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Abstract

Macrophage polarization is a process whereby macrophages
acquire distinct effector states (M1 or M2) to carry out multiple
and sometimes opposite functions. We show here that transla-
tional reprogramming occurs during macrophage polarization and
that this relies on the Elongator complex subunit Elp3, an enzyme
that modifies the wobble uridine base U34 in cytosolic tRNAs. Elp3
expression is downregulated by classical M1-activating signals in
myeloid cells, where it limits the production of pro-inflammatory
cytokines via FoxO1 phosphorylation, and attenuates experimental
colitis in mice. In contrast, alternative M2-activating signals upreg-
ulate Elp3 expression through a PI3K- and STAT6-dependent signal-
ing pathway. The metabolic reprogramming linked to M2
macrophage polarization relies on Elp3 and the translation of mul-
tiple candidates, including the mitochondrial ribosome large sub-
unit proteins Mrpl3, Mrpl13, and Mrpl47. By promoting translation
of its activator Ric8b in a codon-dependent manner, Elp3 also reg-
ulates mTORC2 activation. Elp3 expression in myeloid cells further
promotes Wnt-driven tumor initiation in the intestine by main-
taining a pool of tumor-associated macrophages exhibiting M2
features. Collectively, our data establish a functional link
between tRNA modifications, mTORC2 activation, and macrophage
polarization.
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Introduction

Macrophages are critical in homeostasis processes, in anti-
microbial, and inflammatory activity in host defense as well as in
the resolution of inflammation and wound healing (Murray &
Wynn, 2011). Their response to microenvironmental cues allows
them to acquire distinct effector states in order to carry out multiple
functions. Their plasticity helps macrophages to acquire tailored
activities within tissues and is often addressed through the concept
of macrophage polarization (Pulendran & Artis, 2012; Murray
et al, 2014; Murray, 2017). Interferon-y (IFN-y) is the canonical
type 1 cytokine which, together with bacterial lipopolysaccharide
(LPS), is associated with a type 1 immune environment and triggers
a proinflammatory profile that is referred to as “M1” or “classical”
macrophage polarization. In vivo, macrophages with M1 characteris-
tics secrete a variety of pro-inflammatory cytokines (TNF, IL-1p, or
IL-6) and cytotoxic molecules (reactive oxygen species and nitric
oxide) to activate other immune cells and to carry out their microbi-
cidal activity and anti-tumor immune responses (Murray et al,
2014). In contrast, interleukin 4 (IL-4) and IL-13, which are cytoki-
nes typically associated with type 2 immune responses, trigger
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different responses in macrophages, resulting in what is often
referred to as M2 macrophage polarization (Stein et al, 1992; Pulen-
dran & Artis, 2012; Murray et al, 2014). M2 macrophages downplay
inflammation, promote tissue repair and remodeling through the
secretion of anti-inflammatory cytokines (IL-10), scavenging recep-
tors (mannose receptor) and a variety of remodeling factors (Gordon
& Martinez, 2010). Processes linked to M2 macrophage in vivo are
notably involved in tumor growth and metastasis, in the cellular
response to helminth infections as well as in insulin sensitivity in
adipocytes (Lumeng et al, 2007; Gordon & Martinez, 2010). This
initial classification was based on in vitro studies but it is now
increasingly clear that macrophages display a more dynamic and
varied spectrum of activation states in between the two extreme M1
and M2 classes, yet mechanisms by which macrophage polarization
is regulated at the level of mRNA translation is poorly understood.

Cellular metabolism has emerged as an important regulator of
macrophage function as signals involved in macrophage polarization
cause major changes in their metabolic program (Saha et al, 2017). M1
macrophage polarization is associated with enhanced glycolysis, defec-
tive tricarboxylic acid (TCA) cycle and mitochondrial oxidative phos-
phorylation (OXPHOS) while M2 macrophages rely on TCA cycle and
OXPHOS for energy generation (Vats et al, 2006; Rodriguez-Prados
et al, 2010; O’Neill, 2016; Saha et al, 2017; Ryan & O’Neill, 2020).

The mechanistic target of Rapamycin (mTOR), a serine/thre-
onine protein kinase, acts as a nutrient/energy sensor which cou-
ples nutrient availability to metabolic processes and critically
regulates macrophage polarization (Duvel et al, 2010; Howell &
Manning, 2011; Laplante & Sabatini, 2012; Byles et al, 2013). mTOR
is part of two distinct complexes, mTORC1 and mTORC2, each com-
plex having specific functions in cell signaling and metabolism (Liu
& Sabatini, 2020). Myeloid-specific deficiency of Rictor, a specific
adaptor molecule of mTORC2, blocks M2 polarization and impairs
the cellular response to helminth infection (Hallowell et al, 2017).
Rictor-deficient myeloid cells induce M1 macrophage polarization,
similarly to the genetic deletion of Tscl, a negative regulator of
mTORC1, and consequently produce more inflammatory cytokines
in response to LPS (Byles et al, 2013; Festuccia et al, 2014). There-
fore, mTORC2 activation, linked to metabolic reprogramming, is
critical in M2 macrophage polarization (Huang et al, 2016).

RNA modifications, which are defined as post-transcriptional
changes in the chemical composition of RNA molecules, contribute
to translational reprogramming and are involved in immune
responses (Shulman & Stern-Ginossar, 2020). The most prevalent
modified base found on messenger RNAs (mRNAs), N°-
methyladenosine (m®A), regulate the antiviral response, at least
through the modulation of interferon mRNAs (Rubio et al, 2018;
Winkler et al, 2019). Although the majority of RNA modifications
are found in noncoding RNAs, including transfer RNAs (tRNAs) and
ribosomal RNAs, their biological relevance in immune responses
remains to be elucidated. Among tRNA-modifying enzymes which
target the tRNA anticodon, Elongator and Cytosolic thiouridylase
(Ctu)-1/2 complexes exclusively modify the wobble uridine (Us4)
base in cytosolic tRNAs (El Yacoubi et al, 2012). Ctul, but not the
associated Ctu2, harbors the enzymatic activity (Dewez et al, 2008).
Elongator (Elp1-Elp6) includes Elp3, the catalytic subunit and Elp1,
the scaffold protein, and promotes the formation of °-
methoxycarbonylmethyl (mcm®) or °-carbamoylmethyl (ncm®) side
chains on Uz, while Ctul/2 adds a 2—thioylation (s?) on U, in the
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last step of this cascade. Only specific tRNAs (Arg”"Y, Lys""Y,

GIn"YS and GIu"Y°) are targeted by both enzymes (El Yacoubi et al,
2012). In mice, Elp3 deficiency impairs indirect neurogenesis and
consequently leads to microcephaly, at least due to enhanced Atf4
levels (Laguesse et al, 2015). Elp3 expression in epithelial cells pro-
motes Wnt-driven tumor initiation in the intestine and breast cancer
metastasis, at least by promoting the expression of Sox9 and DEK in
a codon-dependent manner, respectively (Ladang et al, 2015; Delau-
nay et al, 2016). Elp3 also promotes the acquired resistance to a B-
RAF inhibitor in metastatic melanoma through HIFlo translation
(Rapino et al, 2017). Mechanistically, Elp1 is activated by phospho-
rylation through an mTORC2-dependent pathway in melanoma cells
(Rapino et al, 2018). In yeast, TORC2 also activates Elongator in a
phospho-dependent manner while Elongator promotes the transla-
tion of key components of TORC2 (Candiracci et al, 2019). There-
fore, the link between mTORC2 and some tRNA modifications
seems conserved throughout evolution.

We show here that Elp3 deficiency in myeloid cells potentiates
the production of pro-inflammatory cytokines upon LPS stimulation,
at least through decreased FoxO1 phosphorylation. As a result, Elp3
deficiency exacerbates intestinal damage in a model of dextran sul-
fate sodium (DSS)-driven colitis. On the other hand, Elp3 deficiency
blocks IL-4-dependent M2 macrophage polarization. Mechanisti-
cally, Elp3 deficiency impairs mTORC2 activation. Ric8b, a non-
canonical guanine nucleotide exchange factor (GEF) acting as a
positive regulator of mTORC2 (Nagai et al, 2020), relies on Elp3 to
be properly translated in a codon-dependent manner. Both tran-
scriptomic signature and metabolic reprogramming triggered by IL-4
is defective upon Elp3 deficiency. Elp3 supports mitochondrial func-
tions in metabolic reprogramming during macrophage polarization,
at least through the production of some mitochondrial ribosome
large subunit proteins. Finally, Elp3 deficiency in myeloid cells
delays Wnt-driven tumor initiation in the intestine by altering the
pool of tumor-associated macrophages (TAMs). Therefore, Elp3
blocks M1 but favors M2 macrophage polarization. Collectively, our
data establish a functional link between some tRNA modifications,
mTORC2 activation, and macrophage polarization.

Results

Elp3 deficiency potentiates the differentiation into
M1 macrophage

It is currently unknown whether Elongator regulates the polariza-
tion of monocytes into M1 or M2 macrophages. To address this
issue, we first look at the expression of its subunits in macrophages
undergoing M1 polarization. Elp3 and Elpl expression at both
mRNA and protein levels were downregulated by both LPS and IFNy
in mouse peritoneal macrophages (Fig EV1A and B). Of note, levels
of Elp5 remained stable during M1 polarization while both Elp4 and
Elp6 decreased, mostly at late time points (Fig EV1B). Interestingly,
the thiolase Ctul, but not Ctu2, was also downregulated by both
IFNy and LPS at the protein level (Fig EV1B). Therefore, downregu-
lation of these tRNA-modifying enzymes is observed in cells under-
going differentiation into M1 macrophages.

To assess whether Elongator regulates the polarization of mono-
cytes into M1 macrophages, we first inactivated Elp3 in myeloid

© 2022 The Authors
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cells by breeding our EIp3'°*/'* strain (Ladang et al, 2015) with the
LysM-CRE mouse to generate the so-called « Elp3*Mye s strain where
Elp3 expression is abolished in myeloid cells (Fig 1A). As expected,
levels of mem®S? U34 tRNA modifications quantified by Mass Spec-
trometry were decreased in myeloid cells lacking Elp3 (Fig 1B).
Consistently, the pool of thiolated tRNAs in BMDMs lacking Elp3
decreased, as assessed by Northern blots using UUC, UUG, and UUU
probes (Fig EV1C). Similar experiments were conducted with total
RNAs from intestinal epithelial cells (IECs) lacking or not Elp3 as
controls (Fig EV1C). We next isolated Thioglycollate-elicited peri-
toneal macrophages from both Elp3“°™™! and Elp3*™¥® strains and
stimulated them ex-vivo with a combination of LPS and IFNy to trig-
ger M1 macrophage polarization. Akt phosphorylation on serine
473, a hallmark of mTORC2 activation, was defective upon Elp3
deficiency (Fig 1C). Consistently, the LPS/IFNy-dependent phospho-
rylation of Ndrgl, a mTORC2 substrate, was also defective upon
Elp3 deficiency (Fig 1D). Consistent with a defective Akt activation
without Elp3, FoxO1, an Akt substrate (Brunet et al, 1999), was not
properly phosphorylated in response to both LPS and IFNy upon
loss of Elp3 in peritoneal macrophages (Fig 1C). Therefore,
mTORC2 activation relies on Elp3 expression in Thioglycollate-
elicited peritoneal macrophages.

