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CNBP controls IL-12 gene transcription and Thl

immunity

Yongzhi Chen?, Shruti Sharma'?, Patricia A. Assis!, Zhaozhao Jiang?, Roland Elling!, Andrew ). Olive*®, Saiyu Hang?, Jennifer Bernier!, Jun R. Huh?,
Christopher M. Sassetti®, David M. Knipe’®, Ricardo T. Gazzinelli*®7, and Katherine A. Fitzgerald"*@®

An inducible program of inflammatory gene expression is a hallmark of antimicrobial defenses. Recently, cellular nucleic
acid-binding protein (CNBP) was identified as a regulator of nuclear factor-kappaB (NF-kB)-dependent proinflammatory
cytokine gene expression. Here, we generated mice lacking CNBP and found that CNBP regulates a very restricted gene
signature that includes IL-12. CNBP resides in the cytosol of macrophages and translocates to the nucleus in response

to diverse microbial pathogens and pathogen-derived products. Cnbp-deficient macrophages induced canonical NF-kB/

Rel signaling normally but were impaired in their ability to control the activation of c-Rel, a key driver of IL-12 gene
transcription. The nuclear translocation and DNA-binding activity of c-Rel required CNBP. Lastly, Cnbp-deficient mice were
more susceptible to acute toxoplasmosis associated with reduced production of IL-12B, as well as a reduced T helper type 1
(Th1) cell IFN-y response essential to controlling parasite replication. Collectively, these findings identify CNBP as important
regulator of c-Rel-dependent IL-12f gene transcription and Thl immunity.

Introduction

The acute inflammatory response is induced as a first line of de-
fense against pathogen invasion. Innate immune cells, including
macrophages and dendritic cells (DCs), recognize pathogen-as-
sociated molecular patterns via pattern recognition receptors
(PRRs) to drive these responses. Multiple PRRs have been iden-
tified, including TLRs, Nod-like receptors, Aim2-like receptors,
Rig-I-like receptors, and C-type lectins (Trinchieri and Sher,
2007; Thompson et al., 2011; O'Neill et al., 2013; Cao, 2016; Chen
et al., 2016). PRR-pathogen-associated molecular pattern inter-
actions promote the activation of signal transduction pathways
that converge on transcription factors, resulting in changes in ex-
pression of hundreds of genes involved in antimicrobial defense,
phagocytosis, cell migration, metabolic reprogramming, tissue
repair, and regulation of adaptive immunity (Trinchieri and Sher,
2007; Medzhitov and Horng, 2009; Liu et al., 2016). Signal-depen-
dentactivation of NF-kB, IFN regulatory factors (IRFs), and STATs
control the timing and duration of these transcriptional programs
(Ghosh and Hayden, 2008; Smale and Natoli, 2014). Inappropriate
regulation of these processes leads to chronic inflammation and
diseases such as autoimmunity, atherosclerosis, and cancer.

Cellular nucleic acid-binding protein (CNBP), also called
zinc-finger protein 9 (ZNF9), is a highly conserved zinc-finger
protein with seven tandem repeats of cysteine-cysteine-histi-
dine-cysteine (CCHC) zinc-finger knuckles and one arginine-
glycine-glycine box (Calcaterra et al., 2010). This DNA- and
RNA-binding protein with broad sequence specificity has been
associated with diverse cellular functions, including transcrip-
tion and translation (Chen et al., 2013; Margarit et al., 2014;
Benhalevy etal., 2017). Cnbp is linked to age-related sporadic in-
clusion body myositis, an inflammatory muscle disease charac-
terized by progressive muscle weakness and atrophy (Niedowicz
et al., 2010). Furthermore, a dominantly transmitted (CCTG)n
expansion in intron 1 of the Cnbp gene leads to myotonic dys-
trophy type 2 (Raheem et al., 2010; Sun et al., 2011; Meola and
Cardani, 2015; Thornton et al., 2017), a disease associated with
a high frequency of autoantibodies and autoreactive T cells
(Tieleman et al., 2009). Recently, Cnbp was linked to regulation
of immune gene expression. RNA interference-based studies
in Raw 264.7 macrophage cell lines indicated that knockdown
of CNBP resulted in reduced expression of NF-kB-dependent
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inflammatory genes. Induction of proinflammatory cytokines
such as IL-6 required CNBP for their sustained expression (Lee
et al., 2017). Collectively, these observations suggest that CNBP
functions to coordinate immune gene expression.

The IL-12 family of cytokines, particularly IL-12 and IL-23, are
critical proinflammatory cytokines produced by macrophages
and DCs. These cytokines act as a bridge between the innate and
the adaptive immune response. IL-12 shares ligand and receptor
subunits with a related cytokine, IL-23. The IL-12 heterodimer
is composed of the p35 subunit (IL-12a) and the shared p40 B
chain (IL-12B). IL-12p also dimerizes with IL-23p19 (IL-23a) to
generate the biologically active IL-23 cytokine (Trinchieri, 1995;
O'Garra and Murphy, 2009; Teng et al., 2015). Products from mi-
croorganisms, including bacteria, intracellular parasites, fungi,
double-stranded RNA, bacterial DNA, and CpG-containing oli-
gonucleotides, are potent inducers of IL-12 in macrophages,
monocytes, neutrophils, and DCs. The induction of IL-12 is criti-
cal for host resistance against different categories of pathogens,
including CMV (Orange etal., 1995), Mycobacterium tuberculosis
(Holscher et al., 2001; Cooper et al., 2002; Khader et al., 2006),
Listeria (Tripp etal., 1993), Leishmania (Sypek et al., 1993), Toxo-
plasma (Gazzinelli et al., 1993, 2014; Sher et al., 2003; Dupont et
al., 2015), and Salmonella (Lehmann et al., 2001; Schulz et al.,
2008) through the establishment of T helper type 1 cell (Th1) and
IFN-y-mediated immune responses (Biron and Gazzinelli, 1995;
Gazzinelli et al., 2014).

The inducible expression of IL-12 is regulated at the level
of gene transcription (Sanjabi et al., 2000; Smale, 2012). The
mouse IL-123 promoter contains several cis-elements that bind
a number of transcription factors, including NF-«B/Rel family
members, IRF5, and CCAAT/enhancer-binding protein (Sanjabi
etal., 2000, 2005; Bradley et al., 2003; Koshiba et al., 2013). The
NF-«B/Rel family of transcription factors includes the proteins
RelA (p65), RelB, c-Rel, NF-«Bl (p105/p50), and NF-kB2 (p100/
p52; Caamafio and Hunter, 2002; Dev et al., 2011; Hayden and
Ghosh, 2011). These proteins can homo- and heterodimerize and
possess unique specificities in regulating target gene expression.
Rel-binding sites have been identified in the promoters of cyto-
kine and immune effectors in macrophages. Many proinflamma-
tory genes induced downstream of TLRs and other PRRs engage
the RelA-p50 heterodimeric complex to control their expression.
In the case of IL-12f, c-Rel has been defined as the critical NF-xB
family member responsible. While the molecular mechanisms
involved in c-Rel binding to the IL-12 promoter and c-Rel-de-
pendent transcription of IL-12p have been studied extensively,
it is still unclear what governs the highly specific effects of c-Rel
for IL-123 regulation.

Here, we generated mice lacking Cnbp and found that macro-
phages lacking Cnbp were compromised in their ability to induce
IL-12 p40 (IL-12B) in response to diverse microbial pathogens
that engage multiple PRRs. Importantly, our studies reveal that
CNBP is not a broad regulator of the NF-kB/Rel family of tran-
scription factors as was suggested from earlier studies (Lee etal.,
2017). Rather, CNBP controlled the activity of only one member
of the NF-«B/Rel family: c-Rel. c-Rel, but not RelA (p65), nuclear
translocation was dependent on CNBP. Furthermore, we provide
in vivo evidence for the importance of the CNBP-c-Rel-IL-12
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pathway in controlling acute toxoplasmosis in vivo. Collectively,
these studies reveal a previously unrecognized role for CNBP as
anovel transcriptional regulator engaged downstream of innate
immune receptors controlling the c-Rel-IL-12-Thl axis.

