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Editorial on the Research Topic

Advances in Immunotherapeutic Approaches to Tuberculosis

Tuberculosis (TB) has been a widespread infectious disease since ancient times and still remains a
major worldwide health problem. Significant progress in drug development during the last decade
greatly contributed to TB therapy, while immunotherapies represent an interesting opportunity for
further improving the control of TB. However, particular attention needs to be given to the
increasing emergence of drug-resistant strains of M. tuberculosis (Mtb) and the association of TB
with HIV infection and with chronic degenerative diseases such as type 2 diabetes. This special issue
of the Frontiers contains a collection of 15 papers that advance various aspects that are relevant to
TB immunotherapy. They can be grouped into three categories, concerning: i) role of innate
immune cytokines, ii) recognition of specific antigenic determinants and iii) improvement of
diagnostic assays. These papers are being briefly reported in the text and quoted in Table 1, listing
the number of registered views so far for each.

Much of the Mtb infection cycle is fulfilled in the cytoplasm of macrophages, which represent the key
innate immune cellular element involved in the infection. A study of glycolysis and proinflammatory
cytokines is reported on Mtb infected human lung macrophage populations in vitro (Cox et al.).
Inhibition of histone deacetylase by suberanilohydroxamic acid increased interleukin (IL-1b) and
reduced IL-10 production, thus enhancing interferon-g, (IFN-g), tumour necrosing factor-a (TNF−a)
and granulocyte-macrophage colony-stimulating factor (GM-CSF) co-production in responding T
helper cells. These results indicate that modulation of innate immunometabolic processes in
macrophages can promote subsequent adaptive proinflammatory responses. A study of Linezolid
chemotherapy in mice and macaques investigated reducing its IL-1 mediated bone marrow toxicity and
TB pathology. Lung inflammation could be reduced using an IL-1 receptor antagonist Anakinra
(Winchell et al.), without being immunosuppressive and retaining its therapeutic impact on TB
org April 2021 | Volume 12 | Article 68420015
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pathology The role of GM-CSF for innate resistance against TB was
suggested on the grounds of its higher production by Mtb-infected
human macrophages (Mishra et al.). The increased expression of
genes involved in the GM-CSF signalling pathway was associated
with diminished Mtb growth, hence indicating its translational
potential as a host directed therapy. A subset of lung
macrophages, linked to higher Th1 and Th17 responses, has been
associated with better protection in Bacillus Calmette Guerin (BCG)
vaccinated mice (Yang et al.). The role of sex influences on
adjunctive anti-inflammatory therapies of TB has been examined,
using monocyte derived macrophages (Dutta and Schneider).

Bacterial or immune cell derivatives could represent another form
of immunotherapy. The immunogenicity of 15 secreted O-
mannosylated glycoproteins of BCG was examined following their
purification and expression in Mycobacterium smegmatis and
Escherichia coli recombinants (Deng et al.). Two glycoproteins,
BCG_0470 and BCG_0980 (PstS3), were proposed for vaccine
development on the grounds of inducing higher immunodominant
Th1 responses. A novel approach is represented by the demonstration
of single domain antibody ligands with T-cell receptor (TcR)-like
specificity (Ortega et al.). A clone, selected from a phage display
library, recognised an HLA-A*0201 bound peptide, which is known
to be an immunodominant epitope of the Ag85B antigen for human
T cells. This proof-of-principle for generating antibodies with TcR-
like specificity against epitopes on the surface of both replicating and
dormant Mtb infected macrophages, warrants further investigation,
since such antibodies, particularly when conjugated with apoptosis-
inducing ligands, could lead to passive immunotherapy in
immunocompromised HIV-infected TB patients. Further
synergistic benefit may come from agents, e.g. IFNg, which
enhance the surface expression of major histocompatibility complex
(MHC) -bound epitope targets. Vaccination, through respiratory
delivery of a whole cell inactivated vaccine, showed improved
polymeric Ig receptor (i.e. pIgA dependent) protection in mice and
non-human primates (Aguilo et al.). The immunotherapeutic
potential of ‘unconventional T cells’ has been considered for cell
transfer therapy of severe multidrug resistant infection (La Manna
et al.). This included CD1–restricted T cells, MHC-related protein-1–
Frontiers in Immunology | www.frontiersin.org 26
restrictedmucosal-associated invariant T cells, MHC class Ib–reactive
T cells, and gdT cells. A review of therapeutic vaccines covered several
aspects of their construction. Potentials for faster disease resolution
(Afkhami et al.) and shortening of chemotherapy for drug-resistant
strains, fragmented/incomplete therapy and against relapsing disease,
have been evaluated. The mechanisms discussed pertain to distinct
immune responses induced by the infection versus the vaccines, as
well as their efficacy in HIV co-infected individuals. The importance
of non-recirculating, lung-residing immunity was suggested by the
finding that IFN-g secreting PD-1+ T cells accumulate in the lungs
following aerosol and intratracheal delivery, but not in the lymph
nodes and not after subcutaneous inoculation of BCG (Basile et al.).
Single chain T cell receptor and light chain domain antibody ligands
produced by phage display technology recognized the Mtb-specific
sulfoglycolipid Ac2SGL, complexed with the monomorphic CD1b
cellular receptor, which are recognized by T cells in both active and
latent TB (Camacho et al.). Molecular modelling suggested better
recognition of the natural complex than it’s synthetic analogue and
this difference was interpreted as support for the therapeutic and
diagnostic targeting of Mtb infected cells.

The prospects for IGRA and QTF-Plus tests distinguishing
between active and latent TB has been reviewed with the aim of
improving the specificity of tuberculin skin testing, which is
obscured by BCG vaccination (Carranza et al.). Moreover, the
frequency of the proportion of TNF-a only TEFF cells, with an
effector memory phenotype (CD45RA−CCR7−CD127−) was
associated with a higher risk of progression to active TB.
However, expansion of immature myeloid-derived suppressor
cells has been linked to both active TB and recently acquired
latent TB. Differential diagnosis involved both cellular and
antibody responses to the DosR regulon encoded latency-
associated antigens and IFN-g signalling, and miRNA and
molecular signatures of the blood transcriptome. A study of
c ircRNA microarray express ion profi l es ident ified
circRNA_051239, circRNA_029965, and circRNA_404022 as
potential biomarkers for TB diagnosis (Liu et al.). The expression
of the CD69 biomarker of T-cell activation in active and latent TB
cohorts was shown to distinguish latently infected subjects from
TABLE 1 | Review of Topic publications.

Category Authors* Subject Views**

Role of innate immune cytokines Cox–Keane High IL-1b/low IL10 due to Histone deacetylase inhibitor 2,313
Winchell–Flynn IL-1 blockade, adjunct to chemotherapy 2,079
Mishra–Khan Protection by GM-CSF 1,515
Yang–Dou Protection by M1-cytokines 1,631
Dutta–Schneider Sex differences to therapies 784

Antigen-specific immunotherapy and prophylaxis Deng–Yang Mannosylated vaccine antigens 1,858
Ortega–Espitia Antibodies against T-cell epitopes 1,760
Aguilo–Martin Protective mucosal sIgA 1,597
La Manna–Caccamo Immunotherapy by genotype-unrestricted T cells 1,498
Afkhami–Xing Design of therapeutic vaccines 1,246
Basile–Rottenberg Protection by PD-1+ lung-resident T cells 1,110
Camacho–Acosta Sulfoglycolipid-CD1b specific antibodies 1,089

Diagnosis Carranza–Torres Distinguishing between active and latent TB 2,515
Liu–Wang New CirRNA biomarkers 1,409
Chen–Fan Low CD69+T cells post infection 1,517
April 2021 | Volume 12 | Article
*First and last authors; **Views registered on 2nd April, 2021.
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those who were uninfected, despite continuous exposure to
infection (Chen et al.).

In conclusion, the present collection provides further
evidence that the immune system is a significant factor in both
the containment and cure of Mtb infection. Immunotherapy
based on the augmentation of protective immunity or decreasing
the immune modulatory responses during late progressive
disease can be of value as an adjunctive agent in TB treatment.
In this respect, novel combinations of both new and old drugs
need to be evaluated for their efficacy, when combined with
various forms of immunotherapy. The goals of future
immunotherapies must be to shorten chemotherapy use,
prevention latent TB reactivation and prevent transmission of
the infection.
Frontiers in Immunology | www.frontiersin.org 37
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Bacterial glycoproteins have been investigated as vaccine candidates as well as
diagnostic biomarkers. However, they are poorly understood in Mycobacterium bovis
strain bacille Calmette-Guérin (BCG), a non-pathogenic model of Mycobacterium
tuberculosis. To understand the roles of secreted O-mannosylated glycoproteins in
BCG, we conducted a ConA lectin-affinity chromatography and mass spectra analysis
to identify O-mannosylated proteins in BCG culture filtrate. Subsequent screening of
antigens was performed using polyclonal antibodies obtained from a BCG-immunized
mouse, with 15 endogenous O-mannosylated proteins eventually identified. Of these,
BCG_0470 and BCG_0980 (PstS3) were revealed as the immunodominant antigens. To
examine the protective effects of the antigens, recombinant antigens proteins were first
expressed in Mycobacterium smegmatis and Escherichia coli, with the purified proteins
then used to boost BCG primed-mice. Overall, the treated mice showed a greater
delayed-type hypersensitivity response in vivo, as well as stronger Th1 responses,
including higher level of IFN-7, TNF-α, and specific-IgG. Therefore, mannosylated
proteins BCG_0470 and BCG_0980 effectively amplified the immune responses
induced by BCG in mice. Together, our results suggest that the oligosaccharide chains
containing mannose are the antigenic determinants of glycoproteins, providing key
insight for future vaccine optimization and design.

Keywords: bacille Calmette-Guérin, glycoprotein, O-mannosylated protein, vaccine, oligosaccharide chains

INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium tuberculosis (M. tuberculosis), remains a major
threat to public health, with ever increasing morbidity and mortality rate worldwide (WHO,
2019). As reported by the World Health Organization in 2019, M. tuberculosis causes active TB
disease in 10.0 million individuals each year, amongst whom approximately 1.5 million will die
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(WHO, 2019). Current TB health interventions include
treatment of latent TB infection and childhood immunization
using the bacille Calmette-Guérin (BCG) vaccine (Martinez et al.,
2017; WHO, 2019). However, latent TB infection prevention
services are often not accessible to eligible patients, BCG
vaccination coverage generally achieves a rate of at least 90%
(WHO, 2019). Thus, the efficient prevention resulting from the
vaccine confirms its importance in fight against TB.

BCG, an attenuated Mycobacterium bovis strain developed as
a vaccine by Calmette and Guérin in 1921, is the only licensed TB
vaccine approved by the World Health Organization. Nowadays,
BCG still is widely applicable in epidemic regions, especially for
the prevention of extrapulmonary TB in infants (Toida, 2000;
WHO, 2019). Although its efficacy is varied, nearly 100 years of
BCG use confirms that this living bacilli alone inducessubstantial
immune protection against TB (Pym et al., 2003; Nieuwenhuizen
and Kaufmann, 2018). It is thought that the alive bacilli secret
protective antigens once injected, promoting T-lymphocyte based
immune responses and eliciting humoral immunity against TB
(Horn et al., 1999; Pym et al., 2003). Therefore, identifying and
characterizing the most immunogenic and efficient antigens in
the BCG vaccine may help to completely eliminate TB infection.

Currently, many protein-based subunit vaccines have been
developed based on highly immunodominant antigens secreted
by the replicating M. tuberculosis or latency-associated proteins
expressed by persistent bacilli (Kebriaei et al., 2016; Nandakumar
et al., 2016; Khademi et al., 2018). A large number of secreted
mycobacterial proteins have also been investigated as diagnostic
biomarkers and vaccine candidates (Wolfe et al., 2010; Facciuolo
and Mutharia, 2014). Some secreted M. tuberculosis proteins
including alanine and proline-rich protein (Apa/Rv1860),
Rv0934 (PstS-1), Rv3763 (LpqH), Rv1887, and Rv1096, are
reportedly modified by O-linked mannosylation, the most
common type of the post-translational modifications (Gonzalez-
Zamorano et al., 2009; Sanchez et al., 2012; Nandakumar
et al., 2013; Smith et al., 2014). Homologous glycoproteins
in various other mycobacteria show structural diversity in
their glycosyl moieties. For example, native Apa protein,
secreted by M. tuberculosis, M. bovis, and BCG, contain one
to nine mannose residues, while recombinant Apa expressed
by Mycobacterium smegmatis contains seven to nine mannose
residues. Interestingly, Apa from Escherichia coli does not contain
mannose (Horn et al., 1999). Differences in mannosylation

FIGURE 1 | Schematic diagram of immunization. Female BALB/c mice were
primed with 1 × 105 CFU of BCG by intravenous injection, then boost twice
at 3 weeks intervals with recombinant proteins (BCG_0980 and BCG_0470) in
presence or absence of mannose modification.

FIGURE 2 | Identification of secreted O-mannosylated proteins in BCG using
SDS-PAGE, 2D-PAGE, and Western blot. M, PageRuler prestained protein
ladder (Thermo Scientific, Lithuania). 1, the total secreted proteins precipitated
by (NH4)2SO4; 2, ConA-dragged O-mannosylated proteins from BCG CF. (A)
SDS-PAGE analysis of the secreted O-mannosylated proteins in BCG. The gel
was visualized using sliver staining kit. (B) Western blot analysis of the
secreted O-mannosylated proteins in BCG. The membranes were blotted with
ConA, and visualized using ECL. (C) 2D-PAGE analysis of the secreted
O-mannosylated proteins in BCG. The gel was visualized using sliver staining
kit. a–n, the spots selected for MALDI-TOF identification. Five microgram
proteins were loaded.

patterns are related to the T-cell antigenicity of Apa (Horn
et al., 1999; Nandakumar et al., 2013), with mannosylated Apa
proteins eliciting more robust lymphoproliferation response
than those without mannose modification (Horn et al., 1999).
Additionally, a key enzyme involved in the modification
process, protein mannosyl transferase (Pmt, Rv1002c), is
crucial for the virulence of M. tuberculosis (Liu et al., 2013).
Together, these findings demonstrated the antigenic significance
of mannosylated proteins in mycobacteria, and suggested
mannose linked to mycobacterial proteins represents a potential
antigenic determinant.

However, the significance of mannosylation in glycoproteins
of BCG and the role of oligosaccharide chains linked to
O-glycoproteins are poorly understood. To examine the
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mannosylated proteins of BCG, and understand their roles
in eliciting an immune responses in the host, we carried out
lectin affinity chromatography assays followed by mass spectra
(MS)-based identification. The findings of this study will help
us to understand the importance of mannosylated proteins and
oligosaccharide chains containing mannose residues of BCG,
and reveal the effective antigens for use in BCG vaccines.

MATERIALS AND METHODS

Bacteria and Culture Conditions
Bacille Calmette-Guérin G Danish strain was reactivated on
Middlebrook 7H10 agar (BD, Franklin Lakes, NJ, United States)
supplemented with 10% OADC (oleic albumin dextrose catalase)
at 37◦C for 20 days. A single colony was picked up and
inoculated in 5 ml of Proskauer and Beck modified synthetic
medium (Gonzalez-Zamorano et al., 2009) and cultured to mid-
log phase at 37◦C. This starter culture was transferred into 200 ml
of fresh Proskauer and Beck modified synthetic medium, and
incubated without shaking until surface pellicles were visible.
Bacterial cells were then removed by filtration using a 0.22-
µm polyethersulfone filter, leaving only the culture filtrate.
Proteins were precipitated by incubation with ammonium sulfate
at 4◦C overnight, and then collected by centrifugation at
10,300 × g for 30 min at 4◦C. Protein pellets were resuspended
in distilled water and dialyzed completely against distilled water
at 4◦C for 72 h. The dialyzed proteins were lyophilized and
stored at−80◦C.

Animal Care
This study was carried out in accordance with the principles
of the Basel Declaration and the Dalian Medical University
recommendations for laboratory animals. The protocol
was approved by the Animal Ethics Committee of Dalian
Medical University.

ConA-Affinity Chromatography
A 1 ml ConA-agarose column (Sigma-Aldrich, Stainheim,
Sweden) was prewashed with five column volumes of wash
solution (1 M NaCl, 5 mM MgCl2, 5 mM MnCl2, and 5 mM
CaCl2) and the resin equilibrated with equilibrating buffer
(20 mM Tris, 0.5 M NaCl, pH 7.4). Protein solution containing
2.0 mg of total protein from CF (1 mg/ml, free of particulates)
was then loaded onto column and washed with equilibration
buffer until the eluent solution was free of protein. The target
proteins were eluted with solution containing 200 mM methyl-D-
glucopyranoside (Sigma-Aldrich, Stainheim, Sweden). Samples
were dialyzed, lyophilized and stored at−80◦C until use.

One-Dimensional and Bidimensional Gel
Electrophoresis and Western Blot
Analysis
Purified glycoproteins were subjected to 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using
a vertical electrophoresis apparatus. Gels were silver-stained

according to the manufacturer’s instructions. In addition,
bidimensional gel electrophoresis (2D-DIGE) was performed as
described previously (Chen et al., 2019). Briefly, samples were
processed using a Bio-Rad clean-up kit as per the manufacturer’s
instructions (Hercules, CA, United States). The protein pellets
were then dissolved in 50 µl of isoelectric focusing buffer (30 mM
Tris, pH 8.0, 7 M urea, 2 M thiourea, 2% CHAPS). Soluble
mannoproteins (30 µg) were separated in the first dimension
using Immobiline DryStrips (11 cm, pH 4–7, Bio-Rad) and in
the second dimension using 12% SDS-PAGE gels. The gels were
stained using a ProteoSilver Plus SilverStain Kit (Sigma-Aldrich,
MO, United States).

The proteins were then transferred from the SDS-PAGE
gels onto polyvinylidene fluoride (PVDF) membrane (Millipore,
Prod, pore size 0.45 µm) using Trans-Blot machine (Bio-Rad,
Hercules, CA). The parameters were setting at 110 V and
35 min. The membrane was blocked with 2% (w/v) bovine
serum albumin (BSA) in phosphate-buffered saline (PBS) and
then incubated with 10 µg/ml biotinylated ConA (Sigma-
Aldrich, Stainheim, Sweden) for 2 h at room temperature.
The membrane was then incubated with streptavidin-peroxidase
(1:5000, Sigma-Aldrich, St. Louis, MO, United States) solution
as per the manufacturer’s instructions. The target bands
were visualized using enhanced chemiluminescence reagents
(Millipore, Burlington, MA, United States).

MS Analysis
Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight (MALDI-TOF)
Selected silver-stained proteins were manually excised from
the 2D-PAGE gels for MS-based analysis. Gel digestion and
MS analysis (5800 MALDI-TOF, AB SCIEX, Foster City, CA,
United States) were performed as described previously (Yang
et al., 2018). Data were acquired using Mascot 2.2 software
(Matrix Science)1.

Liquid Chromatography Tandem Mass Spectrometry
(LC-MS/MS)
Whole glycoproteins digested with trypsin were also examined
using a Q Exactive Mass Spectrometer (Thermo Fisher Scientific,
Waltham, MA, United States) coupled with an Easy nLC
liquid chromatography system (Thermo Fisher Scientific). LC
was operated by a C18 reverse phase trap column (Scientific
Acclaim PepMap100, 100 µm× 2 cm, nanoViper, Thermo Fisher
Scientific) connected to a C18 reversed-phase analytical column
Easy Column, 10 cm long, 75 µm inner diameter, 3 µm resin,
Thermo Fisher Scientific) in 0.1% formic acid and separated with
a linear gradient of buffer (acetonitrile and 0.1% formic acid). The
flow rate was at 300 ml/min and the system was controlled using
IntelliFlow technology. The MS system was operated in positive
ion mode. The optimal source/gas parameters were as follows:
automatic gain control target, 3e6; maximum inject time, 10 ms.
The dynamic exclusion duration was 40.0 s and the normalized
collision energy was 30 eV. The survey scan for higher-energy
collisional dissociation (HCD) fragmentation was set at 300–1800

1http://www.matrixscience.com
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TABLE 1 | Profiles of the identified mannosylated proteins secreted by BCG.

ID BCG
gene

Access No.* Protein name Protein
MW (D)

Matched
peptides

Sequence
coverage %

NetOglyc
hits#

Predicted
Lpp&

M. bovis
ortholog

M. tuberculosis
ortholog

Identified MS
methods1/2

a 0086 A1KEM3 30S ribosomal protein S18
rpsR1

9543.1 1 8.33 1 Mb0056 Rv0055 1

b 1237c A0A0H3MC91 SA5K secreted antigen 10881.2 2 9.09 Mb1207c Rv1174c 1

c RN06_
2923

A0A109S8K1 Resuscitation-promoting
factor RpfD

15678.6 1 3.08 3 Mb2410c Rv2389c 1

d 2967c A0A0K2HZQ7 Putative phthiocerol
dimycocerosate transporter
LppX

24139.9 2 8.58 6 yes Mb2970c Rv2945c 1

e 1472c A0A0H3M3S8 Lipoarabinomannan carrier
protein LprG

24547.5 1 2.97 1 yes Mb1446c Rv1411c 1

f 0470 A0A0H3M1J1 Putative tuberculin related
peptide

16865.3 1 8.39 11 Mb0439 Rv0431 1

g 3419c A0A0H3MEK7 Probable transposase 26630.2 1 9.08 9 Mb3382c Rv3349c 1

h 1154 A0A0H3MC31 Possible acyl-[acyl-carrier
protein] desaturase (desA2)

31359.1 1 3.64 2 Mb1124 Rv1094 1

i 0980 A0A0H3MBK5 Phosphate-binding protein3
(PstS3)

37952.7 4 7.57 7 yes Mb0951 Rv0928 1

j 1156 A0A0H3M373 Possible glycosyl hydrolase 31099.1 2 2.69 3 Mb1126 Rv1096 1

k 1896 P80069 Alanine and proline-rich
secreted protein Apa

32686.3 6 9.23 16 Mb1891 Rv1860 1

l 3277c A1KNQ0 Adenosylhomocysteinase
(ahcY)

54323.3 1 2.82 4 Mb3276c Rv3248c 1

m 3652c A0A0H3MBJ4 Probable conserved
membrane protein

27001. 5 1 4.94 14 Mb3618c Rv3587c 1

n 3955c A0A0H3MFZ4 Uncharacterized protein 29993.6 1 2.39 23 Mb3928c/
Mb3829c

Rv3899c 1

3252 A0A0G2Q9I2 Possible short-chain
dehydrogenase/reductase

29814.1 1 3.55 0 Mb3251 Rv3224 2

1 Identified by both MALDI-TOF and LC-MS/MS. 2only identified by LC-MS/MS. ∗UniprotKB access number. #According to NetOglyc predictions (http://www.cbs.dtu.dk/services/NetOGlyc/, NetOGlyc 4.0 Server).
&According to the predictions of lipoproteins (https://services.healthtech.dtu.dk/service.php?LipoP, LipoP1.0 Server).
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FIGURE 3 | Classification analysis of the 15 identified glycoproteins in BCG using the online PANTHER database. Representative pie charts display the enrichment
percentage of proteins. (A) Proteins are classified based on molecular functions. (B) Proteins are categorized based on protein classes.

m/z, with HCD spectra set to 17,500 at m/z 200, and an isolation
width was of 2 m/z. The instrument was run with an enabled
mode of peptide recognition.

Preparation of Murine Anti-Serum
Against BCG
BALB/c female mice (8 mice per group) were subcutaneously
immunized with 5 × 105 colony-forming units (CFU)
of log-phase BCG in normal saline). The control
group was injected with equal volume of normal
saline. At 3 weeks post-inoculation, whole blood were
collected and centrifuged with 1,000 × g for 10 min.
The sera were then collected for the detection of
mannosylated antigens.

Detection of Mannosylated Antigens
Glycoproteins separated by SDS-PAGE and 2D-PAGE were
transferred onto PVDF membrane as described. After blocking
with 5% BSA (w/v) in PBS, the membranes were blotted
with the prepared polyclonal antibodies (1:1,000) overnight
at 4◦C. Following incubation, the membranes were washed
three times with PBS and then incubated with the secondary
antibody (1:5000, rabbit anti-rat IgG, HRP conjugated; Sigma-
Aldrich, MO, United States) for 1.5 h at room temperature.
Protein bands and spots were visualized using enhanced
chemiluminescence. Target bands and spots were then excised
manually and stripped using Restore Western Blot Stripping
Buffer (Thermo Fisher Scientific, United States) at 37◦C for
40 min to remove affinity-bound primary and secondary
antibodies. After washing with tris-buffered saline with 0.1%
Tween 20, the target proteins were identified by LC-MS/MS as
described previously.

Expression, Purification, and Treatment
of the Identified BCG Antigens, Including
BCG_0470 and BCG_0980
The BCG_0470 and BCG_0980 coding sequences were amplified
from BCG genomic DNA using Pfu High Fidelity DNA
Polymerase (Invitrogen, Carlsbad, CA, United States) and the

following primers: BCG_0470-F (5′-CATATGGTGCTGGTT
ACAGTGGGCTC-3′, NdeI site is underlined), paring with
BCG_0470-R (5′-AAGCTTTCAGCCGGTCACCACGAC-
3′, HindIII site is underlined); and BCG_0980-F (5′-CA
TATGTTGAAACTCAACCGATTTGG-3′, NdeI site is
underlined), pairing with BCG_0980-R (5′-AAGCTT
TCAGGCGATCGCGTTGACCG-3′, HindIII site is underlined).
The amplified products were then ligated into the pJET
(Thermo Fisher Scientific, Lithuania) cloning vectors. Following
sequence confirmation, the amplicons were excised from
the vectors using the appropriate restriction enzymes and
ligated into pCold II (Takara, Dalian, China),which carries
a hexa-histidine tag at the C-terminus and a cold start
promoter, generating recombinant the expression vectors
pCold II-BCG_0470 and pCold II-BCG_0980. For expression,
the plasmids were transformed into E. coli BL21 (DE3). In
addition, recombinant plasmids pVV2-BCG_0470 and pVV2-
BCG_098 were constructed to allow expression of the two
proteins in M. smegmatis. The vectors were transformed
into M. smegmatis by electroporation as described previously
(Yang et al., 2014). Cell lysates were then prepared to purify
recombinant BCG_0470 and BCG_0980 as described previously
(Yang et al., 2018). The recombinant proteins were assessed
by 12% SDS-PAGE and further confirmed by western blot
using anti-His monoclonal antibody (Sigma-Aldrich, St. Louis,
MO, United States) or ConA lectin (Sigma-Aldrich, St. Louis,
MO, United States) as a probe. In addition, the recombinant
mannosylated proteins were treated with α-mannosidase
(Sigma-Aldrich, St. Louis, MO, United States) as per the
manufacturer’s instructions. Mannosidase-treated proteins were
collected using magnetic agarose beads as described previously
(Chen et al., 2019).

Immunization of BCG-Primed Mice Using
the Recombinant Antigens
Female BALB/c mice (five mice per group) were primed with
1 × 105 CFU of BCG by intravenous injection as shown
in Figure 1. At 3 weeks post-inoculation, 5 µg of the
recombinant proteins (with or without mannose modification)
were subcutaneously injected into the BCG-primed mice,
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FIGURE 4 | Identification of the immunodominant glyco-antigens by BCG
ploycolonal antibody using immunoblotting. 5µg proteins were loaded. M,
PageRuler prestained protein ladder (Thermo Scientific, Lithuania). (A,B) the
samples were separated by SDS-PAGE. 1, whole BCG cell-lysates; 2, crude
protein extracts precipitated by the addition of (NH4)2SO4; 3 and 4,
mannosylated proteins purified from BCG CF. Arrows indicated two targeting
bands with molecular masses of approximately 38 kDs and 25 kDa,
respectively. (C) Samples were separated by 2D-PAGE analysis. Circles
indicate two targeting spots with molecular masses of approximately 38 kDs
and 25 kDa, respectively.

followed by a second twice dose at 6 weeks post-inoculation.
An additional group of mice were injected with an equal
volume of PBS as a negative control. At 3 weeks after the
final booster, the animals were sacrificed to evaluate immune
responses in vitro.

Evaluation of Delayed-Type
Hypersensitivity (DTH) Responses
The DTH responses of mice to recombinant protein with
or without mannose modification were evaluated in mice
inoculated with BCG only (no recombinant protein booster)
as previously described (Tong et al., 2018). Briefly, as shown
in Figure 1, at 2 weeks 4 days post-BCG immunization,
5 µg of recombinant protein (four groups: BCG_0470,

mannosidase-treated BCG_0470, BCG_0980, and mannosidase-
treated BCG_0980) in 40 µl of PBS were injected into
the left hind footpad, while the same volume of PBS was
injected into the right hind footpad as a control. Differences
in footpad swelling between the protein-challenged and
PBS-injected feet were measured at 24, 48, and 72 h post-
protein injection to assess protein-specific DTH responses.
In addition, at 48 h post-protein injection, three mice of
every group were then sacrificed and equal amounts of
the left hind footpads were collected and homogenized in
1 ml of protein extraction buffer with protease inhibitor
cocktail (Thermo Fisher Scientific). The homogenates
were centrifuged at 10,000 × g for 10 min to collect the
supernatants, which were then tested to determine the levels
of various cytokines, including IFN-γ, IL-4, and TNF-α,
using an enzyme-linked immunosorbent assay (ELISA) kit
(Abcam, Hong Kong, China) as per manufacturer’s instruction
(Aguilar et al., 2007).

Detection of Antigen Specific Antibodies
Using ELISA
Whole blood from sacrificed mice was centrifuged at 1,000 × g
for 10 min at 4◦C, with the resulting serum collected
and immediately used to assess the specificity of antibodies
against their corresponding antigens. Briefly, 150 µl of each
(2 µg/ml) recombinant antigen was incubated overnight at
4◦C in a 96-well plate. After blocking with 3% BSA in PBS,
the plate was incubated with diluted (1:1,000) murine serum
for 2 h at 37◦C, before being incubated with horseradish
peroxidase-conjugated anti-mouse IgG (1:5000 dilution) at room
temperature for 1 h. Tetramethylbenzidine was added to each
well for color development, which was then stopped with 2
M sulfuric acid. The optical density of each well was then
measured at 450 nm.

Detection of Cytokine Secretion in
Mouse Splenocytes by ELISA
Spleens from the sacrificed mice were aseptically removed,
and the single-cell suspensions were prepared as reported
previously (Rao et al., 2017). The freshly isolated splenocytes
were resuspended in RPMI 1640 medium (Gibco, Suzhou,
China) enriched with 10% fetal calf serum and antibiotics
(penicillin and streptomycin) at concentration of 1 × 106

cells/ml. The cells were then seeded in a 96-well sterilized
plate and stimulated with 2 µg/ml antigen mixture
(BCG_0980 and BCG_0470) in vitro for 72 h at 37◦C with
5% CO2. The plate was then centrifuged at 1,600 × g for
10 min to collect supernatant, which was subsequently
used to measure the levels of various cytokines including
TNF-α, IFN-γ, and IL-2, using ELISA kits (Abcam,
Hong Kong, China).

Statistical Analysis
All the data were are presented as mean± SEM from at least three
independent experiments. Statistical analyses were performed
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FIGURE 5 | Identification of BCG_0470 via LC-MS/MS-based analysis. (A) Profiles of BCG_0470. (B,C) Tandem mass spectrometry (MS/MS) spectrum of the
trypsin-digested BCG_0470. (B) Peptide fragment ions with m/z 929.5441: sequence TLGAAVELR. (C) Peptide fragment ions with m/z 1278.6677: sequence
VYNISGAEGAAAR.

using a Student’s unpaired t-test or one-way ANOVA. Unless
stated, p < 0.05 was considered statistically significant.

