
Received: 8 January 2020 Revised: 1 June 2020 Accepted: 21 June 2020

DOI: 10.1002/JLB.4MA0620-526RR

ART I C L E

Guanylate binding proteins contained in themurine
chromosome 3 are important to control
mycobacterial infection

Fabio V.Marinho1 Julia S. Fahel1 Ana Carolina V. S. C. de Araujo1

Lunna T. S. Diniz1 Marco T. R. Gomes1 Danilo P. Resende2

Ana P. Junqueira-Kipnis2 Sergio C. Oliveira1

1Department of Biochemistry and Immunology,

Institute of Biological Sciences, Federal

University ofMinas Gerais, Minas Gerais, Belo

Horizonte, Brazil

2Tropical Institute of Pathology and Public

Health, Department ofMicrobiology,

Immunology, Parasitology and Pathology,

Federal University of Goias, Goias,

Goiania, Brazil

Correspondence

Dr. SergioCostaOliveira, Laboratóriode

ImunologiadeDoenças Infecciosas,Departa-

mentodeBioquímicae Imunologia,Universidade

Federal deMinasGerais, AvenidaAntônioCarlos

6627,Pampulha,BeloHorizonte,MinasGerais

31270-901,Brasil.

Email: scozeus1@gmail.com

Abstract
Guanylate binding proteins (GBPs) are important effector molecules of autonomous response

induced by proinflammatory stimuli, mainly IFNs. The murine GBPs clustered in chromo-

some 3 (GBPchr3) contains the majority of human homologous GBPs. Despite intense efforts,

mycobacterial-promoted diseases are still a major public health problem. However, the com-

bined importance of GBPchr3 during mycobacterial infection has been overlooked. This study

addresses the influence of the GBPchr3 in host immunity against mycobacterial infection to

elucidate the relationship between cell-intrinsic immunity and triggering of an efficient anti-

mycobacterial immune response. Here we show that all GBPchr3 are up-regulated in lungs of

mice duringMycobacterium bovis BCG infection, resembling tissue expression of IFN-𝛾 . Mice defi-

cient in GBPchr3 (GBPchr3−/−) were more susceptible to infection, displaying diminished expres-

sion of autophagy-related genes (LC3B,ULK1, and ATG5) in lungs. Additionally, there was reduced

proinflammatory cytokine production complementary to diminished numbers of myeloid cells in

spleens of GBPchr3−/−. Higher bacterial burden inGBPchr3−/− animals correlatedwith increased

number of tissue granulomas. Furthermore, absence of GBPchr3 hampered activation and pro-

duction of TNF-𝛼 and IL-12 by dendritic cells. Concerning macrophages, lack of GBPs impaired

their antimicrobial function, diminishing autophagy induction and intracellular killing efficiency.

In contrast, single GBP2 deficiency did not contribute to in vivo bacterial control. In conclusion,

this study shows thatGBPchr3 are important not only to stimulate cell-intrinsic immunity but also

for inducing an efficient immune response to control mycobacterial infection in vivo.
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1 INTRODUCTION

Innate immunity is paramount as frontline defense against pathogens

or disturbances in cellular homeostasis. Cell-intrinsic mechanisms,

Abbreviation: BMDC, Bonemarrow-derived dendritic cells; BMDM, Bonemarrow-derived

macrophages; d.p.i., Days post infection; DCs, Dendritic cells; GBP, Guanylate binding

proteins; GBPchr3, GBPs frommurine chromosome 3 (GBP1, GBP2, GBP3, GBP5 and GBP7);

MOI, Multiplicity of infection; PAMP, Pathogen-associatedmolecular pattern; PCV,

Pathogen-containing vacuole; TB, Tuberculosis.

also referred to as cell-autonomous immunity, comprise the abil-

ity of a cell to sense and to respond injuries in the host cytosol

by itself.1 This kind of immune response is important for myeloid

cells to restrain pathogens that survive in membrane-bound compart-

ments, the pathogen-containing vacuoles (PCVs).1 Among the effector

molecules responsible for this innate response are the guanylate bind-

ing proteins (GBPs). GBPs comprise a family of interspecies conserved

dynamin-like GTPases of 65–73 kDa (small GTPases).1,2 The human
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GBPs are located in a single cluster on chromosome 1. On the other

hand, murine GBPs are divided in two clusters: one on chromosome

3 (now on referred as GBPchr3) that contains the genes for GBP1,

GBP2, GBP3, GBP5, GBP7, and one pseudogene, and another on chro-

mosome 5 (GBP4, GBP6, GBP8, GBP9, GBP10, GBP11, and the sec-

ond pseudogene).3,4 These proteins are highly induced by IFNs (both

type I and type II), although other proinflammatory stimuli, such as

TNF-𝛼 and TLRs signaling, are also able to induce their expression.2

The GBPchr3 contains the majority of the human homologous GBPs.3

These molecules are mainly localized in the cytosol, and some inter-

actwithmembrane-bound compartments.5 Upon activation, GBPs can

be recruited to the PCVs or the pathogen’s membrane and afterward

mobilize other GBPs and molecules, contributing to the elimination of

the microorganism or to the release of pathogens-associated molecu-

lar pattern (PAMPs) thatwill further activate the cell.6 The relevanceof

GBPs in cell-intrinsic immunity against diverse intracellular pathogens

among viruses, protozoa, and bacteria is documented (reviewed in

Praefcke7). For instance, most of the recent studies focused in Gram-

negative bacteria and there is a crescent body of evidence concern-

ing GBPs relationship with the caspase-11 noncanonic inflammasome

activation.8,9 Despite that, the influence of GBPs in other aspects of

the immune response needs further investigation.

