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Background: Phagocytosis and Th17 immune response control fungal invasion.

Results: b-Glucansmobilize nuclear C/EBP homologous protein (CHOP) and increase activating transcription factor 2 (ATF2)

binding to the il23a promoter.

Conclusion: b-Glucans direct proapoptotic CHOP to phagosomal vesicles and induce ATF2-dependent il23a transcription.

Significance:Themechanisms underlying the unfolded protein response and the trans-activation of il23a elicited byb-glucans

are ascertained.

Current views on the control of IL-23 production focus on the

regulation of il23a, the gene encoding IL-23 p19, by NF-kB in

combination with other transcription factors. C/EBP homolo-

gous protein (CHOP), X2-Box-binding protein 1 (XBP1), acti-

vator protein 1 (AP1), SMAD, CCAAT/enhancer-binding pro-

tein (C/EBPb), and cAMP-response element-binding protein

(CREB) have been involved in response to LPS, but no data are

available regarding the mechanism triggered by the fungal

mimic and b-glucan-containing stimulus zymosan, which pro-

duces IL-23 and to a low extent the related cytokine IL-12 p70.

Zymosan induced the mobilization of CHOP from the nuclear

fractions to phagocytic vesicles. Hypha-forming Candida also

induced the nuclear disappearance of CHOP. Assay of tran-

scription factor binding to the il23a promoter showed an

increase of Thr(P)-71–Thr(P)-69-activating transcription fac-

tor 2 (ATF2) binding in response to zymosan. PKC and PKA/

mitogen- and stress-activated kinase inhibitors down-regulated

Thr(P)-71–ATF2 binding to the il23a promoter and il23a

mRNA expression. Consistent with the current concept of

complementary phosphorylations on N-terminal Thr-71 and

Thr-69 of ATF2 by ERK and p38 MAPK, MEK, and p38 MAPK

inhibitors blunted Thr(P)-69–ATF2 binding. Knockdown of

atf2 mRNA with siRNA correlated with inhibition of il23a

mRNA, but it did not affect the expression of il12/23b and il10

mRNA.These data indicate the following: (i) zymosan decreases

nuclear proapoptotic CHOP, most likely by promoting its accu-

mulation in phagocytic vesicles; (ii) zymosan-induced il23a

mRNA expression is best explained through coordinated kB-

and ATF2-dependent transcription; and (iii) il23a expression

relies on complementary phosphorylation of ATF2 on Thr-69

and Thr-71 dependent on PKC and MAPK activities.

Cytokines of the IL-12 family such as IL-12 p70 and IL-23
play a central role in the polarization of the immune response
into the Th1 and Th17 types. Because both cytokines share a
common chain, IL-12 p40 ( encoded by the gene il12/23b), and
differ in a specific chain for each cytokine, IL-12 p35 (gene
il12a) for IL-12 p70 and IL-23 p19 (gene il23a) for IL-23, the
regulation of the expression of these chains is central to the
polarization of the immune response. NF-kB plays a role in
the control of these cytokines, but other transcription factors
are required for the selective regulation of each cytokine chain.
The fungal surrogate zymosan, which is mainly composed of
b-glucans, stands out as a strong stimulus for IL-23 production,
although it inhibits the expression of IL-12 p70 induced by the
LPS/TLR4 route (1, 2) through amechanism involving the tran-
scriptional repression of il12a (3, 4). These findings help
explain the role of dectin-1, a C-type lectin-likeb-glucan recep-
tor, in the polarization of the immune response to the Th17
type during the infection byCandida,Aspergillus, andPneumo-

cystis jirovecii, because b-glucans are a major component of
fungal cell wall. However, there is no mechanistic explanation
for the high level of il23a expression elicited by b-glucans.
Studies addressing the involvement of transcription factors
other than NF-kB have pointed at activator protein 1 (AP1) (5),
activating transcription factor 2 (ATF2) and SMAD family (6),
CREB2 and C/EBPb (7), CHOP (8), and XBP1 (9), but these
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studies have been carried out mainly in murine cells by using
bacterial LPS, virus, and TNFa as stimuli.
The involvement of CHOP and XBP1 is relevant because

together with ATF6 these are the transcription factors associ-
ated with the endoplasmic reticulum stress (ERS)/unfolded
protein response (UPR), and there is increasing evidence show-
ing UPR-related molecules as integral elements of the tran-
scriptional program controlled by innate immunity receptors
(10). CHOP is a member of the C/EBP family of transcription
factors that is activated in the cascade PERK/eIF2a/ATF4 in an
attempt to control protein misfolding. If the resolution of the
stress is not achieved, CHOP will trigger apoptosis. XBP1
mRNA is translated into a functional protein after activation of
the ribonuclease domain of inositol-requiring enzyme 1a

(IRE1a) and excision of a 26-nucleotide unconventional intron
from XBP1mRNA that causes a frameshift in the XBP1 coding
sequence resulting in the translation of the functional tran-
scription factor. The UPR has been associated with the
enhancedproduction of IL-23 in the pathogenesis of ankylosing
spondylitis due to the accumulation of misfolded HLA-B27
heavy-chain homodimers in monocytes and lymphocytes (11,
12). In this study, we have carried out a comprehensive analysis
of the mechanisms involved in the transcriptional regulation of
il23a in human monocyte-derived dendritic cells (DC). Our
results have disclosed the following: (i) a central role for ATF2
in the transcriptional regulation of il23a by zymosan, most
likely related to the ability of the b-glucan receptor dectin-1 to
activate protein kinases A, C, andMAPK; (ii) the disappearance
of nuclear CHOP protein during the phagocytosis of zymosan
and hypha forming Candida yeast by DC, thus suggesting that
the disappearance of CHOPmight be a mechanism to preserve
phagocytic cells from the apoptosis associated with CHOP
activity during fungal invasion but is not involved in IL-23
production.

EXPERIMENTAL PROCEDURES

Cells and Reagents—DC were obtained from human mono-
nuclear cells collected from pooled buffy coats of healthy
donors provided by Centro de Hemoterapia de Castilla y León.
Each sample contained cells from five donors of the same ABO
group system. The differentiation ofmonocytes was carried out
by culture in the presence of GM-CSF (800 units/ml) and IL-4
(500 units/ml) for 5 days, and differentiation was assessed by
immunofluorescence flow cytometry of CD40, CD80, CD83,
CD86, CD11b, CD11c, and C-type lectin receptors. Zymosan
from Saccharomyces cerevisiae, mannan, the b(1,3)-glucan
curdlan fromAlcaligenes faecalis, laminarin, carboxylated latex
beads, SB203580, U0126, leptomycin B, and LPS were from
Sigma. Depleted zymosan was purchased from InvivoGen (San
Diego) or obtained by boiling zymosan for 1 h in 10 N NaOH
and intensive washing. SRT1720 was from Cayman Chemical
(Ann Arbor, MI). EX-527 was from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA). SP600125, bisindolylmaleimide I, H89,
tunicamycin, and pustulan, a b(1,6)-glucan from Umbilicaria

pustulosa, were from Calbiochem. Carboxylated latex beads
were used for covalent coupling of laminarin and mannan with
dicyclohexylcarbodiimide using the Neises-Steglich esterifica-
tion reaction (13).Candida albicans (Cek1 strain)was provided

by Dr. Jesús Pla from Universidad Complutense de Madrid,
Spain. The a(1,3–1,6)-glucan nigeran from Aspergillus niger

was a gift from Dr. Carlos R. Vázquez de Aldana and Francisco
del Rey from Instituto de Biología Funcional y Genómica, Sala-
manca, Spain. The inhibitors of the endonuclease activity of
IRE1a, MKC3946, andMKC8866 (14) were a gift fromDr. John
Patterson, MannKind Corp., Valencia, CA.
Ethics Statement—This study was approved by the Bioethical

