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Figure 2 | Tribl controls macrophage, cosinophil and neutrophil
differentiation via the ubiquitin-binding domain. a, b, Bone marrow cells
were subjected Lo colony-forming assays. Each colony was counted depending
on the morphology (a), and images of the cell types of macrophage colonies are

@ shown (b). Eo, eosinophil colonies; G, granulocyte/neutrophil colonies; GM,
- granulocyte/macrophage colonies; M, macrophage colonies. c-e, Role of the
Figure 1 | Lack of tissue-resident M2-like macrophages and cosinophils in ~ COP1-binding site in macrophage differentiation. Bone marrow cells lacking
Trib1-deficient mice. a, Flow cylomelric analyses of splenocyles. The Tribl were infected with retroviruses expressing emply vector, full-length Trib1
expression levels of F4/30™ and Mac1 ™" tissue-resident M2-like macrophagesin ~ (mTrib1) or Tribl(ADQIVPE) mutant. Colony-forming assays were
splenocyles are shown (top). The proportions of inflammatory monocylesand  performed in retrovirus-infected (GFP") cells, Images of the retrovirus-
neutrophils (middle) and eosinophils (bottom) in splenocytes are also shown.  infected (GFP™) cell types of macrophage colonies are shown in ¢. d, Semi-
Similar results were oblained in eight independent experiments. b, Wild-type  quantitative PCR analyses were performed to measure the expression of Trib1
(W) and Trib1 ="~ spleen sections were stained for F4/80 (red) and B220 in empty vector, full-length Trib1 (full length) or mutant Trib1(ADQIVPE) in
(green). ¢, Images of Perl's Prussian blue staining for ferriciron in the spleens of ~ macrophage colonies. e, Quantitative PCR analyses were performed for MR
wild-type and Tribl ™'~ mice. Scale bars, 50 um. d, Flow cytometric analysis of ~ expression in macrophage colonies expressing empty vector, Trib1 (full length)
cell populations in the blood. The percentages of F4/80* and Macl ™ cellsinthe  or mutant Trib1(ADQIVPE). Error bars indicate s.d. of duplicates. Similar
blood are shown. e, Flow cytometric analysis of bone marrow. The percentages  results were obtained in three independent experiments (a-e). f, Immunoblot

of F4/80™ and Mac1™" tissue-resident M2-like macrophages in the bone analyses of various C/EBP family molecules. Lineage-negative {ractions from
marrow are shown (top). The proportions of inflammatory monocytes and wild-type, Trib1™'" cells, Trib1™'" cells expressing full-length and Trib1 ™'~
neutrophils (middle) and eosinophils (botlom) in the bone marrow arealso  cells expressing mulant Trib1(ADQIVPE) were analysed by western blolting.

shown. Similar results were obtained in three independent experiments (b-e). g h, Role of C/EBPe. in macrophage differentiation. Bone marrow cells lacking
Tribl were infected with retroviruses expressing emply vector, Cebpa shRNA 8

differentiation of bone marrow myeloid cells. Proportions of CMPand ~ ©f Cebpa shRNA 12. Immunoblot analyses of various C/EBP family molecules.

CLP as well as GMP were comparable between wild-type and Trib1 ™/~ Lineage-negalive fractions from wild-type, Tribl™"" cells and Trib1™'~ cells

; < 9 alys
mice (see Supplementary Fig, 11 for definitions). Furthermore, the c bro>6 Cebpa shRNA 8 or Cebpa shRNA 12 were analysed by western

e ' of tr iptional factors, which are involved i blotting (g). Colony-forming assays were performed in infected (GFP™) cells,
expr es.smn p at‘teln o . tl'ansc.rlp tional factors, which are involved in and images of the retrovirus-infected (GFP ™) cell types of macrophage colonies
myeloid cell differentiation, in GMP and MDP was also comparable  4re shown (h). Similar results were obtained in two independent experiments

between wild-type and Tribl1™'" mice (Supplementary Fig, 12), sug-  (f-h).

gesting that Tribl controls myeloid cell differentiation downstream

of GMP. neutrophil colonies (Fig. 2¢, d and Supplementary Fig. 13). In contrast,
Retroviral expression of full-length Trib1 in Tribl '~ bone marrow  expression of Tribl lacking the COP1-binding site (Trib1(ADQIVPE)

cells resulted in a marked increase in aggregated and small macro-  mutant) in Trib1™'~ bone marrow cells failed to restore the differenti-

phage colonies and eosinophil colonies, but decreased granulocyte/ ation defects. Moreover, expression of full-length Tribl, but not of
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Trib1(ADQIVPE) mutant, restored expression of M2 macrophage
marker genes such as MR (Fig. 2e). Next, we investigated the express-
ion of potential target proteins of the Trib1-COP1 axis in Trib1™"~
bone marrow cells. Among the transcription factors, C/EBP family
members are important for determining the balance between granu-
lopoiesis and monopoiesis'®. We found that expression of C/EBPg,
but not other transcriptional factors involved in myeloid cell differ-
entiation, was increased in lineage-negative bone marrow cells and

macrophage colonies lacking Tribl (Fig. 2f and Supplementary Fig. 14).
The expression of full-length Tribl in Tribl”™'~ bone marrow cells
suppressed the level of C/EBPo expression (Fig. 2f). To address
whether increased expression of C/EBPu is involved in aberrant mye-
loid cell differentiation under Trib1 deficiency, we genetically inhibited
Cebpa in Tribl™'" bone marrow cells using short hairpin RNAs
(shRNAs) (Supplementary Fig. 15). The decreased C/EBPo protein
expression in Trib1™/~ bone marrow cells was similar to levels of
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Figure 3 | Impact of Trib1 deficiency on lipodystrophy. a, b, Flow
cytometric analyses of haematopoielic cells in adipose tissue. The expression
levels of F4/80" and Mac1™ or MR" and Macl™ tissue-resident M2
macrophages in adipose tissue (left and centre) and Siglec-F" and CCR3™
eosinophils (right) are shown. The total numbers of MR" macrophages and
eosinophils in adipose tissues from wild-type and Trib1 ™'~ chimaeric mice fed
a normal diet are shown (b). Error bars indicate s.d. of duplicates. Similar
results were obtained in three independent experiments. ¢, Expression levels of
Tribl, Trib2 and Trib3 in SVYFs and MAFs, assessed by quantitative PCR.
Similar results were obtained in two independent experiments. d, The
epididymal adipose Lissues from wild-type and Tribl ™'~ chimaeric mice fed a
normal diel were analysed by magnelic resonance imaging (MRI). e, Images of
the epididymal adipose tissues from each indicated chimaeric mice fed a
normal diet are shown. f, Haematoxylin and eosin-stained images of paraffin-
embedded epididymal adipose tissue sections from each indicated chimaeric
mice fed a normal diet. Scale bars, 50 pm. g, h, The total epididymal fat weight
was measured (g) and each area of adipocyles was measured (h) in each
indicated chimaeric mouse. Error bars indicate s.d. of duplicates. i, Images of
526 NATURE | VOL 495 |
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B WT—WT B Trbre— WT

the epididymal adipose tissues from each indicated chimaeric mice led a
normal diet are shown. j, Haematoxylin-and-eosin-stained images of paraffin-
embedded epididymal adipose tissue sections from each indicated chimaeric
mice fed a normal diet. Scale bars, 50 pm. k, 1, The total epididymal fat weight
(k) and each area of adipocytes were measured (1) in each indicated chimaeric
mouse. Error bars indicate s.d. of duplicates. m, Total RNA was prepared from
wild-typeand Tribl ™~ chimaeric mice fed a normal diet. The expression levels
of mRNAs encoding the indicated proteins were determined by quantitative
PCR. Error bars indicate s.d. of duplicates. Similar results were obtained in three
independent experiments (e-m). n, Lipolysis assays in wild-type and Trib1~'~
mice fed a normal diet. The serum glycerol and NEFA levels were measured in
vivo, Similar results were oblained in two independent experiments. o, Total
RNA was prepared from wild-type and Tribl™"" chimaeric mice fed a normal
diet. The expression levels of mRNAs encoding the indicated proteins were
determined by quantitative PCR, Error bars indicate s.d. of duplicates. Similar
results were obtained in three independent experiments. Statistical significance
inb, g, h, k 1, n, o was determined using the Student’s -test. ¥*P < 0.05;

##P < 0.01.
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wild-type cells (Fig. 2g). Repression of Cebpa resulted in an increase
in the aggregated and small macrophage colonies and eosinophil
colonies, but a decrease in granulocyte/neutrophil colonies (Fig. 2h).
Taken together, these data demonstrate that Trib1 regulates myeloid
cell differentiation by altering the expression of C/EBPa in a COP1-
dependent manner.

Recent genome-wide association studies revealed that genetic var-
fants in the loci corresponding to TRIBI are associated with increased
plasma lipoprotein concentrations, a high risk of ischaemic heart
disease and myocardial infarction in humans*'*. These studies prom-
pted us to investigate the role of Trib1 in the adipose tissue and liver of
mice. Because we did not observe histological changes in the liver in the
absence of Tribl in mice fed normal chow (Supplementary Fig. 16),
we next examined the adipose tissues. Consistent with observations
in other organs, MR F4/80™ adipose-tissue-resident M2-like macro-
phages were severely decreased in the stromal vascular fraction (SVF)
derived from Trib1™'~ epididymal adipose tissues compared with
wild-type mice (Supplementary Fig. 17). Mice lacking Trib1 in haema-
topoietic cells also showed a reduced number of M2-like macrophages
and lacked eosinophils in epididymal adipose tissues (Fig. 3a, b), and
Trib] mRNA was rarely expressed in the normal mature adipocyte
fraction (MAF) (Fig. 3c), indicating that the defect is intrinsic to
haematopoietic cells. In contrast, CD11c"Macl” M1 macrophages
were hardly present in wild-type and Trib1 ™" adipose tissues from
mice fed a normal chow diet (Supplementary Fig. 17). Unexpectedly,
MRI analyses revealed that Tribl deficiency in haematopoietic cells
severely reduced the abdominal adipose tissues (Fig. 3d). The epidi-
dymal adipose tissues and size of each epididymal adipocyte were
significantly smaller in mice lacking Trib1 in all tissues as well as in
haematopoietic cells only, than in littermate wild-type mice fed a
normal diet (Fig. 3e-h). Thus, the mice showed a lipodystrophic
phenotype. In contrast, Tribl '~ mice harbouring wild-type haema-
topoietic cells did not develop lipodystrophy (Fig. 3e, f). These findings
demonstrate that Trib1 deficiency in haematopoietic cells is respons-
ible for development of this pathophysiology. To investigate whether
loss of M2-like macrophages is responsible for the development of
lipodystrophy, we supplemented Trib1™'~ mice with these macro-
phages (Supplementary Fig. 18). After 3 weeks, the epididymal adipose
tissues and the size of each adipocyte from TribI ™'~ mice reconsti-
tuted with these macrophages were significantly larger than in PBS-
treated Trib1 ™' mice (Fig. 3i-1). Collectively, these data indicate that
lack of M2-like macrophages, caused by Tribl deficiency, is important
for the development of the lipodystrophic phenotype.

