrast to common belief, CSR can occur in both TD and TI B cell 
responses, although these are regulated differently. CSR in TD responses is depend-
ent on the presence of T cell help and functional CD40-CD40L interactions, whereas 
CSR in TI B cell responses seems to depend on DC-B cell interactions.
Two members of the TNF family of ligands, a proliferation inducing ligand (APRIL) and 
B cell activating factor belonging to the TNF family (BAFF/BLyS), have recently been 
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implicated in DC-induced CSR in TI B cell responses [10]-[13]. APRIL and BAFF are 
both expressed by monocytes, DC, neutrophils and T cells [14]-[16]. Both APRIL and 
BAFF bind to the TNFR family member transmembrane activator and calcium modula-
tor and cyclophilin ligand interactor (TACI) and to B cell maturation antigen (BCMA). 
In addition, BAFF specifically interacts with a third TNF receptor, BR3 or BAFF-R [17]-
[19], while APRIL binds to heparan sulfated proteoglycans (HSPG) [20], [21]. Several 
immune regulatory functions can be ascribed to these ligands and their receptors, 
some of which are partly overlapping. Both ligands are able to costimulate B and T 
cells, support B cell (normal and malignant) survival and modulate B cell responses 
(reviewed in [22]). DC-derived APRIL and BAFF have been shown to induce B cell 
CSR to IgG and IgA in vitro [12]. In vivo evidence for the importance of APRIL in class 
switching came from a study of an APRIL-deficient mouse, in which decreased serum 
IgA antibody were observed in response to the TI antigen 4-hydroxy-nitrophenacetyl 
(NP)-LPS [13].
Since DC provide a crucial source of cytokines to mediate IgA class switching in TI 
B cell responses, we analyzed the regulation of APRIL and BAFF in human mono-
cyte-derived DC (moDC), after stimulation with different TLR ligands. CpG and poly 
I:C were found to specifically induce APRIL secretion in a PKR-dependent manner. 
These findings point to the involvement of DC-derived APRIL in shaping anti-viral IgA 
responses.

RESULTS

Distinctive TLR ligands induce APRIL release
DC have been suggested to direct TI B cell responses by presenting antigen and cy-
tokines to the responding B cells. APRIL is one of these cytokines and has been shown 
to be indispensable for IgA B cell responses [13]. APRIL has a unique maturation 
pathway within the TNF family. It is not detectable as a cell surface membrane-an-
chored protein, but secreted following processing by a furin convertase in the Golgi 
apparatus [23]. Both full-length APRIL (32 kDa) and processed APRIL (16 kDa) can 
be detected intracellularly, while only the secreted 16-kDa form can be detected in the 
supernatant of APRIL-producing cells. Since relatively little is known about the exact 
regulation of APRIL expression in DC, we set out to study this in more detail. In this 
study, experiments were performed using human moDC. After 6 days of differentiation, 
moDC showed low expression levels of the activation markers CD80, CD83 and CD86, 
and were negative for the monocyte marker CD14. They stained positive for both HLA-
DR and CD1a (Fig. 1A). No contaminating B cells, T cells, NK cells and plasmacy-
toid DC could be detected in the moDC preparations (data not shown). Stimulation of 
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Figure 1. TLR ligands induce maturation of moDC. Both CpG-A and poly I:C induce a rapid up-regulation of APRIL, but not BAFF 
in moDC. TLR3 is present and TLR9 is absent from moDC. IFN-α also induces up-regulation of APRIL and has a synergistic effect 
on CpG-A- and CpG-B-induced APRIL expression. Geomeans are depicted in the upper right corner of FACS histograms. (A) 

FACS histograms show the expression of the maturation markers CD80, CD83 and CD86, and the expression of CD14, HLA-DR 
and CD1a. Unlabeled cells are overlaid in all histograms. (B) FACS histograms show CD86 expression of CD1a+ moDC after 24 h 
of TLR ligand stimulation. CD86 expression on immature moDC after 24 h is overlaid in all the histograms. (C) RT-PCR for TLR3 
and TLR9 after stimulation with different TLR ligands. (D) APRIL expression in cell lysate and supernatant after 24 h of TLR ligand 
stimulation. (E) BAFF and APRIL expression in the culture supernatant of moDC after 24 h of TLR stimulation. Supernatants of 
immature CD14+ monocytes, monocytes activated with IFN-α 2a or LPS were used as controls. (F) APRIL expression in cell lysate 
supernatant after 18 h of stimulation with CpG-A, CpG-B, IFN-α 2a/2b or combinations. All data shown are representative of at 
least three independent experiments.
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moDC with different TLR ligands resulted in a significant increase of CD86 expression, 
a marker for early activation (Fig. 1B). This increase was already apparent after stimu-
lation for 24 h with all TLR ligands, except for both CpG-A and CpG-B. In agreement 
with this finding and previous reports [24], we could not detect TLR9 transcripts in 
immature moDC. Moreover, in contrast to TLR3, which was expressed in moDC and 
stimulated by poly I:C (Fig. 1C and [25]), stimulation with different TLR ligands also did 
not result in expression of TLR9 (Fig. 1C). To determine whether moDC express and 
secrete APRIL in a TLR-regulated fashion, the same samples were analyzed in paral-
lel for APRIL expression both within the cell and in the culture supernatant. Immature 
moDC contain low, but detectable levels of both full-length and processed APRIL. As 
expected, the secreted form could also be detected in the supernatant of these im-
mature moDC. Importantly, most TLR ligands did not influence the steady-state levels 
of APRIL expressed by moDC. However, a clear induction of expression of processed 
APRIL could be detected in the lysate and supernatant of moDC treated with poly I:C 
and CpG-A, while CpG-B only induced a significant increase in intracellular processed 
APRIL. Besides the induction by CpG and poly I:C, we observed a reduction in the 
amount of unprocessed and processed APRIL in lysates of moDC matured with LPS, 
the extent of which varied between donors (Fig. 1D). 
Since BAFF is a close homolog of APRIL and is suggested to function similarly in Ig 
class switching in vitro [12], we sought to determine the expression of BAFF by moDC 
in the absence or presence of TLR stimulation. Soluble BAFF (14 kDa) was readily 
detected in the supernatant of immature CD14+ monocytes and was shown to be up-
regulated in the supernatant of these cells after treatment with IFN-α and LPS (Fig. 
1E). However, no BAFF could be detected in the supernatants of moDC, irrespective of 
whether these were immature or stimulated with TLR ligands. The same supernatants 
were shown to express high levels of APRIL in CpG- and poly I:C-treated moDC as 
well as in the CD14+ monocytes (Fig. 1E). Previously, IFN-α was shown also to induce 
APRIL expression in moDC [12]. We confirmed this induction and observed increases 
in APRIL after 18 h of stimulation with both IFN-α 2a and 2b. However, the amount of 
APRIL produced was far lower than the levels attained after CpG and poly I:C treat-
ment. Interestingly, the combination of IFN and CpG showed a synergistic effect on 
APRIL production (Fig. 1F).