RESULTS

Recognition of the Mannosylated
Proteins in BCG
To identify O-mannosylated proteins in the BCG CF, ConA-
lectin affinity chromatography was used. The glycoproteins were

eluted using the solution containing a high concentration of
methyl-α-mannopyranoside. SDS-PAGE and 2D-PAGE analyses
were utilized to separate the purified glycoproteins. Bands and
spots corresponding to the glycoproteins on the SDS-PAGE
(Figure 2A) and 2D-PAGE (Figure 2C) were visualized by silver-
staining. In total, 9 protein bands with a molecular mass of
10–70 kDa were observed on the SDS-PAGE gel. While 14
proteins spots (Figure 2Ca–n) were selected from the 2D-PAGE
gel. Western blot analysis confirmed the binding activity of
the observed proteins with ConA. As shown in Figure 2B, the
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FIGURE 6 | Identification of BCG_0470 via LC-MS/MS-based analysis. (A) Profiles of BCG_0980. (B–D) Tandem mass spectrometry (MS/MS) spectrum of the
trypsin-digested BCG_0980. (B) Peptide fragment ions with m/z 831.3955: sequence DEAAAAQR. (C) Peptide fragment ions with m/z 934.46287: sequence
DFTLPGER. (D) Peptide fragment ions with m/z1356.56624: sequence SDESGTTDNFQR.
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majority of mannoproteins present in the CF were identified
using ConA-lectin.

Identification of the Mannosylated
Proteins in BCG
Fourteen visible spots on the silver-stained 2D-PAGE gel
(Figure 2Ca–n) were excised for MALDI-TOF-based
identification, while whole glycoproteins were characterized
by LC-MS/MSanalysis. Overall, 15 glycoproteins were identified
(Table 1), amongst which BCG_2967c (LppX), BCG_0980
(PstS3) and BCG_1472c (LprG) were shown to be lipoproteins
with potential sites for type II signal peptidase binding. Further,
BCG_3277c, BCG_3252, BCG_1154, and BCG_1564 were
predicted to be involved in degradation and metabolism of
nutrients, BCG_1896 (Apa) was associated with cell adhesion,
and BCG_RN06_2923 and BCG_1237c were predicted to play
a role in bacterial growth. All identified proteins were predicted
to have potential signal peptides. Most of them were evaluated
to possess between 1 and 23 potential O-glycosylated sites.
Result of the classification analysis of 15 identified glycoproteins
based on molecular function and protein class are shown
in Figure 3.

Confirmation of BCG_0470 and
BCG_0980 as Immunodominant Antigens
Based on the possible involvement of the identified glycoproteins
in immune responses, BCG ploycolonal antibody was used
as a probe to screen potential immunogenic antigens (v:v,
1:1,000). Figure 4A shows that at least seven bands were
detected in the whole BCG cell lysates, while four bands were
detected in crude protein extracts, which were precipitated
by the addition of ammonium sulfate. Among the antigens,
two proteins with molecular masses of approximately 25 and
38 kDa, respectively were detected. In addition, the polyclonal
antisera showed cross-reactivity with BCG between whole
BCG cell lysates and ConA-dragged proteins (Figure 4A),
and bands with molecular masses approximately 25 kDa
and 38 kDa were also detected among the ConA-dragged
proteins (Figure 4B). Because bands observed on SDS-PAGE
gels can comprise more than one protein, immunoblotting of
ConA-dragged proteins separated by 2D-PAGE analysis was
performed. Results confirmed the presence of only two target
spots (Figure 4C).

We then further characterized the 15 identified glycoproteins
with immunogenic activities, we analyzed the 15 identified
proteins. As a consequence, Glycoproteins BCG_2967,
BCG_1472c, BCG_0470, BCG_3419c, BCG_1154, and
BCG_3652c (spot IDs d, e, f, g, h, and m, respectively, in
Figure 2C) were all found to be ∼25kDa, while BCG_0980
was ∼38 kDa. To further confirm the targeting glycoproteins
detected in Figures 4B,C, the reactive spots were excised and
stripped for LC-MS/MS-based analysis. MS analysis confirmed
that the target proteins were BCG_0470 (spot ID f in Figure 2C,
25 kDa) and BCG_0980 (spot ID i in Figure 2C, 38 kDa).
The MS profiles of BCG_0470 and BCG_0980 are shown
in Figures 5, 6.

FIGURE 7 | Characterization of BCG_0470 and BCG_0980 as mannosylated
proteins. 1, Recombinant BCG_0470 from E. coli. 2, Recombinant BCG_0470
from M. smegmatis. 3, Recombinant BCG_0470 from M. smegmatis treated
by α-mannosidase. 4, Recombinant BCG_0980 from E. coli. 5, Recombinant
BCG_0980 from M. smegmatis. 6, Recombinant BCG_0980 from
M. smegmatis treated by α-mannosidase.

Characterization of Mannosylated
BCG_0470 and BCG_0980
To further characterize the mannosylation of BCG_0470 and
BCG_0980, the proteins were expressed in both E. coli and
M. smegmatis, respectively. Previous studies have shown that
expressed proteins are non-glycosylated in E. coli, but are
glycosylated in M. smegmatis (Coddeville et al., 2012). As shown
in Figure 7, the soluble proteins were successfully expressed in
both E. coli and M. smegmatis in this study. The molecular mass
of BCG_0470 was much higher when expressed in M. smegmatis
(∼25 kDa) than in E. coli (∼ 18 kDa). Non-glycosylated
BCG_0470 has a predicted molecular mass of 18 kDa, which
agreed with the mass of protein expressed in E. coli. In addition,
western blot analysis showed that BCG_0470 expressed in
M. smegmatis reacted strongly with ConA-lectin (Figure 7).
In comparison, SDS-PAGE and western blot analysis showed
that the molecular mass of recombinant BCG_0980 was similar
in both E. coli and M. smegmatis, and was consistent with
the predicted molecular mass ∼38 kDa. Western blot analysis
blotted with ConA showed a weak band corresponding to
BCG_0980 when expressed in M. smegmatis. Therefore, these
findings suggested that BCG_0470 is highly mannosylated while
BCG_0980 is mannosylated to a lesser extent.

To examine mannose linkage in BCG_0470 and BCG_0980,
α-mannosidase, which hydrolyzes the terminal non-reducing
α-D-mannose residues of glycoproteins, was used to digest
the recombinant BCG_0470 and BCG_0980 proteins expressed
in M. smegmatis. Western blot analysis showed no ConA
binding, suggesting complete loss of mannose residues from
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FIGURE 8 | Detection of T-cell activity in the BCG-sensitized BALB/c mice via DTH responses. (A) Measurement of swelling in protein-challenged footpad. Both
mannosylated BCG_470 and BCG_0980 could elicit increased swelling-responses than non-mannosylated proteins, especially in BCG_0470 (t-test, *p < 0.05,
**p < 0.01). (B–D) Cytokines including IFN-γ (B), TNF-α (C), and IL-4 (D) in 48 h post protein-challenged footpad. Both mannosylated BCG_0470 and BCG_0980
could induce higher level of IFN-γ, IFN-α than non-mannosylated proteins. The level of IL-4 showed no difference between the paired groups (t-test, *p < 0.05,
**p < 0.01).

FIGURE 9 | Detection the levels of splenocytes cytokines and serum antigenic-specific IgG using ELISA. (A) IFN-γ. (B)TNF-α. (C)IL-2. (D) BCG_0470-specific IgG.
(E) BCG_0980-specific IgG. Mice were primed with BCG and received two boosts of BCG_0470 and BCG_0980 proteins with or without mannose modification.
Differences between the groups were calculated by One Way ANOVA. Asterisks represented statistical difference (one-way ANOVA, *p < 0.05, **p < 0.01,
***p < 0.001).
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the α-mannosidase-digested BCG_0470 and BCG_0980 proteins.
Thus, the examined mannosylated proteins, including BCG_0470
and BCG_0980, are likely to contain a terminal non-reducing
α-D-mannose.

Confirmation T-Cell Activator by
BCG_0470 and BCG_0980 via DTH
Responses in vivo
Recombinant BCG_0470 and BCG_0980 proteins with or
without mannose modification were injected intradermally into
the hind footpads of BCG-sensitized BALB/c mice. Footpad
swelling was then recorded at 24 h intervals. As shown
in Figure 8A, increased swelling response was observed in
mice injected with the mannosylated proteins compared with
those injected with non-mannosylated proteins. Additionally, a
significant difference in footpad swelling was observed at 24 h
and 48 h post-injection time points, especially in BCG_0470-
injected mice. To further determine whether the footpad swelling
resulted from DTH or simple tissue edema, three mice of every
group were sacrificed at 48 h post-injection time point, the levels
of DTH-associated cytokines in the protein-injected footpads
were assessed. As shown in Figures 8B,C, higher levels of
IFN-γ and TNF-α were observed in the mannoprotein-injected
footpads compared with those injected with mannosidase-treated
proteins, but the level of IL-4 showed no difference between the
paired groups (Figure 8D). Thus, footpad swelling was mainly
attributed to DTH-associated Th1 cytokines, which attract cells
to the injection site. Additionally, analysis of the DTH response
demonstrated the T-cell activity of mannosylated BCG_0470
and BCG_0980 in the BCG-sensitized BALB/c mice, suggesting
that mannose residues play an important role in immune
responses in vivo.

Detection of BCG_0470- and
BCG_0980-Induced Splenocyte
Cytokines and Antigen-Specific IgG
BCG-primed BALB/c mice were subcutaneously injected at
two separate time points with recombinant BCG_0470 and
BCG_0980 proteins with or without mannose modification. At
three weeks post final immunization, splenocytes were isolated
for detection of cytokines including IFN-γ, TNF-α, and IL-
2while the serum was collected and assayed to determine
the levels of antigen-specific IgG. As shown in Figure 9,
all immunized mice showed dramatically increased levels of
cytokines and antigen-specific IgG compared with PBS-injected
mice, confirming the antigenicity of BCG and two boosting
proteins. In addition, compared with the mice only received BCG
injection, mice treated with mannosylated or non-mannosylated
protein booster injections showed increased levels of IFN-7
and TNF-α (Figures 9A,B). In comparison, no significant
differences in IL-2 levels were detected between the paired groups
(Figure 9C). Further, mice that received either mannosylated
or non-mannosylated proteins boosts showed increased level
of BCG_0980-specific IgG, compared with mice received BCG
only (Figure 9E). Interestingly though, only mice treated with
mannosylated protein boosters showed increased production

of BCG_0470-specific antibody, with no significant increase in
specific IgG antibody in non-mannosylated protein-treated mice
compared with the BCG-only group (Figure 9D). Overall, these
results suggested that BCG_0470 and BCG_0980 amplify the
immune responses induced by BCG, and imply that the mannose
oligosaccharide of BCG_0470 is indispensable for promoting
high levels of BCG_0470-specific IgG.

DISCUSSION

Protein O-mannosylation process occurs in both eukaryotes
and prokaryotes, including the important human pathogen
M. tuberculosis, the etiological agent of TB (Espitia and Mancilla,
1989). O-mannosylated proteins play an important role in
bacterial physiology and host-pathogen interactions (Liu et al.,
2013; Alonso et al., 2017). Since the initial discovery of
mycobacterial glycoproteins such as Apa, PstS1, and LpqH
(Espitia and Mancilla, 1989), many studies have focused on
this subclass of proteins. To date, more than 40 proteins
secreted by M. tuberculosis have been identified as mannoproteins
(Gonzalez-Zamorano et al., 2009; Smith et al., 2014), while Sec-
dependent translocation has been shown to be required for
the export of M. tuberculosis mannoproteins (VanderVen et al.,
2005). In addition, the glycosylation sites and the structural
linkage of O-linked glycoproteins have been reported (Horn
et al., 1999; Smith et al., 2014; Alonso et al., 2017). In the
current study, we identified 15 mannosylated proteins from
BCG CF. The proteins had a wide range of predicted functions,
including catalytic activity, solute binding, cell wall biosynthesis,
and ABC transporters (Table 1 and Figure 3). Of the 15
identified glycoproteins, lipoprotein BCG_2967c (LppX) has
been confirmed as a B-cell immunogenic protein expressed
on the BCG cell surface (Lefevre et al., 2000). M. tuberculosis
PstS3 is reportedly an excellent immunomodulator involved
in both Th1 and Th17 responses (Palma et al., 2011), and is
also a promising sera-diagnostic marker for latent tuberculosis

TABLE 2 | Bioinformatic B-cell Epitopic analysis of BCG 0470 and BCG_0980.

Protein Peptide predicted to be a B-cell epitope (underlined is the
potential mannosylated site)

BCG_0470 8MNERVPDSSGL18
42LGSSPNSEDDSSAISTMTTTTAAPTSTSVKPAAPRA77
85SGAEGAAARTADRL98 125EVEGERATADAVGR138
150ELSDQPPG157

BCG_0980 24GNDDNVTGGGATTGQASAKVDCGGKKTLKASGSTAQAN61
73ACPGQTLNYTANGSGAGISEFNGNQTDFGGSDVPLSKDEAAA
AQRRCGSPAW124 161TQWNNP166 189DESGTTDN196
204ASNGAWGKGAGKSFQGGVGEGARGNDGTSAAAKNTPGSIT
Y244 262TSAGGDPVAI271 278QTIA281 285ISGV288
299FYRPKRPGSY308 322YPDSQVGT329
339IGAGQSGLGDNGYIPIPDEFKS360

Common B-cell Epitopes were predicted using Bepipred Linear Epitope Prediction
(IEDB Analysis Resource v2.15.1, http://tools.immuneepitope.org). Only the
epitope including ≥4 residues in length was considered. The O-mannosylated
sites were predicted using NetOglyc predictions (http://www.cbs.dtu.dk/services/
NetOGlyc/, NetOGlyc 4.0 Server).
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infection (Baumann et al., 2013, 2015). BCG_1472c (LprG)
is another important lipoprotein identified in this work. Its
ortholog in M. tuberculosis, coded by Rv1141c, is described
as a lipoarabinomannan carrier protein with Toll-like receptor
2 (TLR-2) agonist activity (Drage et al., 2010). LprG is also
thought to be a virulence factor because a M. tuberculosis Rv1141c
deletion mutant showed reduced virulence in a mouse model
of infection (Gaur et al., 2014). In addition, LprG is the key
target glycoprotein responsible for the impaired growth and
attenuated virulence associated with pmt (Rv1002c) deletion in
M. tuberculosis (Yang et al., 2014; Alonso et al., 2017). The
impaired growth and virulence of the pmt mutant was also
observed in the corresponding Mycobacterium abscessus mutant
strain (Becker et al., 2017). Furthermore, secreted antigen SA5K
(also called TB8.4 low molecular weight T-cell antigen), encoded
by BCGsa5k, is associated with BCG intracellular adaption
and survival (Bottai et al., 2006), while resuscitation-promoting
factor RpfD, encoded by RN06_2923 in BCG, demonstrates
strong immunogenicity in many mycobacterial infection models
(Romano et al., 2012). Taken together, these findings suggested
that the O-mannosylated proteins identified in the current study
were potentially antigenic, and could be used to promote the
immune responses induced by BCG.

Polyclonal antisera from mycobacterial-infected patients or
animals could be used to screen for the immunogenic proteins
(Wieles et al., 1994; Facciuolo et al., 2013) (Tsibulkin et al.,
2016). In the current work, two immunodominant glycoproteins,
BCG_0980 and BCG_0470, were identified using antisera against
BCG-immunized mice (as shown in Figure 4). Orthologs of these
two glycoproteins (Rv0928 (PstS3) and Rv0431, respectively)
were identified in M. tuberculosis, and we found that the serum-
reactivity of PstS3 was consistent with the previous reports
(Baumann et al., 2013, 2015). We have previously shown that
mannosylation of Rv0431 may play a role in mediating bacterial
immune evasion (Deng et al., 2016). Recently, Rv0431 was
reported to be a vesiculogenesis and immune response regulator
(virR) involved in regulating the release of M. tuberculosis-
derived material via the TLR-2 pathway (Rath et al., 2013).
However, the current work is the first to identify the potential
antigenicity of Rv0431 (BCG_0470).

Several mycobacterial mannoproteins including Apa, LpqH
and LprG are involved in host immune regulations. Of these
proteins, Apa the best-studied of these proteins, the placement
of its mannose modifications have been shown to determine
its ability to stimulate a T-lymphocyte response (Horn et al.,
1999). Furthermore, Apa mannosyl appendages act as binding
sites for host receptors including lung surface protein A and DC-
SIGN, and are important for M. tuberculosis survival (Pitarque
et al., 2005; Ragas et al., 2007). LpqH, another well-studied
glycoprotein in M. tuberculosis, plays a role in antigen processing.
The binding activity of LpqH with host receptors also relies
on the integrated mannosyl residues (Herrmann et al., 1996).
LprG, a glycoprotein found in Mycobacterium leprae, activates
MHC II-restricted T-lymphocytes in patients with lepromatous
leprosy. Complete mannosylation is required for T-lymphocyte
activation (Sieling et al., 2008). Therefore, we hypothesized that
the two immunodominant antigens identified in the current

work (BCG_0470 and BCG_0980) were potential targets to
regulate the immune responses induced by BCG, and that the
manosyl appendages of these glycoproteins were essential for
high-level antigenicity.

In the present study, mice were immunized with BCG by
intravenous injection, which has been shown to elicit stronger
immune responses than other routine immunization routes
(Darrah et al., 2020). DTH responses in vivo along with various
immune factors were assessed. We found that the presence of
mannose modifications may be responsible for a stronger DTH
response. It is well known that a Th1-driven DTH response
is associated with protective immunity against mycobacterial
infection (Nadler et al., 2003). The detection of DTH-associated
cytokines in the footpads of inoculated mice confirmed that the
stronger DTH responses were the result of Th1 cytokines such
as IFN-γ and TNF-α rather than Th2 cytokine such as IL-4.
However, the exact T-regulatory and effector cells involved in
the DTH response, as well as the underlying pathway evoked
during the response, need to be explored further. Our results
also showed that both BCG_0470 and BCG_0980 could induce
stronger Th1 responses, including IFN-γ and TNF-α, and
stimulate higher concentrations of specific IgG compared with
BCG treatment alone. Further investigation is now required to
determine whether an immune response is triggered by these two
glycoproteins alone.

High level of mannosylation of BCG_0470, which accounted
for nearly 7 kDa in molecular mass (Figure 7) was a focus
of this study. Because mannosylated protein induced higher
levels of BCG_0470-specific IgG in the mice compared with
un-mannosylated protein, we concluded that the mannoses
oligosaccharides linked with BCG_0470 was an important
determinant of B-cell antigenicity. We also analyzed the B-cell
Epitopes for BCG_0470 and BCG_0980 using Bepipred Linear
Epitope Prediction2. As shown in Table 2, there were five
common B-cell epitopes (≥4 residues in length) for BCG_0470.
In addition, all of the potentially O-mannosylated sites for
BCG_0470 were included within one B-cell epitope (Table 2).
Thus, it may be possible for the mannose oligosaccharides
of BCG-0470 to act as antigenic determinants. Recently,
several glycoconjugate vaccines and specific antibodies have
been inducibly produced by the carbohydrate-recognizing T
cells (Tcars), a subclass of T-helper cells that recognize the
carbohydrate of glycopeptides presented by MHC-II molecules,
aiding B-cell maturation and specific memory (Sun et al., 2019).
Our results regarding BCG_0470-specific IgG production are
consistent with the above findings.

In summary, we identified a total of 15 O-mannosylated
proteins secreted by BCG. Of these, two glycoproteins
(BCG_0980 and BCG_0470) were identified as
immunodominant glyco-antigens. We found that mannose
linkages on both proteins contributed to the stimulation of
a T-cell response via DTH in vivo, and were necessary for
inducing high level of antigenic IgG. These findings imply that
mannose linkages maybe the antigenic determinants. Therefore,
a further exploration of BCG glycoproteins will contribute

2http://tools.immuneepitope.org
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to a better understanding of the protective mechanism of the
BCG vaccine, allowing the development of subunit vaccine
to optimize BCG.
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In 2017 over 550,000 estimated new cases of multi-drug/rifampicin resistant tuberculosis

(MDR/RR-TB) occurred, emphasizing a need for new treatment strategies. Linezolid

(LZD) is a potent antibiotic for drug-resistant Gram-positive infections and is an effective

treatment for TB. However, extended LZD use can lead to LZD-associated host toxicities,

most commonly bone marrow suppression. LZD toxicities may be mediated by IL-1,

an inflammatory pathway important for early immunity during M. tuberculosis infection.

However, IL-1 can contribute to pathology and disease severity late in TB progression.

Since IL-1 may contribute to LZD toxicity and does influence TB pathology, we targeted

this pathway with a potential host-directed therapy (HDT). We hypothesized LZD

efficacy could be enhanced by modulation of IL-1 pathway to reduce bone marrow

toxicity and TB associated-inflammation. We used two animal models of TB to test

our hypothesis, a TB-susceptible mouse model and clinically relevant cynomolgus

macaques. Antagonizing IL-1 in mice with established infection reduced lung neutrophil

numbers and partially restored the erythroid progenitor populations that are depleted

by LZD. In macaques, we found no conclusive evidence of bone marrow suppression

associated with LZD, indicating our treatment time may have been short enough to

avoid the toxicities observed in humans. Though treatment was only 4 weeks (the

FDA approved regimen at the time of study), we observed sterilization of the majority

of granulomas regardless of co-administration of the FDA-approved IL-1 receptor

antagonist (IL-1Rn), also known as Anakinra. However, total lung inflammation was

significantly reduced in macaques treated with IL-1Rn and LZD compared to LZD alone.

Importantly, IL-1Rn administration did not impair the host response against Mtb or LZD

efficacy in either animal model. Together, our data support that inhibition of IL-1 in

combination with LZD has potential to be an effective HDT for TB and the need for further

research in this area.
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INTRODUCTION

Tuberculosis (TB) remains the top cause of death by a single
infectious agent, with an estimated 10 million new cases of
active TB and 1.3 million deaths in 2017 alone (1). Antibiotic
treatment regimens are long and multi-drug resistant (MDR)
and extensive-drug resistant (XDR) Mycobacterium tuberculosis
(Mtb) strains have emerged, complicating treatment. Even those
patients that are cured of the infection can suffer permanent
deficits in lung function that result from inflammation and
fibrosis (2). Host-directed therapies (HDTs) have been proposed
as a potential option for improving therapy. Depending on
the strategy, HDTs can function to enhance antimicrobial
immune responses and shorten therapy, or inhibit pathological
inflammation (3). Since HDTs would be used as part of a multi-

drug regimen, targeting mechanisms that increase drug exposure
or decrease toxicity are also possible. While some HDT strategies
hold promise, very few have been rigorously tested in pre-clinical
models (4).

Interleukin-1 (IL-1) has been implicated in TB disease
severity and inflammation, making it a possible target of HDT.
This cytokine plays an important yet complicated role in TB

disease progression. The susceptibility of mice lacking critical
mediators of IL-1 signaling indicates that initial production of
IL-1 upon Mtb infection is essential for establishing protective
immune responses necessary for disease control (5–8). In
contrast, IL-1 production is regulated after the onset of adaptive
immunity, via multiple mechanisms including IFNγ production
(8), which acts via the induction of nitric oxide synthase 2
(NOS2)-dependent nitric oxide to inhibit IL-1β processing (9).
Persistent IL-1 signaling can contribute to the accumulation of
disease-promoting neutrophils in susceptible mice, and genetic
variants that result in higher IL-1β production are associated
with increased disease severity and neutrophil accumulation in
humans (9–11). Given that HDT is designed to be administered
to chronically infected patients during treatment when persistent
IL-1 production can play a pathological role, it could be beneficial
to block the inflammation and disease promoting activities of
this cytokine.

IL-1 may also play a role in the toxicity of linezolid (LZD),
an increasingly important antibiotic for the treatment of drug-
resistant TB, highlighted by its recent inclusion in a newly
approved therapy for MDR-TB (12). While LZD has shown
efficacy against XDR and MDR-TB, its wide-spread use has
been limited by severe host toxicities that occur after more
than 4 weeks of treatment (13, 14). Over the 6–20 month
treatment course necessary to treat resistant TB, both reversible
bone marrow suppression and irreversible neuropathies are
common clinical manifestations (15). LZD-associated toxicities
are generally attributed to the inhibition of mitochondrial
translation and LZD-mediated bone marrow suppression is
promoted by the subsequent mitochondrial damage. This
damage acts on the NOD-like receptor family, pyrin domain
containing 3 (NLRP3) protein that has been shown to be
necessary for LZD-mediated bone marrow suppression in mice
(16). NLRP3 forms an inflammasome complex containing
caspase-1, which cleaves a number of substrates resulting in cell

death and/or the release of active of IL-1β. While the importance
of NLRP3 in bone marrow suppression is clear, the relative roles
of inflammasome activation and IL-1 signaling remain uncertain.

Based on these studies, inhibiting the IL-1 pathway as a
potential HDT could serve two purposes: first, to alleviate LZD-
associated host toxicity and second, to reduce the pathology
associated with unchecked IL-1 signaling during TB disease.
Due to the pro-inflammatory nature of the IL-1 pathway,
strict regulatory mechanisms exist within the host to quell this
pathway. IL-1 receptor antagonist (IL-1Rn) is a protein produced
constitutively at low levels that can increase in response to a
variety of cytokine signals. IL-1Rn serves as a decoy ligand for the
IL-1receptor type 1 (IL-1R1), blocking signal transduction and
subduing activation of downstream pro-inflammatory pathways
(17). Anakinra is an FDA-approved recombinant IL-1Rn that
is used to treat rheumatoid arthritis and other inflammatory
disorders. As there are no FDA approved drugs to inhibit
inflammasome activation, inhibition of the IL-1 pathway with
biologics like Anakinra is currently the only feasible strategy to
modulate this pathway in humans (18).

We hypothesized that the combination of Anakinra (herein
referred to as IL-1Rn) with LZD for treatment of active TB disease
would reduce LZD-associated toxicities and host inflammation.
While there is little rationale to expect IL-1 blockade to
enhance bacterial clearance by the antibiotic, suppression of
both inflammation and LZD toxicity could provide a significant
benefit. To test this concept, we employed two established TB
animal models to assess differing aspects of host responses to
LZD and IL-1R1 blockade. We used multiple strains of mice to
model distinct disease states and dissect the relative importance
of the inflammasome and IL-1 signaling in evaluating HDT
efficacy. As a translational model, we used cynomolgus macaques
in combination with [18F] FDG PET CT serial imaging to
track TB disease progression, including inflammation, before
and during drug regimens (19). Cynomolgus macaques present
a similar spectrum of Mtb infection as humans with pathology,
granuloma structure and diversity, that recapitulates human TB
(20–22). Importantly, we designed our study in macaques to
reflect clinical standards, adhering to FDA guidelines for dosage
and time frame of LZD and IL-1Rn administration. Together,
our data indicate that IL-1 blockade alleviates LZD-mediated
bone marrow (BM) suppression in mice and may accelerate the
resolution of inflammation in both mice and macaques with TB.

MATERIALS AND METHODS

Ethics Statement
All experimental manipulations, protocols, and care of the
animals were approved by the University of Pittsburgh School
of Medicine Institutional Animal Care and Use Committee
(IACUC). The protocol assurance number for our IACUC is
A3187-01. Our specific protocol approval numbers for this
project are 15117082, 16017370, 18124275, 13011368, and
16027525. The IACUC adheres to national guidelines established
in the AnimalWelfare Act (7U.S.C. Sections 2131 - 2159) and the
Guide for the Care and Use of Laboratory Animals (8th Edition)
as mandated by the U.S. Public Health Service Policy.
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All macaques used in this study were housed at the
University of Pittsburgh in rooms with autonomously controlled
temperature, humidity, and lighting. Animals were singly housed
in caging at least 2 square meters that allowed visual and tactile
contact with neighboring conspecifics. The macaques were fed
twice daily with biscuits formulated for non-human primates,
supplemented at least 4 days/week with large pieces of fresh
fruits or vegetables. Animals had access to water ad libitum.
Because our macaques were singly housed due to the infectious
nature of these studies, an enhanced enrichment plan was
designed and overseen by our non-human primate enrichment
specialist. This plan has three components. First, species-specific
behaviors are encouraged. All animals have access to toys and
other manipulata, some of which will be filled with food treats
(e.g., frozen fruit, peanut butter, etc.). These are rotated on a
regular basis. Puzzle feeders foraging boards, and cardboard
tubes containing small food items also are placed in the cage to
stimulate foraging behaviors. Adjustable mirrors accessible to the
animals stimulate interaction between animals. Second, routine
interaction between humans and macaques are encouraged.
These interactions occur daily and consist mainly of small food
objects offered as enrichment and adhere to established safety
protocols. Animal caretakers are encouraged to interact with the
animals (by talking or with facial expressions) while performing
tasks in the housing area. Routine procedures (e.g., feeding, cage
cleaning, etc.) are done on a strict schedule to allow the animals
to acclimate to a routine daily schedule. Third, all macaques
are provided with a variety of visual and auditory stimulation.
Housing areas contain either radios or TV/video equipment that
play cartoons or other formats designed for children for at least
3 h each day. The videos and radios are rotated between animal
rooms so that the same enrichment is not played repetitively for
the same group of animals.

All animals are checked at least twice daily to assess
appetite, attitude, activity level, hydration status, etc. Following
M. tuberculosis infection, the animals are monitored closely
for evidence of disease (e.g., anorexia, weight loss, tachypnea,
dyspnea, coughing). Physical exams, including weights, are
performed on a regular basis. Animals are sedated prior to all
veterinary procedures (e.g., blood draws, etc.) using ketamine
or other approved drugs. Regular PET/CT imaging is conducted
on most of our macaques following infection and has proved
very useful for monitoring disease progression. Our veterinary
technicians monitor animals especially closely for any signs
of pain or distress. If any are noted, appropriate supportive
care (e.g., dietary supplementation, rehydration) and clinical
treatments (analgesics) are given. Any animal considered to have
advanced disease or intractable pain or distress from any cause
is sedated with ketamine and then humanely euthanatized using
sodium pentobarbital.

Mice, Infection and Treatment
C57BL/6 (stock no. 000664), Nos2−/− (B6.129P2-Nos2tm1Lau/J,
stock no. 002609), C3HeB/FeJ (stock no. 00658), and Nlrp3−/−

(B6.129S6-Nlrp3tm1Bhk/J, stock no. 021302) were purchased
from the Jackson Laboratory. Breeding pairs of Caspase-
1/11 double knock-out mice were kindly provided by Prof.

Katherine Fitzgerald of the Department of Infectious Diseases
at University of Massachusetts (UMASS) Medical School and
bred in house. Mice were housed under specific pathogen-free
conditions, and in accordance with the UMASS Medical School,
IACUC guidelines.

Unless otherwise indicated, all mice used in this study were of
C57BL/6 background, male, and 8–12 weeks of age at the time
of infection.