Next, we examined the mechanisms of the lipodystrophy caused by
Tribl deficiency in haematopoietic cells. Adipose tissues are main-
tained by balance between lipogenesis and lipolysis. The mRNA levels
of genes involved in adipocyte differentiation and lipogenesis were
comparable between wild-type and Trib1 ™'~ bone marrow chimaeric
mice (Fig. 3m and Supplementary Fig. 19; see Methods). In contrast,
the serum levels of non-esterified fatty acids (NEFAs) and glycerol
were significantly elevated in Trib1™’~ bone marrow chimaeric mice
(Fig. 3n), indicative of enhanced lipolysis caused by Trib1 deficiency.
Cytokines produced by macrophages contribute to adipose tissue in-
flammation and lipolysis. Expression of IL-10 was severely reduced in
epididymal adipose tissues lacking Trib1 in haematopoietic cells. In
contrast, Tnf and Inos mRNA expression were elevated in adipose
tissues from Trib1™'" bone marrow chimaeric mice (Fig. 30). Because
several reports indicated that IL-10 has a central role in repressing
lipolysis in adipocytes in addition to having anti-inflammatory
effects'!, it is possible that M2-like macrophages are important
for maintaining adipose tissues, at least in part, through the produc-
tion of IL-10. However, the contribution of additional molecules pro-
duced by the macrophages may also be critical for amelioration of
lipodystrophy.

Lipodystrophy is often associated with metabolic abnormalities.
Although significant differences in levels of the parameters such as
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serum glucose, cholesterol, triglyceride and insulin were not detected
between wild-type and Tribl ™'~ bone marrow chimaeric mice fed a
normal diet, the feeding of mice with a high-fat diet (HFD) led to much
higher elevations of these parameters in the serum of Trib1™’~ bone
marrow chimaeric mice (Fig. 4a). Mice lacking Tribl throughout the
whole body and in haematopoietic cells also developed glucose into-
lerance and insulin resistance on a HED (Fig. 4b, c and Supplementary
Fig. 20). In contrast, body weight did not differ significantly between
wild-type and Tribl™'~ bone marrow chimaeric mice fed a HFD
(Supplementary Fig. 21). Whereas numbers of M1-type macrophages
increased in both wild-type and Trib1™’" bone marrow chimaeric
mice as well as mice lacking Tribl in the whole body fed a HFD,
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Figure 4 | Mice lacking Trib1 in haematopoietic cells develop exacerbated
metabolic disorders on a high-fat diet. a, Serum samples were obtained from
bone-marrow-transferred wild-type and Trib1 ™'~ lillermates fed normal chow
(NC) or a high-fat diet (HFD). The concentrations of cholesterol, insulin,
glucose and triglyceride were measured. Error bars indicate s.d. of duplicates.
b, ¢, Fasting male bone-marrow-transferred wild-type and Trib1 ™/~ littermates
fed a HFD were challenged with intraperitoneal glucose (b) or insulin (¢}, and
blood was sampled for glucose analyses at the indicated times. Dala are mean
s.d. of 5 samples. d, Flow cytometric analyses of haematopoietic cells from
adipose tissues in wild-type.and Tribl™'~ mice fed a HEFD. The expression
levels of MR and Macl™ Lissue-resident macrophages are shown (left). The
MR" and CD11¢* macrophages in adipose tissue are also shown (right).

e, f, Haematoxylin-and-eosin-stained images of paraffin-embedded epididymal
adipose lissue sections are shown (e), and each area of adipocytes was measured
(£). Scale bars, 50 pm. g, Total RNA was prepared from wild-type and Trib1™/~
chimaeric mice fed a HED, Error bars indicate s.d. of duplicates. The expression
levels of mRNAs encoding the indicated genes were delermined by quantitative
PCR. Error bars indicate s.d. of duplicates. Statistical significance in a~c, f, g was
determined using the Student’s t-lest. *P << 0.05; **P < 0.01.
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M2-like macrophages were severely decreased in the absence of Tribl
(Fig. 4d and Supplementary Fig, 22). Tribl~'~ chimaeric mice had
smaller adipocytes on a HFD (Fig. 4e, f). Notably, Tnfand Inos mRNA
were markedly augmented in TribI™'~ chimaeric mice (Fig. 4g).
Taken together, these findings suggest that TribI™’~ bone marrow
chimaeric mice develop metabolic disorders on a HFD through
impaired lipid buffering caused by lipodystrophy.

Although we previously showed that Tribl regulates C/EBPB
expression in thioglycollate-elicited macrophages'', we found that
M2-like macrophages were present in Cebpb™~ mice (data not
shown). Thus, Tribl seems to control different target proteins for
degradation depending on the cell types and their differentiation
stages. We previously showed that Jmjd3 is essential for M2-like
macrophage differentiation in response to chitin administration and
helminth infection®**. However, Jmjd3 deficiency did not show any
defect in tissue-resident M2-like macrophage generation (Supplemen-
tary Fig. 23). Reciprocally, Trib1 deficiency did not alter the activation
of M2-like macrophages to chitin administration (Supplementary
Fig. 24). It can be assumed that macrophage subtypes are more com-
plex in vivo, although the precise classification of M2-type macro-
phages in vivo is yet to be clarified.

Chronic low-grade inflammation in adipose tissues is thought to
have a central role in the exacerbation of metabolic disorders™*. M1-
type macrophages infiltrate into obese adipose tissues via MCP1,
where they are activated in part by saturated fatty acids and cause
low-grade inflammation by producing proinflammatory cytokines™.
However, tissue-resident M2-like macrophages, which differentiate
depending on the presence of Tribl in the bone marrow, are sub-
sequently activated i ipose tissues and the liver in response to
IL-4 and IL-13 d from eosinophils by a PPAR-y- and
PPAR-8-dependent mechanism, respectively” >, Further studies
are required to clarify how tissue-resident M2-like macrophages main-
tain adipose tissue homeostasis. Tribl was also essential for the deve-
lopment of eosinophils, nevertheless, we believe that Tribl maintains
adipose tissues by controlling M2-like macrophages, as supplementa-
tion of wild-type macrophages alone could rescue the lipodystrophy
observed in Tribl™'~ mice.

Mutations in TRIB1 have been implicated in metabolic disorders of
humans. It is tempting to speculate that TRIBI functions in a similar
manner in humans and that other pathophysiologies, such as tumour
progression, angiogenesis or tissue remodelling, are affected by these
tissue-resident M2-like macrophages.

METHODS SUMMARY

Mice, reagents, cells and plasmids. Full details are provided in the Methods.
Colony-forming assay. Bone marrow cells (4 X 10") were seeded on 3.5-cm dishes
and cultured for 7 days with Methocult (no. 3534; Stem Cell Technologies) con-
taining SCF, IL-6 and IL-3 in the presence of 20 ng ml~! M-CSE. The numbers of
GFP-positive cells were counted for colony-forming assays or collected for real-
time (q)PCR and western blotting.

Full Methods and any associated references are available in the online version of
the paper. :
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METHODS

Mice, cells and reagents. Trib1 ™'~ mice were generaled as described previously",
Antibodies for flow cytomelry were purchased from commercial sources as fol-
lows: anli-F4/80-FITC (BMS; BioLegend); anti-Macl-PerCP Cy5.5 (M1/70; BD
Biosciences); anti-Ly6C-FITC (AL-21; BD Biosciences); anti-Siglec-F-PE (E50-
2446; BD Biosciences); anti-CCR3-APC (83103; BD Biosciences); anti-MR-
Alexa 488 (MR5D3; BioLegend); and anti-CD1lc-Brilliant bright (N418;
BioLegend). Antibodies and reagents for histochemical analysis were purchased
from commercial sources as [ollows: biotinylated anti-F4/80 (eBioscience),
anti-MOMA-1 (Abcam), Alexa 488-conjugated anti-B220 (BD Pharmingen)
and streptavidin-Alexa594 (Invitrogen). Antibodies for western blolting were
purchased as follows: anti-C/EBPo. (no. 2295; Cell Signaling Technology);
anli-C/EBPB (no. E298; Millipore); anti-C/EBPS (no. 2318; CST); anti-C/EBPe
(no. sc-158; Sanla Cruz Biolechnology); and anti-actin (no. sc-1615; Santa Cruz
Biotechnology). The probes for quantitative PCR were purchased from Lifescience
Japan.

