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The endoplasmic reticulum
stress sensor IRE1a modulates
macrophage metabolic function
during Brucella abortus
infection
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Endoplasmic reticulum (ER) stress plays a major role in several inflammatory

disorders. ER stress induces the unfolded protein response (UPR), a conserved

response broadly associated with innate immunity and cell metabolic function

in various scenarios. Brucella abortus, an intracellular pathogen, triggers the

UPR via Stimulator of interferon genes (STING), an important regulator of

macrophage metabolism during B. abortus infection. However, whether ER

stress pathways underlie macrophage metabolic function during B. abortus

infection remains to be elucidated. Here, we showed that the UPR sensor

inositol-requiring enzyme 1a (IRE1a) is as an important component regulating

macrophage immunometabolic function. In B. abortus infection, IRE1a
supports the macrophage inflammatory profi le, favoring M1-like

macrophages. IRE1a drives the macrophage metabolic reprogramming in

infected macrophages, contr ibut ing to the reduced oxidat ive

phosphorylation and increased glycolysis. This metabolic reprogramming is

probably associated with the IRE1a-dependent expression and stabilization of

hypoxia-inducible factor-1 alpha (HIF-1a), an important molecule involved in

cell metabolism that sustains the inflammatory profile in B. abortus-infected

macrophages. Accordingly, we demonstrated that IRE1a favors the generation

of mitochondrial reactive oxygen species (mROS) which has been described as

an HIF-1a stabilizing factor. Furthermore, in infected macrophages, IRE1a
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drives the production of nitric oxide and the release of IL-1b. Collectively, these
data unravel a key mechanism linking the UPR and the immunometabolic

regulation of macrophages in Brucella infection and highlight IRE1a as a central

pathway regulating macrophage metabolic function during infectious diseases.
KEYWORDS
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Introduction

The Endoplasmic reticulum (ER) is a central organelle

responsible for synthesis, processing, and folding of secreted

and transmembrane proteins. Physiologic stresses, such as

increased secretory load, or pathological stresses, such as

inflammatory challenges, cause an imbalance between protein

load and the ER folding capacity, resulting in accumulation of

misfolded proteins (1).Thenceforward, ER stress can induce the

unfolded protein response (UPR), a physiological response aimed

to restore ER homeostasis and preserve cellular functions (2, 3).

The UPR consists of three major signaling pathways, activated by

protein sensors: PKR-like ER kinase (PERK), activating

transcription factor 6a (ATF6) and inositol-requiring enzyme

1a (IRE1a) (4). IRE1a, the most conserved UPR stress sensor,

has been involved in a variety of cellular processes (5, 6), being

considered a metabolic stress sensor and broadly associated with

several metabolic disorders (6, 7).

Brucella, the etiologic agent of brucellosis, the most prevalent

bacterial zoonosis worldwide (8), induces the UPR upon

trafficking to the ER (9–11). Moreover, we and others have

shown that Brucella infection activates the IRE1a axis of the

UPR (9, 11, 12). Remarkably, full UPR induction during B.

abortus infection in macrophages requires Stimulator of

in ter fe ron genes (STING) (9) . STING is an ER-

transmembrane protein that was recently implicated in the

metabolic reprogramming of Brucella-infected macrophages

(13). Nevertheless, the possible interaction between the UPR

and macrophage metabolic function in Brucella infection is

poorly understood.

Macrophage metabolic reprogramming refers to the process

whereby macrophages phenotypically mount a specific functional

response to distinct microenvironment stimuli and signals. In this

regard, macrophage polarization is not fixed (14), and two distinct

populations, inflammatory M1 and anti-inflammatory M2

macrophages, represent the opposing ends of the full spectrum

of macrophage polarization. Macrophages that display the M1

phenotype express various pro-inflammatory components such as

nitric oxide (NO) and reactive oxygen species (ROS). By contrast,

M2 phenotype macrophages are associated with generation of
02
interleukin (IL)-10 and relate with tissue remodeling and wound

healing (15). Regarding cellular metabolism, M1 macrophages

energy production shifts from mitochondrial oxidative

phosphorylation (OXPHOS) to glycolysis to support

macrophage function (16). Our group recently demonstrated

that the macrophage metabolic reprogramming during B.

abortus infection is regulated by STING via HIF-1a (13), a

global regulator of cellular metabolism that sustains the

inflammatory phenotype in macrophages (17). Therefore, we

aimed to determine the role of the UPR in mediating

macrophage metabolic function in B. abortus infection. Here,

we defined that IRE1a supports the inflammatory profile in

macrophages and modulates its metabolic function. Notably,

IRE1a is important for the metabolic shift from OXPHOS to an

enhanced glycolytic metabolism that occurs upon B. abortus

infection. Furthermore, IRE1a induces the generation of

mitochondrial ROS (mROS) and HIF-1a stabilization.

Additionally, IRE1a enhances canonical and non-canonical

inflammasome activation, IL-1b release, NO production and

cytokine secretion in infected macrophages, supporting the

inflammatory profile in macrophages.
Material and methods

Mice

C57BL/6 animals were obtained from the Federal University

of Minas Gerais (UFMG). HIF-1a conditional knockout mice in

their myeloid cell lineage, termed here as HIF-1a KO (LysM-

Cre+/-/HIF-1afl/fl); HIF-1a-non-deletable littermate controls

negative for Cre recombinase, termed here as HIF-1a WT

(LysM-Cre-/-/HIF-1afl/fl), were donated by Dr. Jose Carlos

Alves-Filho (Ribeirão Preto Medical School, University of Sao

Paulo, Brazil). Animals were maintained at UFMG and used at

6-8 weeks of age. All animal experiments were conducted in

agreement with the Brazilian Federal Law number 11,794 and

were preapproved by the Institutional Animal Care and Use

Committee of the Federal University of Minas Gerais (CEUA

no. 87/2017).
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Bacterial strain

Brucella abortus virulent strain S2308 was acquired from our

laboratory collection. Prior to infection, Brucella was grown in

Brucella broth medium (BD Pharmingen, San Diego, CA) under

constant agitation for 3 days at 37°C.
Bone marrow-derived macrophages

Bone marrow-derived macrophages (BMDMs) were

generated as previously described, with some adaptations (18).

Briefly, bone marrow cells from tibias and femurs were isolated

and differentiated in DMEM (Gibco/Thermo Fisher Scientific,

Waltham, MA) supplemented with 20% LCCM, 10% fetal

bovine serum (FBS) (Life Technologies, Carlsbad, CA), 100 U/

ml penicillin-streptomycin (Life Technologies), 1% HEPES (Life

Technologies) at 37°C in 5% CO2 for 7 days until use. Then,

unless otherwise specified, 5 x 105 macrophages were seeded in

24 wells culture plates and cultivated in DMEM supplemented

with 10% FBS, 100 U/ml penicillin-streptomycin and 1% HEPES

at 37°C in 5% CO2.
UPR treatment and macrophage
infection with Brucella

Macrophages were treated with 1 mg/mL of the ER stress

inducer Tunicamycin (Sigma-Aldrich, St. Louis, MO) for 6 hrs

(9). Where indicated, macrophages were pretreated with 50 mM
4m8c (Sigma-Aldrich) for 30 min (9), with 1mM of 2-DG

(Sigma-Aldrich) for 4 hrs (13) or with 0.5 mM Mito-TEMPO

(Sigma-Aldrich), an mitochondrial superoxide scavenger, for 1

hr (19). Then, macrophages were infected in vitro with B.