The wild type strain of M. tuberculosis (Mtb) Erdman was
used in these studies. Bacteria were cultured in 7H9 medium
containing 0.05% Tween 80 and OADC enrichment (Becton
Dickinson). For infections, mycobacteria were suspended in
phosphate-buffered saline (PBS)-Tween 80 (0.05%); clumps were
dissociated by sonication, and ∼100 CFU were delivered via the
respiratory route using an aerosol generation device (Glas-Col,
Terre Haute, IN). At indicated time points mice were treated
with 200 mg/kg of Linezolid (LZD). These drugs were prepared
in 0.5% carboxymethyl cellulose (CMC) and Polyethylene glycol
300 solution as the vehicle. Cohorts of mice were treated with
anti-IL-1R1 antibody (InVivoMab, anti-mouse IL-1R, Clone
JAMA147, BioXcell), either alone or in combination with LZD.
0.5% CMC and Polyethylene glycol was used as vehicle control.
All antibiotic treatment was done by daily oral gavage. Anti-IL-
1R1 (100 µg/mouse/0.2mL) was administered every alternate
day by subcutaneous and intraperitoneal route. All data from
these studies are available in the Supplementary Data Sheet.

Macaque Pharmacokinetic Study and
Analytical Method
Uninfected macaques designated for other studies (n = 3)
were given 20 mg/kg or 40 mg/kg of LZD by oral gavage and
plasma acquired at 0, 5, 19, 15, 20, 25, and 30 h post LZD
administration. High pressure liquid chromatography coupled to
tandem mass spectrometry (LC/MS-MS) analysis was performed
on a Sciex Applied Biosystems Qtrap 4000 triple-quadrupole
mass spectrometer coupled to an Agilent 1260 HPLC system
to quantify LZD in macaque plasma. LZD chromatography was
performed on an Agilent Zorbax SB-C8 column (2.1 × 30mm;
particle size, 3.5µm) using a reverse phase gradient elution.
Milli-Q deionized water with 0.1% formic acid was used for the
aqueous mobile phase and 0.1% formic acid in acetonitrile for
the organic mobile phase. Multiple-reaction monitoring (MRM)
of parent/daughter transitions in electrospray positive-ionization
mode was used to quantify the analytes. Sample analysis was
accepted if the concentrations of the quality control samples
were within 20% of the nominal concentration. Data processing
was performed using Analyst software (version 1.6.2; Applied
Biosystems Sciex).

Neat 1 mg/mL DMSO stocks for all compounds were serial
diluted in 50/50 Acetonitrile water to create standard curves
and quality control spiking solutions. Twenty microliter of neat
spiking solutions were added to 20 µL of drug free plasma
or control tissue homogenate, and extraction was performed
by adding 180 µL of Acetonitrile/Methanol 50/50 protein
precipitation solvent containing the internal standard (10 ng/mL
verapamil and deuterated LZD-d3). Extracts were vortexed
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for 5min and centrifuged at 4,000 RPM for 5min. Hundred
microliter of supernatant was transferred for LC-MS/MS analysis
and diluted with 100 µL of Milli-Q deionized water.

Rhesus macaque plasma (Lithium Heparin, Bioreclamation
IVT, NY) was used as a surrogate to cynomolgus macaque
plasma to build standard curves. LZD-d3 internal standard and
verapamil were purchased fromToronto Research Chemical. The
lower and upper limits of quantitation (LLOQ andULOQ)were 1
and 50,000 ng/mL, respectively. The following MRM transitions
were used for LZD (338.00/235.00), LZD-d3(341.20/297.20), and
verapamil (455.40/165.20).

Macaques, Infection and Treatment
All housing, care, and experimental procedures were approved
by the University of Pittsburgh School of Medicine Institutional
Animal Care and Use Committee (IACUC). Examination of
animals was performed in quarantine to assess physical health
and confirmation of no previous M. tuberculosis infections
as previously described (23). Cynomolgus macaques (Macaca
fascicularis) (N = 10) were purchased for this study from
(Valley Biosystems). Bone marrow control (non-drug treated)
samples were taken from Mtb-infected cynomolgus macaques
in unrelated ongoing studies (N = 5). For the current study,
all 10 animals were infected bronchoscopically with 12 CFU
of Mtb strain Erdman. After active disease developed (3–5
months), NHPs were randomized to LZD only (N = 5) or
LZD+IL-1Rn (N = 5) treatment groups. For randomization,
macaques were paired based on total FDG activity in lungs
(a surrogate for total thoracic CFU), and then assigned to
treatment by coin flip (20). LZD was administered twice a
day orally with food (30 mg/kg), while IL1-Rn was given at 2
mg/kg once each day by subcutaneous injection. All animal data
are provided in Supplementary Table 1. Medication compliancy
was monitored at every administration and pharmacokinetic
analysis performed at select times. Drug treatments were
administered for 4 weeks prior to necropsy. Bronchoalveolar
lavages (BAL) were performed prior to drug-treatment and 3
weeks-post start of treatment for CFU, flow cytometry and
multiplex assays.

Macaque PET/CT Imaging
Positron emission tomography (PET) with computed
tomography (CT) imaging was performed with 2-deoxy-2-
[18F]-D-deoxyglucose (FDG) throughout the study as previously
described (19). Serial scans were performed throughout the study
to track disease progression and changes during drug treatment.
Total FDG activity of the lungs was measured over the course
of infection and drug treatment as previously described (19).
Granulomas identified on scans were denoted, measured (mm)
and standard uptake values (SUVR) were determined to assess
metabolic activity, a readout for inflammation. SUVR values
were normalized to muscle and SUVR and size measurements
were determined at each scan over time to compare pre-and
post-drug treatment. Each animal was scanned prior to necropsy
to identify granulomas for matching at necropsy; granulomas
≥1mm are distinguishable by PET/CT.

Macaque Necropsy
Necropsies were performed as previously described. In short,
multiple tissues (granulomas, lung lobes, thoracic lymph nodes,
peripheral lymph nodes, liver, spleen, bone marrow) were excised
and homogenized into single-cell suspensions for assessment
of bacterial burden and immunological assays. Granulomas
were individually excised (PET/CT identified and others not
identified on scans) and split (size permitting) with one-half for
homogenization and single cell suspension and the other half
processed for histological analysis. Bone marrow samples were
obtained from the sternum, with a portion sent for histological
analysis while single cell suspensions were acquired as previously
described (24). Bacterial burden was assessed from each tissue by
plating serial dilutions on 7H11 agar plates and incubated at 37◦C
in 5% CO2 for 21 days before enumeration of Mtb CFU.

Flow Cytometry and Immunoassays
Mice

Single cell suspensions were prepared from the infected mouse
organs. Briefly, lung tissue was digested with Collagenase type
IV/DNaseI and passed through 40µm cell strainers to obtain
single cell suspension. Red blood cells were lysed using Tris-
buffered Ammonium Chloride (ACT) Non-specific antibody
binding sites were blocked by Fc-Block CD16/32 (Clone 93,
cat. no. 101319) and the cells were stained with anti-CD3-
PE (Clone 17A2, cat. no. 100205), anti-CD11b-PerCP Cy5.5
(Clone M1/70, cat. no.101227), anti-Ly-6G-FITC (Clone 1A8,
cat. no.127605), anti-Ly-6C-PE (Clone HK1.4, cat. no.128007),
anti-Gr1-APC (Clone RB6-8C5, cat. no.108411), anti-Ter119-PE
(Clone TER119, cat. no.116208), anti-CD71-FITC (clone RI7217,
cat. no. 113806). Antibodies were purchased from BioLegend. All
analyses were performed on live cells only after staining them
with fixable live dead stain conjugated with eFlour780, purchased
from eBiosciences. All the staining was done according to the
manufacturer’s instructions. Lung, spleen and bone marrow cells
were surface stained for 30min at room temperature, fixed for
20min at 4◦C using the Cytofix buffer (BD-Biosciences, cat. no.
554655). Data were acquired in a BD LSRII flow cytometer in
the flow cytometry core facility at UMASS medical school and
analyzed with FlowJo Software (Treestar, Inc.). Gating strategies
are provided in applicable figures.

Macaques

Single cell suspensions acquired from homogenization of
granulomas, lung lobes, and lymph nodes were subjected to
intracellular cytokine staining (ICS). Prior to staining, cells
were incubated in RPMI 1640 containing 1% HEPES, 1%
L-glutamine, 10% human AB serum, and 0.1% brefeldin A
(Golgiplug; BD Biosciences) for 3 h at 37◦C in 5% CO2.

After viability staining (Invitrogen), surface antigens and
intracellular cytokines were assessed using standard protocols.
Surface markers include CD3 (SP34-2; BD Pharmingen), CD4
(L200; BD Horizon), CD8 (RPA-T8; BD Horizon) for T
cells and CD11b (ICRF44; BD Pharmingen), CD206 (19.2;
BE Pharmingen) for macrophages/neutrophils. Calprotectin
(27E10; ThermoFisher) was stained intracellularly to identify
neutrophils. For bone marrow, single cell suspensions underwent
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red blood cell lysis (BD Pharm Lyse) before incubation in
alpha-MEM + 10% StasisTM FBS (Gemini Bio-Products) +

MitoTrackerTM Red CMXRos (Invitrogen) for 30min to stain for
membrane potential of mitochondria. Cells were then stained for
viability (Invitrogen) and surface stained to distinguish erythroid
progenitor populations by CD34 (581; Biolegend), CD235a
(HIR2; BD Pharmingen), CD71 (L01.1; BD Pharmingen), and
CD45 (D058-1283; BD Pharmingen). All samples were acquired
on an LSR II (BD) and analyzed with FlowJo Software (Treestar,
Inc.). Gating strategies are provided in applicable figures.

For the multiplex assays, all samples and supernatants
were stored at −80◦C from time of necropsy until time
of assay. Five representative granuloma supernatants were
randomly selected from each animal using JMP Pro v12 (SAS
Institute Inc.). Supernatants were thawed and filtered with a
0.22µM syringe filter to remove infectious bacteria and debris,
then kept on ice throughout the assay. For BAL samples,
supernatants were concentrated using regenerated cellulose
centrifugal filter tubes (3,000 NMWL, Millipore Sigma) to a
final 10X concentration (5 to 0.5mL). Both granuloma and
BAL supernatants were evaluated with a ProcartaPlex multiplex
immunoassay (Invitrogen) that assesses thirty cytokines and
chemokines specific for NHPs. We followed the manufacturer’s
protocol with one modification in which we diluted the standard
out an extra dilution to increase the range of detection. Results
were analyzed by a BioPlex reader (BioRad).

Histopathology and Immunofluorescence
Mice

Lung tissues were fixed in 10% buffered formalin and embedded
in paraffin. Five micrometer-thick sections were stained with
hematoxylin and eosin (H&E). Tissue staining was done by
the Diabetes and Endocrinology Research Center histopathology
core facility at the University of Massachusetts Medical School
or immunology core facility of Albany medical college, NY.
Brightfield images were acquired in Abaxis VETSCAN HD
microscope. Lesion size in the histopathological sections were
measured using the Image J image analysis software, and
percentage of lesion area was calculated relative to the total
lung area.

Paraffin embedded lung tissue sections were cut at 5µm
thickness, mounted on ultraclean glass slides covered in silane,
deparaffinized, then dehydrated and rehydrated using the
following steps: Ethanol solutions (30, 50, 70, 90, 95, and 100 %
for 3min each), xylenes (2 different solutions for 10min each)
and ethanol solutions (100, 95, 90, 70, 50, and 30 for 3min
each). The slides were washed once in Tris buffer saline (TBS)
for 5min. Slices were subjected to antigen retrieval by boiling in
sodium citrate buffer at pH = 6.0 for 20min and incubated in
0.1% Triton-X 100 for 5min. Slices were removed and allowed to
equilibrate to room temperature for at least 20min and rinsed
with distilled water. Tissue sections were blocked (blocking
solution; 0.5M EDTA, 1% BSA, in PBS) and incubated overnight
in primary antibodies against the proteins related to our studies.
Sections were stained for nuclei (DAPI, blue staining), anti-
mouse CD3e (cat.no. ab16669, green staining), anti-mouse Ly-6G
(clone 1A8, cat. no. 127602) to identify neutrophil granulocytes

(Cy3, red staining). As controls, pre-immune serum and isotype
matched controls were used. After incubation, the tissues were
washed several times with sterile TBS at room temperature and
incubated in the respective secondary antibodies (anti-rabbit
conjugated to Alexa-488, anti-rat conjugated to Cy3) for at least
2 h at room temperature. Tissue sections were mounted using
Prolong Gold Antifade reagent (Invitrogen, grand Island, NY)
with DAPI, and the tissue sections were examined in ECHO
Revolve 4 microscope. Isotype matched control antibodies were
used for checking antibody specificity.

Macaques

As previously described, samples acquired at necropsy were
formalin fixed, paraffin embedded, cut into ∼5µm serial
sections and stained with H&E (23). A study-blinded veterinary
pathologist assessed and characterized each granuloma,
indicating size, type, distribution and cellular composition.
Sterna for bone marrow analysis were excised and formalin fixed
then transected longitudinally into 1 to 2 sternebral unites and
placed in Cal-Ex Hydrochloric acid decalcification solution for
2–4 h. Upon removal, specimens were washed and trimmed to
test for adequate mineral removal, then submitted for routine
tissue processing with other tissue specimens as described above.

Statistical Analysis
Mouse Studies

Equal variance between samples was assessed by Brown-Forsythe
test. Experiments in which variances were equivalent were
analyzed by one-way ANOVA with Sidak’s multiple comparisons
test. Those with unequal variances were analyzed by Welch
ANOVA and Dunnett’s multiple comparisons test. P < 0.05 was
considered significant.

Macaque Studies

Nonparametric U-tests (Mann-Whitney) were performed
for two-group comparisons and Kruskal-Wallis tests were
performed for three-group comparisons as indicated on data
sets with non-normal distributions. Wilcoxon signed rank tests
were performed for matched pairs. Fisher’s exact test was run
on any categorical data. P < 0.05 were considered significant.
Total lung FDG activity was log10-transformed. Note that for any
log-transformed data, a log10(x+ 1) transform was implemented
so that zeroes were not excluded from the graphs or analyses.
A two-way ANOVA was utilized to test whether treatment or
time (or an interaction between these factors) had an effect on
total lung inflammation. Time was found to be a statistically
significant effect (p = 0.0046); therefore, Dunnett’s multiple
comparison tests were then used to compare each time point to
pre-drug treatment within each treatment group. For bivariate
data, a linear regression was used to test the linear relationship
between the variables and the R2 and p-value for the F-test are
reported in the accompanying figure legend. Statistical analyses
were performed in GraphPad Prism 8 (GraphPad Software, San
Diego, CA). A regression equation created from control animals
from previous studies was used to create a 95% prediction
interval for total thoracic bacterial burden using total lung FDG
activity on the scan just before drug treatment (20). The lower
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and upper bounds and the mean of this prediction interval were
subtracted from each animal’s total CFU to estimate change in
CFU over the course drug treatment. All statistical analyses are
referenced in the corresponding figure legends.

RESULTS

IL-1 Receptor Blockade Reduces
Inflammation in Mouse Models of TB
Disease
Given the complex role played by IL-1 during TB, we initially
sought to determine the effect of inhibiting this cytokine
during TB disease in mice. We used a blocking antibody to
the murine IL-1 receptor type 1 (αIL-1R1) since this reagent
has been shown to alter TB disease in mice (25), and we
previously found that recombinant human IL-1Rn (Anakinra)
has little effect in this mouse model. Two mouse strains were
employed to assess the effects of these treatments in animals
with different amounts of IL-1 activity. In relatively resistant
C57BL/6 animals, mature IL-1 production is controlled by IFNγ-
dependent nitric oxide production, whereas unregulated IL-1
drives inflammatory disease characterized by increased number
of neutrophils (PMNs), bacterial burden (CFU) in the lungs and
significant weight loss observed in Mtb-infected Nos2−/− mice
that lack this regulatory pathway (9, 10).

αIL-1R1 was administered to the animals between days 14
and 28 post infection after the onset of adaptive immunity. In
both resistant (C57BL/6) and susceptible (Nos2−/−) mice, αIL-
1R1 treatment significantly reduced PMN numbers in the lungs.
In addition, this treatment reversed the weight loss observed
in Nos2−/− animals (Figures 1A,B). Somewhat surprisingly,
this regimen also modestly reduced the mean bacterial burden
in lungs and spleens, with this reduction meeting statistical
significance in the spleens of Nos2−/− mice (Figures 1C,D).
This generally beneficial effect of αIL-1R1 treatment was
consistent with qualitatively improved histopathological disease
(Figures 1E,F). By no metric did this αIL-1R1 treatment
exacerbate disease in either mouse strain.

IL-1 Blockade Alleviates Lung
Inflammation and Hematopoietic
Suppression During LZD Treatment in Mice
The IL-1R1 blocking antibody was next tested in combination
with LZD to determine whether the efficacy or toxicity of the
antibiotic was altered. C3HeB/FeJ mice, which are relatively
susceptible to Mtb and develop histopathological lesions that
more closely resemble human disease, were used for these
studies. To model established disease, mice were treated between
days 28 and 46 post-infection with vehicle alone, LZD, αIL-
1R1 or a combination of the two. As previously reported,
LZD was effective in this model, reducing lung neutrophil
numbers, bacterial burden and weight loss (Figures 2A–D)
(26). The addition of αIL-1R1 to this regimen further reduced
lung neutrophil numbers. IL-1 blockade had very little effect
on bacterial burdens in lung or spleen, whether given alone
or in conjunction with LZD. The mean CFU burden in

αIL-1R1-treated animals was within 2.3-fold of the untreated
groups, and only the αIL-1R1-associated decrease in the spleens
of LZD treated animals approached significance. As IL-1β
production in response to both Mtb infection (9) and LZD
treatment (16) depends largely on the NLRP3 inflammasome,
we also investigated a regimen in which LZD and a small
molecule NLRP3 inhibitor (MCC950) was administered between
days 56 and 77 post-infection. As observed with αIL-1R1,
the addition of MCC950 reduced PMN numbers in the
lung, relative to LZD alone, and did not significantly alter
bacterial killing (Figures 2E–G). Using a more rapid treatment
protocol and C57BL/6 mice with genetic deficiencies in
Caspase 1 or NLRP3, we confirmed that the antimicrobial
activity of LZD was unaffected by inflammasome activation
(Supplementary Figures 1A–D). Mice were treated between
days 14 and 28 post-infection and the effect of LZD on bacterial
burden and lung neutrophil number was at least as large in the
knockout animals as the wild type controls.

Next, we evaluated the hematopoietic suppression caused
due to LZD treatment in the bone marrow and spleens of
C3HeB/FeJ mice. In small animals, bone marrow serves as the
primary site of hematopoiesis, but during infection or stress,
the spleen functions as an extramedullary hematopoietic organ
to compensate for the increasing demand of blood cells in the
periphery (27). As LZD did not alter the myeloid cells in the bone
marrow (data not shown), and previous reports have shown its
effects on erythropoiesis (16), we investigated the effect of this
oxazolidinone on erythroid lineage cells in both these organs.
Using flow cytometry, erythroid progenitors can be divided into
a progression of precursors: pro-erythrocyte (ProE), EryA, EryB,
and EryC (Figure 3A). These populations were quantified in each
tissue of Mtb-infected animals treated with LZD and/or αIL-
1R1. In both bone marrow and spleen, LZD had a profound
effect, nearly eliminating early erythroid progenitors of the ProE,
EryA, and EryB classes (Figures 3B–G). Simultaneous treatment
with αIL-1R1 largely reversed the effect of LZD in the spleen,
restoring these immature precursors to approximately half of
their untreated levels. While αIL-1R1 also significantly increased
the number of erythroid precursors in the BM, the suppression of
LZD toxicity was less pronounced at this site.

In sum, studies in the mouse model indicated that the
addition of αIL-1R1 to an LZD regimen could reduce the number
of lungs PMN and ameliorate hematopoietic toxicity, while
not compromising antimicrobial activity. These observations
justified further studies in a non-human primate model.

Changes in TB Disease in Macaques
Treated With LZD and HDT by PET/CT
Previously we published the efficacy and pharmacokinetics of
LZD in cynomolgus macaques treated for 8 weeks with a single
daily dose of 30mg/kg (14). To adhere to FDA guidelines for LZD
administration at the time we initiated this study and reproduce
clinical exposure at 600mg twice daily (b.i.d.), we shortened
treatment duration to 4 weeks and increased the dosing
frequency to 30mg/kg b.i.d. Dose finding studies were carried out
in uninfected cynomolgusmacaques to ensure that adequate drug
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FIGURE 1 | IL-1 inhibition in susceptible mice reduces inflammation with no effect on lung bacterial burden. Wild type C57BL/6 and Nos2−/− mice were infected with

Mtb Erdman for 2 weeks and treated with anti-IL-1R1 (αIL-1R1) for the subsequent 2 weeks. (A) Lung neutrophil/PMN (CD45+ CD11b+ Ly-6C− CD3e−Ly-6G+),

T-cell (CD45+ Ly6C−LyG−CD3e+), and Monocyte/macrophage (CD45+ CD11b+ Ly-6G− CD3e− Ly6C+) recruitment to the lung among different treatment groups

were quantified by flow cytometry. (B) Weight loss and (C) CFU in lung and (D) spleen are shown. Data shown (mean ± SD) are representative of two independent

experiments. One-way ANOVA with Sidak’s multiple comparisons-test was used. N = 4 mice per treatment cohorts. (E) Histopathology analysis of a single lung lobe

from WT or Nos2−/− mice was performed by Hematoxylin-eosin (H&E) staining and (F) Lesion size was quantified by analyzing the histopathological images from

each mouse lung among treatment groups (n = 4). Data shown are expressed as Mean ± SD. One-way ANOVA with Tukey’s multiple comparison test was applied to

calculate the p-value.

concentrations similar to those achieved in patients at 600mg
b.i.d. were reached in the blood (Supplementary Figure 2).

To assess this LZD regimen and HDT with IL-1Rn,
we infected 10 cynomolgus macaques with Mtb strain
Erdman and monitored development of active TB disease
(Supplementary Table 1 and Supplementary Figure 2). Infected

macaques were then randomized to a 4 week drug regimen of
LZD (n= 5) or LZD+IL-1Rn (n= 5) (Supplementary Figure 2).
Our model has the advantage of tracking disease progression
throughout infection and treatment using serial 18F-FDG PET
CT scans (14, 28). Lung inflammation quantified by total FDG
activity in the lungs is correlated with total thoracic bacterial
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FIGURE 2 | IL-1R1 blockade combined with Linezolid ameliorates TB disease. (A–D) C3HeB/FeJ mice were infected with Mtb Erdman for 4 weeks and treated with

linezolid (LZD) and/or anti-IL-1R1 (αIL-1R1) for the following 18 days. (A) Lung neutrophils were quantified by flow cytometry; (B) Percent change in body weight is

shown and (C) Bacterial burden in the lung and (D) spleen were quantified as CFU. Data shown (Mean ± SD) are representative of two independent experiments.

Welch ANOVA with Dunnett’s post-test was used to calculate statistical significance where each treatment group was compared to the vehicle as control group.

N = 3–5 mice per treatment group. (E–G) C3HeB/FeJ mice were infected with M. tb Erdman for 8 weeks and treated with linezolid (LZD) and/or an inhibitor of the

NLRP3 inflammasome (MCC950) for the following 21 days. (E) Lung neutrophils were quantified by flow cytometry. (F) Bacterial burden in the lung was quantified by

CFU. Data shown (Mean ± SD) are from one experiment. One-way ANOVA with Tukey’s multiple comparison test was used to calculate the p-value. N = 4–5

mice/group. (G) Representative immunofluorescence images of the lungs from different treatment groups. Cell nuclei stained with DAPI (blue), T-cells stained with

anti-mouse CD3ε (green) and neutrophils stained with anti-mouse Ly-6G (red).

burden as previously described (19). Here we quantified total
lung FDG activity before and during treatment. 3D rendered
images provide a visual for changes in overall lung inflammation
in the “best” and “worst” animals for both treatment groups
(Figure 4A). Quantification of total lung FDG showed no
significant difference in inflammation at time of necropsy
between LZD and LZD+IL-1Rn treatment groups (Figure 4B),
however a slight change in slope with IL-1Rn treatment was
observed. To expand on this finding and test if LZD+IL-1Rn
reduced total lung FDG activity more effectively than LZD alone
over time, we compared the change in FDG activity between 0,
2, and 4 weeks post treatment. In LZD only treated macaques,
there was no significant decrease in total lung FDG activity
after 2 (p = 0.0857) and 4 weeks of treatment (p = 0.2876)
(Figure 4B). In contrast, LZD+IL-1Rn treatment resulted
in a significant reduction in total lung FDG activity after 2
and 4 weeks (p = 0.0242, p = 0.0237, respectively). To assess
whether these changes in lung inflammation were reflected
in individual granulomas, we used PET CT scans acquired
pre-treatment and at 4 weeks post-treatment to determine

changes in granuloma physical size (mm) and metabolic activity
as Standard Uptake Value (SUVR) of FDG per granuloma
(Figures 4C,D) (19). Differences in size and SUVR as presented
as the fold change from pre-treatment to necropsy. SUVR
indicates the inflammatory state of each individual granuloma,
allowing us to track specific lesions throughout treatment
for changes in activity. After treatment, while the majority of
granulomas decreased in size and SUVR, there was variability
within an animal and between animals resulting in no significant
differences between LZD and LZD+IL1-Rn treated animals.
These data indicate that blocking of IL-1R in combination with
LZD reduces total lung inflammation more efficiently than
LZD alone.

Addition of IL-1Rn Does Not Alter LZD
Bacterial Clearance
IL-1Rn does not have direct bactericidal activity, therefore
addition of IL-1Rn to LZD treatment should not directly
influence bacterial killing and burden. However, to ensure
immunomodulation with IL-1Rn did not have detrimental
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FIGURE 3 | Erythropoiesis associated with LZD treatment was partially relieved after IL-1R1 blockade. C3HeB/FeJ mice were infected with Mtb Erdman for 4 weeks,

and treated with LZD either alone or in combination with anti-IL-1R1 antibody for the subsequent 18 days. (A) Gating strategy for detecting erythroid progenitors is

shown. Erythroid progenitors in the spleen (B–D) and bone marrow (E–G) were quantified by flow cytometry as described in Materials and Methods. Representative

flow cytometry plots, percent, and total numbers of the early erythroid progenitors (sum of Pro-Ery, EryA, EryB) among different treatment groups are shown (C,F). Cell

numbers in each subset are also shown (D,G). Data shown (Mean ± SD) are from two independent experiments. One-way ANOVA with Dunnett’s post-test was

applied to calculate the p-value by comparing the mean of each group with that of LZD treated group. N = 3–5 mice per group.
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FIGURE 4 | HDT reduces granuloma inflammation by PET/CT in macaques. Cynomolgus macaques were infected with Mtb Erdman for approximately 4 months (see

Supplementary Table 1) and randomized to treatment with LZD or LZD+IL-1Rn for an additional 4 weeks. PET CT scans were performed pre-treatment 0, 2, and 4

weeks post-treatment with 4 week scans as the last prior to necropsy. (A) 3-D renderings of PET/CT scans from pre-treatment and 4 weeks post-treatment are

depicted, with “best” and “worst” of each group referring to TB disease prior to drug administration. (B) Total lung FDG activity of each macaque throughout treatment

with LZD (left) or LZD+IL-1Rn (right). Two-way ANOVA with Dunnett’s adjusted p-values are reported. (C) Individual granulomas were identified pre-treatment and

tracked post-treatment by PET/CT. Change in size (by CT) was determined for granulomas from each animal; the median (left) change in granuloma size from each

animal and individual granulomas per animal (right). (D) Standard uptake value (SUVR) of 18F-FDG was calculated for each granuloma, representing inflammation. The

median fold change in SUVR of all granulomas (left) and change in SUVR of individual granulomas from each animal (right) are shown. Mann-Whitney tests determined

p-values for (C,D), with p < 0.05 considered significant.
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effects on host antibacterial immune responses, we performed
comprehensive bacterial burden analysis at necropsy as
previously described (20). In short, we acquired individual
granulomas identified by PET CT as well as other TB
pathologies, thoracic lymph nodes, uninvolved lung tissue
and extrapulmonary lesions for bacterial plating and CFU
determination. Total thoracic CFU (lung + lymph nodes) was
not significantly different between LZD and LZD + IL-1Rn
in macaques (p = 0.1508). Similarly, separate analysis of lung
CFU excluding thoracic lymph nodes did not demonstrate
significant differences between groups (p = 0.5476) (Figure 5A).
We did not have untreated control macaques available in this
study, therefore we provide total thoracic CFU for 3 historical
control animals that were similarly infected and necropsied at
a similar time point; these data serve as reference for expected
CFU at this time point and were not included in statistical
analyses. While the treatment groups had similar frequencies of
sterilized granulomas (LZD= 68.42%, LZD+IL-1Rn = 72.22%),
it is important to note that the majority of granulomas were
sterilized during the short 4 week course of LZD or LZD+IL-1Rn
treatment. We previously reported that a 2-month lower dose
regimen of LZD could reduce bacterial burden compared to
untreated controls, with ∼80% sterilized granulomas in treated
animals and ∼20% sterilized in untreated (14). This supports
that high dose LZD as a single drug is effective at killing bacteria
even in a short (4 week) regimen. The lymph nodes are a
recently identified reservoir for Mtb and a hub for immune cell
interactions (29), therefore we assessed HDT effects on bacterial
burden in thoracic lymph nodes after treatment. We saw no
significant difference in overall lymph node CFU nor CFU per
lymph node (Figure 5B), indicating addition of IL-1Rn did
not measurably alter LZD efficacy or antibacterial immunity in
lymph nodes. To better understand the efficacy of high dose
LZD for 4 weeks, we estimated the pre-treatment total thoracic
CFU for each macaque using the total lung FDG by PET CT
as previously described (20), and compared the true bacterial
burden post-treatment against the estimated pre-treatment
value (Figure 5C). This analysis allows us to estimate the
magnitude of LZD bacterial killing during LZD and LZD+IL-
1Rn treatment. All macaques had lower total thoracic CFU at
necropsy compared to the estimated total thoracic CFU prior
to treatment start and on average the total CFU was ∼100-fold
lower than estimated CFU prior to treatment (Figure 5C). Our
data indicate that while IL-1Rn did not significantly enhance
bacterial killing, it did not impair LZD-mediated bacterial
clearance, an important observation for HDT development.

Lack of LZD-induced Bone Marrow
Suppression in Macaques
In humans, LZD is associated with host toxicities during
extended treatment periods of >4 weeks (30) resulting in the
FDA limitation of LZD to <4 weeks for most indications. We
designed our study in macaques to follow FDA-guidelines for
transition to possible human trials, therefore the potential for
bonemarrow toxicity to occur within this timeframe inmacaques
was unknown. To determine whether bone marrow suppression

occurred during the 4 week high dose LZD therapy and
whether IL-1Rn could modulate any observable host toxicities,
we isolated bone marrow at necropsy from the sternum of each
macaque and assessed erythropoietic progenitor populations and
mitochondrial function by flow cytometry (Figure 6A). During
homeostatic erythropoiesis, a 1:8 ratio is maintained between
ProE and EryC progenitor populations. Changes in this ratio can
be used to indicate disruption of erythropoiesis. In macaques,
there was no significant difference in ProE:EryC ratios between
the treatment groups (Figure 6B). We also analyzed control
bone marrow from untreated Mtb-infected macaques involved
in other on-going studies (TB only), which showed no significant
difference between ProE:EryC ratios compared to treatment
groups. To determine whether LZD was affecting mitochondrial
function, we stained bone marrow cells with MitoTrackerTM

Red CMXRos which only stains mitochondria with active
membrane potential, indicating function of those organelles
(Figure 6B). Regardless of treatment, the MitoTracker MFI
remained similar, indicating that mitochondrial function is the
same among groups. To confirm our observations, a pathologist
evaluated bone marrow tissue sections and found no observable
differences between TB only, LZD and LZD+IL-1Rn groups in
terms of cellularity (myeloid:erythroid ratios) or abnormalities
(Figure 6C). We could not consistently identify progenitor
populations in blood or spleen, therefore we performed complete
blood counts (CBCs) during treatment to identify signs of bone
marrow suppression (i.e., anemia, thrombocytopenia). There
were no observable differences between LZD and LZD+IL-1Rn
treatments (Supplementary Figure 3). In conclusion, 4 weeks
of LZD was not sufficient to induce observable bone marrow
suppression in cynomolgus macaques and blocking of IL-1R did
not alter bone marrow status during LZD treatment of TB.