Generation of Trib2™'~ and Trib3™'™ mice. The Trib2 and Trib3 genes were
isolated from genomic DNA extracted from embryonic stem (ES) cells (GSI-I) by
PCR. The targeting veclors were constructed by replacing a 2-kilobase (kb) frag-
menl encoding the Trib2 open reading frame (exon 2) and replacing a 2.5-kb
fragment encoding the Trib3 open reading frame (exons 2-3) with a neomycin-
resistance gene cassette (11eo), and inserting herpes simplex virus thymidine kinase
(HSV-TK) driven by the PGK promoter into the genomic fragment for negative
selection. After each targeting vector was transfected into ES cells, G418 and
ganciclovir double-resistant colonics were selected and screened by PCR, and
recombination was further confirmed by Southern blotting, The homologous
recombinant clones were individually microinjected into blastocysts derived from
C57BL/6 mice and then transferred lo pseudopregnant females. Mating of chi-
maeric male mice with C57BL/6 female mice resulted in the transmission of
each mutant allele to the germ line. The resulting Trib2"*"™ and Trib3"'" mice
were interbred to generate Trib2™'"™ and Trib3™'" mice, respectively. All animal
experiments were performed with approval from the Animal Research Committee
of the Research Institule for Microbial Diseases (Osaka Universily).
Construction of expression plasmids and shRNA vectors. Tribl and Cebpa
cDNAs were oblained by PCR [rom a mouse ¢cDNA library. Full-length or mutated
Tribl ¢cDNAs were cloned into the pLZR-cmv-ires-GFP vector for retrovirus
production. For shRNA experiments, the following oligonucleotides were used
to targel mouse C/EBPa: cebpa-8 dn, 5'-galccGTCGTATGTATTATATCTATA
TTCAAGAGATATAGATATAATACATACGACTTTTTTACGCGTg-3'  and
cebpa-8 up, 5-aattc ACGCGTAAAAAAGTCGTATGTATTATATCTATATC
TCTTGAATATAGATATAATACATACGACg-3'; cebpa-12 dn, 5'-gatccATCC
GATATCAACACTTGTATTTCAAGAGAATACAAGTGTTGATATCGGATT
TTTTTACGCGTg-3" and cebpa-12 up, 5'-aattc ACGCGTAAAAAAATCCGA
TATCAACACTTGTATTCTCTTGAAATACAAGTGTTGATATCGGATg-3".
The oligonucleotides were anncaled and ligated with the RNAi-ready pSIREN-
RetroQ-zsGreen vector (Takara). Lowercase lelters indicate the site of restric-
tion enzyme,

Colony-forming assay. Bone marrow cells (4 X 10") were seeded on 3.5-cm
dishes and cultured for 7 days with Methocult (no. 3534; Stem Cell Tech-
nologies) containing SCF, IL-6 and IL-3 in the presence of 20 ngml™' M-CSF.
The numbers of GFP-positive cells were counted for colony-forming assays or
collected for real-time (q)PCR and western blotting.

Assessment of glucose, insulin and NEFA levels and glucose and insulin sens-
itivity in vivo. Serum insulin levels were determined by ELISA (Morinaga
Institute of Biological Science Inc.). Serum glucose, NEFA and cholesterol levels
were measured with enzymatic kits (WAKO Chemicals). Intraperitoneal glucose
tolerance tests were performed on 16h fasted mice injected intraperitoneally
with p-glucose (1.5mgg™" body weight). Serum glucose levels were measured
immediately before and 30, 60, 90 and 120 min after the p-glucose injection.
Intraperitoneal insulin tolerance tests were performed on 4 h fasted mice injected
intraperitoneally with insulin (1 mU g™' body weight). Serum glucose levels were
measured immediately before and 15, 30, 60 and 90 min after the insulin injection.
Lipolysis assay. In vivo lipolysis assays were performed on 4 h fasted mice. Blood
was collected from orbital veins, and the serum glycerol and NEFA concentrations
were measured,

Quantitative PCR analysis. Total RNA was isolated using Trizol (Invitrogen) and
subjected to reverse transcription with ReverTra Ace (Toyobo) according to the
manufacturer’s instructions. For quantitative PCR, cDNA [ragments were amp-
lified using real-time PCR Master Mix (Toyobo). Fluorescence from the TagMan
probe for each cylokine was detected using a 7500 Real-time PCR System (Applied
Biosystems). To determine the relative induction of each cylokine mRNA in res-
ponse lo various stimuli, the mRNA expression level of each gene was normalized to
the 185 rRNA expression level. The experiments were repeated at least twice.

Assay ID numbers are: Argl, Mm00475988_m1, Yml, Mm00657889_mH,
Fizzl, Mm00445109_m1, MR, Mm00485148_m1; Tribl, Mm00454875_ml;
Trib2, Mm0045 4876_ml; Trib3, Mm00454879_m1; Acaca, Mm01304277_m];
Fasn, Mm00662319_m1; Acsll, Mm00484217_ml; PParg, Mm01184322_m1;
Cebpa, Mm00514283_s1; Cebpb, Mm00843434_s1; Cebpd, MmO00786711_s1;
1110, Mm00439614_m1; Tnfa, Mm99999068_m1; l1n0s, Mm00440485_m1.
Immunoblot analysis. Bone marrow cells were collected-and red blood cells were
lysed using red blood cell lysis buffer (Invitrogen). Afler two washes with MACS
buffer, lineage-negative cells were collected by MACS sorting using anti-CD3,
anti-CD19, anti-B220, anti-Ter119, anti-Grl, anti-DX5, anti-Macl and anti-
CD11c MACS beads (Miltenyi Biotec). The lineage-negalive cells were lysed with
lysis buffer (20 mM Tris-HCl, pH7.5, 150 mM NaCl, 1 mM EDTA, 1% NP40)
containing Complete Protease Inhibitor Cocktail (Roche). The cell lysates were
separaled by standard SDS-PAGE and analysed by immunoblotting, Antibodies
against the following proteins were used: C/EBPa, C/EBP, C/EBPS, C/EBPe and
actin, The Luminata Forte Western HRP Substrate (Millipore) was used for the
development of posilive signals.

Flow cytometry. Cell suspensions were prepared by sieving and gentle pipetting,
After washing with ice-cold FACS buffer {0.5% BSA and 2mM EDTA in PBS,
pH 7.2), the cells were incubated with antibodies for 15 min and washed twice with
FACS buffer. Data were acquired using a FACSCalibur flow cylomeler (BD), and
analysed by FlowJo software (Tree Star).

Retroviral preparation. Retroviruses were produced using PlatE packaging cells
or transfected with various plasmids. Bone marrow cells were transduced with the
relroviral supernatants (supplemented with polybrene (Millipore)) twice, After
the second transduction, the cells were washed twice and re-suspended in RPMI
medium,

Magnetic resonance imaging (MRI). An 11.7 T MRI scanner (AVANCE-II 500
WB; Bruker BioSpin) was used lo acquire in vivo mouse images. Mice were
anaesthetized wilh 1.0-1.5% isoflurane during the MRI procedures, We used a
T,-weighted imaging sequence (RARE) with the following parameters: field of
view, 2.5 X 2.5 cm; malrix size, 256 X 256; slice thickness, 0.5 mmy; repetition time,
5,000 ms; echo time, 25.2 ms; average, 4; scan time, 5 min,

Histochemical analysis. Frozen 6-pm tissue sections were fixed in 4% para-
formaldehyde and blocked with 5% BSA (Invitrogen). For Perl’s Prussian blue
staining, tissues were fixed with 4% paraformaldehyde in phosphate buffer
(pH 7.0), embedded in paraffin and stained with Perl’s Prussian blue.
Generation of bone-marrow-transferred chimaeric mice. Bone marrow cells
were prepared [rom wild-type and Trib1 ™™ mice, and intravenously injected into
lethally irradiated CD45.1 C57BL/6 mice, wild-type and TribI™'" mice. The chi-
maeric mice were administered neomycin (Sigma) and polymyxin B (Sigma) in
their drinking water for 8 weeks, The mice were analysed for at least 12 weeks after
reconstitution. More than 90% of splenocytes from the chimaeric mice were
CD45.2".

Mouse SYF and MAF isolation. Epididymal fat pads from male mice fed a
normal or HFD were excised and minced in Krebs-Ringer-bicarbonate-HEPES
buffer (KRBH: 120 mM NaCl, 4 mM KH,PO,, 1 mM MgSO,, I mM CaCl,, 10 nM
NaHCO;, 30 mM HEPES, 20 uM adenosine (Sigma), 4% BSA). The tissues were
then digested with 1mgml™" collagenase type 11 (Sigma) in PBS at 37°C for
30min with gentle shaking and filtered through a 100-mm filter. In SVF pre-
parations, the digested cells were separated by centrifugation at 700g for 5min,
In MAF preparalions, the digested cells were separaled by centrifugation at 300g
for 5 min. The resulling cells were washed twice with KRBH buffer before use
in experiments.

Metabolic measurements, Serum insulin levels were determined by ELISA
(Morinaga Institute of Biological Science Inc.). Serum glucose, NEFA and choles-
terol levels were measured with enzymatic kits (WAKO Chemmicals). Intraperitoneal
glucose tolerance tests were performed on 16 h fasted mice injected intraperitone-
ally with p-glucose (1.5 mgg ™" body weight). Serum glucose levels were measured
immediately before administration and 30, 60, 90 and 120 min after the p-glucose
injection.

Lipolysis assay. In vivo lipolysis assays were performed on 4 h fasted mice. Blood
was collected from orbital veins, and the serum glycerol and NEFA concentrations
were measured. For ex vivo assays, adipocyles were isolated {rom epididymal pads
using collagenase, washed twice, re-suspended in Krebs-Ringer buffer at 5 % 10°
cellsml™" and incubated with shaking for the specified limes. The glycerol and
NEFA concentralions were measured in the supernatants.

Microarray analysis. Total RNA was isolated from wild-type and Tribl ™/~ GMP
and MDP using TRIzol RNA isolation kit (Invitrogen) and further purified using
an RNeasy kit (Qiagen). Biotinylated cDNA was synthesized {rom 100 ng total
RNA with the Ovation biotin RNA amplification and labelling systems (Nugen)
according to the manufacturer’s protocol. The product was purified using an
DyeEx 2.0 spin kit (QIAGEN), fragmented, and hybridized to Affymetrix mouse
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expression array A430 2.0 microarray chips, according to the manufacturer’s
protocol (Affymetrix). Staining, washing and scanning of Affymetrix mouse
Genome 430 2.0 microarray chips was done following the manufacturer’s instruc-
tions. Robust multichip average (RMA) expression values were calculated using R
and the Bioconductor affy package. For each probe the changes in expression
between wild-type and Tribl ™'~ samples were defined as the difference between

log, values for wild-type and TribI™'™ cells. Genes were assigned the values of
their corresponding probe(s). In cases where a gene was associated with multiple
probes the average value was taken.