abortus in DMEM (5.5 mM glucose, 2 mM L-glutamine and

no pyruvate) supplemented with 1% FBS for 24 h at 37°C in 5%

CO2 at the multiplicity of infection (MOI) of 100:1, as previously

described (13). Cellular lysates and culture supernatants were

collected and stored at -80°C.
Knockdown via small interfering RNA

BMDMs were transfected with small interfering RNA

(siRNA) from siGENOME SMARTpools (Dharmacon,

Lafayette, CO), according to the manufacturer’s instructions,

using the GenMute siRNA transfection reagent (SignaGen

Laboratories, Rockville, MD). Since IRE1a is ubiquitously

expressed, the X-box binding protein 1 (XBP1) is a specific

downstream target of the activation of the IRE1a axis of the UPR

(20) used to asses IRE1a activation. Therefore, siGENOME

SMARTpool siRNAs specific for mouse XBP1 (M-040825-00-
Frontiers in Immunology 03
0005) (siXBP1) and a control siRNA pool (D-001206-14-05)

(siCNT) were used in this study. Forty-six hours after siRNA

transfection, cells were infected with B. abortus as described

above. Cellular lysates and culture supernatants were collected

and stored at -80°C.
qPCR analysis

Samples were resuspended in TRIzol (Invitrogen, Carlsbad,

CA) to isolate total RNA in conformity with the manufacturer’s

instructions. Genomic DNA was removed from total RNA by

treatment with DNase I (Invitrogen). According to the

manufacturer’s guidelines, reverse transcription of 1 mg of total

RNA was performed using the Illustra Ready-To-Go RT-PCR

Beads (GE Healthcare, Chicago, IL). Real-time RT-PCR was

performed using SYBR Green PCR master mix (Applied

Biosystems, Foster City, CA) on a QuantStudio3 real-time

PCR instrument (Applied Biosystems), using the following

parameters: 60°C for 10 min, 95°C for 10 min, 40 cycles of 95°

C for 15 sec, and 60°C for 1 min, and a dissociation stage of 95°C

for 15 sec, 60°C for 1 min, 95°C for 15 sec, and 60°C for 15 sec.

The proper primers were used to amplify a specific fragment

corresponding to specific gene targets as described: NOS2

forward: 5’- AGCACTTTGGGTGACCACCAGGA-3’, NOS2

reverse: 5’-AGCTAAGTATTAGAGCGGCGGCA-3’; IL-6

forward: 5’-CAGAATTGCCATCGTACAACTCTTTTC-3’, IL-

6 reverse: 5’-AAGTGCATCATCGTTGTTCATACA-3’; TGF-b
forward: 5’-CGCCATCTATGAGAAAACC-3’, TGF-b reverse:

5’-GTAACGCCAGGAATTGT-3’; YM1 forward: 5’-GGG

CATACCTTTATCCTGAG-3 ’ , YM1 reverse: 5 ’-CCA

CTGAAGTCATCCATGTC-3’; GLUT1 forward: 5’-GCT

GTGCTTATGGGCTTCTC-3 ’ , GLUT1 reve r se : 5 ’ -

CACATACATGGGCACAAAGC-3’; HIF-1a forward: 5’-GG

GTACAAGAAACCACCCAT-3’, HIF-1a reverse: 5’-GAGG

CTGTGTCGACTGAGAA-3’ , and b-actin forward: 5’-

GGCTGTATTCCCCTCCATCG-3’, b-actin reverse: 5’-

CCAGTTGGTAACAATGCCATGT-3’. The threshold cycle

method was used to analyze all data. Data were analyzed as

relative expression after normalization to the b-actin gene and

fold changes are normalized to the non-infected. All

measurements were conducted in triplicate.
Cytokine measurements and nitric
oxide assay

IL-6, IL-12, IL-1b, and TNF-a production in macrophages

supernatants was assessed using ELISA (R&D systems,

Minneapolis, MN), according to the manufacturer ’s

specifications. The NO assay was performed as previously

described (21).
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Seahorse glycolytic rate analysis

The glycolytic profile of cells was assessed using the

Extracellular Flux Analyzer XF96 (Agilent, Santa Clara, CA),

as previously described (13). Briefly, 1 x 105 macrophages were

seeded per well on a Seahorse XF96 cell culture microplate and

allowed to attach overnight. The next day, cells were treated or

not with 50mM 4m8c and infected or not with B. abortus for 24

hrs in culture medium. Proton efflux rate (PER), extracellular

acidification rate (ECAR) and oxygen consumption rate (OCR)

were determined using the Glycolytic Rate Assay Kit (Agilent) in

accordance with the manufacturer’s instructions and as

previously described (13). The Seahorse XF DMEM medium

pH 7.4 (Agilent), supplemented with 4 mM L-glutamine, 2 mM

pyruvate and 25 mM glucose was used during the assay.

Experiments were executed in 5 replicates for each condition.

MitoPER and glycoPER were calculated as previously described

(13, 22).
Measurement of mitochondrial reactive
oxygen species

mROS were detected using MitoSOX Red (Invitrogen), a

fluorescent dye specific for the detection of O2
- in the

mitochondria. For confocal microscopy, MitoSOX Red

staining evaluation was performed similarly as previously

described (19). Briefly, 1 x 105 macrophages were added on

glass coverslips and non-infected or infected with B. abortus for

3 hrs or pre-treated with 50mM 4m8c for 30 min and then

infected with B. abortus for 3 hrs. Subsequently, cells were

incubated with MitoSOX Red at a final concentration of 2.5

mM for 5 min, washed with Phosphate Buffered Saline (PBS)

(Gibco), fixed with 4% formaldehyde, and washed once more

with Phosphate Buffered Saline (PBS) (Gibco). Then, glass

coverslips were mounted with Prolong Gold Antifade with

DAPI (Invitrogen) and visualized by fluorescence microscopy,

using equal settings. Three coverslips were analyzed per

condition and representative images were taken using an ×40

objective using a Nikon A1 confocal microscope. The mean

fluorescence intensity (MFI) for MitoSOX Red staining reflects

mean fluorescence intensity x cell area and was quantified per

whole cell. MFI was measured using ImageJ Software.

Generation of mROS was additionally evaluated by flow

cytometry in macrophages as previously described (13). Briefly,

macrophages were added to microcentrifuge tubes at a cell

density of 5 x 105. Then, cells were treated were indicated with

50mM 4m8c for 30 min or with 0.5mM Mito-TEMPO for 1 hr

and then infected or not with B. abortus for 1 hr. Then, cells were

washed and resuspended in 200 mL PBS per microtube and

transferred to a 96-well plate. mROS generation was assessed by

flow cytometry using Attune Acoustic Focusing equipment (Life
Frontiers in Immunology 04
Technologies) and results were evaluated using FlowJo software.