CpG and poly I:C induce APRIL release from mDC1 cells
To ascertain that the observed regulation of APRIL was not solely a hallmark of in 
vitro differentiated moDC, we isolated mDC1 cells from PBMC according to a method 
described in [26]. Briefly, CD19+ B cells were depleted from PBMC, followed by a posi-
tive selection of CD1c+ cells (Fig. 2A). The resulting mDC1 cell population was subse-
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quently stimulated with CpG-A, LPS or poly I:C. After stimulation of this cell population 
for 18 h, we observed a clear induction of maturation with both LPS and poly I:C, as 
determined by CD86 expression. CpG-A did not induce maturation of these cells, which 
is in agreement with the reported absence of TLR9 on this DC population [27] (Fig. 2B). 
mDC1 thus respond similarly to moDC with regard to TLR ligand-induced maturation. 
Importantly, APRIL expression was found to be induced after both CpG-A and poly I:C 
stimulation, while LPS was not capable of inducing APRIL secretion (Fig. 2C). Based 
on these results, we conclude that maturation and APRIL induction are regulated in the 
same manner in both ex vivo-derived mDC1 cells and moDC. This indicates that the 
observed APRIL regulation is also relevant in vivo.

MoDC-derived APRIL induces IgA secretion
APRIL has been shown to be important for Ig class switching both in vitro and in vivo. 
APRIL induced IgA, IgG1 and IgG3 production in IgM+IgD+ murine B cells [13], and 
IgA and IgG production in IgD+ human B cells in vitro [12]. APRIL alone seems to 
be sufficient to induce CSR and secretion of class-switched antibodies in murine B 
cells, whereas the presence of BCR engagement is required for the secretion of class-
switched antibodies in human B cells [12], [13].
To validate whether the APRIL released by the moDC upon TLR stimulation was ac-
tive, we incubated murine B cells, negatively sorted for CD43, CD138 and IgA, with 
moDC supernatant for 6 days and analyzed IgA production by ELISA. It has previously 
been shown that human APRIL and BAFF can engage in cross-species interactions 
with murine BCMA/TACI and BR3 respectively and show a similar binding affinity to 
these receptors [28]. In addition, human BAFF and APRIL have been shown to be bio-
logically active on mouse B cells [13], [29].

Figure 2. mDC1 cells show similar responses towards CpG-A, LPS and poly I:C. Geomeans are depicted in the upper right 
corner of FACS histograms. (A) Purification of mDC1 cells. Upper left panel shows CD19 and CD1c expression on PBMC before 
purification. Upper right panel is after CD19 depletion. Lower left panel is after positive CD1c selection. Lower right panel indicates 
the CD86 expression directly after sorting. (B) CD86 expression after 18 h of stimulation with CpG-A, LPS and poly I:C. The CD86 
expression of immature mDC1 cells is overlaid all histograms. (C) APRIL expression in the supernatant after 18 h of stimulation. 
Data shown are representative of two independent experiments.
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Supernatant from immature DC induced relatively little IgA secretion, consistent with the 
low levels of APRIL produced by these cells. In contrast, supernatant from CpG-A- and 
poly I:C-stimulated moDC induced clear secretion of IgA by the B cells. Recombinant 
human mega-APRIL and BAFF were used as positive controls and could effectively 
induce IgA secretion in these cells (Fig. 3A). The concentration of recombinant mega-
APRIL used (1 μg/mL or 29 nM) showed maximal effects on IgA secretion and is in the 
same order of magnitude as the amount of APRIL secreted by the moDC after CpG-A 
stimulation (~16 nM). 
Although BAFF was not detected in the DC supernatant, we wanted to certify that 
APRIL, rather than BAFF or another secreted factor, was responsible for the observed 
moDC-induced IgA secretion. Supernatant from poly I:C-stimulated moDC was, there-
fore, depleted prior to addition to the B cells with BCMA-Fc or BR3-Fc coupled to 
protein A/G beads. APRIL levels in poly I:C-treated moDC supernatants were unde-
tectable after incubation with BCMA-Fc. In contrast, incubation with BR3-Fc, which is 
reported to bind BAFF, but not APRIL, did not affect the levels of APRIL in the superna-
tant (Fig. 3B). APRIL-depleted supernatant reduced IgA production to the background 
levels, while BR3-Fc was ineffective (Fig. 3C). We therefore conclude that APRIL and 
not BAFF is produced by CpG- or poly I:C-stimulated moDC and is solely responsible 
for promoting B cell class switch towards IgA.