Statistical analysis. The stalistical significance of differences between values was
calculated using the two-tailed Student’s f-test. Values of *P < 0.05, **P < 0.01
were considered to indicate statistical significance.
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role in atherosclerosis. However, the mechanisms that link TLR l|gatlon to vascular mﬂammatlon ‘and atherogenesns

remain’ unclear To ldentlfy which signalling pathways downstream of TLRs in immune cells are pro-atherogennc, we
c analysed the role of the: TLR—specnf’ c adaptors MyD88 adaptor-llke (MAL) TRIF-related adaptor molecule (TRAM) v

‘and TIR- domam contalnmg adaptor—mducmg interferon-p (TRlF 'n atherosclerosxs
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results

‘kUsmg a bone—m row transplantatlon strategy m‘co low-cle

: reduced influx of macrophages and T cells Furthermore, by studylng Tlr3 = chlmenc Ldlr™’

, ,tha’c deletmg TLR3 m |m une cells Slgnlf cantly reduced both aortlc |nﬂammat|on and atherosclerotlc burden

Conclusions

TRAM or TRIF inimmune cells is: sufficient to attenuate vessel inflammation and | prot o :t against herosclerosns In

addmon, these adaptors: ehctt partly different sets of inflammatory medlators and"‘can lndepen‘dently inhibit the
disease process. Fur’chermore. we ldentlfy TLR3 as a pro- atherogemc receptor in aematopoietic lmmune cells :
better under« k

The identification of these pro -ather: ogenic pathways downstream of TLR3 and TLR4
nesis of atherosclerosus

Atherosclerosus ) TRAM ° TRIFJ iT LR3 ° Vascular mﬂammatlon

1. Introduction

Membel s of the Toll-llke receptor (TLR) famlly initiate innate immune responses and Were recently shown to play a

") mice, we;
o could speaﬂcally study the absence of the TLR adaptors in immune ce Is, We showed that haem top 'etlc deflcsency G
.of TRAM and TRIF but not MAL reduces atheroscleros:s wutho,t affectmg choleste ol met olism. This was .~
mediated by decreased aortlc mﬂammatlon, indicated by lower aortic levels of pro- mflammatory med|ators, and :
7 mlce. we found

; ,By studymg hypercholesterolaem c mice thh defects in TLR—5|gnallmg adaptors, we demonstrated that deletmg elther e

Atherosclerosis is a chronic inflammatory disorder in which metabolic
and immune components interact to initiate and propagate arterial
lesions.” Immune cells derived from haematopoietic cells in the
bone marrow have been identified as key players in driving the
disease process. Retention and modification of lipoproteins in the
vessel wall lead to attraction of monocytes that eventually differenti-
ate into macrophages. Macrophages are the major immune cells in the
lesion and they produce pro-inflammatory cytokines, participate in

lipid uptake, and express pattern-recognition receptors, including
Toll-like receptors (TLRs) that connect the innate and adaptive
immune response during atherosclerosis. TLRs are important for
the detection of both pathogenic infections and endogenous danger
signals and several lines of evidence have identified them as initiators
of inflammation in the lipid-laden artery wall> We have detected
several TLRs on activated cells in human atherosclerotic plaques’
and experimental studies have shown pro atherogenic effects of
TLR2 and TLR4 in hyperlipidaemic mice.** However, the pathways
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that link TLRs to pro-atherogenic effectors pathways in immune cells
remain poorly characterized.

TLR signalling is controlled by four cytoplasmic receptor adaptors
(as reviewed in Akira et al®); myeloid differentiation factor 88
(MyD88), MyD88 adaptor-like (MAL), TRIF-related adaptor molecule
(TRAM), and TIR-domain-containing adaptor-inducing interferon-
(TRIF) (Figure 1). MyD88 mediates signalling from the IL-1/IL-18

receptors and all TLRs except TLR3, whereas MAL facilitates the

interaction between MyD88 and the TLR2 and TLR4 receptors. To-
gether, MyD88 and MAL initiate a common pathway that activates
nuclear factor (NF)kB. In contrast, TRIF mediates signalling from
TLR3 and TLR4, while TRAM operates as a bridging adaptor
between TRIF and TLR4. The TRIF- and TRAM-dependent pathways
result in activation of both the transcription factor interferon regula-
tory factor (IRF)-3 and the alternate pathway to NFkB.

Since immune cells within the lesion express many TLRs, it is too
simplistic to portray one specific TLR as the sole receptor triggering
inflammation during atherogenesis. More likely is a combined involve-
ment of several TLRs in disease development. It is therefore import-
ant to determine whether a common pathway downstream of these
TLRs is essential for driving lesion inflammation. The role of MyD88
has been investigated and hyperlipidaemic mice deficient in this
adaptor protein are protected against disease development.”®
However, this could be a consequence of the crucial role of
MyD88 in transducing signals from the receptors for IL-1 and IL-18,
two well-known pro-atherogenic stimuli.

In the present study, we investigated the TLR-specific adaptor pro-
teins MAL, TRAM, and TRIF in atherosclerosis in low-density lipopro-
tein receptor (LDLR)-deficient mice. By using a bone-marrow
transplantation strategy, we could specifically study the absence of
the TLR adaptors in immune cells. We demonstrate that MAL,

Infection / injury / ischaemia
TLR2 Other TLRs IL-1R/IL-18R

TLR3 TLR4

/ \F:ll
Transcription of promﬂammatory mediators

Figure l TLR s»gnallmg pathways TLRs activate common and'
unique: transcription’ factors, mc(udmg nuclear factor (NF)KB “and
: mterferon ,regulatmg fact r.3 (IRF 3 'Stlmulatlon WIth

o (TRlF) dependent s;gnalhng pathway, which’ mduce

““IRF-3, ‘The adaptors MyD88 adaptor-llke (MAL) TRIF-related~"

: adaptor molecule: (TRAM) are lmpon:ant for recruntmg MyD88 and
TRIF to the TLR2 and TLR4 receptors. TLR4, TLR2, IL-1, IL-18,
“and MyD88 have all been found to medlate pro-atherosclerotlc :
effects : y : o
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which controls the signals from TLR2 and TLR4, has a redundant
role in disease development. In contrast, TRAM and TRIF that regulate
the signalling downstream of the TLR4 and TLR3 receptors were both
found to be pro-atherogenic and that these two adaptors regulate
lesion inflammation and atherogenesis through separate mechanisms.
In addition, we identify TLR3 as a pro-atherogenic receptor in haem-

" atopoietic immune cells. Overall, our data indicate that signalling

through the TRIF and TRAM pathways downstream of TLR3 and
TLR4 in bone-marrow cells promote the development of
atherosclerosis.

2. Materials and methods

2.1 Animals

LDLR-deficient mice were from Jackson Laboratory. MAL, TRAM, and
TRIF-deficient mice were generated in the Akira laboratory (Department
of Host Defense, Osaka University, Japan). TLR3 mice were kindly pro-
vided by Prof. Richard Flavell (Yale University, USA) and Dr Claudia
Monaco (Imperial College, UK). The mice were weaned at 4 weeks, and
all procedures were approved by the Stockholm North Committee
for Experimental Animal Ethics. The investigations conform with the
Directive 2010/63/EU of the European Parliament.

2.2 Bone-marrow transfer

Bone-marrow transfer (BMT) was performed on female Ldlr™'~ -recipient
mice that were irradiated with two doses of 700 rad, 3 h apart. Donor
mice were euthanized with CO; and bone-marrow cells were isolated
from the femur and tibia. BMT was performed on the recipients in the
absence of anaesthesia through iv. injection in the tail vein of 5 x 10°
bone-marrow cells per recipient in 50-100 pl. Matched recipients
(6—9 weeks old for each study) were randomly assigned to receive
bone marrow from Mal™", Tram™'~, Trif /=, Ttr'3™"" or corresponding
C57Bi/6 control female donor mice (6—9 weeks for each study) (n=
7-11 recipients/group) in four separate experiments. Transplanted mice
were left to recover for 6 weeks, and following feeding of atherogenic
diet (1.25% cholesterol, 0% cholate) (D12108, Research Diets, USA)
for 7—8 weeks, mice were terminated within 7 days in matched sets
from both experimental and control groups.

2.3 Tissue preparation

Mice were euthanized by CO,, blood was saved for serum analysis, and
organs were dissected after vascular perfusion. The aorta was cut
between the heart and innominate artery and the heart frozen and cryo-
sectioned. The aorta down to the bifurcation was dissected, carefully
removing the adventitia, and snap-frozen for RNA isolation.

2.4 Lesion analysis and immunohistochemistry

Lesion analysis was performed as described.” Briefly, 10 um sections,
collected at 100 pm intervals from 200-um distance after aortic valve
appearance, were fixed (4% formaldehyde) and analysed after oil red-O
staining. Images were captured with a Leica DM-LB2 microscope (Leica,
Germany) with a x20/0.9 objective and a Leica DC300 camera. Lesion
surface areas and the circumference of the vessel were measured and
lesion size was calculated using Leica QWin software. For each mouse,
a mean lesion area was calculated from seven sections. Primary rat
anti-mouse antibodies to CDé8 (BD Bioscience) were applied to
acetone-fixed cryosections followed by detection with the ABC alkaline
phosphatase kit (Vector Laboratories, USA) and analysed using Leica
QWin software.
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2.5 Cholesterol measurements, lipoprotein
lipid profiles and oxLDL measurements

Total serum cholesterol was determined using enzymatic colorimetric kit
according to the manufacturers’ instructions (Randox Lab. Ltd, UK).
Serum cholesterol lipoprotein profiles were determined using UFLC
chromatography further described in Supplementary material, Methods.
OxLDL serum levels were measured using ELISA (antibodies-online.
com) using the manufacturer's’ instructions. For oxLDL uptake, cells iso-
lated by peritoneal PBS lavage were stimulated and uptake of FITC-oxLDL
was measured as further described in Supplementary material, Methods.