Results

Identification of CNBP

To systematically identify proteins involved in the recognition
of foreign nucleic acids, we took advantage of immune stimu-
latory oligonucleotides containing AT-rich motif (ATr-ODN)
that we had previously shown were potent stimulators of in-
flammatory cytokines via the STING (stimulator of IFN genes)
pathway (Sharma et al., 2011; Gallego-Marin et al., 2018). In an
effort to identify receptors or regulators of double-stranded DNA
(dsDNA)-induced signaling pathways, ATr-ODN and a nonstimu-
latory ODN (ATr-AA ODN) were used in pull-down experiments
to capture DNA-binding proteins from macrophage cytosolic ex-
tracts. ATr-ODN-binding proteins were eluted and separated by
SDS-PAGE. Immunoblotting using antibodies to known compo-
nents of the cytosolic DNA-sensing pathway identified STING,
DDX3x, and TBKI in these pull-downs (Fig. S1A). To identify ad-
ditional components of these pathways, we also performed liquid
chromatography mass spectrometry (LC-MS) on these ATr-ODN
pull-downs. The most enriched of the proteins identified in
the ATr-ODN pull-downs, but not the nonstimulatory ATr-AA
pull-downs, was CNBP (Fig. S1 B). CNBP (also called zinc-finger
protein 9) is a highly conserved zinc-finger protein with seven
tandem repeats of CCHC zinc-finger knuckles and one arginine-
glycine-glycine box. Cnbp mRNA is constitutively expressed in
numerous tissues but particularly enriched in the spleen, lung,
and muscle (Fig. 1 A). Immunofluorescence staining of endoge-
nous CNBP protein in macrophages showed that CNBP was pre-
dominantly localized in the cytoplasm at steady state (Fig. 1 B).
This is consistent with our ability to isolate this protein from
cytosolic extracts of macrophages.

CNBP regulates the cytosolic dsDNA-induced IL-12 response

To investigate the contribution of CNBP to the cytosolic DNA-
sensing pathway in macrophages, we generated Cnbp-deficient
mice. While Cnbp-deficient mice are viable, homozygous KO an-
imals were born at a lower than expected Mendelian frequency.
Heterozygous (HET) mice were intercrossed, resulting in 29.5%
WT, 55.5% heterozygous, and 15% homozygous mice. Homozy-
gous CNBP-KO animals were runted at birth, but they reached
weights equivalent to their WT littermate controls by 6 wk. Bone
marrow-derived macrophages (BMDMs) were generated from
Cnbp*/* and Cnbp™/~ littermate controls. Macrophage differ-
entiation was examined by staining cells for CD11b and F4/80.
Both Cnbp*/* and Cnbp~/- macrophages had equivalent F4/80
and CD11b staining patterns indicating normal macrophage
differentiation (Fig. S1 C). There were also normal numbers of
macrophages and DCs in the peritoneum (Fig. S1, D and E). Quan-
titative PCR (qPCR) and immunoblotting confirmed loss of CNBP
expression in BMDMs, bone marrow-derived DCs (BMDCs), and
peritoneal macrophages (PECs) from Cbnp~/~ mice as indicated
(Fig. S1, Fand G). Lastly, numbers of CD4* and CD8* T cells were
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Figure 1. ldentification of CNBP, a cytosolic
dsDNA-binding protein regulating the cyto-
solic dsDNA-induced IL-12B response. (A) Tis-
sue-based expression of Cnbp in mouse (normal-
ized to Gapdh); n = 3. (B) Confocal microscopy
of primary BMDMs probed with anti-CNBP. Bars,
10 um. (C and D) IFN-B mRNA and protein lev-
els in Cnbp*/* and Cnbp~/- BMDMs treated with
DNA ligands, including HSV, mCMV, dAdT, ISD,
or c-di-GMP, were detected through qRT-PCR
(C) and ELISA (D). (E and F) gRT-PCR analysis of
112b, Ccl4, Cxcl9, 1115, Nos2, Irf7, or Tnf-a mRNA
in Cnbp*/* and Cnbp~/~ BMDMs left unstimulated
ortransfected with poly(dA:dT) (E) or HSV1infec-
tion (F). (Gand H) IL-12B (G) or TNF-a (H) protein
levels in Cnbp*/* and Cnbp~/~ BMDMs treated
with HSV or dA:dT were detected through ELISA.
Error bars represent SD of triplicate technical
replicates (C, E, and F) or SEM of triplicate bio-
logical replicates (A, D, G, and H). All data are rep-
resentative of three independent experiments. *,
P < 0.05; ** P < 0.01; ***, P< 0.001.
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equivalent in the spleens of Cnbp*/* and Cnbp™/- littermate con-
trols (Fig. S1, Hand I).

Type I IFN induction is a hallmark of the cytosolic DNA-sens-
ing pathways, and we first investigated if CNBP was involved
in its production in macrophages. Cnbp*/* and Cnbp~/~ macro-
phages were infected with HSV (HSV1-ICPO-deficient mutant)
and mouse CMV (mCMV) or stimulated with poly(deoxyadenyl-
ic-deoxythymidylic) (poly(dA:dT)), the immune-stimulatory
dsDNA IFN stimulatory DNA (ISD), and Bis-(3'-5')-cyclic dimeric
guanosine monophosphate (c-di-GMP), all of which signal via
the STING pathway and IFN levels measured. In all cases, IFNf
mRNA and protein levels were induced at similar levels between
the genotypes (Fig. 1, C and D). Consistent with this result, rep-
lication of mCMV and murine gammaherpesvirus 68 was unaf-
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dAdT

fected in Cnbp~/~ MEFs and comparable to that seen in WT cells
(Fig. S1,J and K). These results indicate that CNBP is not a recep-
tor for cytosolic dsDNA controlling the type I IFN response.

We expanded this analysis to evaluate the inducible expres-
sion of a broader panel of immune response genes in cells ex-
posed to poly(dA:dT) or HSV1. While the inducible expression of
several genes, including Ccl4, Cxcl9, II-15, Nos2, Irf7, and Tnf-a,
was induced normally in Cnbp*/* and Cnbp~/- macrophages, the
only impact on the DNA-sensing pathway we observed was on
the induction of the IL-12f gene (Fig. 1, E and F). The effect of
HSV1 on IL-12 mRNA was observed across a time course of HSV1
infection (Fig. S1L). Consistently, the protein level of IL-12f in
Cnbp~/~- BMDMs following infection with HSV1 or transfection
with poly(dA:dT) was impaired, while production of TNF-a
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was comparable between genotypes (Fig. 1, G and H). Collec-
tively, these results indicate that CNBP was not involved in the
DNA-sensing STING-IRF3-IFN-f pathway but identified a role
for CNBP in controlling IL-12f gene expression.

CNBP broadly regulates IL-12 response

To broaden our investigation of CNBP in the control of inflam-
matory responses, we used multiplex gene expression analysis
(NanoString) to compare the inducible expression of a panel of
254 inflammatory genes in Cnbp*/* and Cnbp~/~ macrophages
stimulated with LPS. These genes represent a broad range of
inflammatory cytokines, type I IFNs, IFN-stimulated genes, and
other pathways that included apoptosis, epidermal growth fac-
tor, interleukin signaling, Ras, T cell receptor, and TLR signaling
genes. While most of these LPS induced genes were induced at
equivalent levels in Cnbp*/* and Cnbp™/~ macrophages, only a
few genes, including I112b, Ifnb, 116, and Cxcl10, were reduced
in Cnbp~/~ macrophages compared with control cells, with Il12b
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Figure 2. CNBP is a broad regulator of the
IL-12B response in the TLR and RIG-I-like
receptor pathway. (A) Heat map of gene
expression in WT and KO BMDMs treated or not
treated with LPS and analyzed by NanoString;
[l n = 3. (B and C) Analysis of IL-12B by qRT-PCR

=y (B) and ELISA (C) in WT and Cnbp™/- BMDMs left

unstimulated or stimulated with LPS. (D and E)
Analysis of IL-12B by qRT-PCR (D) and ELISA (E)
in WT and Cnbp™/- BMDM:s left unstimulated or
stimulated with poly(1:C). (F and G) IL-128 mRNA
and protein levels in WT and Cnbp~/- BMDMs
uninfected (0 h) or infected with HSV, mCMV,
SeV, or flu virus were detected through gRT-PCR
(F)and ELISA(G). (Hand 1) IL-12B mRNA and pro-