Committee of the Spanish Council of Research (CSIC), and the
written informed consent of all healthy donor subjects was
obtained at Centro de Hemoterapia y Hemodonación de Cas-
tilla y León Biobank. The participants received written consent
according to the regulations of the Biobank. The researchers
received the samples in an anonymous way. The process is doc-
umented by the Biobank authority according to the specific
Spanish regulations. The ethics committee approved this pro-
cedure before starting the study.
Laser-scanning Confocal Fluorescence Microscopy—DCwere

seeded on polylysine-coated glass coverslips for 12 h and then
stimulated with zymosan particles. Cells were fixed with 10%
formaldehyde in PBS and stained with anti-CHOP antibody
(Ab) (Santa Cruz Biotechnology sc-793) and goat anti-rabbit
IgG Ab labeled with Alexa-Fluort480. The coverslips were
observed by laser-scanning confocal fluorescence microscopy
using a Leica TCS SP5 apparatus equipped with a white light
laser and a Leica 63PL APO NA 1.40 oil immersion objective.
Image analysis and subcellular colocalization fluorograms were
generated and analyzed using a Leica confocal software package
and ImageJ Fiji software (National Institutes of Health).
XBP1 Splicing Assay—This was carried out by RT-PCRs with

primers spanning the unspliced regions. To address properly
the spliced, unspliced, and heteroduplexes, gel electrophoresis
was carried out in 3% agarose. When the purpose of the exper-
iments was the quantification of the splicing, real time RT-PCR
was carried out using an antisense primer overlapping the
splice junctions (sxbp1 AS primer in Table 1).
Immunoblots—Proteins were separated by electrophoresis in

SDS-PAGE and transferred to nitrocellulose membranes. The
membranes were used for the immunodetection of CHOP,
phosphorylated form of eIF2a (InVitrogen 44728G), and ATF6
(Abcam ab11909). Histone H3 (Millipore 05-928) and TATA-
box binding protein (TBP) (Diagenode TBPCSH-100) were
used for protein load control. For immunoblots directed to
assay nuclear proteins, the nuclear extracts were obtained by
using a nuclear extract kit (Active Motif).
Real Time RT-PCR—Total RNA was obtained by TRIzol/

chloroform extraction and used for RT reactions. Cycling con-
ditions were adapted to each set of primers. The glyceralde-
hyde-3-phosphate dehydrogenase gene (gapdh) was used as a
housekeeping gene to assess the relative abundance of the dif-
ferent mRNAs, using the comparative cycle threshold method.
The procedure was used to assay sXBP1, chop, il23a, and ptgs2
(the gene encodingCOX-2)mRNA.The sequences of the prim-
ers are shown in Table 1.
Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays

were conductedwith Ab against ATF2 (Santa Cruz Biotechnol-
ogy sc-6233), P-ATF2 (Thr-71, Cell Signaling 9221), P-ATF2
(Thr-69, Abcam ab28848), ATF4 (Santa Cruz Biotechnology
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sc-200), ATF6, C/EBPb (Santa Cruz Biotechnology sc-150),

CHOP (Santa Cruz Biotechnology sc-793), CREB (Santa Cruz

Biotechnology sc-186), P-CREB (Ser-133, Millipore 06-519),

and XBP1 (BioLegend 647501) as reported previously (15).

Briefly, cells were stimulated and then washed twice with PBS

and fixed with 1% formaldehyde. Cross-linking was terminated

by 0.125 M glycine. Crude nuclear extracts were collected by

microcentrifugation and resuspended in a lysis buffer contain-

ing a high salt concentration. Chromatin sonicationwas carried

out using a Bioruptor device from Diagenode (Liege, Belgium).

The chromatin solution was precleared by adding protein A/G

PLUS-agarose for 30 min at 4 °C under continuous rotation.

After elimination of the beads, Ab was added for overnight

incubation at 4 °C, and then protein A/G PLUS-agarose was

added and incubated for an additional period of 2 h at 4 °C.

Beads were harvested by centrifugation at 12,000 rpm and

sequentially washed with lysis buffer high salt, wash buffer, and

elution buffer. Cross-links were reversed by heating at 67 °C in

a water bath, and the DNA bound to the beads was isolated by

extraction with phenol/chloroform/isoamyl alcohol. Irrelevant

Ab and sequences of the il12a promoter were used as control of

binding specificity. Results are expressed as percentage of

input.

Nucleofection Protocol—DC were transfected with the

AmaxaTM human dendritic cell Nucleofector kit using the

U-002 program in the Amaxa Nucleofector II system. Typical

transfections used 2 million cells and 0.07 nmol of ON-

TARGETplus humanATF2 orON-TARGETplus nontargeting

pool siRNA, in 0.1 ml of human DC Nucleofector solution. DC

were nucleofected on the 3rd day of differentiation and used for

the experiments 48 h later.

Statistical Analysis—Data are represented as themean6 S.E.

and were analyzed with the Prism 4.0 statistical program

(GraphPad Software). Comparison between two experimental

groups was carried out using the two-tailed Student’s t test.
Differences were considered significant for p , 0.05.

RESULTS

CHOPDisappears fromNuclear Extracts Following Zymosan

Challenge—Zymosan is a particulate stimulus consistentwith it
being the cell wall of S. cerevisiae. On this basis, zymosan uptake
poses energetic and space challenges to phagocytic cells that
might require enhanced protein synthesis and put the cell at
risk of ERS/UPR. Because previous studies suggested that
CHOP andXBP1 are involved in il23a trans-activation, we pos-
ited the possible occurrence of the UPR in DC stimulated with
zymosan. Unexpectedly, but in keeping with reports showing
that CHOP protein expression has been detected in resting
human monocytes (16) and that the UPR reaction seems to be
required for the appropriate function of DC (17), we observed
CHOP protein in the nuclear extracts of DC in the resting state
(Fig. 1A). In contrast, CHOP could not be detected in the cyto-
plasm nor in whole cell lysates (data not shown), thus suggest-
ing a preferential location of CHOP to the nucleus that proba-
bly explains the few studies reporting the presence of the
protein in resting cells. Addition of different stimuli failed to
show a definite increase of CHOP protein in the nucleus,
whereas both zymosan and pure b-glucan induced the disap-
pearance of the nuclear protein (Fig. 1A). Similar results were
observed in macrophages (Fig. 1B).
Further experiments showed that the effect of zymosan was

