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The Journal of Immunology

4E-BP–Dependent Translational Control of Irf8 Mediates
Adipose Tissue Macrophage Inflammatory Response

Dana Pearl,*,†,1 Sakie Katsumura,‡,x,1 Mehdi Amiri,*,† Negar Tabatabaei,{

Xu Zhang,*,† Valerie Vinette,*,† Xinhe Pang,{ Shawn T. Beug,‖,# Sung-Hoon Kim,*,†

Laura M. Jones,*,† Nathaniel Robichaud,*,† Sang-Ging Ong,{,** Jian-Jun Jia,‖,#

Hamza Ali,‖,# Michel L. Tremblay,*,† Maritza Jaramillo,†† Tommy Alain,‖,#

Masahiro Morita,‡,x,‡‡ Nahum Sonenberg,*,† and Soroush Tahmasebi{

Deregulation of mRNA translation engenders many human disorders, including obesity, neurodegenerative diseases, and cancer,

and is associated with pathogen infections. The role of eIF4E-dependent translational control in macrophage inflammatory

responses in vivo is largely unexplored. In this study, we investigated the involvement of the translation inhibitors

eIF4E-binding proteins (4E-BPs) in the regulation of macrophage inflammatory responses in vitro and in vivo. We show that

the lack of 4E-BPs exacerbates inflammatory polarization of bone marrow–derived macrophages and that 4E-BP–null adipose

tissue macrophages display enhanced inflammatory gene expression following exposure to a high-fat diet (HFD). The exaggerated

inflammatory response in HFD-fed 4E-BP–null mice coincides with significantly higher weight gain, higher Irf8 mRNA transla-

tion, and increased expression of IRF8 in adipose tissue compared with wild-type mice. Thus, 4E-BP–dependent translational

control limits, in part, the proinflammatory response during HFD. These data underscore the activity of the 4E-BP–IRF8 axis as a

paramount regulatory mechanism of proinflammatory responses in adipose tissue macrophages. The Journal of Immunology,

2020, 204: 2392–2400.

T
heplastic nature of adaptive and innate immune responses
relies on a rapid readjustment of gene expression (1).
mRNA translational control allows for swift changes in

the proteome, which is required for a prompt immune response,
and precedes alterations in transcription to secure a long-lasting
effect (2, 3). Translation is divided into three steps: initiation,
elongation, and termination. Translation initiation is the process
by which the ribosome is recruited to the mRNA and scans the
59 untranslated region to locate the start codon (4). All nuclear-
encoded mRNAs harbor the structure m7GpppN (where m is a
methyl group and N is any nucleotide) known as “cap” at their
59 ends. The cap is bound by the cap-binding protein eukaryotic

translation initiation factor 4E (eIF4E) in a complex with the
scaffolding protein eIF4G and an RNA helicase eIF4A, termed
eIF4F. The interaction of eIF4F with the 43S preinitiation complex
(consisting of the initiator tRNAMet, eIF1, 1A, 2, and 3 and the 40S
small ribosomal subunit) places the ribosome in the vicinity of the
cap to start scanning (4). Members of a family of small proteins
(∼15–20 kDa), known as eIF4E-binding proteins (4E-BPs; there
are three paralogs in mammals, 4E-BP1, 2, and 3), compete with
eIF4G for eIF4E binding and block the assembly of the eIF4F
complex. 4E-BPs, when dephosphorylated, exhibit a high affinity
for eIF4E, impede eIF4E binding to eIF4G, and, consequently,
block translation initiation (5). The serine/threonine kinase complex
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mammalian/mechanistic target of rapamycin complex 1 (mTORC1)
impairs the activity of the 4E-BPs through the phosphorylation of
residues surrounding their eIF4E-binding motif, abrogating their
eIF4E-binding function (6).
4E-BP–dependent control of translation plays a key role in the

regulation of innate immunity (1). Mice lacking 4E-BP1 and 4E-BP2
are resistant to vesicular stomatitis virus infection via enhanced type I
IFN response (7). Similarly, enhanced type I IFN response renders
4E-BP1/2 double knockout (DKO) mice resistant to Leishmania
major infection (8). Notably, bone marrow–derived macrophages
(BMDMs) from DKO mice infected with L. major exhibit a
significant reduction (∼45%) in parasite load compared with
wild-type (WT) counterparts (8).
4E-BP–dependent translational control also plays a critical role