= tein levels in WT and Cnbp™/- BMDMs uninfected
(0 h) orinfected with M. tuberculosis, Salmonella,
=" or T. gondii were detected through qRT-PCR (H)
and ELISA (1). Error bars represent SD of triplicate
technical replicates (B-I). All data are representa-
tive of three independent experiments with simi-
larresults. *, P < 0.05; **, P< 0.01; ***, P < 0.001.
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being the most affected (Fig. 2 A). A heat map depicting ~80 of
the most highly inducible LPS-regulated genes in WT and KO
cells is shown. We confirmed these effects for IL-12f using quan-
titative RT-PCR (qRT-PCR) and ELISA (Fig. 2, B and C). Analysis
of atime course of these responses revealed that CNBP controlled
the induction of IL-128 mRNA at the early phase of the LPS re-
sponse (before 4 h; Fig. S2 A). In contrast to IL-12p, the impact
of CNBP on IL-6 gene expression was modest at all time points
examined (Fig. S2 B). The role of CNBP in the control of IL-12f
was not restricted to BMDMs, as similar results were seen in DCs
(BMDCs) and PECs from Cnbp~/~ mice (Fig. S2, C and D). The re-
quirement for CNBP in controlling IL-12 gene expression was
also observed in cells stimulated with poly(I:C), which signals via
TLR3/MDAS5 (Fig. 2, D and E), and in cells infected with Sendai
virus (SeV) and influenza virus, which signal via RIG-I (Fig. 2,
F and G; and Fig. S2 E). We also evaluated the contribution of
CNBP in controlling IL-12 gene transcription and IL-12 pro-
duction in macrophages infected with bacterial (M. tuberculosis
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- Figure 3. CNBP negatively regulates IL-10. (A
and B) Analysis of IL-10 by qRT-PCR (A) and ELISA
(B) in Cnbp WT or KO BMDMs left unstimulated
or stimulated with LPS. (C) qRT-PCR analysis
of IL-10 mRNA in Cnbp WT or KO BMDMs left
unstimulated or stimulated with LPS at different
time courses. (D and E) WT and Cnbp™/~ macro-
phages were incubated with anti-IL-10R blocking
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and Salmonella typhimurium), and parasitic pathogens (Toxo-
plasma gondii). In all cases, the inducible expression of IL-12]3
and production of IL-12p protein was impaired in macrophages
from Cnbp /- mice (Fig. 2, Hand I).

Biologically active IL-12 consists of the p35 subunit (IL-12a)
and the p40 subunit (IL-12f). IL-12B also dimerizes with IL-23p19
(IL-23a) to generate the biologically active IL-23 cytokine. Thus,
we investigated whether CNBP also regulated IL-12a and IL-23a.
As shown in Fig. S2 F, CNBP was also required for the induction
of IL-12a and IL-23a in response to LPS, and this effect was not re-
stricted to BMDMs, as similar results were seen in DCs (BMDCs)
and PECs (Fig. S2, G and H). Analysis of a time course of these
responses revealed that CNBP controlled the induction of IL-12
and IL-23 mRNA expression at early time points during the LPS
response (before 4 h; Fig. S2, Iand ).

CNBP negatively regulates the IL-10 response

In addition to the marked effects observed on IL-12f, NanoString
analysis also revealed that the levels of IL-10 were considerably
higher in Cnbp~/~ macrophages relative to their WT counterparts
(Fig. 2 A). We confirmed these effects at the mRNA and protein
level by qRT-PCR and ELISA, respectively (Fig. 3, A and B). IL-10
mRNA levels peaked at earlier time points in Cnbp™/~ macro-
phages after LPS stimulation (Fig. 3 C). Since IL-10 is known to
repress IL-12f expression (D’Andrea et al., 1993; Aste-Amezaga et
al., 1998), we wanted to determine if the elevated IL-10 contrib-
uted to the reduction in IL-12 observed in Cnbp~/~ macrophages.
To test this directly, we incubated both WT and Cnbp™- macro-
phages with anti-IL-10R blocking antibody before LPS stimu-
lation and measured IL-12P production. As previously, shown
the levels of IL-12f were reduced in Cnbp™~ relative to their
WT counterparts. Anti-IL-10R blockade did not rescue this de-
fect (Fig. 3 D). Similar observations were made using a cytokine
blocking antibody. An anti-IL-10 cytokine antibody showed simi-
lar results (Fig. 3 E). We also examined whether the elevated IL-10
was an indirect consequence of CNBP’s effect on IL-12f expres-
sion. We incubated WT macrophages with anti-IL-12 neutralizing
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+ + + + -

-

-

antibody (D) or anti-IL-10 neutralizing antibody
(E) before LPS stimulation, and IL-12B mRNA
expression levels were determined by gPCR.
Error bars represent SD of triplicate technical
replicates. All data are representative of three
independent experiments with similar results.
** P<0.01;***,P<0.001.

+ + + +

antibody before LPS stimulation and measured IL-10 production.
The induction of IL-10 was not affected by anti-IL-12 neutralizing
antibody, suggesting that IL-12 does not regulate IL-10 expression
in this context (Fig. S3). Collectively, these observations indicate
that CNBP-mediated IL-12 production occurs independently of
the elevated production of IL-10.

CNBP translocates to the nucleus depending on the TLR-
MyD88-IRAK-TAK1 signaling pathway
We next wanted to understand how CNBP impacted IL-12[3 gene
expression and the molecular basis for the specificity of this re-
sponse. CNBP is a relatively abundant protein in myeloid cells
(Fig. 1 A), but CNBP expression could be further up-regulated in
cells activated with LPS or infected with SeV (Fig. 4 A). To fur-
ther explore the mechanisms by which CNBP was induced under
these conditions, BMDMs were pretreated with DMSO (control)
or BAY11-7082, an irreversible inhibitor of the IxB kinase, fol-
lowed by LPS stimulation or SeV infection. The up-regulation of
CNBP was abolished in BAY11-7082-treated BMDMs relative to
the control cells (Fig. 4 B), indicating that the inducible expres-
sion of CNBP was dependent on the NF-«B signaling pathway.
CNBP is predominantly localized in the cytosol. In Raw 264.7
macrophages, CNBP relocalizes from the macrophage to the cyto-
solin response to LPS (Lee et al., 2017). To test this in primary cells,
we used confocal microscopy to monitor CNBP localization both
at baseline and following exposure to LPS. Confocal microscopy
revealed that CNBP translocated from the cytosol to the nucleusin
response to LPS (Fig. 4 C). We confirmed this by purifying nuclear
extracts and monitoring CNBP nuclear accumulation by immuno-
blotting. In resting cells, CNBP was exclusively cytosolic excluded
from the nuclear compartment. Upon LPS stimulation, CNBP
translocated to the nucleus within 30 min (Fig. 4 D). CNBP also
translocated to the nucleus in cells exposed to SeV, poly(dA:dT),
or CL097, a TLR7 ligand, indicating that multiple TLRs and other
PRRs trigger CNBP nuclear translocation (Fig. 4 E). These exper-
iments were controlled by detecting USF2 and GAPDH, proteins
that are found exclusively in the nuclei and cytosol, respectively.
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Figure 4. CNBP translocates to the nucleus depending on TLR-MyD88-IRAK-TAK1 signaling. (A) qRT-PCR analysis of CNBP expression in BMDMs stim-
ulated with LPS or SeV. (B) WT BMDMs were pretreated with the NF-kB inhibitor BAY11-7082 (10 uM) or DMSO, followed by LPS stimulation or SeV infection.
(C) Confocal analysis of CNBP distribution in primary macrophage stimulated with LPS. Bars, 10 um. (D) The cytosolic and nuclear extracts were analyzed for
CNBP by Western blotting in WT BMDMs treated with LPS. Anti-GAPDH or anti-USF2 was used for the cytosolic or nuclear loading control, respectively. (E) The
cytosolic and nuclear extracts were analyzed for CNBP by Western blotting in WT BMDMs treated with LPS, SeV, poly(dA:dT), or CLOS7. (F-H) Nuclear extracts
were analyzed for CNBP by Western blotting in MyD88~/~ and MyD88~/-TRIF-/~ (F), IRF3/7/- (G), or IRAK1/27/~, IRAK4~/-, IRAK1/~, and IRAK2"/~ (H) BMDMs
treated with LPS. (1) The cytosolic and nuclear extracts were analyzed for CNBP by Western blotting in WT BMDMs treated with the TAK1 kinase inhibitor
5Z-7-Oxozeaenol in the presence of LPS. Error bars represent SD of triplicate technical replicates (A and B). All data are representative of three independent

experiments with similar results. **, P < 0.01; ***, P < 0.001.