elicited by concentrations as low as 0.5 mg/ml (Fig. 1C),
occurred as soon as 30 min after addition of zymosan (Fig. 1D),
and lasted for up to 7 h (Fig. 1E). Because these findings might
point to proteolysis as the main mechanism explaining the dis-
appearance of CHOP from nuclear extracts, the effect of cyclo-
heximide and the proteasome inhibitor MG-132 was assessed.
Cycloheximide only partially decreased CHOP expression after
2 h of incubation, and MG-132 did not inhibit CHOP disap-
pearance from the nuclear extracts, thusmaking it unlikely that
translation inhibition and proteasomal degradation could
explain the zymosan effect (Fig. 1F). Different stimuli were used
to analyze the influence of the structure of the b-glucan linkage
and the presentation of the stimuli in a particulate state. As
shown in the right panels of Fig. 1F, the insoluble b(1,3)-glucan
curdlan and pustulan-containing latex beads induced the dis-
appearance of CHOP from nuclear fractions, whereas the solu-
ble b-glucan laminarin did not induce the disappearance of
CHOP. These results suggest that both receptor binding and
the particulate state of the stimuli influenced the presence of
CHOP in nuclear fractions. Unlike nigeran, all of the b-glucan
tested induced il23a mRNA. It should be noted that curdlan
could only be tested at a lower concentration due to its limited
solubility (Fig. 1G). Further attempts to disclose possiblemech-
anisms explaining the presence of nuclear CHOP in resting DC
focused on signals elicited by components of the culture
medium and on the assumption that receptors clustered on
lipid rafts might be involved in CHOP expression. Removal of
IL-4 did not affect nuclear CHOP expression (data not shown),
but elimination of FBS was associated with a reduced expres-
sion. However, zymosan also produced the disappearance of
CHOP under these conditions (Fig. 2A). Unlike atorvastatin,

TABLE 1

Primers used for ChIP and RT-PCRs
S indicates sense, and AS indicates antisense.

Promoter primers
il23a X2-Box/TRE S: 59-CTC TAG CCA CAG CAA CCA CA-39

il23a X2-Box/TRE AS: 59-GCCCGCCCTTTATACCAGCA-39

il23a CHOP-C/EBP proximal S: 59-agAACTCCTGGGCTTCCTAGCCAT-39

il23a CHOP-C/EBP proximal AS: 59-GGCCTCATTCTGACGTCATCCA-39

il23a CHOP-C/EBP distal S: 59-TAACGGTTTAGGCCCAGCTGAC-39

il23a CHOP-C/EBP distal AS: 59-TGTTGCGTGGCAGGAACTACA-39

il23a C/EBPb S: 59-TTCCCAGTTCTCCAAGTTCC-39

il23a C/EBPb AS: 59-TTGATTCCTACCTGATGCCC-39

il23a CRE S: 59-AGACCTCCATTCAGGACAAG-39

il23a CRE AS: 59-TCGAAGACGTCAGAATGAGG-39

il23a ATF2 S: 59-CATTGCAAACAGCTCACCAT-39

il23a ATF2 AS: 59-ATTTCCTCACTTCCTCCTGC-39

il12a control S: 59-GCGAACATTTCGCTTTCATT-39

il12a control AS: 59-ACTTTCCCGGGACTCTGGT-39

Coding sequence primers
chop S: 59-GCAGAGATGGCAGCTGAGTC-39

chop AS: 59-AGCCAAGCCAGAGAAGCAGGGT-39

xbp1 S: 59-TAAGACAGCGCTTGGGGATGGA-39

xbp1 AS: 59-ATACCGCCAGAATCCATGGGGA-39

sxbp1 AS: 59-CTGCACCTGCTGCGGACTCA-39

il23a S: 59-CATGGGCCTTCATGCTATTT-39

il23a AS: 59-TTT GCATTG TCAGGTTTCCA-39

ptgs2 S: 59-CAATTGTCATACGACTTGCA-39

ptgs2AS: 59-GTGGGAACAGCAAGGATTTG-39

atf2 S: 59-CATTGCAAACAGCTCACCAT-39

atf2 AS: 59-ATTTCCTCACTTCCTCCTGC-39

gapdh S: 59-GTCAGTGGTGGACCTGACCT-39

gapdh AS: 59-AGGGGAGATTCAGTGTGGTG-39

ATF2, b-Glucans, and IL-23
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attempts to disrupt lipid rafts with methyl-b-cyclodextrin pro-
duced the disappearance of CHOP from nuclear extracts (Fig.
2B). Together, these results suggest that signals elicited by

serum and involving lipid rafts might be involved in the pres-
ence of CHOP in the nuclei of DC.
To address whether shuttling between the nucleus and cyto-

plasm might explain the disappearance of CHOP from nuclear
fractions, laser-scanning confocal fluorescencemicroscopywas
carried out. As shown in Fig. 2C, zymosan treatment induced
the displacement of CHOP from nuclear and perinuclear areas
into the periphery of phagocytosed particles, thus suggesting
that shuttling into phagolysosomes could explain its disappear-
ance from the nuclei. Because zymosan phagocytosis does not
impede the detection of CHOP by immunofluorescence
microscopy and we were unable to detect CHOP in the cyto-
plasm inWestern blots, this can be explained by its retention in
vacuoles, post-translational modifications, and/or partial lyso-
somal degradation that modify its molecular mass and its
proper identification byWestern blot. Leptomycin B, an inhib-
itor of nuclear export signal-dependent protein translocation,
was used to further address the mechanism of CHOP translo-
cation. Although this treatment produced morphological
changes in the DC, it did not influence significantly the subcel-
lular distribution of CHOP either in Western blots (Fig. 2D) or
in immunofluorescence microscopy (Fig. 2C). A way of
addressing the mechanism of CHOP induction is assaying the
phosphorylation state of eIF2a. As shown in Fig. 2E, zymosan
induced a slight phosphorylation of eIF2a, whereas tunicamy-
cin, a nucleoside antibiotic that induces the UPR by blocking
N-linked glycosylation of proteins, produced a marked effect,
thus agreeing with the notion that zymosan has a limited effect
on the eIF2a cascade. To survey another branch of theUPR, the
cleavage of ATF6 was assayed. Stimulation with zymosan for
1 h induced ATF6 cleaving to a very low extent and a clear
retardation of full-length ATF6 (Fig. 2F), most likely consistent
with the glycosylation of the protein before cleavage by site-1
proteases (18). The retardedmigration ofATF6was less clear at
4 h, thus suggesting new synthesis of full-length protein after
zymosan phagocytosis. Because cleavage of ATF6 is difficult to
detect and the measure of its binding to specific sequences has
been used to overcome this difficulty in vitro, we assayed the
binding of ATF6 to the CHOP-C/EBP, CRE, and ATF2 sites of
the il23a promoter. No detectable binding was observed in
response to both LPS and zymosan (data not shown), thus sug-
gesting that this branch of the UPR is not involved in the tran-
scriptional regulation of il23a expression. Given that zymosan
is composed of an outer layer of mannoproteins and an inner
layer of b-glucans that is accessible on budding yeasts (19) and
to extend the significance of the findings to fungal infection, we
assessed the effect of latex beads covalently coated with either
laminarin or mannan and compared their effects with those
produced by Candida. As shown in Fig. 3A, laminarin coating
converted latex beads into a stimulus able to induce the disap-
pearance of CHOP from nuclear fractions. Incubation of DC
with heat-inactivated Candida (Fig. 3A, right panels) or with
the particulate a-glucan nigeran (Fig. 2D) did not induce the
disappearance of nuclear CHOP, whereas hypha-formingCan-
dida did so (Fig. 3,A andB). These data indicate that particulate
b-glucans induce the disappearance of CHOP from nuclear
fractions and its association with phagocytic vesicles in the
cytoplasm. This may also occur during fungal hypha formation