Inactivation of Rictor causes an hyperinflammatory phenotype in
response to LPS, at least due to a defective Akt-dependent FoxO1
phosphorylation (Brown et al, 2011). Therefore, we reasoned that
the defective FoxO1 phosphorylation seen upon Elp3 deficiency may
lead to enhanced macrophage-driven inflammation in response to
LPS and IFNy. To test this hypothesis, we assessed mRNA levels of
several pro-inflammatory cytokines upon stimulation with IFNy,
LPS, or with a combination of both. mRNA levels of IL-6, IL-1B, and
IL12p40 in peritoneal macrophages treated with LPS or with both
LPS and IFNy were significantly enhanced upon Elp3 deficiency
(Fig 1E). As Ctul/2 act in the same enzymatic cascade as Elp3 (El
Yacoubi et al, 2012), we next explored whether Ctu2 and Elp3 defi-
ciencies induced a similar phenotype in M1 macrophage polariza-
tion. Ctu2 deficiency in bone marrow-derived macrophages

Figure 1. Elp3 negatively regulates M1 macrophage polarization.
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(BMDMs) also impaired LPS/IFNy-dependent Akt phosphorylation
on S473 and potentiated the production of pro-inflammatory cytoki-
nes such as IL-6 and IL-1P upon stimulation with LPS/IFNy (Fig 1F
and G, respectively). Taken together, our data indicate that Elp3,
and by extension Uz, tRNA modifications, negatively regulates M1
macrophage polarization.

Elp3 deficiency in myeloid cells exacerbates experimental colitis

Pro-inflammatory M1 polarization of macrophages contributes to
intestinal damage in mouse models of experimental colitis. As Elp3
limits M1 macrophage polarization, we reasoned that Elp3 defi-
ciency in myeloid cells would potentiate phenotypical parameters in
a model of experimental colitis. To address this issue, we treated
both Elp3°°™! and EIp3*MY® strains for 6 continuous days with
Dextran sulfate sodium (DSS), which erodes the single layer of
intestinal epithelial cells and causes colitis in mice. The survival
time was decreased upon Elp3 deficiency in myeloid cells (Fig 2A).
Moreover, the weight loss due to DSS administration was more pro-
nounced in EIp3“™® mice (Fig 2B). Importantly, colon length in
EIp3*MY¢ mice was reduced, reflecting a more severe phenotype fol-
lowing Elp3 deficiency (Fig 2C). Consistently, mRNA levels of a
variety of pro-inflammatory cytokines were more elevated in
Elp3*M7¢ mice as was the histological score upon treatment with
DSS (Fig 2D and E, respectively). Moreover, the percentage of
macrophages expressing M1 markers (iNOS*/CD68" cells) in
inflamed intestinal crypts was higher in Elp3*™® than in Elp3°°2tro!
mice subjected to DSS (Fig 2F). In agreement with the notion that
Elp3 deficiency is linked to an increased inflammatory status,
patients suffering from ulcerative colitis showed lower levels of both
Elpl and Elp3 (Fig 2G). Of note, Elp3 deficiency in myeloid cells did
not impact the architecture of intestinal crypts, nor on both colon
length and levels of pro-inflammatory cytokines (Fig EVID-F,
respectively). Therefore, Elp3 limits the inflammatory response in a
model of experimental colitis, at least by blocking M1 macrophage
polarization.

A Generation of myeloid cells genetically inactivated for Elp3. EIp3 mRNA and protein levels were assessed by Real-Time PCR with extracts isolated from peritoneal

macrophages of Elp3<°"™ and Elp32™© mice. mRNA levels in Elp3<°tr!

mice were set to 1 and levels in other experimental conditions were relative to that after

normalization with Gapdh mRNA levels (n = 3 mice; mean + SD, Student t-test, ***P < 0.001). An anti-Elp3 western blot (WB) is also illustrated. The anti-Gapdh

blot is shown for normalization purposes.

B Myeloid cells lacking Elp3 show decreased levels of mcm®S? U34 tRNA modifications. Multiple tRNA modifications in BMDMs from both Elp3<°"™ and Elp32Mve

mice were quantified by Mass Spectrometry (see Methods for details).

C, D Defective mTORC2 signaling upon Elp3 deficiency in myeloid cells. Peritoneal macrophages from Elp3°°™™' and Elp32MY® mice were isolated and cultured ex-vivo.
They were untreated or stimulated with a combination of LPS (100 ng/ml) and IFNy (50 ng/ml) for the indicated periods of time and the resulting cell extracts were

subjected to WB analyses.

E Enhanced mRNA levels of pro-inflammatory cytokines upon Elp3 inactivation in myeloid cells subjected to LPS or to both LPS and IFNy stimulations. Peritoneal
macrophage from Elp3°°™™' or Elp32™¥® mice were unstimulated (« Control ») or treated with IFNy (50 ng/ml), LPS (100 ng/ml) or with both IFNy and LPS for 24 h
and the resulting mRNAs of the listed pro-inflammatory cytokines were assessed by Real Time PCR. mRNA levels in Elp3°°™™' mice were set to 1 and levels in other
experimental conditions were relative to that after normalization with Gapdh mRNA levels (n = 6 mice; mean = SD, Student t-test, **P < 0.01, *P < 0.05).

F mTORC2 activation by M1 polarization signals relies on Ctu2. Control and Ctu2-depleted bone marrow-derived macrophages (BMDMs; SiRNA-mediated depletions)
were treated or not with IFNy (50 ng/ml) and LPS (100 ng/ml) and the resulting cell extracts were subjected to WB analyses.

G Ctu2 deficiency potentiates M1 macrophage polarization. Control and Ctu2-depleted BMDMs were treated or not with IFNy (50 ng/ml) and LPS (100 ng/ml) for
24 h and the resulting mRNAs of the listed pro-inflammatory cytokines were assessed by Real Time PCR. mRNA levels in control BMDMs were set to 1 and levels in
other experimental conditions were relative to that after normalization with Gapdh mRNA levels. Experiments were conducted in triplicates (mean = SD, Student

t-test, *P < 0.05, **P < 0.01, ***P < 0.001).

Source data are available online for this figure.
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Figure 2. Elp3 expression in myeloid cells protects from intestinal damage in an experimental model of colitis.

A Decreased survival of mice lacking Elp3 expression in myeloid cells upon DSS administration (n = 10 mice per genotype; mean =+ SD, Student t-test, *P < 0.05).

B, C Elp3 deficiency in myeloid cells exacerbates the weight loss and the decrease of colon length upon DSS administration (n = 7 mice; mean =+ SD, **P < 0.01).

D Elp3 deficiency in myeloid cells potentiates the production of cytokines and chemokines upon DSS administration. mRNA levels of the indicated candidates in
Elp3°°™™! mice were set to 1 and levels in other experimental conditions were relative to that after normalization with Gapdh mRNA levels (n = 5 mice per
genotype; mean =+ SD, Student t-test, *P < 0.05, **P < 0.01, ***P < 0.001).

E More severe histological score in mice lacking Elp3 in myeloid cells upon DSS administration. Representative intestinal crypts from the indicated genotypes are
illustrated. The histological score was established as described in methods (n = 5 mice per genotype; mean =+ SD, Student t-test, *P < 0.05).

F Increased infiltration of INOS'/CD68" cells upon DSS administration in Elp3*™Y® mice. The percentage of iNOS" in CD68" cells was established in both genotypes
treated with DSS (n = 7 mice per genotype; mean =+ SD, Student t-test, **P < 0.01). Anti-iINOS and -CD68 immunofluorescence analyses carried out in intestinal
crypts from both genotypes are illustrated.

G Patients suffering from ulcerative colitis (UC) show reduced levels of both Elpl and Elp3. The central band represents the mean value of relative expression in the

investigated cohort. Boxes represent 75" and 25th percentile. Whiskers represent maximum and minimum values before the upper and lower fence, respectively

Dawei Chen et al

(**P < 0.01, ***P < 0.001; GSE9452-GEO DataSets, Definition of an ulcerative colitis preinflammatory state).

Source data are available online for this figure.

Elp3 expression is induced by IL-4 and IL-13 in macrophages

IL-4 and IL-13 trigger cell polarization into anti-inflammatory M2
macrophages. To assess whether Elp3 regulates M2 macrophage
polarization, we first treated macrophages with IL-4, IL-13, or with
both cytokines. These cytokines induced Elp3, Elp1, Ctul, and Ctu2
mRNAs and protein levels in mouse peritoneal macrophages
(Figs 3A and EV2A, respectively). Consistently, the pool of thiolated
tRNAs increased upon IL-4/IL-13 induction in Thioglycollate-elicited
peritoneal macrophages while this pool of chemically modified
tRNAs decreased upon treatment with LPS/IFNy (Fig 3B). Elp3
induction by both IL-4 and IL-13 occurred through a PI3K-
dependent pathway as the PI3K inhibitor Wortmannin-blocked Elp3

induction by these cytokines in peritoneal macrophages (Fig 3C). Of
note, Wortmannin had no effect on IL-4-dependent Elp3 induction
at the mRNA level, indicating that its effect on Elp3 expression is
post-transcriptional (Fig 3D). As mTOR is activated by IL-4 in
macrophages (Byles et al, 2013), we next explored whether mTOR
activation was required for Elp3 induction by IL-4. Rictor but not
Raptor deficiency severely interfered with Elp3 expression in
BMDMs, indicating that mTORC2 but not mTORC1 promotes Elp3
expression (Fig 3E). As the transcription factor Stat6 is also critical
for gene induction by IL-4 (Hou et al, 1994), we next explored
whether the pharmacological inhibition of Stat6 had any conse-
quences on Elp3 expression. As expected, ASI517499 severely abol-
ished Stat6 phosphorylation (Fig 3F). Moreover, this Stat6 inhibitor

Figure 3. Elp3induction by IL-4 through multiple signaling pathways.

A

IL-4 and IL-13 induce the expression of tRNA-modifying enzymes in macrophages. Peritoneal macrophages were untreated (« Control ») or stimulated with IL-4

(10 ng/ml), IL-13 (10 ng/ml) or with both cytokines for 24 h and cell extracts from the resulting cells were subjected to WB analyses.

The pool of thiolated tRNAs in macrophages is enhanced by IL-4/IL-13 but decreased by LPS/IFNy. On the left, Northern blot analysis assessing t:Q(UUG) tRNA thio-
lation in Thioglycollate-elicited peritoneal macrophages subjected to the indicated treatments for 24 h. On the right, quantification of t:Q(UUG) tRNA thiolation, cal-
culated as the ration of thiolated over nonthiolated t:Q(UUG), in the indicated experimental conditions.

Elp3 induction by IL-4/IL-13 occurs through a PI3K-dependent pathway. Peritoneal macrophages were pretreated with DMSO (control vehicle) or with Wortmannin
(200 nM) for 1 h and subsequently left untreated or stimulated with IL-4 (10 ng/ml)/IL-13 (10 ng/ml) for the indicated periods of time. Cell extracts from the result-
ing cells were subjected to WB analyses.