To evaluate if nuclear translocation of CNBP proceeded via
Toll/IL-1 receptor (TIR) domain signaling, we monitored CNBP
nuclear translocation in macrophages from mice lacking MyD88
and TRIF. These double-KO mice fail to induce downstream TLR
signaling (Yamamoto et al., 2003). The nuclear translocation of
CNBP was significantly reduced in macrophages from these dou-
ble-KO mice (Fig. 4 F). This effect was largely MyD88 dependent,
since macrophages from MyD88 single-KO mice were as compro-
mised as those from double-KO mice (Fig. 4 F). We also evaluated
the role of the TRIF-IRF3 pathway in controlling CNBP nuclear
translocation by monitoring nuclear translocation of CNBP in
macrophages from IRF3/7 double-KO mice. CNBP nuclear trans-
location proceeded normally in these cells (Fig. 4 G). Downstream
of MyD88, the IL-1 receptor-associated kinases (IRAKs) IRAKI,
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2, and 4 are engaged to control NF-kB signaling. Similar to what
we observed in MyD88-deficient macrophages, the LPS-induced
nuclear accumulation of CNBP was reduced in cells lacking
these IRAK kinases (Fig. 4 H). IRAK2 and IRAK4 appeared to be
the predominant drivers of this response, since IRAK1 KO had
residual CNBP nuclear translocation. Consistent with a role for
IRAKs as regulators of CNBP nuclear translocation, the induc-
ible expression of IL-12f3 was compromised in cells lacking these
IRAKs (Fig. S4 A). Expression of IL-6, a known target gene of
IRAK signaling, but not IFN-f, served as positive and negative
controls in these assays, respectively (Fig. S4, B and C). Finally,
downstream of the IRAK kinases, the kinase TAK1 is an important
driver of TLR-MyD88-dependent signaling. We tested the effect
of 5Z-7-Oxozeaenol, an inhibitor of TAKI kinase. Cells treated
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with 5Z-7-Oxozeaenol had a dose-dependent decrease in CNBP
nuclear translocation (Fig. 4 I). These observations suggest that
CNBP nuclear translocation proceeds via a TLR-MyD88-IRAK-
TAKI pathway in cells exposed to LPS and that CNBP nuclear
translocation is a common signal downstream of multiple PRRs.

CNBP regulates IL12 via the NF-kB/Rel family member c-Rel
Multiple DNA elements in the promoter of the IL-12f gene con-
tribute to the inducible expression of IL-12B. These include
DNA-binding sites for the NF-kB/Rel family of transcription fac-
tors, an IFN-sensitive response element (ISRE) that binds IRFs
and activator protein 1 (AP1) elements that respond to MAPK
(Fig. 5 A). To pinpoint which if any of these pathways might be
regulated by CNBP, we took advantage of reporter genes with
multimerized DNA elements that bind each of these factors. In
Hek293 cells, ectopic expression of CNBP alone did not induce
any of these reporter genes, although expression of STING in-
duced both the NF-kB and ISRE reporters (Fig. 5 B). We next
tested the ability of CNBP to turn on expression of a reporter
gene driven by the IL-12 proximal promoter. CNBP alone weakly
induced the reporter but in the presence of either c-Rel or p65
elicited a robust induction of the reporter gene (Fig. 5 C). These
observations indicate that CNBP has the capacity to synergize
with c-Rel or p65 to turn on IL-12f gene transcription. As de-
scribed earlier, Cnbp-deficient macrophages had normal levels
of TNF-a, a well-characterized NF-«B target gene, in response to
multiple ligands, including LPS (Fig. 1). The phosphorylation and
degradation of IxBa were intact in cells lacking CNBP (Fig. S4 D).
Similarly, the phosphorylation and nuclear translocation of the
NF-kB family member p65 were intact between both genotypes
(Fig. S4 E). We also evaluated the activation of the TBK1-IRF3
signaling pathway by monitoring TBK1 phosphorylation. Again,
TBK1 phosphorylation was equivalent in Cnbp*/* and Cnbp™~
macrophages (Fig. S4 F). These results indicate that NF-kB and
TBK1-IRF3 activation were intact in cells lacking CNBP.
Extensive work has revealed the importance of a c-Rel-con-
taining NF-«B complex for activation of the endogenous IL-12(3
gene. Given the relatively specific effect of Cnbp deficiency for
IL-12f gene expression and the normal activation of NF-«B/p65
signaling in Cnbp-deficient macrophages, we hypothesized that
CNBP might regulate c-Rel. To address this directly, we took three
different approaches. First, we used CRISPR/Cas9 to generate
Hek293 cells lacking CNBP and evaluated the ability of c-Rel to
turn on the IL-12 promoter-driven reporter gene in these cells.
Ectopic expression of c-Rel induced the reporter gene in Hek293
cells, and this effect was impaired in Hek293 cells lacking CNBP
(Fig. 5 D). We next tested if CNBP could interact with c-Rel in
macrophages. An endogenous coimmunoprecipitation experi-
ment was performed, and the result showed that CNBP associated
with c-Rel at steady state and that this interaction was enhanced
following LPS treatment of BMDMs (Fig. 5 E). Third, because
c-Rel nuclear translocation is required for IL-12 gene induc-
tion, we examined c-Rel nuclear translocation in Cnbp*/* and
Cnbp~/~ macrophages. As shown in Fig. 5 F, c-Rel translocated to
the nucleus following LPS stimulation in Cnbp*/* macrophages,
but this was severely compromised in Cnbp~/- macrophages. In
line with this finding, a chromatin immunoprecipitation (ChIP)
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assay demonstrated that the LPS-induced binding of c-Rel to the
IL-12f promoter was greatly reduced in Cnbp-deficient BMDMs
(Fig. 5 G). We also evaluated the ability of CNBP to bind the IL-12f
promoter using ChIP. We used primers that amplified ~100-bp
regions from 0 to -600 bp. ChIP analysis using an antibody to
CNBP in primary BMDMs revealed a very strong binding of CNBP
to the region of the IL-12f promoter spanning from -100 to -200
relative to the transcription start site following LPS treatment
(Fig. 5 H). Furthermore, CNBP binding to this site was reduced in
c-Rel KO BMDMs, suggesting that CNBP could bind to the IL-12(3
promoter in a manner that was dependent on c-Rel. c-Rel binds
the B sites of the IL-12p promoter located in this region. To fur-
ther demonstrate that CNBP binds the IL-12p promoter through
kB sites with c-Rel, luciferase reporter gene experiments were
performed using two different reporter gene constructs with
mutations in the IL-12B promoter kB-binding sites. As shown in
Fig. 51, in the presence of c-Rel, CNBP induced robust activation
of the IL-12f reporter gene. This effect was abolished when the
IL-123 promoter with two distinct mutations in kB-binding sites
was used. Collectively, these results indicate that CNBP collab-
orates with c-Rel to turn on IL-12f expression, and this effect
was dependent on functional kB DNA-binding elements within
the IL-123 promoter. Genome-wide transcriptomics studies have
defined the genes induced in macrophages following LPS that
are dependent on c-Rel (unpublished data). These include I112b
as well as I14i1 and Med21. Consistent with a specific effect of
CNBP on c-Rel activity, the induction of II4il and Med2I were
also compromised in cells from Cnbp-deficient mice (Fig. 5, ]
and K). Together, these data indicate that CNBP regulates c-Rel
nuclear translocation and binding to the IL-12 promoter to turn
on c-Rel target genes.