Reduction in Neutrophil Signatures in the
Lung During LZD and LZD_IL-1Rn
Treatment
To determine whether addition of IL-1Rn to LZD treatment
modulated immune populations similar to observations in the
mouse model, bronchoalveolar lavages (BAL) were acquired
prior to the start of treatment and 3 weeks post treatment.
Innate and adaptive immune cell populations were identified
and frequencies were assessed by flow cytometry (Figure 7A).
Population frequencies of CD4T cells, CD8T cells, neutrophils
(PMNs) and macrophages remain similar between LZD or
LZD+IL-1Rn, indicating that IL-1Rn did not significantly alter
the frequencies of immune populations in the airways. However,
we observed a possible reduction in neutrophils post treatment
in both groups. Therefore, we pooled LZD and LZD+IL-1Rn
treated animals and compared pre and post treatment immune
populations. Although macrophage populations were relatively
unchanged, there was a significant reduction in neutrophil
frequency in the BAL after 3 weeks of treatment with LZD,
regardless of IL-1Rn (p = 0.0098). To determine whether
the cytokine milieu in the airways changed during treatment,
a subset of 3 animals per group were chosen at random
for analysis by multi-plex using 10X concentrated BAL fluid
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FIGURE 5 | Addition of IL-1Rn does not modify efficacy of LZD-bacterial killing. Bacterial burden is shown after 4 weeks of LZD (blue) or LZD+IL-1Rn (red) treatment.

(A) Total thoracic (lung + lymph nodes) and lung CFU; each data point represents one macaque. Total thoracic CFU from three similarly infected untreated historical

control macaques (black) are included as reference for untreated CFU at this time point but excluded from statistical analysis. Lung (granulomas and lung tissue) are

shown separately. The percent of all lung granulomas that were CFU+ per monkey is shown. (B) CFU of all thoracic lymph nodes with data points representing CFU

from one macaque. CFU+ lymph nodes show the CFU from each thoracic lymph node in any animal that was Mtb+. For (A,B), p-values were determined by

Mann-Whitney test. (C) PET CT scans from pre-treatment were used to model predicted CFU prior to HDT initiation and compared to actual CFU determined at time

of necropsy. The predicted change in CFU was determined by: Actual total thoracic CFU post-treatment—Predicted total thoracic CFU interval (predicted from

pre-drug-treatment scan). Bars represent mean of prediction intervals and error whiskers represent the lower and upper bounds of the difference between final total

CFU and predicted CFU prior to drug treatment.

(Figure 7B). Statistical analysis was performed on combined
treatment groups to only compare pre- and post-treatment
changes. We assessed IL-1β and IL-1RA and saw no significant
changes after treatment (IL-1β p = 0.1562, IL-1RA p = 0.1250).
Interferon-inducible T cell alpha chemoattractant (I-TAC) is
upregulated in response in interferons and IL-1 and is generally
an indicator of inflammation, which appeared to be reduced post
treatment, however was not statistically significant (p = 0.0625).
IL-8, a neutrophil chemoattractant, was significantly reduced
after treatment, mirroring the reduction in neutrophil frequency
observed by flow cytometry and the mouse data. These data
suggest that treatment with either LZD or LZD+IL-1Rn rapidly
reduces inflammatory signatures associated with TB disease in
the airways.

IL-1 Blockade Modulates Granuloma
Environment and Pathology
To determine whether IL-1Rn modulated immune responses at
the site of infection, we chose at random 5 granulomas per animal
(25 per treatment group) and performed a multi-plex analysis of
granuloma supernatants (Figure 8A). There were no significant
differences in IL-1β, IL-1RA, or IL-18 levels in either treatment

group. IL-2 and IL-17 are correlated with protective immune
responses during TB (31) and while IL-2 levels in LZD+IL-
1Rn treatment were not statistically higher (p = 0.0882), a
statistically significant increase in IL-17a in LZD+IL-1Rn treated
animals was observed. While there are granulomas that have
no detectable IL-17, this results are still biologically significant
given that only 5 of 25 granulomas from LZD only treated
macaques had detectable IL-17, while 11 of 25 granulomas
from LZD+IL-1Rn treated macaques had detectable IL-17.
Interestingly, G-CSF/CSF-3 levels were also significantly higher
in LZD+IL-1Rn treated granulomas (p = 0.0004). These results
indicate IL-1Rn immune modulation occurs in the granuloma
environment. While we did not see a significant difference
in granuloma inflammation by FDG SUVR between treatment
groups (Figure 4C), we next questioned whether the changes
in cytokines observed in multiplex assays could be associated
with change in SUVR by PET CT. Therefore, we performed
linear regression analyses comparing cytokines detected by
multiplex and granuloma inflammation (FDG SUVR) and found
a positive correlation between IL-1β and fold change of SUVR in
LZD+IL-1Rn granulomas (Figure 8B). These data indicate that
change in inflammation (fold change of FDG SUVR) is correlated
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FIGURE 6 | Linezolid-associated bone marrow suppression was not observed in macaques. Bone marrow was acquired from the sternum of all macaques at

necropsy after 4 weeks LZD or LZD+IL-1Rn. A portion was used for flow cytometric analysis of erythroid progenitor populations and the rest for histopathology

analysis. (A) A schematic of erythropoiesis indicating the stage of differentiation and corresponding expression levels of phenotyping markers (CD235a and CD71) and

progenitor ratios (1:2:4:8). Included is the gating strategy to identify progenitor populations and an example of MitoTracker staining. (B) The ProE:EryC ratio (left) of

each animal, including untreated TB only macaques (black) from other ongoing unpublished studies. A single uninfected animal (open circle) is shown as reference,

the dotted line indicates the homeostatic ratio of 1:8. MitoTracker MFI (right) is shown for each macaque per treatment group. Kruskal-Wallis test was performed to

compare the three groups (excluding uninfected macaque) and p-values are shown in the graphs. (C) Representative H&E images from sternal bone marrow acquired

at necropsy, 20x (left) and 40x (right) are shown.

with levels of IL-1β in the granuloma. The IL-1 pathway
is associated with fibrosis, which increases in granulomas
during drug treatment (32). Furthermore, IL-17 and G-CSF
are also associated with fibrosis (33). To determine whether
immunomodulation by IL-1Rn changed granuloma pathology,
granulomas suitable for histological analysis were evaluated by
a study blinded pathologist and lesions were categorized based
on treatment groups and descriptive qualities (Figure 8C). Of

lesions acquired from LZD only animals, ∼71% were identified
as fibrotic (n = 40/56), while those treated with LZD+IL-
1Rn had ∼85% fibrotic lesions (n = 39/46) with no significant
difference in frequency of fibrotic lesions between treatment
groups.We also compared the frequency of granulomas that were
deemed necrotizing or non-necrotizing (“other” indicates neither
categorization). Granulomas from LZD+IL-1Rn treated animals
had significantly more non-necrotizing granulomas (∼74%,
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FIGURE 7 | LZD and LZD_IL-1Rn reduce inflammatory signatures in BAL. Bronchoalveolar lavages (BAL) were acquired pre-treatment and 3 weeks post-treatment

with LZD (blue) or LZD+IL-1Rn (red). (A) Cells were analyzed by flow cytometry to determine frequency changes in CD4T cells (CD3+CD4+), CD8T cells

(CD3+CD8+), macrophages (CD11b+CD206+), and neutrophils (CD11b+Calprotectin+). Wilcoxon signed rank test was performed to determine differences before

and after drug treatment, regardless of group (LZD and LZD+IL-1Rn combined). (B) BAL fluid was concentrated 10X and assessed by multiplex assay for changes in

inflammatory cytokines and chemokines for a random subset of samples (n = 3 per treatment group). Wilcoxon signed rank test was performed to determine

differences before and after drug treatment, regardless of group (LZD and LZD+IL-1Rn combined).

n= 34/46), compared to those from LZD alone treated macaques
(∼46%, n = 26/56). The proportion of necrotizing granulomas
was significantly lower in the LZD+IL-1Rn treatment group
(13.04%, n = 6/56) compared to LZD alone (30.36%, n = 17/56)
(p = 0.0151). These data suggest that addition of IL-1Rn
influences inflammation and antibiotic-associated pathology
dynamics of granulomas.

DISCUSSION

HDTs are a tantalizing solution to improve TB therapy,
however the complexities of host-pathogen interactions and
host variability call for rigorous pre-clinical testing before
implementation in humans. Here, we sought to determine the
efficacy and safety of an HDT for TB comprised of LZD and IL-
1Rn. IL-1 plays a complex role during TB, as IL-1 is important
for early control of infection (5, 7, 8, 34, 35), yet is also associated
with pathology at later times (10, 11). To validate the safety of IL-
1Rn in this context, we first assessed the effects of IL-1 inhibition
on TB disease progression in mice, using treatment regimens
designed to concentrate on established disease. In C57BL/6,
Nos2−/− and C3HeB/FeJ mice, αIL-1R1 blockade reduced PMN
infiltrates that are associated with pathological inflammation and
did not impair bacterial control. The effect on bacterial control
differs from a recent report in which lung bacterial burdens were
increased by a similar αIL-1R1 treatment in C57BL/6 or C57BL/6
animals carrying the super susceptibility to tuberculosis-1 (Sst1)
allele (25).We hypothesize that these differences are related to the
timing of treatment, relative to the onset of adaptive immunity.
Once infection is established, bacterial control is mediated

predominantly via T cell functions, potentially reducing the
importance of IL-1 dependent mechanisms (36). According to
this model, the effect of IL-1 inhibition will depend on the timing
of administration, as well as experimental factors that alter the
timing of T cell priming and expansion, such as bacterial strain
and dose. Regardless, our data indicate that IL-1 blockade can be
beneficial in the context of established disease.

Any HDT will be administered in conjunction with
antimicrobial therapy. When co-administered with LZD,
blockade of IL-1R1 reduced PMN infiltrates in the mouse
models, compared to the antibiotic alone. Despite differences
between animal models and the IL-1 antagonists used in each
model, we observed a similar anti-inflammatory effect in both
mouse and primate systems. In macaques, IL-1Rn in conjunction
with LZD significantly reduced overall lung inflammation as
assessed by PET CT while LZD alone was more variable. IL-1Rn
did not significantly enhance bacterial clearance compared to
LZD alone, which was not surprising as we did not expect IL-1Rn
to have direct antibacterial functions. However, it was important
to assess bacterial burden during IL-1Rn treatment to ensure
IL-1 blockade did not modulate host-mediated antibacterial
mechanisms in granulomas and lymph nodes. In CFU positive
lymph nodes, we observed a slight reduction in bacterial burden
with IL-1Rn that approached significance (p = 0.0965). Further
studies should include assessing the influence of drug treatment
and immunomodulation in lymph nodes, as thoracic lymph
nodes are recognized as a site of Mtb persistence (29).

To further assess the effects of IL-1Rn modulation of immune
responses, we observed a decrease in neutrophils (PMNs) and a
corresponding decrease in IL-8 in the airways of both treatment
group (LZD or LZD+IL-1Rn). This indicated LZD alone was
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FIGURE 8 | Inflammation modulation by HDT influences granuloma resolution. (A) Randomly selected granulomas (n = 5 per macaque, n = 25 per treatment group)

were subjected to multiplex cytokine analysis to determine differences between treatment groups (colors indicate lesions from a single animal). p-values shown

determined by Mann-Whitney test. (B) A linear regression analysis of IL-1β levels and fold change in SUVR is depicted for LZD (blue) and LZD+IL-1Rn (red)

granulomas. R2 and p-values are provided in the legend. (C) Granulomas from LZD (n = 57) and LZD+IL-1Rn (n = 45) were examined by a pathologist (EK) and

categorized. We compared fibrotic (red) vs. non-fibrotic (gray) (left) frequencies between treatment groups. The right compares necrotizing (red) vs. non-necrotizing

(blue) and other (gray) granuloma frequencies. Fisher’s exact test p-values are reported.

efficacious in reducing PMN inflammatory signatures, likely due
to the reduction in bacterial burden. In granulomas, levels of
IL-1β, IL-1RA, and IL-18 were not affected by IL-1Rn treatment
in the subset examined. As IL-1Rn does not affect inflammasome
formation and function it is not surprising that IL-1β and
IL-18 production were minimally modulated by IL-1Rn. IL-
1RA levels remained unchanged between treatment groups,
which could be due to our method of detection or kinetics
of consumption. Our multiplex analysis is specific for non-
human primates and may not recognize recombinant human
IL-1RA like Anakinra. In LZD+IL-1Rn treated granulomas we

found a strong positive correlation between IL-1β levels and
fold-change in SUVR, a surrogate for inflammation. These data
highlight the relationship between IL-1β and inflammation in
granulomas, further supporting the potential of IL-1 blockade
as an HDT. In TB, IL-2 and IL-17A have protective functions
however are primarily expressed by T cells (31). While IL-
1β has been reported to enhance IL-17A production by T
cells in mice, these studies have primarily used model-antigen
systems and may not reflect a chronic infection like TB (37).
IL-1 exacerbates pathology later in TB infection, indicating the
effects of IL-1 on adaptive immunity are complex and likely
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dependent on the host system and infection model being used.
G-CSF was increased in granulomas from LZD+IL-1Rn treated
macaques which, combined with our observations of reduced
PMN infiltrates in mouse lungs and macaque airways, indicates
a paradoxical role of G-CSF as a neutrophil differentiation
factor (38). However, in a model of LPS-induced lung injury
G-CSF blockade induced accumulation of PMNs and increased
inflammation in the lungs, indicating pulmonary inflammation
may not follow dogmatic rules of canonical inflammatory
pathways (38).

Lung fibrosis is modulated by the IL-1 pathway and while
fibrosis is associated with healing tissue, lung fibrosis can cause
secondary complications after TB disease resolution (2). We
have shown in previous studies that TB drug therapy induces
fibrosis in granulomas (32, 39). These studies in combination
with the correlation between IL-1β and SUVR led us to assess
whether LZD+IL-1Rn was associated with changes in granuloma
pathology.While we did not observe a difference in fibrosis, there
was a significant decrease in frequency of necrotizing granulomas
with IL-1Rn in addition to LZD therapy. Thus, while there is no
synergistic effect between IL-1Rn and LZD in promoting fibrosis
associated with drug clearance, the reduction in neutrophils
observed inmice andmacaques could skew granuloma resolution
toward a non-necrotizing lesion (40). Further studies with IL-
1Rn alone could elucidate these dynamics, however we designed
this macaque study with intention to be translatable to humans.
We could not justify an IL-1Rn only treated group as TB-
patients would receive anti-microbial therapy with any HDT
or immunomodulatory intervention. However, our findings give
precedence for further exploration of the potential of IL-1Rn as
an HDT for TB and will require additional studies to determine
mechanism and safety.

Our second goal was to abrogate LZD-associated bone
marrow suppression with IL-1Rn therapy, thereby increasing the
efficacy and therapy potential of LZD in TB. While we designed
our HDT to match the current FDA guidelines for LZD and
IL-1Rn schedules, this resulted in a lack of observable bone
marrow suppression in macaques. In hindsight, extending LZD
treatment beyond 4 weeks to induce bone marrow suppression
would have allowed assessment of IL-1Rn abrogation of LZD-
toxicity, however we initially designed the NHP studies to
reflect FDA guidelines for the therapeutics used at the time of
study initiation. In mice however, LZD-induced bone marrow
suppression was reduced with the addition of IL-1R1 antagonist,
supporting our initial hypothesis of the therapeutic potential of
IL-1Rn in reducing LZD toxicity. The role of IL-1 signaling is
consistent with the ability of IL-1 to suppress erythropoiesis in
mice by reducing the number of progenitors (41). The remaining
deficit in erythropoiesis during IL-1 blockade could reflect either
incomplete inhibition by IL-1Rn or an independent role of
inflammasome activation. Optimizing this effect will require
further work to understand the relative roles of IL-1 signaling and
inflammasome activation.

Overall, our data support previous findings in macaques that
LZD has superb efficacy against TB, administered here as a single-
drug given for only 4 weeks, supporting LZD as an antimicrobial
for MDR/XDR-TB cases (42). IL-1Rn therapy in conjunction

with LZDwas successful in reducing TB-associated inflammation
with no negative effects on bacterial clearance. Reduction in
inflammation with IL-1 blockade could have beneficial effects
in quelling more pathological inflammation due to IL-1 during
active disease (11). While we observed changes in granuloma
resolution (necrotizing vs. non-necrotizing), these effects long-
term are unknown. Fibrosis is associated with healing and is
observed in NHPs after drug treatment (32), however excess
fibrosis in the lung may not result in the best outcome for
TB patients’ long term. Given the link between fibrosis and
IL-1, perhaps other inflammatory pathways could be targeted
to reduce inflammation and enhance disease resolution. We
know TNF is essential for controlling TB disease, and less
specific anti-inflammatory agents can also inhibit the protective
immune response, which has left many hesitant to modulate
host inflammation as a therapy (43). However, our data
support the idea that immunomodulation during TB is not
always detrimental and suggests that more specific agents may
be beneficial.

The differences in bone marrow suppression between mice
and macaques highlights the importance of assessing HDTs
in multiple models prior to human trials, as there are clear
biological differences between the two models. Anakinra (IL-
1Rn) is already FDA-approved for adult and pediatric treatment
of other inflammatory disorders and our data provide pre-clinical
evidence for IL-1Rn consideration as potential therapy in TB.
Further safety and mechanism assessments in translatable animal
models are required, but one could envision IL-1Rn therapy to
limit destructive inflammation for severe cases of TB. While our
study emphasizes the importance of rigorous testing of HDTs for
TB in multiple translational models prior to implementation in
human trials, we also show that immunomodulation of the IL-1
pathway did not exacerbate TB disease.
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Tuberculosis (TB), one of the ancient and deadliest diseases, is a chronic immune
disorder caused by Mycobacterium tuberculosis (Mtb) infection. Due to the lack of
ideal diagnostic and therapeutic markers, TB is still posing a major health, social, and
economic burden worldwide. Circular RNA (circRNA), a newly discovered endogenous
RNA, is abundant and stable in the cytoplasm and has tissue specificity. More and
more studies suggested circRNA is involved in a variety of human pathological and
physiological processes. Recently, several studies have confirmed circRNAs not only
existed in the serum but also could serve as ideal biomarkers for detecting diseases
since the circRNAs have continuous, stable, and covalently closed circular structures
and are not easily degraded by nucleases. In this study, we screened the circRNA
expression profiles in active TB serum samples and healthy volunteers serum samples
by circRNA microarrays. Then, we performed qRT-PCR to verified the dysregulated
circRNAs and ROC curve analysis to evaluate the value of circRNAs for TB diagnosis.
The results showed circRNA_051239, circRNA_029965, and circRNA_404022 could
serve as biomarkers for TB diagnosis.

Keywords: biomarker, circRNA, serum, tuberculosis, infection

INTRODUCTION

Tuberculosis (TB) is the ninth leading cause of death worldwide with 1.5 million deaths and 10
million new cases worldwide in 2018 (Reinhart et al., 2012). Despite advances in the effective
treatment of TB in recent years, the number of annual deaths and infections remains almost
unchanged (Reinhart et al., 2012). The prevention, diagnosis and treatment of tuberculosis are
mostly important for TB control. Since there are millions of infected people around the world,
timely and effective isolation patients and treatment is the key factors to reduce the transmission
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of TB. This is based on the effectively simple and cheap
early diagnosis of TB. Currently, the commonly used diagnosis
technologies for TB are imaging inspection, bacteriological
inspection, molecular biological detection, and immunological
experimental inspection. However, all of these methods have
some unavoidable limitation. For example, typical imaging
inspection (such as X-ray) is useful for the diagnosis of TB, but
the specificity is too low to distinguish the TB infection from
the other lung disease, such as cancer, pneumonia (Bhalla et al.,
2015). The bacteriological inspection is still the gold standard
for TB diagnosis, but it requires 4–8 weeks for the growth
of M. tuberculosis. Therefore, identifying novel appropriate
biomarkers for early diagnosis of TB is an urgent.

Circular RNAs (circRNAs) are a novel class of RNAs that
participate in almost all the physiological and pathological
processes by acting as competing endogenous (ceRNAs) RNAs
to block the functions of their target microRNAs (miRNAs)
by binding target miRNAs to relieve the suppression of
miRNAs for their target gene (Thomson and Dinger, 2016).
CircRNAs are highly stable and resistant to debranching and
exonuclease-mediated degradation since they could form a
circular structure closed by covalent bonds. Recently, several
studies have provided circRNAs could not only exist in
the body fluids, such as plasma/serum, interstitial fluid, and
saliva, but also could serve as molecular biomarkers in the
diagnosis and prognosis of many diseases (Zhang et al., 2018).
For example, Sonnenschein et al. (2019) found circDNAJC6,
circTMEM56, and circMBOAT2 in the serum could distinguish
between healthy and hypertrophic cardiomyopathy patients. Ye
et al. (2019) identified hsa_circ_0082182, hsa_circ_0000370 were
significantly upregulated in colorectal cancer plasma, and the
hsa_circ_0035445 was down-regulated.

In this study, we firstly investigated the circRNA expression
profiles in serum samples from active TB patients and healthy
controls by circRNA microarrays. Subsequently, the dysregulated
circRNAs was verified by qRT-PCR, and three circRNAs
(circRNA_051239, circRNA_029965, and circRNA_404022)
showed significantly increases in the serum from the active
TB patients, compared to the healthy controls. The ROC
curve analysis showed these three circRNAs could serve
as biomarkers for TB diagnosis. More interestingly, we
found circRNA_051239 was significantly upregulated in
serum derived from drug-resistant TB patients compared to
drug-susceptible patients.

MATERIALS AND METHODS

Patients and Healthy Controls
Patients (n = 131) with active pulmonary TB, patients (n = 50)
with community acquired pneumonia (CAP), and healthy
controls (n = 53) were collected from the Nanjing Drum Tower
Hospital. Serum samples were collected at the patients’ first
admission to the hospital. All the TB patients were clinically
diagnosed as active pulmonary TB by positive AFB smear
staining or sputum culture. For CAP patients, they shared similar
symptoms similar to TB infection (such as fever and chills, loss

of appetite, shortness of breath), but didn’t have pulmonary
TB by sputum smear or/and TB culture. The age- and sex-
matched healthy controls, who had no clinical symptoms and
normal physical examination, and sputum smear or/and TB
culture for pulmonary TB were negative, were collected from the
physical examination center of Nanjing Drum Tower Hospital.
Patients and controls were matched based on age and gender.
All the participants provided their written informed consent
to participate in the study and the protocol was approved by
the Institutional Research Board of the Nanjing Drum Tower
Hospital. Protocols were designed and performed according to
the principles of the Helsinki Declaration. Patient characteristics
are summarized in Table 1. In order to identify serum
circulating circRNAs which could serve as novel biomarkers
for active TB diagnosis, a multiphase, case-control study was
conducted (Figure 1).

CircRNA Microarray
Total RNA was isolated from serum with TRIzol reagent
(Invitrogen, Carlsbad, CA, United States) according to the
manufacturer’s protocol. The concentration and quality of total
RNA of each sample were determined with NanoDrop ND-1000
spectrophotometer (NanoDrop, Wilmington, DE, United States).
CircRNA expression profiles of serum for three active pulmonary
TB patients and three healthy controls were generated using the
074301 Arraystar Human CircRNA microarray V2. The data
processing and quantile normalization were performed by R
(Version 3.4.1) software.

qRT-PCR
For qRT-PCR, cDNA was synthesized with SuperScript
First-Strand Synthesis System (Invitrogen, Carlsbad, CA,
United States) from RNA extracted from serum. Subsequently,
qRT-PCR reaction was performed by an ABI 7500 real-time PCR
System according to the manufacturer’s protocol. Briefly, PCR
reactions were performed in a total volume of 10 µL, including
3 µL cDNA, 5 µL 2 × SYBR Green, 0.25 µL primer forward (10
µmol/L) and 0.25 µL primer reverse (10 µmol/L) at 95◦C for
10 min, followed by 40 cycles of 95◦C for 15 s and 60◦C for 60
s. The synthetic Caenorhabditis elegans miRNA cel-miR-39 (5′-
UCACCGGGUGUAAAUCAGCUUG-3′) (RiboBio, Guangzhou,
China) was spiked into the serum as a normalization control

TABLE 1 | The demographic and clinical characteristics of active TB patients,
community acquired pneumonia (CAP) patients, and healthy individuals in training
and validation sets.

Variable TB (n = 128) CAP (n = 50) HC (n = 50)

Age, yearsa 43.5 (19.84) 45.3 (18.25) 44.4 (18.43)

Sex, n

Male 87 31 29

Female 41 19 21

History of TB treatment

Yes 32

No 96

aAge data are present as the mean (SD).
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FIGURE 1 | Flow chart of the experimental design.

TABLE 2 | circRNAs selected in Biomarker-screening phase by Arraystar Human CircRNA microarray V2 of pooled samples (three active TB patients, three healthy
controls) with fold change = 2, and p < 0.01.

CircRNA Chrom Strand txStart txEnd CircRNA_type Best_transcript Gene symbol FC (TB vs. HC) p

hsa_circRNA_051239 chr19 – 41938372 41945481 Exonic uc010xwb.2 ATP5SL 5.358899153 0.007123

hsa_circRNA_029965 chr13 + 33306237 33344899 Exonic NM_015032 PDS5B 5.174550937 0.004866

hsa_circRNA_404022 chr8 + 41466934 41469511 Exonic NM_178819 AGPAT6 3.985615857 0.004119

hsa_circRNA_102116 chr17 – 47388673 47389404 Exonic NM_014897 ZNF652 3.809132132 0.00888

hsa_circRNA_065793 chr3 + 50131152 50131308 Exonic NM_005778 RBM5 3.175970107 0.004918

hsa_circRNA_104588 chr8 – 37727937 37735069 Exonic NM_025151 RAB11FIP1 2.993253915 0.004175

hsa_circRNA_048148 chr19 + 1037623 1039064 Exonic uc002lqu.3 CNN2 2.99009157 0.008405

hsa_circRNA_406174 chr22 – 28249524 28269803 Sense overlapping NM_012399 PITPNB 2.934103983 0.002732

hsa_circRNA_100823 chr11 – 58317258 58322413 Exonic NM_004811 LPXN 2.286347985 0.005376

hsa_circRNA_029301 chr12 – 124832370 124835283 Exonic NM_006312 NCOR2 2.123749587 0.00054

(Kroh et al., 2010). The primers for circRNAs and cel-miR-39
were synthesized at Genscript (Nanjing, China). All reactions
were analyzed in triplicate. Receiver operating characteristic
(ROC) curve analysis was utilized to estimate the diagnostic
value of serum circRNA.

Expression and Statistical Analyses
SPSS 18.0 software was used for statistical analyses, and
GraphPad Prism 6.0 (GraphPad Software, San Diego, CA,
United States) was used to generate graphs. To compare
significant differences in serum circRNA expression, the Mann-
Whitney U test was used. A P-value of < 0.05 was regarded as
statistically significant.

RESULTS

Dysregulated CircRNAs Expression
Profile in TB Patients
To explore whether serum circRNAs are potential biomarkers for
TB infection, the landscape of expressed circular transcripts and
their expression pattern in serum was investigated by performing

the Agilent-069978 Arraystar Human CircRNA microarray V1
for six serum samples (three active TB patients and three healthy
controls) in the biomarker-screening phase (Supplementary
Table S1). As showed in Figures 2A,B, Hierarchical clustering
and scatter plots indicated that the serum circRNA expression
patterns had the potential possibility to distinguish TB patients
from HCs. Only 10 circRNAs showed significantly upregulated
in TB patients (fold change > 2; p < 0.01) (Table 2). The
10 upregulated circRNAs were selected for further analysis
by qRT-PCR in the serum of 56 active TB patients, 20
community acquired pneumonia and 20 healthy controls during
the Biomarker-selection phase. Compared with healthy controls
and community acquired pneumonia, the expression level of
circRNA_051239, circRNA_029965, and circRNA_404022 was
significantly upregulated in TB patients (P < 0.01), while no
significant difference in the other seven circRNAs was found (all
P > 0.05, shown in Figure 3).

Biomarker-Validation Phase of the
Serum CircRNAs for TB
Next, these three circRNAs (circRNA_051239, circRNA_029965,
and circRNA_404022) was further validated in a larger cohort,
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FIGURE 2 | circRNAs expression in serum derived from active TB patients
and healthy controls (HC). (A) Heatmap. (B) Volcano plot.

comprising 72 active TB patients, 30 community acquired
pneumonia, 30 healthy controls by qRT-PCR (Figure 1). As the
results in the Biomarker-selection phase, the concentrations of
these three circRNAs (circRNA_051239, circRNA_029965, and
circRNA_404022) in TB patients were significantly increased
in the TB patients, compared to the community acquired
pneumonia and healthy controls (Figures 4A–C).

ROC Curve Analysis of Dysregulated
CircRNAs
To assess the diagnostic value of these three serum circRNAs
for TB detection, the ROC curve analysis was subsequently
performed. As showed in Figures 4D–F, the area under the
curve (AUC) values of these circRNAs were 0.9738 (95% CI,
0.9582–0.9893) for circRNA_051239, 0.9443 (95% CI, 0.9165–
0.9721) for circRNA_029965, and 0.9682 (95% CI, 0.9496–
0.9868) for circRNA_404022. Then, the diagnostic value of the
combination of these three circRNAs was evaluated by a logistic

regression model and found that the AUC was 0.9920 with
p < 0.01 (Figure 4G). These results suggested circRNA_051239,
circRNA_029965, and circRNA_404022 in the serum could serve
as ideal potential biomarkers for TB diagnosis.

CircRNA_051239 Was Significantly
Upregulated in Drug-Resistant TB
Patients
In the 128 TB patients, we found 20 patients were resistant
to at least one drug, while 31 samples were pan-susceptible
TB patients. We further analyzed the expression level of
circRNA_051239, circRNA_029965, and circRNA_404022 in
these drug-resistant TB patients and pan-susceptible TB patients.
As the results showed in Figure 5A, circRNA_051239 was
significantly increased in the drug-resistant group (Figure 5A),
while the expression level of the other two circRNAs has no
difference. More interestingly, Cui et al. (2017) reported levels of
miR-320a were decreased in the drug-resistant group, compared
to the pan-susceptible TB patients. We also evaluated the miR-
320a level in our samples. As for the results reported by Cui et al.
(2017), miR-320a significantly decreased in the drug-resistant
group, compared to the pan-susceptible TB patients (Figure 5B).
We conducted Spearmen correlation analysis to explore the
correlation between levels of circRNA_051239 and miR-320a,
the negative correlation was observed for circRNA_051239 and
miR-320a (R =−0.9296, p = 0.0022) (Figure 5C).

We speculated circRNA_051239 might act as a ceRNA for
miR-320a, and play a vital role in the TB drug-resistant progress.
As predicted by RNAhydrid, miR-320a have three binding sites
with circRNA_051239 (Figure 5D).