PI3K inhibition does not impact on Elp3 mRNA levels. Peritoneal macrophages were pretreated with DMSO (control vehicle) or with Wortmannin (200 nM) for 1 h
and subsequently left untreated or stimulated with IL-4 (10 ng/ml) for 24 h. Elp3 mRNA levels were quantified in all experimental conditions by Real-Time PCR.
Elp3 mRNA levels in unstimulated cells were set to 1 and levels in other experimental conditions were relative to that after normalization with Gapdh mRNA levels.
Experiments were conducted in triplicates (mean =+ SD, Student t-test, **P < 0.01).

Rictor but not Raptor deficiency impairs Elp3 expression. BMDMs were transfected with the indicated siRNAs and the resulting cells were treated or not with IL-4
(10 ng/ml)/IL-13 (10 ng/ml) for 24 h. Cell extracts were subjected to WB analyses.

IL-4/IL-13 rely on Stat6 to induce Elp3 expression. Peritoneal macrophages were pretreated with the control vehicle (DMSO) or with the Stat6 pharmacological inhi-
bitor AS1517499 (5 uM) for 1 h and subsequently left unstimulated or treated with IL-4 (10 ng/ml)/IL-13 (10 ng/ml) for the indicated periods of time. Cell extracts
from the resulting cells were subjected to WB analyses.

Stat6 is recruited on the Elp3 promoter in an IL-4-dependent manner. ChIP assays using an anti-Stat6 antibody were conducted in RAW 264.7 cells to assess Stat6
recruitment on a Stat-DNA binding site found in the Elp3 promoter. IgG antibody was used as a negative result. The histogram shows Stat6 recruitment on the Stat
DNA-binding site with or without IL-4 (10 ng/ml) treatment for 2 h. Results obtained with four independent experiments (mean = SD, Student t-test, *P < 0.05) are
illustrated.

Elp3 deficiency in myeloid cells impairs multiple signaling pathways triggered by IL-4 (H, |, and ), IL-13 (H) or by both cytokines (H). Peritoneal macrophages isolated
from the indicated mouse genotypes were untreated or stimulated with 1L-4 (10 ng/ml) (H, |, and J), IL-13 (10 ng/ml) (H) or with both cytokines (H) for 8 h (H) or
for the indicated periods of time (I and J) and the resulting cell extracts were subjected to WB analyses.

Elp3 deficiency in BMDMs impairs the production of M2 markers upon stimulation with 1L-4/IL-13. mRNAs of M2 markers were assessed by Real Time PCR. mRNA
levels in unstimulated macrophages from Elp3<°™™ mice were set to 1 and levels in other experimental conditions were relative to that after normalization with
Gapdh mRNA levels (n = 4 mice; mean =+ SD, Student t-test, *P < 0.05, ***P < 0.001).

Elp3 promotes M2 macrophage polarization. Peritoneal macrophages isolated from the indicated mouse genotypes were untreated or stimulated with IL-4/IL-13
(10 ng/ml) for 24 h and the resulting cell extracts were subjected to WB analyses.

Source data are available online for this figure.
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also interfered with the induction of Elp3 expression by IL-4 in peri-
toneal macrophages (Fig 3F). Consistently, Stat6 was also recruited
on a Stat DNA-binding site in the Elp3 promoter in an IL-4-
dependent manner (Fig 3G). Therefore, IL-4 relies on both Stat6 and
mTORC2 to induce Elp3 expression in macrophages.

Elp3 promotes M2 macrophage polarization

Having established that IL-4/IL-13 induce Elp3 expression, we next
assessed whether loss of Elp3 impairs M2 macrophage polarization.
The genetic inactivation of Elp3 in peritoneal macrophages impaired
Stat6 phosphorylation upon stimulation with IL-4, IL-13 or with
both cytokines (Fig 3H and I). Of note, protein levels of Socsl, a
negative regulator of Stat signaling, were increased upon IL-4 stimu-
lation in peritoneal macrophages from Elp3“™¥® mice (Fig 3I). More-
over, IL-4-dependent S6K phosphorylation was also defective upon
Elp3 deficiency (Fig 3I). Importantly, mTORC2-dependent Akt phos-
phorylation on serine 473 was also impaired following Elp3 defi-
ciency (Fig 3I). Therefore, Elp3 deficiency impairs multiple
signaling pathways triggered by IL-4 in peritoneal macrophages. To
learn more on molecular mechanisms by which Elp3 promotes Stat6
activation upon IL-4 stimulation, we looked at early events occur-
ring in this signaling pathway. Protein levels of IL-13Ral were
decreased in peritoneal macrophages lacking EIp3 expression
(Fig 3J). Moreover, Tyk2, a JAK kinase family member, was not
properly phosphorylated upon IL-4 stimulation in peritoneal macro-
phages lacking Elp3, indicating that very early events in IL-4 signal-
ing are controlled by Elp3 (Fig 3J). As IL-4 signaling is impaired
upon Elp3 deficiency, the expression of M2 markers such as argi-
nase 1, Cd71, Pdi2, and Ym1 was reduced in IL-4/IL-13-stimulated
peritoneal macrophages from Elp3*MY¢ mice (Fig 3K and L). Consis-
tently, Ctu2 deficiency in BMDMs also impaired IL-4-dependent Akt
phosphorylation on S473 and also impaired the production of M2
markers in IL-4-stimulated BMDMs (Fig EV2B and C, respectively).
To further explore the role of Elp3 in M2 macrophage polariza-
tion, we conducted unbiased transcriptomic analyses (RNA-Seq)
combined with Gene Set Enrichment analyses (GSEA) using BMDMs
from Elp3°°""°! and Elp3*™Y® mice treated or not with IL-4 ex-vivo

Dawei Chen et al

for 2 h. Genes normally induced through LPS-dependent pathways
were upregulated upon Elp3 deficiency, which fits with our data
showing that Elp3 deficiency potentiates M1 macrophage polariza-
tion (Fig 4A). Importantly, a Ppary-dependent signature was lost
upon Elp3 deficiency, which also fits with our data demonstrating
that M2 macrophage polarization relies on Elp3 (Fig 4A). Consis-
tently, the induction of Ppary by IL-4/IL-13 was abolished in peri-
toneal macrophages lacking Elp3 (Fig 4B). Dozens of mRNAs whose
expression is induced by IL-4 and linked to M2 macrophage polar-
ization were actually not properly induced in IL-4-stimulated
BMDMs lacking Elp3 (Fig 4C). Interestingly, Irf4, which acts down-
stream of mTORC2 to promote M2 macrophage polarization (Huang
et al, 2016), was not properly expressed upon Elp3 deficiency in
peritoneal macrophages (Fig 4D). Besides these top 50 genes whose
expression was impaired upon IL-4 treatment in BMDMs lacking
Elp3, we also identified 806 less expressed genes as well as 416
genes whose expression increased in IL-4-induced BMDMs from
Elp3*MY® mice compared to BMDMs from Elp3°°"" mice (Fig 4E).
To study the consequences of Elp3 deficiency on the proteome of
macrophages undergoing M2 polarization, we performed an inte-
grated comparative proteomic analysis of Elp3°°"°! and Elp32Mye
BMDMs treated with IL-4 for 4 h. Correlation analyses of RNA-seq
and proteomic data showed that 139 proteins were significantly
downregulated in BMDMs from Elp3™V® mice, while corresponding
mRNAs did not change (Fig 4F). Interestingly, many of these pro-
teins showed a clear prominent mRNA use of codons Lys**%,
GIn®*A, and Glu®** known to rely on Elp3 to be translated (Fig 4G).
Collectively, our data demonstrate that Elp3 is a key enzyme
involved in M2 macrophage polarization.

Metabolic reprogramming linked to M2 macrophage polarization
requires Elp3

As macrophage polarization is intrinsically linked to metabolic
reprogramming, we next investigated whether Elp3 deficiency had
any impact on metabolic remodeling. Extracts from peritoneal
macrophages of Elp3°°™™! and EIp3*MY® mice treated or not with IL-
4 ex-vivo were subjected to mass spectrometry analyses in order to

Figure 4. The transcriptomic reprogramming during M2 macrophage polarization relies on Elp3. >

A Elp3 deficiency potentiates the expression of genes induced by LPS-dependent pathways and impairs a Ppary-dependent transcriptional signature. The figure shows
some GSEA analyses carried out on RNA-Seq data done with total RNAs of BMDMs from Elp3°°™™' and Elp32™Y® mice treated with IL-4 ex-vivo.

B Defective induction of Ppary by IL-4/IL-13 upon Elp3 deficiency. Cell extracts from peritoneal macrophages of Ejp3<°"™" and Elp3*M¥® mice treated or not with IL-4/IL-
13 were subjected to WB analyses.

C Elp3 deficiency impairs the IL-4-dependent transcriptional signature. Cell extracts from BMDMSs of Elp3<°™™ and Elp3™© mice treated or not with IL-4 for 2 h were
subjected to RNA-Seq experiments. A heatmap is illustrated to show the defective induction of 50 genes by IL-4 upon Elp3 deficiency.

D Defective Irf4 expression upon IL-4 stimulation in peritoneal macrophages lacking Elp3 expression. Irf4 mRNA levels in peritoneal macrophages from untreated
Elp3<°™™! mice were set to 1 and levels in other experimental conditions were relative to that after normalization with Gapdh mRNA levels (n = 3 mice; mean + SD,
Student t-test, **P < 0.01).

E The IL-4-dependent transcriptomic signature requires Elp3. A volcano plot illustrating changes in mRNA levels in IL-4-stimulated BMDMs (2 h) from Elp3°°™®! and
Elp3*™e mice is shown.

F Identification of candidates whose protein but not mRNA levels are decreased in IL-4-treated BMDMs lacking Elp3. A volcano plot of correlation between changes in
protein and mRNA levels is illustrated. Protein were extracted from BMDMs of Elp3<°™™' and Elp34MY® mice treated for 4 h with IL-4. Red dots indicate candidates
whose protein but not mRNA levels were downregulated in BMDMs from Elp3™¥® mice compared to BMDMs from Elp3<°™™! mice.

G Identification of candidates enriched in Lys**, GIn“*, and Glu®* codons whose expression decreases in BMDMs lacking Elp3. A heatmap of the top 40 genes
enriched in these codons is illustrated.

Source data are available online for this figure.
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establish their metabolic profile. In agreement with the fact that M2
macrophages rely on TCA cycle for glucose metabolism and energy
generation (O’Neill, 2016) and in agreement with our data showing
that Elp3 deficiency impairs M2 macrophage polarization, TCA
metabolites (malate, fumarate) accumulated in IL-4-stimulated peri-
toneal macrophages lacking Elp3 expression, which reflects a defec-
tive TCA cycle (Figs 5A and EV3). This conclusion was raised
through an enrichment overview of our metabolomic data (Fig 5B).
Glutamine metabolism is another feature of M2 macrophages (Jha
et al, 2015). In this context, a-ketoglutarate, which is produced via
glutaminolysis, is essential for M2 macrophage polarization (Liu
et al, 2017). Interestingly, a-ketoglutarate levels were decreased in
IL-4-stimulated peritoneal macrophages from Elp3*™'® mice, sug-
gesting that glutaminolysis is impaired without Elp3 (Fig EV3).
Moreover, glucose consumption has been reported to be elevated in
M2 macrophages (Huang et al, 2016). Consistent with a defective
M2 polarization without Elp3, glucose consumption was indeed
impaired in macrophages from Elp3*™® mice (Fig 5C). The use of
glucose for UDP-GIcNAc synthesis is another metabolic feature of
M2 macrophages (Jha et al, 2015). UDP-GIcNAc levels were down-
regulated upon Elp3 deficiency in IL-4-stimulated peritoneal macro-
phages (Fig SA). Therefore, several metabolic pathways involved in
M2 macrophage polarization, critically rely on Elp3.