2.6 RNA isolation, cDNA synthesis,
and real-time PCR analysis

Aortic RNA, prepared using the RNeasy Lipid Mini kit (Qiagen, Germany)
and analysed by BioAnalyzer (Agilent Technologies, Germany), were
reverse transcribed with Superscript-ll (Invitrogen), random hexanucleo-
tide primers (pdN6), and RNasin (Life Technologies, France). cDNA
was amplified by real-time PCR using primers and probes (Applied Biosys-
tems, USA) for selected genes and the housekeeping gene hypoxanthine
guanidine ribonucleosyltransferase (Hprt) in an ABI 7900HT Sequence
Detector (Applied Biosystems). Specific mRNA was expressed as
arbitrary units calculated as described previously.'®

2.7 In vivo stimulation and cytokine
measurement

Trif == Tram™'", or control mice were injected with 50 ng LPS (Sero-
type O111:B4 S-form TLRgrade™, Enzo Life Science) i.p. Blood samples
(50 pL) were colle ‘the tail prior to and 3 and 6 h post LPS
injection, and plasma were analysed for cytokines using the Cytokine
Bead Array (CBA) detection kit (BD Biosciences, Sweden) or ELISA
(R&D Systems, Inc., USA) according to manufacturer's instructions. For
CBA, the mean fluorescence intensity (MFI) was measured by a
CyanADP flow cytometer (Beckman Coulter, USA) and analysed by
FCAP Array™ software (Soft Flow, Inc., USA). The MFI each cytokine
was subsequently converted to picograms per millilitre based on MF|
values from standards.

2.8 Statistical analysis

Results are expressed as mean + SEM. The Mann—Whitney U test was
used for pairwise comparisons and two-way ANOVA with Bonferroni
post-test was used to compare differences between groups in lesion
size plotted as distances from aortic root and lipoprotein lipid profile.
Differences between groups were considered significant at P << 0.05.

3. Results

3.1 Haematopoietic deficiency of MAL fails
to inhibit atherosclerotic development
and lesion inflammation

To study the adaptor MAL in haematopoietic immune cells, which
controls signalling from the two pro-atherogenic receptor TLR2 and
TLR4, bone-marrow cells from Mal™'~ or control mice were trans-
planted into Ldlr™/'~-recipient mice and fed atherogenic diet to
induce lesion formation. The resulting fibrofatty lesions in the aortic
sinus did not differ in size between Mal™’'~
trols (Figure 2A-C). In addition, no significant changes in either
weight, total serum cholesterol (see Supplementary material online,
Table S1), cholesterol levels in chylomicrons (CR)/VLDL, LDL and
HDL (see Supplementary material online, Figure S1A), or serum
levels of oxLDL (see Supplementary material online, Figure S2A)

chimeric mice and con-

571

could be observed. Immunohistochemical characterization of the
lesions showed similar levels of macrophages independent of MAL ex-
pression (Figure 2D). Furthermore, aortic expression levels of the key
inflammatory cytokines TNF, IL-6, and IFNvy were unchanged between
MAL-deficient Ldlr™'~ chimeric mice and controls (Figure 2E—~G),.

3.2 Disrupted TLR signalling through TRIF
and TRAM leads to reduced atherosclerotic
burden and decreased macrophage
infiltration

Having established that MAL does not play a prominent role in
atherogenesis, we investigated the two other TLR-specific adaptors,
TRIF and TRAM. We observed that haematopoietic deficiency of
either of these two TLR adaptors significantly reduced sinus lesion
size compared with control Ldlr™/~ mice that have intact TLR signal-
ling (Figure 3A and B). Analysis of lesions in the aortic sinus revealed a
decrease of 32.6% in Tram™'~ chimeric Ldlr™’~ mice, whereas TRIF
deficiency led to an even greater reduction of 40.1% in lesion size
compared with controls. Lesion size was uniformly reduced in cross
sections throughout the entire aortic sinus in both Tram™~ and
Trif '~ mice (Figure 3C). This effect was accompanied by a lower
level of macrophage infiltration in both TRIF- and TRAM-deficient chi-
meric Ldlr™'™ mice as examined by immunostaining of aortic root
lesions (Figure 3D). No significant differences in weight, total serum
cholesterol (see Supplementary material online, Table $7), cholesterol
levels in CR/VLDL, LDL, or HDL (see Supplementary material online,
Figure S1B and C), or circulating levels of oxLDL (see Supplementary
material online, Figure S2B and C) were detected.

3.3 Differential involvement of TRAM
and TRIF in controlling aortic expression
of pro-inflammatory mediators and
recruitment of macrophages and T cells

To determine whether disrupted TRAM and TRIF signalling in
immune cells affected vessel inflammation, we evaluated the aortic ex-
pression levels from the adaptor-deficient chimeric Ldlr™'~
their controls (Figure 4). mRNA expression of the Th1-associated
cytokine IFNvy and the pro-inflammatory TNF and IL-6 were all signifi-
cantly decreased in the aorta of mice with Trif /~ haematopoietic
cells (Figure 4A). In contrast, lack of TRAM reduced only expression
of IL-6 in the aorta (Figure 4A).

We further analysed whether reduction of atherosclerosis was ac-
companied by changes in cellular composition in the aorta. Aortic in-
filtration of macrophages as assessed by CD68 expression was
significantly lower in Tram™ ™ and Trif '~ mice (Figure 4B), whereas
the levels of the T-cell-specific CD3 transcript were affected only
TRIF-deficient chimaeras (Figure 4B). These adaptor-specific effects
were also reflected in the local production of chemokines that can
attract both macrophages and activated T cells. mRNA levels of
CCL2, a key chemokine that can regulate migration of monocytes/
macrophages, were significantly reduced in both Tram™'~ and
Trif '~ mice (Figure 4C). In contrast, the expression of the chemokines
CCL5 and CXCL10 that can recruit both macrophages and activated
T cells during atherosclerosis’ ' were abrogated only in TRIF-deficient
mice (Figure 4C). TRAM is commonly believed to function exclusively
in combination with TRIF; however, our data suggest that TRAM and
TRIF have independent roles in initiating aortic inflammation.
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We assessed whether TRIF or TRAM deficiency could affect
mediators of antigen presentation in the atherosclerotic aorta.
mRNA expression of the important co-stimulatory B7.2 (CD86) mol-

ecule that ligates CD28 on the T cells and the Th1 polarizing cytokine’

IL-12 were both reduced in the aorta of mice with TRIF deficiency,
whereas impaired TRAM-signalling had no effect (Figure 4D).

Next, the effect of TRIF and TRAM deficiency on the oxLDL
uptake by macrophages was studied. No significant differences
could be observed in the uptake of FITC-labelled oxLDL by
peritoneal macrophages from Tram™'™ and Trif '~ mice when
compared with controls (see Supplementary material online,
Figure S3A). Moreover, aortic expression of the cholesterol efflux
transporter, ATP-binding cassette transporter A (ABCA)-1,
were unchanged between Tram™ ™ and Trif '™ chimeric Ldlr™'~
mice and their controls (see Supplementary material online,
Figure $3B).

3.4 TRAM and TRIF regulate inflammatory
gene expression in a stimulus-dependent
manner

Having established that the TLR-pathways mediated by TRAM and
TRIF are both pro-atherogenic, we next aimed to address the basis
for their different activation patterns. The contributing roles
between TRIF and TRAM in TLR4 signalling have not been directly
compared, thus the dissimilarities could be the results of the adaptors
activating different pathways downstream of TLR4. We tested this by
injecting LPS in control, Trif ™, or Tram™'~ mice to determine the
relative involvement of the two adaptors in TLR4-induced cytokine
production. As expected, in the control mice, circulating levels of
TNF and IL-12 peaked at 3 h post LPS injection and were declining
at 6 h (Figure 5A and B). While these two cytokines could also be
detected in plasma of both TRIF and TRAM-deficient mice, the
levels were markedly reduced at 3 h and almost absent at 6 h post
LPS stimulation. In contrast, secretion of IFNvy was similar in all
mice at 3 h whereas both TRIF and TRAM deficiency caused a reduc-
tion at 6 h (Figure 5C), indicating that only the late phase of IFNy
secretion depends on the TRIF and TRAM pathways. Both adaptors
were able to block the LPS-induced secretion of the chemokines,
CCL2, CXCL10, and CCL5 (Figure 5D~F), to a similar extent.
Taken together, both TRIF and TRAM were equally able to inhibit
LPS-induced responses in vivo in a non-compensatory manner, in
contrast to the results obtained in the atherosclerotic model.

3.5 TLR3 deficiency in haematopoietic
cells protects against atherosclerosis

in Ldlr ™'~ mice

While both adaptors are utilized by TLR4, TRIF is the only adaptor
employed by TLR3. Therefore, TRIF deficiency might block both
TLR4 and TLR3, while the absence of TRAM would only block
TLR4, a possible explanation for the observed differences. Using
BMT from Tr3™™ donors into Ldlr™'™ recipients, we observed that
haematopoietic deficiency of TLR3 significantly reduced the lesion
size in the aortic sinus by 43.9% (Figure 6A and B). The lesions were
uniformly reduced in cross sections of the aortic sinus in the
TLR3-deficient Ldlr ™'~ mice (Figure 6C). In addition, aortic transcript
levels of the macrophage and T-cell markers CD68 and CD3 were
decreased (Figure 6D and E), as well as mRNA for the
pro-inflammatory cytokines, TNF and IFNy (Figure 6F and G). There
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was no significant change in either weight, total serum cholesterol
(see Supplementary material online, Table $2), cholesterol levels in
CR/VLDL, LDL, and HDL (see Supplementary material online,
Figure S1C), or serum levels of oxLDL (see Supplementary material
online, Figure S2C) observed when compared with controls.

4. Discussion

Atherosclerotic lesions are characterized by cell death and accumula-
tion of lipids, likely generating a co-ordinated response from several
TLRs. This stimulation initiates both common and unique signalling
pathways, which decide the pattern of gene expression elicited, and
the recruitment and activation of immune cells. It is therefore import-
ant to identify the TLR adaptor proteins causing increased inflamma-
tion in the plaque.