FIGURE 1. Effect of the incubation of DC with different stimuli on the
nuclear expression of CHOP protein. A, DC were incubated for 2 h with
different stimuli, and the nuclear extracts were collected for the assay of
CHOP and XBP1 protein. TBP and b-tubulin were used as a load control for
nuclear and cytoplasmic proteins, respectively. RAW267.7 cells, which consti-
tutively express CHOP as a result of Abelson leukemia virus infection, were
used as a reference. This explains the differentmigration of TBP in this lane. B,
a representative experiment in human macrophages is shown. C, effect of
different concentrations of zymosanonnuclear CHOPexpression.D and E, time-
dependent disappearance of nuclear CHOP in response to 1mg/ml zymosan. F,
effectof theproteinsynthesis inhibitorcycloheximideandtheproteasomeinhib-
itor MG-132 on CHOP protein expression. Right panel shows the effect of b-glu-
cans showingdistinct structuresof linkageonCHOPdisappearance.G, induction
of il23a mRNA in DC stimulated for 4 h with glucans with different structures of
linkage is shown. Results representmean6 S.E. of six experiments.
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andwhenLPS is presented in a particulate state (Fig. 2D). These
findings extend previous reports associating TLR3/4 signaling
with suppression of the ATF4/CHOP branch of the UPR
(20, 21).
Zymosan Is a Weak Activator of XBP1 Splicing—The IRE1a/

XBP1 branch of the UPR is independent of the PERK/eIF2a/
ATF4 branch, may exert a protective effect on the proapoptotic
effect of CHOP, and cooperateswithTLR in the innate immune
response (22). In addition, it has been described that an
increased expression of the spliced form of XBP1mRNA coin-
cided with IL-23 production (9). Zymosan induced a time-de-
pendent splicing of XBP1 as judged from the appearance of
both the spliced (sXBP1) and hybrid forms ofXBP1 (hXBP1) 1 h
after zymosan addition, with a peak at 3–5 h and their disap-
pearance at 24 h. Tunicamycin induced a more intense
response that could be observed up to 24 h (Fig. 4A). This effect
was observed at a concentration of zymosan as low as 0.1mg/ml
and was also produced by b-glucan particles but not by LPS,
mannan, and laminarin (Fig. 4, B andC). The true nature of the
heteroduplex band in agarose electrophoresis was confirmed

by carrying out a new PCR taking as a template the hXBP1 and
sXBP1 bands. As shown in the inset in Fig. 4A, the hXBP1 band
yielded three bands, whereas the spliced band only generated
one band. In keeping with the dependence of XBP1 splicing on
IRE1a endonuclease activity, the IRE1a inhibitor MKC8866
completely blocked the effect of both zymosan and tunicamy-
cin (Fig. 4D). Protein phosphatase type 2A (PP2A) regulates two
branches of the UPR. It dephosphorylates IRE1a (23) and pre-
vents endonucleolyticmRNAdecay (24). In addition, it dephos-
phorylates the eIF2B e-subunit and makes it resistant to the
phosphorylated form of eIF2a (21). Because PP2A can be acti-
vated by 1,9-dideoxyforskolin (ddF) (25), we addressed its effect
on XBP1 splicing. ddF inhibited the splicing of XBP1 and the
induction of CHOP mRNA produced by tunicamycin but not
the effect of zymosan (Fig. 5, A–D). Further assessment of the
modulation of CHOP protein expression by phosphorylation/
dephosphorylation reactions was carried out with the serine/
threonine phosphatase inhibitor sodium fluoride and the pro-
tein-tyrosine phosphatase inhibitor peroxovanadate. As shown
in Fig. 5E, sodium fluoride did not influence the presence of

FIGURE 2.Effect of different treatments on CHOP expression and effect of zymosan and tunicamycin on eIF2a phosphorylation and ATF6 cleavage. A,
DCwere incubated for 4dayswithGM-CSFand IL-4 in thepresenceof FBS. At theendof this period, themediumwas removedand substituted for newmedium
with or without FBS for 24 h, before stimulationwith zymosan for 1 h. CHOP proteinwas assayed in the nuclear extracts. B, DC differentiated in the presence of
FBS were incubated for 1 h with 10 mMmethyl-b-cyclodextrin or with 10 mM atorvastatin for 24 h and then used for the assay of nuclear CHOP protein. C, DC
were adhered to polylysine-coatedglass coverslips for 12 h and then stimulated for the times indicatedwith latex beads and zymosanparticles in the presence
and absence of 20 nM leptomycin B, and processed as described under “Experimental Procedures.” Photomicrographs were obtained by laser-scanning
confocal fluorescencemicroscopy. Arrowheads indicate the presence of particles in the transmission photomicrographs.D, effect of leptomycin, nigeran, and
LPS-coated latex beads on nuclear CHOP expression is shown. E, DC were treated for the times indicated with 1mg/ml zymosan or 1mM tunicamycin, and cell
lysates were collected at the times indicated for the assay of eIF2a phosphorylation. F, DC treated with 10 mg/ml LPS and 1 mg/ml zymosan were stimulated
for the times indicated to address the cleavage of ATF6. Results are representative of at least three independent experiments. P indicates phosphate.
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CHOP in nuclear fractions. In contrast, incubation of resting
DCwith sodium peroxovanadate did induce the disappearance
of CHOP protein, thus agreeing with the reported involvement
of protein tyrosine phosphorylation reactions in CHOP degra-
dation (26).
Effect of the PharmacologicalModulation of theUPR onCyto-

kine Production—Taking into account the reports on the
involvement of CHOP and XBP1 on il23a trans-activation, we
studied the effect of inhibitors of the endonuclease activity of
IRE1a and pharmacological modulators of sirtuin activity,
because SIRT1 activity is strongly enhanced during zymosan
phagocytosis (4) and SIRT1 interacts with eIF2a to regulate the
cellular stress response (27). As shown in Fig. 6A, MKC3946
andMKC8866 inhibitedXBP1 splicingwithout affecting signif-
icantly or even slightly enhancing chopmRNA expression, thus
suggesting that the PERK/eIF2a/ATF4/CHOP route may be
activated by inhibition of XBP1 splicing (14). The expression of
il23a andptgs2, which usually showaparallel sensitivity to tran-
scriptional regulators, did not show any significant change in
the presence of these compounds. Pharmacological modula-
tion of sirtuin activity by the SIRT1 inhibitor EX-527 and the
SIRT1 activator SRT1720 did notmodify CHOP expression nor
XBP1 splicing significantly, but an inhibition of il23a and ptgs2
expression was observed by SRT1720 in response to zymosan
(Fig. 6B).
Transcription Factor Binding to the il23a Promoter—There

are several binding sites potentially involved in the transcrip-
tional regulation of il23a, as disclosed by the bioinformatics
analysis of the promoter with the TRANSFAC database (Fig.
7A). In keeping with the disappearance of CHOP protein from

the nuclear extracts, zymosan induced a diminution of the
binding of CHOP to both CHOP-C/EBP sites (Fig. 7B). Con-
sistent with their belonging to the same family of transcription
factors, LPS increased the binding of C/EBPb to CHOP-C/EBP
sites and to the 2764 C/EBPb site, whereas zymosan failed to
do so (Fig. 7C). XBP1 binding to the X2-Boxes did not increase

FIGURE 3. Effect of Candida on nuclear CHOP expression. A, DC were stim-
ulated for 2 h with the indicated stimuli and with either heat-inactivated or
hypha-forming Candida at different DC:Candida ratios and then used for the
assay of nuclear CHOP protein. B, time course experiment showing the for-
mationof hyphae andCHOPdisappearance fromnuclear fractions ofDCafter
incubation with Candida at a ratio of 1:5 DC/Candida.