To learn more on molecular mechanisms by which Elp3 controls
glucose consumption in macrophages, we looked at expression level
of Glutl, a glucose transporter and found that Glutl mRNA levels
were severely decreased in peritoneal macrophages from Elp3AMre
mice (Fig 5D). As the rate of conversion of glucose into pyruvate, a
key step of glycolysis, accelerates the net rate of glucose consump-
tion, we next looked at expression levels of platelet phosphofructok-
inase (Pfkp) and noticed a severely decreased expression upon Elp3
deficiency as were mRNA levels of glucose phosphate isomerase
(Gpil; Fig 5D). Therefore, Elp3 controls glucose consumption in
macrophages, at least by promoting the expression of glucose trans-
porter and enzymes involved in glycolysis.

Elp3 controls mitochondrial function in macrophages
A defective TCA cycle observed upon Elp3 deficiency suggests that

some mitochondrial functions may be disrupted. We indeed noticed
that peritoneal macrophages lacking Elp3 showed a reduced

Dawei Chen et al

mitochondrial complex I activity (Fig SE). We also observed that
the mitochondrial membrane potential in peritoneal macrophages
from Elp3*™° mice was impaired, as evidenced by FACS using
potential-sensitive tetramethylrhodamine methyl ester (TMRM) flu-
orescence (Fig 5F). We next explored whether Elp3 regulates mito-
chondrial oxidative phosphorylation based on the oxygen
consumption rate (OCR), a measure of electron transport chain
activity. Maximal but not basal OCR was significantly decreased in
peritoneal macrophages from Elp3*™¥® mice (Fig 5G). Consistently,
the spare OCR capacity was decreased upon Elp3 deficiency in peri-
toneal macrophages (Fig 5G). Collectively, our data indicate that
Elp3 expression is required for mitochondrial functions in peritoneal
macrophages.

Elp3 promotes M2 macrophage polarization in vivo

To further assess whether M2 macrophage polarization requires
Elp3 in vivo, mice were administered with recombinant IL-4 com-
plexed with anti-IL-4 monoclonal antibody (IL-4c) to extend the
bioactive half-life of IL-4 in vivo and the expression of M2 markers
(arginase 1, Ucpl, and Ym1) were quantified. Levels of these M2
markers were severely impaired in Elp3*™Y mice (Fig 6A). The i.p
injection of IL-4c also elicits the robust proliferation of resident
macrophages in the pleural and peritoneal cavity (Jenkins et al,
2011). These peritoneal macrophages (PMs) have been classified
into two groups, referred to as large peritoneal macrophages
(LPMs), which are resident macrophages and small peritoneal
macrophages (SPMs), derived from bone marrow, according to their
morphology (Cassado et al, 2015). Interestingly, loss of Elp3
impaired IL-4c-induced LPM numbers but did not change the num-
ber of SPMs (Fig 6B and C, respectively). To address whether the
lack of amplification of LPMs in IL-4c-treated Elp3*™Y® mice was
due to impaired proliferation, we stained peritoneal cells from both
Elp3°°ntl and Elp3*™Y® mice for Ki67 and EdU, two markers of
cycling cells. Elp3 deficiency decreased the number of both Ki67"
LPMs and EAU" PMs (Fig 6D and E, respectively). To further charac-
terize this cell proliferation defect in macrophages lacking Elp3,
GSEA analyses for Hallmark gene sets were conducted and showed
prominent enrichment of gene sets related to proliferation, including
the mitotic spindle, G2/M checkpoint, and E2F targets gene sets, in
our RNA-Seq data from IL-4 treated Elp3°°™™! and Elp3*MY® BMDMs

Figure 5. The transcriptomic reprogramming during M2 macrophage polarization relies on Elp3.

A Elp3 deficiency impairs levels of TCA cycle metabolites in IL-4-stimulated peritoneal macrophages. Peritoneal macrophages from Elp3°""™' and Elp3*™® mice
(n = 3 per genotype) were treated with IL-4 for 24 h ex-vivo and the resulting extracts were subjected to Mass Spec analyses to extensively quantify metabolites.

B Elp3 deficiency is linked to a defective TCA cycle in peritoneal macrophages. Enrichment analyses carried out on our metabolomics data are illustrated.
Elp3 controls glucose consumption in peritoneal macrophages. The glucose consumption rate was measured in peritoneal macrophages from Elp3°°"™' and
Elp3*MYe mice (see Methods for details; n = 3 mice per genotype; mean == SD, Student t-test, *P < 0.05).

D  Elp3 deficiency in peritoneal macrophages impairs the expression of enzymes involved in glucose consumption. mRNA levels of the indicated candidates in
peritoneal macrophages from Elp3<°™™' mice were set to 1 and levels in Elp3“™¥® mice were relative to that after normalization with Gapdh mRNA levels (n = 3
mice per genotype; mean =+ SD, Student t-test, ***P < 0.001, **P < 0.01, *P < 0.05).

E, F Elp3 deficiency in peritoneal macrophages impairs mitochondrial complex | activity (E) and the mitochondrial membrane potential (F). Extracts from peritoneal
macrophages of Elp3<°™™ and Elp32™© mice were used to assess complex | activity (E) (n = 3 mice per genotype; mean =+ SD, Student t-test, *P < 0.05). The mito-
chondrial membrane potential was assessed by FACS analyses by following-up TMRM (n = 3 mice per genotype; mean + SD, Student t-test, ***P < 0.001). Repre-

sentative FACS panels are illustrated on the right.

G Elp3 expression in peritoneal macrophages is required for mitochondrial oxidative phosphorylation. Both basal and maximal oxygen consumption rate (OCR) as
well as the spare OCR were measured with extracts from peritoneal macrophages of both Elp3<°"™' and Elp3™Y¢ mice (see Methods for details; n = 3 mice per

genotype; mean =+ SD, Student t-test, ***P < 0.001, **P < 0.01).
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Figure 6. Elp3 promotes M2 macrophage polarization in vivo.

A

Impaired production of M2 markers upon IL-4 activation in vivo in mice lacking Elp3 in peritoneal macrophages. Mice of the indicated genotypes were treated with
PBS or stimulated with IL-4 complex (IL-4c) and mRNA levels of the indicated candidates were assessed by Real Time PCR in the peritoneal exudate cells 4 days after
the stimulation. mRNA levels in peritoneal exudate cells from untreated Elp3<°"™' mice were set to 1 and levels in other experimental conditions were relative to that
after normalization with Gapdh mRNA levels (n = 4 mice; mean =+ SD, Student t-test, ***P < 0.001, **P < 0.01, *P < 0.05).

Decreased number of large peritoneal macrophages (LPMs) lacking Elp3 during M2 polarization. Numbers of LPMs (CD115*, ICAM2*, MHCII'") sorted from Elp3<°ntr!
and Elp32™¥® mice treated by IL-4c are plotted (representative of two experiments, n = 7 mice per group, mean =+ SD, Student t-test, **P < 0.01).

Elp3 deficiency does not impact cell proliferation of small peritoneal macrophages upon IL-4c stimulation. Numbers of SPMs (CD115*, ICAM2*, MHC 11"'&") sorted from
Elp3<°™™®! and Elp3“™M¥e mice treated by IL-4c are plotted and data are illustrated as in B. (representative of two experiments, n = 7 per group, mean =+ SD, Student

t-test, nonsignificant).

D Decreased number of cycling LPMs lacking Elp3 upon stimulation with IL-4c. Numbers of Ki67* LPMs sorted from Elp3<°™™ and Elp3“™¥® mice treated by IL-4c are
plotted (representative of two experiments, n = 7 mice per group, mean =+ SD, Student t-test, ***P < 0.001).

E Decreased number of Edu* PM cells lacking Elp3 upon stimulation with IL-4c. Numbers of Edu* CD11* cells sorted from Elp3<°"™' and Elp3*MY® mice treated by IL-4c
are plotted (representative of two experiments, n = 7 per group, mean = SD, Student t-test, ***P < 0.001).

F  Elp3 controls the proliferation of macrophages undergoing M2 polarization. GSEA analyses with gene expression RNA-seq data are illustrated. Representative Hall-
marks enriched in Elp3<°"™ versus Elp32M¥¢ BMDMs treated by IL-4 for 2 h are shown.

(Fig 6F). Therefore, Elp3 promotes M2 macrophage polarization
in vivo, at least by supporting macrophage proliferation upon stimu-
lation with IL-4c.

Elp3 promotes Ric8b expression in myeloid cells

As Elp3 and mTORC2 deficiencies share overlapping phenotypes
(Hallowell et al, 2017), we next looked for any positive regulator of
mTORC2 activation whose translation may require Elp3. In this con-
text, we got interested in Ric8b, a noncanonical guanine nucleotide
exchange factor (GEF) whose deficiency impairs Akt phosphoryla-
tion on Serine 473 (Nagai et al, 2020). Ric8b mRNA levels were
induced by IL-4 in BMDMs from both Elp3°™™! and Elp3*MY® mice,
suggesting that Elp3 does not control Ric8b transcription
(Fig EV4A). Importantly, Ric8b protein levels were also increased
by IL-4 in BMDMs from Elp3°°™™! but not from Elp3*™¥® mice, sug-
gesting that Elp3 may control Ric8b mRNA translation (Fig 7A).
This conclusion was further supported by the fact that the induction
of Elp3 and Ric8b expression by IL-4 followed similar kinetics
(Fig 7A). To explore whether Elp3 promotes Ric8b mRNA transla-
tion, we carried out a Puro-PLA assay to detect newly synthesized
Ric8b proteins in IL-4-stimulated BMDMs from both Elp3°°""°! and

Figure 7. Elp3 promotes Ric8b expression.