CNBP protects mice against infection with T. gondii

To assess the biological significance of CNBP-mediated regu-
lation of IL-12, we used the T. gondii infection model. We first
tested if T. gondii induced the nuclear translocation of CNBP.
CNBP translocated to the nucleus of DCs after T. gondii infection
in vitro (Fig. 6 A). We found similar findings in vivo. Mice were
infected with T. gondii (strain ME49), and splenocytes were col-
lected at days O, 3, 5, and 7 after infection. CNBP translocated to
the nucleus in splenocytes by 5 d after infection (Fig. 6 B). This
time point coincided with the peak of IL12p40 in these animals
(Fig. S5 A). The nuclear translocation of CNBP following T. gondii
infection was impaired in MyD88~/~ mice (Fig. S5 B).

The ability of IL-12 to control T-lymphocyte responses lead-
ing to the production of IFN-y in T. gondii-infected mice is well
established. Previous studies have shown that IFN-y produced
by both CD4* and CD8* T cells plays an essential role in the pro-
tective response to T. gondii in vivo. To evaluate the impact of
Cnbp deficiency on IL-12 production, IFN-y production and pro-
tective CD4 and CD8 T cell responses in vivo, Cnbp*/*, Cnbp*/~,
and Cnbp~/~ mice (generated from intercrossing heterozygous
parents) were infected with T. gondii. Spleen size and weight in-
creased as infection progressed in all mice, as expected (Fig. S5,
C and D). The levels of biologically active IL12p70 in the serum
was greatly reduced in Cnbp~/~ mice relative to Cnbp*/* mice
(Fig. 6 C). Consistent with these findings, the levels of IFN-y were
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Figure 5. CNBP regulates IL-12 via the NF-kB/Rel family member c-Rel. (A) IL-12B promoter analysis. (B) Luciferase activity of NF-kB, ISRE, or AP1 in
Hek293 cells after 36-h transfection with increasing amounts of plasmids encoding Cnbp or mSting. (C) Luciferase activity of IL12p40 in Hek293 cells after
36-h cotransfection of c-Rel or p65 with increasing amounts of CNBP. (D) Luciferase activity of IL12p40 in Hek293 Cnbp WT or KO cells after 36-h transfection
of c-Rel or p65. Plasmids containing different guide RNAs targeting CNBP or scramble control guide RNAs were cotransfected with Cas9 plasmid into Hek293
cells using Lipofectamine 2000, and cells were selected with puromycin resistance after 36 h. Cells were passaged for 1-2 wk before luciferase experimental
use. (E) Coimmunoprecipitation of CNBP and c-Rel in LPS-stimulated BMDM:s. (F) c-Rel nuclear translocation analysis in CNBP WT and KO BMDMs stimulated
with LPS. (G) ChIP followed by gPCR (ChIP-qPCR) of c-Rel at the 1112p40 promoter in CNBP WT and KO BMDMs stimulated with LPS. (H) ChIP-gPCR of CNBP
at the 1112p40 promoter in c-Rel WT and KO BMDMs stimulated with LPS. 11-128 regions (horizontal axis) are as follows: -600, positions -600 to -489; -500,
positions -500 to -394; -400, positions -406 to -297; -300, positions -300 to -192; -200, positions -200 to -78; and -100, positions -100 to +10. (1) Lucif-
erase activity of 1L12p40 or IL12p40 containing different kB site mutations in Hek293 cells after 36-h cotransfection of c-Rel or p65 with increasing amounts
of CNBP. (J and K) qRT-PCR analysis of /(4i1 (J) and Med21 (K) in CNBP WT or KO BMDMs unstimulated or stimulated with LPS. Error bars represent SEM of
triplicate biological replicates. All data are representative of three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

also reduced in Cnbp~/~ mice relative to their WT counterparts  IL12-KO mice infected with T. gondii were used as positive con-
(Fig. 6 D). Levels of IL-12f and IFN-y in the peritoneal fluid of  trols, highlighting the importance of IL-12 in controlling IFN-y
mice challenged with T. gondii were also reduced in Cnbp*/-and  production in this model (Fig. S5 E). TNF-o. protein levels were
Cnbp~/~ mice relative to their WT counterparts (Fig. 6, Eand F).  comparable between Cnbp*/* and Cnbp~/- mice (Fig. S5 F). DCs
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Figure 6. CNBP protects mice against infection with T. gondii. (A) CD11c* splenocytes isolated by magnetic purification from mice injected with FIt3L were
infected with T. gondii. The cytosolic and nuclear extracts were analyzed for CNBP by Western blotting. (B) Splenocytes from WT mice infected with T. gondiiat
different times after infection (days 0, 3, 5, and 7) were analyzed for CNBP translocation by Western blotting. (C and D) ELISA quantification of IL-12p70 (C) and
IFN-y (D) levels in the serum 7 d after T. gondiiinfection in WT, Cnbp*/~ (HET), and Cnbp™/- (KO) mice. (E and F) ELISA quantification of IL-128 (E) and IFN-y (F)
levels in the peritoneal fluid 7 d after T. gondiiinfection in WT, Cnbp*/~ (HET), and Cnbp™'~ (KO) mice. (G) Frequency of IL-12p40-producing DCs (CD11c*MHC
11*) in CNBP WT, HET, and KO mice. (H-K) Splenocytes were stimulated for 4 h with PMA/ionomycin in the presence of brefeldin A. The frequency of IFN-y-
producing CD4* (Hand 1) and CD8* (J and K) T cells was measured by flow cytometry. Flow plots are gated on CD3*CD4* (H) or CD3*CD8* (J) T cells. (L) Parasite
burden in PECs at day 7 after infection was determined by qRT-PCR. (M) Brain cysts in long-term infection with T. gondii. WT, HET, and KO mice were infected
with T. gondii, and brains were collected at day 44 after infection. Each symbol represents an individual mouse; small horizontal lines indicate the mean. All
data are representative of at least two to three independent experiments with similar results. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Chen et al. Journal of Experimental Medicine
CNBP mediated IL-12 transcription https://doi.org/10.1084/jem.20181031

9Z0Z ABW GO UO ISSN STRISD SBUTW o0 TeIsped opeprsaeatun Aq 3pd-T1€0T8T0Z Wol/LL6F9LT/9€TE/2T/STZ/Fpd-oToT3aR/Wel /b0 ssaxdna//:d33y woIy pespeoTumoq

3144



are thought to be important producers of IL-12 in vivo. IL-12-pro-
ducing CD11c* DCs were also reduced in Cnbp*/~ and Cnbp™/~ mice
relative to their WT littermate controls (Fig. 6 G). We also ana-
lyzed IL-12 production from purified DC subsets in the spleen.
AlIDC subsets from Cnbp-deficient mice (namely CD8* DCs, CD8"
CD11b- DCs, and CD8"CD11b*DCs (moDCs)) produced less IL-12 in
vivo (Fig. S5G).

Next, we examined whether the absence of CNBP during T.
gondii infection altered the CD4 and CD8 T cell response. T cells
from Cnbp*/*, Cnbp*/~, and Cnbp™/~ infected mice were stimu-
lated ex vivo with PMA and ionomycin and IFN-y production
from CD4* and CD8* T cells measured. The percentage of IFN-y-
positive CD4 T cells was significantly reduced in Cnbp~/- mice
(Fig. 6, H and I). Similarly, the percentage of IFN-y-positive CD8
T cells was also lower in these animals (Fig. 6, ] and K). Lastly, we
measured parasite loads in these animals. Cnbp-deficient mice
had an increased parasite burden during the acute infection
(Fig. 6 L). Chronic infection is associated with the development
of toxoplasmic encephalitis. To evaluate chronic infection, the
brains of animals were harvested at day 44 after infection and
parasite loads measured (Fig. 6 M). CNBP-KO mice had higher
numbers of cysts than their WT counterparts, suggesting that
CNBP functions during both the acute infection and in long-term
immunity to T. gondii. Altogether, these results indicate that
Cnbp-deficient mice fail to mount protective IL-12 and IFN-y re-
sponses in vivo, resulting in a reduced Thl cell immune response
and an inability to control parasite replication.