DISCUSSION

As newly discovered endogenous non-coding RNAs with
covalently closed loop structures are resistant to RNase digestion

FIGURE 3 | The expression of circRNAs in serum from active TB patients (N = 56), CAP patients (N = 20), and healthy controls (N = 20) by qRT-PCR. Each point
represents the mean of triplicate samples. Each P-value was calculated with a nonparametric Mann-Whitney test. ***P < 0.001.
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FIGURE 4 | Serum circRNA expression signature for TB diagnosis in the validation phase. (A–C) The expression of circRNA_051239, circRNA_029965, and
circRNA_404022 in serum from active TB patients (N = 72), CAP patients (N = 30), and healthy controls (N = 30) by qRT-PCR. (D–F) ROC curve analysis for
circRNA_051239, circRNA_029965, and circRNA_404022 in serum from active TB patients (N = 128, including training set and validation set), CAP patients (N = 50,
including training set and validation set), and healthy controls (N = 50, including training set and validation set). (G) ROC curve analysis for the combined circRNAs
panel in serum from active TB patients (N = 128, including training set and validation set), CAP patients (N = 50, including training set and validation set), and healthy
controls (N = 50, including training set and validation set). Each value is the mean ± SD; ***P < 0.001.

(Memczak et al., 2013), circRNAs have been proved could
serve as ideal potential biomarkers for tumors, Alzheimer’s
disease, cardiovascular disease, and other diseases (Abu and
Jamal, 2016). Recently, Fu et al. (2019) found circRNA_103017,
circRNA_059914, and circRNA_101128 were increased in
the peripheral blood mononuclear cells (PBMCs) from active
tuberculosis (TB) patients, while circRNA_062400 was decreased
in TB samples. Huang et al. (2018a) also identified the
dysregulated circRNAs in the PBMCs from TB patients,
and confirmed hsa_circRNA_001937, hsa_circRNA_009024,
and hsa_ circRNA_005086 were significantly elevated
and hsa_circRNA_102101, hsa_circRNA_104964, and
hsa_circRNA_104296 were significantly reduced in PBMCs
from TB patients as compared to healthy controls. Subsequently,
they compared the expression level of circRNAs in the plasma
from TB patients and healthy controls, the results showed the
expression level of hsa_circ_0001204 and hsa_circ_0001747 were
significantly decreased in the plasma of TB patients (Huang
et al., 2018b), and hsa_circ_0001953 and hsa_circ_0009024
were remarkably increased in the plasma of TB patients (Huang
et al., 2018c). Yi et al. (2018) reported hsa_circRNA_103571
exhibited significant decrease in the plasma of active TB
patients and showed potential interaction with active TB-
related miRNAs, such as miR-29a and miR-16. As for the
RNA isolation, transportation and preservation of PBMCs

and plasma is too complexity to do quality control, the
circRNAs in the PBMC and plasma could not serve as
ideal biomarkers for TB diagnosis in clinical application.
Compare to PBMCs and plasma, serum is an ideal material
for molecular diagnosis. In order to investigate the potential
diagnosis value of circRNAs in the serum for TB diagnosis, we
characterized the profile of differentially expressed circulating
circRNAs in the serum of active TB patients, CAP patients
and healthy controls by circRNA microarray and qRT-PCR.
As the results in the PBMCs and plasma, the expression
profile of circulating circRNAs in the serum of active TB
patients showed significantly different from the healthy
controls, and we found that circRNA_051239, circRNA_029965,
and circRNA_404022 significantly increased in the serum
of TB patients and could serve as ideal biomarkers for TB
diagnosis with the AUC of all of the three circRNAs is
larger than 0.9.

Drug-resistant TB is one of the biggest threats for global TB
control and remains a major public health concern in many
developing countries. In 2018, more than 500,000 new cases
of multidrug-resistant TB and an additional 100,000 cases with
rifampicin-resistant TB were identified (Reinhart et al., 2012).
Until now, there is still no biomarker to identify whether
the TB patients was drug-resistant. In 2017, Cui et al. (2017)
reported miR-320a in the plasma significantly decreased in the
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FIGURE 5 | The expression level of circRNA_051239 and miR-320a in the serum of drug-resistant TB patients and drug-susceptible patients. (A,B) The expression
level of circRNA_051239 and miR-320a in the serum of drug-resistant TB patients and drug-susceptible patients. (C) Spearman’s rank correlation scatter plot of
circRNA_051239 and miR-320a in the serum of drug-resistant TB patients. Each value is the mean ± SD; ***P < 0.001. (D) Schematic descriptions of the
hypothetical duplexes formed by miR-320a with circRNA_051239.

drug-resistant TB patients. We also evaluated the expression
level of miR-320a in the serum and found miR-320a in the
serum also significantly decreased in the drug-resistant TB
patients. However, the expression level of miR-320a in the
serum/plasma altered in kinds of diseases. Such as, plasma
miR-320a showed significantly decreased in the Arrhythmogenic
CardioMyopathy (ACM), compared to the healthy controls
(Sommariva et al., 2017). The concentrations of plasma miR-
320a were decreased in patients with colorectal cancer and
benign lesions (polyps and adenoma) compared with healthy
controls, but increased in inflammatory bowel disease (IBD)
(Fang et al., 2015). In the present study, circRNA_051239 was
significantly upregulated in serum derived from drug-resistant
TB patients compared to drug-susceptible patients, implying
circRNA_051239 as a potential marker for discriminating
drug-resistant TB patients. Moreover, we found the expression

levels of circRNA_051239 and miR-320a showed negative
correlation (Figure 5C). Recent studies have confirmed circRNAs
play essential roles in various physiological and pathological
processes via acting as a ceRNA for miRNAs to relive the
repression of miRNAs for their target genes (Thomson and
Dinger, 2016). Here, circRNA_051239 was speculated to sponge
miR-320a to release the target genes of miR-320a, and play a vital
role in the TB drug-resistant progress. However, it needs to be
further confirmed.

In summary, our study firstly provided a profile of circulating
circRNAs in the serum of TB patients and healthy controls. We
found circRNA_051239, circRNA_029965, and circRNA_404022
significantly increased in the serum of TB patients and
could serve as ideal biomarkers for TB diagnosis. Moreover,
circRNA_051239 could distinguish drug-resistant TB patients
from pan-susceptible TB patients.
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Vaccination through the natural route of infection represents an attractive immunization
strategy in vaccinology. In the case of tuberculosis, vaccine delivery by the respiratory
route has regained interest in recent years, showing efficacy in different animal models.
In this context, respiratory vaccination triggers lung immunological mechanisms which
are omitted when vaccines are administered by parenteral route. However, contribution
of mucosal antibodies to vaccine- induced protection has been poorly studied. In the
present study, we evaluated in mice and non-human primates (NHP) a novel whole
cell inactivated vaccine (MTBVAC HK), by mucosal administration. MTBVAC HK given
by intranasal route to BCG-primed mice substantially improved the protective efficacy
conferred by subcutaneous BCG only. Interestingly, this improved protection was absent
in mice lacking polymeric Ig receptor (pIgR), suggesting a crucial role of mucosal
secretory immunoglobulins in protective immunity. Our study in NHP confirmed the
ability of MTBVAC HK to trigger mucosal immunoglobulins. Importantly, in vitro assays
demonstrated the functionality of these immunoglobulins to induce M. tuberculosis
opsonization in the presence of human macrophages. Altogether, our results suggest
that mucosal immunoglobulins can be induced by vaccination to improve protection
against tuberculosis and therefore, they represent a promising target for next generation
tuberculosis vaccines.

Keywords: whole-cell vaccine, pulmonary vaccination, animal models, mucosal immunoglobulins, opsonization,
tuberculosis
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INTRODUCTION

Tuberculosis (TB) disease causes one and a half million deaths per
year, and is one of the leading infectious diseases affecting mainly
developing and underdeveloped countries. The rising spread of
multidrug resistant strains with increasing human migration
makes TB an alarming global health problem, according to World
Health Organization (WHO). Therefore, there is an urgent need
for new effective TB vaccines.

Vaccination through the natural route of infection represents
an attractive strategy for priming the natural host immunity.
In the case of TB, respiratory mucosal tissue is the primary
site for establishment of infection. It has been well described
in different preclinical models that vaccination with BCG by
the respiratory route confers a substantially improved protection
in comparison to subcutaneous or intradermal immunization
(Lagranderie et al., 1993; Aguilo et al., 2016; Dijkman et al.,
2019). Indeed, in the last few years, it has raised an interest
in exploring new vaccination approaches delivered through
respiratory routes of administration. These strategies include
attenuated M. tuberculosis (Kaushal et al., 2015) in addition to
BCG, as well as subunit vaccines formulated with adjuvants or
non-replicative virus (Stylianou et al., 2015; Woodworth et al.,
2019). In 2014, the first clinical trial of an aerosol tuberculosis
vaccine was reported (Satti et al., 2014).

It is assumed that inactivation of whole-cell tuberculosis
vaccines reduces their immunogenic and protective potential.
Nevertheless, and likely based on safety concerns described for
live BCG under specific conditions (e.g., immunodeficiencies),
researchers have explored the use of inactivated vaccine
approaches for tuberculosis. To overcome the loss of
immunogenicity, different strategies have been conducted,
such as the use of inactivated whole-cell vaccines as booster for
BCG (Von Reyn et al., 2017).

The present work describes vaccination with a heat-killed
(HK) version of the live attenuated M. tuberculosis vaccine
MTBVAC (Arbues et al., 2013) both in mice and non-human
primates (NHP). MTBVAC is the first and only live attenuated
tuberculosis vaccine based on M. tuberculosis that has reached
clinical stages of development, and it has shown an excellent
safety profile both in adults and newborns, as well as stronger
immunogenicity compared to BCG (Spertini et al., 2015; Tameris
et al., 2019). Results in the present study demonstrate improved
efficacy of MTBVAC HK when given by intranasal route to
mice previously vaccinated with subcutaneous BCG. In addition,
we interrogated lung humoral immune responses elicited by
MTBVAC HK in mice and NHP, finding an induction of
tuberculosis-specific mucosal immunoglobulins with functional
activity against M. tuberculosis.

RESULTS

Intranasal MTBVAC HK Enhances
Protection Conferred by Subcutaneous
BCG
We and others have previously demonstrated an advantageous
vaccine-induced protection of whole-cell live vaccines when

given by respiratory route, compared to subcutaneous or
intradermal administration in immunologically naïve subjects
(Aguilo et al., 2016). Since respiratory airways could be a
sensitive organ for exacerbated inflammatory response caused
by live bacteria in the pre-exposed, we chose to evaluate
the efficacy of an inactivated whole cell vaccine as a booster
strategy after primary BCG. To this end, we inactivated
MTBVAC building upon the promising immunogenic profile
shown by the live version of this vaccine both in animal
models and in humans (Marinova et al., 2017). MTBVAC
was inactivated by heating the vaccine at 100◦C for 30 min.
Bacterial inactivation was confirmed by plating on 7H10
solid agar medium (data not shown). Bacteria visualization
using electron microscopy confirmed that MTBVAC maintained
their bacillary shape upon heat treatment (Supplementary
Figure S1). Then, we characterized MTBVAC HK-conferred
protection in mice under different experimental conditions.
First, 107 MTBVAC HK bacteria were inoculated intranasally
in naïve or in BCG-primed mice. One month later, mice were
challenged intranasally with a low dose (150 CFU) of the H37Rv
Mtb strain. After one month, mice were sacrificed and lung
bacterial load evaluated by plating in solid medium. Our data
showed that MTBVAC HK alone did not confer protection
compared to unvaccinated control. However, when combined
with subcutaneous BCG priming, protection was about one-log
higher than that provided by BCG only (Figure 1A), indicating
the need of a BCG prime to trigger a MTBVAC HK-induced
protective response.

We also evaluated protection induced by MTBVAC killed
with formalin, since this method of inactivation had been
shown in a previous study with other inactivated vaccines to
better preserve immunogenicity compared to heating (Cryz
et al., 1982). However, in this case, we did not find any
difference in efficacy between both MTBVAC inactivation
methods (Supplementary Figure S2). Since heat-inactivation
is easier to implement, we continued vaccine characterization
using this method of inactivation. MTBVAC HK induced
better protection only when given by intranasal route, but
did not improve BCG when administered subcutaneously
(Figure 1B). Ultimately, our data show that the MTBVAC
HK booster effect was dose-dependent, as we only observed
improved protection with a high dose of MTBVAC HK
(107), whereas no effect was obtained using 104 bacteria
(Figure 1C). We and others have previously reported the lack
of protection induced by BCG subcutaneous in the mouse
strain DBA/2 (Aguilo et al., 2016). Interestingly, MTBVAC
HK also induced protection in BCG-vaccinated DBA/2 mice,
suggesting that this vaccination approach could confer protective
efficacy in cases in which BCG is ineffective (Supplementary
Figure S3). Comparison of different independent lots of
MTBVAC HK provided a similar protective profile, superior
to BCG only, evidencing the reproducibility of our results
(Supplementary Figure S4).

Considering that BCG is primarily administered in the clinic
in newborn populations, we used a neonatal mouse model
in which BCG was inoculated at birth, and MTBVAC HK
given 8 weeks later, when the immune system has reached
a mature status. Protection by Mtb reduction in lungs was
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FIGURE 1 | Improved protection induced by intranasal MTBVAC HK as boost of subcutaneous BCG. (A–C) Groups of C57BL/6 adult mice where vaccinated with
BCG and MTBVAC HK 4 weeks apart (107 MTBVAC HK dose when not specified). After one month, mice were intranasally challenged with H37Rv and lung
bacterial load analyzed one month later. (D,E) Newborn mice were vaccinated with BCG and 8 weeks later boosted intranasally with 107 MTBVAC HK. Mice were
challenged with a low-dose (D) or a high-dose (E) H37Rv inoculation and lung CFUs or survival analyzed, respectively. (F,G) Antigen-specific IFNg and IL17A
production one month after MTBVAC HK vaccination, following PPD stimulation of cells from lungs (F) and spleen (G). (A–D, F,G) Data are shown as mean ± SEM
and are representative of at least two independent experiments. (n = 6 mice/group). *p < 0.05; **p < 0.001; ***p < 0.001; ****p < 0.0001 by one-way ANOVA and
Bonferroni post-test. (E) Data from one experiment (n = 10 mice/group) are represented in a Kaplan-Meier survival curve and statistical significance calculated by a
LogRank test. **p < 0.01.

significantly improved in the MTBVAC HK booster group
(Figure 1D), and comparable to the protection level observed
in adult mice immunized with BCG. We also evaluated vaccine
efficacy by survival as a readout in a high-dose, mouse challenge
model and found that intranasal MTBVAC HK boosting
substantially extended mouse survival in comparison to BCG sc
immunization (Figure 1E).

Although we did not investigate other administration routes,
our results suggest that the beneficial effect of MTBVAC

HK boosting specifically depends on its interaction with the
respiratory mucosal immune system. Therefore we analyzed
cellular responses in lungs as well as in spleen after ex vivo
stimulation with M. tuberculosis secreted antigens (Purified
protein derivative: PPD). Data revealed that MTBVAC HK
intranasal boosting enhanced antigen-specific IFNγ and IL17
induction in lungs (Figure 1F). In addition, spleen response
profiling also revealed a higher IFNγ and IL17 production at a
systemic level elicited by MTBVAC HK boosting (Figure 1G).
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FIGURE 2 | Intranasal MTBVAC HK induces mucosal immunoglobulins in respiratory airways. (A–C) Groups of C57BL/6 adult mice where vaccinated with BCG and
MTBVAC HK 4 weeks apart. One month later PPD- specific IgA, IgM, IgG in BAL samples. (D–F) One month after MTBVAC HK boosting, wild-type, IgA-/- and
pIgR-/- mice were intranasally challenged with H37Rv and lung bacterial load analyzed one month later. All data are mean ± SEM (A–C) Data are representative of
two independent experiments (n = 6 mice/group). (D–F) Data in the graphs represent a pool of two independent experiments (n = 12 mice/group). *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001 by one-way ANOVA and Bonferroni post-test.

Intranasal MTBVAC HK Induces
Protective Secretory Immunoglobulins
We have previously reported that respiratory, but not
subcutaneous live BCG, triggered IgA production in
respiratory airways (Aguilo et al., 2016). Thus, we next
assessed whether intranasal MTBVAC HK induced PPD-specific
immunoglobulins, including IgA, IgM and IgG subtypes, in
bronchoalveolar lavage (BAL) (Figures 2A–C). MTBVAC
HK booster vaccination triggered an increase of the three
types of antibodies compared to unvaccinated and BCG
only control groups.

To assess contribution of mucosal secretory immunoglobulins
(sIg) to MTBVAC HK-mediated protection, we tested vaccine-
conferred protective efficacy in mice deficient by genetic
knockout for IgA (igha-/-) or for the polymeric immunoglobulin
receptor (pIgR-/-). This latter molecule is a protein transporter
highly expressed in mucosal tissues, which binds to J chain
to actively translocate multimeric IgA or IgM across mucosal
epithelium, and therefore lack of pIgR leads to retention of
multimeric sIg in the mucosal lamina propria, preventing their

active transport over the mucosal barrier (Kaetzel et al., 1991).
Our results revealed a similar protection provided by intranasal
MTBVAC HK in igha-/- mice when compared to wild type
(Figures 2D,E) suggesting no specific protective role of IgA.
Conversely, MTBVAC HK-specific protection was completely
abrogated in the absence of pIgR (Figure 2F). Altogether, this
result would indicate a crucial contribution of sIg to protective
efficacy mediated by MTBVAC HK, suggesting a substantial
contribution of sIgM rather than sIgA. Remarkably, pIgR-/- mice
did not show less protection by BCG s.c, suggesting that sIg has
no role in systemic vaccine-induced protection.

Mucosal MTBVAC-HK Booster
Vaccination in NHP
MTBVAC-HK was further evaluated as a booster vaccine in
a non-human primate (NHP) vaccination and infection study
to address tolerability, immunogenicity and protective efficacy
in the primate host. Adult rhesus macaques (Macaca mulatta)
were vaccinated either with BCG only, or with BCG followed
by a MTBVAC-HK booster by pulmonary mucosal instillation
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FIGURE 3 | Intrabronchial MTBVAC HK boosting induces local and systemic tuberculosis-specific cellular responses in NHP. (A) A study design schematic shows
the time lines on a weekly basis relative to primary BCG vaccination and infectious challenge with M. tuberculosis, including booster immunization and biosampling
events. (B,C) PPD-specific IFNg responses in peripheral blood were measured by ELISPOT immediately prior to and 1 week after MTBVAC HK boosting, at week 16
and 17, respectively. Individual data points are consistently colored according to the Supplementary Table 1; fat horizontal lines indicate group medians. Also, flow
cytometry after intracellular cytokine staining was used to analyze IFNg responses. Dot plots of CD28 versus IFNg specific fluorescence signals of CD4 + T
lymphocytes from a representative BAL sample illustrate local IFNg production (D) in the absence and (E) in the presence of PPD recall stimulation in vitro.
Percentages per individual of PPD-induced IFNg-positive (F) CD4+ and (G) CD8+T lymphocytes from BAL are depicted.

16 weeks later (Figure 3A). One group was left untreated as non-
vaccinated controls. Twenty-five weeks after primary vaccination
all animals were challenged by endobronchial instillation of 50
colony forming units (CFU) of Mtb strain Erdman, with a follow-
up of 12 weeks until study endpoint and post-mortem evaluation
of infection and disease (Figure 3A). (See Supplementary Table 1
for an overview of animals per treatment group).

Within the limits of observation, animals tolerated mucosal
MTBVAC-HK boosting well; we did not observe any adverse

events. Measuring vaccine-induced responses by specific
interferon-gamma (IFNg) ELISPOT, using PBMC and antigenic
recall stimulation with PPD, MTBVAC-HK boosting induced
a transient elevation of the frequency of IFNg producing
cells in the periphery at week 17 (one week post MTBVAC
HK immunization) relative to the response induced by
BCG (p = 0.0997 by non-parametric Mann-Whitney testing;
Figures 3B,C). This increase was found to be transient since
MTBVAC HK-specific T cell response dropped sharply at week
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20 (Supplementary Figure S5A). Locally, and examining three
pre-assigned animals out of six of the MTBVAC-HK boosted
animals only (comparing week 13 versus week 20 post-BCG), we
registered a clear influx of cells into the lung lumen upon mucosal
MTBVAC-HK boosting and the induction of IFNg-positive
CD4+ and CD8+ T lymphocytes (Figures 3D–G).

Upon infectious challenge with Mtb, highest pathology scores
and lung bacterial counts were obtained in 3 non-vaccinated
control (nv.ctrl) animals (Figures 4A–D, and Supplementary
Figures S5B,C). However, there was an unexpected large spread
in pathological involvement, with three out of six unvaccinated
controls showing relatively mild disease levels (for which we
have no explanation at this point), which altered all the
statistical comparisons. Both BCG vaccinees and the MTBVAC-
HK boosted animals revealed lower pathology scores by group
median values (except for extrathoracic dissemination), but
without statistical significance (Figures 4A–C). Likewise, there
was no statistically significant vaccine effect by enumeration
of Mtb at necropsy from lung (Figure 4D) or hilar lymph
node and spleen (Supplementary Figures 4B,C, respectively).
Despite the lack of statistically significant improvement, by
various parameters there appears some positive trend by
group median scores of improved TB disease outcome after
MTBVAC-HK boosting relative to BCG alone: for total
pathology score (Figure 4A), body weight development, and
infection-associated anemia by hematological mean corpuscular
hemoglobin (MCH) and mean corpuscular volume (MCV)
development (Supplementary Figures S5D,F,G, respectively).

Most notably, MTBVAC-HK boosting significantly suppressed
the PPD-specific IFNg response up until 6 weeks after infection
(Figures 4E–H). Also, the Mtb-specific response against an
ESAT6-CFP10 fusion protein (covering antigens which are
absent from M. bovis-derived BCG vaccine) is significantly
suppressed up until 6 weeks post-infection by MTBVAC-HK
boosting (Figures 4I–K). While we have recently established the
correlation between lower anti-Mtb IFNg responses following
challenge and protective immunity against infection and disease
in a repeated limiting dose (RLD) infection model in rhesus
macaques (Dijkman et al., 2019), we consider that these
unprecedented, suppressed PPD and ESAT6-CFP10 specific
responses might reflect the protective effect of MTBVAC-HK
boosting in this NHP model under relatively high-dose challenge
condition. Most likely because of the relatively high challenge
dose of 50 CFU of Mtb, we anticipate that, from 6 weeks
post-infection onward, disease in these highly susceptible rhesus
macaques can no longer be controlled. As a consequence,
pathology scores and mycobacterial counts at endpoint may have
converged to a similar outcome leaving a trend of improvement
by MTBVAC-HK boosting only.

MTBVAC HK Vaccination Induces
Mucosal Immunoglobulins in Vaccinated
NHP
MTBVAC HK mucosal vaccination induced a strong cellular
response both systemically and locally. However, considering the
results obtained in mice we focused further analyses on systemic

and local antibodies. To this end, we used sera and BAL samples
from vaccinated monkeys obtained along the study time line
to characterize humoral immune responses. PPD-specific IgG,
IgM and IgA kinetics were monitored in serum samples from
MTBVAC HK group during vaccination phase (from week 0 to
week 20). Specific IgG showed a significant increase at week
20, which was particularly pronounced in 4 of the 6 animals,
indicating a correlation between PPD-specific IgG and MTBVAC
HK vaccination (Figure 5A). In the case of IgM, no significative
changes were observed at the timepoints analyzed, although a
slight transitory increase was observed in two animals at week 17,
one week after MTBVAC HK inoculation (Figure 5B). Finally, the
PPD-specific IgA profile showed a decrease that correlated with
the administration of MTBVAC HK (Figure 5C).

We obtained BAL samples of three monkeys from the
MTBVAC HK group at two different timepoints: at week 13
(before MTBVAC HK booster immunization), and at week
20 (4 weeks after MTBVAC HK administration). Our results
clearly indicate that mucosal vaccination with MTBVAC HK
induced a substantial increment of PPD-specific IgA, IgG, and
IgM in the three animals studied, similar to the observations
in mice. In addition, we also observed an increase in J chain
presence, suggesting the presence of multimeric secretory IgA
and IgM (Figures 5D–G).

Our data demonstrate the induction of PPD-specific
immunoglobulins by MTBVAC HK. However, PPD comprises
the secreted fraction of M. tuberculosis proteome. Thus, we next
aimed to elucidate whether MTBVAC HK-induced mucosal Ig
could bind to M. tuberculosis bacilli. To this end, we incubated
H37Rv bacteria with BAL fluid samples, followed by biotin-
conjugated secondary antibodies specific for human IgM, IgG
and IgA. A final incubation step with PE-bound streptavidin
allowed visualization of Ig binding by flow cytometry. Our data
show a positive shift of the fluorescence signal for either of
the three immunoglobulin families, IgA, IgM, and IgG, when
bacteria had been incubated with BAL fluid from MTBVAC
HK-vaccinated animals, indicating the presence of IgA, IgM, and
IgG, able to bind to Mtb directly. This binding was substantially
higher in the case of IgM, which would correlate with the
pentameric conformation of this immunoglobulin. While for
the BCG only-vaccinated animals, the binding was similar to
that measured in BAL samples from unvaccinated animals,
the highest signals were obtained after MTBVAC HK boosting
specifically (Figure 5H).

H37Rv Opsonization Following
Incubation With MTBVAC HK-Derived
BAL
Phagocytosis mediated by antibody-dependant opsonization
represents a major bactericidal mechanism triggered by
immunoglobulins. To evaluate opsonization in our study, we
added H37Rv to human monocyte cells THP1, after it had
been incubated with the different BAL samples. We used GFP-
expressing bacteria in order to monitor internalization by flow
cytometry. Our data demonstrate about a two-fold increase of
infected cells when H37Rv had been previously incubated with
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FIGURE 4 | TB disease measures and IFNg responses after infectious challenge. (A–C) Total arbitrary score of pathological involvement at endpoint and for lung and
extra-thoracic disseminated disease, respectively. (D) Post-mortem enumeration of bacterial burden in the lung. (E–H) PPD-specific and (I–K) ESAT6-CFP10 fusion
protein (E6C10) specific IFNg responses by specific ELISPOT analysis of PBMC, at indicated timepoints relative to primary vaccination or infectious challenge.
Individual data points are consistently colored according to the Supplementary Table 1; fat horizontal lines indicate group medians.

BAL fluid from MTBVAC HK-vaccinated monkeys compared to
control groups (Figure 6A). Opsonization has been associated
with an increase in the capacity of macrophages to restrict
bacteria into acidic compartments. To assess this, we analyzed
intracellular colocalization of H37Rv with lysotracker, a probe
that becomes fluorescent under acidic conditions. In the three
monkeys analyzed, our results showed an increased bacterial
colocalization following pre incubation of H37Rv with BAL from
week 20 compared to those from week 13 (Figure 6B).

Our results showed great ability of BAL IgM and IgG to
bind Mtb surface. Complement activation in respiratory airways
has been previously reported, and therefore, since IgM and
IgG is a very efficient complement activators, we evaluated
the role of C3b, one of the major opsonins released during
complement activation, for MTBVAC HK vaccination-induced
opsonization. We incubated H37Rv with the different BAL
samples and then we added a C3b-specific antibody to detect
binding of this protein to Mtb surface by flow cytometry. In
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FIGURE 5 | Intrabronchial MTBVAC HK induces mucosal immunoglobulins in respiratory airways from non-human primates. (A–C) PPD-specific IgG, IgM, and IgA
were measured in sera samples from the different individuals throughout the vaccination phase (until week 20). (D–G) PPD- specific IgA, IgM, IgG, as well as J chain
were analyzed in BAL samples harvested at week 13 (before MTBVAC HK) and week 20 (after MTBAVC HK) from three individuals from the MTBVAC HK group.
Data in the graphs show values for each individual (H) Direct binding of IgA, IgM, and IgG to Mtb surface. H37Rv bacteria were incubated with BAL samples and
immunoglobulin binding measured by flow cytometry using specific secondary antibodies. Representative overlay histograms are shown. Black line: unvaccinated;
Red line: BCG vaccinated; Blue line: BCG/MTBVAC HK vaccinated. Data in the graphs show the mean fluorescence intensity (MFI) obtained with each BAL
compared to the measured when bacteria are incubated with PBS. (A–G) Data show individual from one experiment. (F) Data are shown as mean ± SEM and are
representative of two independent experiments. (A–C, H) *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by one-way ANOVA and Bonferroni post-test. (A–C)
Comparisons of the different timepoints with week 20 are shown. (D–G) *p < 0.05; **p < 0.01 by paired t-student test.

line with what was observed for the different immunoglobulin
subtypes previously, we detected a higher fluorescence peak of
C3b binding with the BAL from week 20 compared to week
13 (Figure 6C). Interestingly, preincubation of week 20 BAL
from two different individuals with anti-C3b partially prevented

Mtb phagocytosis, suggesting a functional role of this opsonin
in enhanced uptake (Figure 6D). These results do not rule
out that other opsonins released during complement activation
play a role in the enhanced uptake of Mtb after MTBVAC HK
booster vaccination.
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FIGURE 6 | Mucosal immunoglobulins induced by MTBVAC HK opsonize Mtb in vitro. GFP-expressing H37Rv coated with BAL samples were added to THP-1
human monocytes. (A) Percentage of infected cells was determined by flow cytometry 4 h post-infection. Representative dot-plots from one individual are shown in
the left panel. Data in the graph is represented as the fold-change of the percentage obtained with the BAL from BCG-only or BCG/MTBVAC HK compared with the
BAL from unvaccinated NHP. (B) Representative images of infected cells stained with lysotracker and Hoechst reagents. Data in the graph show colocalization
values for each individual from MTBVAC HK group comparing colocalization obtained with BAL from week 13 and 20. (C) C3b binding to H37Rv surface was
analyzed by flow cytometry using an antibody against C3b. A representative overlay histogram is shown. Black line: unvaccinated; Red line: BCG vaccinated; Blue

(Continued)
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FIGURE 6 | Continued
line: BCG/MTBVAC HK vaccinated. Data in the graph show the MFI fold-change obtained following incubation with BAL from week 13 and 20 compared to the
measured with the value when bacteria are incubated with PBS. (D) THP1 cells were infected with H37Rv previously incubated with BAL from week 20 in the
presence or absence of a neutralizing antibody antiC3b. (E) Fold-change comparison of infected- THP1 cells at 48 h versus 0 h for each experimental condition.
(A,E) Data in the graphs are mean ± SEM from a pool of three independent experiments. **p < 0.01; ****p < 0.0001 by one-way ANOVA and Bonferroni post-test.
(B) Data show mean values of at least six images for each experimental condition from one experiment. (C) Data show individual from one experiment. (B,C)
*p < 0.05 by paired t-student test. (D) Data in the graphs are mean ± SEM from a pool of two independent experiments. *p < 0.05 by two-way ANOVA and Sidak’s
multiple comparison test.

Finally, we analyzed the capacity of internalized bacteria to
spread from cell to cell. Our data indicate that percentage of
infected cells at 48 h of infection was about 2.5-fold higher when
compared to initial infection rate in cases where H37Rv had been
incubated with control BAL fluid (unvaccinated or BCG only),
whereas this ratio dropped to 1.5 with the BAL from MTBVAC
HK boosted animals (Figure 6E). This result suggests that the
ability of Mtb to spread to bystander cells was impaired when
bacteria were opsonized.