Mycobacteria represent one of the most successful intracellular

pathogens. The prototype bacteria of this genus,Mycobacterium tuber-

culosis, causes tuberculosis (TB) and kills about 1.4 million people

worldwide annually.10 Other prominent pathogenic mycobacteria are

Mycobacterium leprae and Mycobacterium bovis, from which M. bovis

BCG strains were derived, a useful laboratorial replacement to study

mycobacteria host-pathogen interactions and the only available vac-

cine to TB.11 A major virulence feature of mycobacteria is their ability

to block phagosomematuration, to reside and to replicate inside these

compartments. Themycobacterial endosome is adapted to sustain this

pathogen, retaining the interaction with host endosomal network for

accessing essential nutrients such as iron and fats while preventing

fusion with lysosomes.12-15 Among the key mediators of immunity to

M. tuberculosis and other mycobacteria are TNF-𝛼 and IFN-𝛾 ,16-19 both

ofwhich are able to activate phagocytes to overcome the blockade and

improve killing of the bacilli.20,21 Their importance ismanifested by the

reactivation of latent TB during TNF-𝛼 therapeutic neutralization or

the lethalmycobacteriosis causedbyBCGvaccine in patients’ deficient

for molecules of the IL12/IFN-𝛾 axis.22,23

There is limited literature concerning the role of IFN-

inducible GTPases superfamily in immunity against mycobacterial

infections.24-26 GBPs are among the most abundantly expressed

IFN-stimulated genes.27 GBP1 and GBP7 are able to limit M. bovis

BCG growth by recruiting phagocyte oxidase and autophagy effectors

to the PCVs inside macrophages.28 However, the role of GBPs in

other aspects of immunity aside from autonomous response is being

overlooked so far. Indeed, the combined importance of chromo-

some 3-encoded GBPs during mycobacterial infection in vivo was

not addressed.

This work highlights the cell-intrinsic immunity dependent on

GBPchr3 influencing immune response againstM. bovisBCG infection.

Herein, we show that all GBPchr3 are up-regulated in lungs of mice

during M. bovis BCG infection, in response to IFN-𝛾 expression in this

tissue. Moreover, mice deficient for the entire locus of GBPchr3−/−

are more susceptible to M. bovis BCG infection due to impaired

establishment of immune response and have decreased function of

myeloid cells.

2 MATERIALS AND METHODS

2.1 Animals

C57BL/6 wild-type mice were obtained from the Federal University of

Minas Gerais (UFMG) animal facility. GBPchr3−/− and GBP2−/− mice

were provided by Dr. Petr Broz (University of Lausanne, Lausanne,

Switzerland). All mice were housed in a specific pathogen-free labora-

tory facility. Female mice were used at 8–10 wk of age. Experiments

were performedaccording to protocols thatwere approvedby theAni-

mal Studies Committee (protocol CEUA 167/2018).

2.2 Bacteria and growth conditions

Mycobacterium bovis BCG strain Moreau was grown in Middlebrook

7H9 broth that contained 0.05% Tween 80 and 0.2% glycerol and was

supplemented with 10% albumin-dextrose-catalase. Cultures were

harvested by centrifugation at the mid-exponential phase, suspended

in saline containing 0.05% Tween 80, and stored at−80◦C until use.

2.3 In vivo infection andmeasurement

of bacterial burden

Mice (n= 10 per group) were infected i.v. with 1× 106 CFUs ofM. bovis

BCGMoreauafter anesthesiawith5%ketamine, 2%xylazine, and0.9%

NaCl. The bacterial load in the spleens, livers, and lungs were deter-

mined at 30 and 60 d postinfection (d.p.i.). Briefly, the organs were col-

lected aseptically and homogenized in distilled water that contained

0.05% Tween 80. Serial dilutions of the resulting suspensions were

plated inMiddlebrook7H11agarmedium thatwas supplementedwith

10%oleic acid-albumin-dextrose-catalase, and theCFUswere counted

after 3–4wk of incubation at 37◦C.

2.4 Quantitative real-time PCR

Lungs were collected and homogenized in TRIzol reagent (Invitro-

gen, Carlsbad, CA, USA) to isolate total RNA accordingly to manufac-

turer instructions. Alternatively, bone marrow-derived macrophages

(BMDMs) were stimulated in 24-well plates and homogenized in TRI-

zol reagent (Invitrogen). Reverse transcription of 2𝜇g of total RNAwas

performed in a final volume of 20 𝜇L containing oligo-dT (0.5 𝜇g/𝜇L),

dNTP 10mM, DTT 0.1M, buffer 5× and reverse-transcriptase (2 U per

reaction), using the following cycling parameters: 42◦C for 60 min and

70◦C for 15 min. Quantitative real-time PCR was conducted in a final

volumeof10𝜇L containing the following: SYBRGreenPCRMasterMix
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TABLE 1 Primers used for quantitative real-time PCR in this study
*

Primer Forward (5′-3′) Reverse (5′-3′)

GBP1 GAGTACTCTCTGGAA TAGATGAAGGTGCTG

ATGGCCTCAGAAA CTGAGGAGGACTG

GBP2 CTGCACTATGTGACGGAGCTA CGGAATCGTCTACCCCACTC

GBP3 CTGACAGTAAATCTGGAAGCCAT CCGTCCTGCAAGACGATTCA

GBP5 CTGAACTCAGATTTTGTGCAGGA CATCGACATAAGTCAGCACCAG

GBP7 TCCTGTGTGCCTAGTGGAAAA CAAGCGGTTCATCAAGTAGGAT

IFN𝛾 ACAATGAACGCTACACACTGCAT TGGCAGTAACAGCCAGAAACA

IFN𝛽 AGCTCCAAGAAAGGACGAACAT GCCCTGTAGGTGAGGTTGATCT

LC3B ACTGCTCTGTCTTGTGTAGGTT TCGTTGTGTGCCTTTATTAGTGCATC

ULK1 CACAGAACGACCAATGGATG GGTGAAGAGGACAGCTCTGG

ATG5 GATGGACAGCTGCACACACT TTGGCTCTATCCCGTGAATC

18S CGTTCCACCAACTAAGAACG CTCAACACGGGAAACCTCAC

𝛽-actin AGTGTGACGTTGACATCCGT TGCTAGGAGCCAGAGCAGTA

∗All primer pairs were designed to amplify a specific region of the target murine genes.