The data is expressed as MitoSOX Red median fluorescence

intensity (MFI) fold change; particularly, mROS production by

infected cells was relativized to mROS production by non-

infected cell for each group, as previously described (13).
Western blot analysis

Macrophages were lysed using the M-PER Mammalian

Protein Extraction Reagent (Thermo Fisher Scientific) with

1:100 protease inhibitors (Sigma-Aldrich) . Protein

concentrations from macrophage lysates were determined by

BCA assay and identical amounts of supernatants or lysates were

loaded onto 12% or 15% SDS-polyacrylamide gel and transferred

to nitrocellulose membranes (Amersham Biosciences) according

to standard protocols. Membranes were treated for 1 hr in Tris-

buffered saline (TBS) containing 0.1% Tween-20 containing 5%

nonfat dry milk and incubated overnight with primary

antibodies at 4°C, as previously described (13). Primary

antibodies used are the following: a monoclonal antibody

against IL-1b (clone 3A6, Cell Signaling Technology), a

monoclonal antibody against HIF-1a (clone D1S7W, Cell

Signaling Technology, Danvers, MA), a monoclonal antibody

against caspase-11 (clone Flamy-1, Adipogen, San Diego, CA), a

monoclonal antibody against gasdermin D (clone EPR19828,

Abcam, Cambridge, U.K.), and a monoclonal antibody against

the p20 subunit of caspase-1 (clone Casper-1, Adipogen), all at a

1:1000 dilution. A mouse monoclonal anti–b-actin (clone 13E5,

Cell Signaling Technology) at a 1:5000 dilution was used as

loading control. The blots were washed in TBS with 0.1% Tween

20 and incubated for 1 hr at 25°C with the suitable HRP-

conjugated secondary antibody at a 1:1000 dilution. The bands

were visualized in an Amersham Imager 600 (GE Healthcare)

using Luminol chemiluminescent HRP substrate (Millipore).
Lactate dehydrogenase release assay

The lactate dehydrogenase (LDH) enzyme activity was

detected according to the manufacturer’s recommendations

using a CytoTox96 LDH release kit (Promega, Madison, WI).
Statistical analysis

Data analyses were performed using Student’s t- test, one-

way ANOVA, or two-way ANOVA, as indicated, using

GraphPad Prism 9 (GraphPad Software, San Diego, CA). A p

value <0.05 (p<0.05) was considered statistically significant.
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Results

The unfolded protein response supports
the inflammatory profile in macrophages

UPR signaling has been extensively associated with

inflammatory responses in various settings (23, 24). Therefore,

we investigated whether UPR regulates macrophage polarization

i.e., the macrophage profile typically associated with an

inflammatory (M1) or anti-inflammatory (M2) profile.

Quantitative real-time RT-PCR analysis demonstrated that

treatment of macrophages with Tunicamycin, a potent ER

stress inducer, enhanced the expression of the inflammatory

macrophage-related markers, NOS2 (inducible nitric oxide

synthase) and IL-6 (Figure 1A). Remarkably, treatment with

Tunicamycin did not alter the expression of anti-inflammatory

markers such as, YM1 (chitinase-like 3) and TGF-b
(transforming growth factor beta) compared to non-treated

macrophages (Figure 1B). These results indicate that

Tunicamycin-induced UPR favors macrophage polarization

towards an inflammatory profile.

Considering that the UPR has been extensively described as

crucial for inducing an appropriate inflammatory response

during Brucella infection (9, 10, 25), we investigated whether

the IRE1a axis of the UPR contributes to macrophage

polarization. Inhibition of IRE1a by pre-treatment with 4m8c
(4-methyl umbelliferone 8-carbaldehyde), a potent and selective

IRE1a inhibitor (26), reduced the expression of the

inflammatory macrophage-related markers, NOS2 and IL-6 in

B. abortus-infected macrophages (Figure 1C). Meanwhile,

IRE1a inhibition did not alter the expression of the anti-

inflammatory macrophage-related markers, YM1 and TGF-b
in infected macrophages (Figure 1D).

Corroborating these results, knockdown of XBP1 [a specific

downstream target of the activation of the IRE1a axis of the UPR

(20)], via small interfering RNA, also reduced the expression of

the inflammatory macrophage-related markers, NOS2 and IL-6,

in B. abortus-infected macrophages compared to the control

infected with B. abortus (Figure 1E), and did not alter the

expression of the anti-inflammatory macrophage-related

markers, YM1 and TGF-b , in infected macrophages

(Figure 1F). Altogether, these results demonstrate that IRE1a
modulates macrophage polarization, favoring the induction of

inflammatory macrophages during B. abortus infection.
The unfolded protein response
modulates the inflammatory response
in macrophages

ER stress is strongly associated with the immune signaling

response to invading microorganisms (20). Given that the UPR
Frontiers in Immunology 05
regulates macrophage polarization during B. abortus infection, we

evaluated cytokine secretion in Brucella-infected macrophages

pre-treated with 4m8c or transfected with small interfering

RNA. Inhibition of IRE1a impaired IL-6 (Figure 2A) and IL-12

(Figure 2B) secretion and NO production (Figure 2C),

inflammatory mediators typically associated with inflammatory

macrophages (14), whereas TNF-a secretion was unaltered

(Figure 2D). Furthermore, XBP1 silencing likewise reduced IL-6

(Figure 2E) and IL-12 (Figure 2F) secretion and NO production

(Figure 2G), whereas TNF-a secretion was unaltered (Figure 2H).

These results indicate that IRE1a has an important role in

inducing pro-inflammatory responses during B. abortus infection.
The metabolic reprogramming in
infected macrophages is IRE1a-
dependent

Macrophage polarization is closely associated with the

metabolic rewiring required to sustain macrophage biological

functions (16). Moreover, IRE1a senses cellular metabolic

stressful conditions acting to sustain metabolic homeostasis (7).

Therefore, we evaluated the role of the IRE1a in the metabolic

function of macrophages in Brucella infection using a glycolytic

rate assay. In that context, the glycolytic acidification was

determined by calculating the glycolytic proton efflux rate

(glycoPER) as previously described (13). The time-course

measurements of glycoPER showed that macrophages infected

with B. abortus displayed a higher proton flux rate due to the

glycolytic acidification compared to non-infected macrophages

(Figure 3A). The reduction of proton flux rate achieved after

addition of the inhibitor 2-deoxy-D-glucose (2-DG) confirms that

this acidification is provided by the glycolytic pathway

(Figure 3A). In addition, we calculated the basal glycolysis

levels, which were determined before OXPHOS blockage by

rotenone and antimycin A, and the compensatory glycolysis

levels, that were observed after OXPHOS inhibition. We

demonstrated that B. abortus infection increased basal and

compensatory glycolysis. Markedly, our results revealed that

inhibition of IRE1a reduced the basal and compensatory

glycolysis when compared to non-treated infected macrophages

(Figure 3B). Moreover, we evaluated the acidification rate derived

from the CO2 produced entirely by the mitochondria (mitoPER)

as previously described (13) to evaluate OXPHOS. Remarkably,

our results indicate that the decrease in OXPHOS induced by B.

abortus occurs in an IRE1a-dependent manner as IRE1a
inhibition restored OXPHOS to levels similar to non-infected

cells (Figure 3C). Together these results indicate that IRE1a
participates in the metabolic reprogramming of macrophages

and is crucial for the increase in glycolysis and the reduction in

OXPHOS observed during Brucella infection, distinctive

metabolic features of inflammatory macrophages (16).
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FIGURE 1

The UPR favors the polarization of inflammatory macrophages. (A) NOS2 and IL-6 expression levels determined by real-time PCR in
macrophages from C57BL/6 mice non-treated (NT) or treated with Tunicamycin (Tu) (1 mg/mL). (B) YM1 and TGF-b expression levels determined
by real-time PCR in macrophages from C57BL/6 mice non-treated (NT) or treated with Tunicamycin (Tu) (1 mg/mL). (C) NOS2 and IL-6
expression levels determined by real-time PCR in macrophages from C57BL/6 mice infected with B abortus (Ba) or pre-treated with 4m8c (50
mM) and infected with B abortus (Ba+4m8c). (D) YM1 and TGF-b expression levels determined by real-time PCR in macrophages from C57BL/6
mice infected with B abortus (Ba) or pre-treated with 4m8c (50 mM) and infected with B abortus (Ba+4m8c). (E) NOS2 and IL-6 expression levels
determined by real-time PCR in macrophages from C57BL/6 mice subjected to specific XBP1 gene knockdown and then infected with B
abortus. (F) YM1 and TGF-b expression levels determined by real-time PCR in macrophages from C57BL/6 mice subjected to specific XBP1 gene
knockdown and then infected with B abortus. The data are representative of three independent experiments. The data are presented as mean ±
SD, * p < 0.05, Student’s t test.
Frontiers in Immunology frontiersin.org06

https://doi.org/10.3389/fimmu.2022.1063221
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Guimarães et al. 10.3389/fimmu.2022.1063221
IRE1a drives mROS generation in
infected macrophages

The inflammatory profile in macrophages is characterized by

the efficient generation of ROS (16). Furthermore, the cellular

metabolic shift (from producing ATP mainly by OXPHOS to the

increased production of ATP by glycolysis) repurposes

mitochondria from ATP production to ROS generation, which

promotes the inflammatory profile in macrophages (27).