DISCUSSION

During the last years there is rising interest to elucidate the
role of immunoglobulins in tuberculosis infection. Different
studies using animal models have shown that pulmonary
delivery of monoclonal antibodies targeting certain Mtb surface
proteins leads to a reduction of bacterial load following
challenge (Achkar and Casadevall, 2013). In addition, results
from clinical vaccine trials suggest a correlation between
Mtb-specific IgG in sera and lower risk of TB disease
(Fletcher et al., 2016). An elegant study recently demonstrated
differences in glycosylation of immunoglobulin Fc fractions
between latent and active TB individuals, and the importance
of these signatures for antibody interaction with different
cellular subsets, suggesting a role of antibodies in natural
prevention of TB reactivation (Lu et al., 2016). Altogether,
these studies provide substantial support for the potential
contribution of antibodies to natural or vaccine-induced
protection against tuberculosis.

Nevertheless, there is a poor understanding about the
processes that drive to generation of protective antibodies
during tuberculosis infection, and vaccine strategies that
specifically exploit humoral responses are underrepresented
in the tuberculosis vaccine pipeline. In the present work,
we identify a novel vaccine approach that induces mucosal
protective antibodies in the lungs. We describe in mice how
a single intranasal immunization with a inactivated whole-cell
M. tuberculosis vaccine triggers lung protective immunity when
given as boost over previously BCG immunized animals. Data
from NHP studies also showed a tendency in the MTBVAC
HK-immunized group to improve protection in certain disease-
associated parameters, even though differences were not
statistically significant. Remarkably, results in NHP showing
MTBVAC HK-induced inhibition of PPD- and ESAT6/CFP10-
specific responses following Mtb challenge suggest a protective
role of MTBVAC HK in this animal model. However,
high dose challenge experimental conditions used in this

study may be obscuring the full protective potential of
MTBVAC HK boosting.

We show that mucosal administration of MTBVAC HK
induces strong cellular and humoral responses at both systemic
and local lung level, which correlates with an improved
protection compared to animals immunized only with BCG
by parenteral route. Our data evidence the importance of
the mucosal route of administration to trigger mucosal
immunoglobulins in the lungs. In this regard, we demonstrate
that intradermal BCG, the current vaccine regimen used in the
clinic, does not generate antibodies in the lung lumen, which is in
agreement with our previous observations (Aguilo et al., 2016).

Remarkably, MTBVAC HK fails to protect in the absence of
pIgR, a transporter protein that mediates release of secretory
Ig (sIg) to respiratory airways, suggesting a crucial role of
mucosal antibodies in the protective mechanism triggered by
this vaccination strategy. sIg comprise polymeric IgA (dimer)
or IgM (pentamer) molecules, covalently linked to J chain, and
the secretory component (SC), which corresponds to a pIgR
extracellular domain that is cleaved following translocation.
This complex conformation provides more stability to the
immunoglobulin, making it less susceptible to proteolytic
digestion and more mucophilic (Rojas and Apodaca, 2002).
Our results in mice suggest no contribution of IgGs to
MTBVAC HK-mediated protection, despite their presence in
BAL following immunization. Monomeric immunoglobulins
have lower capacity to neutralize pathogens in mucosal tissues
compared to polymeric conformations (Renegar et al., 1998). In
this regard, our results suggest a strong capacity of sIgA and sIgM
to impair M. tuberculosis infection.

Even though our data do not demonstrate greater
susceptibility of IgA-/- and pIgR-/- mice to Mtb infection
per se and therefore, no apparent role of sIg in natural TB
protection, the scenario changes when Mtb-specific sIg are
present in the respiratory airways prior to pathogen encounter.
Our in vitro functional assays using BAL fluid samples from
MTBVAC HK-vaccinated NHP indicate the capacity of vaccine-
induced sIg to bind directly to Mtb surface and to modulate
pathogen interaction with macrophages. Mtb incubation with
BAL from MTBVAC HK-immunized monkeys led to an increase
of the phagocytosis rate, a higher colocalization of intracellular
Mtb with acidic compartment tracer, and an impaired capacity
of bacteria to spread from cell to cell. Thus, our data suggest
antibody-mediated opsonization as a plausible protective
mechanism of MTBVAC HK vaccination.

Our results indicate similar MTBVAC HK-induced
protection in IgA-/- mice (where IgM is the only secretory
immunoglobulin available) compared to wild-type animals,
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suggesting a primordial role of sIgM in vaccine-induced
protective efficacy. However, our results are not sufficient to
determine that IgA have not contribution to vaccine-induced
protective response. A good approach to elucidate this point
could be the use of a mouse strain unable to produce secretory
IgM. This experiment should be performed in the future
to clarify this question. Unlike IgG and IgA, it is not well
defined up-to-date which receptor for IgM could drive IgM-
specific opsonization. However, IgM, including secretory IgM
(Michaelsen et al., 2017), is a strong complement activator, and
IgM-dependent opsonization by complement-derived opsonins
is well reported (Guidry et al., 1993). In addition, our results
also revealed an important binding of IgG to Mtb surface.
Since IgG is a strong complement activator, these antibodies
might also play a role in the bacterial opsonization events
described in this study. One of the major opsonins activated
during this process is C3b, released as a consequence of the
C3 proteolization by the enzyme C3-convertase. C3b presents
strong avidity of binding to bacterial surfaces directly, and it
mediates opsonization following recognition by CD35, a surface
receptor on macrophages, including the THP1 cells used in the
present study (Baqui et al., 1999). Our results suggest that, at least
partially, C3b generated following MTBVAC HK vaccination
has a role in Mtb opsonization. Although complement proteins
are mostly generated in the liver, lungs can be a local source of
complement proteins. In particular, alveolar epithelial cells, as
well as alveolar macrophages can secrete complement proteins
(Strunk et al., 1988; Huber-Lang et al., 2002).

Despite the lower immunogenicity and poorer protective
efficacy conferred by inactivated whole-cell tuberculosis vaccines
in comparison to their live counterparts, there is an interest
in the development of this type of vaccination strategies. As
inactivation is associated with an improved safety profile, such
vaccines are considered in particular for target populations to
which live vaccines might be harmful, such as immunosuppressed
individuals. Limited immunogenicity of inactivated vaccines is
usually overcome by other strategies, such as the formulation
of inactivated vaccines with adjuvants (Haile et al., 2004) or
repeated administration by multiple immunizations (Opie and
Freund, 1937; Von Reyn et al., 2017). In the case of intranasal
MTBVAC HK, our data indicate that it is not protective by itself,
but it needs of a previous BCG prime to trigger a response in
the lungs and confer protection. Even though we have not fully
studied the mechanisms behind this result, it could be interesting
to address the cross-talk between mucosal and systemic immune
compartments in the future. For now, we speculate that the
mucosal delivery of MTBVAC HK might be pulling the systemic
cellular response elicited by subcutaneous BCG toward the
lungs. Secondary targeting of the lung compartment with
inactivated bacilli, would be a relatively safe way of boosting the
cellular response and inducing specific antibodies locally against
whole-cell bacteria.

Our results do not clarify whether the present vaccination
approach is effective only when we use an M. tuberculosis-
based vaccine as MTBVAC, or whether it can be translated to
other whole-cell vaccines like inactivated BCG. In this regard,
a previous study reported no additional protection in the lungs

conferred by intranasal heat-killed BCG given as booster of
subcutaneous live BCG immunization (Haile et al., 2005). This
failure of boosting with inactivated BCG could highlight the
importance of the differential antigens expressed by MTBVAC
relative to BCG (Marinova et al., 2017), which are shared with
the M. tuberculosis pathogen. Indeed, contribution of differential
antigens to MTBVAC-conferred protection has been previously
reported in the case of live MTBVAC (Aguilo et al., 2017).
Nevertheless, comparison between inactivated MTBVAC and
BCG should be done head-to-head in order to confirm this
difference under the same experimental conditions.

The results from the present study indicate that a plausible
mechanism of protection of mucosal MTBVAC HK is mediated
by the generation of specific antibodies in the respiratory
airways, with capacity to opsonize live Mtb bacteria. We do
not discard that another inflammatory events mediated by the
vaccine as production of certain cytokines could also contribute
to protection. To our knowledge, this is the first tuberculosis
vaccine approach based on whole-cell bacteria that targets to elicit
protective mucosal antibodies.

MATERIALS AND METHODS

Bacteria
BCG Danish (Statens Serum Institute) and H37Rv (Institut
Pasteur Paris) strains were grown at 37◦C in Middlebrook
7H9 broth (Difco) supplemented with ADC 10% (Difco) and
0.05% (v/v) Tween-80 (Sigma), or on solid Middlebrook 7H11
(Difco) supplemented with ADC 10%. Bacterial suspensions for
vaccination or infection were prepared in PBS from glycerol
stocks previously quantified by plating serial dilutions. MTBVAC
HK vaccines were prepared by heating a log-phase MTBVAC
culture at 100◦C during 30 min. In the case of formalin
inactivation, MTBVAC culture was incubated with 0.5% (vol/vol)
formalin during 48 h. Culture viability was checked for each
vaccine lot. Bacterial density was determined by plating prior to
heat treatment, and was used to calculate MTBVAC HK dose for
in vivo studies.

Cell Lines
THP-1 cells were purchased to European Collection of Cell
Cultures (ECACC) (Lot Number 10/016). All the experiments
were done using cells with less than five passages from its
thawing. Mycoplasma absence in the cultured cells was confirmed
after finalizing the experiments using the MycoAlert PLUS
Mycoplasma Detection Kit (Lonza).

Animal Studies Approval
Mouse studies were conducted in agreement with European and
national directives for protection of experimental animals and
with approval from the Ethics Committee from University of
Zaragoza (approved protocols PI14/14, PI50/14, and PI33/15).

Ethical approval for NHP study was obtained from the
Dutch authorities prior to start, under dossier registration
number DEC726subB.
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Mouse Study
All mice were kept under controlled conditions and observed for
any sign of disease.

Protective Efficacy
Female, 8–10 weeks-old C57BL/6 (Janvier Biolabs), pIgR-/- (a
kind gift from Gerard Eberl, Institut Pasteur Paris), IgA-/-
(MMRRC repository), or DBA/2J (Janvier Biolabs) mice were
vaccinated subcutaneously with 5 × 105 CFU BCG vaccine in
100 µl PBS. Four weeks post-vaccination, mice were intranasally
vaccinated with 107 MTBVAC HK bacteria in 40 µl of PBS. Four
weeks later, mice were challenged intranasally with 150 CFUs
H37Rv. Bacterial burden was assessed four weeks post-challenge
by plating homogenized lungs and spleen on solid medium.
A group of infected mice was sacrificed 1 day after challenge
in order to determine the initial bacterial load in lungs, which
resulted in approximately 20 CFU in all experiments. In the
experiments involving newborn animals, mice were vaccinated
subcutaneously with 2.5 × 105 BCG CFU in 50 µl PBS in
the first three days after birth. Unvaccinated controls were
inoculated with 50 µl of PBS. 107 MTBVAC HK was administered
intranasally eight weeks later (or 104 when indicated). Four weeks
later, mice were challenged with 150 CFUs of H37Rv for bacterial
burden determination, or 104 CFUs for survival evaluation. In
this latter case, disease-associated symptoms (including weight,
aspect and individual/social behavior) were monitored weekly,
and mice were humanely euthanized according to pre-established
endpoint criteria.

Immunogenicity
Four weeks after MTBVAC HK vaccination, mice were
euthanized and splenocytes and lung cells collected. 106 cells per
experimental timepoint were stimulated with Purified Protein
Derivative (PPD) (Statens Serum Institute, SSI) 5 µg/ml during
48 h for supernatants collection and cytokine detection by ELISA.
IL17A or IFNγ concentrations were determined with specific
ELISA commercial kits (MabTECH). For bronchoalveolar lavage
(BAL) collection, trachea was cannulated and BAL was performed
with 0.8 ml of ice-cold PBS. Supernatant was separated from
cells by centrifugation and frozen at −80◦C for further protein
detection analysis. For antibodies or J chain determination in
BAL, maxisorp ELISA plates (NUNC) were coated with 10 µg/ml
of PPD and incubated overnight at 4◦C. After a washing step
with PBS-Tween20 0.05% (v/v) buffer, plate was blocked with
Bovine Serum Albumin 1% (w/v) in washing buffer for 1 h at
37◦C. Then, plates were incubated with 100 µl of BAL during
90 min at 37◦C. Following washing, plates were incubated for 1 h
at 37◦C with the corresponding anti IgA, IgG, or IgM antibodies
conjugated with Horseradish Peroxidase (HRP) (Sigma Aldrich)
at a 1:10000 dilution. Finally, enzyme-substrate reaction was
developed using 3,3′,5,5′-Tetramethylbenzidine (TMB) (Sigma
Aldrich) as substrate, and reaction was stopped with H2SO4 0.1N.

NHP Study
Bacteria, Vaccination and Infectious Challenge
For primary vaccination of NHPs, clinical grade BCG
Danish 1331 (SSI, Copenhagen, Denmark) was reconstituted

according to manufacturer’s protocol and applied at a single,
standard human dose (of 5 × 105 CFU on average) by
intradermal injection.

Inactivated MTBVAC-HK booster vaccination in NHP was
established by endobronchial instillation of 1.95 × 108 CFU-
equivalent/10 mL/dose, targeting the lower left lung lobe. To
this end, one mL of MTBVAC-HK suspension (provided by
Biofabri) was added to 9 mL of sterile, isotonic saline solution
(Eurovet Animal Health B.V., Bladel, Netherlands) immediately
prior to administration.

M. tuberculosis (Mtb) strain Erdman K01 was prepared at
50 colony forming units (CFU) per 3 mL sterile, isotonic saline
per dose, for infectious challenge of NHPs by endobronchial
instillation targeting the lower left lung lobe. NHPs were
challenged in random order in a single session within 3 h from
the preparation of the inoculum, using a pool of 3 vials of Mtb
Erdman from−80◦C frozen stock.

Study Design, Handling and Sampling
Purpose-bred, adult, healthy, Indian-genotype rhesus macaques
(Macaca mulatta) were selected from BPRC’s breeding colonies
and stratified into treatment groups. Males and females were
represented at a 2:1 ratio per group (unless indicated otherwise;
see Supplementary Table 1). Animals, per gender, were socially
housed throughout the experiment in BPRC’s experimental
animal facilities at biosafety level three. Enrichment was provided
in the form of food and non-food items and welfare was
monitored by daily observation.

A schematic diagram of the study design is provided
in Figure 3A. After a brief period of acclimatization and
baseline measurements, animals were primed with BCG –
or left untreated as non-vaccinated controls – and BCG
vaccinees were either or not boosted with MTBVAC-HK
16 weeks later. Another 9 weeks later – that is 25 weeks
post-priming – all animals received an infectious challenge
with 50 CFU of Mtb Erdman into the lower left lung
lobe. Twelve weeks post-infection, animals were sedated
and euthanized by intravenous pentobarbital injection, and
subsequently submitted to full post-mortem evaluation and
assessment of pathological and bacteriological parameters of
infection and disease. Two animals of the non-vaccinated
control group reached a premature, humane endpoint due to
acute progressive disease development and were euthanized for
full post-mortem evaluation 6 and 11 weeks post-infection,
respectively (see Supplementary Table 1).

All animal handling was performed under ketamine sedation
(10 mg/kg, by intra-muscular injection). For pulmonary
endoscopic installation and additional relaxation, intramuscular
ketamine (5 mg/kg) was supplemented with medetomidine
(0.04 mg/kg) and an analgesic was sprayed into the larynx.

Peripheral blood was sampled by venepuncture at various time
points, as indicated in the Results section. For immunological
assays, peripheral blood mononuclear cells (PBMC) were
isolated from heparinized blood by standard Ficoll R©-based
gradient centrifugation using LymphoprepTM (Axis-Shield,
United Kingdom). Serum tubes were spun for 10 min at 1000 g
to harvest and store cell-free serum at −80◦C for further
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analysis at later time point. Serum samples were filter-sterilized
using 0.2 µm PVDF-membrane plates (Fisher Scientific) before
immune response analysis.

Standard hematological parameters were measured in fresh
EDTA blood on a Sysmex2000i system (Siemens). Standard
clinical chemistry values were determined in fresh serum samples
on a CobasTM Intregra 400+ platform (Roche Diagnostics).

Bronchoalveolar lavage (BAL) was collected by three times
consecutive instillation-and-harvesting of 20 mL prewarmed,
sterile 0.9% saline, targeting the lower left lung lobe with an
endoscope. BAL was collected 3 weeks before and 4 weeks after
MTBVAC-HK boosting from N = 3 pre-assigned animals of
the MTBVAC-HK booster group, and 3 weeks before boosting
also from N = 3 pre-assigned animals of the non-vaccinated
controls (see also Supplementary Table 1 and Figure 3A). After
passage over a 100 µm filter and centrifugation for 10 min at
400 g, supernatant was decanted and stored as BAL fluid at
−80◦C pending further analysis. BAL cell pellet was resuspended
in fetal calf serum-, glutamax- and penicillin/streptomycin-
supplemented RPMI culture medium for immediate use in
immune assays. BAL fluid samples were filter-sterilized using
0.2 µm PVDF-membrane plates (Fisher Scientific) before
immune response analysis.

NHP Post-mortem Evaluation
At study endpoint, gross pathology was arbitrarily scored
utilizing a predefined algorithm, adapted from Lin et al. (2009).
Lung lobes were slabbed into approximately 0.5 cm slices for
ample inspection and lesions were scored by size, frequency
and appearance. Extrathoracic organs (typically spleen, liver and
kidneys) were scored similarly, and lymph node involvement was
graded by size and appearance.

After gross pathological examination, lung lobes were minced
and spleen and lung-draining lymph nodes were passed over a
100 µm cell strainer (Greiner Bio One International), prior to
further homogenization using GentleMACS M tubes (Miltenyi
Biotec). Homogenates were frozen stored at -80◦C and later
thawed and serially diluted onto Middlebrook 7H10 plates for
enumeration of bacterial tissue burden.

NHP Immune Analyses
Immunogenicity of vaccination was measured by a lymphocyte
stimulation test using a specific NHP IFNg ELISPOT kit (U-
CyTech) for the readout of the frequency of IFNg producing
cells. In brief, 2 × 105 PBMC in supplemented RPMI culture
medium were incubated in triplicate in microtiter flat-bottom
plates for 24 h at 37◦C and 5% CO2, either or not in the presence
of specific antigen. Mtb-derived protein purified derivative (PPD,
Statens Serum Institute, Denmark) or Mtb-specific, recombinant
ESAT6-CFP10 fusion protein (E6C10, for short; a gift from
K. Franken, LUMC, Leiden) were used for in vitro recall
stimulation as indicated, both at a final concentration of
5 µg/mL. After overnight incubation cells were transferred to
specific anti-IFNg-coated filter plates (PVDF, Millipore) for an
additional overnight incubation. Spots were developed using
tetra-methylbenzidine substrate (MAbTech) and quantified on
an AELVIS automated reader.

Flow cytometry was used to measure intracellular IFNg
cytokine levels in CD4+ and CD8+ T lymphocytes from BAL.
In brief, BAL cells (at least 1 × 106 cells) were either or not
stimulated with PPD at a final concentration of 5 µg/mL in
supplemented RPMI for 3 h in the presence of costimulatory
antibodies against CD28 (PE-Cy7 conjugated) and CD49d.
Subsequently, Golgiplug (BD Biosciences) was added and cells
were incubated for another 15 h at 37◦C and 5% CO2. Cells were
then stained by standard procedures using Cytofix/Cytoperm and
PermWash buffer (all from BD Bioscience), using the following
antibody conjugates: anti-CD20-V450, anti-CD3-V500, anti-
CD4-PerCP-Cy5.5, anti-CD8a-APC-Cy7, and anti-IFNg-AF700.
T lymphocytes were gated as singlets, CD20-negative, CD3-
positive cells. Within this population CD4+ and CD8+ cells were
interogated for cytokine production (Supplementary Figure S6).
Cells were measured in a LSR-II flowcytometer (BD Biosciences);
data were analyzed using FlowJo software.

PPD-specific IgA, IgM and IgG in sera and BAL samples, as
well as J chain in BAL, were determined following a protocol
similar to the one described above for mice. For J chain
determination, plates were incubated with a primary monoclonal
antibody anti J chain (Santa Cruz Biotechnology, sc-271967)
at a 1:1000 dilution, followed by incubation with secondary
anti mouse IgG. Serum samples were diluted 1:500 in all cases,
whereas BAL fluid was used undiluted. Anti human IgA, IgG or
IgM antibodies were all conjugated with HRP (Sigma Aldrich)
and diluted 1:10000. Primary anti J chain antibody was the same
as described above for mice.

Functional Studies With BAL Samples
To evaluate direct Ig binding to Mtb, 107 GFP-expressing H37Rv
in 50 µl of PBS were added to 50 µl of BAL (or PBS as
control) and incubated for 1 h at room temperature. Then,
anti human IgA, IgG or IgM antibodies, all biotin-conjugated
(Mabtech), were added in 50 µl at a final dilution of 1:200
(30 min at room temperature). Finally, streptavidin conjugated
with APC (Miltenyi Biotech) was added in 50 µl at a final
dilution of 1 µg/ml (30 min at room temperature). Bacteria were
fixed adding 300 additional µl of paraformaldehyde (PFA) (final
concentration 4%) and acquired with a flow cytometry Gallios
(Beckman Coulter). Use of GFP-expressing H37Rv allowed
discerning bacteria from BAL-derived debris. To assess C3b
binding, we used an anti C3b as primary antibody (Millipore,
clone 3E7) diluted at 1:25. Biotin-conjugated anti mouse IgG
(Bethyl), diluted 1:200, and APC-conjugated streptavidin were
used to detect fluorescence by flow cytometry.

THP-1 cells (Sigma-Aldrich) were cultured at 37◦C and 5%
CO2 in DMEM medium (Invitrogen) supplemented with 10%
inactivated foetal bovine serum (Biological industries) and 2 mM
glutamine (Biological industries). 5 × 105 cells were seeded in
24-plate wells and incubated overnight with PMA 10 ng/ml.
GFP-expressing H37Rv were incubated with the different BAL
samples (or PBS as control) as described above. When indicated,
anti C3b at 300 µg/ml was added to BAL suspensions. Then,
bacterial suspensions were prepared in DMEM complete medium
and put in contact with cells for 4 h at a MOI or five bacteria
per cell. Cells were washed three times with PBS and detached
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with trypsin to evaluate internalization by flow cytometry. In
some of the experiments, fresh media was added and GFP-
positive cells analyzed 48 h later. To assess bacterial colocalization
with acid compartments, cells seeded over microscopy slides
were incubated with 1 µM lysotracker red (Invitrogen). Then,
they were fixed with PFA and nuclei stained with Hoechst
33342 10 µg/ml. Images were acquired with an Olympus FV10-
i confocal microscopy. Colocalization was quantified using
FV10-ASW 3.0 software (Olympus), and was calculated as the
proportion of pixels that were both green and red compared
to those that were green. Percentage of colocalization was
determined analysing at least six images randomly taken for each
experimental condition.

Statistical Analysis
Results from this study were not blinded for analysis. No
randomization specific methodology was applied to this study.
No statistical method was used to calculate sample size in animal
experiments. GraphPad Prism six software was used for statistical
analysis. Statistical tests used for each experiment are indicated
in the figure legends. All statistical tests were two-tailed. Outlier
values were determined applying the Grubb’s test to all data sets,
and were discarded from the final statistical analysis. Differences
were considered significant at p < 0.05.
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Pulmonary tuberculosis (TB) is a difficult-to-eliminate disease. Although the Bacille

Calmette–Guérin (BCG) vaccine against Mycobacterium tuberculosis (MTB) has been

available for decades, its efficacy is variable and has lessened over time. Furthermore,

the BCG vaccine no longer protects against newly emerged Beijing strains which are

responsible for many current infections in adults. Development of a novel vaccine is

urgently needed. In this study, we first tested the efficacy of our recombinant BCG

vaccines rBCG1 and rBCG2, compared to parental BCG, against MTB strain H37Ra

in mice. Both the bacterial load and the level of lymphocyte infiltration decreased

dramatically in the three groups treated with vaccine, especially rBCG1 and rBCG2.

Furthermore, the Th1 and Th17 responses increased and macrophage numbers rose in

the vaccination groups. Th1-mediated production of cytokines TNF-α, IFN-γ, and MCP-1

as well as M1-polarized cells all increased in lung tissue of the rBCG1 and rBCG2 groups.

Clodronate-induced depletion of macrophages reduced the level of protection. Based

on these results, we conclude that rBCG vaccines induce a significant increase in the

number of M1 macrophages, which augments their potential as TB vaccine candidates.

Keywords: recombinant Bacille Calmette–Guérin, Mycobacterium tuberculosis, innate immunity, macrophage,

vaccine

INTRODUCTION

Tuberculosis is a difficult-to-treat disease that causes millions of deaths worldwide (1, 2). The
disease is a major public health problem in many countries, consuming considerable societal
and financial resources. The bacille Calmette–Guérin (BCG) vaccine, created in 1921, is the
only licensed vaccine against Mycobacterium tuberculosis (MTB) (3). When administered during
childhood, the vaccine provides∼10–15 years of protection, but this immunity wanes in adulthood
(4). However, the protective efficacy of the BCG vaccine varies widely, from 0 to 88% (5–7).
Based on this epidemiological evidence, BCG appears to lose its protective effect over time
(4–7). Although most studies did not find any association, a study that subdivided Beijing
MTB strains into typical and atypical lineages found typical Beijing strains to be more frequent
among BCG-vaccinated persons compared to non-vaccinated persons (8), suggesting that BCG
vaccination is less protective against typical Beijing strains, which has also been reported in animal
models (9, 10). For these reasons, development of a novel, effective vaccine is urgently needed.
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Antigen 85B (Ag85B) and culture filtrate protein 10 (CFP-
10) are two candidates for effective MTB vaccine development.
Ag85B, part of the Ag85 complex with antigens B and C,
functions as a mycolyl transferase in MTB cell wall assembly
(11). This major protective protein is recognized by T cells and
is a strong MTB antigen (12, 13). Ag85B binds fibronectin,
which then stimulates human monocytes to produce TNF-α
(14). Overexpression of Ag85B reduces bacterial load (15) and
protects mice against MTB infection (16). Recently, Prendergast
et al. showed that Ag85B-deficient BCG had reduced capacity
to infect macrophages, whereas an Ag85B-overexpressing BCG
strain had improved uptake by macrophages (17). CFP-10, a
secreted protein encoded by the RD-1 region of MTB, combines
with the 6-kDa early secreted antigen target 6 (ESAT-6) protein
to form a heterodimer (18). Loss of both Ag85B and CFP-10
has been associated with attenuated MTB infection (19, 20).
Therefore, these targets have been used as trial vaccine candidates
for years. However, some studies show that Ag85B and CFP-10
do not provide adequate protection (17) or do not have enough
long-term data to support their efficacy (21, 22).

Recombinant BCG vaccines can be engineered to express
immunodominant antigens such as Ag85 complex (Ag85A-
C) and ESAT-6. Notably, CD8+ T cells recognizing CFP-
10 are elicited following MTB infection in humans (23–26).
Therefore, our strategy is to combine Ag85B and CFP-10 into
a fusion protein that is expressed in BCG hosts. Human IL-12
provides a robust immune response to such fusion proteins and
could enhance vaccine efficacy. Recently, our recombinant BCG
vaccines rBCG1 and rBCG2 demonstrated higher stimulation
of IFN-γ secretion compared to parental BCG vaccine (27).
rBCG1 is BCG containing a fusion protein of Ag85B and CFP-
10, whereas rBCG2 is BCG containing the same fusion protein
plus human IL-12 (27). Prior to the present study, we had not
tested the protective efficacy of these two recombinant vaccines
in an animal infection model. In order to establish the efficacy
of our rBCG vaccines in mice, we tested them against MTB
strain H37Ra administered intravenously and compared their
effects to that of the parental BCG vaccine; in this trial, the mice
were given two vaccinations 2 weeks apart and then challenged
with H37Ra 2 weeks later. This study was designed to evaluate
rBCG1 and rBCG2 efficacy and long-term protection against
MTB compared to the parental BCG vaccine. The study included
characterization of immune cell responses, including cytokine-
release profiles.

MATERIALS AND METHODS

Bacterial Strains and Cultures
Parental BCG is Mycobacterium bovis BCG (Tokyo172) and
was used to construct the recombinant BCG strains rBCG1
and rBCG2 in a previous study (27). Briefly, rBCG1 was
constructed using MTB antigens Ag85B and CFP-10 in an M.
bovis BCG Tokyo 172 strain, and rBCG2 was constructed using
MTB antigens Ag85B and CFP-10 plus human IL-12 also in
M. bovis BCG Tokyo 172. rBCG1 and rBCG2 were compared
to M. tuberculosis strain H37Ra. H37Ra and BCG (Tokyo
172) were maintained on Middlebrook 7H9 medium (Difco

Laboratories, Detroit, MI, USA) and supplemented with 0.5%
glycerol, 0.05% Tween 80, and 10% albumin- dextrose-catalase
or on solid Middlebrook 7H11 medium (Difco Laboratories)
supplemented with oleic acid-albumin-dextrose-catalase. rBCG1
and rBCG2 were maintained on the media described above with
25 µg/ml kanamycin.

Mice and Immunization
Female C57BL/6 and SCID mice aged 6–8 weeks were purchased
from the National Laboratory Animal Center (Taipei, Taiwan).
All mice were kept in individually ventilated cage environments
at the Animal Center of the National Health Research Institutes
(Maoli, Taiwan). The temperature was maintained at 20–24◦C
with a relative humidity of 40–70% and a 12-h light/dark cycle.
Animal experiments were reviewed and approved by the National
Health Research Institutes Institutional Animal Care and
Use Committee (NHRI-IACUC). We conducted experiments
according to guidelines set out by the Association for Assessment
and Accreditation of Laboratory Animal Care International
(AAALAC). Mice were given a two-dose vaccination of parental
BCG, rBCG1, or rBCG2 (5 × 105 colony forming units
[CFUs] per mouse) subcutaneously at weeks 0 and 2. Mice
were then challenged with 106 CFU of H37Ra per mouse at
week 4 by intravenous injection. For macrophage depletion,
mice were given a two-dose vaccination of parental BCG,
rBCG1, or rBCG2 (5 × 105 CFU per mouse) subcutaneously
at weeks 0 and 2, and they received one drop of encapsome R©

(control) or clodrosome R© (Encapsula Nano Sciences, TN, USA)
intratracheally weekly for 8 weeks. For the biosafety assay,
C57BL/6 and SCID mice aged 6–8 weeks were given a two-dose
vaccination of parental BCG, rBCG1, or rBCG2 (5 × 105 CFU
per mouse) subcutaneously at weeks 0 and 2, and then challenged
with H37Ra at week 4. The mice were closely monitored and
their body weights were measured every week until week 40 (or a
humane endpoint).

Multiple Cytokine Testing
After sacrifice, blood was collected and plasma was stored at
−20◦C until use. Murine inflammatory cytokine testing was
performed using a multiple mouse cytometric bead array (CBA)
mouse inflammation kit (BD Biosciences, San Jose, CA, USA).