(Thermo Fischer Scientific, Waltham, MS, USA), oligo-dT cDNA as the

PCR template, and 5 𝜇Mof primers. The PCR reaction was performed

with QuantStudio 3 Real-Time PCR System (Thermo Fischer Scien-

tific) using the following cycling parameters: 60◦C for 10min, 95◦C for

10 min, 40 cycles of 95◦C for 15 s, and 60◦C for 1 min, and a dissoci-

ation stage of 95◦C for 15 s, 60◦C for 1 min, 95◦C for 15 s, and 60◦C

for 15 s. Primers were used to amplify a specific fragment correspond-

ing to the gene target as shown in Table 1. Data were analyzed using

the threshold cycle (ΔΔCt)method and theywerepresented as relative

expression units after normalization to the house keeping gene. PCR

measurements were conducted in triplicate.

2.5 Bronchoalveolar lavage

The tracheas of mice were cannulated and the airway lumen

was washed twice with 500 𝜇L of PBS. The recovered fluids

were centrifuged 10 min 300 ×g and the supernatant was used

for determination of TNF-𝛼 and IL-12 levels by ELISA using a

DuoSet kit (R&D Systems, Minneapolis, MN, USA), according to the

manufacturer’s instructions.

2.6 Spleen cells culture

Cells that were obtained from the spleens of infected mice were

washed with saline and the erythrocytes were lysed with a hemolytic

solution (155 mM NH4Cl, 10 mM KHCO3, pH 7.2). Spleen cells were

seeded at 1 × 106/well into 96-well plates with RPMI 1640 (Gibco,

Carlsbad, CA, USA) that was supplemented with 2 mM L-glutamine,

25 mM HEPES, 10% heat-inactivated FBS (Gibco), penicillin G sodium

(100U/mL), and streptomycin sulfate (100𝜇g/mL). The cellswere stim-

ulated withM. bovis BCGMoreau (multiplicity of infection [MOI] 5:1).

Unstimulated cellswere used as negative controls, and cells stimulated

with ultra-pure Escherichia coli LPS (1 𝜇g/mL; Sigma-Aldrich, St. Louis,

MO, USA) or concanavalin A (5 𝜇g/mL; Sigma-Aldrich) were used as

positive controls. After 48 or 72 h, TNF-𝛼 or IFN-𝛾 production were

measured in the cells supernatants by ELISA using a DuoSet kit (R&D

Systems), according to themanufacturer’s instructions.

2.7 Flow cytometry analysis

Spleen cells from mice were harvested as mentioned previously and

adjusted to 1 × 106 cells/well. Diverse staining panels were used for

evaluation of myeloid cells number, level of activation, and cytokine

production. Alternatively, a specific staining panel was used for

lymphocyte analysis. For cytokine staining, cells were incubated with

Brefeldin A (1 𝜇g/well; Sigma-Aldrich) during 4 h at 37◦C, 5% CO2.

Briefly, cells were incubated for 20 min with anti-mouse CD16/32 to

block Fc receptors (BD Bioscience, Franklin Lakes, NJ, USA) in FACS

buffer (PBS, 0.25% BSA, 1 mM NaN3) and were stained for surface

markers. For intracellular staining, cells were fixed and permeabilized

using BD Cytofix/Cytoperm Kit (BD Biosciences), according to the

manufacturer’s instructions. The following conjugated antibodies

were used: FITC anti-mouse CD11c (clone HL3, BD Bioscience),

FITC anti-mouse CD8 (clone 53–6.7, BD Bioscience), PE anti-mouse

CD11c (clone HL3; BD Biosciences), PE anti-mouse CD40 (clone

3/23; BD Biosciences), biotin-conjugated anti-mouse F4/80 (clone

BM8, eBioscience, San Diego, CA, USA), biotin-conjugated anti-mouse

CD8 (clone 53–6.7, BD Biosciences), biotin-conjugated anti-mouse

CD3e (clone 500A2, BD Bioscience), PE-Cy7 anti-mouse TNF (clone

MP6-XT22; BD Biosciences), allophycocyanin (APC) anti-mouse

MHC-II (clone AF6-120.1, BD Bioscience), APC anti-mouse IL-12p70

(clone C15.6, BD Bioscience), APC-Cy7 anti-mouse CD11b (clone

M1/70, BD Bioscience), or APC-Cy7 anti-mouse CD4 (clone GK1.5,

BD Bioscience). Streptavidin PE-Cy5.5 (Thermo Fisher Scientific) was

added where necessary. The appropriate isotype controls were used.

Attune Acoustic Focusing Cytometer (Life Technologies, Carlsbad,

CA, USA) was used to collect 100,000 events and data were ana-

lyzed using FlowJo Software (Tree Star, Ashland, OR, USA). Gating
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strategy is shown in Supporting Information Figure S1. Representative

2D-plots of each analysis are also shown together with summary

graph. Alternatively, bone marrow-derived dendritic cells (BMDCs)

were also evaluated. BMDCs were stained for CD11c, CD11b, and

CD40. The protocol usedwas similar to aforementioned. The appropri-

ate isotype controls were used. Attune Acoustic Focusing Cytometer

(Life Technologies) was used to collect around 50,000 events, and

data were analyzed using FlowJo Software (Tree Star). Total cells were

selected after gating on CD11b+CD11c+ double positive cells; finally,

CD40+ cells were analyzed. The mean fluorescence intensity of CD40

expression was evaluated inside the entire CD11b+CD11c+ double

positive cell population.