Therefore, we evaluated mROS production, to unravel how the

UPR regulates the macrophage metabolic function during B.

abortus infection.

Confocal microscopy analysis of MitoSOX Red, a

mitochondrial superoxide indicator, demonstrated that infection

with B. abortus enhanced mROS generation when compared to

non-infected macrophages (Figures 4A, B). Moreover, inhibition

of IRE1a reduced mROS production in infected macrophages to

levels similar to those of non-infected (Figures 4A, B).
Frontiers in Immunology 07
Corroborating these results, MitoSOX Red flow cytometry

analysis confirmed that infection with B. abortus enhanced

mROS generation compared to non-infected macrophages, while

IRE1a inhibition reducedmROS production compared to infected

non-treated cells (Figure 4C). As expected, in infected

macrophages, pretreatment with a scavenger specific for mROS,

Mito-TEMPO, abrogated mROS production (Figure 4C).

Altogether, these results strongly indicate that IRE1a contributes

to mROS generation in Brucella-infected macrophages.
IRE1a modulates HIF-1a stabilization in
Brucella-infected macrophages

Recent reports have shown that mROS modulates HIF-1a
activity (27). Moreover, it was recently demonstrated that

mROS stabilizes HIF-1a expression in macrophages infected

with B. abortus (13). Considering that HIF-1a drives the
A B D

E F G H

C

FIGURE 2

The UPR modulates the inflammatory response in infected macrophages. (A) IL-6, (B) IL-12 and (D) TNF-a produced by macrophages from C57BL/6
mice non-infected (NI), infected with B abortus (Ba) or pre-treated with 4m8c (50 mM) and infected with B abortus (Ba+4m8c), detected in cell
supernatants using ELISA. (C) NO2

− (nitrite) accumulation in the media of macrophages from C57BL/6 mice non-infected (NI), infected with B abortus
(Ba) or pre-treated with 4m8c (50 mM) and infected with B abortus (Ba+4m8c), measured by Griess reaction. (E) IL-6, (F) IL-12 and (H) TNF-a produced
by macrophages from C57BL/6 mice subjected to specific XBP1 gene knockdown and then infected with B abortus. (G) NO2

− (nitrite) accumulation in
the media of macrophages from C57BL/6 mice subjected to specific XBP1 gene knockdown and then infected with B abortus. The data are
representative of three independent experiments. The data (A–D) are presented as mean ± SD, * p < 0.05, one-way ANOVA. The data (E–H) are
presented as mean ± SD, * p < 0.05, Student’s t test.
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metabolic reprogramming in macrophages in Brucella infection

(13), we addressed whether IRE1a could modulate HIF-1a
expression and stabilization. Quantitative real-time RT-PCR

analysis revealed that inhibition of IRE1a reduced HIF-1a
(Figure 5A) and GLUT1 (glucose transporter 1, a marker for

the HIF-1a-induced glycolysis) (Figure 5B) (28) expression
Frontiers in Immunology 08
compared to non-treated infected macrophages. Accordingly,

XBP1 silencing also reduced HIF-1a (Figure 5C) and GLUT1

(Figure 5D) expression in infected macrophages compared to

the infected control. Furthermore, inhibition of IRE1a reduced

HIF-1a protein level in infected macrophages compared to non-

treated infected macrophages (Figure 5E). Altogether, these
A

B C

FIGURE 3

IRE1a regulates the metabolic function of infected macrophages. (A) Time-course quantification of glycolytic proton efflux rate (glycoPER) in
macrophages from C57BL/6 mice non-infected (NI), infected with B abortus (Ba) or pre-treated with 4m8c (50 mM) and infected with (B abortus
(Ba+4m8c). (B) Quantification of basal and compensatory glycoPER. (C) Quantification of mitoPER. The data are representative of three
independent experiments. The data (B, C) are presented as mean ± SD, * p < 0.05, one-way ANOVA. * p < 0.05, compared to NI and # p <
0.05, compared to Ba, one-way ANOVA.
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results indicate that IRE1a contributes to HIF-1a expression

and stabilization in Brucella-infected cells. Recent studies

showed that HIF-1a and HIF-1a-induced glycolysis are

important modulators of innate immunity (29, 30).

Considering that the UPR is crucial for triggering immune

responses against infections (20), we evaluated the role of

glycolysis in the immune responses in B. abortus-infected

macrophages. Inhibition of glucose flux using 2-DG in

infected macrophages reduced IL-6 (Figure 5F), IL-12

(Figure 5G), and NO secretion (Figures 5H) compared to non-

treated infected macrophages whereas TNF-a secretion was

unaltered (Figure 5I). Overall, these results demonstrate that

IRE1a modulates HIF-1a function and confirms that the HIF-

1a-glycolysis axis contributes for triggering inflammatory

responses in B. abortus infection.
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IRE1a-dependent stabilization of HIF-1a
is required for induction of inflammatory
responses in Brucella-infected
macrophages

It is widely known that HIF-1a is involved in inflammation

(31). Therefore, to further investigate the contribution of the

IRE1a-HIF-1a axis in inducing inflammatory responses during

B. abortus infection, we inhibited IRE1a in HIF-1a WT and

HIF-1a WT KO in non-infected and infected macrophages and

assessed the production of inflammatory cytokines. Lack of HIF-

1a reduced IL-6 (Figure 6A) and IL-12 secretion (Figures 6B) in

infected macrophages. Furthermore, absence of HIF-1a also

impaired IL-1b release (Figure 6C) whereas TNF-a secretion

was unaltered (Figure 6D).
A

B C

FIGURE 4

IRE1a drives mROS generation. (A) Representative confocal microscopy of MitoSOX Red staining in macrophages from C57BL/6 mice non-
infected (NI), infected with B abortus (Ba) or pre-treated with 4m8c (50 mM) and infected with B abortus (Ba+4m8c). MitoSOX Red is in red, and
nuclei (DAPI) is in blue. Scale bar, 20 mm. (B) MitoSOX Red mean fluorescent intensity, determined as described in Materials and Methods. (C)
MitoSOX Red flow cytometry analysis of mROS production fold change induced by B abortus relativized to non-infected (NI) cells for each
experimental group: non-treated (NT), pre-treated with 50 mM 4m8c (Ba+4m8c) or pre-treated with 0.5 mM Mito-TEMPO (mT). The data are
representative of three independent experiments. The data (B) is presented as mean ± SD, * p < 0.05 (compared to NI) and # p < 0,05
(compared to Ba), one-way ANOVA. The data (C) is presented as mean ± SD, * p < 0.05 [compared to non-infected (NI, set to 100%)] and # p <
0.05 (compared to NT), one-way ANOVA.
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In addition, inhibition of IRE1a using 4m8c in HIF-1a WT