Immunohistochemical Staining (IHC) and
Pathologic Score
Samples of lung tissue were fixed in formalin and embedded
in paraffin using routine methods, and the sections were then
stained with hematoxylin and eosin (H&E). Tissue processing
was performed by the core pathology facility at the National
Health Research Institutes (Maoli, Taiwan). Histopathologic
parameters (i.e., peribronchiolitis, perivasculitis, alveolitis, and
granuloma formation) were each semi-quantitatively scored as
absent, minimal, slight, moderate, marked, or strong using
numerical scores of 0, 1, 2, 3, 4, and 5, respectively (28). Lesion
frequency and severity were incorporated into these scores.
For each time point, lung tissue from six or seven animals
was examined, and the mean score for each slide of five or
six random views was calculated. For IHC, paraffin sections
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were rehydrated and retrieved with 100mM citrate buffer (pH
6.0) at 100◦C for 5min. After blocking the peroxidase activity
and background (IHC/ICC kit, BioVision, Milpitas, CA, USA),
the serial sections were incubated with primary antibody anti-
iNOS (Abcam, ab15323, Cambridge, UK, RRID:AB_301857)
and anti-mannose receptor (Abcam, ab64693, Cambridge, UK,
RRID:AB_1523910), and stained following the manufacturer’s
protocol (BioVision). Finally, the sections were colored with
the chromogen DAB and counterstained with hematoxylin. For
determination of positive cells, the number of DAB-positive
plus hematoxylin- positive cells in six randomly selected fields
per slide (each an area of 8.4 × 103 µm2) was calculated
and analyzed.

Bacterial Culture
Half of each lung tissue sample was minced and passed through a
MACS C tube to produce single-cell suspensions in 5ml of saline
(cell survival rate >99.5% by hemocytometer). CFU values were
determined by using 100 µl of cell mixture dilution on 7H10
agar plates. Each plate contained 100 µl of tissue homogenate,
and each sample was titrated for three dilutions (10×, 100× and
1000×) performed in triplicate. Plates were kept at 37◦C for 3–4
weeks. The colony number was counted and presented as a value
per one lung (one mouse).

Flow Cytometry
Lung and spleen tissues were minced and passed through a
MACS C tube to produce single-cell suspensions (cell survival
rate >99.5% by hemocytometer). The cells were incubated
in 50 µl of RPMI medium that contained 2% fetal bovine
serum (FBS) with Fc receptor for 15min and then with several
antibodies: CD4-FITC (cat. 553046, RRID:AB_394582),
CD4-PerCP-Cy5.5(cat. 553052, RRID:AB_394587),
CD8-PerCP-Cy5.5 (cat. 551162, RRID:AB_394081), CD25-
BB515(cat.564424, RRID:AB_2738803), F4/80-PE(cat.
565410, RRID:AB_2687527), CD49b-APC, (cat.558295,
RRID:AB_398658), IFN-γ-FITC(cat.554411), IL-17A-
AF647(560184, RRID:AB_1645204), IL-4-PE(cat. 554435,
RRID:AB_395391), Foxp3-PE(cat. 560408,RRID:AB_1645251)
(all from BD Biosciences), and CD317-PerCP-Cy5.5 (pDCs;
120G8, Dendritics, San Diego, CA, USA, RRID:AB_2566646).
For intracellular cytokine labeling, cells were stimulated with
MTB-specific peptides (5µg/ml of CD4 peptide Ag85B241−255aa

QDAYNAAGGHAVFN (Mission Biotech, Taiwan, cat. 991172),
CD8 peptide Ag85B1−19aa FSRPGLPVEYLQVPSMG, Mission
Biotech, Taiwan, cat. 991171) for 68 h and then Golgi-stop (BD
Biosciences) was added for an additional 4 h [28). Cells were
then fixed, permeabilized and stained with cytokine antibodies
(IFN-γ-FITC, IL-17A-AF647, IL-4-PE and Foxp3-PE) for 1 h
following standard procedures. The gating strategy involved
CD4+ T cells, and other relevant cell populations were gated
from the single cell lymphocyte population in the forward
scatter (FSC) and side scatter (SSC) sections (29). The samples
were acquired and analyzed using a FACSCalibur system and
CellQuest software (BD Biosciences).

TABLE 1 | Sequences of primers used for quantitative PCR.

Primer name Sequence (5’–3’)

mTNF-α Forward AAGCCTGTAGCCCACGTCGTA

Reverse GGCACCACTAGTTGGTTGTCTTTG

mIFN-γ Forward CATTGAAAGCCTAGAAAGTCTGAATAAC

Reverse TGGCTCTGCAGGATTTTCATG

mIL-4 Forward CCTCACAGCAACGAAGAACA

Reverse TGGACTCATTCATGGTGCAG

mIL-5 Forward CGCTCTTCCTTTGCTGAAG

Reverse TAGGGACAGGAAGCCTCATC

mIL-6 Forward AAGTCGGAGGCTTAATTACACATGT

Reverse AAGTGCATCATCGTTGTTCATACA

mIL-10 Forward GCTCTTACTGACTGGCATGAG

Reverse CGCAGCTCTAGGAGCATGTG

mIL-12 Forward GGAAGCACGGCAGCAGAATA

Reverse AACTTGAGGGAGAAGTAGGAATGG

mIL-17 Forward ATCCACCTCACACGAGGCAC

Reverse ACCTTCACATTCTGGAGGAA

mIFN-α1 Forward AGTGAGCTGACCCAGCAGAT

Reverse CAGGGGCTGTGTTTCTTCTC

mIFN-β1 Forward CCCTATGGAGATGACGGAGA

Reverse CTGTCTGCTGGTGGAGTTCA

miNOS Forward AAAGTGACCTGAAAGAGGAAAAGGA

Reverse TTGGTGACTCTTAGGGTCATCTTGTA

mGAPDH Forward GTTGTCTCCTGCGACTTCA

Reverse GGTGGTCCAGGGTTTCTTA

mIDO1 Forward TGGCACTCAGTAAAATATCTCCT

Reverse CAGGCAGATTTCTAGCCACA

mIDO2 Forward ATGGAGCCTCAAAGTCAGAGC

Reverse CGCTGCTCACGGTAACTCTTTA

mMCP-1 Forward CCCACTCACCTGCTGCTACT

Reverse TCTGGACCCATTCCTTCTTG

RNA Extraction and Quantitative PCR
Total mRNA was extracted by Trizol reagent, and cDNA was
prepared by using a reverse transcription kit (ThermoFisher
Scientific, CA, USA). Primer sequences are shown in Table 1.
ThemRNA levels of TNF-α, IFN-γ, MCP-1, various transcription
factors and GAPDH were detected by real-time quantitative
PCR analysis using the ABI vii7 system (Applied Biosystems,
Foster City, CA, USA). Cytokine and GAPDH levels were
calculated relative to amounts found in a standard sample, and
cytokine levels were corrected for GAPDH mRNA levels to
normalize for RNA input. Relative expression (Relative index) is
presented as 2−1CT.

Statistical Analysis
All results are presented as mean ± SEM for six or seven mice
per group. The statistical significance between the experimental
groups was assessed using a two-tailed unpaired Student’s t-
test, non-parametric analysis, one-way and two-way analysis
of variance (ANOVA) with a Tukey or Bonferroni post hoc
test. The differences were considered significant for P < 0.05.
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FIGURE 1 | Protection provided by recombinant BCG vaccines rBCG1 and rBCG2 against Mycobacterium tuberculosis H37Ra in mice. C57BL/6 mice were

immunized with BCG, rBCG1, or rBCG2 at weeks 0 and 2, and then challenged with H37Ra at week 4 (n = 6–7, in two independent experiments). At 2, 8, 12, and 20

weeks, the mice were sacrificed. One lung from each mouse was homogenized and the other was fixed in 3.7% formaldehyde. (A) Colony forming units (CFU) of

bacterial growth in murine lung. Each plate contained 100 µl of tissue homogenate, and each sample was titrated for two dilutions (5 × and 50×) and repeated in

triplicate. (B) Lung samples were fixed in 3.7% formaldehyde, embedded in paraffin, sectioned, and stained with H&E; scale bar = 20µm. Differences among groups

were determined using a one-way, non-parametric test, or two-way ANOVA with a Tukey or Bonferroni post hoc test (*P < 0.05; **P < 0.01; ***P < 0.001; ns,

non-significant). (C) Pathologic scores were determined and analyzed by H&E staining. For each time point, lung tissue from six or seven animals was examined and

the mean score for each slide of five or six random views was calculated. Differences among groups were determined by one-way or two-way ANOVA with a Tukey or

Bonferroni post hoc test (*P < 0.05, **P < 0.01).
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FIGURE 2 | Test of rBCG vaccine safety in immunodeficient and immunocompetent mice. SCID and C57BL/6 wild-type mice were immunized with BCG, rBCG1, or

rBCG2 at weeks 0 and 2 (n = 10). (A,C) Survival rate of SCID and C57BL/6 mice after vaccination. (B,D) The body weights of SCID and C57BL/6 mice were

recorded every week. Body weight (%) was calculated as: weight (week n)/weight (week 0) per mouse. Survival curves were plotted by the Kaplan-Meier method. The

Log-rank test was performed to compare each pair of survival curves (P > 0.05; ns, non-significant). Differences among groups were determined by two-way ANOVA

with a Bonferroni post hoc test (P > 0.05; ns, non-significant).

Statistical tests were performed using GraphPad Prism version
6.0 (GraphPad Software, La Jolla, CA, USA).

RESULTS

rBCG1 and rBCG2 Vaccines Protect Mice
Against Mycobacterium tuberculosis

H37Ra
To determine whether our recombinant BCG vaccines rBCG1
and rBCG2 protect against MTB infection, we first conducted a
vaccine efficacy test against the H37Ra strain in an ABSL2 facility.
(We would have conducted this initial test in an ABSL3 facility
with an aerosol virulent MTB Beijing strain, however our facility
was not operational at the time.)We administered the vaccines to
mice subcutaneously twice (at weeks 0 and 2) and then challenged
the mice with MTB H37Ra via intravenous injection at week 4.
The bacterial load and lung pathology were measured at weeks 8,
12, and 20 after the immunization. At week 2 (prior to H37Ra
challenge), the lungs showed no sign of cellular infiltration
(Figures 1B,C). At week 8 post-vaccination, the bacterial load of
the PBS control group was high [CFU= (115.2± 47.91)× 1,000]
compared to that of the BCG [CFU = (5.0 ± 2.822) × 1,000],
rBCG1 [CFU = (0 ± 0) × 1,000] and rBCG2 [CFU = (1.112 ±

1.112) × 1,000] groups (∗∗P < 0.001; Figure 1A). Inflammation
in the PBS control group was more severe than in the vaccination
groups (Figures 1B,C). At week 12, the bacterial load in the
PBS control was still high [CFU = (74.72 ± 14.13) × 1,000],
whereas the bacterial loads were lower in the BCG, rBCG1,
and rBCG2 groups [CFU = (6.66 ± 2.974) × 1,000, (14.99 ±

5.867) × 1,000, and (1.667 ± 1.054) × 1,000, respectively, ∗∗P
< 0.001; Figure 1A]. However, the cellular infiltration lesions
had nearly disappeared by week 12 in the rBCG1 and rBCG2
groups (Figures 1B,C). Thus, the rBCG1 and rBCG2 vaccines
protected mice against H37Ra infection at an early stage. At week
20, stable bacterial loads were detected for the PBS control group
[CFU = (68.57 ± 6.904) × 1,000], but very low bacterial loads
were measured in the rBCG1 and rBCG2 groups [CFU = (16.67
± 5.236) × 1,000 and (11.11 ± 9.165) × 1,000, respectively;
∗P < 0.05]. At 20 weeks, the bacterial load had dramatically
increased in the BCG group [CFU = (66.9 ± 29.23) × 1,000,
P > 0.05; Figure 1A). These CFU results paralleled the H&E
staining patterns and pathologic scores (Figures 1B,C). Taken
together, these results suggest that, whereas the parental BCG
vaccine does not provide adequate protection against H37Ra
infection, the rBCG1 and rBCG2 vaccines do. Thus, the efficacies
of the rBCG1 and rBCG2 vaccines are higher than that of the
parental BCG.
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FIGURE 3 | Th1-mediated cytokine profiles expressed in murine lung following immunization with rBCG1 or rBCG2. C57BL/6 mice were immunized with BCG,

rBCG1 or rBCG2 at weeks 0 and 2. They were then challenged with H37Ra at week 4 (n = 6–7, in two independent experiments). At 2, 8, 12, and 20 weeks, the

mice were sacrificed, lung RNA was extracted and cytokine gene expression profiles were determined using qPCR. (A) TNF-α, (B) IFN-γ, (C) MCP-1, (D) IFN-α1, (E)

IFN-β1, (F) IDO-1. Differences among groups were determined using two-way ANOVA with a Bonferroni post hoc test (*P < 0.05; **P < 0.01).

rBCG1 and rBCG2 Vaccines Are Safe in
SCID Mice as Well as in C57BL/6 Wild-Type
Mice
To test the safety of the rBCG1 and rBCG2 vaccines, we
gave the same dose of BCG and rBCG vaccines to severe
combined immunodeficiency (SCID) and C57BL/6 wild-type
mice subcutaneously at weeks 0 and 2. All of the mice
were monitored very closely until week 40 or an earlier
humane endpoint. Mouse weight was recorded every week.
After the vaccination, neither the SCID nor wild-type mice
showed any adverse physical signs. The weights of both groups
increased slightly every week, but the differences between
groups were not significant (Figures 2B,D, P > 0.05, ns).
Starting at week 21, one SCID mouse in each of the BCG,
rBCG1 and rBCG2 groups was euthanized for humane reasons
but there were no deaths in the PBS group (Figure 2A) or
in any of the wild-type groups (Figure 2C). These results
suggest that the rBCG1 and rBCG2 vaccines are safe, even in
immunodeficient individuals.

mRNA Expression of Th1-Mediated
Cytokines in Mouse Lung Tissue Following
Immunization With BCG, rBCG1, and
rBCG2
We next examined cytokine expression in the lungs using
quantitative PCR (qPCR) to determine whether recombinant

BCG vaccines stimulate Th1-mediated cytokine production.
RNA was extracted from cells isolated from the lungs and spleens
of the PBS control and vaccination groups before and after
H37Ra challenge, at weeks 2, 8, 12, and 20, and qPCR was
performed to detect cytokine gene expression in these tissues.
TNF-α, IFN-γ, and MCP-1 were all increased in the BCG,
rBCG1 and rBCG2 groups compared to the PBS control group,
particularly during weeks 2 and 8 (Figures 3A–C). At weeks 12
and 20, TNF-α, IFN-γ, and MCP-1 were decreased in all groups
(Figures 3A–C); presumably this reflects bacterial clearance,
when cytokine production stops and normal resting levels are
reached. These cytokines are the products of Th1-mediated
immune responses. In contrast, IFN-α1, IFN-β1, and IDO-1,
which are secreted by some of the surrounding infected immune
cells, were detected at higher levels in the PBS and BCG groups
compared to the rBCG1 and rBCG2 groups (Figures 3D–F).
Cytokines IL-1β, IL-4, IL-6, IL-10, IL-12, IL-17, and IDO-2 were
unchanged or undetectable for all groups (data not shown). These
results suggest that rBCG1 and rBCG2 can induce host Th1
responses to clear MTB bacteria.

Macrophages, Th1 Cells and Th17 Cells
Dominate Following Immunization With
BCG, rBCG1, and rBCG2
We analyzed immune cell profiles from murine lung and spleen
tissue using flow cytometry. Single cells were isolated from the
lung and spleen in the PBS control and vaccination groups
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FIGURE 4 | Innate and adaptive immune cell profiles pulsed with tuberculosis-specific peptides from mice immunized with BCG, rBCG1, or rBCG2. C57BL/6 mice

were immunized with BCG, rBCG1 or rBCG2 at weeks 0 and 2, and then challenged with H37Ra at week 4 (n = 6–7, in two independent experiments). At 2, 8, 12,

and 20 weeks, the mice were sacrificed, and lungs were homogenized to single-cell suspensions. The cells were stimulated with tuberculosis-specific TB peptides

(described in the Materials and Methods) for 68 h and then Golgi-stop for 4 h, stained for surface and intracellular markers, and then subjected to flow cytometry to

determine the percentage of cytokine-producing cells within CD4+ T cells. (A) Percentage of macrophages (F4/80+ cells) in lung post-vaccination at week 8. (B)

Percentage of macrophages (F4/80+ cells) in lung post-vaccination at weeks 2–20. (C) Percentage of IFN-γ+ cells in lung post-vaccination at week 12. (D)

Percentage of IFN-γ+ cells in lung post-vaccination at weeks 2–20. (E) Percentage of IL-4+ cells in lung post-vaccination at week 12. (F) Percentage of IL-4+ cells in

lung post-vaccination at weeks 2–20. (G) Percentage of IL-17+ T cells in lung post-vaccination at week 8. (H) Percentage of IL-17+ T cells in lung post-vaccination at

weeks 2–20. Differences among groups were determined by one-way or two-way ANOVA with a Tukey or Bonferroni post hoc test (***P < 0.001).

before and after H37Ra challenge, at weeks 2, 8, 12, and
20. After conducting surface marker and intracellular staining,
FACS was used to analyze immune cell profiles. At week 2,
all immune cell levels were very low, with no differences
among the four groups (Figures 4B,D,F,H). At week 8 (i.e., 4
weeks after H37Ra challenge), macrophage numbers (F4/80+

cells) had increased dramatically in the rBCG1 and rBCG2
vaccination groups compared to the PBS control and BCG groups
(Figures 4A,B; ∗P < 0.05). There were few NK cells (CD49b+

cells) and resident macrophages in all groups at 2 weeks (data not
shown). Increased IFN-γ+ T cells (Figures 4C,D) and IL-17A+

T cells (Figures 4G,H) (but not IL-4+ T cells, Figures 4E,F)
were also detected in all BCG vaccination groups, but especially
in the rBCG1 and rBCG2 groups. Thus, the induced cellular
immunity was higher in mice immunized with rBCG1 and
rBCG2 compared to parental BCG.

Monocyte Chemoattractant Protein-1
(MCP-1) Is the Dominant Cytokine
Produced in Serum Following rBCG1 and
rBCG2 Vaccination

Cytokine production was measured for serum and tissue (lung
and spleen) using cultured supernatant samples and a multiple
cytokine inflammation kit (BD Biosciences). The cytokine
detection kit measured all inflammatory cytokines, including
TNF-α, IFN-γ, IL-6, IL-10, IL-12, andMCP-1. No cytokines were
found in tissue culture supernatant samples (data not shown)
as they were below the limit of detection. Interestingly, MCP-
1 was the only cytokine detected in serum. MCP-1 increased
in the serum of mice immunized with rBCG1 and rBCG2 at
2 and 8 weeks (Figure 5; ∗∗P < 0.01). MCP-1 also increased
in the PBS control and BCG groups beginning at week 8 and
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FIGURE 5 | High MCP-1 expression in serum during early-stage recombinant

BCG vaccination. C57BL/6 mice were immunized with BCG, rBCG1, and

rBCG2 at weeks 0 and 2, and then challenged with H37Ra at week 4

(n = 6–7, in two independent experiments). At 2, 8, 12, and 20 weeks, sera

were collected, diluted 20,000 times, and assayed using a multiple cytokine

kit. Differences among groups were determined by two-way ANOVA with a

Bonferroni post hoc test (**P < 0.01).

continuing until week 12. MCP-1 then decreased in all groups at
week 20. The high MCP-1 production (weeks 2 and 8) coincided
with reduced bacterial loads (Figure 1A) and increased lung
macrophage levels in the rBCG1 and rBCG2 groups (Figure 4A).

Macrophages Are Key Mediators of the
Immune Response at the Early Stage of
H37Ra Infection
Based on the qPCR results, the increasedMCP-1 production, and
the higher numbers of macrophages in the lungs, macrophage
function is obviously of central importance in the response
to MTB infection. To evaluate the role of macrophages
early in infection, we attempted to deplete macrophages by
administering clodronate-liposomes intratracheally every week
following the vaccination and challenge (Figure 6A). After 3–
4 weeks, we counted and calculated the bacterial load among
the control and vaccination groups. The bacterial load of
the PBS control group was still high [CFU = (7.611 ±

3.282) × 1,000] (Figure 6B); however, the bacterial loads
of each of the vaccination groups (BCG [CFU = (0.9167
± 0.4488) × 1,000], rBCG1 [CFU = (4.283 ± 3.722) ×

1,000], rBCG2 [CFU = (0.6333± 0.178) × 1,000]) were
dramatically increased (compared with the results shown in
Figure 1A), but were not significantly different compared to
the PBS group (Figure 6B, P > 0.05, ns). This result suggests
that macrophages are the main immune cells involved in
protection against Mycobacterium infection early on. After
macrophage depletion, the mice were no longer protected against
the infection.

FIGURE 6 | Macrophages are significant for protection against

Mycobacterium infection. C57BL/6 mice were given a two-dose vaccination of

parental BCG, rBCG1, and rBCG2 (5 × 105 CFU per mouse) subcutaneously

at weeks 0 and 2 (n = 6), and a challenge of H37Ra at week 4; they also

received 50 µl of encapsome® (control) or clodrosome® intratracheally weekly

for 8 weeks to deplete macrophages. Mice were sacrificed at week 8. (A)

Timeline for vaccination, challenge, and intratracheal inoculation in mice. (B)

CFU of bacterial growth in murine lung at week 8. Each plate contained 100 µl

of tissue homogenate, and each sample was titrated for two dilutions (5 × and

50×) and repeated in triplicate. Differences among groups were determined

using one-way ANOVA with a Tukey post hoc test

(P > 0.05, ns, non-significant).

Increased Levels of Inflammatory
M1-Polarized Macrophages Especially in
rBCG1 and rBCG2 Vaccinated Mice
Macrophages adapt to the microenvironment and differentiate
to express different functional phenotypes. M1 macrophages
produce high levels of pro-inflammatory cytokines and have a
strong ability to kill pathogens. In contrast, M2 macrophages are
involved in clearance of parasites, tissue remodeling and immune
regulation (30). We believe that rBCG1 and rBCG2 enhance
the ability of M1 macrophages to clear pathogens. Using the
remaining tissue samples fixed in paraffin blocks, we sought to
compare the levels of M1macrophages in the vaccination groups,
especially in the rBCG1 and rBCG2 groups. We examined
paraffin sections collected at week 8 because they showed the
highest macrophage numbers and MCP-1 production. After
deparaffinization, rehydration, antigen retrieval and blocking, the
serial sections were stained to measure inducible nitric oxide
synthase (iNOS, M1 macrophage marker) and mannose receptor
(MR, M2 macrophage marker). In general, each treatment group
expressed different levels of iNOS (Figure 7A); however, iNOS-
expression was raised dramatically in the rBCG1 and rBCG2
groups (the mean M1 number for rBCG1 was ∼35, for rBCG2
∼50, compared to PBS ∼18 and BCG ∼22; Figures 7A,B,
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FIGURE 7 | Increased M1-polarized macrophage cells in lung tissue sections from mice vaccinated with rBCG1 or rBCG2. C57BL/6 mice were immunized with BCG,

rBCG1, or rBCG2 at weeks 0 and 2, and then challenged with H37Ra at week 4 (n = 6–7). At week 8, the mice were sacrificed. One lung from each mouse was

homogenized and the other lung was fixed in 3.7% formaldehyde. (A) After fixation, lung samples were embedded in paraffin, sectioned, and stained for iNOS (M1

marker) and MR (M2 marker); scale bar = 20µm. The images are representative of slides from the four groups. (B) Lung tissue from six or seven animals per group

was examined, and the number of DAB+ plus hematoxylin-positive cells for each slide, based on five or six random views (each field of view has an area of 8.4 × 103

µm2 ), was calculated. Differences among groups were determined by one-way ANOVA with a Tukey post hoc test (*P < 0.05).

∗P < 0.05). The expression of MR was similar in all groups
(the mean M2 value was ∼15–20, Figures 7A,B). These results
indicate that, among the tested vaccines, rBCG2 induces the
greatest increase in the number of M1 macrophages to clear
bacteria in the lungs.

DISCUSSION

Ag85B and CFP-10 are well-known MTB antigens that strongly
induce IFN-γ production (31) and enhance T cell proliferation
(31, 32). Both proteins are considered good vaccine candidates
for tuberculosis. Notably, IL-12 is believed to play an important
role in cell-mediated immunity against intracellular infection,
primarily by acting on T and NK cells. Recent study findings
reveal that IL-12 can activate macrophages potently during
intracellular infection, and this activating effect is mediated
primarily through its effect on macrophage IFN-γ release (33).
Therefore, rBCG2 expressing Mycobacterium-specific Ag85B
and CFP10 combined with human IL-12 was constructed and

investigated in this study. In our previous study, protection
efficacy was tested by using splenocytes from vaccine-immunized
mice and co-culturing them with ex vivo murine bone-marrow-
derived macrophages to measure the survival ability of the MTB
strains (34). The results showed that rBCG2 induced a strong
immune response against MTB infection compared with the
parental BCG strain (34). In the present study, we first tested
rBCG1 and rBCG2 against the MTB strain H37Ra. We found
that rBCG1 and rBCG2 produced a stronger immune response
to MTB infection compared to the parental BCG vaccine in mice.
Previous ex vivo murine bone-marrow-derived macrophage
infection experiments with H37Rv also showed that rBCG1 and
rBCG2 provide stronger immunity compared to parental BCG
(35, 36). In the present study, during early infection, all three
tested vaccines (BCG, rBCG1 and rBCG2) inhibited H37Ra
growth. However, at week 20, the bacterial load in the BCG
group rebounded and increased. In contrast, the bacterial loads
in the rBCG1 and rBCG2 groups remained low and nearly
undetectable. If the murine age is converted to human age, the
period of protection of BCG (20 weeks) found in this study would
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be equivalent to 15–20 years; this finding is consistent with that
of a previous epidemiologic study of BCG vaccination in humans
(37). Thus, rBCG1 and rBCG2 could provide more effective and
longer protection against H37Ra compared to parental BCG.

We showed that macrophages, IFN-γ+ cells and IL-17+ cells
increase soon after vaccination, particularly following rBCG1 and
rBCG2 vaccination. Detection of high-level RNA expression of
TNF-α, IFN-γ and MCP-1 in lung tissue of mice immunized
with rBCG1 and rBCG2 further supports the immuno-protective
results for these two candidate vaccines. MCP-1 produced in
response to infection recruits monocytes, dendritic cells and
T cells to the site of inflammation caused by infection. More
importantly, in the present study, MCP-1 was the only cytokine
detectable in mouse sera in the early stages following rBCG1 and
rBCG2 vaccination. Although MCP-1 expression also increased
in the PBS control group at 8 weeks, this finding is expected
in the natural course of infection. These results also fit with
our finding of increased macrophages in lung tissue following
rBCG1 and rBCG2 vaccination. Thus, macrophages are vital to
the early host immune response following rBCG1 and rBCG2
vaccination, but not parental BCG vaccination. Furthermore,
the bacterial loads in the vaccination groups (BCG, rBCG1,
and rBCG2) depleted of alveolar macrophages rose significantly,
illustrating the importance of the protective role of macrophages
early in MTB infection, which has not been shown previously.
Moreover, we also found more inflammatory M1 cells in the
two rBCG groups compared to the PBS control and parental
BCG groups. This latter finding supports our argument that
macrophages play a more important role in early and adaptive
immunity to H37Ra than previously believed. Functional M1
macrophage assays will be needed to further clarify their roles.
Over the past decades, most efforts to develop TB vaccine
candidates have focused on enhancing adaptive immunity.
However, in phase 2b clinical trials, while these vaccines have
induced strong immune responses, they have been unable to
confer significant protection against TB infection (38, 39). Recent
studies suggest that trained immunity, particularly involving
macrophages, may play a more important role than T cells in
vaccine-mediated immunity (40–44), creating a new prospective
view for vaccine development. Notably, our results suggest that
both innate and adaptive immunity play important roles against
Mycobacterium infection.

This study had some limitations. First, because our ABSL3
facility was not operational during the initial study period, we
first conducted a vaccine efficacy test against the H37Ra strain
in an ABSL2 facility. The present study not only focused on
pathogenesis but also on the protective effect of vaccines against
H37Ra, which is often used in vaccine or drug efficacy evaluation
(45–47). To evaluate the efficacy of the new recombinant BCG,
both in vivo (H37Ra infection, this study) and ex vivo models

[H37Rv infection (34)] have been performed in our laboratory.
Our results suggest that rBCG vaccines can provide good,
safe and long-term protection against H37Ra infection. Second,
functional M1 macrophage assays will be needed to further
clarify the roles of macrophages. Our results showed that rBCG
vaccination stimulated the greatest increase in the number of M1
macrophages, presumably to clear bacteria in the lungs, which
may be involved in long-term protection.

In summary, this study showed that our rBCG vaccines are
safe in SCID mice, and that they induced a significant increase
in the number of M1 macrophages. Moreover, to further verify
vaccine efficacy, an animal model incorporating a protective
assay and challenged with virulent MTB strains should be
investigated forthwith. Our results suggest that rBCG1 and
rBCG2 may be good candidates as a novel TB vaccine.
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In the original article, there was a mistake in Figure 4G. When analyzing the original data, the
authors mistakenly took raw data of the second image of 4G, which caused the third and second
images to be duplicated. The corrected Figure 4 appears below.

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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FIGURE 4 | Innate and adaptive immune cell profiles pulsed with tuberculosis-specific peptides from mice immunized with BCG, rBCG1, or rBCG2. C57BL/6 mice
were immunized with BCG, rBCG1 or rBCG2 at weeks 0 and 2, and then challenged with H37Ra at week 4 (n = 6 to 7, in two independent experiments). At 2, 8,
12, and 20 weeks, the mice were sacrificed, and lungs were homogenized to single-cell suspensions. The cells were stimulated with tuberculosis-specific TB
peptides (described in the Materials and Methods) for 68 h and then Golgi-stop for 4 h, stained for surface and intracellular markers, and then subjected to flow
cytometry to determine the percentage of cytokine-producing cells within CD4+ T cells. (A) Percentage of macrophages (F4/80+ cells) in lung post-vaccination at
week 8. (B) Percentage of macrophages (F4/80+ cells) in lung post-vaccination at weeks 2 to 20. (C) Percentage of IFN-g+ cells in lung post-vaccination at week 12.
(D) Percentage of IFN-g+ cells in lung post-vaccination at weeks 2 to 20. (E) Percentage of IL-4+ cells in lung post-vaccination at week 12. (F) Percentage of IL-4+

cells in lung post-vaccination at weeks 2 to 20. (G) Percentage of IL-17+ T cells in lung post-vaccination at week 8. (H) Percentage of IL-17+ T cells in lung post-
vaccination at weeks 2 to 20. Differences among groups were determined by one-way or two-way ANOVA with a Tukey or Bonferroni post hoc test (***P < .001).
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INTRODUCTION

Tuberculosis (TB) appears to afflict men more than women, but the underlying reasons for this
disparity and whether there are sex-based differences in TB treatment responses are unknown.
Based on a knowledge gap in previously published studies, a pertinent research question is being
asked: Are there sex-specific differences in response to adjunctive host-directed therapy (HDT) for
TB? Using statins as a prototype, we also highlight the incorporation of appropriately designed
studies on sex differences in HDT.

There is an important need for new drugs to help control the TB pandemic, counteract the
emergence of drug resistance worldwide, and supplement the limited number of antimicrobials
that are currently in the TB drug discovery pipeline. Therefore, the repurposing of existing
drugs, including host-directed therapies (1), is being investigated as a means of accelerating the
development of novel TB regimens in the clinical setting. We hypothesize that there is a sex
difference in responses to adjunctive HDT because males are more susceptible to TB and various
HDTs may have differential, sex-dependent impacts on inflammation. This question is important
in the context of ongoing clinical trials that are investigating the potential roles of various HDTs as
adjunctive therapy for TB, including the lipid-lowering agents, statins (StAT-TB, NCT03882177),
the hypoglycemic agent, metformin (CTRI/2018/01/011176), and the anticancer agent, imatinib
(IMPACT-TB, NCT03891901). Mayer-Barber and colleagues reported that the 5-lipoxygenase
inhibitor zileuton, which is FDA-approved for the treatment of asthma, increased prostaglandin
E2 (PGE2) levels in the lungs of Mycobacterium tuberculosis-infected mice and prevent acute
mortality, while decreasing pulmonary bacillary loads, tissue necrosis, and type I IFN levels (2).
Data from Pace et al. suggested that zileuton is less effective in males, prompting consideration
of sex-based differences in leukotriene biosynthesis blockade for respiratory and cardiovascular
diseases (3).