Our data show that signalling through TRAM and TRIF, but not
MAL, adaptors in haematopoietic immune cells are pro-atherogenic
in hyperlipidaemic Ldlr '~ mice. This was not due to altered serum
cholesterol, or changes in levels of CR/VLDL, LDL, HDL, but asso-
ciated with reduced vascular inflammation. Bone-marrow chimaeras
of Trif '™ and Tram™'™ displayed reduced levels of macrophages
and CCL2 in the lesions. CCL2 and CCL5, strikingly impaired only
in Trif '~ chimeric mice, are both involved in recruitment of macro-
phages. This suggests that TRIF- and TRAM-dependent signalling in
haematopoietic immune cells increases atherosclerosis by promoting
recruitment of macrophages to the plaque.

Trif '~ and Tram ™'~ chimeric mice also displayed decreased aortic
expression of pro-inflammatory cytokines. Interestingly, TRAM
appeared to regulate a distinct signalling pathway. While TRIF defi-
ciency reduced both TNF and IL-6, mice lacking TRAM only had
lower IL-6 levels. Furthermore, Trf '~ chimeric mice had reduced
mRNA levels for the T-cell-specific CD3 marker, probably a conse-
quence of the diminished levels CCL5 and CXCL10 in the TRIF-
deficient mice. These chemokines are involved in T-cell recruitment
and mice deficient in CXCL10 or the CCL5 receptor CCRS have
impaired T-cell accumulation and reduced atherosclerosis.'>"

The Th1 subtype is the dominating T-cell population in the athero-
sclerotic plaque and can aggravate atherosclerosis in part through se-
cretion of {FNy. This Th1 cytokine pattern is predominantly induced
by IL-12, which also contributes to the development of atheroscler-
osis. In our study, both IFNvy and IL-12 production was reduced in
the Trif '~ mice paralleled by reduced aortic expression of CD86,
a critical co-stimulatory molecule in the initiation of adaptive immun-
ity. Mice lacking TRIF in haematopoietic immune cells displayed a
more pronounced reduction of atherosclerosis which might be
explained by the impaired recruitment and Th1 effector function of
T cells in the lesion. In support of this, the TRIF pathway was recently
shown to be critical for effector T-cell accumulation into non-
lymphoid tissues following an induced immune response.™

In contrast to TRIF and TRAM, chimeric MAL-deficient mice
showed no significant inhibition of any parameter measured in this
study. Thus, our findings argue against a pro-atherogenic role for
MAL signalling in haematopoietic immune cells, although a compensa-
tory effect by MyD88, or the other adaptors, cannot be excluded in
the absence of MAL. However, the discrepancy between MAL in
comparison with TRIF and TRAM suggests that activation of the tran-
scription factor IRF3, which is induced by TRIF and TRAM, is needed
to mediate a more important pro-atherogenic signal. MAL which does
not lead to IRF-3 activation would therefore not provide this signal.
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This would be in line with the recent finding that type | IFNs that are
induced by IRF3 promote atherosclerosis by stimulating macrophage
recruitment to lesions."

Our finding that TRIF signalling in haematopoietic immune cells
drives this disease is supported by a recent report published during
the preparation of this manuscript, showing that a global deficiency
of the Lps2 mutation in TRIF was atheroprotective in Ldlr™' ™ mice.
We take this further by showing that a specific deletion of TRIF in
bone-marrow immune cells is sufficient to inhibit atherogenesis. In
addition, we demonstrate that haematopoetically expressed TRAM
has an independent role in the disease process and blocking this
protein is enough to inhibit the disease process.

The mechanism behind the differences between TRIF- and TRAM-
deficient mice is unclear. TRIF and TRAM are proposed to cooperate
in the induction of downstream signalling from TLR4.'® However,
since TRAM has not been extensively studied, it cannot be excluded
that it has a function separate from TRIF downstream of TLR4, there-
fore we cannot rule out that an athero-specific TLR4 ligand could se-
lectively signal through only one adaptor. Recent evidence indicates
that certain TLR4 ligands can specifically initiate only TRIF-selective
signalling,”” and in the context of atherosclerosis stimulation by the
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two TLR4 ligands, LPS and minimally modified LDL result in differ-
ences in cell activation.' It is unclear which TLR ligands are driving
the disease in our study, however, using the prototypic TLR4 ligand
LPS, we show that TRIF and TRAM are equally important for the se-
cretion of pro-inflammatory cytokines and chemokines in vivo. This
indicates that in the case of LPS they regulate the same pathway
downstream of TLR4 and do not compensate for each other.

Alternatively, the differences between the two adaptors might be
caused by activation of different TLR receptors in the lesion, where
TRIF deletion would affect both TLR4 and TLR3 receptors, while
absence of TRAM would only inhibit TLR4. TRIF is the sole adaptor
utilized by the TLR3 receptor and, to further investigate this
pathway, we analysed the role of TLR3 in experimental atheroscler-
osis. Similar to mice lacking TRIF, TLR3-deficient chimeric Ldr'~
mice exhibited reduced atherosclerotic burden. Furthermore, the
aortic levels of the macrophage and T-cell markers were inhibited
along with the cytokines TNF and IFN'y, indicating a lower level of
aortic inflammation. These results match the findings observed in
the TRIF-deficient mice and suggest that TRIF mediates its
pro-atherogenic role downstream of TLR3 in haematopoietic
immune cells.
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The TLR3-activating ligands in the atherosclerotic lesion remain to
be identified. TLR3 is triggered by stimulation with dsRNA and
reported to be an endogenous sensor of tissue necrosis,'® probably
through the detection of host-derived RNA from necrotic cells.*®
The presence of cell death material in the necrotic core makes this
a plausible way for TLR3 activation within the lesion. However,
even though there were signs of activity within the lesion in our
chimeric TIr3™'~ mice, one cannot exclude a systemic effect.

Our study identifies TLR3 signalling in cells of the haematopoietic
compartment as atherogenic. Both macrophages and dendritic cells
express high levels of TLR3 and could be activated through
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stimulation via the receptor. Furthermore, TLR3 is expressed on
certain T-cell subsets but cannot alone induce T-cell activation.
Instead, TLR3 ligation can mediate co-stimulation with TCR in
human v8 T cells®’ and to a small extent in ap T cells. Given
that y8 T cells play only a minor role in the plaque,® TLR3-induced
¥8 T-cell stimulation probably does not impact on the results in
this study. However, based on our experimental set up, we cannot
rule out a co-stimulatory effect on T cells.

Conflicting data regarding the role of TLR3 in atherosclerosis were
recently reported.** "% Whole-body knockout of TLR3 in Apoe™~
mice exhibit increased atherosclerosis at early stages whereas this
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effect was lost at more advanced stages of the disease.*® In addition,
similar results were reported during the preparation of this manuscript
in compound mutant mice lacking Ldlr and Tir3. % In contrast to these
findings and in line with our results, Zimmer et al. show that athero-
sclerotic plaque development is increased by TLR3 stimulation in
Apoe™'™ mice, suggesting a pro-atherogenic role for TLR3.*® It is
likely that TLR3 exerts different responses depending whether the
cell is of haematopoietic origin or not, similar to TLR2. This would
also be in agreement with our previous report showing that human
haematopoietic cells react differently to TLR3 ligands than non-
haematopoietic cells.?” In addition, our finding of a pro-atherogenic
role for bone-marrow-derived TLR3 is in line with the effects of its
adaptor TRIF in haematopoietic cells, and also with several cell
culture studies showing pro-atherogenic effects of TLR3 ligation on
such cells, including impaired cholesterol efflux, increased inflamma-
tion, and enhanced protease secretion.??~3°

In summary, our results demonstrate that haematopoietic abroga-
tion of the TLR-signalling pathways involving TLR3, TRIF, and TRAM
reduces vascular inflammation and inhibits the development of
atherosclerosis. These TLR-signalling pathways elicit partly different
sets of pro-atherogenic mediators, and can independently inhibit the
disease process. The identification of these pro-atherogenic pathways
contributes to our understanding of the innate mechanisms at play
during atherogenesis and points to TLR signal transduction in
haematopoietic immune cells as a possible therapeutic target in
atherosclerotic cardiovascular disease.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Fatal Shock

Naganori Kamiyama'>**%, Masahiro Yamamoto'*****?, Hiroyuki Saiga'?, Ji Su Ma'>>*,
Jun Ohshima'?34, Sakaaki Machimura®*>%, Miwa Sasai**, Taishi Kimura'?, Yoshiyasu Ueda'?,
Hisako Kayama'?>®, Kiyoshi Takeda’*>*

1 Department of Microbiology and Immunology, Graduate School of Medicine, Osaka University, Suita, Osaka, Japan, 2 Llaboratory of Mucosal Immunology, WPI
Immunology Frontier Research Center, Osaka University, Suita, Osaka, Japan, 3 Laboratory of Immunoparasitology, WPl Immunology Frontier Research Center, Osaka
University, Suita, Osaka, Japan, 4 Department of Immunoparasitology, Research Institute for Microbial Diseases, Osaka University, Suita, Osaka, Japan, 5 Core Research for
Evolutional Science and Technology, Japan Science and Technology Agency, Kawaguchi, Saitama, Japan

Abstract

Although the pyrazolone derivative sulpyrine is widely used as an antipyretic analgesic drug, side effects, including fatal
shock, have been reported. However, the molecular mechanism underlying such a severe side effect is largely unclear. Here,
we report that the transcription factor CREBH that is highly expressed in the liver plays an important role in fatal shock
induced by sulpyrine in mice. CREBH-deficient mice were resistant to experimental fatal sulpyrine shock. We found that
sulpyrine-induced expression of cytochrome P450 2B (CYP2B) family genes, which are involved in sulpyrine metabolism, in
the liver was severely impaired in CREBH-deficient mice. Moreover, introduction of CYP2B in CREBH-deficient liver restored
susceptibility to sulpyrine. Furthermore, ectopic expression of CREBH up-regulated CYP2B10 promoter activity, and in vivo
knockdown of CREBH in wild-type mice conferred a significant resistance to fatal sulpyrine shock. These data demonstrate
that CREBH is a positive regulator of CYP2B in response to sulpyrine administration, which possibly results in fatal shock.
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Introduction induces transcription of UPR-related genes that promole protein
folding and degradation.