infected macrophages reduced IL-6 (Figure 6A), IL-12

(Figure 6B) and IL-1b (Figure 6C) release compared to non-

treated HIF-1a WT infected macrophages, whereas TNF-a
secretion was unaffected (Figure 6D). Remarkably, inhibition

of IRE1a in HIF-1a KO infected macrophages did not alter IL-6

(Figure 6A) and IL-12 (Figure 6B) secretion compared to non-

treated HIF-1a KO infected macrophages. These data indicate

that IRE1a induces the production of these cytokines, at least

partially, in a HIF-1a-dependent fashion. Interestingly,

inhibition of IRE1a further reduced IL-1b secretion

(Figure 6C) in HIF-1a KO infected macrophages in

comparison with non-treated HIF-1a KO infected

macrophages. Collectively, these results suggest that the

IRE1a-dependent stabilization of HIF-1a is indispensable

for inducing the inflammatory responses against B.

abortus infection.
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IRE1a induces inflammasome activation
in Brucella-infected macrophages

Here, we demonstrated that IRE1a is crucial for inducing IL-

1b release both in HIF-1a WT and HIF-1a KO infected

macrophages, suggesting an important role of IRE1a in

regulating IL-1b release in Brucella infection. Therefore, to

better address this, we evaluated inflammasome activation.

Corroborating our data showing that inhibition of IRE1a
reduced IL-1b secretion in HIF-1a WT and HIF-1a KO

infected macrophages, inhibition of IRE1a also reduced IL-1b
release in C57BL/6 wild type infected macrophages compared to

non-treated infected cells (Figure 7A). Corroborating these data,

XBP1 silencing also reduced IL-1b secretion in infected

macrophages compared to the infected siRNA control (Figure 7B).

Furthermore, IRE1a inhibition reduced pro-IL-1b protein

level in infected macrophages and also processing of caspase-1
A B D E

F G IH

C

FIGURE 5

The expression and stabilization of HIF-1a in Brucella-infected macrophages requires IRE1a. (A) HIF-1a and (B) GLUT-1 expression levels
determined by real-time RT-PCR in macrophages from C57BL/6 mice infected with B abortus (Ba) or pre-treated with 4m8c (50 mM) and
infected with B abortus (Ba+4m8c). (C) HIF-1a and (D) GLUT-1 expression levels determined by real-time RT-PCR in macrophages from C57BL/
6 mice subjected to specific XBP1 gene knockdown and then infected with B abortus. (E) Western blot analysis of HIF-1a in cell lysates from
macrophages from C57BL/6 mice non-infected (NI), infected with B abortus (Ba) or pre-treated with 4m8c (50 mM) and infected with B abortus
(Ba+4m8c). Equal loading was controlled by measuring b- actin in the corresponding cell lysates. (F) IL-6, (G) IL-12, (I) TNF-a produced by
macrophages from C57BL/6 mice non-infected (NI), infected with B abortus (Ba) or pre-treated with 2-DG (1mM) and infected with B abortus
(Ba+2-DG), detected in cell supernatants using ELISA. (H) NO2

− (nitrite) accumulation in the media of macrophages from C57BL/6 mice non-
infected (NI), infected with B abortus (Ba) or pre-treated with 2-DG (1mM) and infected with B abortus (Ba+2-DG), measured by Griess reaction.
The data are representative of three independent experiments. The data (A–D) are presented as mean ± SD, * p < 0.05, student’s t test. The data
(F–I) are presented as mean ± SD, * p < 0.05, one-way ANOVA.
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(p20 subunit in supernatant) was reduced in 4m8c-treated
infected macrophages compared to non-treated infected cells

(Figure 7C). Altogether these results indicate decreased

canonical-inflammasome assembly upon IRE1a inhibition in

infected macrophages.

In addition to canonical-inflammasome activation, B.

abortus also activates the non-canonical inflammasome and

IL-1b release in this case is partially dependent on caspase-11

and gasdermin-D (GSDMD) (32). Furthermore, activation

of non-canonical inflammasome triggers pyroptosis

and consequent membrane disruption, releasing lactate

dehydrogenase (LDH) as well as other cytosolic contents (32).
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Hence, we further evaluated the role of IRE1a in non-canonical

inflammasome activation. Inhibition of IRE1a reduced the

intracellular protein level of caspase-11 and GSDMD cleavage

(p30 fragment) in 4m8c-treated infected macrophages compared

to non-treated infected macrophages (Figure 7C). Regarding

LDH, inhibition of IRE1a diminished LDH release in infected

macrophages to levels similar to non-infected macrophages

(Figure 7D), suggesting that IRE1a participates in non-

canonical inflammasome activation and pyroptosis. Altogether,

these results indicate that IRE1a is indispensable for canonical

and non-canonical inflammasome activation and IL-1b release

in B. abortus-infected macrophages.
A B

DC

FIGURE 6

IRE1a is necessary for full induction of HIF-1a-dependent inflammatory responses during infection. (A) IL-6, (B) IL-12, (C) IL-1b and (D) TNF-a
produced by macrophages derived from HIF-1a WT and HIF-1a KO mice non-infected (NI), infected with B abortus (Ba) or pre-treated with
4m8c (50 mM) and infected with B abortus (Ba+4m8c), detected in cell supernatants using ELISA. The data are representative of three
independent experiments. The data are presented as mean ± SD, * p < 0.05 (compared between WT and KO), # p < 0.05 (compared to Ba from
WT), & p < 0.05 (compared to Ba from KO), two-way ANOVA.
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Discussion

The UPR has been linked to macrophage polarization in

various settings and especially in metabolic disorders. For

example, IRE1a specific deletion in adipose tissue promotes

M2 and decreases M1 polarization of macrophages. This M1-M2

imbalance limits energy expenditure capacity and promotes

insulin resistance in mice (33). Furthermore, IRE1a
knockdown reduces M1 proinflammatory macrophages and

promotes the M2-pheynotypic shift in macrophages in a

mouse model of steatosis, aggravating the ischemia reperfusion

injury of fatty liver (34). Accordingly, we demonstrated here that

IRE1a inhibition reduces M1 macrophage polarization in

Brucella-infected macrophages without affecting M2

macrophages, corroborating the UPR role as an important

inflammatory signal during bacterial infections.

Regarding B. abortus infection, infected human-like and

mouse macrophages undergo reprogramming that resembles
Frontiers in Immunology 12
the inflammatory macrophage profile also known as the

Warburg effect (13, 35). We demonstrated that IRE1a
modulates the macrophage metabolic function, supporting the

metabolic shift towards glycolysis, unraveling the UPR as a

regulator of macrophage metabolism during Brucella infection.

A recent report from our group demonstrated that HIF-1a
drives the metabolic reprogramming in infected macrophages

(13). Accordingly, we demonstrated that IRE1a favors HIF-1a
expression and stabilization, indicating that the IRE1a-
dependent HIF-1a pathway may play a role in regulating the

macrophage metabolic function during B. abortus infection.