Figure 3. Induction of IgA secretion by moDC supernatants. (A) moDC supernatants were incubated with murine B cells and IgA 
titers in the culture supernatant were determined after 6 days. APRIL and BAFF were used as controls. (B) Treatment with CpG 
and poly I:C induces APRIL production. The poly I:C-induced APRIL was depleted from the moDC supernatant using protein A/G 
coupled BCMA-fc. BR3-fc was used as a control. The APRIL levels of the different supernatants were analyzed by Western blot. 
(C) Same as in (A), but prior to incubation with murine B cells, APRIL was depleted from supernatant. Background IgA induction 
of non-depleted medium or medium depleted with the protein A/G coupled to BCMA-fc or BR3-fc was subtracted. Data shown are 
representative of at least two independent experiments.
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Kinetics of APRIL release
The results described point to a CpG- and poly I:C-dependent induction of APRIL in 
moDC. However, the induction of the 16-kDa processed APRIL as detected in the lysate 
and supernatant of moDC was not accompanied by an induction of full-length APRIL 
(Fig. 4A). This is likely a result of rapid processing of the freshly produced APRIL by 
furin convertases [23] and subsequent secretion into the medium. This rapid process-
ing was recently also implicated in the lack of detection of full-length APRIL in APRIL-
producing tumor cells [30]. An increase in APRIL protein in the supernatant could be 
detected after 1 hour of treatment. The speed of this could suggest that the moDC 
release preformed APRIL from an intracellular store. To test this, we treated moDC with 
cycloheximide (CHX) for 1 hour, prior to treatment with TLR ligands. Subsequent treat-
ment with CpG-A and poly I:C revealed a complete inhibition of APRIL synthesis, both 
in the supernatant and in the cells, indicating that the increase in APRIL levels requires 
active protein translation (Fig. 4B) and is not likely the result of a release from pre-
formed stores. Surprisingly, inhibition of transcription, by pretreating the moDC for 1 h 
with actinomycin D, did not affect the induction of APRIL in both the supernatant and 
the lysate (Fig. 4C). In contrast, expression of maturation markers was inhibited after 
treatment with either CHX or actinomycin D (Fig. 4D), confirming that the compounds 
were functional. Furthermore, expression of APRIL mRNA transcripts remained con-
stant after stimulation with the different TLR ligands (Fig. 4E). These data indicate that 
regulation at the level of translation, but not transcription, is responsible for the rapid 
stimulation of APRIL expression following treatment with CpG and poly I:C. 

APRIL induction is PKR dependent
The extensive APRIL secretion induced by both CpG-A and CpG-B on moDC was 
unexpected, especially since TLR9, the proposed receptor for CpG oligodinucleotides 
(CpG-ODN), is not expressed on moDC and is also not induced upon TLR triggering 
(Fig. 1C). In agreement with the absence of this receptor, CpG stimulation of moDC was 
not accompanied by the induction of maturation (Fig. 1B). Further evidence to suggest 
that this is a TLR9-independent event came from the use of control GpC sequences, 
which also induced APRIL production without affecting maturation (Fig. 5A). Although 
we have not formally ruled out that CpG stimulates an accessory cell population, which 
in turn stimulates moDC in a paracrine fashion, the high purity of our moDC prepara-
tions makes this highly unlikely. In addition, the rapid induction of APRIL observed after 
CpG stimulation would argue against a role for such a cellular intermediate. These 
findings led us to search for the CpG responsive TLR9-independent pathway in moDC 
responsible for APRIL induction. 
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Figure 4. Kinetics and translational dependence of APRIL release. (A) APRIL expression in supernatant and cell lysates at various 
time points after TLR ligand stimulation. (B) moDC were pretreated with CHX. This treatment inhibits the induction of APRIL by 
both CpG-A and poly I:C as analyzed by Western blot analysis on supernatant and cell lysates after 18 h. (C) moDC were 
pretreated with actinomycin D. This treatment did not affect APRIL induction by both CpG-A and poly I:C as analyzed by Western 
blot analysis on supernatant and cell lysates after 6 h. (D) Expression of the maturation marker CD86 after pretreatment with 
CHX or actinomycin D, 6 h after TLR stimulation. CD86 expression on immature moDC after 6 h is overlaid in all the histograms. 
Geomeans are depicted in the upper right corner. (E) RT-PCR analysis on moDC 6 h after stimulation. No differences in the 
relative amounts of APRIL transcripts were observed. GAPDH was taken along as control. Bands were quantified using ImageJ 
software [48]. All data shown are representative of at least three independent experiments.
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A well-known TLR-independent pathway is the PKR pathway. To investigate a possible 
role for PKR in the TLR9-independent response to CpG, we analyzed the phosphor-
ylation of PKR after CpG treatment. Phospho-PKR (p-PKR) was clearly induced by 
both CpG-A and CpG-B 1 hour after treatment, indicating activation of PKR by CpG. 
Stimulation of the moDC with poly I:C also resulted in the induction of p-PKR, but the 
kinetics and extent of p-PKR induction differed somewhat between the different stimuli. 
The induction of p-PKR by both CpG-B and poly I:C was already visible after 30 min, 
whereas p-PKR induction by CpG-A was slower, but more pronounced (Fig. 5B). This 
phosphorylation was not present if the moDC were pretreated for 2 h with either 2 or 
5 mM 2-aminopurine (2-AP), a selective inhibitor of PKR, which has been shown to 
block autophosphorylation [31] (Fig. 5C). We therefore conclude that PKR is a down-
stream target of CpG and poly I:C signaling in moDC.
PKR is involved in regulating various signaling pathways. PKR can mediate transloca-
tion of NF-κB into the nucleus [32] and activate p38 MAPK [33]. However, these two 
pathways are unlikely to contribute to APRIL induction by CpG and poly I:C, since this 
was shown to be independent of transcription. In agreement with this, neither pretreat-
ment of moDC with a specific inhibitor of NF-κB, Bay 11-7082, or SB203580, a p38 
MAPK inhibitor, influenced the induction of APRIL by CpG and poly I:C (Fig. 5D). Both 
compounds did inhibit LPS- and poly I:C-induced CD86 up-regulation as analyzed by 
flow cytometry after 18 h (Fig. 5E), confirming their activity.
PKR activation has been shown to affect protein translation, specifically in response 
to viral double-stranded RNA (dsRNA). PKR is an eIF2α kinase activated in this re-
sponse, in which it acts to halt translation of most cellular and viral mRNA. Intriguingly, 
PKR has also been shown to have the opposite effect on certain mRNA and actually 
enhances their translation (reviewed by [34]). Pretreatment of moDC for 2 h with either 
2 or 5 mM 2-AP, and subsequent exposure to CpG and poly I:C for 18 h, prevented 
APRIL induction, without seriously affecting cell viability (less than 15% increase in PI 
uptake after 18 h with 5 mM 2-AP, data not shown) (Fig. 5F). The observed sensitiv-
ity to inhibition with 2-AP points to the involvement of PKR in enhanced expression of 
APRIL in DC stimulated with CpG or poly I:C. Moreover, the transcriptional independ-
ence and the translational dependence of APRIL induction, combined with the reported 
direct effects of PKR on translation provide evidence for the conclusion that specific 
TLR signals drive APRIL expression in DC via a PKR-modified translation-dependent 
mechanism.
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Figure 5. APRIL induction by CpG and poly I:C is PKR dependent. (A) CpG-A, CpG-B and the corresponding control GpC 
sequences all induce APRIL release from moDC as shown by Western blot analysis on supernatant. (B) CpG-A, CpG-B and 
poly I:C induce p-PKR. Phosphorylation of PKR is already apparent 30 min after stimulation with both CpG-B and poly I:C. CpG-
A results in the most pronounced induction of p-PKR. Bands were quantified using ImageJ software [48]. (C) CpG-A induces 
phosphorylation of PKR, which can be inhibited by 2-AP. At 1 h after stimulation, whole cell lysates were prepared, which were 
separated on SDS-PAGE and probed with an antibody against p-PKR. (D) moDC were treated with either Bay 11-7082 or 
SB203580 prior to treatment with TLR ligands. APRIL induction was analyzed in the supernatant by Western blot analysis. (E) 