FIGURE 4. Effect of different stimuli on the splicing of XBP1. A, time
dependence of XBP1 splicing in response to tunicamycin and zymosan. B and
C, assay of the effect of different concentrations of stimuli on XBP1 splicing at
a fixed time of 5 h. D, effect of the endonuclease domain inhibitors of IRE1a,
MKC3946, and MKC8866 on XBP1 splicing in DC treated for 5 h with different
stimuli. hXBP1 indicates hybrid XBP1; uXBP1 indicates unspliced XBP1; sXBP1
indicates spliced XBP1. The inset in A shows the result of a PCR taking as a
template the hXBP1 and the sXBP1bands of DC treated for 5 hwith tunicamy-
cin to disclose the presence of sXBP1 and uXBP1 in the hXBP1 band.
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over resting levels in cells treated with zymosan and LPS 1 h
after addition of the stimuli (data not shown), but consistent
with the more prominent effect of b-glucan particles on XBP1

splicing at later times, both commercially depleted zymosan
and NaOH-treated zymosan increased more than 2-fold the
binding of XBP1 to the X2-Box 5 h after addition of the parti-
cles. Tunicamycin produced a higher increase of XBP1 binding
and MKC8866 inhibited the binding (Fig. 7D). Control experi-
ments with irrelevant Ab did not show increased binding in
response to zymosan (Fig. 7, C and D). CREB binding to the
CRE site was detected in resting cells at a similar level to that
observed in stimulated cells (Fig. 7E), whereas the binding of
Ser(P)-133-CREB increased in response to zymosan and to a
larger extent with LPS. Notably, zymosan increased robustly
the binding of Thr(P)-71–ATF2 to its promoter site 1 h after
addition of the stimulus. This was also observed in response to
tunicamycin but not to LPS (Fig. 8A). In keeping with the

notion that ATF2 activation depends on complementary phos-
phorylations onN-terminal Thr-69 and Thr-71 that depend on
PKA, PKC, and MAPK (28–30), modulation of these activities
showed a strong inhibition of Thr(P)-71–ATF2 binding by the
PKA/mitogen- and stress-activated kinase inhibitor H89, the
PKC inhibitor bisindolylmaleimide I, and the MEK inhibitor
U0126 but not by the p38MAPK SB203580 and the JNK inhib-
itor SP600125 (Fig. 8A). To confirm these findings, ATF2 phos-
phoblots were carried out in nuclear fractions. As shown in Fig.
8B, several proteins bands were observed in the area encom-
passed by the 75 to 52.7-kDamolecularmass protein standards.
This is in keeping with the existence of several ATF2 isoforms
and the possible occurrence of mobility shifts induced by
phosphorylations, all of which contain the Thr-Pro-Thr-Pro
sequence. This also agrees with the ChIP results becauseU0126
but not SP600125 showed a significant inhibition ofThr(P)-71–
ATF2 immunoreactivity (Fig. 8B). In keeping with the reported

FIGURE 5. Effect of the pharmacological modulation of PP2A and tyrosine phosphatase activities on the UPR. A, effect of 40 mM ddF on the splicing of
XBP1 elicited by zymosan and tunicamycin at 5 h. B, effect of ddF on XBP1 splicing using a real time RT-PCR assay with a reverse primer overlapping the splice
junctions. Zymosan was used at the concentration of 1 mg/ml and tunicamycin at 1 mg/ml. ddF was added 1 h before the stimuli. C, effect of zymosan and
tunicamycin on chop mRNA expression. D, effect of ddF on the expression of chop mRNA. E, effect of the general serine/threonine phosphatase inhibitor sodium
fluoride and the protein-tyrosine phosphatase inhibitor peroxovanadate on the expression of CHOP in nuclear fractions of DC incubated for 1 h in the presence of
these inhibitors. Results representmean6 S.E. of three experiments or a representative experiment in A and E. *, p , 0.05.
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dependence of Thr-69 phosphorylation on the attendant phos-
phorylation on Thr-71, the MEK inhibitor diminished Thr(P)-
69-ATF binding 1 h after the addition of zymosan, whereas no
binding could be detected at 4 h. In contrast, the JNK inhibitor
did not inhibit the binding at any time (Fig. 8C). The occurrence
of massive binding of ATF2 to the ATF2 site in response to
zymosan was also observed with anti-ATF2 Ab (Fig. 8D), thus
suggesting that under resting conditions there is no binding to
the promoter and that this depends on its phosphorylation
state. Consistent with the lack of effect of JNK inhibition, bind-
ing of c-Jun to the ATF2 site was not detected in ChIP assays
(data not shown). When the effect of these inhibitors was
addressed on il23a expression, unlike the JNK inhibitor, the
p38 MAPK inhibitor, the PKC inhibitor, and H89 significantly

decreased il23a mRNA (Fig. 8E). In contrast to the consistent
inhibition of Thr-71–ATF2 binding by the MEK inhibitor, we
only observed inhibition of il23amRNAexpression in three out
of six independent experiments that are shown separately in
Fig. 8F, thus suggesting that there may be alternative mecha-
nisms of transcriptional activation and/or phosphorylation that
can bypass the MEK-dependent step. In contrast to the results
reported in transfected RAW264.7 (5), binding of ATF2 to the
TRE-likeX2-Box at2231was detected to a very low extent, and
it did not reach statistical significance (data not shown).
Because tunicamycin induced binding of Thr(P)-71–ATF2 to
the il23a promoter and it has been reported that it enhances the
effect of LPS on IL-23 production (8), we addressed the effect of
the combination of both stimuli on il23a expression. As shown