Although the three major UPR systems are shown to function
ubiquitously, recent studics indicate that tissuc-specific UPR
systems involving the ATT6a family proteins play fundamental
roles in the local homeostasis. OASIS (also known as cyclic AMP
response clement=binding protein 3 like protein 1; Creb3l1) or
BBI2H7 (Creb312) arc important for the bone formation [6,7].
CRIEB4 (Greb3H4) is specifically expressed in testis and essential for
the testicular spermatogenesis [8]. GREBH (Creb313) is also an
ATF6-family member that is highly expressed in the liver and
intestine [9-11]. To date, CREBH has been reported to mediate
ER stress-dependent induction of acute-phase proteins in the liver,
control of iron homeostasis by regulating the induction of
hepcidin, and mediation of hepatic gluconcogenesis under a
starvation condition [12—14].

Endoplasmic reticulum (ER) is a cytoplasmic organclle, which
plays an important role in folding and assembly of newly
synthesized proteins [1]. Accumulation of misfolded or unfolded
proteins in ER induces ER stress and results in refolding or
degradation of the proteins, which is termed unfolded protein
response (UPR). The UPR has been shown to involve three major
pathways dependent on ATFGa, IRE1a/B-XBP1, or PERK [2].
IREle. and IREIB are ER-localizing endonucleases, which
catalyze the splicing of the XBPI mRNA resulting in the frame
shift and production of the active form of XBP1 inducing various
proteins involved in UPR [3]. PERK is a kinasc that phosphor-
ylates ¢II2a, leading to translational inhibition to reduce global
protein loading [4]. The ATF6a-dependent pathway is regulated
by the transcription factor ATF6a, which is localized in ER in
unstimulated conditions [5]. In response to ER stress, ATF6o
moves from ER 1o the Golgi apparalus, where it is cleaved by site-
specific proteases, SIP and S2P, liberating the N-terminal basic
leucine zipper (b-ZIP) and the transcription activation domains to
the nucleus. The translocation of the N-terminus of ATFGo

The liver is a critical organ for detoxification of various drugs
[15]. Recently, IRE o is shown to be essential for protecting mice
from hepatotoxicity of an analgesic drug acctoaminophen (APAP)
[16]. XBPl-deficient mice displayed resistance to the APAP-
induced fatal side effect due to feedback hepatic activation of
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IREle, lcading to degradation of mRNA of cytochrome P450
genes such as CYPIA2 and CGYP2E1, those of which play critical
roles in oxidation of APAP to generate a major APAP metabolite
that causes the fatal side cffect. In addition, c-jun N-terminal
kinase, which is activated in response o ER stress, has recently
been identifiect as a critical determinant of the APAP-induced
fatality [17,18]. Thus, accumulating cvidence suggests a potential
link between hepatic ER stress and drug-induced fatality, however,
the fnction of an FR stress protein CREBH that is remarkably
expressed in the liver has not been studied so far in the context of
drug-resistance or -susceptibility.

In this study, we show that CREBH-deficient mice are highly
resistant to fatal shock induced by an antipyretic analgesic drug
sulpyrine, but not by APAP. The hepatic mRNA expression of the
CYP2B family members, which are important for the generation
ol sulpyrine metabolites, is severcly reduced in CREBH-delicient
mice. Morcover, ectopic expression of CREBH activates the
CYP2B promoter, and sulpyrine treatment results in hepatic FR
stress and  nuclear  tanslocation  of CREBH. Furthermore,
transient & wviwo suppression of CGREBH protects mice from
sulpyrine-induced  fatality. Thus, these results  indicate that
CREBH is critically involved in the sulpyrine-induced [atal shock
by regulating hepatic expression of CYP2B family members.

Results

CREBH-deficiency confers mice on resistance to

sulpyrine-induced shock

Becanse CREBH is remarkably expressed in the liver, we
investigated the potential role of CREBH in detoxification by
analysis of CREBH-deficient mice generated by gene targeting
(Figure S1). We first analysed resistance to the pyrazolone-derived
antipyretic analgesic  drug sulpyrine and the non-pyrazolone
antipyretic analgesic drug APAP in - GREBH-deficient  mice.
Although high-dose acctaminophen administration resulted in
comparable lethality, GREBH-deficient mice were resistant (o
sulpyrine (Figure TA). Next, the antipyretic effect of sulpyrine was
examined in wild-type and GREBH-deficient mice. The reduction
of body temperature in sulpyrine-administrated mice was more
gradual than that in wild-type mice (Figure 1B). Sulpyrine is non-
enzymatically hydrolysed to 4-methylaminoantipyrine (4-MAA).
Then, 4-MAA is further metabolized to 4-aminoantipyrine (4-AA)
and 4-formylaminoantipyrine (4-FAA) in the liver (Figure 52) | 19].
Therefore, sera were taken from sulpyrine-administrated mice just
prior to the death of a number of wild-type mice, and the blood
concentrations of 4-AA and 4-FAA were mcasured by a high-
performance liquid chromatography (HPLC) assay (Figure S3).
tompared with wild-type mice, sulpyrine-administrated CREBH-
deficient mice exhibited lower concentrations of 4-AA and 4-FAA
in their sera (Figure 1C). Given that 4-AA plays an important role
in the sulpyrine-mediated antipyretic eflect [20,21], the mild
antipyretic effect in GREBH-deficient mice is consistent with the
lower concentrations of 4-AA and 4-FAA.

CREBH increases serum level of the sulpyrine metabolite
4-AA

To determine which metabolite of sulpyrine was responsible for
fatal sulpyrine shock, we dircetly administrated 4-AA or 4-FAA to
wild-type mice. The relationship between the administration
volume of both metabolites and their concentrations in the sera
was analysed, and found to be directly proportional (Figure 2A).
Next, we calculated the administration volume of 4-AA and 4-
FAA by their concentrations in sera from wild-type and CREBH-
deficient mice administrated with 2.7 mg/g sulpyrine (Figures 1C
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and 2A). In wild-type mice, blood concentrations of 1150 ng/pul 4-
AA and 9.3 ng/pl 4-FAA corresponded to the administration
volumes of 1.16 mg/g and 0.0074 mg/g, respectively. In addition,
0.89 mg/g 4-AA and 0.0049 mg/g 4-FAA were calculated to he
administrated to CREBH-deficient mice (Iigure 2A). Then, wild-
typc mice were scparately challenged  with  the  calculated
administration volumes (Figure 2B). All mice administrated with
both 4-FAA concentrations survived. In contrast, although all mice
administrated with 0.89 mg/g 4-AA survived, those administrated
with 1.16 mg/g 4-AA succumbed. Next, we examined the survival
rate ol mice administrated with various concentrations ol both
metabolites. 4-AA required almost similar concentrations to those
in mice administrated with 2.7 mg/g sulpyrine. On the other
hand, the lethal dose of 4-FAA was much higher than the
calculated volume (Figure 2C). Together, these data suggest that
the blood concentration of 4-AA, but not 4-FAA, is well corrclated
with sulpyrine-incduced fatal shock, Furthermore, we administratec
1L mg/g 4-AA, in which 60% of mice did not survive, to wild-
type mice, and compared the time-dependent blood concentra-
tions of 4-AA in the scra between surviving and dead mice.
Gompared with surviving mice, dead mice showed higher blood
concentrations of 4-AA in their sera. Considering the survival rate
of both groups, almost 1000 ng/pl 4-AA in serum was the
threshold between survival and death (Figure S4A). To [urther
investigate the difference of sensitivity to 4-AA and 4-FAA
between wild-type and GREBH-dcelicient mice, we administrated
L1 mg/g 4-AA and 4-FAA to wild-type and CGREBH-deficient
mice. Conscauently, no difference was found in the sensitivity to 4-
AA and 4-FAA between wild-type and CREBH-dcficient mice
(Figure S4B). To confirm whether CREBH deficiency conferred
resistance to sulpyrine-induced fatal shock, we transfected human
CREBH expression vectors into GREBH-delicient mice @ vivo,
and tested whether reintroduction of GREBH expression restored
sulpyrine-induced  shock in - CREBH-deficient  mice.  Hepatic
expression of hCGREBH mRNA and protein was confirmed by
quantitative RT-PCR and immunohistochemical assays, respec-
tively (Figure SB5A and S5B). CGREBH-delicient mice with
introcduced hGREBH showed a signilicantly lower survival rate
than that of control mice (Figure 1D). Accordingly, blood
concentrations of 4-AA and 4-FAA in hCREBH-introduced mice
were markedly higher than those in control mice. In particular,
blood concentrations of 4-AA exceeded the lethal concentration
threshold (Figure 1E). Collectively, these data indicate that
CREBH plays an important vole in modulating the 4-AA
concentration in serum and fatal shock induced by sulpyrine
administration.