Pretreatment with Bay 11-7082 and SB203580 inhibits the LPS- and poly I:C-induced CD86 up-regulation after 18 h. CD86 
expression on immature moDC after 18 h is overlaid in all histograms. Geomeans are depicted in the upper right corner. (F) 

moDC were treated with 2-AP prior to treatment with TLR ligands. 2-AP treatment abolished the CpG- and poly I:C-induced APRIL 
induction in the supernatant as shown by Western blot analysis. All data shown are representative of at least three independent 
experiments.
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DISCUSSION

Under physiological circumstances, DC are believed to be responsible for regulation of 
TI B cell responses, including Ig class switching. Previous studies have shown the abil-
ity of human DC to produce APRIL and BAFF, and the importance of these TNF ligands 
in Ig class switching [10]-[13]. Since TLR play an important role in initiation of adaptive 
immunity [3], we studied the regulation of APRIL and BAFF by TLR ligands in moDC. 
Within the panel of TLR ligands tested, only CpG and poly I:C induced APRIL produc-
tion and subsequent release. Induction of APRIL was dependent on newly synthesized 
APRIL and not the result of release from intracellular stores, as it could be inhibited 
with CHX, and the amount of APRIL protein in the supernatant after CpG-A and poly I:
C stimulation was significantly higher than the amount of APRIL present within DC prior 
to stimulation. Supernatants from CpG- and poly I:C-treated DC induced IgA secretion 
from B cells and this depends on APRIL. The amount of IgA secretion was lower when 
B cells deficient for TLR pathways were used (MyD88-/- and TRIF mutant, respectively, 
data not shown). This indicates that TLR ligands utilize two pathways to promote IgA 
production. On one hand they stimulate DC to produce APRIL and on the other hand 
they directly stimulate B cells via TLR. Interestingly, CpG and poly I:C were recently 
shown to be important in APRIL-mediated immunoglobulin secretion via the up-regula-
tion of TACI, suggesting an even more intricate interplay [35].
The specificity towards APRIL induction exerted by CpG and poly I:C, led our search to 
the signaling pathway involved. Poly I:C is a synthetic analog that mimics viral dsRNA, 
while unmethylated CpG sequences mimic the effect of bacterial DNA, although these 
CpG sequences have also been reported in viral DNA [36]. Poly I:C has been shown 
to trigger TLR3, and subsequently elicits a unique signaling pathway as it is the only 
TLR that is fully dependent on TRIF [37]. This may explain why poly I:C is capable of 
inducing APRIL, while most other MyD88-dependent TLR are not. However, signaling 
via TLR does not provide an explanation for the effects of CpG on APRIL expression 
by moDC, since the relevant receptor, TLR9, is not expressed on these cells. Viral 
products, including dsRNA, induce strong type I IFN responses, not only through acti-
vation of TLR, but also via intracellular cytoplasmic receptors, such as PKR [38], which 
was previously shown to be involved in response to both CpG and poly I:C [38], [39]. 
Surprisingly, we show here that also the induction of APRIL by both TLR ligands in 
moDC was completely PKR dependent. Both ligands induced PKR autophosphoryla-
tion, but the extent and kinetics of PKR phosphorylation were different. The higher PKR 
activation by CpG-A compared to CpG-B could be the underlying reason for increased 
production and secretion of APRIL by the former ligand. The mechanism for PKR-de-
pendent regulation of protein expression has previously been shown to involve trans-
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lational control. Under normal conditions, the initiation complex (40S subunit + eIFs + 
Met-tRNAi) binds to the 5’-cap structure of the mRNA, and scans, in a 3’-direction to 
the first AUG start-codon. However, eIF2a phosphorylation by PKR limits the capac-
ity to generate a functional initiation complex. This results in a decrease in initiation at 
AUG start-codons and is therefore thought to allow the ribosome to reinitiate and gain 
access to downstream AUG codons. Initiation from downstream AUG codons can pro-
mote protein translation of specific open reading frames (ORF). In the case of ATF4, it 
was shown that PKR-mediated-phosphorylation of eIF2a is crucial for the translation of 
a downstream ORF, which encodes the ATF4 protein [40]. A similar mechanism could 
be in place to regulate APRIL expression as the APRIL ORF is preceded by two ORF. 
We therefore hypothesize that PKR activation promotes reinitiation of the APRIL ORF 
and that this could be the underlying reason for the observed translational control of 
APRIL expression.
IFN-α was previously shown to induce APRIL in moDC [12] and we confirmed these 
observations. As IFN-α has recently been shown to phosphorylate PKR via Jak1 and 
Tyk2 [41], it could mediate APRIL induction via PKR. It is, however, unlikely that IFN-α 
is an intermediate in CpG- and poly I:C-induced APRIL secretion, as the APRIL levels 
that we observed after IFN-α stimulation were far lower than the levels obtained after 
CpG and poly I:C treatment. Moreover, APRIL induction in this response is independ-
ent of transcription and too rapid to depend on an autocrine loop of IFN-α. The syner-
gistic effect of IFN-α on APRIL production in CpG-treated moDC confirms this conclu-
sion and could well be the result of enhanced PKR activation.
Classically, viruses are associated with TD B cell responses. However, it is well rec-
ognized that TI antibody responses are induced against viruses as well. For example, 
vesicular stomatitis virus, rotavirus and polyoma virus have all been shown to induce 
efficient, class switched antibody responses in T cell-deficient mice. These antibodies 
are likely to be directed against viral proteins that show repetitive structures on the 
surface of the virus, and are important for early control of infection. Rotavirus can, for 
instance, induce a mucosal IgA response in T cell-deficient mice, which was sufficient 
to protect the mice against infection. Importantly, such IgA responses appear to require 
live virus, since UV-inactivated virus does not yield antibodies. This indicates that re-
petitive viral structures by themselves are not sufficient to induce antibodies, but that 
viral infection is required [42].
Sensing of dsRNA via protein kinase R (PKR) has been recently described as a TLR-
independent pathway for DC activation by viruses [43] and the importance of PKR in 
this process is emphasized by a large number of viruses that code for PKR inhibitors 
[44]. Based on our finding that APRIL is induced by viral products, via a PKR depend-
ent pathway, and the importance of APRIL in IgA class switching, one might postulate 
that APRIL plays an important role in early IgA response against viruses. Further ex-
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periments are needed to determine such a role for DC-derived APRIL.
APRIL secretion by intestinal epithelial cells has recently been shown to be important 
for T-independent class switching to IgA and protection against bacteria. Intestinal epi-
thelial cells (IEC) were shown to directly respond to bacterial products by secretion of 
APRIL [45]. From this data and the lack of responsiveness towards bacterial products 
observed in our experiments, there seems to be a clear division of labor in the sensing 
of bacterial and viral pathogens in the intestine towards APRIL production. IEC seem 
to be mainly responsible for the recognition of bacterial products, whereas DC play an 
important role in the detection of viruses. Further experiments will be necessary to de-
termine the differential role of IEC and DC in control of bacteria and viruses. However, 
from our data we can conclude that APRIL is produced by DC upon activation with both 
CpG and poly I:C, in a PKR-dependent manner, and that this yields an efficient IgA 
response.