in metabolism and metabolic disorders (9). 4E-BP1, 4E-BP2, and
4E-BP3 are highly expressed in metabolic tissues, such as adipose,
liver, pancreas, and muscle tissues (10, 11). 4E-BP1/2 DKO
mice gain significantly more weight when fed a high-fat diet
(HFD) and are less sensitive to insulin compared with WT mice
(12, 13). Consistent with these findings, skeletal muscle–specific
overexpression of a constitutively active 4E-BP1 (T37A. T46A)
preserves insulin sensitivity, improves glucose clearance rate,
and decreases basal glucose levels in response to an HFD (14).
Despite the importance of 4E-BP–dependent translational control

in many physiological and pathological conditions, our knowledge
of the specific cell types that mediate these effects is limited.
Among the various immune cell types, macrophages (Mfs) in
particular play an important role in both innate immune responses
and metabolic disorders. Mfs are the first responders to invading
pathogens, yet in addition to their central role in innate immunity,
they play a critical role in normal tissue homeostasis (15, 16).
They are broadly categorized into two functional groups: pro- and
anti-inflammatory phenotypes (17). Inflammatory triggers, such as
LPS, an HFD, or tissue damage, promote infiltration and polari-
zation of inflammatory Mfs in target tissues (18).
Recent studies using 4E-BP1/2 DKO BMDMs indicate that

4E-BPs limit both anti-inflammatory and inflammatory responses
in vitro (19, 20). However, the role of 4E-BPs in the regulation
of Mf-proinflammatory responses in vivo and the translational
targets of 4E-BPs that mediate this effect remained unexplored.
To address this, we generated 4E-BP1/2/3 triple knockout (TKO)
mice and studied the inflammatory response in vitro using BMDMs
challenged with LPS/IFN-g and in vivo using animals fed with
HFD. Strikingly, we found that TKO BMDMs and white adipose
tissue resident Mfs have a higher propensity than WT to polarize
into a proinflammatory state. The increase in proinflammatory
gene expression is mediated by the translational upregulation of
IFN regulatory factor (IRF) 8, a key transcriptional factor involved
in Mf maturation and inflammatory response (21). Our data high-
light the importance of 4E-BP–dependent translational control of
Irf8 in controlling Mf polarization and inflammatory response.

Materials and Methods
Mice

The McGill University Animal Resource Centre committee approved
all experiments. 4E-BP1/2/3 TKO mice were generated by crossing the
previously described C57BL/6 4E-BP1/2 DKO mice (12) with 4E-BP3
knockout mice (KO-4974 [Eif4ebp3tm1.1(KOMP)Vlcg]) from The Knockout
Mouse Project Repository at University of California, Davis. Congenic
C57BL/6 4E-BP1/2/3 TKO mice were obtained by backcrossing the TKO
strain for 10 generations to inbred WT C57BL/6 mice from The Jackson
Laboratory. Animals were maintained in the animal facility at the Goodman
Cancer Research Centre at McGill University under standard conditions.
After 10 generations of the backcross, WT and TKO mice have been
maintained separately. Our mice are kept together in the same room and

the same rack and have not been relocated. Thus, the mice experienced
the same light-dark cycle, temperature, humidity, water treatment, and
many other environmental factors that may impact the microbiome.
Six-week-old male mice were fed either a normal diet (20203; 24% protein,
60% carbohydrate, and 16% fat; Envigo) or an HFD (D12492; 20% protein,
20% carbohydrate, and 60% fat; Research Diets) up to 16 wk of age and
weighed every week. Then, mice were used for metabolic experiments
and then sacrificed using CO2 euthanasia or rodent mixture i.p. injection
(ketamine and xylene), and tissues were excised, weighed, and used or
frozen in liquid nitrogen for further use. Mice were handled by the same
animal technician, and handling time was identical between groups. All
the experiments have been performed on age- and sex-matched animals;
thus, the change in microbiome composition resulting from aging or gender
does not influence our results.

Abs

The primary Abs against mouse are as follows: IRF-1, 4E-BP1, 4E-BP2,
T37/46–phosphorylated 4E-BP1, S240/244–phosphorylated rpS6, and
b-actin were purchased from Cell Signaling Technology. Abs against mouse
rpS6 and IRF-8 were purchased from Santa Cruz Biotechnology.