Elp3*™¥® mice. Interestingly, Elp3 deficiency interfered with the pro-
duction of Ric8b proteins, suggesting that Ric8b is one candidate
whose mRNA translation is regulated by Elp3-dependent tRNA mod-
ifications (Fig 7B). As Elp3 controls mRNA translation in a codon-
dependent manner (Bauer et al, 2012), we generated a Ric8b mutant
in which Lys***, GIn®**, and Glu®** codons known to rely on Elp3
to be properly decoded (“Ric8b WT”) where replaced by their cog-
nate synonymous Lys*A¢, GIn“*¢, and Glu®*® codons which do not
require the U34 mcm?’s? for their translation (“Ric8b MUT?; Fig 7C).
While Elp3 deficiency in BMDMs interfered with the production of
Ric8b WT, Ric8b MUT was properly expressed in macrophages lack-
ing Elp3 (Fig 7C). Collectively, our data define Ric8b as a direct tar-
get of Elp3 in macrophages. We next depleted Ric8b in BMDMs and
assessed the consequences on IL-4-dependent mTORC2 activation.
Ric8b-depleted BMDMs did not properly phosphorylate Akt and
Ndrgl upon IL-4 stimulation, indicating that mTORC2 activation
indeed relies on Ric8b (Fig 7D and E, respectively). Of note, Ric8b
deficiency also impaired mTORC2 activation by LPS/IFNy, as judged
by a defective Akt and Ndrgl phosphorylation (Fig EV4B). As IL-4-
dependent signaling was defective upon Ric8b deficiency, the pro-
duction of M2 markers was also impaired in BMDMs lacking Ric8b
upon stimulation with IL-4/IL-13 (Fig 7F and G). Similarly to Elp3

A The induction of Ric8b expression by IL-4 relies on Elp3. BMDMs from the indicated genotypes were treated or not with IL-4 (10 ng/ml) up to 24 h and the result-

ing cell extracts were subjected to WB analyses.

B Elp3 promotes Ric88 mRNA translation. BMDMs from Elp3°°™™' and Elp3“™¥® mice were treated by IL-4 for 24 h, followed by a treatment with 10 pg/ml puromycin
for 5 min. To detect newly synthesized Ric8b proteins, a Puro-PLA assay was conducted. Representative images detecting Ric8b (Red) and a-Tubulin®™ microtubules
(green) in BMDMs are illustrated. On the right, the graph shows a quantification of signals for Ric8b in a-Tubulin® areas. A random of six different areas were

counted (6 technical replicates, mean =+ SD, Student’s t-test, *P < 0.05).

C Ric8b is a direct target of EIp3. BMDMSs from Elp3<°™™ and Elp32™ mice were infected with a lentiviral GFP construct (negative control), Flag-Ric8b WT or with
Flag-Ricb MUT, as indicated and the resulting protein extracts were subjected to WB analyses to assess Ric8b and Elp3 protein levels. Gapdh was used as a loading

control.

D, E Ric8b promotes IL-4-dependent mTORC2 activation. Control or Ric8b-depleted BMDMs were treated or not with IL-4 (10 ng/ml) for the indicated periods of time

and the resulting cell extracts were subjected to WB analyses.

F, G Ric8b deficiency impairs the production of M2 markers upon IL-4/IL-13 stimulation. Control or Ric8b-depleted BMDMs were stimulated or not with IL-4/IL-13
(10 ng/ml) for 24 h and the resulting RNAs were subjected to Real-Time PCR analyses. mRNA levels of the indicated candidates in control and unstimulated
BMDMs were set to 1 and levels in other experimental conditions were relative to that after normalization with Gapdh mRNA levels (n = 3 mice per genotype;

mean =+ SD, Student t-test, ***P < 0.001, **P < 0.01).

H Ric8b controls glucose consumption in BMDMs. The glucose consumption rate was measured in BMDMs transfected with a siRNA CTRL or Ric8b. Data from three
biological replicates (3 mice per group) are shown (mean =+ SD, Student t-test, **P < 0.01).

Source data are available online for this figure.

© 2022 The Authors
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deficiency, glucose consumption was also defective in IL-4/IL-13-
stimulated BMDMs lacking Ric8b (Fig 7H). Collectively, these data
indicate that Elp3 promotes mTORC2 signaling, at least through
Ric8b in BMDMs.

Elp3 promotes the expression of some mitochondrial ribosome
large subunit proteins

Having demonstrated that Elp3 is critical for mitochondrial functions
in metabolic reprogramming linked to macrophage polarization, we
next explored the underlying molecular mechanisms. Elp3 deficiency
leads to the accumulation of multiple proteins in aggregates, both in
yeast and in mammalian cells (Nedialkova & Leidel, 2015; Rapino
et al, 2018; Tavares et al, 2020). Likewise, Elp3 deficiency caused the
accumulation of protein candidates in aggregates from IL-4-stimulated
BMDMs (Fig EV4C). We next isolated aggregates of BMDMs from both
Elp3°°™! and Elp3*™M¥® mice and subjected them to electrophoresis
followed by Mass Spectrometry analysis (Fig EV4D). One thousand
eight hundred and eight proteins were more expressed in aggregates
upon IL-4 stimulation and levels of 623 candidates were more elevated
upon Elp3 deficiency in IL-4-stimulated BMDMs (Fig EV4E and F).
Therefore, we focused our attention on 206 candidates whose expres-
sion was both induced by IL-4 and elevated upon Elp3 deficiency in
aggregates. We first subjected this proteomic signature to a Reactome
analysis and highlighted a link with mitochondrial translation
(Fig 8A). Interestingly, this signature included several mitochondrial
ribosome large subunit proteins (Mrpl) showing an enrichment in
Lys®4, GIn®4, and Glu®** codons known to rely on Elp3 to be
decoded (Bauer et al, 2012; Fig 8B). We conducted western blot anal-
ysis using total extracts and found that both Mrpl3 and Mrpl13 levels
were induced by IL-4/IL-13 in BMDMs (Fig 8C). Interestingly, protein
levels of these mitochondrial candidates were similarly decreased
upon IL-4/IL-13 stimulation in both BMDMs and PMs lacking Elp3
expression (Figs 8C and EV4G). Elp3 controls the expression of Mrpl3,
Mrpl13, and Mrpl47 at a post-transcriptional level as mRNA levels of
these candidates were similar in BMDMs from both Elp3“°™™!' and
Elp3*™¥° mice (Fig EV4H). These results suggest that mitoribosomes
may not be fully functional upon Elp3 deficiency, with important con-
sequences for mitochondrial translation. In agreement with this
hypothesis, we found that protein levels of Mitochondrially Encoded
Cytochrome C Oxidase III (Mt-co3) were severely decreased in both
BMDMs and PMs lacking Elp3 (Figs 8C and EVI, respectively). Impor-
tantly, levels of Succinate dehydrogenase complex, subunit A (Sdha),
a mitochondrial enzyme produced from nuclear DNA, were not defec-
tive in macrophages lacking Elp3 (Fig 8C). Therefore, Elp3 deficiency
causes defects in mitochondrial translation, at least by impairing levels
and consequently functions of mitochondrial ribosomes. Importantly,
Elp3 promotes M2 polarization, at least through the production of
Mrpl13 as Mrpl13 deficiency in BMDMs also impaired the production
of M2 markers upon stimulation with IL-4 (Fig 8D). Collectively, our
data demonstrate that the production of some mitochondrial candi-
dates is one mechanism by which Elp3 promotes M2 macrophage
polarization.

Lack of Elp3 in peritoneal macrophages does not stabilize Atf4

Elp3 deficiency in T cells or in the hematopoietic system causes Atf4
stabilization (Lemaitre et al, 2021; Rosu et al, 2021). Although

© 2022 The Authors
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stabilized ATF4 promotes rather than inhibit M2 macrophage polar-
ization (Kim et al, 2018), we nevertheless addressed ATF4 expres-
sion in peritoneal macrophages lacking Elp3 expression. In contrast
to T cells, Atf4 was not stabilized upon Elp3 deficiency (Fig EVSA).
Instead, Atf4 protein levels were decreased, especially after IL-4/IL-
13 treatment (Fig EVS5A). Consistently, mRNA levels of Atf4 target
genes were not increased in IL-4-stimulated peritoneal macrophages
lacking Elp3 expression (Fig EV5B). Collectively, these results indi-
cate that Elp3 deficiency does not stabilize Atf4 in peritoneal macro-
phages.

Elp3 expression in macrophages promotes Wnt-driven tumor
development in the intestine

Intestinal tumors are infiltrated by TAMs, a class of macrophages
with M2 features that positively regulates tumor development
(Galdiero et al, 2013). As Elp3 controls M2 macrophage polariza-
tion, we next assessed whether Elp3 deficiency in myeloid cells had
any consequences on Wnt-driven tumor development in the intes-
tine. To achieve this goal, we crossed Elp3°°™™ and Elp3*™¥® mice
with the Apc”™" strain which spontaneously develop intestinal
adenomas due to constitutive Wnt signaling (Su et al, 1992). The
genetic inactivation of Elp3 in myeloid cells extended mice survival
in Apc”™™ mice (Fig 9A). Apc”™™ Elp3*™® mice showed less ade-
nomas in proximal, middle, and distal parts of the intestine than
Apc™/Min gIp3centel mice (Fig 9B). Moreover, splenomegaly, a typi-
cal feature observed in Apc"”™™ mice, was less pronounced in Apc”’
Min gip3AMYe mice (Fig 9C). Importantly, the number of TAMs,
defined as CD3017/F4/80" cells among F4/80" cells was decreased
in Apc™/Min E[p3AMYe mice (Fig 9D). Therefore, Elp3 deficiency in
myeloid cells delays tumor development upon constitutive Wnt sig-
naling, at least by negatively impacting on the pool of TAMs.

Discussion

We defined here tRNA-modifying enzymes Elp3 and Ctu2 as candi-
dates that limit M1 and promote M2 macrophage polarization. We
also demonstrate that Elp3 expression in myeloid cells is required in
Wnt-driven tumor development in the intestine, at least by main-
taining the pool of infiltrated M2-like macrophages in intestinal
tumors. Mechanistically, we defined Ric8b and multiple IL-4-
induced candidates including some mitochondrial proteins, as can-
didates whose production relies on Elp3. Therefore, our data indi-
cate that Us4 tRNA-modifications critically regulate the biology of
macrophages.

Macrophage polarization involves a dynamic regulation in the
expression of tRNA-modifying enzymes such as Elp1/3 and Ctul/2.
Indeed, Elp3 expression is induced by IL-4 in macrophages but
repressed by IFNy. As a result, the pool of Uz, chemically modified
tRNAs similarly change during macrophage polarization in order to
control the translational reprogramming occurring during this pro-
cess. We showed that Stat6 is recruited on the Elp3 promoter to
drive its expression upon stimulation by IL-4. Moreover, Rictor also
promotes Elp3 induction by IL-4, possibly through the mTORC2-
dependent phosphorylation of transcription factors recruited on the
Elp3 promoter. Therefore, Elp3 expression is regulated by multiple
signaling pathways triggered by IL-4 signaling, as previously
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Figure 8. Elp3 controls the expression of some mitochondrial proteins.

A Enrichment of candidates involved in mitochondrial translation in the proteomic signature of 206 candidates (Reactome pathway enrichment analysis).

B Enrichment of Mrpl proteins in the proteomic signature of 206 candidates. Proteins were classified according to the combined frequency of AAA, GAA, and CAA codons
in their open reading frame.

C Elp3 promotes mitochondrial translation. BMDMSs from the indicated genotypes were treated or not with 1L-4/IL-13 (10 ng/ml) for the indicated hours and the result-
ing cell extracts were subjected to WB analyses.