2.8 Histopathology

The left lung and the left lobe of the liver were collected, fixed in

10% buffered formaldehyde solution, dehydrated, diaphanized, and

embedded in paraffin. Tissue sections (2–3 𝜇m) were stained with

H&E. Digital images of the slides were assessed and captured with an

Olympus SC30 camera (Olympus, Tokyo, Japan) using 10× objective

lens. The counting of granulomas was performed by identifying the

characteristic round-shape inflammatory cells infiltrate in the tissue

parenchyma. The total areaof each sectionwasmeasuredusing ImageJ

software (National Institutes of Health, Bethesda, MD, USA; available

at http://imagej.nih.gov/ij/), by converting pixels in square millimeters.

The results are expressed in granuloma numbers per squaremillimeter

of tissue.

2.9 Generation of BMDMs or BMDCs

and cytokine analysis

Macrophages and dendritic cells (DCs) were derived from the bone

marrow of mice. To obtain macrophages, bone marrow cells were

removed from the femurs and tibias of the animals and cultured

in DMEM (Gibco) with 10% FBS, 1% HEPES, penicillin G sodium

(100 U/mL), streptomycin sulfate (100 𝜇g/mL), and 20% L929 cell-

conditioned medium in petri dishes (1 × 107 cells). The cells were

cultured at 37◦C in an atmosphere of 5% CO2. After 4 d, 10 mL of

fresh medium was added. At day 7 in culture, the cells had completely

differentiated into macrophages. To obtain DCs, bone marrow cells

were cultured in RPMI 1640 with 10% FBS, penicillin G sodium (100

U/mL), streptomycin sulfate (100 𝜇g/mL), and 20 ng/mLmurine recom-

binant granulocyte-M-CSF (GM-CSF; Peprotech, Ribeirão Preto, SP,

Brazil) in petri dishes (1 × 107 cells). The cells were cultured at 37◦C

in an atmosphere of 5% CO2. At day 3 of incubation, a further 5 mL of

fresh complete medium with GM-CSF were added, and an additional

5 mL of fresh medium containing GM-CSF was replaced on days 5

and 7. At day 10, nonadherent cells were harvested. Macrophages

and DCs were seeded in 24-well plates (5 × 105 cells) or 96-well

plates (1 × 105 cells) and used for in vitro studies. Stimulation of the

BMDMs and BMDCs was performed by the addition of supplemented

DMEM with M. bovis BCG Moreau (MOI 5:1) or ultra-pure E. coli LPS

(100 ng/mL, Sigma-Aldrich). Culture supernatants were collected after

24 h of stimulation and subsequently used for cytokine and cytometry

analysis. For RNA expression measurement, the cells were stimulated

withM. bovisBCG (MOI 5:1) during 18 or 48 h.

2.10 Western blot

BMDMs (5 × 105 cells/well) were obtained and infected withM. bovis

BCG Moreau (MOI 50:1) or stimulated with 15 𝜇g/ml of rapamycin in

a 24-well plate for 4 h. When determined, Bafilomycin A1 (100 nM;

Sigma-Aldrich) was added for the 4 h of stimulation period. After that,

cells were washed and lysed using M-PERMammalian Protein Extrac-

tion Reagent (Thermo Fisher Scientific) supplemented with 1 mM

sodium orthovanadate, 10 mM NaF and 1:100 of protease inhibitor

cocktail (Sigma-Aldrich), and stored at –80◦C. Then 15 𝜇g of total pro-

tein from each sample were resolved in a 15% SDS-PAGE and the sep-

arated proteinswere electrotransferred to a nitrocellulosemembrane.

Endogenous LC3 conjugation was evaluated by Western blot analy-

sis using monoclonal antibodies against LC3B and 𝛽-actin (clone 13E5)

(both from Cell Signaling Technology, Danvers, MA, USA). The protein

bandswere visualized using Luminol chemiluminescent HRP substrate

(Millipore, Billerica,MA,USA) in anAmersham Imager 600 (GEHealth-

care, Buckinghamshire, United Kingdom). Densitometry analysis was

performed using ImageJ software.

2.11 In vitro infection andmeasurement bacterial

intracellular growth

BMDMs (5 × 105 cells/well) were infected withM. bovis BCGMoreau

(MOI 5:1) in 300 𝜇L/well of DMEM supplemented with 10% FBS

and 1% HEPES. Cells were incubated for 4 h at 37◦C in a 5% CO2

atmosphere, thenwashedwithwarm saline to remove noninternalized

bacteria, and reincubated in supplemented DMEM for up to 7 d. To

quantify the number of intracellular bacteria, macrophages were lysed

immediately (T0), 2 and 7 d.p.i. with 0.1% saponin (Sigma-Aldrich).

Serial dilutions were plated in Middlebrook 7H11 agar medium that

was supplementedwith10%oleic acid-albumin-dextrose-catalase, and

the CFUswere counted after 3–4wk of incubation at 37◦C.