Metabolic cages: locomotion and VO2 measurement

Five representative mice from each group were placed in individual
Oxymax/Comprehensive Lab Animal Monitoring System (Columbus
Instruments) metabolic cages at the end of the metabolic study for
calorimetric and locomotor assessment. The mice were acclimatized to the
cages for 3 d and then continuous measurements were recorded for 24 h
(one full light-dark cycle) at 25˚C with food and water available ad
libitum. Oxygen consumption and locomotor activity were analyzed during
the 24 h time period according to the manufacturer’s protocol (Columbus
Instruments). Oxygen consumption is expressed as the volume of O2

consumed per kilogram of body weight per hour (ml/kg/h). Respiratory
exchange ratio (RER) is calculated as the ratio between carbon dioxide
production and oxygen consumption (RER = VCO2/VO2) and is used to
determine macromolecule metabolism. Values fall between 0.7 and 1, with
0.7 representing 100% of O2 consumed by fat and 1 representing 100% of
O2 consumed by carbohydrates. Locomotor activity is measured as bouts
per minute.

Histology, immunohistochemistry, quantification

Paraffin-embedded tissues were sectioned at 4 mm and stained with H&E.
The slides were scanned using the Aperio Scanscope. For immunohisto-
chemical (IHC) analysis, liver tissue and epididymal white adipose tissue
(eWAT) were fixed with zinc-fixative (BD Biosciences) for 36 h and then
paraffin-embedded and sectioned. For IHC analysis of the Mf marker
F4/80, the sections were blocked for 5 min using POWERBLOCK
blocking reagent (BioGenex) and incubated with primary anti-mouse
F4/80 (Santa Cruz Biotechnology) overnight at 4˚C. The samples were
incubated with ImmPRESS HRP anti-rat IgG (Peroxidase) (Vector
Laboratories) for 1 h and exposed to 3,39-diaminobenzidine (DAB) staining
for 3 min (liver) or 30 s (adipose tissue). F4/80+ cells were quantified using
the DL_IHC Ki67 algorithm (Spectrum Analysis software) on five ran-
domly selected 0.8-mm2 sections per slide (n = 3). Crown-like structures
(CLS) were quantified by counting F4/80+ cells surrounding adipocytes
in five randomly selected 0.8-mm2 sections per slide (n = 3). A mouse
monoclonal IRF-8 Ab from Santa Cruz Biotechnology (E-9) was used
for IHC analysis of eWATs.

Bone marrow isolation and culture in vitro

Mice were euthanized, and the cleaned tibias and femurs were excised
and placed in a petri dish with Mf media (DMEM-high glucose, 10%
heat-inactivated FBS, 1% L-glutamine, 1% sodium pyruvate, 1% penicillin-
streptomycin, 1% nonessential amino acids, 0.5% 2-ME). In sterile condi-
tions, the bones were cut in half, placed with the cut-half facing downward in
a microtube tube with 500 ml of Mf media, and centrifuged at max speed
(21,000 3 g) for 5 s. The bones were then placed into another microtube
with 500 ml of Mf media. The pellet was resuspended, and the supernatant
was collected. This process was repeated twice to ensure all bone marrow
was collected from the bones. The bone marrow–cell suspension was then
filtered through a 40-mm cell strainer and centrifuged at 1200 rpm for 5 min
at 4˚C. The cells were seeded at a density of 5 million cells per 10 cm2 petri
dish with 8 ml of Mf media supplemented with 30 ng/ml of M-CSF
(PeproTech). The cells were kept at 37˚C in a 5% CO2 incubator, and
M-CSF was replenished every 3 d. On day 8, the cells were replated
into 12-well plates with fresh M-CSF. On day 10, the cells were stimulated
with LPS (100 ng/ml; Sigma-Aldrich) and IFN-g (20 ng/ml) for 24 h at
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37˚C. After 24 h, the cells and media were collected for real-time quan-
titative PCR (RT-qPCR), Western blot, and ELISA analysis.

Lentiviral production and transduction into BMDMs

The 293FT cells (Invitrogen) were cultured in DMEM/10% (vol/vol) FBS
medium with 400 mg/ml neomycin (BioShop) according to the manu-
facturer’s instructions. Eight hours before transfection, the medium was
replaced by antibiotic-free medium. Using Lipofectamine 2000, 10 mg of
the doxycycline-inducible 4E-BP1–4ala plasmid, 6.5 mg of psPAX2, and
3.5 mg of pMD2.G packaging plasmids were used to transfect 8 3 106

293FT cells in a 10 cm2 dish, as described by Tahmasebi et al. (22). The
medium was collected and replaced for 3 d and then pooled and centrifuged
in an SW32-Ti Rotor (Beckman Coulter) at 25,000 rpm for 1.5 h. The viral
pellet was resuspended in DMEM and 10% (vol/vol) heat-inactivated FBS
and was rotated overnight at 4˚C. The resulting concentrated virus solution
was used to infect the TKO BMDMs for 48 h on day 8 in culture with
Polybrene (6 mg/ml). The BMDMs were then selected using puromycin
(5 mg/ml) for 24 h and then stimulated with LPS and IFN-g or vehicle in
the presence or absence of doxycycline (1 mg/ml).