Discussion
The NF-«B/Rel family of transcription factors are major regula-
tors of the innate and adaptive immune response (Silverman and
Maniatis, 2001; Zhang and Ghosh, 2001). Active p65/p50 dimers
are found in the nucleus of macrophages following ligation of
multiple classes of PRRs, including TLRs, C-type lectin receptors,
RIG-I like receptors, and DNA sensors. NF-«kB DNA-binding el-
ements in the promoters of immune genes are bound by these
complexes, leading to the inducible expression of hundreds of
cytokines and antimicrobial molecules in temporally distinct
manners (Caamafio and Hunter, 2002; Dev et al., 2011). The
c-Rel/NF-«B family member appears to be unique in its ability
to activate transcription of the IL-12f3 gene. The NF-kB-binding
sites in the promoter of the IL-12f gene display comparable bind-
ing affinity for both p65-p50 and c-Rel-p50 heterodimeric com-
plexes (Sanjabi etal., 2000). Despite this, however, only c-Rel has
been shown to be essential for IL-12 production in macrophages
stimulated through multiple TLRs and in cells infected with in-
tracellular pathogens. These findings therefore implicate c-Rel as
an essential and specific regulator of IL-123 gene expression, dis-
tinguishing c-Rel from the more broadly acting RelA (Sanjabi et
al., 2000; Mason et al., 2002). While the molecular mechanisms
involved in c-Rel binding to the IL-12 promoter and c-Rel-de-
pendent transcription of IL-12p have been studied extensively,
it is still unclear what governs the highly specific effects of c-Rel
for IL-123 regulation.

In this study, we define CNBP as a new regulator of this
c-Rel-dependent IL-123 response. We identified CNBP in dsDNA
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pull-down experiments that were designed to identify cytosolic
nucleic acid sensors. RNA sensors such as RIG-I and DNA sensors
such as cGAS and AIM2 are activated when nucleic acids gain
access to the cytosol during infection, leading to protective an-
timicrobial defense mechanisms (Thompson et al., 2011). In an
effort to broaden our understanding of the DNA-sensing pathway
in particular, we used MS to identify cytosolic DNA-binding pro-
teins and leveraged loss-of-function approaches to link candidate
proteins to innate immunity in macrophages. We generated mice
lacking Cnbp and investigated type I IFN induction in response
to dsDNA viruses, poly(dA:dT) and ISD (synthetic dsDNAs), and
cyclic dinucleotides. The hallmark response of this pathway,
namely the type IFN response, was intact in cells lacking Cnbp,
as was transcription of the NF-kB-regulated cytokine TNF-a.
However, we found that cells lacking Cnbp were compromised
in their ability to turn on transcription of IL-12f. The impor-
tance of CNBP for IL-12 gene transcription was also observed
with LPS, one of the most potent inducers of IL-12f expression
as well as poly(I:C) and SeV, which signal via MDA-5 and RIG-
I, respectively.

In response to multiple ligands, CNBP translocated to the nu-
cleus, and in the case of LPS, this proceeded in a manner depen-
dent on MyD88, IRAK4, IRAK], and TAKI1 kinase. It is likely that
for different PRRs (e.g., SeV signaling via RIG-I), the pathway
components involved would be different. Multiple genetic ele-
ments have been defined in the IL-12f promoter, including those
that bind NF-«B, IRFs (ISRE), or AP1. Overexpression of CNBP did
not induce reporters driven by kB, ISRE, or AP1; however, CNBP
could induce expression of a reporter gene consisting of the IL-12
promoter, an effect that was greatly enhanced by coexpression
of either c-Rel of RelA (p65). Recently, Lee et al. (2017) identified
CNBP as a broad regulator of NF-«B activation controlling the
expression of a broad panel of inflammatory cytokines in mac-
rophage cell lines. In our study, using a clean genetic approach,
we found that the activation of NF-«B assessed by measuring
IxBo phosphorylation and degradation as well as RelA (p65) nu-
clear translocation proceeded normally in cells lacking CNBP.
In contrast, we found that c-Rel was the major target of CNBP.
First, c-Rel-dependent activation of the IL-12 promoter-driven
reporter gene was impaired in HEK293 cells generated to lack
CNBP. Second, we found that CNBP interacted with c-Rel and
that c-Rel nuclear translocation and DNA binding to the IL-123
promoter using ChIP after LPS treatment were all dependent on
CNBP. ChIP analysis in primary BMDM:s also revealed binding of
CNBP to the IL-123 promoter. We observed very strong binding of
CNBP to the -100 to -200 site within the IL-123 promoter, where
the «B binding sites reside after LPS treatment. CNBP binding
to this region of the IL-123 promoter was reduced in c-Rel KO
macrophages. Furthermore, the kB-binding elements were es-
sential for this effect, since mutations at this site abrogated this
response. Our data support a model whereby CNBP controls c-Rel
nuclear translocation. It is possible that a stable c-Rel-CNBP com-
plex is formed in the cytoplasm and that upon LPS stimulation,
this complex translocates to the nucleus. Another possibility
is that the c-Rel-CNBP complexes are essential for retention
of c-Rel in the nucleus after inducible translocation and DNA
binding. A third possibility is that CNBP influences the nuclear
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translocation of c-Rel by indirect mechanisms. Consistent with
this latter possibility, although CNBP and c-Rel interact, only a
modest fraction of c-Rel is stably associated with CNBP. Extensive
work from Smale and colleagues have defined the importance
of c-Rel in controlling IL-12f gene transcription (Sanjabi et al.,
2000). Surprisingly, c-Rel regulates only a very restricted set of
target genes. RNA-sequencing experiments comparing WT and
c-Rel-deficient macrophages stimulated with lipid A show that
IL-12 and a limited set of genes, including II4il and Med?21, rep-
resent bona fide c-Rel targets. Consistently, in our experiments,
both Il4i1and Med21 expression were also decreased in Cnbp-de-
ficient macrophages stimulated with LPS. Together, all of these
findings implicate CNBP as a highly specific regulator of c-Rel
and define a novel TLR-CNBP-c-Rel signaling axis controlling
IL-12f expression. Our studies also reveal that CNBP nuclear
translocation and regulation of IL-12f3 are new signaling events
downstream of multiple PRRs.

Classically, IL-12 is induced by TLRs in response to microbial
products (Seki et al., 2002; Bafica et al., 2005; Andrade et al.,
2013; Schamber-Reis et al., 2013). CNBP was essential for IL-12f
production in macrophages stimulated with any ligand tested or
microbial infection. This included viruses, M. tuberculosis, S.
typhimurium, and T. gondii, suggesting that IL-12f induction,
regardless of the stimuli, required CNBP. Moreover, we provide
important in vivo evidence for the importance of CNBP in the
immune system. T. gondii is an intracellular protozoan parasite
whose elimination requires production of IFN-y that activates
various cell-intrinsic antiparasitic defense pathways within in-
fected cells (Yap and Sher, 1999). The importance of IL-12 in the
induction T-lymphocyte production of IFN-y and resistance to
T. gondii and other intracellular pathogens in vivo is well estab-
lished (Jordan et al., 2010). Consistent with the important role
of CNBP in controlling the innate production of IL-12 in vitro,
Cnbp-deficient mice have reduced IL-12f levels in vivo. This
leads to a reduction in IFN-y produced by both CD4* and CD8* T
cells and an inability to control T. gondii growth in vivo. CD8a*
DCs and monocyte-derived DCs are the important producers of
IL-12 in vivo during T. gondii infection (Mashayekhi et al., 2011;
Goldszmid et al., 2012; Dupont et al., 2015). In our studies, we
found that DCs from Cnbp-deficient mice had reduced IL-12 lev-
els in vivo. Both CD8a* DCs and CD8a~ DCs produced IL-12 in a
CNBP-dependent manner. Consistently, IFN-y production by CD4
T and CD8 T cells was impaired in Cnbp-KO mice infected with
T. gondii. Our in vitro and vivo experiments using the T. gondii
infection model further demonstrated that the kinetics of CNBP
nuclear translocation correlated with the peak of IL-12 produc-
tion. These observations indicate that both macrophages and
DCs produce IL-12 in a CNBP-dependent manner, with the latter
being more relevant in vivo for development of Thl immunity
and control of T. gondii in vivo. Interestingly, previous studies
with c-Rel-KO mice describe a c-Rel-independent pathway to
IL-12 with c-Rel playing an important role in T cell responses
to T. gondi infection in vivo (Mason et al., 2004). Deciphering
the cell-type-specific contributions in vivo of CNBP-dependent
control of Thlimmunity to T. gondii will led to new insights into
c-Rel-dependent and independent control of T. gondii and re-
lated pathogens.