FIGURE 6.Pharmacological modulation of IRE1a and sirtuin activities. A, effect of the pharmacologicalmodulation of the endonuclease domain activity of
IRE1a on the expression of sXBP1, chop, il23a, and ptgs2 mRNA elicited by LPS, zymosan, and tunicamycin at the usual concentrations. B, effect of the
pharmacological modulation of sirtuin by the SIRT1 inhibitor EX-527 and the SIRT1 activator SRT1720. DC were incubated for 30 min with vehicle or
the indicated drugs and then treated for 4 h with the different stimuli. Results represent mean 6 S.E. of 5- 7 experiments. *, p , 0.05 as compared with
vehicle-treated cells.
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in Fig. 8G, a synergistic induction of il23amRNAwas observed,
although it did not reach the levels detected with zymosan.
Because leucine zipper-containing transcription factors can
recognize DNA-binding sites exhibiting similar sequences, we

looked at the binding of ATF4 and irrelevant Ab to the ATF2
site. Whereas the irrelevant Ab did not show any significant
changes upon zymosan treatment, the binding of ATF4 was
enhanced in response to zymosan, LPS, and tunicamycin but to
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a lower extent than Thr(P)-71–ATF2 binding (Fig. 8H), thus
suggesting that both transcription factors can bind this site.
The variable effect of MEK inhibition on il23a expression was
further addressed in two experiments where the inhibition of
bothMEK activity and Thr(P)-71–ATF2 binding by U0126 was
confirmed, although il23a expression and ATF4 binding were
not reduced (Fig. 9, A–D). Further analysis of the Thr-69–
ATF2 phosphorylationwas carried out by assessing the effect of
bisindolylmaleimide I and H89. As shown in Fig. 9E, both com-
pounds inhibited Thr(P)-69–ATF2 binding to the ATF2 site.
Bisindolylmaleimide showed a slight effect on p38MAPKphos-
phorylation, but these compounds did not show any effect on
ERK phosphorylation (Fig. 9F), thus suggesting that PKC may
exert an effect upstream of p38 MAPK and that the effect of
H89 cannot be explained through an effect on ERK. Further
evidence of the involvement of ATF2 on il23a expression was

carried out by knocking down experiments using nucleofection
of siRNA. As shown in Fig. 9G, knocking down atf2 mRNA
reduced significantly its expression as well as il23a mRNA,
whereas il12/23b and il10mRNAwere not affected. Altogether,
these data suggest that zymosan has a strong ability to enhance
Thr(P)-71-Thr(P)-69–ATF2 binding at the ATF2 site and that
ATF2canbe the transcription factor that cooperatespreferentially
with Rel family proteins to regulate il23a transcription. Because
inhibition of ATF2 binding associates with the reduction of il23a
mRNA expression by PKC, PKA/mitogen- and stress-activated
kinase,p38MAPK,and in somecasesMEKinhibitors, a functional
connection between these events is likely.

DISCUSSION

The purpose of this study has been the analysis of the mech-
anism of transcriptional regulation of il23a expression taking

FIGURE 7. Binding sites for transcription factors in the il23a promoter. A, structure of the il23a human and murine promoters showing the most relevant
binding sites for transcription factors identifiedusing theTRANSFACdatabase. Sites arenumbered taking into account the initial translatedmethionine. The red
letters in the CHOP-C/EBP sites indicate the CRE consensus sequence enclosed into the CHOP consensus. There is a region of low homology in both promoters
that is marked by a line; however, these areas contain binding sites showing analogy and high score values for transcription factor binding in both species.
These sites are marked in red and with an asterisk. B and C, effect of different stimuli on the binding of CHOP and C/EBPb to C/EBPb sites using ChIP assays.
Irrelevant Abwere used to show the specificity of transcription factor binding.D, effect of commercially available depleted zymosanwithout TLR2 stimulating
activity, b-glucan obtained by NaOH treatment of zymosan, and tunicamycin on the binding of XBP1 to the proximal X2-Box site and inhibition by 10 mM

MKC8866. The experimentwas conducted in DC collected 5 h after addition of the stimuli, consistent with the occurrence of optimal XBP1 splicing at this time.
Numbers in parentheses indicate thepositionof the sites according toA. E, bindingof CREB andP-Ser133-CREB to theCRE site. DCwere stimulatedwith 1mg/ml
zymosan, 1 mg/ml tunicamycin, and 10 mg/ml LPS for 1 h, unless otherwise indicated, before collecting the samples for ChIP assays. The results represent
mean 6 S.E. of 3–5 experiments in B–D, and a representative experiment in D. *, p , 0.05.

FIGURE 8. ATF2 binding and il23a expression. A, binding of Thr(P)-71–ATF2 to the ATF2 site in the presence and absence of pharmacological inhibitors 1 h
after addition of the stimuli. B, assay of ATF2 proteins in nuclear fractions of DC stimulated with zymosan for 1 h in the presence and absence of U0126 and
SP600125.C, bindingof Thr(P)-69–ATF2 to theATF2 sitewas conducted at 1 and4h after zymosan challenge in thepresence and absenceofU0126, SB203580,
and SP600125. This is a typical experiment showing the consistent lack of effect of the JNK inhibitor and the strong effect ofMEK inhibitors on Thr(P)-69–ATF2.
D, ATF2 bindingwas confirmedby using anti-ATF2Ab. E and F, effect of pharmacological inhibitors on il23amRNAexpression in response to zymosan. The p38
MAPK inhibitor SB203580, the MEK inhibitor U0126, and the PKA/mitogen- and stress-activated kinase inhibitor H89 were used at 10 mM. The JNK inhibitor
SP600125 was used at a concentration of 25 mM. The PKC inhibitor bisindolylmaleimide I was used at a concentration of 0.3 mM. The result of individual
experiments inDC stimulatedwith zymosan in the presence and absence of U0126 is brokendown in E to disclose that the treatmentwas effective in three out
of six experiments.G, effect of LPS, tunicamycin, and combinations thereof on the expressionof il23amRNA.H, bindingof ATF4 and irrelevant control Ab to the
ATF2 site. Results representmean values of two experiments in duplicate. Results representmean6 S.E. of five experiments inA andD andmean values of two
experiments with a similar trend in B, C, F, and G. *, p , 0.05 as compared with vehicle-treated cells.
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into account the available data regarding the cooperation of
different transcription factors and the selectivity of the fungal
surrogate zymosan to induce IL-23. In addition to deciphering
the network of transcription factors involved, our data have
shown unexpected data regarding ERS/UPR and phagocytosis
of fungal particles. The first hypothesis we considered stemmed
from the reported roles of CHOP and XBP1 in combination
with NF-kB proteins in the trans-activation of il23a and the
close association of IL-23 and the UPR in ankylosing spondyli-
tis. Unexpectedly, DC in the resting state showed the expres-
sion of CHOP protein in nuclear fractions at levels that made it
difficult to assess net increases upon treatment with tunicamy-
cin, even though this agent increased CHOP mRNA and
induced the phosphorylation of eIF2a, consistent with the acti-
vation of the PERK/eIF2a/ATF4/CHOP cascade. In addition,
zymosan produced the disappearance of CHOP from nuclear
fractions in a time- and dose-dependent manner. Approaches
directed to assess the mechanism of nuclear CHOP protein
disappearance showed that it was triggered by particulate stim-
uli and was rather insensitive to cycloheximide and MG-132,
thus making it unlikely a straightforward association with pro-
teasomal degradation. This agrees with reports showing that
CHOP is degraded with a half-life of 4 h in the presence of
cycloheximide (31) and that it is not degraded in the protea-
some in all cell types (32). In keepingwith the reported ability of
CHOP to shuttle between nucleus and cytoplasm (33), we next
addressed the occurrence of cytoplasmic translocation. Our
data showed a close association of CHOPwith what most likely
represent phagocytic vesicles, even in the presence of leptomy-
cin B, which indicates that CHOP shuttling does not involve a
mechanism of protein export dependent on nuclear export
sequences. Unlike atorvastatin, which affects receptor cluster-
ing via lipid raft modulation, attempts to disrupt lipid rafts with
methyl-b-cyclodextrin produced the disappearance of CHOP
from nuclear extracts. This can be explained by the possible
usage of stored lipids even when the de novo cholesterol syn-
thesis is inhibited by atorvastatin, whereas methyl-b-cyclodex-
trinmightmimic the effect ofb-glucans because it is composed
ofb(1,4)-glucans thatmay be phagocytosed by receptor-depen-
dent mechanisms. Because the expression of CHOP depends
on phosphorylation reactions, we addressed the effect of phos-
phatase inhibitors, and results showed that displacement of the
protein tyrosine phosphorylation balance by inhibition of
protein-tyrosine phosphatases induced the disappearance of
CHOP from the nuclear fractions. This finding agrees with the
critical role of CHOP Tyr-22 in the constitutive degradation of
CHOP (26) and is reminiscent of the report by Underhill and
co-workers (34) showing that intracellular signaling by b-glu-
can complexes depends on the exclusion of inhibitory phospha-
tases from the “phagocytic synapse.” The relevance of these
findings to fungal infection was confirmed by showing that the