Purification of immune cells

Lymphocytes were magnetically isolated from the spleen and lymph nodes
from a 5-wk-old female using the kits from STEMCELLTechnologies. The
samples were negatively selected for B cells and CD4+ and CD8+ T cells,
and positively selected for CD4+ CD25+ T regulatory cells.

Human Mf generation and polarization

Blood was collected from healthy donors, and PBMCs were acquired by
density gradient centrifugation at 1600 rpm for 45 min (Lymphoprep;
Alere Technologies). PBMCs were counted, resuspended in Isove modified
DMEM media (Wisent), and seeded at a concentration of 43 106 cells per
milliliter into 12-well polystyrene plates (Corning). The plates were kept at
37˚C in a 5% CO2 incubator for 3 h to facilitate the adherence of monocyte
to the plate surface. Nonadherent cells were washed off with Isove mod-
ified DMEM media. To generate Mfs, adherent cells were cultured for 7 d
in a complete media (Isove modified DMEM, 10% heat-inactivated FBS,
1% penicillin-streptomycin) with 10 ng/ml of recombinant human M-CSF
(R&D Systems). On the third day of incubation, cells were washed, and fresh
complete media with M-CSF was added. On day 8, cells were washed once
again, and complete media supplemented with either IFN-g (20 ng/ml;
Invitrogen) to generate inflammatory Mfs or IL-4 (20 ng/ml; R&D Systems)
to generate anti-inflammatory Mfs was added. The stimulated cells were
kept at 37˚C in a 5% CO2 incubator for 2 d and then harvested.

Polysome-profiling analysis

Polysome profile analysis was carried out as previously described (23). Briefly,
frozen mouse livers were homogenized in 425 ml of hypotonic buffer (5 mM
Tris-HCl [pH 7.5], 2.5 mM MgCl2, 1.5 mM KCl, 13-protease inhibitor
mixture [EDTA-free]) with 100 mg/ml cycloheximide, 2 mM DTT, and
100 U of RNasin with a glass homogenizer. The lysates were transferred
to 1.5-ml microtubes and then 0.5% Triton X-100 and 0.5% sodium
deoxycholate were added. Lysates were precleared by centrifugation at
21,000 3 g for 5 min at 4˚C and the OD260 nm for each sample was
measured to determine yield using NanoDrop. Equal amounts of each sample
were loaded (OD 260 nm 10–30) onto sucrose gradients with 10% of the
samples kept as inputs. The samples were sedimented by velocity centri-
fugation at 36,0003 g for 2 h at 4˚C using an SW40Ti Rotor in a Beckman
Coulter ultracentrifuge. Chasing solution (60% [w/v] sucrose/water with
bromophenol blue) was run through the gradient at 1.5 ml/min, A254 nm
was measured, and fractions were collected every 35 s for RNA analysis.

RNA isolation, RT-PCR, and RT-qPCR analyses

RNA was isolated from tissues and primary cells using TRIzol (Invitrogen)
following the manufacturer’s instructions. The cDNA (1 mg) was made using
Invitrogen SuperScript II Reverse Transcriptase. PCRs were carried out
using Titanium Taq Polymerase (Clontech Laboratories) or AccuStart II
PCR SuperMix (Quantabio). RT-qPCRs were carried out using iQ SYBR
Green Supermix (Bio-Rad Laboratories, Hercules, CA) according to the
manufacturer’s instructions. Primers are listed in Supplemental Table I.

BioGPS database analysis

Murine expression data for the three genes, eIF4EBP-1, 2, and 3, were
collected from the BioGPS database (http://biogps.org/#goto=genereport&id=
13685,13688,108112). The means and SDs of the indicated immune cell
populations were calculated and graphed in Excel.

Statistical analysis

Statistical analysis was conducted using Prism 7 software. Each figure
indicates which statistical test was performed of either unpaired Student
t test, one-way ANOVA, or two-way ANOVA with Bonferroni post hoc
test. Any p values , 0.05 are considered statistically significant.