Previous reports suggest an intimate relationship between

hypoxia responses and ER stress leading to macrophage

polarization (36). For instance, the UPR enhances HIF-1a
phosphorylation and interacts with hypoxia response pathways

to augment HIF-1a mRNA expression (37). Moreover, the

ubiquitin ligase Siah2 is another example of the interaction of

HIF-1a and the UPR during hypoxia as it limits prolyl
A B

D

C

FIGURE 7

IRE1a induces inflammasome activation and IL-1b release in infected macrophages. (A) IL-1b released by macrophages derived from C57BL/6
mice non-infected (NI), infected with B abortus (Ba) or pre-treated with 4m8c (50 mM) and infected with B abortus (Ba+4m8c), detected in cell
supernatants using ELISA. (B) IL-1b released by macrophages derived from C57BL/6 mice subjected to specific XBP1 gene knockdown and then
infected with B abortus. (C) Western blot analysis of pro-IL-1b, pro-caspase-1, caspase-11 and p30 fragment of GSDMD in cell lysates and
caspase-1 (p20 subunit) in supernatants from macrophages derived from C57BL/6 mice, non-infected (NI), infected with B abortus (Ba) or pre-
treated with 4m8c (50 mM) and infected with B abortus (Ba+4m8c). Equal loading was controlled by measuring b-actin in the corresponding cell
lysates. (D) LDH release in macrophages derived from C57BL/6 mice non-infected (NI), infected with B abortus (Ba) or pre-treated with 4m8c
(50 mM) and infected with B abortus (Ba+4m8c). Values represent the percentage of LDH release compared with lysed cells. The data are
representative of three independent experiments. The data (A, D) are presented as mean ± SD, * p < 0.05, one-way ANOVA. The data (B) are
presented as mean ± SD, * p < 0.05, Student’s t test.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1063221
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Guimarães et al. 10.3389/fimmu.2022.1063221
hydroxylase domains (PHD) protein availability during hypoxia,

stabilizing HIF-1a (38). Notably, our results show a connection

between HIF-1a and UPR that occurs outside of a

hypoxic setting.

Regarding inflammasome activation, we demonstrated that

IRE1a participates in IL-1b secretion and directly interferes with

pro-IL-b synthesis. Additionally, IRE1a stimulates caspase-1

and caspase-11 activation and GSDMD cleavage, indicating its

crucial function in inducing canonical and non-canonical

inflammasome activation in B. abortus infection. Previous

studies corroborate the involvement of the IRE1a in the

activation of the NLRP3 canonical inflammasome. For

example, IRE1a mediates saturated fatty-acid-induced

activation of the NLRP3 inflammasome (39). Moreover,

during irremediable ER stress, IRE1a promotes inflammasome

activation by inducing Thioredoxin-Interacting Protein

(TXNIP), which is crucial for pro-caspase-1 cleavage and IL-b
secretion (40). Furthermore, it was previously demonstrated in

macrophages that Brucella-induced mROS is crucial for NLRP3-
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caspase-1 inflammasome activation (19) and a previous report

indicated that infection with an attenuated Brucella strain

induces IRE1a and activates the inflammasome via NLRP3-

driven mitochondrial damage (41). Accordingly, we

demonstrated here that IRE1a drives the production of mROS

in Brucella-infected macrophages.

Moreover, mROS stabilizes HIF-1a that induces canonical

inflammasome activation in B. abortus-infected macrophages

(13). Therefore, our results imply that IRE1a-dependent
mROS might contribute to caspase-1 activation and

inflammasome assembly via modulation of HIF-1a
stabilization. Remarkably, HIF-1a is not required for non-

canonical inflammasome activation in B. abortus infection

(13), raising the hypothesis that the UPR may affect non-

canonical inflammasome assembly in a HIF-1a-independent
manner. This hypothesis is supported by our data concerning

IL-1b release in HIF-1a KO macrophages. Whereas secretion

of other inflammatory cytokines such as IL-6 and IL-12 relies

on IRE1a-dependent induction of HIF-1a, IL-1b release in
FIGURE 8

Regulation of macrophage metabolic function by IRE1a in Brucella abortus infection. IRE1a activation by Brucella abortus triggers mROS generation that
induces HIF-1a stabilization in infected macrophages. IRE1a drives the metabolic reprogramming in macrophages, contributing to the enhanced
glycolysis and reduced OXPHOS observed in Brucella-infected macrophages possibly via HIF-1a. This IRE1a-dependent HIF-1a stabilization is crucial for
inducing inflammatory responses during infection. IRE1a induces inflammasome assembly, IL-1b release and NO production, supporting the
inflammatory profile in macrophages infected with B abortus. Figure created using BioRender (https://biorender.com).
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HIF-1a KO macrophages is further reduced upon treatment

with 4u8c.

Intracellular bacteria uses host cell metabolites to survive

and replicate (42). In that context, the macrophage metabolic

profile is particularly relevant in Brucella infection. Previous data

showed that the increase in glycolysis and lactate production

favors B. abortus intracellular survival, suggesting that Brucella

might take advantage of the metabolic change in macrophages to

support bacterial growth (35). Accordingly, we demonstrated

here that IRE1a participates in the metabolic shift during B.

abortus infection, while previous reports indicated that the UPR

favors Brucella replication in macrophages (9, 11). Thus, our

results indicate that the IRE1a-induced metabolic shift may be

involved in B. abortus survival. On the contrary, another report

showed that during chronic infection, Brucella replicates

preferentially in anti-inflammatory M2 macrophages which

display a contrasting metabolic profile with decreased aerobic

glycolysis. In this case, peroxisome proliferator-activated

receptor g (PPARg)-mediated increase in glucose availability

favors Brucella growth (43). Interestingly, M2 macrophages are

more abundant during chronic brucellosis (13, 43). Hence,

determining the influence of the UPR on macrophage

metabolism during the course of Brucella infection may reveal

exciting information about the role of UPR-induced metabolic

changes in bacterial replication.

In summary, the data presented here reveals that IRE1a
favors M1 inflammatory polarization and regulates macrophage

metabolism. We demonstrated that IRE1a activation increases

mROS production, which may contribute to the stabilization of

HIF-1a, an important regulator of macrophage metabolic

function during B. abortus infection. Accordingly, IRE1a
contributes to the metabolic reprogramming of macrophages,

favoring the glycolytic phenotype during infection. In addition,

IRE1a favors inflammatory cytokine secretion, NO production

and inflammasome activation (Figure 8). The results presented

here revealed an important link between UPR and HIF-1a,
which ultimately regulates macrophage metabolic profile and the

immune response against B. abortus infection. Finally, our

findings improve the understanding of how these UPR-

i n d u c e d i mm u n o m e t a b o l i c c h a n g e s i m p a c t

bacterial pathogenesis.
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(CNPq, www.cnpq.br, grant #303044/2020-9), Fundação de

Amparo a Pesquisa do Estado de Minas Gerais to SO

(FAPEMIG, www.fapemig.br, grants# APQ #01945/17 and

Rede Mineira de Imunobiológicos #00140-16), Fundação de

Amparo a Pesquisa do Estado de São Paulo to SO (FAPESP,

www.fapesp.br, grant# 2022/15358-7, National Institute of

Health to SO (NIH, www.nih.gov; grant# R01 AI116453). The

funders had no role in study design, data collection and analysis,

decision to publish, or preparation of the manuscript.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
frontiersin.org

http://www.cnpq.br
http://www.fapemig.br
http://www.fapesp.br
http://www.nih.gov
https://doi.org/10.3389/fimmu.2022.1063221
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Guimarães et al. 10.3389/fimmu.2022.1063221
References
1. Hebert DN, Molinari M. In and out of the ER: Protein folding, quality
control, degradation, and related human diseases. Physiol Rev (2007) 87(4):1377–
408. doi: 10.1152/physrev.00050.2006