disappearance of CHOP proteins was produced by Candida in
parallel with the formation of hyphae and the attendant expo-
sure of b-glucans on budding yeasts. Since it has recently been
disclosed that a unique close-chain chemical structure of
hyphal b-glucans induce a robust production of proinflamma-
tory responses (35), it is possible that the presence of cyclical
b-glucans might explain the different effects of yeast and
hyphal Candida on nuclear CHOP. These findings might have
two relevant consequences. First, fungal phagocytosis seems
associated with a mechanism directed to preserve phagocytic
cells by countering the proapoptotic effect of CHOP. Second,
the disappearance of CHOP from nuclear extracts fits well with
the concept of the inhibitory effect of CHOP on transcription.
In fact, the role of CHOP as a dominant-negative component of
CHOP-C/EBPb heterodimers and the ensuing enhancement of
C/EBPb-dependent transcription upon CHOP degradation
were established since its initial identification (36).
Although LPS did not induce the disappearance of CHOP

from nuclear fractions, a decrease of CHOP binding was also
observed, which most probably indicates that C/EBPb activa-
tion following TLR4 signaling can counter the inhibitory effect
of CHOP on il23a promoter binding.

Our findings agree with most recent reports challenging the
role of CHOP in IL-23 induction in patients of ankylosing spon-
dylitis (37, 38). XBP1 binding to the proximal X2-Box was
observed 5 h after stimulation with pure b-glucans. This find-
ing, although consistent with the activation of IRE1a activity,
cannot be straightforwardly considered of relevance for il23a
induction, because the inhibition of the endonuclease activity
of IRE1a by MKC8866 did not influence il23a expression.
A remarkable effect of zymosan was a prominent induction

of ATF2 binding to an ATF2 site, the functional relevance of
which was suggested in a previous study in RAW264.7 cells
infected with Theiler’s murine encephalomyelitis virus (6).
Moreover, a study on RAW264.7 cells co-transfected with
ATF2, c-Jun, and the il23a promoter constructs and stimulated
with LPS showed enhancement of promoter activity, whereas
trans-activation was not observed when the transfection was
carried out with a promoter mutated in the TRE-like X2-Box
(5). ATF2 could also be involved in the response to tunicamy-
cin, because tunicamycin enhanced ATF2 binding to the il23a
promoter, thus suggesting that in addition to the proposed
mechanism of action through CHOP activation, tunicamycin
could cooperatewith LPS-inducedkB-dependent transcription
to trans-activate il23a via ATF2. In fact, activation of ATF2 by
tunicamycin and the cooperation of ATF2withATF4 to induce
CHOP transcription under amino acid deprivation have been
reported (39). The enhancement of C/EBPb binding to CHOP-
C/EBP and C/EBP sites by LPS can also explain the strong abil-
ity of LPS to activate il12/23b expression, which is regulated by
the combined activation of NF-kB and C/EBPb (40). The path-

FIGURE 9. Effect of U0126 on ERK activity and Thr(P)-71–ATF2 and ATF4 binding to the ATF2 site in experiments where MEK activity was inhibited but
not the expression of il23a mRNA. A, inhibition of p42- and p44-ERK phosphorylation by U0126 assayed with a phosphospecific Ab in DC incubated with
either vehicle or 10 mM U0126 for 30 min and then stimulated with zymosan for 30 min. B, effect of U0126 on il23a mRNA expression. C, binding of Thr(P)-71–
ATF2 to the ATF2 site in the presence and absence of U0126. D, binding of ATF4 in the presence and absence of U0126. E and F, effect of bisindolylmaleimide
and H89 on Thr(P)-69–ATF2 binding and ERK and p38 MAPK phosphorylation. G, effect of atf2 knockdown on atf2 and cytokine expression in DC stimulated
with zymosan. Samples were taken 4 h after zymosan challenge for the mRNA assays and at 1 h for binding assays. Results represent mean values of two
experiments in B and C, and mean 6 S.E. of three experiments in D and G, and four in E. *, p , 0.05.
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ways triggered by zymosan revolve around the b-glucan recep-
tor dectin-1, which, unlike the TLR4/LPS route, activates the
tyrosine kinase SYK, phospholipase Cg2, and the Ca21 and dia-
cylglycerol/PKCroutes.BecauseATF2isactivatedbyphosphor-
ylations dependent on PKC and MAPK activities, it seems a
likely target of dectin-1 signaling. The correlation between
inhibition of Thr(P)-71–ATF2 binding and blunting of il23a
mRNA expression in response to PKC inhibitors can be
explained by the upstream position of this kinase, in particular
the PKCd isoform, in dectin-1-mediated cytokine production
(41). Our findings thatMEK1/2 inhibition blocks the binding of
Thr(P)-71–Thr-69–ATF2 and the p38 MAPK inhibitor blunts
both mRNA expression and Thr-69–ATF2 binding, but not
Thr(P)-71–ATF2 binding, can be explained by the complex
mechanism of regulation of ATF2 activity, which was the first
example of complementary phosphorylation of a single sub-
strate by ERK and p38 MAPK. In fact, the Ras/Raf/MEK/ERK
route phosphorylates Thr-71, whereas p38 MAPK phosphory-
lates Thr-69 (28), which is central to trans-activating activity.
To our surprise, the MEK inhibitor did not block il23amRNA
expression in some cases, although it was consistently active in
the inhibition of Thr-71–ATF2 binding. A plausible explana-
tion for this contradictory finding could be that the treatment
with U0126 was not always effective. However, when mRNA
expression, transcription factor binding, and MEK inhibition
were assayed in the same set of cells (Fig. 9), we observed that
il23a mRNA expression could be detected even when MEK
activity and binding of Thr(P)-71–ATF2 were significantly
inhibited. Another explanation consistent with our findings
was provided in a recent study on theMAP3K/MAP2K/MEK6/
p38 MAPK/ATF2 cascade, where it was reported that phos-
phorylation of Thr-71–ATF2 by p38 MAPK preceded Thr-
69–ATF2 phosphorylation (42). Because ATF2 activity is
associated with the second phosphorylation event, it seems
likely that in some cases p38 MAPK might account for both
phosphorylations, which agrees with the finding of residual
Thr-71 and Thr-69 phosphorylation in the presence of U0126
reported in early studies. This is not completely unexpected in
view of the importance of the feedback loops that control
MAPKactivity and contribute to fine-tune cytokine production
(43). Moreover, the hypothesis of a two-step mechanism of
phosphorylation of ATF2 by the ERK and p38 MAPK has been
complemented by recent studies showing that single phosphor-
ylation at Thr-180 of p38 MAPK is sufficient to switch the
kinase to an active state capable of phosphorylating Thr-69–
ATF2, whereas doubly phosphorylated Thr-180–Tyr-182–p38
MAPK yields doubly phosphorylated Thr-69–Thr-71–ATF2
(44). This agrees with current views stressing that themain role
of phosphotyrosine of MAPKs seems to be in substrate recog-
nition, particularly in determining the specificity of the kinase
toward peptide substrates with a Pro 1 1 (45), which in fact is a
feature of Thr-69 and Thr-71 in ATF2. In addition, monophos-
phorylated p38MAPK has been detected in macrophages after
LPS treatment (46), which is in keeping with the notion that
during activation of MAPKs there is a monophosphorylated
intermediate (47) and with the finding that phosphatases can
contribute to this by dephosphorylating only one of the two
phosphoacceptors. Notably, cross-talk between PKA and