Results
Lack of 4E-BPs promotes inflammatory polarization
of BMDMs

The BioGPS database shows that mRNAs for the three 4E-BP
paralogs are expressed in various immune cells, including Mfs
(Supplemental Fig. 1A). We quantified the amounts of 4E-BP1,
2, and 3 mRNAs in different mouse and human immune cells via
RT-qPCR (Supplemental Fig. 1B) and Western blot analysis for
4E-BP1 and 2 (Supplemental Fig. 1C; we failed to obtain a good-
quality Ab against 4E-BP3). In accordance with the gene expres-
sion data in the BioGPS database, all three 4E-BP paralogs were
expressed in mouse and human Mfs. Polarization of Mfs toward
inflammatory or anti-inflammatory phenotypes induces expres-
sion of 4E-BPs to various extents (Supplemental Fig. 1A, 1B). To
address the role of 4E-BPs in Mf-proinflammatory responses,
we generated 4E-BP1/2/3 TKO mice (Materials and Methods,
Supplemental Fig. 2A–C). BMDMs from WT and TKO mice were
stimulated with LPS and IFN-g for 24 h. As expected, LPS/IFN-g
stimulation of BMDMs resulted in activation of mTORC1 signaling
as evidenced by increased phosphorylation of ribosomal protein
S6 (24) (Fig. 1A). Although the lack of 4E-BPs did not affect Mf
differentiation, as quantified by the percentage of F40/80+CD11b+

cells (Supplemental Fig. 1D), the lack of 4E-BPs resulted in en-
hanced production of the proinflammatory cytokines, IL-6 (fold
change: 1.2 TKO versus WT), IL-12b (1.6 TKO versus WT), TNF-a
(1.2 in TKO versus WT), and IFN-b (6.5 in TKO versus WT)
(Fig. 1B). Consistent with the ELISA results, TKO BMDMs
stimulated with LPS/IFN-g expressed significantly higher levels
of mRNAs encoding proinflammatory proteins, such as IL-12b,
TNFa, Nos2, Ccr7, Ptgs2, and Cxcl11, than their WT counterparts
(Fig. 1C). Similar results were obtained when BMDMs were stimu-
lated for shorter (3 or 6 h) time periods (Supplemental Fig. 2D–G).
Importantly, expression of a phosphorylation-resistant 4E-BP1,
which constitutively inhibits eIF4E (4E-BP1–4ala) (25) in TKO
BMDMs decreased the production of proinflammatory cytokines
(Supplemental Fig. 2H), thus partially reversing the proinflammatory
phenotype seen in the absence of 4E-BPs. These data demonstrate
that 4E-BPs play a critical role in regulating inflammatory
responses in Mfs.

TKO mice are prone to HFD-induced obesity and exhibit
increased accumulation of inflammatory Mfs in adipose tissue

Obesity is strongly associated with chronic low-grade inflammation
in which adipose tissue Mfs polarize toward an inflammatory state
and secrete proinflammatory cytokines (18). Inflammatory Mfs
phagocytize debris from necrotic adipocytes and secrete cytokines
to maintain a proinflammatory milieu (26), resulting in chronic
inflammation and metabolic disorder (18, 27, 28). Thus, HFD-induced
obesity serves as a useful model to examine Mf polarization
in vivo. To study the role of 4E-BPs in Mf polarization in response
to diet-induced obesity, we subjected 6-wk-old male TKO and WT
mice to normal diet or HFD up to 16 wk. After the first week of
HFD, the WT and TKO mouse weights began to diverge (Fig. 2A),
and after 10 wk, the TKO mice gained significantly more weight
(∼20%) than their WT counterparts (Fig. 2A–C). No significant
differences in weight gain were observed between WT and TKO
mice receiving normal diet (Fig. 2C, Supplemental Fig. 3A). The
excessive weight gain seen in TKO HFD mice cannot be attributed
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to higher food consumption or decreased movement, as they were
similar between WT and TKO mice (Supplemental Fig. 3B–E).
However, measurement of the oxygen consumption rate and the
RER showed reduced metabolism in TKO HFD mice (Fig. 2D,
Supplemental Fig. 3D). TKO mice fed an HFD had significantly
heavier livers, brown adipose tissue, pancreases, kidneys, and spleens
(Fig. 2E). In contrast, no difference was observed in tissue weight
or metabolic parameters of WT and TKO mice fed a normal diet
(Fig. 2E, Supplemental Fig. 3F).
Although we found no significant difference in eWAT weight