2.12 Nitritemeasurement by Griess reagent

The supernatants of 72 h stimulated spleen cells were used for nitrite

measurement. Alternatively, BMDMs (1 × 105 cells/well) were incu-

bated overnight with recombinant murine IFN-𝛾 (10 ng/mL) and then

stimulated with M. bovis BCG Moreau (MOI 5:1) or ultra-pure E. coli

LPS (100 ng/mL, Sigma-Aldrich) for 24 h. The concentration of nitrite

(NO2
−), a stablemetabolite of NO, wasmeasured using Griess reagent

(1% sulfanilamide and 0.1%naphthyl ethylenediamine dihydrochloride

in 2.5% phosphoric acid). Briefly, 50 𝜇L of cell culture supernatants

were mixed with 50 𝜇L of Griess reagent. Subsequently, the mixture

was incubated protected from light at room temperature for 5min and

the absorbance at 550 nmwas measured in a microplate reader. Fresh

culture medium was used as blank. The quantity of nitrite was deter-

mined from a sodium nitrite (NaNO2) standard curve.

D
ow

nloaded from
 https://academ

ic.oup.com
/jleukbio/article/108/4/1279/6884495 by U

niversidade Federal de G
oias - EM

AC
-G

epem
 user on 20 August 2024

http://imagej.nih.gov/ij/


MARINHO ET AL. 1283

2.13 Statistical analysis

Results are presented as the mean ± SD. Statistically significant

differences among the results obtained were evaluated by 2-

way ANOVA followed by the Bonferroni post hoc test (P < 0.05),

1-way ANOVA followed by the Tukey post hoc test (P < 0.05)

or the Student t-test (P < 0.05). Statistical analysis was per-

formed using GraphPad Prism 5.0 (GraphPad Software, San Diego,

CA, USA)

3 RESULTS

3.1 GBPs frommurine chromosome 3 are

up-regulated in lungs duringM. bovisBCG infection

Mycobacteria are pathogens sensitive to IFN-𝛾-dependent immune

responses, a scenario that may involve GBPs. To mimic systemic

mycobacterial dissemination, and address the implication of GBPs

from mouse chromosome 3 in host defense against M. bovis BCG

Moreau strain, wild-type animals were infected i.v. and evaluated at

30 and 60 d.p.i for GBPs expression in lungs. It was observed that all

GBPchr3 (GBPs 1, 2, 3, 5, and 7) were significantly up-regulated during

the timepoints observed,with a remarkable up-regulation during early

infection period (30 d.p.i; Fig. 1A). GBP2, GBP3, and GBP7 presented

similar up-regulation levels whereas GBP5 was highly induced, reach-

ing more than 300 times mRNA expression compared to noninfected

animals.GBP1wasalsoup-regulated, althoughwithmoremodest num-

bers. After 60dof infection, allGBPsanalyzeddropped considerably to

a similar level of gene expression. The GBP up-regulation pattern fol-

lowed the peak of IFN-𝛾 expression observed in lungs of infected ani-

mals (Fig. 1B). During early infection there was also higher expression

of IFN-𝛽 in lung tissue, although it did not reach compelling levels. Both

type I and type II IFNs could be contributing to higher levels of GBPs

expression observed.

One of the main cell-intrinsic mechanisms to limit intracellular bac-

teria is the autophagy, a unique lysosomal degradation pathway that

is triggered for elimination of cytoplasmic materials.29 This is a com-

plex process where different effector proteins such as LC3B, ULK1,

andATG5 takeplace during the autophagosomematuration.30 In order

to evaluate if autophagy induction was related to the up-regulation of

GBPs, the expression of LC3B, ULK1, and ATG5 genes were addressed

during early mycobacterial infection. In this regard, 30 d infected mice

deficient for the entire locus of GBPchr3 (GBPchr3−/−) were com-

pared to their wild-type counterparts. Figure 1C shows that all these

autophagy genes were up-regulated due to infection. Interestingly,

lack of GBPchr3 diminished significantly the expression of LC3B,ULK1,

and ATG5 (Fig. 1C).

In summary, these results demonstrate that during early mycobac-

terial infection GBPchr3 are up-regulated, concomitant with IFN-𝛾

expression. Additionally, high level of expression of autophagy genes

requires GBPchr3.

3.2 Absence of GBPs frommurine chromosome

3 rendersmicemore susceptible toM. bovis
BCG infection

GBPs are important for cell-intrinsic immunity but their impor-

tance during the establishment of innate immune responses during

mycobacterial infections have been less investigated. To address the

influence of GBPs in vivo, GBPchr3−/− or single deficient for GBP2

(GBP2−/−) mice were infected with M. bovis BCG and monitored

at 30 or 60 d.p.i. The lack of GBPchr3 resulted in high bacterial

burden compared to wild-type (WT) mice, especially in liver and

lungs (Fig. 2). Surprisingly, absence of GBP2 alone did not alter the

bacterial burden of infectedmice. To investigate the underlying factors

responsible for the increased susceptibility of GBPchr3−/− mice, other

immunologic parameters were evaluated focusing on early infection

(30 d.p.i.), once highest GBPs expression was observed at this time

point. GBPchr3-deficient mice showed lower levels of TNF-𝛼 and

IL-12 in bronchoalveolar lavage compared to WT animals (Fig. 3A, B).

Moreover, absence of GBPchr3 reduced the systemic recall responses

of TNF-𝛼 and IFN-𝛾 , and production of NO by spleen cells in response

to M. bovis BCG (Fig. 3C–E). We also observed decreased frequency

of macrophages (CD11b+F4/80+ cells) and subpopulations of classic

DCs (cDCs) (CD11b+CD11c+ cells—CD11b+DCs—andCD8+CD11c+

cells—CD8+ DCs) in spleen of knockout mice at 30 d.p.i (Fig. 3F–H).