D Impaired expression of M2 markers upon Mrpl13 deficiency in IL-4-stimulated macrophages. BMDMs were transfected with a control siRNA or with a siRNA targeting
Mrpl13 and the resulting cells were untreated or stimulated with IL-4 (10 ng/ml) for 24 h. mRNA levels of the indicated candidates were quantified by Real-Time PCR
experiments. mRNA levels in unstimulated BMDMs transfected with the control siRNA were set to 1 and levels in other experimental conditions were related to that.
Experiments were conducted in triplicates (mean =+ SD, Student t-test, ***P < 0.001, **P < 0.01, *P < 0.05).

Source data are available online for this figure.

reported for Irf4 (Huang et al, 2016). Interfering with Elp3 or Ctu2 deficiency. Although Ctu2 expression is not changed upon stimula-
expression has dramatic consequences on cascades induced by tion by M1 polarizing signals, Ctu2 deficiency impairs Ctul function
polarizing signals and consequently on downstream expression of and consequently the thiolation of some Us; tRNAs. As a result,
M1 or M2 markers. Likewise, metabolic reprogramming linked to Ctu2 and Elp3 deficiencies share common consequences on macro-
macrophage polarization is also dramatically deregulated upon Elp3 phage polarization.
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Figure 9.
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Figure 9. Elp3 expression in myeloid cells promotes Wnt-driven tumor initiation in the intestine.

A B Elp3 deficiency in myeloid cells prolongs survival of Apc*/Min

mice (A) and reduces the number of adenomas in all parts of the intestine (B). A Kaplan—Meyer curve

was established with the indicated genotypes (A). The number of intestinal tumors in the indicated parts of the intestine was quantified in both Apc"M" Fjp3cento!
and Apc"/Mm Elp3*MY® mice (B) (n = 10 mice per genotype; mean == SD, Student t-test, ***P < 0.001, **P < 0.01, *P < 0.05). Representative H&E analyses of intesti-

nal crypts from the indicated genotypes are illustrated.
C Elp3 deficiency in myeloid cells decreases the spleen weight oprc”M'”
tures of the spleen from the indicated genotypes.

mice (n = 10 mice per genotype; mean =+ SD, Student t-test, **P < 0.01). Representative pic-

D Elp3 expression in myeloid cells maintains the pool of tumor-associated macrophages (TAMs). The number of TAMs, defined as CD301"/F4/80" cells among F4/80"
cells was quantified in intestinal crypts from both Apc™™™ Ejp3°°nt! and Apc™i" E1p32M¥e mice (n = 5 mice per genotype; mean = SD, Student t-test, *P < 0.05).

Representative immunofluorescence analyses are illustrated.

Source data are available online for this figure.

The phenotype that results from Elp3 deficiency in macrophages
undergoing M1 or M2 polarization resembles what has been
reported without mTORC2 activation. Indeed, Akt phosphorylation
on serine 473, a residue targeted by mTORC2 upon LPS/IFNy stimu-
lation, is impaired without Elp3. Moreover, both Elp3 and Rictor
deficiencies show elevated levels of cytokines linked to M1 macro-
phage polarization (Festuccia et al, 2014). Likewise, the phosphory-
lation of Akt by mTORC2, the transcriptional signature and
metabolic reprogramming by IL-4 are impaired without Elp3, as pre-
viously reported without mTORC2 (Huang et al, 2016). Collectively,
these data define a biological context in which Elp3 promotes
mTORC2 signaling, as demonstrated in yeast (Candiracci et al,
2019). As Ctu2, a tRNA-modifying enzyme acting in the same cas-
cade as Elp3, also promotes mTORC2 activation, it is likely that
these enzymes are required for the translation of mRNA candidates
acting as activators of mTORC2. In this context, we identified Ric8b,
a candidate known to promote mTORC2 activation (Nagai et al,
2020), as a direct target of Elp3. Ric8b expression is induced by IL-4
in macrophages, similarly to Elp3. Moreover, Elp3 deficiency inter-
feres with Ric8b expression in IL-4-stimulated macrophages. Ric8b
is enriched in codons (9.45%) known to rely on Elp3 to be properly
translated. Our data based on experiments conducted with a Ric8b
mutant lacking all LysAAA, GIn®*?, and Glu®?? codons demonstrate
that Elp3 promotes Ric8b translation in a codon-dependent manner.
Alternatively, Elp3 may have stabilized Ric8b through mTORC2.
Such hypothesis indeed explains how Elp3 stabilizes the anti-
apoptotic protein Mcl-1 in triple negative breast cancers (Cruz-
Gordillo et al, 2020). The PI3K/mTOR pathway indeed stabilizes
candidates such as Mcl-1 (Wang et al, 1999). Therefore, Elp3 may
also regulate protein stability of a variety of candidates downstream
of mTORC2, in addition to promoting mRNA translation in a codon-
dependent manner.

Elp3 may also promote mTORC2 activation through additional,
Ric8b-independent pathways. Indeed, a careful analysis of candi-
dates whose protein but not mRNA levels are impaired in IL-4-
stimulated BMDMs lacking Elp3 revealed Rps6 whose deficiency
attenuates insulin-induced mTORC2 activation (Yano et al, 2014).

Beside a role of Elp3 in mTORC2 activation, Elp3 also regulates
early steps of IL-4 signaling. Indeed, both Tyk2 and Stat6 phospho-
rylation triggered by IL-4, which occur through a mTORC2-
independent pathway, are defective upon Elp3 deficiency. One
explanation could be the decreased IL-13Ral expression in Elp3-
depleted peritoneal macrophages. Alternatively, elevated Socsl
levels seen without Elp3 could also underlie defective Stat6 phos-
phorylation, a mechanism also reported upon Rictor deficiency
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(Hallowell et al, 2017). It remains to be demonstrated how Elp3 reg-
ulates both Socs1 and IL-13Ral expression though.

Elp3 deficiency leads to protein misfolding and aggregation in
both yeast and human (Nedialkova & Leidel, 2015; Rapino et al,
2018). Interestingly, candidates found in these aggregates are
enriched in codons decoded by tRNAs lacking mem’s®Us, modifica-
tions in Elp3-deficient yeast (Tavares et al, 2020). Therefore, it is
tempting to speculate that defects in macrophage polarization seen
upon Elp3 deficiency may result, at least in part, from misfolding
of a variety of proteins acting downstream of both LPS/IFNy and
IL-4 signaling cascades. In support with this hypothesis, we found
that several mitochondrial proteins of ribosome large subunit such
as Mrpl3, Mrpl13, and Mrpl 47 accumulate in aggregates of macro-
phages stimulated with IL-4 upon Elp3 deficiency. As a result,
mitochondrial translation is impaired, as evidenced by decreased
protein levels of candidates such as Mt-co3. This finding has
important consequences as the depletion of Mrpll3 also leads to
defects in M2 macrophage polarization, similarly to Elp3 defi-
ciency. Therefore, our results demonstrate how critical mitochon-
drial translation regulated by a tRNA-modifying enzyme is in
macrophage polarization.

The loss of Elp3 in cortical progenitors, T cells as well as in the
hematopoietic system causes Atf4 stabilization, which largely
underlies the phenotypical defects in mice (Laguesse et al, 2015;
Lemaitre et al, 2021; Rosu et al, 2021). We have not seen any
robust Atf4 stabilization in peritoneal macrophages lacking Elp3
expression, suggesting that Atf4 stabilization is not a systematic
consequence of Elp3 deficiency in primary cells.

The capacity of Elp3 to prevent aberrant M1 macrophage polar-
ization defines Uz, chemical tRNA modifications as an anti-
inflammatory process as Elp3 deficiency in myeloid cells exacer-
bates inflammation in a model of experimental colitis. The defective
Akt-dependent FoxO1 phosphorylation seen in LPS/IFNy-stimulated
peritoneal macrophages most likely contributes to this inflammatory
phenotype seen upon Elp3 deficiency. Therefore, Elp3 expression in
myeloid cells prevents excessive inflammation in the large intestine,
at least by promoting mTORC2 activation.

Loss of Elp3 in macrophages impacts on mitochondrial func-
tions. Indeed, IL-4-dependent metabolic reprogramming, a feature
of M2 macrophage polarization, is largely impaired without Elp3.
TCA cycle and mitochondrial oxidative phosphorylation are defec-
tive upon Elp3 deficiency in macrophages. These phenotypes can
be explained, at least in part, by a defective activation of both IL-
4Ra-Stat6- and mTORC2-Irf4-dependent pathways, given their key
roles in glucose consumption occurring during IL-4-dependent
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metabolic reprogramming (Huang et al, 2016). The fact that Elp3
promotes the production of some mitochondrial proteins of ribo-
some large subunit induced by IL-4 represents one molecular mech-
anism by which Elp3 controls mitochondrial functions in metabolic
reprogramming.

Lastly, the genetic inactivation of Elp3 in myeloid cells delays
Wnt-driven tumor initiation in the intestine. This delay in tumor
development also occurs when Elp3 is inactivated in intestinal
epithelial cells (Ladang et al, 2015). Although the role of Elp3 in all
stromal cells remains to be extensively defined, our data strengthen
the notion that Elp3 is a promising therapeutic target to treat intesti-
nal tumors showing constitutive Wnt signaling.

Materials and Methods

Cell lines and reagents

RAW 264.7 cells were from ATCC (ATCC TIB-71) and were tested
several times for mycoplasma contamination. They were cultured in
DMEM medium supplemented with 10% FBS, 4.5 g/l of glucose,
2 mM of Glutamine, and 100 U/ml of Penicillin/Streptomycin. LPS
was purchased from Sigma (L4391) and mouse IFNy, IL-4, and IL-13
were from R&D Systems (485-MI, 404-ML, and 413-ML). Wortman-
nin (W1628) and AS1517499 (SML1906) were purchased from
Sigma. Flag-Ric8b WT and Flag-Ric8b MUT were generated by Vec-
torBuilder using the pLV-Puro-CMV/T7-EGFP as a lentiviral vector
backbone.

Mice

The EIp3"*'* mouse was previously described (Ladang et al,
2015). The LysM-CRE strain was obtained from Jackson Laboratory
(stock 004781). Elp3*™¥® mice were obtained by crossing Elp3'°¥/1ox
with the LysM-CRE strain while Elp3°°™™! mice correspond to
Elp3'°¥1°% mice. The Elp3*"E° mice in which Elp3 expression is
genetically inactivated in intestinal epithelial cells has been previ-
ously described (Ladang et al, 2015). All mouse strains were housed
at the animal facility of the University of Liege, according to rules
requested by the ethical comity (file number 2332). Cages were ven-
tilated, softly lit, and subjected to a light dark cycle. The relative
humidity was kept at 45-65%. Mouse rooms and cages were always
kept at a temperature range of 20-24°C. Apc”/™™ mice were
obtained from Jackson Laboratory (strain #:002020).