2. Walter P, Ron D. The unfolded protein response: From stress pathway to
homeostatic regulation. Science (2011) 334(6059):1081–6. doi: 10.1126/
science.1209038

3. Wang S, Kaufman RJ. The impact of the unfolded protein response on
human disease. J Cell Biol (2012) 197(7):857–67. doi: 10.1083/jcb.201110131

4. Schroder M, Kaufman RJ. ER stress and the unfolded protein response.Mutat
Res (2005) 569(1-2):29–63. doi: 10.1016/j.mrfmmm.2004.06.056

5. Hetz C, Martinon F, Rodriguez D, Glimcher LH. The unfolded protein
response: integrating stress signals through the stress sensor IRE1alpha. Physiol Rev
(2011) 91(4):1219–43. doi: 10.1152/physrev.00001.2011

6. Hotamisligil GS. Endoplasmic reticulum stress and the inflammatory basis of
metabolic disease. Cell (2010) 140(6):900–17. doi: 10.1016/j.cell.2010.02.034

7. Huang S, Xing Y, Liu Y. Emerging roles for the ER stress sensor IRE1alpha
in metabolic regulation and disease. J Biol Chem (2019) 294(49):18726–41.
doi: 10.1074/jbc.REV119.007036

8. Pappas G, Akritidis N, Bosilkovski M, Tsianos E. Brucellosis. N Engl J Med
(2005) 352(22):2325–36. doi: 10.1056/NEJMra050570

9. Guimaraes ES, Gomes MTR, Campos PC, Mansur DS, Dos Santos AA,
Harms J, et al. Brucella abortus cyclic dinucleotides trigger STING-dependent
unfolded protein response that favors bacterial replication. J Immunol (2019) 202
(9):2671–81. doi: 10.4049/jimmunol.1801233

10. Keestra-Gounder AM, Byndloss MX, Seyffert N, Young BM, Chavez-Arroyo
A, Tsai AY, et al. NOD1 and NOD2 signalling links ER stress with inflammation.
Nature (2016) 532(7599):394–7. doi: 10.1038/nature17631

11. Smith JA, Khan M, Magnani DD, Harms JS, Durward M, Radhakrishnan
GK, et al. Brucella induces an unfolded protein response via TcpB that supports
intracellular replication in macrophages. PloS Pathog (2013) 9(12):e1003785. doi:
10.1371/journal.ppat.1003785

12. Taguchi Y, Imaoka K, Kataoka M, Uda A, Nakatsu D, Horii-Okazaki S, et al.
Yip1A, a novel host factor for the activation of the IRE1 pathway of the unfolded
protein response during brucella infection. PloS Pathog (2015) 11(3):e1004747. doi:
10.1371/journal.ppat.1004747

13. Gomes MTR, Guimaraes ES, Marinho FV, Macedo I, Aguiar E, Barber GN,
et al. STING regulates metabolic reprogramming in macrophages via HIF-1alpha
during brucella infection. PloS Pathog (2021) 17(5):e1009597. doi: 10.1371/
journal.ppat.1009597

14. Murray PJ. Macrophage polarization. Annu Rev Physiol (2017) 79:541–66.
doi: 10.1146/annurev-physiol-022516-034339

15. Russell DG, Huang L, VanderVen BC. Immunometabolism at the interface
between macrophages and pathogens.Nat Rev Immunol (2019) 19(5):291–304. doi:
10.1038/s41577-019-0124-9

16. O'Neill LA, Kishton RJ, Rathmell J. A guide to immunometabolism for
immunologists. Nat Rev Immunol (2016) 16(9):553–65. doi: 10.1038/nri.2016.70

17. Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, McGettrick
AF, Goel G, et al. Succinate is an inflammatory signal that induces IL-1beta through
HIF-1alpha. Nature (2013) 496(7444):238–42. doi: 10.1038/nature11986

18. Marim FM, Silveira TN, Lima DSJr., Zamboni DS. A method for generation
of bone marrow-derived macrophages from cryopreserved mouse bone marrow
cells. PLoS One (2010) 5(12):e15263. doi: 10.1371/journal.pone.0015263

19. Gomes MT, Campos PC, Oliveira FS, Corsetti PP, Bortoluci KR, Cunha LD,
et al. Critical role of ASC inflammasomes and bacterial type IV secretion system in
caspase-1 activation and host innate resistance to brucella abortus infection. J
Immunol (2013) 190(7):3629–38. doi: 10.4049/jimmunol.1202817

20. Celli J, Tsolis RM. Bacteria, the endoplasmic reticulum and the unfolded
protein response: friends or foes? Nat Rev Microbiol (2015) 13(2):71–82. doi:
10.1038/nrmicro3393

21. Campos PC, Gomes MTR, Marinho FAV, Guimaraes ES, de Moura Lodi
Cruz MGF, Oliveira SC. Brucella abortus nitric oxide metabolite regulates
inflammasome activation and IL-1beta secretion in murine macrophages. Eur J
Immunol (2019) 49(7):1023–37. doi: 10.1002/eji.201848016

22. Cumming BM, Addicott KW, Adamson JH, Steyn AJ. Mycobacterium
tuberculosis induces decelerated bioenergetic metabolism in human
macrophages. Elife (2018) 7. doi: 10.7554/eLife.39169

23. Grootjans J, Kaser A, Kaufman RJ, Blumberg RS. The unfolded protein
response in immunity and inflammation. Nat Rev Immunol (2016) 16(8):469–84.
doi: 10.1038/nri.2016.62
Frontiers in Immunology 15
24. Smith JA. Regulation of cytokine production by the unfolded protein
response; implications for infection and autoimmunity. Front Immunol (2018)
9:422. doi: 10.3389/fimmu.2018.00422

25. de Jong MF, Starr T, Winter MG, den Hartigh AB, Child R, Knodler LA,
et al. Sensing of bacterial type IV secretion via the unfolded protein response.mBio
(2013) 4(1):e00418–12. doi: 10.1128/mBio.00418-12

26. Cross BC, Bond PJ, Sadowski PG, Jha BK, Zak J, Goodman JM, et al. The
molecular basis for selective inhibition of unconventional mRNA splicing by an
IRE1-binding small molecule. Proc Natl Acad Sci U S A (2012) 109(15):E869–78.
doi: 10.1073/pnas.1115623109

27. Mills EL, Kelly B, Logan A, Costa ASH, Varma M, Bryant CE, et al.
Succinate dehydrogenase supports metabolic repurposing of mitochondria to
drive inflammatory macrophages. Cell (2016) 167(2):457–70.e13. doi: 10.1016/
j.cell.2016.08.064

28. Behrooz A, Ismail-Beigi F. Dual control of glut1 glucose transporter gene
expression by hypoxia and by inhibition of oxidative phosphorylation. J Biol Chem
(1997) 272(9):5555–62. doi: 10.1074/jbc.272.9.5555

29. Eltzschig HK, Carmeliet P. Hypoxia and inflammation. N Engl J Med (2011)
364(7):656–65. doi: 10.1056/NEJMra0910283

30. Zinkernagel AS, Johnson RS, Nizet V. Hypoxia inducible factor (HIF)
function in innate immunity and infection. J Mol Med (Berl) (2007) 85
(12):1339–46. doi: 10.1007/s00109-007-0282-2

31. Corcoran SE, O'Neill LA. HIF1alpha and metabolic reprogramming in
inflammation. J Clin Invest (2016) 126(10):3699–707. doi: 10.1172/JCI84431