(Fig. 2E) and adipocyte size (Supplemental Fig. 4A, 4B) between
HFD-fed WTand TKO mice, the number of F4/80+ CLS (indicative
of inflammatory Mf polarization) (26) significantly increased in
HFD-fed TKO mice compared with WT mice (mean: 19.1 in WT
HFD versus 43.7 in TKO HFD) (Fig. 3A, 3B, bottom panel).
These data suggest that increased accumulation of inflammatory
Mfs in TKO eWAT is independent of adipocyte size.
Next, we sought to examine the translation control mechanism

that leads to the inflammatory phenotype in TKO Mfs. eIF4E-
dependent translation plays a key role in the regulation of innate
immunity through translation control of IRFs (1, 7, 29). Notably,
the activity of eIF4E has been linked to the translation of Irf8
mRNA and inflammatory Mf polarization (29). We also observed
that transcription of Il12b and Nos2, two known IRF8 targets (29),
are highly increased in TKO BMDMs in response to LPS/IFN-g

treatment (Fig. 1C, Supplemental Fig. 2D, 2F). Consequently, we
hypothesized that the increase in translation of Irf8 as a result of
the absence of 4E-BPs plays a central role in the inflammatory
phenotype observed in eWAT Mfs. We first examined IRF8
protein and mRNA levels in WT and TKO eWAT. On a normal
diet, the protein and mRNA levels of IRF8 did not significantly
differ between WT and TKO mice (Fig. 3C). However, on an
HFD, IRF8 protein increased significantly (relative IRF8 protein
levels [mean]: 0.99 in WT versus 4.2 in TKO) in TKO eWAT as
compared with WT counterparts, whereas mRNA levels were
similar in the two groups (Fig. 3C). IRF8 immunostaining of the
eWAT demonstrated that expression of IRF8 significantly in-
creased in the CLS in HFD-fed TKO mice compared with WT
mice (Fig. 3D). In addition, expression of proinflammatory genes
(including IRF8 targets Il12-b and Nos2) significantly increased in
TKO F480+Cd11b+ eWATMfs as compared with WT cells (Fig. 3E).
In support of this finding, expression of IRF8 was also sig-
nificantly induced in TKO BMDMs in response to LPS/IFN-g
treatment compared with WT BMDMs (Supplemental Fig. 4C,
left panel) and shRNA-mediated suppression of IRF8 expression
in TKO cells partially alleviated proinflammatory phenotypes of
these cells (Supplemental Fig. 4D). IRF8 and IRF1 are known to
coregulate transcription of proinflammatory factors in Mfs (21).
In addition, recent studies highlighted the importance of several
IRFs (such as IRF1, IRF3, IRF4, IRF5, and IRF7) in obesity and

FIGURE 1. 4E-BPs play a key role in proinflammatory Mf polarization. (A) Western blot analysis of WT and TKO BMDMs stimulated with LPS

(100 ng/ml) and IFN-g (20 ng/ml) or vehicle. (B) Analysis of cytokine secretions of WT and TKO BMDMs by ELISA 24 h after treatment with LPS

(100 ng/ml) and IFN-g (20 ng/ml) or vehicle. **p , 0.01, ****p , 0.0001. Two-way ANOVAwith Bonferroni post hoc test (n = 3). (C) RT-qPCR analysis

of proinflammatory genes in WT and TKO BMDMs stimulated with either vehicle (sterile water) or LPS (100 ng/ml) and IFN-g (20 ng/ml) for 24 h. Data

were normalized to the housekeeping gene Hprt. Results are presented as a mean 6 SD (n = 3). ***p , 0.001, ****p , 0.0001. A representative

experiment of two independent experiments (each carried out in triplicate) is presented.
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obesity-related complications (30–34). We therefore examined
the expression of three additional IRFs (IRF1, IRF3, and IRF5),
which have been implicated in Mf polarization in adipose tissue
(30, 31, 33). Whereas the levels of IRF3 and IRF5 were not dif-
ferent between WT and TKO mice (Fig. 3F, 3G, respectively),
IRF1 expression was significantly induced at the protein level in
TKO mice in response to HFD (fold change: 2.8 TKO versus WT)
(Fig. 3F). Unlike IRF8, we did not detect significant difference in
IRF1 expressions between TKO and WT BMDMs in response to
LPS/IFN-g treatment (Supplemental Fig. 4C, right panel). Given
the strong induction of IRF8 in both TKO BMDMs and TKO
eWAT Mfs, we reason that the inflammatory phenotype of eWAT
Mfs in response to HFD and BMDMs in response to LPS/IFN-g
rely on IRF8 activity.