MATERIALS AND METHODS

MoDC generation, mDC1 purification and activation
MoDC were generated as previously described [46]. Briefly, monocytes were ob-
tained by positive MACS sort with CD14+ MACS beads (Miltenyi Biotec, BV, Utrecht, 
the Netherlands) and cultured in RPMI 1640 supplemented with 2 mM L-glutamine, 
penicillin/streptomycin (all from Gibco/Life Technologies, Breda, The Netherlands), 
10% heat-inactivated fetal bovine serum (BioWhittaker), 5 ng/mL granulocyte macro-
phage-colony stimulating factor (GM-CSF; BioSource International, Camarillo, CA), 
and 10 ng/mL IL-4 (Peprotech, Rocky Hill, NJ) for 6 days. The medium was changed 
every 2-3 days. At day 6, DC were harvested, analyzed for phenotype, and cultured 
for different time periods at a density of 1 × 106 cells/mL in fresh medium without IL-4 
and GM-CSF in the presence of different maturation stimuli: 1 μg/mL Pam3CSK4, 108 
cells/mL Heat killed Listeria monocytogenes, 1 μg/mL LPS E. coli K12, 25 μg/mL poly 
I:C, 10 μg/mL flagellin (S. thyphimurium), 1 μg/mL FSL-1, 10 μg/mL imiquimod, 1 μg/
mL ssRNA40, 2 μM CpG-ODN (type A, B or control), IFN-α 2a (1000 U/mL, Roche) 
or IFN-α 2b (1000 U/mL, Schering Plough). All TLR ligands were from Invivogen (San 
Diego, CA). Where indicated the moDC were pretreated with 10 μg/mL CHX, 1 μg/mL 
actinomycin D (both from Sigma-Aldrich), 10 μM Bay 11-7082, 20 μM SB203580 (both 
from Calbiochem) for 1 hour, or 2-5 mM 2-AP (Sigma-Aldrich) for 2 h prior to stimula-
tion. Monocyte cultures to determine BAFF production were performed with CD14+ 
monocytes obtained during the moDC generation. The monocytes were cultured at a 
density of 5 × 105 cells/mL for 3 days in the absence or presence of 1 μg/mL IFN-α 2a 



Specific TLR ligands regulate APRIL secretion by dendritic cells in a PKR-dependent manner.

69

C
h

a
p

te
r 

3

and 1 μg/mL LPS E. coli K12 (both from Invivogen).
To obtain mDC1 cells, B cells were depleted from PMBC via CD19 MACS beads and a 
LD column separation, followed by positive selection of CD1c+ cells with CD1c-PE and 
anti PE-beads (all from Miltenyi Biotec, BV, Utrecht, the Netherlands). The resulting cell 
population was analyzed for phenotype and was subsequently stimulated for 18 h with 
2 μM CpG-A, 1 μg/mL LPS E. coli K12 or 25 μg/mL poly I:C (all from Invivogen, San 
Diego, CA) in the presence of 15 ng/mL GM-CSF (BioSource International, Camarillo, 
CA). After stimulation the cells were analyzed for CD86 expression and APRIL levels 
were determined in the supernatant.

In vitro isotype switching
The assay to determine the in vitro isotype switching capacity of APRIL, BAFF and 
moDC supernatant was performed as previously described [47]. Spleen cells from 
C57BL/6.CD45.1 mice were labeled with a cocktail of biotin-conjugated mAb to CD43, 
CD138 (from BD Biosciences) and IgA (from Southern Biotechnologies) and then neg-
atively sorted with streptavidin magnetic beads (BD Biosciences). The remaining B 
cells were cultured at a density of 2 × 106/mL in moDC supernatant, with the addition 
of 50 μM 2-mercaptoethanol. Control B cells were cultured in the same medium in 
the presence or absence of 1 μg/mL human APRIL MegaLigand (Alexis Biochemicals, 
San Diego, CA), 1 μg/mL human BAFF (Jena Biosciences), 1 ng/mL TGF-β (Sigma-
Aldrich) and 10 μg/mL LPS (Invivogen). After 6 days, supernatants were assayed for 
Ig isotypes by ELISA.