32. Cerqueira DM, Gomes MTR, Silva ALN, Rungue M, Assis NRG, Guimaraes
ES, et al. Guanylate-binding protein 5 licenses caspase-11 for gasdermin-d
mediated host resistance to brucella abortus infection. PLoS Pathog (2018) 14
(12):e1007519. doi: 10.1371/journal.ppat.1007519

33. Shan B, Wang X, Wu Y, Xu C, Xia Z, Dai J, et al. The metabolic ER stress
sensor IRE1alpha suppresses alternative activation of macrophages and impairs
energy expenditure in obesity. Nat Immunol (2017) 18(5):519–29. doi: 10.1038/
ni.3709

34. Wang JM, Qiu Y, Yang Z, Kim H, Qian Q, Sun Q, et al. IRE1alpha prevents
hepatic steatosis by processing and promoting the degradation of select
microRNAs. Sci Signal (2018) 11(530). doi: 10.1126/scisignal.aao4617

35. Czyz DM, Willett JW, Crosson S. Brucella abortus induces a warburg shift
in host metabolism that is linked to enhanced intracellular survival of the
pathogen. J Bacteriol (2017) 199(15). doi: 10.1128/JB.00227-17

36. Diaz-Bulnes P, Saiz ML, Lopez-Larrea C, Rodriguez RM. Crosstalk between
hypoxia and ER stress response: A key regulator of macrophage polarization. Front
Immunol (2019) 10:2951. doi: 10.3389/fimmu.2019.02951

37. Pereira ER, Frudd K, Awad W, Hendershot LM. Endoplasmic reticulum
(ER) stress and hypoxia response pathways interact to potentiate hypoxia-
inducible factor 1 (HIF-1) transcriptional activity on targets like vascular
endothelial growth factor (VEGF). J Biol Chem (2014) 289(6):3352–64. doi:
10.1074/jbc.M113.507194

38. Nakayama K, Frew IJ, Hagensen M, Skals M, Habelhah H, Bhoumik A, et al.
Siah2 regulates stability of prolyl-hydroxylases, controls HIF1alpha abundance,
and modulates physiological responses to hypoxia. Cell (2004) 117(7):941–52. doi:
10.1016/j.cell.2004.06.001

39. Robblee MM, Kim CC, Porter Abate J, Valdearcos M, Sandlund KL, Shenoy
MK, et al. Saturated fatty acids engage an IRE1alpha-dependent pathway to activate
the NLRP3 inflammasome in myeloid cells. Cell Rep (2016) 14(11):2611–23. doi:
10.1016/j.celrep.2016.02.053

40. Lerner AG, Upton JP, Praveen PV, Ghosh R, Nakagawa Y, Igbaria A,
et al. IRE1alpha induces thioredoxin-interacting protein to activate the
NLRP3 inflammasome and promote programmed cell death under
irremediable ER stress. Cell Metab (2012) 16(2):250–64. doi: 10.1016/
j.cmet.2012.07.007

41. Bronner DN, Abuaita BH, Chen X, Fitzgerald KA, Nunez G, He Y, et al.
Endoplasmic reticulum stress activates the inflammasome via NLRP3- and
caspase-2-Driven mitochondrial damage. Immunity (2015) 43(3):451–62. doi:
10.1016/j.immuni.2015.08.008

42. Abu Kwaik Y, Bumann D. Host delivery of favorite meals for intracellular
pa thogens . P loS Pa thog ( 2015 ) 11(6 ) : e1004866 . do i : 10 . 1371 /
journal.ppat.1004866

43. Xavier MN, Winter MG, Spees AM, den Hartigh AB, Nguyen K, Roux CM,
et al. PPARgamma-mediated increase in glucose availability sustains chronic
brucella abortus infection in alternatively activated macrophages. Cell Host
Microbe (2013) 14(2):159–70. doi: 10.1016/j.chom.2013.07.009
frontiersin.org

https://doi.org/10.1152/physrev.00050.2006
https://doi.org/10.1126/science.1209038
https://doi.org/10.1126/science.1209038
https://doi.org/10.1083/jcb.201110131
https://doi.org/10.1016/j.mrfmmm.2004.06.056
https://doi.org/10.1152/physrev.00001.2011
https://doi.org/10.1016/j.cell.2010.02.034
https://doi.org/10.1074/jbc.REV119.007036
https://doi.org/10.1056/NEJMra050570
https://doi.org/10.4049/jimmunol.1801233
https://doi.org/10.1038/nature17631
https://doi.org/10.1371/journal.ppat.1003785
https://doi.org/10.1371/journal.ppat.1004747
https://doi.org/10.1371/journal.ppat.1009597
https://doi.org/10.1371/journal.ppat.1009597
https://doi.org/10.1146/annurev-physiol-022516-034339
https://doi.org/10.1038/s41577-019-0124-9
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1038/nature11986
https://doi.org/10.1371/journal.pone.0015263
https://doi.org/10.4049/jimmunol.1202817
https://doi.org/10.1038/nrmicro3393
https://doi.org/10.1002/eji.201848016
https://doi.org/10.7554/eLife.39169
https://doi.org/10.1038/nri.2016.62
https://doi.org/10.3389/fimmu.2018.00422
https://doi.org/10.1128/mBio.00418-12
https://doi.org/10.1073/pnas.1115623109
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1074/jbc.272.9.5555
https://doi.org/10.1056/NEJMra0910283
https://doi.org/10.1007/s00109-007-0282-2
https://doi.org/10.1172/JCI84431
https://doi.org/10.1371/journal.ppat.1007519
https://doi.org/10.1038/ni.3709
https://doi.org/10.1038/ni.3709
https://doi.org/10.1126/scisignal.aao4617
https://doi.org/10.1128/JB.00227-17
https://doi.org/10.3389/fimmu.2019.02951
https://doi.org/10.1074/jbc.M113.507194
https://doi.org/10.1016/j.cell.2004.06.001
https://doi.org/10.1016/j.celrep.2016.02.053
https://doi.org/10.1016/j.cmet.2012.07.007
https://doi.org/10.1016/j.cmet.2012.07.007
https://doi.org/10.1016/j.immuni.2015.08.008
https://doi.org/10.1371/journal.ppat.1004866
https://doi.org/10.1371/journal.ppat.1004866
https://doi.org/10.1016/j.chom.2013.07.009
https://doi.org/10.3389/fimmu.2022.1063221
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The endoplasmic reticulum stress sensor IRE1α modulates macrophage metabolic function during Brucella abortus infection
	Introduction
	Material and methods
	Mice
	Bacterial strain
	Bone marrow-derived macrophages
	UPR treatment and macrophage infection with Brucella
	Knockdown via small interfering RNA
	qPCR analysis
	Cytokine measurements and nitric oxide assay
	Seahorse glycolytic rate analysis
	Measurement of mitochondrial reactive oxygen species
	Western blot analysis
	Lactate dehydrogenase release assay
	Statistical analysis

	Results
	The unfolded protein response supports the inflammatory profile in macrophages
	The unfolded protein response modulates the inflammatory response in macrophages
	The metabolic reprogramming in infected macrophages is IRE1α-dependent
	IRE1α drives mROS generation in infected macrophages
	IRE1α modulates HIF-1α stabilization in Brucella-infected macrophages
	IRE1α-dependent stabilization of HIF-1α is required for induction of inflammatory responses in Brucella-infected macrophages
	IRE1α induces inflammasome activation in Brucella-infected macrophages

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