4E-BPs control the translation of Irf8 mRNA

To directly demonstrate that Irf8 mRNAs’ translation is controlled
by 4E-BPs, we performed polysome-profiling analysis on livers
from WT and TKO mice (Fig. 4). We used liver because we could
not collect a sufficient number of Mfs from adipose tissue. It is
noteworthy that, in response to HFD, a higher percentage of
F4/80+ Mfs was observed in the TKO livers compared with WT

livers (Supplemental Fig. 4E) (35). We observed an increase in the
polysome to 80S ratio in the TKO HFD livers compared with
WT HFD livers, indicating an increase in translation in TKO
livers in response to HFD (Fig. 4A). In contrast, we did not
detect a difference in translation between the livers of normal
diet–fed WT and TKO mice (Fig. 4A). We examined the ex-
pression of IRF1, IRF3, IRF5, and IRF8 in liver samples from
WT and TKO mice fed with ND or HFD. In agreement with the
eWAT data, protein levels of IRF8 were increased in the liver of
TKO mice fed an HFD as compared with their WT counterparts
(Supplemental Fig. 4F–H). Although the levels of IRF1, IRF3,
and IRF5 appeared to be higher in HFD TKO livers compared
with WT samples, differences were not statistically significant
(Supplemental Fig. 4F–H). RT-qPCR analysis of the polysome
fractions showed that Irf1, Irf3, and Irf8 mRNAs sedimented
with heavier polysome fractions in TKO HFD livers as com-
pared with the WT HFD livers (Fig. 4B), indicating augmented
translation. Whereas IRF8 play critical roles in proinflammatory
activation of Mfs, IRF3 has been linked to anti-inflammatory
responses (36). In addition, unlike IRF8, we did not detect a sig-
nificant difference in IRF3 levels in HFD TKO eWAT compared
with HFD WT eWAT. Thus, we conclude that the lack of 4E-BPs

FIGURE 2. Lack of 4E-BPs promotes obesity in response to an HFD. (A) Weekly body weight measurements of WT and TKO mice on an HFD.

(B) Representative image of WT and 4E-BP1/2/3 TKO mice fed an HFD at 16 wk.(C) Body weight and gain of body weight measurements of WT

and TKO mice fed a normal diet or HFD at 16 wk. (D) Measurement of oxygen consumption and RER in WT and TKO mice fed an HFD. The RER

measured by the volume of CO2 produced divided by the volume of O2 consumed. (E) Tissue weights of WT and TKO mice fed a normal diet

or HFD at 16 wk. Data are mean 6 SEM (n = 10). Using two-way ANOVA with Bonferroni post hoc test. *p , 0.05, **p , 0.01, ***p , 0.001.

ND, normal diet.
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promotes inflammatory Mf responses through increased translation
of Irf8 (Fig. 4C).

Discussion
In this study, we demonstrated that 4E-BP1/2/3 TKO BMDMs po-
larized better than WT to inflammatory Mfs (Fig. 1, Supplemental
Fig. 2D–G). We used an HFD-induced obesity mouse model to
explore the role 4E-BPs in Mf polarization in vivo. TKO mice

gained more weight in response to an HFD compared with WT
animals (Fig. 2A–C). This finding is consistent with a previous
study showing that 4E-BP1/2 DKO mice are more sensitive to
diet-induced obesity (12). Le Bacquer et al. attributed the increased
sensitivity of 4E-BP1/2 DKO mice to HFD to higher expression of
C/EBd, C/EBPa, and PPAR-g combined with reduced metabolic
rate (decreased in oxygen consumption). Measurement of oxygen
consumption rate and the RER of HFD-fed TKO mice also

FIGURE 3. Lack of 4E-BPs promotes proinflammatory polarization of adipose tissue Mfs and IRF1 and IRF8 expression in response to an HFD.

(A) Representative images of F4/80 IHC of WT and TKO HFD eWAT (positive cells stained brown). Scale bars, 200 mm. (B) Quantification of F4/80+ cells

and F4/80+ CLS in eWAT sections by taking the average of five randomly selected microscopic fields per mouse. Data are mean 6 SEM (n = 4).

****p , 0.0001, two-way ANOVA with Bonferroni post hoc test. (C) Western blot analysis of IRF8, quantification of IRF8 (normalized to b-actin), and

corresponding mRNA levels in WT and TKO eWAT of mice fed a normal diet or HFD. The mRNA levels are normalized to Hprt. Data are mean 6 SEM

(n = 4). *p , 0.05, unpaired Student t test. (D) Representative images and quantification of IRF8 IHC of WT and TKO HFD eWAT. Data are mean 6 SD

(n = 3). Scale bars, 500 mm. (E) RT-qPCR analysis (n = 3) of indicated mRNAs in F4/80+Cd11b+ eWAT Mfs obtained from HFD-fed WT and TKO mice.