Both cDCs are present in spleen. CD11b+ DCs often predominates

and have a prominent role in MHC-II presentation and activation of

CD4+ T cells. On the other hand, CD8+ DCs have a superior ability

to cross-present antigens.31 It is worth noticing that the expression

of activation markers as well as production of proinflammatory

cytokines by these myeloid populations were reduced in GBPchr3−/−

mice (Supporting Information Fig. S2). By contrast, there was higher

presence of CD4+ T cells in GBPchr3-deficient mice, suggesting a

compensatory effect because myeloid cell populations were reduced

and inadequately activated (Supporting Information Fig. S3). The

higher bacterial burden observed correlated with increased number

of granulomas in lungs and liver of GBPchr3−/− mice when compared

toWT animals (Fig. 4). Interestingly, there is a mild reduction in TNF-𝛼

and IFN-𝛾 recall response in GBPchr3−/− mice retained until late

infection (60 d.p.i), although the presence of myeloid cells restored

to wild-type levels (Supporting Information Fig. S4). Altogether, these

results demonstrate that absence of GBPchr3 compromise the in vivo

control ofM. bovis BCG, influencing the immune response in different

sites of infection.

3.3 Deficiency on the cluster of GBPs from

chromosome 3 affects dendritic cells activation

DCs are important Ag-presenting cells that orchestrate the establish-

ment of immune responses. To address whether the GBPchr3 have

a role during activation of these cells, BMDCs were stimulated for

24 h with M. bovis BCG. Interestingly, the production of proinflam-

matory cytokines TNF-𝛼 and IL-12 was diminished in GBPchr3−/−
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F IGURE 1 The guanylate binding proteins (GBPs) from chromosome 3 (GBPchr3) are highly expressed in lungs during early infection by
Mycobacterium bovis BCG. The lungs from 30 or 60 d infected C57BL/6 mice were collected for RNA extraction. (A) GBPs or (B) IFN-𝛾 and IFN-𝛽
expression levels were evaluated by qPCR and normalized to noninfected samples. (C) The expression level of the autophagy-related genes LC3B,
ULK1, and ATG5were analyzed in lungs from 30 d infected C57BL/6 andGBPchr3−/− mice. All results were relative to 18SmRNA. NI: noninfected;
*P< 0.05 compared to NI; and #P< 0.05 compared to 60 d.p.i

compared to wild-type DCs (Fig. 5A, B). Additionally, the expression of

CD40, an important costimulatory molecule for activation of adaptive

immune response, was significantly reduced in deficient cells (Fig. 5C,

E; Supporting Information Fig. S5A). These results suggest that

GBPchr3 participate in the activation of DCs in response to M. bovis

BCG infection.

3.4 Lack of GBPs from chromosome 3 hampers

macrophages function againstM. bovisBCG

Macrophages are the main cells that harbor mycobacteria during

infection. These cells are the focus of observation concerning GBP-

mediated autonomous responses. Indeed, infection with M. bovis

BCG is sufficient to induce the expression of GBPchr3 in wild-type

BMDMs (Fig. 6A). In order to investigate further the importance

of the cluster of GBPchr3 in macrophage function, BMDMs from

GBPchr3−/− mice were infected and several parameters analyzed.

First, the production of TNF-𝛼 and NO was reduced due to lack of

GBPchr3 (Fig. 6B, C).

LC3 is a crucial autophagic marker. It can be found in two con-

figurations inside the cell: LC3-I, the cytosolic form, and LC3-II, the

lipidated and autophagosome-associated form. LC3-I to LC3-II con-

version is commonly used to access autophagosome formation.32

In this regard, autophagy induction in response to M. bovis BCG

infection was compromised in GBPchr3−/− cells compared to wild-

type (Fig. 6D), as observed by lower LC3-II conversion. During
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F IGURE 2 Lack of guanylate binding proteins (GBPs) from chromosome 3 (GBPchr3) increases susceptibility toMycobacterium bovis BCG
infection.Mice were infected i.v. with 1 × 106 CFU ofM. bovis BCG. The spleens (A, B), livers (C, D) and lungs (E, F) from 30 or 60 d infected mice
were collected, homogenized, and plated for CFU counting. Graphs are representative of three independent experiments performed. *P < 0.05
compared to C57BL/6; #P< 0.05 compared to GBP2−/−

maturation, the autophagosome inner membrane is degraded by lyso-

somal enzymes, a process known as autophagic flux.32 An interruption

in autophagosome-lysosome fusion also leads to accumulation of LC3-

II. Thus, the increase in LC3-II levels detected inM. bovis BCG-infected

cells could indicate either an active induction of autophagy or an inhi-

bition of autophagic flux. To distinguish both process, cells were stim-

ulated in presence of Bafilomycin A1 (Baf), an endosomal acidification

inhibitor that blocks autophagic flux. Upon Baf treatment, both wild-

type and GBPchr3−/− M. bovis BCG-infected cells presented higher

LC3-II conversion compared to nontreated cells (Supporting Informa-

tion Fig. S5B). However, evaluating specifically Baf-treated cells, LC3-II

levels in infected cells were slightly lower than in noninfected cells,

indicating that M. bovis BCG is able to partially block the autophagic

flux. Besides that, it is noteworthy that there are lower LC3-II levels

in infected/Baf-treated GBPchr3−/− cells compared to their wild-type

counterparts, in a similar pattern to the observation in Figure 6D,

indicating that lack of GBPs does not alter autophagic flux but instead

influences autophagy induction. Overall, these compromised immuno-

logic components (cytokines, NO, and autophagy) correlatedwith defi-

cient intracellular killing ofM. bovis BCG in GBPchr3−/− macrophages

(Fig. 6E). In summary, these results suggest that GBPchr3 are neces-

sary for myeloid cells activation, influencing cell-intrinsic immunity

and the establishment of efficient immune response to control

mycobacterial infection.
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1286 MARINHO ET AL.