APRIL depletion from supernatant
BCMA-Fc or BR3-Fc (Alexis Biochemicals) (5 μg) was incubated with 40 μL protein 
A/G PLUS-Agarose (SC-2003 Santa Cruz) in a volume 1 mL for 2 h at room tempera-
ture on a roller, washed two times with 1 mL PBS, and incubated at 4°C on a roller 
with moDC supernatant. After 5 h the protein A/G-agarose beads were spun down and 
the resulting supernatant analyzed for the amount of APRIL left and used in an in vitro 
isotype switch assay.

ELISA
The Ig subtypes from culture supernatants of the in vitro isotype switch assay were 
measured in an ELISA. The 96-wells ELISA plates (Greiner, Microlon 600) were coated 
with 2 μg/mL anti mouse-Ig antibody (Southern Biotech, Birmingham, AL) in sodium 
carbonate buffer (pH 9.6) overnight at 4°C. The wells were blocked with 1% BSA for 1 h 
at 37°C and then incubated with 50 μL culture supernatant for 2 h at room temperature. 
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HRP-conjugated isotype-specific antibodies (all from Southern Biotech, Birmingham, 
AL) were used as revealing antibodies. A serial dilution of mouse reference serum 
(Bethyl Laboratories, Montgomery, TX) was used to determine antibody titers.

Western blot analysis
Cells were lysed in Triton X-100 lysis buffer, cleared by centrifugation at 4°C and mixed 
with 5× Laemmli sample buffer at a final concentration of 1×106/ 50 μL. Supernatants 
from cells were mixed directly with 5× Laemmli sample buffer. Lysates (15 μL) and 
supernatant (20 μL) were subsequently separated by SDS-PAGE and transferred to 
PVDF. Blots were blocked for 1 h in PBS/0.2% Tween-20/5% milk and incubated over-
night at 4°C with 0.2 μg/mL APRILy-5 or 1 μg/mL BUFFY-2 (Alexis Biochemicals) in 
PBS/0.2% Tween-20/2.5% milk. Blots were developed using HRP-coupled secondary 
antibodies and enhanced chemiluminescence.
For p-PKR analysis, the procedure described above was followed, except for the fol-
lowing points: whole cell lysates were prepared by adding 5 × Laemmli sample buffer to 
40 μL cell suspension, TBS was used instead of PBS and a polyclonal against p-PKR 
Thr451 (Cell signalling) was incubated in TBS/0.05% Tween-20/5% BSA.

RT-PCR
Total RNA from moDC was isolated using RNeasy mini columns (Qiagen benelux B.V., 
Venlo, The Netherlands). Synthesis of cDNA was performed using 2 μg total RNA 
and avian myeloblastosis virus (AMV) reverse transcriptase (Promega, Leiden, The 
Netherlands).
APRIL (417 bp) was PCR-amplified for 25 cycles with the following primer pairs. 
APRIL forward 5’-GCCAGCCTCATCTCCTTTCTTG-3’ and APRIL reverse 5’-
TGGTTGCCACATCACCTCTGTCAC-3’. The following conditions were used: denatur-
ation for 1 min at 94°C, annealing for 1 min at 60°C and extension for 1 min at 72°C.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 227 bp) was PCR-amplified 
for 20 cycles with the following primer pairs. GAPDH forward 5’-AAG GTG AAG GTC 
GGA GTC AAC-3’ and GAPDH reverse 5’-TGG AAG ATG GTG ATG GGA TT-3’. The 
following conditions were used: denaturation for 1 min at 94°C, annealing for 1 min at 
58°C and extension for 1 min at 72°C.
TLR3 (713 bp) was PCR-amplified for 30 cycles with the following primer pairs. TLR3 
forward 5’-TTG AAG GCT TGG GAC CAA GGC A-3’ and TLR3 reverse 5’-GCA AAC 
ACA AGC ATT CGG AAT CT-3’. The following conditions were used: denaturation for 
1 min at 94°C, annealing for 1 min at 60°C and extension for 1 min at 72°C.
TLR9 (224 bp) was PCR-amplified for 30 cycles with the following primer pairs. TLR9A 
forward 5’-AGC ATG GGT TTC TGC CGC AGC –3’ and TLR9A reverse 5’-CGG TTG 
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GAG GAC AAG GAA AGG C-3’. The following conditions were used: denaturation for 
1 min at 94°C, annealing for 1 min at 64°C and extension for 1 min at 72°C.
Beta-actin (β-actin, 612 bp) was PCR-amplified for 20 cycles with the following primer 
pairs. Beta-actin forward 5’-GGC ATC GTG ATG GAC TCC G-3’ and beta-actin reverse 
5’-GCT GGA AGG TGG ACA GCG A-3’. The following conditions were used: denatura-
tion for 1 min at 94°C, annealing for 1 min at 60°C and extension for 1 min at 72°C.

Flow cytometry
Cells were harvested and washed in PBS buffer containing 1% BSA and 0.02% 
NaN3. FACS analysis was performed using fluorochrome conjugated Ab (all from BD 
Biosciences) against the following surface markers: CD1a (FITC-conjugated SK9), 
CD14 (PE-conjugated MφP9), CD80 (FITC-conjugated L307.4), CD83 (PE-conjugated 
HB15e), CD86 (PE-conjugated FUN-1), CD1a (FITC-conjugated SK9) and HLA-DR 
(FITC-conjugated L243). For isolation and characterization of mDC1 cells an antibody 
against CD1c (PE-conjugated AD5-8E7) (Miltenyi Biotec, BV, Utrecht, the Netherlands) 
and an antibody against CD19 (FITC-conjugated HIB19) (BD Biosciences) were used.
The cells were analyzed using a FACSCalibur and CellQuest software (BD Biosciences). 
Data analysis was performed using FlowJo software (Tree Star, Inc.).

ACKNOWLEDGEMENTS

This study was supported by a grant from the Dutch Cancer Society (UVA 2003-
2812). L.P. and M.H. are supported by the Fondation de France, Association pour la 
Recherche sur le Cancer and the program ACI. We would like to thank Michael Bots, 
Cees van Kooten and Jan-Willem Eijgenraam for useful discussions and help with the 
moDC; Berend Hooibrink, Matthijs Kramer, Bianca Blom, Nuno Alves, Ingrid Derks, 
Heike Schmidlin and Esther de Jong for the provision of reagents and technical assist-
ance; Fiona Kimberley for critical reading of the manuscript.