Experimental colitis model

Mice were given 2.5% DSS (molecular mass 36,000-50,000, MP
Biomedicals, LLC) in the drinking water for 6 continuous days. Body
weight was observed daily. Six days after the administration of DSS
in water, colon length was measured and the colonic histological
score was evaluated as follows: Inflammatory cell infiltrate severity
(0-3) and extent (0-3), hyperplasia (0-2) and epithelial erosion (0—
3), according to hematoxylin and eosin (H&E) staining samples, as
previously described (Erben et al, 2014). mRNAs were extracted
from the distal 1 cm of colon. For survival record, mice were given
2.5% DSS for 7 continuous days, then followed with normal water
for another 8 days.
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Generation of BMDMs

Bone marrow was extracted from femur and tibia, after lysis of ery-
throcytes, marrow cells were cultured in complete medium consist-
ing of Dulbecco’s modified Eagle’s medium with 30% L929-
conditioned medium and 10% heat-inactivated fetal bovine serum.
On day 4, nonadherent cells were removed and the medium was
replaced. On day 7, BMDMs were treated with stimulators. For
infections of BMDMs, 3 x 10° 293-LentiX cells were transfected with
12 pg of the “GFP” lentiviral plasmid (used as negative control),
with Ric8b WT or Ric8b MUT, 12 pg of psPAX2 and 5 pg of VSVG
plasmid, using the Mirus Bio’s TransIT-LT1 reagent. Supernatants of
those infected cells were collected and filtered (0.2 um) 72 h after
transfection and centrifuged at 90,000 g for 4 h. Pellets were diluted
in BMDM growth media for 4 h at 4°C with constant rocking. Virus
was added to BMDMs on the 6™ day of differentiation with 8 ug/ml
of polybrene. Twenty-four hours later, the media was changed and
cells were left for another 96 h. After that, cells were collected and
subjected to western blot analyses.

Treatment of mice with thioglycollate and peritoneal
macrophage isolation

A 3% solution of thioglycollate (BD, Cat: 211716) was prepared in
water, autoclaved and mice were received 1 ml intraperitoneal
injection (i.p.) to induce peritonitis 4 days before sacrifice. Follow-
ing sacrifice, peritoneal cavity exudate cells were obtained by wash-
ing the cavity with cold 1X PBS, erythrocytes were removed by
incubating with a red blood cell lysis buffer. Cells were seeded in 6
well plates in the same culture medium as RAW 264.7 cells. Two
hours later, cells were washed by PBS and then used for subsequent
experiments.

IL-4 complex administration

Recombinant mouse IL-4 (BioLegend) was mixed with anti-mouse IL-4
monoclonal antibody (Biolegend, 11B11) at a molar ratio of 1:5 and
incubated at room temperature (RT) for 5 min. Mice were injected i.p.
with 100 pl of this cytokine-antibody complex (IL-4c) containing 5 pg
of rIL-4 and 25 pg of anti-IL-4 antibody or PBS as control on day 0 and
day 2. Peritoneal exudate cells were collected on day 4.

FACS sorting and intracellular staining

Peritoneal lavage was performed to collect exudates. Cells were then
stained with primary antibodies in the Table EV1 before dead cells
were excluded using a fixable viability dye (2000x, eFluor™ 780,
eBiosciences Cat # 65-0865-14). A total of one million peritoneal
macrophages were then sorted as Live F4/80"CD11b" cells using a
FACSAria UIII (BD Biosciences) for further RNA extraction.

For Ki67 staining, the eBioscience FoxP3/Transcription Factor
Staining Buffer set (00-5523-00) was used. In brief, after surface
staining, cells were fixed with 1x Fix Concentrate buffer in the pro-
vided Fix Diluent for 30 min at room temperature. To permeabilize
the cells, samples were washed with 1x Perm buffer diluted in
water. Then, the samples were stained with secondary antibodies
20 min at room temperature, followed by washing in 1x Perm buffer
and FACS buffer before flow cytometry.
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For EdU staining, mice were given 1 mg of EdU i.p. (from Click-
iT™ Plus EAU Flow Cytometry Assay Kit, Thermo Fisher, C10635)
3 h before sacrifice. After sacrifice of mice and peritoneal lavage,
samples were processed, fixed. EdU-labeled cells were washed in 1x
Perm buffer, incubated in Edu detection reaction cocktails for
30 min at room temperature, followed by washing in 1x Perm buffer
and FACS buffer.

Histology and immunofluorescence microscopy

For histopathological analysis, colon samples were embedded in
paraffin wax then sectioned (5 pum) and stained with H&E. For
immunofluorescence, after dewaxing and hydration, antigen
retrieval was performed by boiling slices for 30 min in a sodium
citrate buffer pH 6.0. Slides were blocked with 10% goat serum for
1 h at RT and incubated with primary antibodies at 4°C overnight.
After washing, Alexa Fluor® 568 goat anti- rabbit and Alexa Fluor®
488 goat anti-rat (Thermo Fisher) secondary antibody was applied
to the slides at RT for 1 h. Then, sections were counterstained with
4’, 6-diamidino-2-phenylindole (DAPI). The antibody used in this
study are listed in Table EV1. The immunofluorescence staining
data were analyzed by using the Image-pro plus software.

RNA extraction and Real-Time PCR analysis

mRNAs expression was defined by reverse transcription polymerase
chain reaction and RT-qPCR. RNAs were isolated from tissue or cells
with the RNeasy Mini Kit (Qiagen) and then synthesized to DNAs
(cDNAs) by using the RevertAid H Minus First Strand cDNA Synthe-
sis Kit (Thermo Fisher) and augmented by using SYBR Green qPCR
Mix (TAKARA) on LightCycler 480 (Roche). ACt values were nor-
malized to GAPDH, and relative quantification of gene expression
were compared to WT group. The primers used in this study are
listed in Table EV2 and synthesized by Integrated DNA Technolo-
gies (Germany).

Immunoblotting

Macrophages were washed 3 times in cold PBS, lysed in RIPA buffer
with protease and phosphatase inhibitor cocktails (Roche) for
10 min on a rocker 100 rpm at 4°C. Protein concentrations were
quantified by using a BCA protein kit (Thermo Fisher). Proteins
samples were analyzed on SDS polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto PVDF membranes (Millipore).
These membranes were blocked with 5% BSA (Cell signaling) and
0.1% Tween 20 in Tris-buffered saline 1 h, and then incubated over-
night at 4°C with primary antibodies. The appropriate HRP-coupled
secondary antibody was then added and was detected with chemilu-
minescent substrate ECL (Thermo Fisher).

Quantification of tRNA modifications

3C0ntrol and

BMDMs were collected and cultured from three Elp
Elp32™Y® mice. Replicates were used for each mouse. Total RNAs
were extracted using Trizol. RNAs were submitted to Arraystar
(arraystar.com) for LC-MS analysis where it was processed as fol-
lows: total RNA samples were quantified by using Nanodrop ND-

1000. tRNAs were isolated from total RNAs by Urea-PAGE and 60-
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90 nt bands of tRNAs were excised and purified by ethanol precipi-
tation. tRNAs were hydrolyzed to single dephosphorylated nucleo-
sides by enzyme mix. Pretreated nucleoside solutions were
deproteinized using Satorius 10,000-Da MWCO spin filter. The anal-
ysis of nucleoside mixtures was performed on Agilent 6460 QQQ
mass spectrometer with an Agilent 1260 HPLC system using the
Multi reaction monitoring (MRM) detection mode. LC-MS data were
acquired using Agilent Qualitative Analysis software. MRM peaks of
each modified nucleoside were extracted and normalized.

Northern blots

Five micrograms of total RNAs (or 1 pg of enriched small RNAs iso-
lated using the kit mirVana™ Paris™ RNA (Invitrogen)) extracted
from peritoneal macrophages were subjected to electrophoresis on a
8% acrylamide gel (29:1) with 6 M Urea and 1 x TBE. Fifty micro-
grams per milliliter of N-acryloylaminophenyl mercuric chloride
(APM) were added or not. RNAs were transferred on a positively
charged nylon membrane (180 mA, 45 min, 0.5 x TBE) using the
Trans Blot Turbo Transfer system. RNAs were crosslinked using a
Spectrolinker UV crosslinker (Invitrogen). Hybridization was per-
formed using the Easy-Hyb solution (Roche). The probe dQ(UUG)
GGTCCCACCGAGATTT-GAACTCGG, tK(UUU)CCTGAACAGGGACT
TGAACCCTGA-3 or tE(UUC) GTTCCCACACCGGGAGTC-GAAC was
labeled using the DIG Oligonucleotide 3’ end labeling kit (second
generation) and hybridized overnight at 50°C with constant rotation
(for the probe tK(UUU), the hybridization was performed at 45°C).
Membranes were washed twice with a buffer containing 2 x SSC,
0.1% SDS at room temperature during 5 min and twice with another
buffer containing 0.2 x SSC, 0.1% SDS at 50°C (45°C for the probe
tK(UUU) during 15 min. The detection of both unmodified and thio-
lated tRNAs was performed using DIG Luminescent Detection Kit
for Nucleic Acids.

ChiP

ChIP assays were essentially performed by using the anti-STAT6
antibody (Cell signaling) or an IgG antibody as negative control.
Extracts from PBS or IL-4-treated RAW 264.7 cells were precleared
by incubation with protein A Sepharose/Herring sperm DNA for 1 h
and subsequent IPs were performed by incubating cell extracts over-
night at 4°C with the relevant antibody followed by 1 h of incuba-
tion with protein A/Herring sperm DNA. Protein-DNA complexes
were washed as per standard ChIP techniques. After elution, pro-
teinase K treatment and reversal of crosslinks, DNA fragments were
analyzed by real-time PCR with SYBR green detection. Input DNA
was analyzed simultaneously and used for normalization purposes.
Primers used to address STAT6 recruitment on the Elp3 gene pro-
moter are listed in the Table EV2. Putative STAT6-binding sites
were predicted by JASPAR database (http://jaspar.genereg.net/).

Transfection of siRNA

Cells were transfected with ON-TARGETplus Mouse Raptor, Rictor,
Ric8b, and siGENOME mouse Elp3 and Ctu2 siRNAs (Horizon Dis-
covery) or control siRNAs by using INTERFERin (Polplus) according
to the manufacturer’s instruction. RAW264.7 cells and BMDMs were
transfected with 50 nmol siRNA and 10 pl of transfection reagent on
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three consecutive days and experiments were performed 96 h after
the first transfection. The siRNAs and their sequences used in this
study are listed in Table EV3.

RNA sequencing and analysis

BMDMs from Elp3°°™™! and Elp3*M¥® mice were treated with or
without IL-4 and IL-13 for 2 h. A total of 6 mice were used for each
experimental condition. Total RNAs were extracted using a RNeasy
Mini Kit (Qiagen) according to the manufacturer’s instructions. RNA
quality was controlled on the Bioanalyser 2100 (agilent). TruSeq
mRNA library preparation started from 1 pg of total RNA and dena-
tured for 4 min. Libraries were validated by qPCR using the KAPA
Universal kit (KAPA Biosystems). Libraries were sequenced on the
NExtSeq550. We employed GSEA in the context of gene ontology
and utilized specific genes sets (GEO: GSE7348 and GSE25123) to
perform GSEA. The heatmap was generated using https://software.
broadinstitute.org/morpheus. Differential gene expression was cal-
culated using DESeq2 in R. Genes with normalized P values < 0.05
were considered as significantly regulated.