CREBH-deficient mice are impaired in sulpyrine-induced
expression of CYP2B family genes in the liver

Because CREBH is highly expressed in the liver, we performed
microarray analysis of hepatic samples [rom  wild-type and
CREBH-deficient mice to compare gene expression profiles in
response to sulpyrine. Out of 22690 transcripts, we first defined
genes  up-regulated by more than 2.5-fold  after sulpyrine
administration to wild-type mice as “sulpyrinc-inducible genes”
and identified 423 such genes. We next compared sulpyrine-
inducible genes in wild-type and CREBH-deficient mice after
sulpyrine administration, and found that 105, 287 and 31 gencs
were down-regulated, similarly expressed and up-regulated in
CREBH-deficient mice, respectively (Figure 3A and Table S1).
Microarray analysis also revealed that among the down-regulated
genes, expression of CYP2B [amily genes was severely impaired in
CREBH-deficient mice. CGYP2B family genes play a role in
sulpyrine mctabolism [22-24]. Thercfore, we tested whether

February 2013 | Volume 8 | Issue 2 | e55800



The Side Effect of Sulpyrine by CREBH

>

Sulpyrine Acetaminophen
100 100
;\; 80+ ;\B‘ 80+ —@— WT
2 60+ Q o4
& 60 ¢ & 60 e KO
T * ©
= 404 > 40+
> K-
: A
0 204 “ 204
0 L] 1) L ¥ 1 L) 1] 0 L] T [ ¥ ¥ L] ¥
036912 24 36 48 036912 24 36 48
(hour) (hout)
B , C 4-AA 4-FAA
(min) * 3k K
0 10 20 30 40 50 60 80 100120 140 = 1400 - = 147
=~ 0 z\ 2 2 L L L L 2 ‘ ' s ot =
O\ 2 1200 A 212
5 S 1000 - & 10 1
o IS B
= € 800 A g 8 1
© @ @
g € 600 - £ 6 A
g— 3 S
5 Q [&] i
L) o . . ke) .
1S3 m 20040 0O m 2440 o
m Z =z —
0 e 0 S L,
WT KO WT KO WT KO WT KO
Sulpyrine - - + +  Sulpyrine - - + %+
D E 4-AA 4-FAA
g W0 e =35 KK
-1
100 2 4 ]
& 2 1200 . 230 -
— 80 = . £ c
g A L _% 1000 % 25 %
o gp- AN £ 800 - £ 20
o @ ]
w 2 600 1 € 15 1
2 404 ~®- KO-hCREBH + 9 8
Z * © 400 A 3 10 1
0 20- - KO-empty 3 o
m 200 A o 5 A
S sesz 24 36 ) 0" ' ' 0- ' '
>
o & & & @
) OQ‘ 52 OQ‘
SERSS & o°
= +

Figure 1. CREBH-deficient mice are resistant to fatal sulpyrine shock. (A) Wild-type (n=15) and CREBH-deficient (n=15) mice were
intraperitoneally injected with 2.7 mg/g of sulpyrine (left). Wild-type (n=11) and CREBH-deficient (n= 10) mice were intraperitoneally injected with
0.7 mg/g of acetaminophen (right). Survival rates were monitored for 48 hr, respectively. (B) Wild-type (n=5) and CREBH-deficient (n=5) mice were
intraperitoneally injected with 2.7 mg/g of sulpyrine. Rectal temperature was measured at every 10 min for 140 min. (C) Wild-type (n=10) and
CREBH-deficient (n=10) mice were intraperitoneally injected with 2.7 mg/g of sulpyrine. Sera were taken at 2 hr 40 min after sulpyrine injection.
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Serum concentrations of 4-AA and 4-FAA were measured by a HPLC assay. N.D., not detected. **, P<0.01; ¥** P<<0.001. (D) CREBH-deficient mice
transfected with hCREBH expression vectors (n=8) or empty vectors (n=8) were intraperitoneally injected with 2.7 mg/g of sulpyrine. Survival rate
was monitored for 48 hr. (E) CREBH-deficient mice transfected with hCREBH expression vectors (n=3) or empty vectors (n = 3) were intraperitoneally
injected with 2.7 mg/g of sulpyrine. Sera were taken at 2 hr 40 min after sulpyrine injection. Serum concentrations of 4-AA and 4-FAA were measured
by a HPLC assay. ***, P<<0.001. Data are pooled from two (A, D) independent experiments or representative of three (C) and two (B, E) independent

experiments.
doi:10.1371/journal.pone.0055800.g001

CGYP2B family genes in the liver were induced in sulpyrine-
administered mice by northern blot analysis. Sulpyrine adminis-

tration to wild-type mice resulted in strong mRNA expression of

CYP2B family genes. On the other hand, sulpyrine-induced
expression was much lower in livers from sulpyrine-administrated
CREBH-dclicient mice (IFigure 3B), whercas no difference was
found in the expression of other cytochrome P450 family genes,
such as CYP2A4, CYP2C37 and CYP3A25, which are not
involved in sulpyrine mctabolism (Figure 3C). These results
suggest that sulpyrine shock in CREBH-deficient mice might be
suppressed due to the low expression of CYP2B family genes.
CGYP2B gene has been shown (o be induced by phenobarbital or
dexamethasone, which activates constitutive androstanc receptor
(CAR) or pregnane X reeeptor (PXR) respectively |25-29]. We
found robust induction of CYP2B family genes in the livers from
CREBH-delicient mice treated with phenobarbital or dexameth-
asone by quantitative RT-PCR assays (Figure 3D), suggesting that
GREBH is not involved in CAR-mediated or PXR-mediated
induction of GYP2B family genes. Furthermore, CREBH-dclicient
mice pre~treated with phenobarbital were sensitive (o sulpyrine
(Figure SE), indicating that hepalic expression of CYP2B genes
induced by phenobarbital may confer sensitivity to sulpyrine in
CREBH-deficient mice. To test this hypothesis directly, we
administered 2 human GYP2B6 expression vector 1o GREBH-
deficient mice i vioo. Quantitative RT-PCR and immunohisto-
chemical assays conlirmed hepatic expression of hGYP2B6 mRNA
and protein, respectively (Figure S6A and SGB). CREBH-deficient
mice with hCYP2B6 expression were more sensitive (o sulpyrine

than control mice (Figure 3F). Moreover, blood concentrations of

4-AA and 4-FAA in hCYP2B6-cxpressing mice were higher than
thosc in control mice (Figure 3G). Together, these results
demonstrated that the mechanism by which GREBH-deficient
mice exhibit resistance to sulpyrine is due to the lack of sulpyrine-
induced expression of GYP2B family genes in their livers.

CREBH activates the CYP2B10 promoter

To examine whether CREBH controlled the expression ol

GYP2B genes, we generated a lucilerase reporter  plasmid
harbouring the GYP2B10 promoter, and introduced the reporter
plasmid into Huh7 cells together with CREBH expression vectors
to measure the promoter activity by a luciferase assay. Overex-
pression of full-length GREBII activated the GYP2B10 promoter.
In addition, promoter activation by ectopic expression of GCREBH
lacking the C-terminus (CREBH-AC), a constitutively active form
of CREBH, was morc enhanced than that by full-length CREBH
(Figure 44A), indicating that CREBH positively regulates the
expression ol the GYP2B10 gene. Subsequently, to determine a
CREBH responsive region in the GYP2B10 promoter, reporter
plasmids harbouring various lengths of the CYP2B10 promoter
were constructed, and the promoter activities were measured by a
luciferase assay. Reporters containing 2650 or 1450 bp were both
activated. In contrast, reporters conlaining 1250 bp or less were
not activated, suggesting that the CREBH responsive region may
be located between —1450 and —1250 bp in the CYP2BIO
promoter (Figure 4B). In addition to CREBH, CAR positively
regulates  CGYP2B10 gene expression. The CAR-responsive
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clement, called the Nrl region, is located at —2350 bp (Figure
S7A) [30]. To analyse whether CAR was involved in CREBH-
dependent activation of the GYP2B10 promoter, we compared the
Ilnciferase activities of reporters containing and lacking Nrl in the
presence of CAR or GREBH. Activation of the Nrl-containing
reporter in the prescience of GAR was stronger than that lacking
Nrl. Gonversely, in the presence of CREBH, both reporters were
similarly activated (Figure S7B). Morcover, we isolated hepato-
cyles from wild-type and CREBH-deficient mice by perfusion,
introduced GYP2B10 promoter reporter plasmids containing Nrl
into the hepatocytes together with GAR expression vectors, and
then performed a luciferase assay. GAR-induced activation of the
CYP2B10 promoter was comparable between  wild-type and
CGREBH-deficient hepatocytes (Figure S7CGY. These results indi-
cated that CREBH and CAR may independently regulate hepatic
expression of the GYP2B10 gene, and may be consistent with the
results of phenobarbital-treated GREBH-deficient mice, in which
the CYP2B gene was induced in a CAR-dependent manner,
thereby conferring sensitivity to sulpyrine (Figure 3D and 315).

CREBH is activated by sulpyrine-induced ER stress

Previous studies have shown that GCREBH is activated in an ER
stress-clependent manner, and mediates the expression of genes
agsociated with the unfolded protein response [9,12,51]. To clarily
whether hepatic ER stress was induced by sulpyrine administra-
tion, we isolated hepatoeytes from wild-type  sulpyrine- and
tunicamycin-administrated mice, and then measured the expres-
sion of GUAAT/cenhancer binding protein homologous protcin
(GHOP) mRNA and the spliced form of X-box binding protein 1
(XBP1), indicator of ER stress, by a quantitative RT-PCR assay
[12]. Sulpyrine administration similarly induced the expression of
GHOP mRNA and splicing of XBP1 mRNA in response to
tunicamycin (Figure 4C). To test whether CREBH was cleaved
and its N-terminus was translocaled into the nucleus upon
stimulation with sulpyrine, we introduced CREBH expression
vectors into 2937 cells, and then analysed the cleavage and
localization of GREBH by western blot and immunolluorescence
assay, respectively, Notably, sulpyrine  treatment caused  the
cleavage of CREBH (Figure 5A) and nuclear translocation of
CREBH (Figure 5B). The extent ol sulpyrine-induced nuclear
localization of CREBH was similar to that by tunicamycin, while
CGREBH-AC was steadily localized in the nucleus without
stimulation (Figure 5C). Taken together, these results indicate
that sulpyrine administration possibly induces ER stress in the liver
and results in activation of CREBH, leading to expression ol the
CYP2B10 gene.

i

The CREBH-knockdown mice exhibit resistance to fatal
sulpyrine shock

Despite the strong antipyrctic cflect, fatal shock induced by
sulpyrine i so clinically problematic that use of this drug is
restricted and even prohibited in several countries [32]. Therefore,
fatality should be precluded in advance for the safe usage ol
sulpyrine. We attempted to prevent sulpyrine shock by transient
reduction of GREBH in wild-type mice. TFirst, we sclected an
cilicient RNAi vector against CREBH i wit (Figure S8),
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