72

REFERENCES

1 Creagh, E. M. and O’Neill, L. A., TLRs, NLRs and RLRs: a trinity of pathogen sensors that co-operates 
in innate immunity. Trends Immunol. 2006. 27: 352-357.  
2 Taylor, S. S., Haste, N. M. and Ghosh, G., PKR and eIF2alpha: integration of kinase dimerization, acti-
vation, and substrate docking. Cell 2005. 122: 823-825.  
3 Banchereau, J., Briere, F., Caux, C., Davoust, J., Lebecque, S., Liu, Y. J., Pulendran, B. and Palucka, 
K., Immunobiology of dendritic cells. Annu. Rev. Immunol. 2000. 18: 767-811.  
4 Schoenberger, S. P., Toes, R. E., van der Voort, E. I., Offringa, R. and Melief, C. J., T-cell help for cyto-
toxic T lymphocytes is mediated by CD40-CD40L interactions. Nature 1998. 393: 480-483.  
5 Banchereau, J., Bazan, F., Blanchard, D., Briere, F., Galizzi, J. P., van Kooten, C., Liu, Y. J. et al., The 
CD40 antigen and its ligand. Annu. Rev. Immunol. 1994. 12: 881-922.  
6 Parker, D. C., T cell-dependent B cell activation. Annu. Rev. Immunol. 1993. 11: 331-360.  
7 Fagarasan, S. and Honjo, T., T-Independent immune response: new aspects of B cell biology. Science 
2000. 290: 89-92. 
8 Wykes, M. and MacPherson, G., Dendritic cell-B-cell interaction: dendritic cells provide B cells with 
CD40-independent proliferation signals and CD40-dependent survival signals. Immunology 2000. 100: 
1-3.  
9 Stavnezer, J., Immunoglobulin class switching. Curr. Opin. Immunol. 1996. 8: 199-205.  
10 Balazs, M., Martin, F., Zhou, T. and Kearney, J., Blood dendritic cells interact with splenic marginal 
zone B cells to initiate T-independent immune responses. Immunity 2002. 17: 341-352.  
11 MacLennan, I. and Vinuesa, C., Dendritic cells, BAFF, and APRIL: innate players in adaptive antibody 
responses. Immunity 2002. 17: 235-238.  
12 Litinskiy, M. B., Nardelli, B., Hilbert, D. M., He, B., Schaffer, A., Casali, P. and Cerutti, A., DCs induce 
CD40-independent immunoglobulin class switching through BLyS and APRIL. Nat. Immunol. 2002. 3: 
822-829.  
13 Castigli, E., Scott, S., Dedeoglu, F., Bryce, P., Jabara, H., Bhan, A. K., Mizoguchi, E. and Geha, R. S., 
Impaired IgA class switching in APRIL-deficient mice. Proc. Natl. Acad. Sci. USA 2004. 101: 3903-3908.  
14 Stein, J. V., Lopez-Fraga, M., Elustondo, F. A., Carvalho-Pinto, C. E., Rodriguez, D., Gomez-Caro, R., 
De Jong, J. et al., APRIL modulates B and T cell immunity. J. Clin. Invest. 2002. 109: 1587-1598.  
15 Moore, P. A., Belvedere, O., Orr, A., Pieri, K., LaFleur, D. W., Feng, P., Soppet, D. et al., BLyS: mem-
ber of the tumor necrosis factor family and B lymphocyte stimulator. Science 1999. 285: 260-263.  
16 Schneider, P., MacKay, F., Steiner, V., Hofmann, K., Bodmer, J. L., Holler, N., Ambrose, C. et al., 
BAFF, a novel ligand of the tumor necrosis factor family, stimulates B cell growth. J. Exp. Med. 1999. 
189: 1747-1756.  
17 Yan, M., Marsters, S. A., Grewal, I. S., Wang, H., Ashkenazi, A. and Dixit, V. M., Identification of a 
receptor for BLyS demonstrates a crucial role in humoral immunity. Nat. Immunol. 2000. 1: 37-41.  
18 Thompson, J. S., Bixler, S. A., Qian, F., Vora, K., Scott, M. L., Cachero, T. G., Hession, C. et al., BAFF-
R, a newly identified TNF receptor that specifically interacts with BAFF. Science 2001. 293: 2108-2111.  
19 O’Connor, B. P., Raman, V. S., Erickson, L. D., Cook, W. J., Weaver, L. K., Ahonen, C., Lin, L. L. et 
al., BCMA is essential for the survival of long-lived bone marrow plasma cells. J. Exp. Med. 2004. 199: 
91-98.  
20 Hendriks, J., Planelles, L., de Jong-Odding, J., Hardenberg, G., Pals, S. T., Hahne, M., Spaargaren, M. 
and Medema, J. P., Heparan sulfate proteoglycan binding promotes APRIL-induced tumor cell prolifera-
tion. Cell Death Differ. 2005. 12: 637-648. 
21 Ingold, K., Zumsteg, A., Tardivel, A., Huard, B., Steiner, Q. G., Cachero, T. G., Qiang, F. et al., 



Specific TLR ligands regulate APRIL secretion by dendritic cells in a PKR-dependent manner.