Chenetal.
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Prior to this work linking CNBP to the IL-12 and Thl immune
response, CNBP was shown to regulate forebrain development
by controlling cell proliferation and apoptosis (Calcaterra et al.,
2010). It is worth noting here that Cnbp-deficient mice were vi-
able and, in terms of their immune systems, were comparable
to WT mice under steady state conditions. In addition to these
effects, CNBP has been implicated in the transcriptional and
posttranscriptional control of gene expression. Early studies
identified CNBP as a regulator of the transcription of c-myc,
wnt, and skeletal muscle chloride channel 1 (Chen et al., 2013;
Margarit et al., 2014). Recently, a photoactivatable ribonucleo-
side-enhanced crosslinking and immunoprecipitation (PAR-
CLIP) study indicated that CNBP preferentially bound G-rich
elements in mRNA coding sequences, increasing their transla-
tional efficiency (Benhalevy et al., 2017). There is little evidence
linking CNBP to the immune system. CNBP has been implicated
in myotonic dystrophy type 2 and sporadic inclusion body myo-
sitis, both of which are associated with increased autoantibod-
ies, suggesting some links to the immune response (Tieleman et
al., 2009; Niedowicz et al., 2010). In macrophages, the ability of
Cnbp to regulate NF-«B and sustained expression of IL-6 was the
first evidence of an immune role for this factor (Lee et al., 2017).
Consistent with the effects we describe herein, this study also
demonstrated using a zebrafish model that Cnbp-deficient ze-
brafish were more susceptible to infection with Shigella flexneri
infection, suggesting a conservation of the immune regulatory
effects we describe.

In conclusion, our findings provide critical new insights into
the regulation of the innate immune response in macrophages
and DCs, describing a previously unknown CNBP-c-Rel signaling
axis important in controlling IL-12p expression downstream of
multiple PRRs. This pathway also has important effects in vivo
controlling Thl immunity and resistance to the parasitic patho-
gen T. gondii. Given the importance of IL-12 in the control of
Thl immunity and the potential for dysregulation of the IL-12/
Thl response in inflammatory diseases such as inflammatory
bowel disease, the identification of CNBP as a specific regula-
tor of c-Rel-dependent IL-12 induction has enormous implica-
tions for both host defense and inflammatory disease. IL-12 is
a prominent target for clinical intervention in the treatment of
inflammatory diseases and cancer. Our work unveils a new target
CNBP that may provide a unique handle to specifically curtail this
IL-12 response.

Materials and methods

Generation of CNBP-KO mice

CNBP-deficient mice were generated using embryonic stem
(ES) cells obtained from the Knockout Mouse Repository
(University of California, Davis). ES cells (Cnbptma(KOMP)Wsi)
were generated by replacing the CNBP genomic locus with a
neomycin cassette under control of a Pgkl promoter. ES cells
were injected into blastocytes to generate chimeric mice at the
University of Massachusetts Medical School Transgenic Core.
CNBP heterozygous mice were obtained by gamete line trans-
mission from mating the chimeric mice with WT C57BL/6 mice.
CNBP heterozygous mice were intercrossed to generate WT
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and KO alleles for experimentation. Littermate controls were
used throughout. Myd88~/-; Myd88~/-Trif /- mice were from S.
Akira (Osaka University, Osaka, Japan). Irf3~/~-Irf7-/~ mice were
obtained from T. Taniguchi (The University of Tokyo, Tokyo,
Japan). c-Rel/~ mice were obtained from S. Smale (University of
California, Los Angeles, Los Angeles, CA) and I. Brodsky (Uni-
versity of Pennsylvania, Philadelphia, PA). All mouse strains
were bred and maintained under specific pathogen-free condi-
tions in the animal facilities at the University of Massachusetts
Medical School in accordance with the Institutional Animal
Care and Use Committee.

Cell culture and stimulation

BMDMs were generated by differentiating bone marrow cells in
DMEM supplemented with 10% FCS, 1% penicillin/streptomycin
cocktail and 20% L929 supernatant for 7 d. BMDCs were gener-
ated by differentiating bone marrow cells in RPMI 1640 medium
supplemented with 10% FCS, 1% penicillin/streptomycin cocktail,
and recombinant GM-CSF (20 ng/ml) for 10 d. For all experiments,
cells were plated one day before stimulation. Cells were stimu-
lated at the following concentrations (unless mentioned other-
wise): LPS (100 ng/ml), poly(I:C) (25 pg/ml), and BAY 11-7082
(10 uM). Transfection of BMDMs with poly(dA:dT) and ISD was
performed using Lipofectamine 2000 (Invitrogen). BMIDMs were
infected with HSV (HSV-1-ICPO-deficient mutant; 10 MOI [mul-
tiplicity of infection]) from D. Knipe (Harvard Medical School,
Boston, MA), mCMYV (10 MOI), IAV (5 MOI), SeV (200 IU/ml), M.
tuberculosis (10 MOI), Salmonella (10 MOI), and T. gondjii (5 MOI)
for the indicated hours for mRNA and protein analysis.

Parasites

The T. gondii strain ME49 was maintained in C57BL/6 mice by
serial inoculation of brain homogenate-containing cysts. ME49
tachyzoites were maintained in human foreskin fibroblast cells
(Hs27). Parasite suspensions were prepared by collection of in-
fected cells and disruption by repeated passage through a 27-G
needle followed by centrifugation at 900 g for 10 min. For soluble
tachyzoite antigen preparation, the parasites were submitted to
three cycles of freezing at -70°C and thawing at 37°C followed by
four 20-s rounds of sonication. The resulting homogenate was
then centrifuged at 600 g for 10 min, and the supernatant was
collected and its protein concentration determined by the Brad-
ford method (Invitrogen).

In vivo experimental infections

Mice were inoculated i.p. with 25 cysts obtained from brain ho-
mogenates of 6- to 8-wk-infected mice. Mice were monitored for
survival or sacrificed 7 d after infection in order to collect peri-
toneal exudate cells and fluid, blood, liver, and spleens. Samples
from each mouse were individually processed and analyzed. Quan-
tification of T. gondii DNA was performed by amplification of Bl
gene using primers (forward: 5-CTGGCAAATACAGGTGAAATG-3'
reverse: 5'-GTGTACTGCGAAAATGAATCC-3') and analyzed based
on a standard curve of purified parasite DNA. PCR reactions were
setup in a final 20 ml volume using 5 ng of total tissue DNA, 200 ng
of each primer and 1x of the iQ SYBR Green Supermix (Bio-Rad).
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In vitro infection

Macrophages cultures were induced or not overnight with IFN-y
(40 ng/ml) before infection. Cells were infected with ME49
tachyzoites (5 MOI), and after 2 h, unbound parasites were
washed off. The cultures were incubated for 24 h to obtain su-
pernatant and for 4 h for RNA extraction.

Affinity purification with biotinylated oligonucleotides

Cytosolic cell extracts were generated from 10 x 10°® murine
BMDM s or 20 x 10® THP1 cells using low-salt lysis buffers. The
lysates were precleared with Streptavidin ultralink agarose pro-
tein G resin for 2 h at 4°C and the resin washed out. 3 ug of Bi-
otinylated oligonucleotides were then added to precleared lysates
for binding overnight (~18 h) at 4°C. Streptavidin ultralink aga-
rose G beads were added to bind biotinylated complexes for 2 h
at 4°C. The bound complexes were pelleted by spinning at 6,500
RPM for 5 min at 4°C. Several rounds of increasingly stringent
washes were performed to reduce nonspecific binding partners.
The majority of the sample was run under nondenaturing con-
ditions on a stacking gel composition PAGE. A shotgun approach
was used to run the sample (i.e., the sample was run so that all of it
had migrated into the gel). The gel was subsequently stained with
MS-compatible Biosafe Coomassie blue (Bio-Rad) to identify the
band of proteins in the gel, and the band was excised. A small ali-
quot was subjected to normal SDS-PAGE gel and Western blotting.