F IGURE 3 Deficiencyof guanylatebindingproteins (GBPs) fromchromosome3 (GBPchr3) alters cytokineproduction andmyeloid cells pres-
ence in spleen during earlyMycobacterium bovis BCG infection. (A, B) Bronchoalveolar lavage from infected mice was collected and the levels of
TNF-𝛼 and IL-12p40were evaluated by ELISA. (C, D) Spleen cells were cultivated in the presence of thementioned stimuli for evaluation of TNF-𝛼
and IFN-𝛾 recall responses. (E) NO production was evaluated by the Griess method in supernatants of 72 h stimulated cells.

(Continued on next page)
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F IGURE 3 (Continued) (F, G, H) Spleen cells were stained ex vivo and flow cytometrywas performed tomeasure the frequency ofmacrophages
(CD11b+F4/80+) or subpopulations of dendritic cells (CD11b+CD11c+ or CD8+CD11c+). All these experiments were conducted in 30 d infected
mice. Graphs are representative of at least two performed experiments. *P< 0.05 compared to C57BL/6

F IGURE 4 Increased granuloma burden in lungs and liver during Mycobacterium bovis BCG early infection in guanylate binding proteins
(GBPs) from chromosome 3 (GBPchr3)-deficient mice. Fragments of lungs and liver fromM. bovis BCG infected mice were collected after 30 d.p.i
and embedded in paraffin. The resulting slides were evaluated for the number of granulomas in the parenchyma of (A) lung and (B) liver, and nor-
malized by the covered area (in squaremillimeters). Representative images of each group are shown. The arrows indicate examples of granulomas.
H&E. Scale bars: 80 𝜇m. Average of two experiments performed. *P< 0.05 compared to C57BL/6

4 DISCUSSION

In this study, we addressed the influence of the cluster of GBPchr3

(namely GBP1, 2, 3, 5 and 7) in host immunity against mycobacterial

infection to further elucidate the relationship between myeloid cell-

intrinsic immunity and the triggering of an efficient immune response.

We found that GBPchr3 have enhanced expression during early infec-

tion with M. bovis BCG. In lungs, these proteins follow the kinetics of

IFN-𝛾 expression and they are also important for regulating the expres-

sion of autophagy-related genes LC3B, ULK1, and ATG5. In vivo, the

cluster of GBPchr3 is important to control bacterial burden, affecting

the production of proinflammatory cytokines, and the activation and

the influx ofmyeloid cells in spleens. Thesedata correlatewith reduced

DCs activation and decreasedmicrobicidal capacity ofmacrophages in

vitro due to absence of GBPchr3. Moreover, our findings demonstrate

a dispensable role for GBP2 to control bacterial burden in vivo.

Despite intense efforts, TB and other mycobacterial-promoted

diseases are still a major public health problem.10,33 Inefficient treat-

ments and emerging bacterial resistance to antibiotics generate a

need for novel strategies, whose development requires an improved

understanding of host-pathogen relationship. In this regard, the study

of M. bovis BCG infection is important once this vaccine retain great

part of the virulence factors carried by pathogenicmycobacteria, being

able even to promote disseminated infection in immunocompromised

patients.23,34 The expression of the cluster of GBPchr3 was highly

induced in lungs of infected mice, mainly during early infection. It is
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F IGURE 5 Absence of guanylate binding proteins (GBPs) from chromosome 3 (GBPchr3) hampers dendritic cells activation in response to
Mycobacterium bovis BCG. Bone marrow-derived dendritic cells were derived from C57BL/6 or GBPchr3−/− mice and stimulated during 24 h with
M. bovis BCG (multiplicity of infection [MOI] 5:1) or LPS (100 ng/mL) for evaluation of TNF-𝛼 (A) and IL-12p40 (B) production by ELISA or CD40
expression by flow cytometry (C,D). (E) An illustrative plot of the frequency and intensity of CD40expression is showed. Graphs are representative
of at least two performed experiments. *P< 0.05 compared to C57BL/6

interesting to note thatGBP5was themost induced, followed byGBP2,

GBP3, and GBP7. This result is in line with the finding that GBP5 is a

great candidate for TB signature biomarker, as it differentiates this

infection from other pulmonary diseases due to its high expression in

whole blood sample of patients.35 On the other hand, we observed a

slight up-regulation of GBP1, compared to the other GBPchr3. Indeed,

in vivo expression of GBP1 is a matter of debate as the level of mRNA

may not be indicative of protein translation.2,36 At later time point,

all GBPs analyzed presented similar up-regulation levels, significantly

diminished compared to early infection period. This pattern correlated

with the expression levels observed for IFN-𝛾 and IFN-𝛽 , suggesting

their roles as the major inducers of GBPs. Additionally, absence of

GBPchr3 reduced the expression of LC3B, ULK1, and ATG5, molecules

important for autophagy. LC3B is a crucial autophagic marker due

to its association with autophagosome membrane.32 ULK1 is a core

protein of the ULK1 complex, an autophagy-specific complex that

comes into play upon autophagy induction.30 ATG5 is involved in the

elongation of isolation membrane during autophagosome formation,

being relevant to limitM. tuberculosis growth in vivo.37 The expression

pattern found in lungs in response to early infection suggests that both

GBPs and autophagy pathways are aligned.