LC-MS profiling for intracellular metabolites

For metabolomics analysis of peritoneal macrophages, the peritoneal
macrophages from Elp3°°""™' and Elp3*™¥® mice were treated with or
without IL-4 and IL-13 for 24 h. Each sample was washed three times
with cold PBS, collected into an Eppendorf tube, frozen in liquid
nitrogen and stored at —80°C until extraction. The extraction solution
used was 50% methanol, 30% ACN, and 20% water. The volume of
extraction solution added was calculated from the cell count
(2 x 10° cells/ml). After addition of extraction solution, samples
were vortexed for 5 min at 4°C, and immediately centrifuged at
16,000 g for 15 min at 4°C. The supernatants were collected and ana-
lyzed by liquid chromatography-mass spectrometry using SeQuant
ZIC-pHilic column (Merck) for the liquid chromatography separation.
Mobile phase A consisted of 20 mM of ammonium carbonate plus
0.1% ammonia hydroxide in water. Mobile phase B consisted of
ACN. The flow rate was kept at 100 ml/min, and the gradient was
0 min, 80% of B; 30 min, 20% of B; 31 min, 80% of B; and 45 min,
80% of B. The mass spectrometer (QExactive Orbitrap, Thermo
Fisher Scientific) was operated in a polarity switching mode and
metabolites were identified using TraceFinder Software (Thermo
Fisher Scientific). To obtain a robust statistical analysis, metabolo-
mics data were normalized using the median normalization method
(Hendriks et al, 2007). The data were further pre-processed with a
log transformation. The MetaboAnalyst 4.0 software (Xia et al, 2015)
was used to conduct statistical analysis and heatmap generation, and
enrichment analysis. The algorithm for heatmap clustering was
based on the Pearson distance measure for similarity and the Ward
linkage method for biotype clustering. Metabolites with similar abun-
dance patterns were positioned closer together.

Glucose consumption assay
Glucose-Glo™ Assay Kit (Promega) was used to determine glucose
uptake according to the manufacturer’s protocols. IL-4-primed M2

peritoneal macrophages from Elp3°°t°! and EIp3*MY® mice were
plated at 2.5 x 10° cells/ml into 24-well plates and incubated for
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24 h. Next day, cells incubation mediums and medium without cells
(empty control) were collected and used for determination of glu-
cose consumption. The luminescence was recorded by PerkinElmer
Victor X3. The glucose consumption was calculated as the difference
between the noncells medium value and cells incubation medium
value.

Complex | enzyme activity assay

The Complex I enzyme activity was performed by following instruc-
tions of the Complex I Enzyme Activity Microplate Assay Kit
(Abcam, ab109721). Briefly, 1 x 107 peritoneal macrophages from
Elp3°°ntl and Elp3*™Y® mice were seeded in 15 cm? dishes with IL-
4 treatment for 24 h. The cell lysis buffer was added into the micro-
plate and incubated at room temperature for 3 h. After 3 washes,
assay solutions were added and then the data were recorded as the
following settings: wavelength, 450 nm; time, 30 min; interval,
20 s. The rate was calculated by the formula: mOD/min = Abs 1 —
Abs 2 (mOD @ 450 nm)/Time 1 — Time 2 (minutes).

Mitochondrial membrane potential

Peritoneal macrophages from Elp3°°™™' and EIp3*™® mice were
plated at 5 x 10° cells/ml in 12-well plates and treated with IL-4 for
24 h. The following control cell samples were accounted for:
unstained, single stained TMRM (Thermo Fisher), MitoTracker Deep
Red (Thermo Fisher, hereafter MTDR), and Viability 405/452 Fix-
able Dye (Miltenyi Biotech). Cells were stained with Viability 405/
452 Fixable Dye at 37°C in the dark for 30 min. Next, cells were
stained by a mix of MTDR (50 nM) and TMRM (20 nM) at 37°C in
the dark for another 30 min. Cells were removed from the plate sur-
face using a cell scraper and transferred to polypropylene FACS
tubes. Cells were then analyzed using BD FACS Canto II, and data
were analyzed using FlowJo software.

Extracellular flux assays

All experiments were performed with a Seahorse XFp extracellular
flux analyzer (Agilent). Cells were seeded (100,000 cells/well) in
XFp mini-plates (Agilent) and treated by IL-4 for 24 h. One hour
before the mitochondrial oxygen consumption rate (OCR - pmol/
min) analysis, culture medium was replaced by an unbuffered
serum-free DMEM (Basal DMEM, Agilent) supplemented with pyru-
vate (1 mM), glutamine (2 mM), glucose (10 mM), pH7.4, and fur-
ther incubated at 37°C in ambient CO, incubator. During the assay,
cells were successively stressed with oligomycin (1 uM), FCCP
(1.0 uM) and rotenone/antimycin A (0.5 uM each) mix. Spare OCR
capacity was calculated as the difference between the average of the
3 pre-oligomycin measurements and the average of the 3 post-FCCP
measurements. All results were normalized according the cell num-
ber evaluated by Hoechst (2 pg/ml) incorporation (A.U.) after cold
methanol/acetone fixation. Results shown are representative of 3
independent experiments.

Puromycin proximity ligation assay (Puro-PLA)

IL-4-activated BMDMs were treated with Puromycin (10 pg/ml) for
5 min at 37°C, 5% CO,, and washed twice in PBS. As negative
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control, cells were treated with Cycloheximide (100 pg/ml) before
Puromycin treatment. Cells were fixed in 4% paraformaldehyde for
20 min and permeabilized with 0.5% Triton X-100 solution for 1 h.
Duolink PLA reagents (Sigma-Aldrich) were used to detect newly
synthesized proteins according to the manufacturer’s instructions.
Briefly, cells were blocked using the Duolink Blocking solution for
1 h at room temperature and then were incubated in the primary
antibody (anti-Ric8b) overnight at 4°C. After several washings, cells
were incubated in the PLUS and MINUS PLA probes solutions for
1 h at 37°C. Next, cells were incubated in the ligation solution
(30 min) and in the amplification buffer (100 min) at 37°C. Once
the amplification was done, cells were incubated in the anti-o-
tubulin antibody solution overnight and then incubated in the sec-
ondary antibody solution for 1 h. Glasses were mounted with the
fluorescent mounting medium overnight. Duolink PLA signals were
visualized by fluorescence microscopy (Zeiss HR LSM 880).

Aggresome detection

BMDMs were treated with IL-4 for 24 h and the positive control was
treated by MG-132. Then, the procedures were followed in agree-
ment with the instruction of the PROTEOSTAT® Aggresome Detec-
tion Kit (Enzo, ENZ-51035-K100). Briefly, cells were washed by PBS
twice and then incubated in 4% formaldehyde for 30 min. Cells
were then washed with PBS and incubated in the Permeabilizing
Solution for 30 min and lastly incubated in the Dual Detection
Reagent for another 30 min in the dark. The samples were analyzed
in the FL3 channel of a flow cytometer.

Aggregates isolation

BMDMs were treated with IL-4 or PBS for 24 h and cells were lysed
using the Cytoplasmic Lysis Buffer (Tris HClI pH 7.9, 10 mM;
sucrose 340 nM; CaCl, 3 mM; EDTA 0.1 mM; MgCl, 2 mM; 1 mM
DTT; 0.5% NP-40) for 10 min on ice. The samples were then cen-
trifuged at 1,100 g, 4°C for 15 min. The supernatant was centrifuged
at 20,000 g, 4°C for 10 min. Protein concentration in supernatants
was determined with the Bio-Rad Protein Assay. Protein concentra-
tion was equalized across samples and aggregates were pelleted
from equal amounts of total proteins. Pellets were sonicated 4 times
for 8 min in the cold room. The samples were then centrifuged at
16,000 g, at 4°C for 20 min and the pellets were washed using the
washing buffer (NaF 20 mM pH 6.8; PMSF 1 uM) with 2% NP-40
twice and next washed using the washing buffer without NP-40 one
more time. Lastly, the samples were sonicated for 4 min and cen-
trifuged at 16,000 g, at 4°C for 20 min. Supernatants were collected
as aggregates fraction.

LC-MS profiling for total proteins and aggregates proteins

The total proteins were extracted from Elp3°°™™! and Elp3*M¥e
BMDMs treated with or without IL-4 (20 ng/ml) for 4 h. Lysates
were quantified by Qubit fluorometry. The aggregate extraction
samples were heated at 100°C for 15 min in the loading buffer, cen-
trifuged briefly, and 50% was loaded on gel. Each gel lane was
excised into 20 equally sized segments and gel slices were processed
using a robot (ProGest, DigiLab) with the following protocol:
washed with 25 mM ammonium bicarbonate followed by
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acetonitrile; reduced with 10 mM dithiothreitol at 60°C followed by
alkylation with 50 mM iodoacetamide at room temperature;
digested with trypsin (Promega) at 37°C for 4 h; quenched with
formic acid and the supernatant was analyzed directly without fur-
ther processing. Peptides were analyzed by nano LC/MS/MS with a
Waters NanoAcquity HPLC system interfaced to a Thermo Fisher
Fusion Lumos. Peptides were loaded on a trapping column and
eluted over a 75 um analytical column at 350 nL/min; both columns
were packed with Luna C18 resin (Phenomenex). The mass spec-
trometer was operated in data-dependent mode, with MS and MS/
MS performed in the Orbitrap at 60,000 FWHM resolution and
15,000 FWHM resolution, respectively. APD was turned on. The
instrument was run with a 3 s cycle for MS and MS/MS. Mascot
DAT files were parsed into the Scaffold software for validation, fil-
tering and to create a nonredundant list per sample. Data were fil-
tered 1% protein and peptide level FDR and requiring at least two
unique peptides per protein.

Codon bias analysis

The coding sequence (cds) of all protein-coding Mus musculus
genes (genome assembly GRCm38.p6) was downloaded from
Ensembl (http://www.ensembl.org). Codon frequency of AAA,
CAA, and GAA in the complete cds of every Mouse Genome Infor-
matics—annotated mouse gene was computed using the seqinr and
biomaRt packages in R. We next computed a z-score for AAA, CAA,
and GAA codon enrichment/ depletion in the cds of proteins found
to be downregulated in BMDMs from Elp3*™® mice in our compara-
tive proteomic analysis using the formula: z = (codon frequency of
gene — average codon frequency in all mouse cds)/variance of
codon frequency in all mouse cds. A heatmap was subsequently
generated using the heatmap package in R.

Statistical analysis

The statistical significance of differences in groups were per-
formed using the GraphPad Prism 8.0 Software. All data and
error bars are presented as the mean + standard deviation (SD)
and based on experiments performed at least in triplicate. The
one- or two-way ANOVA test was used to compare the mean of
a continuous variable between two samples and Unpaired Stu-
dent’s t-test was used to comparison between two groups.
P < 0.05 was considered to be statistically significant. Blinding
was systematically done.

Data availability

RNA-seq data has been deposited on Gene Expression Omnibus
(GEO) under accession number GSE166169 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc = GSE166169). Proteomic data has
been deposited on ProteomeXChange with accession code
PXD033962 and PXD023588 (http://www.ebi.ac.uk/pride/archive/
projects/PXD033962; http://www.ebi.ac.uk/pride/archive/projects/
PXDO023588). Other data that support the findings of this study are
available from the corresponding authors upon request.

Expanded View for this article is available online.
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