LC-MS/MS

Isolated proteins in the complex were identified and analyzed by
LC/MS at the Mass Spectrometry Core Facility at the University
of Massachusetts. Briefly, DNA-bound protein (=2 pmol protein)
was centrifuged and the subsequent pellet was vacuum dried.
The pellet was then dissolved in 20 pl of 0.1% Rapigest detergent
in 0.1 M tetramethylammonium bicarbonate. Disulfides were
reduced with dithiothreitol for 30 min at 60°C. Sulfhydrol was
alkylated with 20 nmol iodoacetamide for 3 h in the dark at 22°C.
Trypsin digestion and capillary LC-MS/MS were performed on
the ThermoFinnigan LTQ quadrupole ion trap system. Proteins
were identified from the product ion scan spectra using SEQ
UEST search engine with species subset of the International Pro-
tein Index (IPI) protein database. Peptide and protein data were
assembled in Scaffold software and analyzed against proteins
bound to control DNA ODN. Proteins were subsequently identi-
fied by their Gene Ontology annotations and sorted through the
domain database at Pfam (Wellcome Trust, Sanger Institute) for
initial bioinformatics predictions.

RNA extraction and qRT-PCR

Total RNA from BMDMs, BMDCs, and peritoneal exudate cells
was extracted with an RNeasy RNA extraction kit (Qiagen) ac-
cording to the manufacturer’s instructions. Genomic DNA in RNA
purifications was eliminated using on-column DNase I digestion
(Qiagen). Equal amounts of RNA (1,000 ng) were reverse tran-
scribed using the iScript cDNA synthesis kit (Bio-Rad). Diluted
cDNAs (1:100 final) were subjected to qPCR analysis using iQ
SYBR Green Supermix reagent (Bio-Rad). Gene expression lev-
els were normalized to Gapdh as housekeeping genes. Relative
mRNA expressions were calculated by the change-in-cycling-
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threshold method as 2-ddC(t). The specificity of amplification
was assessed for each sample by melting curve analysis. Primer
sequences are provided in Table S1.

Cytokine analysis

Cell culture supernatant was assayed for cytokine levels using
commercially available sandwich ELISA kits for IL12p40, IL12p70,
IL10, and IFN-y (R&D Systems), IL6 (BD Biosciences), and TNF-o
(eBioscience). The murine IFN-B kit has been described previ-
ously (Roberts et al., 2007). All experiments for cytokine analysis
by ELISA were performed in biological triplicates.

NanoString analysis

Cell stimulation and RNA isolation were performed as described
above. The nCounter analysis system was used for multiplex
mRNA measurements using the custom gene expression code set
against 200 immune genes. Total RNA (100 ng) was hybridized
overnight with the gene expression code set and analyzed on an
nCounter Digital Analyzer (NanoString Technologies). RNA hy-
bridization, data acquisition, and analysis were performed per
the manufacturer’s specifications. RNA counts were processed
to account for hybridization efficiency, and mRNA expression
across experimental groups was normalized to the geometric
mean of six housekeeping genes

Chip

ChIP experiments were performed essentially as described pre-
viously (Atianand et al., 2016). Briefly, 1 x 107 primary BMDMs
were used to perform immunoprecipitation with mouse mono-
clonal anti-CNBP. qPCR was performed on immunoprecipitated
and input fractions from the immunoprecipitation. Primer se-
quences used for qRT-PCR are shown in Table S1.

Purification of CD11c* DCs

Mouse CD1lc* DCs were purified from spleens of mice injected
with BL6-FLT3L-producing cells. Briefly, mice were injected sub-
cutaneously with 2 x 10° cells in 300 pl PBS. Spleens were har-
vested within 2 wk after injection and CD11c* DCs were isolated
using the CD11c MicroBeads UltraPure kit (Miltenyi Biotec). B16-
FLT3L-producing cells were from G. Dranoff (Harvard Medical
School, Boston, MA).

Flow cytometry

Mononuclear cells were incubated with 50 ng/ml PMA (Sigma)
and 500 ng/ml ionomycin (Sigma) in the presence of GolgiStop
(BD) in complete T cell media at 37°C for 4 h. Cells were washed
with FACS buffer, stained with Live/Dead fixable aqua dead
cell marker (Invitrogen), and incubated with Fc block before
staining. The following antibodies were used for staining: Per-
CP-Cy5-CD8, APC-Cy7-CD8, APC-F4/80, Alexa Fluor 700-CDllc,
FITC-MHCIIb, PE-Cy7-CD11b, eFluor450-Ly6C, APC-Cy7-CD4,
and FITC-CD3. Intracellular staining for APC-IL4, PE-Cy7-IL17a,
eFluor450-IFN-y, and PE-ILI2. Intracellular cytokine staining
was performed by fixing cells in 2% paraformaldehyde, followed
by permeabilization and staining (BD Biosciences). Flow cyto-
metric analyses were performed on an LSRFortessa (BD Biosci-
ences) and analyzed using FlowJo Software (Tree Star).
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Immunofluorescence staining

Primary BMDMs were fixed in 4% paraformaldehyde and per-
meabilized with 0.2% Triton X-100/PBS before incubation
with primary antibodies (anti-CNBP) for 2 h at room tempera-
ture. Cells were washed in PBS, followed by incubation with
TRITC-conjugated anti-mouse Ig secondary antibodies. Nuclei
were stained with DAPI.

CRISPR/Cas9 KO

Hek293 cells were seeded on 24-well plates; after 16 h, plasmids
expressing Cas9 and single guide RNA (sgRNA) were cotransfected
into Hek293 cells. At 36 h after transfection, cells were selected
for puromycin resistance, then serial dilution of living cells was
done to obtain a cell density of 1 cell per well on a 96-well plate.
Immunoblotting was performed to ensure gene KO results after
the clones were grown. sgRNA sequences are shown in Table S1.

Luciferase reporter assay

Hek293 cells were seeded on 96-well plates (4 x 10* cells per well)
and then transfected with 50 ng IL12p40, IL6, or TNF luciferase
reporter vector and 5 ng Renilla-luciferase reporter vector with in-
creasing amounts of expression vector for Cnbp or plus 10 ng c-Rel
or p65 expression vector. Empty control vector was added so that
atotal of 200 ng vector DNA was transfected into each well. Cells
were collected at 36 h after transfection, and luciferase activity
was measured with a Dual-Luciferase Reporter Assay System ac-
cording to the manufacturer’s instructions (Promega). Firefly lu-
ciferase activities were normalized to Renillaluciferase activities.
Allreporter assays were repeated at least three times. Data shown
are average values and SEM from one representative experiment.

Coimmunoprecipitation and Western blot analysis

Cells were lysed 36-48 h after transfection of expression plas-
mids using the lysis buffer containing 50 mM Tris-HCI, pH 8.0,
150 mM NaCl,1% Triton X-100, and protease inhibitor cocktails.
For immunoprecipitation, lysates were incubated with the ap-
propriate antibodies for 2 h on ice, followed by precipitation with
protein G Sepharose. Samples were separated by SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes.
After blocking in PBS containing 0.1% Tween-20 and 5% skim
milk, the blots were probed with indicated antibodies. Western
blot visualization was done with enhanced chemiluminescence.

Statistics

GraphPad Prism 5 software (GraphPad Software) was used for
data analysis using a two-tailed unpaired t test. A P value <0.05
was considered statistically significant (*, P < 0.05; **, P < 0.01;
** P <0.001).

Online supplemental material

Fig. S1 shows that Cnbp-deficient mice have normal immune
cell phenotyping and provides additional details on DNA virus
infection in CNBP-deficient BMDMs. Fig. S2 shows cytokine
analysis in CNBP-KO cells after stimulation with various ligands
at different time points. Fig. S3 shows that IL10 induction was
not affected by IL-12 through anti-IL-12 neutralizing antibody
treatment. Fig. S4 shows the cytokine inductions in IRAK1/27/~
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or IRAK4~/- BMDMs and analyzes NF-«B signaling activity by
detecting the translocation of p65 and phosphorylation of IxBa.
Fig. S5 includes further characterization of CNBP-deficient mice
after T. gondii infection. Table S1 contains primers for qPCR and
ChIP-PCR and the sgRNAs used in this study.
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