73

C
h

a
p

te
r 

3

Identification of proteoglycans as the APRIL-specific binding partners. J. Exp. Med. 2005. 201: 1375-
1383.  
22 Dillon, S. R., Gross, J. A., Ansell, S. M. and Novak, A. J., An APRIL to remember: novel TNF ligands 
as therapeutic targets. Nat. Rev. Drug Discov. 2006. 5: 235-246.  
23 Lopez-Fraga, M., Fernandez, R., Albar, J. P. and Hahne, M., Biologically active APRIL is secreted 
following intracellular processing in the Golgi apparatus by furin convertase. EMBO Rep. 2001. 2: 945-
951.  
24 Reis e Sousa, C., Toll-like receptors and dendritic cells: for whom the bug tolls. Semin. Immunol. 2004. 
16: 27-34.  
25 Matsumoto, M., Funami, K., Tanabe, M., Oshiumi, H., Shingai, M., Seto, Y., Yamamoto, A. and Seya, 
T., Subcellular localization of Toll-like receptor 3 in human dendritic cells. J. Immunol. 2003. 171: 3154-
3162.  
26 Dzionek, A., Fuchs, A., Schmidt, P., Cremer, S., Zysk, M., Miltenyi, S., Buck, D. W. and Schmitz, J., 
BDCA-2, BDCA-3, and BDCA-4: three markers for distinct subsets of dendritic cells in human peripheral 
blood. J. Immunol. 2000. 165: 6037-6046. 
27 Krug, A., Towarowski, A., Britsch, S., Rothenfusser, S., Hornung, V., Bals, R., Giese, T. et al., Toll-like 
receptor expression reveals CpG DNA as a unique microbial stimulus for plasmacytoid dendritic cells 
which synergizes with CD40 ligand to induce high amounts of IL-12. Eur. J. Immunol. 2001. 31: 3026-
3037.  
28 Bossen, C., Ingold, K., Tardivel, A., Bodmer, J. L., Gaide, O., Hertig, S., Ambrose, C. et al., Interactions 
of tumor necrosis factor (TNF) and TNF receptor family members in the mouse and human. J. Biol. Chem. 
2006. 281: 13964-13971.  
29 Khare, S. D., Sarosi, I., Xia, X. Z., McCabe, S., Miner, K., Solovyev, I., Hawkins, N. et al., Severe B 
cell hyperplasia and autoimmune disease in TALL-1 transgenic mice. Proc. Natl. Acad. Sci. USA 2000. 
97: 3370-3375.  
30 Schwaller, J., Schneider, P., Mhawech-Fauceglia, P., McKee, T., Myit, S., Matthes, T., Tschopp, J. 
et al., Neutrophil-derived APRIL concentrated in tumor lesions by proteoglycans correlates with human 
B-cell lymphoma aggressiveness. Blood 2007. 109: 331-338.  
31 Hu, Y. and Conway, T. W., 2-Aminopurine inhibits the double-stranded RNA-dependent protein kinase 
both in vitro and in vivo. J. Interferon Res. 1993. 13: 323-328.  
32 Williams, B. R., Signal integration via PKR. Sci STKE 2001: 1-9.  
33 Williams, B. R., The protein kinase PKR is required for p38 MAPK activation and the innate immune 
response to bacterial endotoxin. EMBO J. 2000. 19: 4292-4297.  
34 Garcia, M. A., Gil, J., Ventoso, L., Guerra, S., Domingo, E., Rivas, C. and Esteban, M., Impact of pro-
tein kinase PKR in cell biology: from antiviral to antiproliferative action. Microbiol. Mol. Biol. Rev. 2006. 
70: 1032-1060.  
35 Katsenelson, N., Kanswal, S., Puig, M., Mostowski, H., Verthelyi, D. and Akkoyunlu, M., Synthetic CpG 
oligodeoxynucleotides augment BAFF- and APRIL-mediated immunoglobulin secretion. Eur. J. Immunol. 
2007  
36 Lund, J., Sato, A., Akira, S., Medzhitov, R. and Iwasaki, A., Toll-like receptor 9-mediated recognition of 
Herpes simplex virus-2 by plasmacytoid dendritic cells. J. Exp. Med. 2003. 198: 513-520.  
37 Yamamoto, M., Sato, S., Hemmi, H., Hoshino, K., Kaisho, T., Sanjo, H., Takeuchi, O. et al., Role of 
adaptor TRIF in the MyD88-independent toll-like receptor signaling pathway. Science 2003. 301: 640-
643.  
38 Oganesyan, G., Saha, S. K., Guo, B., He, J. Q., Shahangian, A., Zarnegar, B., Perry, A. and Cheng, 
G., Critical role of TRAF3 in the Toll-like receptor-dependent and -independent antiviral response. Nature 
2006. 439: 208-211.  



74

39 Horng, T., Barton, G. M. and Medzhitov, R., TIRAP: an adapter molecule in the Toll
signaling pathway. Nat. Immunol. 2001. 2: 835-841.  
40 Lu, P. D., Harding, H. P. and Ron, D., Translation reinitiation at alternative open reading frames regu-
lates gene expression in an integrated stress response. J. Cell Biol. 2004. 167: 27-33.  
41 Su, Q., Wang, S., Baltzis, D., Qu, L. K., Raven, J. F., Li, S., Wong, A. H. and Koromilas, A. E., 
Interferons induce tyrosine phosphorylation of the eIF2alpha kinase PKR through activation of Jak1 and 
Tyk2. EMBO Rep. 2007. 8: 265-270.  
42 Szomolanyi-Tsuda, E. and Welsh, R. M., T-cell-independent antiviral antibody responses. Curr. Opin. 
Immunol. 1998. 10: 431-435. 
43 Diebold, S. S., Montoya, M., Unger, H., Alexopoulou, L., Roy, P., Haswell, L. E., Al-Shamkhani, A. et 
al., Viral infection switches non-plasmacytoid dendritic cells into high interferon producers. Nature 2003. 
424: 324-328.  
44 Langland, J. O., Cameron, J. M., Heck, M. C., Jancovich, J. K. and Jacobs, B. L., Inhibition of PKR by 
RNA and DNA viruses. Virus Res. 2006. 119: 100-110.  
45 He, B., Xu, W., Santini, P. A., Polydorides, A. D., Chiu, A., Estrella, J., Shan, M. et al., Intestinal bac-
teria trigger T cell-independent immunoglobulin A(2) class switching by inducing epithelial-cell secretion 
of the cytokine APRIL. Immunity 2007. 26: 812-826. 
46 Sallusto, F. and Lanzavecchia, A., Efficient presentation of soluble antigen by cultured human dendritic 
cells is maintained by granulocyte/macrophage colony-stimulating factor plus interleukin 4 and downregu-
lated by tumor necrosis factor alpha. J. Exp. Med. 1994. 179: 1109-1118. 
47 Castigli, E., Wilson, S. A., Scott, S., Dedeoglu, F., Xu, S., Lam, K. P., Bram, R. J. et al., TACI and 
BAFF-R mediate isotype switching in B cells. J. Exp. Med. 2005. 201: 35-39. 
48 Abramoff, M. D., Magelhaes, P. J. and Ram, S. J., Image processing with ImageJ. Biophotonics Int. 
2004. 11: 36-42. 