(F and G) Western blot analysis of IRFs, quantification of IRFs (normalized to b-Actin), and corresponding mRNA levels in WT and TKO eWAT of

mice fed a normal diet or HFD. Short exposure (SE) and long exposure (LE). Using unpaired Student t test. *p , 0.05, **p , 0.01, ***p , 0.001,

****p , 0.0001. ND, normal diet.
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FIGURE 4. 4E-BP–dependent translational control of Irfs. (A) Representative polysome profiles of WTand TKO livers of mice fed a normal diet or HFD and

quantification of polysome to 80S ratio as determined by area under the curve (n = 6). (B) RT-qPCR analysis of Irf1, 3, 5, and 8 mRNAs in WT and TKO HFD

liver polysome fractions. Hprt mRNAwas used as a negative control. Data represent mean6 SD. A representative experiment of two independent experiments

(each carried out in triplicate) is presented. (C) Model showing the regulation of inflammatory Mfs by 4E-BPs. Lack of 4E-BPs promotes Irf8 mRNA

translations that causes an increase in inflammatory response in Mfs. Two-way ANOVAwith Bonferroni post hoc test. *p , 0.05, **p , 0.01, ***p , 0.001.

ND, normal diet.
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showed reduced metabolism compared with WT controls (Fig. 2D).
Furthermore, HFD induced a pronounced accumulation of inflam-
matory Mfs in eWATof TKO mice and a significant increase in the
IRF1 and IRF8 expression and their targets in TKO eWAT (Fig. 3).
We also found that a lack of 4E-BPs promotes translation of Irf1,
Irf3, and Irf8 mRNAs (Fig. 4). A recent study by William et al. (20)
reported that the proinflammatory chemokines CCL5 and CXL10 are
subjected to translational control by 4E-BPs in Mfs. Extending these
findings, our data reveal a new facet to the role of 4E-BP–dependent
translational control in inflammatory response through regulation
of IRF8 expression.
IRF8, also known as IFN consensus sequence binding protein

(ICSBP), belongs to the IRF family. IRFs control the expression
of type I IFN–stimulated genes via binding to IFN-stimulated
responsive elements. IRF8 has a critical role in the regulation of
myeloid-specific hematopoietic differentiation toward Mf lineages
and in the maturation and activation of Mfs (37, 38). Accordingly,
Irf8 mutations occur in a subset of human primary immunodefi-
ciencies (39). In addition to this study, other studies have also
provided the link between eIF4E activity and expression of IRF8.
Xu et al. (29) demonstrated that eIF4E controls Irf8 mRNA
translation downstream of Notch–RBP-J signaling. In addition,
Karmaus et al. (40) showed that activation of mTORC1 in
response to M-CSF promotes IRF8 expression in hematopoi-
etic progenitors to enhance myelopoiesis and differentiation of
monocyte and Mf. Although it is not known whether M-CSF–
mediated activation of mTORC1 promotes IRF8 expression at
the transcription or translation levels in hematopoietic pro-
genitors, it is highly likely that 4E-BP–dependent translational
control of Irf8 downstream of mTORC1 contributes to mTOR-
dependent myelopoiesis. In addition to IRF8, we showed that
IRF1 amounts are increased in TKO eWAT in response to HFD,
and 4E-BPs control translation of Irf1 mRNA (Fig. 4B). IRF8
and IRF1 interact with each other (41) and coregulate expression
of the genes involved in Mf activation and proinflammatory
responses (21, 42, 43). IRF8 may exert its proinflammatory ef-
fects on TKO Mfs in cooperation with IRF1. Given the lack of a
difference in levels of IRF1 between WT and TKO BMDMs in
response to LPS/IFN-g (Supplemental Fig. 4C, right panel) we
did not further assess this potential cooperation by combined
IRF1 and IRF8 knockdown. Future work is required to under-
stand the contribution of other IRFs in proinflammatory pheno-
types of TKO mice. The novel role of the 4E-BP–IRF8 axis in
proinflammatory Mf polarization (Fig. 4C) provides insight into
how translation engenders tissue resident Mfs to respond to
environmental cues in both homeostatic and pathological states,
such as obesity.
Lastly, although our data point to Mfs as the key cell type

mediating the effect of 4E-BPs in inflammatory responses of
HFD-fed mice, conditional myeloid cell 4E-BP knockout mice
and bone marrow transplantation experiments are required to
ultimately prove our model. In addition, recent studies have
highlighted the importance of the host microbiome and the large
impact it may have on the phenotypes observed in mice (44).
This is particularly a concern when studying inflammatory-
associated phenotypes, such as our study. As described in the
Materials and Methods, our mice have been kept together in
the same room and the same rack and have experienced the
same environmental factors that may impact the microbiome.
However, we cannot rule out the impact of cage or genotype on
microbiome.
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