The role of GBPs during mycobacterial infections was first

addressed by Kim and colleagues.28 They showed that mice deficient

inGBP1present increased bacterial burden becomingmoribund about

10 to 14 wk postinfection with M. bovis BCG Phipps strain, the most

virulent among BCG vaccine strains. Herein, by using a moderate vir-

ulent strain (Moreau), we showed that GBPchr3 are important to con-

trol the bacterial burden, in line with the previous finding. The lack of

the entire GBPchr3 locus also resulted in increased pathology, repre-

sented by higher number of granulomas in liver and lungs compared

to wild-type mice. However, the level of GBP1 expression in our study

was the lowest compared to other GBPs contained in mouse chromo-

some3.Additionally, absenceof theentire locusofGBPchr3 resulted in

lower proinflammatory cytokines level in both bronchoalveolar lavage

and spleen cells recall response that reflects systemic hampering of

myeloid cell activation, especially CD11b+ DCs. This subpopulation
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F IGURE 6 Deficiency of guanylate binding proteins (GBPs) from chromosome3 (GBPchr3) decreasesmacrophages antimicrobial function in
response toMycobacterium bovisBCG. (A) Bonemarrow-derivedmacrophages (BMDMs)were derived fromC57BL/6mice and stimulatedwithM.
bovis BCG (multiplicity of infection [MOI] 5:1) for evaluation of GBPs expression by qPCR at selected time points. The gene expression was evalu-
ated by qPCR relative to 𝛽-actinRNA. *P< 0.05 compared toNI; #P< 0.05 compared to 48 h. (B)Wild-type orGBPchr3−/− BMDMwere stimulated
for 24 h withM. bovis BCG (MOI 5:1) or LPS (100 ng/mL) and TNF-𝛼 production was evaluated. (C) BMDMswere incubated overnight with recom-
binant murine IFN-𝛾 (10 ng/mL) and stimulated for 24 h withM. bovis BCG or LPS as mentioned earlier. The NO production was evaluated by the
Griessmethod. (D) The analysis of LC3 conversion byWestern blotwas performed after 4 h stimulationwithM. bovisBCG (MOI 50:1) or rapamycin
(15 𝜇g/mL). 𝛽-actin was used as loading control. Each band was quantified by densitometry. The value of LC3-I/LC3-II conversion is showed. (E)
The intracellular bacterial burden inmacrophageswas evaluated after up to 7 d postinfection. Graphs are representative of at least two performed
experiments. NI: noninfected and *P< 0.05 compared to C57BL/6

of cDCs is more efficient in direct CD4+ T cell responses and is an

important source of proinflammatory cytokines.31 Moreover, the pres-

ence of macrophages and both subpopulations of cDCs in spleen of

GBPchr3−/− mice was reduced compared to their wild-type coun-

terparts. These alterations in the immune response were more pro-

nounced during early infection period. By contrast, the population

of CD4+ T cells was higher in knockout mice throughout the infec-

tion. This fact may be result of a compensatory effect balancing the

reduced and/or insufficiently activated myeloid cell populations. Addi-

tional experiments are needed to investigate further this phenomenon.

The importance of the cluster of GBPchr3 has been addressed in

other infections. GBPchr3 are required to disrupt Toxoplasma gondii

PCVs and to control parasite replication in mice.38 Similarly, GBPchr3

are required to lyse Salmonella-containing vacuoles and Francisella

novicida cytosolic bacterium, leading to activation of canonical and

noncanonic inflammasomes and limiting both pathogens growth.39,40

However, these reports did not find alterations concerning cell migra-

tion or autophagy, suggesting that these featuresmay be related to the

disease studied.

At the onset of mycobacterial infection, macrophages and DCs are

the host immune cells frontline against the bacilli. Both cells instruct

the establishment of an efficient immune response through the pro-

duction of proinflammatory molecules while trying to limit pathogen

growth.41 The role of GBPs onDCs activation seems to be less studied

and there are few reports focusing on this theme.42,43 The lack of

GBPchr3 drastically reduced the production of the proinflammatory

cytokines TNF-𝛼 and IL-12, associated with diminished expression

of CD40, in response to M. bovis BCG. Indeed, a reduced expression
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of this costimulatory molecule was also found in unstimulated cells,

although it was not statistically significant. This could suggest that

GBPchr3 may also influence DCs differentiation and autonomous

activation independent of the antigen. This data is in agreement with

what has been recently shown concerning murine GBP2 regulation

of DCs maturation.43 Regarding the role of GBPs in macrophages, in

this study, we show that M. bovis BCG was able to induce GBPchr3

expression in these cells. GBP5 was the highest expressed GBP when

compared to the others analyzed. Concerning mycobacterial infection

in macrophages, GBP1 and GBP7 were reported to be important for

autophagy induction, with an additional role for GBP7 by recruiting

NADPH oxidase subunits. The absence of these individual GBPs

correlated with increased bacterial burden in 48 h short spanning

killing assay.28 Here, we demonstrate that the absence of the entire

locus of GBPchr3 reduced BCG-induced autophagy and NO pro-

duction, associated with increased bacterial burden in 7 d in vitro

assay. The increased bacterial burden found in vivo may reflect these

dampened antimicrobial mechanisms observed in GBPchr3-deficient

animals. Furthermore, infected GBPchr3−/− macrophages showed

a slight reduction in TNF-𝛼 production, in line with the reduced

TNF-𝛼 MFI found during early in vivo infection. Altogether, these

results confirm GBPchr3 as important molecules necessary for

myeloid cells to accomplish their role in immune response against

mycobacterial infection.

Mycobacterial infections, especiallyTBandopportunistic infections

in immunocompromised patients, remain a global concern. In sum-

mary, this study highlights the relevance of GBPchr3 during early M.

bovis BCG infection. These GBPs are highly up-regulated in lungs of

infected host and act influencingmyeloid cell function, particularly DC

activation and the antimicrobial capacity of macrophages that culmi-

nates in control of bacterial burden. This work expands the knowl-

edge of GBPs role during mycobacterial infection by showing their

effect in proinflammatory cytokines production and places them as

relevant regulators of an efficient immune response. Indeed, there is

increasing amount of information concerning GBPs up-regulation dur-

ing human mycobacterial infections.35,44 Their definitive roles dur-

ing human infections remain to be demonstrated. The links between

cell-intrinsic immunity and theoverall establishment immune response

open venues to be explored for improved therapy and preventive

medicine.
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