MAPK cascades can occur via phosphorylation by PKA of the
N-terminal kinase interaction motif of tyrosine-specific phos-
phatases such as HePTP and PTP-SL (Fig. 10), which inhibits
protein-protein interactions with ERK and p38 MAPKs and
allows their nuclear translocation (48–51). The difficulty
assessing the extent of monophosphorylated intermediates is
that most phosphospecific antibodies may recognize MAPKs
phosphorylated either individually or dually (47). On this basis,
the effect of PKA and PKC on ATF2 phosphorylation may be
indirect and exerted at different levels (Fig. 10). Taking into
account the two-step distributive (nonprocessive) mechanism
of ATF2 phosphorylation (42, 52), it seems likely that ERK
activity may be most active to phosphorylate Thr-71, but in the
absence of ERK activity, Thr-180–Tyr-182–p38MAPKsmight
yield doubly phosphorylated Thr-69–Thr-71–ATF2.
Direct evidence of the involvement of ATF2 has been

obtained by showing that knockdown of atf2 mRNA shows a
strong correlation with the inhibition of il23a mRNA but not
with those of il12/23b and il10. However, the involvement of an

FIGURE 10. Proposed mechanism of il23a induction in response to zymo-
san. Binding of fungal patterns activates the proteins of theNF-kB family and
a phosphorylation cascade involving at least PKC andMAPK that phosphory-
latesATF2at Thr-69andThr-71andallows thecombinedactionof at least two
transcription factors on the il23a promoter. Activation of MEK by B-RAF and
c-RAF heterodimers depends on upstream kinases. Cross-talk with theMAPK
routes can be exerted through protein-protein interactionwith tyrosine-spe-
cific phosphatases. DAG, diacylglycerol; IP3, inositol trisphosphate; ITAM,
immunoreceptor tyrosine-basedactivationmotif;PLCg2, phospholipaseCg2;
P-Y, phosphotyrosine; PTPs, tyrosine-specific phosphatases; SYK, spleen tyro-
sine kinase. Numbers 1 and 2 indicate the most accepted order of events
leading toATF2Thr-71andThr-69phosphorylation. Possible signalingevents
not directly addressed in the experiments are indicatedwith a question mark.

ATF2, b-Glucans, and IL-23

22954 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289•NUMBER 33•AUGUST 15, 2014

 at U
N

IV
E

R
S

ID
A

D
 D

E
 V

A
L

L
A

D
O

L
ID

 o
n

 S
ep

tem
b

er 2
, 2

0
1

5
h

ttp
://w

w
w

.jb
c.o

rg
/

D
o

w
n

lo
ad

ed
 fro

m
 



alternative enhanceosome containing C/EBPb, CREB, or ATF4

seems also likely under some conditions. In fact, we have

observed that zymosan slightly enhances Ser(P)-133-CREB and

ATF4 binding to the il23a promoter, even in the presence of

U0126, although an increased binding of the unphosphorylated

protein could not be demonstrated. This agrees with our previ-

ous findings showing high levels ofCREB in the nuclear extracts

of restingDC (15) andwith current notions onCREB activation

stressing the phosphorylation of the inactive transcription fac-

tor already bound to the promoter and a complex interplay of

kinases and coactivators (53). Contrary to our initial expecta-

tion, we did not observe any effect on JNK inhibition, and in

some cases we found an increase of c-Jun binding to the ATF2

site in the presence of the JNK inhibitor SP600125. Although

phosphorylation of ATF2 by JNK on threonine residues within

the N-terminal activation domain is a hallmark of ATF2 tran-

scriptional responses (54), there may be some explanations for

our findings. For instance, sequential phosphorylation by ERK

and p38 MAPK has been reported in fibroblasts where JNK is

poorly activated by growth factors (28, 55). Another study in

JNK1/22/2 double knock-out embryos confirmed the phos-

phorylation of ATF2 by p38 and ERK, with Ser-90 being

the only phosphorylation absolutely dependent on JNK (56).

Thr-71 phosphorylation in response to hyperosmotic stress can

be carried out by Polo-like kinase 3 in the absence of JNK and

p38 MAPK activity in human corneal epithelial cells (57). In

other words, it seems possible that Thr-ATF2 phosphorylation

can be cell- and/or stimulus-dependent and that the role of

JNK1/2may bemore associatedwith hyperosmosis and cellular

stresses, whereas in other systems p38MAPK and ERK are used

preferentially. Another explanation for this finding could be

that binding of JNK to ATF2 limits its availability by promoting

its degradation (58). The involvement of PKA in il23a regula-

tion could be supported by the robust ability of agents that

increase the intracellular levels of cAMP to enhance il23a

expression and the aforementioned effect of H89. In addition,

PKA has been associated with the synergistic effect of prosta-

glandin E2 on the response to TNFa (7) and LPS (59). However,

the actual involvement of prostaglandin E2 as an autocrine

mediator has not been proved unambiguously. For instance,

COX inhibition by a high concentration of indomethacin

showed aweak inhibitory effect (7). A note of caution regarding

the straightforward translation of the results on il23a transcrip-

tion to the overall production of IL-23 arises from the possible

influence of concomitant factors such as the parallel produc-

tion of the IL-12/23 p40 chain and il23amRNA stability (60). In

summary, our results have disclosed the presence of CHOP

protein in the nuclear extracts of resting DC. Nuclear CHOP

undergoes a rapid disappearance upon challenge with b-glucan

particles andCandida hyphae that rules out a role for this tran-

scription factor in the induction of il23a and rather suggests its

association with prevention of apoptosis in phagocytosing DC

and enhancement of C/EBPb activity. We have observed

remarkable differences in the array of transcription factors acti-

vated by b-glucans and LPS, and the most outstanding finding

was a strong activation by zymosan of ATF2. The activation of

ATF2 upon zymosan challenge seems related to the ability of

dectin-1 to activate a phospholipase Cg2/PKC route with
robust effects on downstreamMAPK cascades (Fig. 10).
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