INCREASED TB INCIDENCE IN MEN

Despite over a century of research, TB still kills ∼1.5 million people every year (4).
Globally, TB notification data show a male-to-female ratio of bacteriologically-confirmed
pulmonary TB ranging from 1.2 in Ethiopia to 4.9 in Viet Nam (4), but the underlying
reasons for this male bias remain elusive. Presumably, both gender- and sex-related
factors contribute to higher TB rates in men. Socioeconomic and cultural factors influence
exposure and help-seeking behavior, and confounding factors, such as smoking, alcohol
and drug use, which are known risk factors for TB, are more common in men (5, 6).
However, these factors are unlikely to explain the consistent global male bias, and biological
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differences between the sexes likely affect susceptibility to
mycobacterial infection and disease outcome (7, 8). Despite
the well-known sex-based differences in human TB incidence
rates, due to practical considerations, most animal studies have
either used only one sex or do not report the sex of the
animals at all.

THE ROLE OF BIOLOGICAL SEX IN TB

Recent data suggest that male C57BL/6 mice are less able
to control M. tuberculosis infection relative to their female
counterparts due to impaired innate and adaptive immune
responses, as manifested by increased lung bacillary burdens and
accelerated death (9). Divergent innate immune priming events
occurring early in an infection influence both the bacterial load
“set-point” and the ensuing adaptive immune response (10).

Innate recognition of pathogens and the induction of
inflammatory and antimicrobial immune responses differ
between the sexes (11). Factors that have been shown to
account for the sex-based disparity in immune responses
include genetic factors and hormonal mediators. Estrogen was
shown to boost the ability of macrophages to kill Streptococcus
pneumoniae (12), and the antimicrobial activity of peritoneal
macrophages from female mice was significantly more potent
against Mycobacterium intracellulare than that of male mice
(13). IFNγ, a critical cytokine mainly produced by CD4+ and
CD8+ T cells, increases the anti-bacterial effector functions of
macrophages (14). Invariant natural killer T (iNKT) cells are
a subset of T cells that bridge innate and adaptive immunity,
recognize M. tuberculosis-infected macrophages, produce IFNγ,
and kill intracellular bacteria (15). Estradiol induces iNKT cells
from female mice to produce more IFNγ than their male
counterparts (16). Moreover, IFNγ production by iNKT cells
is impaired by female castration or genetic ablation of the
estradiol receptor, and the normal phenotype is restored by
estradiol injection (16, 17) In contrast, testosterone was shown
to exert anti-inflammatory effects in macrophages and other
innate immune cells that express the androgen receptor (AR),
by inhibiting pro-inflammatory factors such as TNF-α and
nitric oxide (NO), and increasing the synthesis of interleukin
(IL)-10 (18). Male castration also increases TNF-α secretion
in macrophages (19). These results illustrate the general, but
probably simplistic, perception of estradiol as an immunity-
sustaining or immunity-enhancing mediator, and of testosterone
as a mediator that inhibits the immune response. Similarly, male
mice are more susceptible to TB than female mice, which can be
prevented by male castration (20), suggesting that testosterone
could be a TB susceptibility factor. Sex hormones not only
regulate innate but also adaptive responses. Generally, females
show higher T cell activity including the production of Th1-type
cytokines such as IFNγ, and greater antibody responses than
males (11). Differences in adaptive immunity might contribute to
the impaired long-term containment ofM. tuberculosis observed
in mice (9, 20, 21). Indeed, we recently showed that increased
male susceptibility in M. tuberculosis infection is associated with
reduced B cell follicle formation in the lung (21).

Sex differences in TB can be mediated by more than
hormonal influence. The X chromosome expresses a number
of immune-related genes, as well as a number of immune-
associated microRNAs (11). Females have two X chromosomes
and benefit from a genetic diversity due to cellular mosaicism
and genes escaping X chromosome inactivation which is often
advantageous because it ameliorates the deleterious effects of X-
linked mutations. Thus, sex disparity in TB may be a result of
both hormonal and genetic influences.

STATINS AS ADJUNCTIVE HDT FOR TB

In addition to their cholesterol-lowering properties, β-Hydroxy
β-methylglutaryl-CoA (HMG-CoA) reductase inhibitors
(statins) have been shown to have broad anti-inflammatory
and immunomodulatory properties (22, 23), and their use
has been associated with significantly decreased risk of TB
(24). Statins have been shown to have antimicrobial and
immunomodulatory activity in mouse models of infection
against intracellular pathogens, including Salmonella enterica
and Chlamydia pneumoniae. Statins’ mode of action in
antimicrobial therapy is centered on controlling the infection
rate in macrophages and monocytes. Mature macrophages
respond to diverse environmental signals by expressing many
functional phenotypes, from the classical phenotype (M1,
proinflammatory) to the alternative phenotype (M2, anti-
parasitic, immunoregulatory). Early secreted antigenic target
of 6-kDa of M. tuberculosis induces M1 phenotype in the early
stage and then polarizes to M2 phenotype in the later stage of
TB infection (25). Heat-Shock Protein 16.3 of M. tuberculosis
induces M2 polarization in the mouse bone marrow-derived
macrophage model via CCRL2/CX3CR1 and may be mediated
by the AKT/ ERK/p38-MAPK signaling pathway. In fact,
adoptive transfer of M2 macrophages is effective in controlling
TB infection apart from its role in controlling tissue damage (26)

In a recent publication (27), we screened eight different statins
for a cytotoxic effect, anti-tubercular activity, synergy with first-
line drugs in macrophages, pharmacokinetics, and adjunctive
bactericidal activity in two different mouse models as a potential
adjunctive therapy to existing first-line TB drugs (27). Pravastatin
exhibited the most favorable therapeutic index in vitro and better
anti-TB activity in the standard BALB/c mouse model and in
the C3HeB/FeJ mouse model of human-like necrotic TB lung
granulomas (27). Previous studies already demonstrated that
pravastatin modulated phagosomal maturation characteristics in
macrophages via phenocopying macrophage activation, and its
use as an adjunctive agent in chronically infected mice altered
lung and peripheral immune responses (27, 28). We also found
that simvastatin adjunctive therapy enhanced the first-line TB
regimen’s antimicrobial activity and shortened the time required
to achieve cure in a BALB/c mouse model of chronic TB infection
(29). Bruiners et al. recently demonstrated that simvastatin
inhibits mechanistic target of rapamycin complex 1 (mTORC1)
activity and regulates transcription factor EB (TFEB) nuclear
translocation to induce autophagy and lysosomal biogenesis (30).
In addition, statins show synergy with the key sterilizing drug,
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FIGURE 1 | Experimental sketch for preclinical examination of sex-differences in responsiveness to HDTs. The experimental strategy would help to determine

sex-based differences in clinical, microbiological, immunological and histopathological outcomes in M. tuberculosis infected (i) C3HeB/FeJ male and female mice and

(ii) human monocyte-derived macrophages from healthy male and female donors before and after treatment with HDTs. Several untargeted and targeted approaches

can be used to investigate the molecular mechanisms associated with the sex-specific anti-TB activity of HDTs. MDMs, monocyte-derived macrophages; shRNA,

Small hairpin RNA.

rifampin. Retrospective cohort studies found that statin use was
associated with a reduced incidence of active TB disease (31, 32).
However, studies focusing on anti-TB effect of statin on the basis
of sex of the patients are lacking. Also, the preclinical studies were
conducted exclusively in female mice, and it is unknown whether
the adjunctive, host-directed anti-TB properties of statins are sex-
specific, which is an important consideration for their potential
clinical utility.

SEX DIFFERENCES IN THE
EFFECTIVENESS OF STATINS

Previous studies (33) have shown sex-based differences for statins
with respect to mortality following myocardial infarction (34)
and in reducing the risk of Alzheimer’s disease (35). These effects
may result from differences in drug metabolism, but hormonal
effects have not been explored. In some animal studies, the
simvastatin metabolism rate was found to be considerably higher
in males than in females (36); this statin might, therefore, be
expected to have a greater clinical effect in males. This hypothesis
was not confirmed in studies that enrolled human volunteers,
while, in contrast, a lower rate of simvastatin and lovastatin
metabolism was observed in men than in women (37). Moreover,
several epidemiological studies have reported greater statin-
induced reductions in both LDL and total cholesterol in women
than in men (38).

CONCLUSIONS AND FUTURE
DIRECTIONS

It has already been established that sex must be considered
in preclinical studies, although clearly defined “go/no-go”
endpoints to justify further testing of various HDT agents in
clinical trials have yet to be defined. It is unknown if the anti-
TB activity of statins and other promising HDTs are sex specific.
The study of animals and cells of both sexes is essential to
include preclinical study designs that will control drug exposure,
efficacy, metabolism, and immune response variabilities on HDT
for TB. Here, we propose to understand if sex influences the
adjunctive anti-TB activity and immune responses of HDTs
in: (i) a murine model of chronic TB infection with human-
like necrotic lung granulomas; and (ii) ex vivo infection of
human monocyte-derived macrophages (MDMs) (Figure 1).
M. tuberculosis residing in necrotic mouse lung lesions may
be more akin to persisters in human lesions with a reduced
response to direct-acting anti-TB drugs; further, these areas
represent relative pharmacological sanctuaries. Because of these
favorable features, we and other groups have begun to use
C3HeB/FeJ mice to test the efficacy of various antitubercular
regimens and novel anti-inflammatory therapies (27, 39). An
MDM system was chosen because macrophages are the key cell
type harboring M. tuberculosis during infection and because
this model is amenable to testing under multiple, controlled
perturbations. Moreover, circulating monocytes are natural
precursors of lung tissue-resident macrophages. In addition,

Frontiers in Immunology | www.frontiersin.org 3 July 2020 | Volume 11 | Article 146578

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Dutta and Schneider Sex Differences in HDT

using primary cells, researchers will be able to validate the
key findings in vivo in macrophages from both males and
females by applying RNA interference technology. Downstream
“omics” data will provide the opportunity to investigate the
mechanisms underlying sex-based differences in host control
of M. tuberculosis infection, as well as potential differences in
response to standard antitubercular therapy and HDT between
the sexes. Such results will improve the predictive value of
animal models to evaluate treatment efficacy by HDT agents
with respect to variables such as sex and potential clinical
utility of particular immunomodulators. The identification of the
biological pathways underlying sex differences in HDTs for TB

will play an essential role in the development of more effective
personalized healthcare. One unanswered question is to what
extent the mouse model will be predictive of HDTs for TB
in humans.
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Tuberculosis (TB) is the leading infectious killer in the world.Mycobacterium tuberculosis

(Mtb), the bacteria that causes the disease, is phagocytosed by alveolar macrophages

(AM) and infiltrating monocyte-derived macrophages (MDM) in the lung. Infected

macrophages then upregulate effector functions through epigenetic modifications to

make DNA accessible for transcription. The metabolic switch to glycolysis and the

production of proinflammatory cytokines are key effector functions, governed by

epigenetic changes, that are integral to the ability of the macrophage to mount an

effective immune response against Mtb. We hypothesised that suberanilohydroxamic

acid (SAHA), an FDA-approved histone deacetylase inhibitor (HDACi), can modulate

epigenetic changes upstream of the metabolic switch and support immune responses

during Mtb infection. The rate of glycolysis in human MDM, infected with Mtb and

treated with SAHA, was tracked in real time on the Seahorse XFe24 Analyzer. SAHA

promoted glycolysis early in the response to Mtb. This was associated with significantly

increased production of IL-1β and significantly reduced IL-10 in human MDM and AM.

Since innate immune function directs downstream adaptive immune responses, we used

SAHA-treated Mtb-infected AM or MDM in a co-culture system to stimulate T cells.

Mtb-infected macrophages that had previously been treated with SAHA promoted IFN-γ,

GM-CSF, and TNF co-production in responding T helper cells but did not affect cytotoxic

T cells. These results indicate that SAHA promoted the early switch to glycolysis,

increased IL-1β, and reduced IL-10 production in human macrophages infected with

Mtb. Moreover, the elevated proinflammatory function of SAHA-treated macrophages

resulted in enhanced T helper cell cytokine polyfunctionality. These data provide an in vitro

proof-of-concept for the use of HDACi to modulate human immunometabolic processes

inmacrophages to promote innate and subsequent adaptive proinflammatory responses.
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INTRODUCTION

Tuberculosis (TB) is the world’s leading infectious killer (1).
Current treatment regimens require many months of multiple
drugs which are often not completed (2). Moreover, there is
a significant rise in the incidence of multi-drug resistant TB,
thus there is an urgent need for new therapeutic and vaccine
strategies (1).

Mycobacterium tuberculosis (Mtb), the bacteria that causes
TB, is phagocytosed by resident alveolar macrophages (AM),
and infiltrating monocyte-derived macrophages (MDM) which
then upregulate bactericidal effector functions. These effector
functions are governed by changes in chromatin structure and
gene transcription (3–5). DNA is tightly packed and condensed
around histones, which inhibits access to genes. One of the
major regulators of gene transcription is the acetylation status of
histones which is controlled via two families of enzymes; histone
acetyl transferases (HAT) and histone deacetylases (HDAC) (6).
In general, acetylation of histones opens the packed DNA to
make it accessible for transcription and therefore active, whereas
HDAC close the DNA by removing acetyl groups from histones.
Mtb infection can target host HDAC to modulate the immune
response (7, 8). In keeping, HDAC inhibitors (HDACi) are being
explored for their ability to modulate the development of TB
(3, 9, 10).

We have previously established that glycolytic metabolism
has a critical role in human AM function during Mtb infection
(11). Metabolic changes and the switch to a pro-inflammatory
macrophage phenotype are governed by epigenetics (12–16), and
since previous studies have suggested that HDACi modulate
macrophage function (3, 17–22), we sought to determine whether
the pan HDACi suberanilohydroxamic acid (SAHA; also known
as Vorinostat) could modulate macrophage function during
Mtb infection.

Macrophages can direct memory T cell responses in the lung.
T cells, activated in the lymph nodes, traffic to the lung, and
require restimulation by tissue-resident antigen presenting cells
(APC). Moreover, the suppressive lung environment promotes
regulatory T (Treg) cells (23) and dampens effector T cells. We
hypothesised that inhibiting histone deacetylases (HDAC) may
improve macrophage responses to Mtb and subsequently elicit T
cells with enhanced effector function.

We examined the ability of the FDA-approved HDAC
inhibitor, SAHA, to modulate early clearance events in
macrophages infected with Mtb. SAHA increased glycolysis in
human macrophages early in the response to stimulation with
Mtb. Furthermore, SAHA increased IL-1β and decreased IL-10
production in human AM and MDM. Infected macrophages
treated with SAHA enhanced T helper (Th) cell responses,
resulting in increased IFN-γ and GM-CSF production.

MATERIALS AND METHODS

MDM Cell Culture
Peripheral blood mononuclear cells (PBMC) were isolated from
the buffy coats of healthy donors (Irish Blood Transfusion
Services) or from the venous blood of Interferon Gamma Release

Assay (IGRA) positive antibiotic-treated, otherwise healthy
individuals attending St. James’s Hospital respiratory outpatients’
clinic (as approved by the Ethics Board), by density-gradient
centrifugation over Lymphoprep (StemCell Technologies). Cells
were washed, resuspended at 2.5 × 106 PBMC/ml in RPMI
(Gibco) supplemented with 10% AB human serum (Sigma-
Aldrich) and 1ml of cell suspension was plated on to non-treated
24-well-tissue culture plates (Costar). Cells were maintained
in humidified incubators for 6–7 days at 37◦C and 5% CO2.
Non-adherent cells were removed by washing every 2–3 days.
The purities of MDM were assessed by flow cytometry and
were routinely >95% pure. Approximately 10% of the PBMC
differentiate into MDM. PBMC were also cryopreserved for co-
culture assays.

AM Acquisition and Culture
Human AM were retrieved at bronchoscopy, as approved by the
Ethics Board of St. James’s Hospital, and previously reported by
us (24). All donors were patients undergoing clinically indicated
bronchoscopy and written informed consent for retrieving
additional bronchial washings for research was obtained prior to
the procedure. Patients were not remunerated for participation
in this study. Exclusion criteria included age under 18 years,
inability to provide written informed consent or a known (or
ensuing) diagnosis of malignancy, sarcoidosis, HIV, or Hepatitis
C. Patients undergoing biopsy as part of bronchoscopy were also
excluded. For the seven subjects recruited to this study, clinical
indications for bronchoscopy included haemoptysis (3/7), cough
(2/7), bronchitis (1/7), and atelectasis (1/7). Two patients were
non-smokers, while five were either current or ex-smokers, of
which two had diagnosed chronic obstructive pulmonary disease.

Sample acquisition during bronchoscopy: Conscious sedation
was achieved using intravenous midazolam and lignocaine gel
was administered to the nostril. Flexible video-bronchoscope was
inserted through the nostril and advanced to the level of the
vocal cords by posterior approach. Further lignocaine spray was
administered prior to and subsequent to traversing the vocal
cords. Following routine bronchoscopy, the bronchoscope was
wedged in the right middle lobe bronchus. A total of 180ml of
sterile saline was administered as 60ml boluses via a connector
inserted into the bronchoscope and aspirated within 5–10 s under
low suction. The bronchoalveolar lavage fluid (BALF) was then
transported directly to the laboratory for AM isolation. Pre- and
post-bronchoscopy patient care was not altered by participation
in the study. The procedure was prolonged by∼12 min.

Cells were seeded at 5 × 105 cells per ml (2.5 × 105 per
well in a 48 well-plate) in RPMI (Gibco) supplemented with
10% FBS (Gibco), fungizone (2.5µg/ml; Gibco) and cefotaxime
(50µg/ml; Melford Biolaboratories). Cells were incubated for
24 h at 37◦C and 5% CO2 before washing to remove non-
adherent cells. Adherent cells (predominantly AM) were then
used for experiments.

Mycobacterial Culture and Infection of
Macrophages
Mtb H37Ra was obtained from The American Type Culture
Collection (ATCC 25177TM; Manassas, VA) and propagated in

Frontiers in Immunology | www.frontiersin.org 2 July 2020 | Volume 11 | Article 160982

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Cox et al. HDACi Promotes Human Macrophage Function

Middlebrook 7H9 medium supplemented with ADC (Beckton
Dickinson), to log phase. Irradiated H37Rv (iH37Rv) was gifted
by BEI Resources. The multiplicity of infection (MOI) and donor
variation in phagocytosis of Mtb was adjusted for by Auramine-
O staining, as previously described (25). MDM or AM were
plated on 8-well Lab-Tek chamber slides (Nunc). Macrophages
were infected with a range of bacterial concentrations for
3 h before extracellular bacteria were thoroughly washed off.
Cells were fixed with 2% PFA, stained with Hoechst 33342
(10µg/ml; Sigma-Aldrich), and rapid Auramine O staining set
(Scientific Device Laboratory Inc). The numbers of bacilli per
cell were counted in at least 30 fields of vision per well on a
fluorescent microscope (Olympus IX51). The volume of bacterial
suspension required to yield an MOI of 1–10 bacteria per cell
(∼70% of macrophages infected with at least 1 bacillus; median
number of 5, average 4–6, mode 2–4 bacilli per cell, as plotted
in Supplemental Figures 2D,E) was determined. Macrophages
were infected in the presence of SAHA (20µM) or equivalent
volumes of vehicle control (0.1% DMSO; both Sigma-Aldrich).
After 3 h extracellular bacteria were washed off and macrophages
were incubated as indicated. Uninfected macrophages were
assayed in parallel as controls.

Seahorse Analysis of Metabolic Function
The impact of SAHA on macrophage metabolic function was
assessed using the Seahorse XFe Analyzer (Agilent). PBMC
were isolated from healthy control buffy coats and MDM were
adherence purified in non-treated 6 well-plates (Costar; 2.5× 106

cells/ml, 4 ml/well). MDM were gently scraped, counted using
trypan blue, and seeded onto Seahorse plates (1× 105 viable cells
per well, seeded in low volume for 2 h to facilitate adherence
then topped up to 500 µl and allowed to rest overnight in a
humidified incubator at 37◦C and 5% CO2 before analysis on
the Seahorse XFe24 Analyzer. The extracellular acidification rate
(ECAR) and the oxygen consumption rate (OCR), surrogates
for glycolysis, and oxidative phosphorylation, respectively, were
measured approximately every 10–20min for 600min. Human
MDM were stimulated by injecting iH37Rv into wells through
the Seahorse Analyzer ports 30min after initiation. DMSO or
SAHA were injected into corresponding wells 2 h post-infection.
ECAR and OCR were tracked in real time for the following 10 h.
Alternatively, the ECAR and OCR of MDM were examined 24 h
post infection and treatment with SAHA or DMSO.

Macrophage Assays
The concentrations of IL-1β, IL-10 (BioLegend ELISA Max
Deluxe kits), and TNF (Invitrogen ready-set-go kit) present in
the supernatants were quantified by ELISA, according to the
manufacturer’s protocol.

To assess the impact of SAHA (20µM; Sigma-Aldrich) on
the viability of human MDM, cells were stained with propidium
iodide (PI), and Hoechst 33258 and 33342 at the indicated time-
points post-infection with Mtb or treatment with cycloheximide
(positive control; 50µg/ml). Cells were incubated for 30min at
room temperature in the dark and analysed on the Cytell Cell
Imaging System (GE Healthcare Life Sciences).

The effect of SAHA on macrophage phagocytosis was assessed
using fluorescent latex beads (2µm; Sigma-Aldrich); healthy
control human MDM were treated with fluorescent latex beads
(125µg/ml) for 60min at 37◦C in the presence of SAHA or
vehicle control. Cells were thoroughly washed, fixed with 2%
paraformaldehyde, gently removed from the plastic by scraping
and acquired on a BD FACSCanto II. Additionally, MDM or AM
were plated onto Lab-Teks (Nunc) and infected at a known MOI
of 1–10 bacteria per cell (∼70% infectivity) in the presence of
SAHA or vehicle control. After 3 h, Lab-Teks were washed with
PBS and fixed with 2% paraformaldehyde prior to staining with
rapid Auramine O staining set (Scientific Device Laboratory Inc)
and Hoechst 33342 (Sigma-Aldrich). The numbers of bacteria
per cell were counted using a fluorescent microscope (Olympus
IX51) as described above.

T Cell Co-culture Assays
MDM from IGRA positive individuals, infected with H37Ra
in the presence of SAHA or DMSO, were washed after
24 h and co-cultured with thawed, CFSE-labelled (BioLegend;
0.5µM, according to the manufacturer’s protocol) autologous
PBMC (2.5 × 106 cells/ml; 10:1 ratio of PBMC to MDM).
AM were co-cultured with allogeneic CFSE-labelled PBMC
from a BCG-vaccinated, IGRA negative healthy control donor
(2.5 × 106 cells/well; 10:1 ratio of PBMC to AM). Half the
volume of supernatant was removed and replaced with fresh
medium at indicated timepoints. The concentrations of IFN-
γ, GM-CSF, IL-10 (all BioLegend ELISA Max Deluxe kits), and
TNF (Invitrogen ready-set-go kit) were quantified by ELISA,
according to the manufacturer’s protocol. On day 10 post co-
culture, cells were Fc blocked (BioLegend Human TruStain
FcX) and stained with fluorochrome-conjugated antibodies
specific for CD4 (PerCP-Cy5.5), CD25 (APC; both eBioscience),
CD3 (BV510), CD8 (APC-Fire750; both BioLegend). Cells
were fixed and permeabilised for intranuclear staining (FoxP3
staining buffer set; eBiosciences) and stained with fluorochrome-
conjugated antibodies specific for FoxP3 (PE; eBioscience). Cells
were analysed on a BD FACS Canto II flow cytometer, as
previously described (26). Alternatively, cells were restimulated
with PMA (50 ng/ml) and ionomycin (500 ng/ml) in the presence
of brefeldin A (5µg/ml; all Sigma-Aldrich) for 5 h to assess
intracellular cytokine production. PMA-stimulated cells were Fc
blocked and stained with fluorochrome-conjugated antibodies
specific for CD3 (BV510) and CD8 (APC-Fire750). Cells were
fixed, permeabilised (Fix perm kit; Invitrogen) and stained
with fluorochrome conjugated antibodies specific for GM-CSF
(PE), IFN-γ (APC; both BioLegend), and TNF (PerCP-Cy5.5;
eBioscience). Cells were acquired on the BD FACSCanto II.
Cytokine production fromCD3+ CD8+ and CD3+ CD8− (CD4)
CFSElo proliferating cells was analysed using FlowJo software as
previously described (27).

Colony Forming Units (CFU)
CFU were determined at day 0 (3 h post-infection), 3, 6, or
10, as indicated; cells were lysed with triton-X 100 (0.1%) and
pooled with bacterial pellets (at all timepoints except day 0)
from the centrifugation of supernatants. Bacteria were diluted
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FIGURE 1 | SAHA supports aerobic glycolysis and modulates cytokine production in human macrophages during early Mtb infection. Monocyte derived

macrophages (MDM) were analysed on the Seahorse XFe24 Analyzer. The extracellular acidification rates (ECAR) and oxygen consumption rate (OCR) were recorded

(Continued)
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FIGURE 1 | approximately every 20min. After 30min, the Seahorse Analyzer injected iH37Rv (MOI 1-10) into assigned wells. Two hours later, DMSO or SAHA were

injected through the Seahorse Analyzer (at 150min; as indicated by the arrows). The ECAR and OCR readings were then continually sampled in real time. (A)

Representative time-course graph illustrating the ECAR of MDM in real-time response to stimulation with iH37Rv and treatment with SAHA or vehicle control (DMSO);

3 technical replicates ± SD. (B) Collated data (error bars indicate mean ± SD) from n = 4 independent experiments for ECAR and OCR at 500min. (C) The

phenogram illustrates the energetic profile of MDM by plotting ECAR vs. OCR at 500min (±SD, n = 4). (D) MDM were stimulated with iH37Rv for 24 h and

concentrations of IL-1β (n = 18), IL-10 (n = 18), and TNF (n = 12) present in the supernatants were quantified by ELISA. Each paired data point represents the

average of technical replicates from a single donor treated with DMSO (empty circles) or SAHA (closed squares). Statistically significant differences between DMSO

and SAHA were determined by one-way ANOVA with Tukey’s multiple comparison test (B) or two-way ANOVA with Sidak’s multiple comparison test (D); *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001.

in Middlebrook 7H9 broth and plated onto Middlebrook 7H10
agar supplemented with OADC (both Becton Dickinson) and
cycloheximide (Sigma-Aldrich). CFU counts were performed 14-
and 21-days post incubation at 37◦C.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism
6 software. Statistically significant differences between two
normally distributed groups were determined using Student’s
paired t-tests with two-tailed P-values. Differences between three
or more groups were determined by one-way ANOVA with
Tukey’s multiple comparisons tests. Differences between two or
more groups containing more than one variable were determined
by two-way ANOVAwith Sidak’s multiple comparisons tests. P <

0.05 were considered statistically significant and denoted using
an asterisk.

RESULTS

SAHA Supports Aerobic Glycolysis and
IL-1β Production in Human Macrophages
Early in Response to Mtb
The metabolic function of human macrophages changes upon
infection with Mtb toward increased utilisation of aerobic
glycolysis (11). Mtb, however, perturbs host metabolism (28–30)
to evade clearance by the innate immune response. Additionally
people with increased risk of contracting TB, such as smokers,
have an impaired ability to shift toward aerobic glycolysis in
response to infection with Mtb (31). Therefore, drugs with the
ability to promote glycolysis may be beneficial as treatment
strategies for people with increased risk of TB.

The upregulation of macrophage effector functions, including
changes in cellular metabolism, is governed by gene transcription
and thus is under the control of HDAC. We, therefore,
hypothesised that the HDAC inhibitor SAHA would modulate
the metabolic function of human macrophages infected with
Mtb. Emerging evidence suggests that SAHA modulates both
pathogen and host epigenetics (32–36). Since HDAC inhibitors
could potentially impact the deacetylation activity within Mtb,
we first used iH37Rv to assess the impact of SAHA on the host
independent of its effects on the bacteria.

We analysed the extracellular acidification rate (ECAR) and
the oxygen consumption rate (OCR) of human monocyte
derived macrophages (MDM) in response to stimulation with
Mtb and treatment with SAHA (20µM) in a Seahorse XFe24

Analyzer (Figure 1). Baseline measurements of ECAR and
OCR, surrogates for glycolysis and oxidative phosphorylation,
respectively, were recorded for 30min prior to the addition of
Mtb iH37Rv. MDM were then treated with SAHA or the vehicle
control (DMSO) 120min post the addition of iH37Rv. ECAR and
OCR were tracked in real-time over a 10-h period. The glycolytic
rate (ECAR) of human MDM increased 15min post the addition
of iH37Rv (at 45min; Figure 1A). The addition of SAHA
at 150min augmented the increasing glycolytic rate between
200 and 400min, whereas the ECAR of MDM that received
vehicle control returned to the baseline rate of the uninfected,
untreated control (Figure 1A). Collated data from n = 4
independent experiments demonstrates that, at 500min, SAHA
significantly increased the ECAR (glycolysis) of human MDM
stimulated with Mtb compared with DMSO-treated controls
and uninfected MDM (Figure 1B, left; P < 0.01). Conversely,
the OCR (oxidative phosphorylation) was not affected by the
addition of SAHA (Figure 1B, right). A phenogram illustrating
ECAR vs. OCR at 500min shows the metabolic state of MDM
infected in the presence of SAHA or vehicle control compared
with uninfected cells (Figure 1C). The addition of SAHA in the
absence of infection did not alter the metabolic profile of human
MDM (data not shown). Twenty-four hours post stimulation
with iH37Rv, SAHA-treated macrophages exhibited significantly
reduced ECAR with no effect on OCR (Supplemental Figure 1).
These data indicate that SAHA supports the rapid shift to
glycolysis in human macrophages during the early response to
Mtb infection.

Increased glycolysis in proinflammatory murine M1-type
macrophages is associated with increased production of mature
IL-1β but does not affect TNF production (37), whereas increased
oxidative phosphorylation in homeostatic M2-type macrophages
is linked to IL-10 production (38). In addition, IL-1β production
and increased aerobic glycolysis promotes early clearance of Mtb
from human and murine macrophages (11, 29). We assessed the
effect of SAHA at a range of concentrations (from 5 to 40µM) on
the production of IL-1β and IL-10 in human MDM stimulated
with iH37Rv (Supplemental Figure 2A). SAHA at 20 and 40µM
optimally induced IL-1β production whereas SAHA abrogated
IL-10 at all concentrations examined. Since IL-1β release can
result from pyroptosis (39), we analysed the effect of SAHA
(20µM) on human MDM cell death (Supplemental Figure 2B).
MDM were treated with SAHA or vehicle control and stimulated
with iH37Rv, infected with H37Ra or treated with cycloheximide
as a positive control for cell death. After 24 h, MDMwere stained
with propidium iodide and Hoechst; cell death was analysed.
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SAHA- and DMSO-treated MDM were washed and cultured in
RPMI containing 10% FBS for the remaining time-points. SAHA
was therefore used at a concentration of 20µM which did not
significantly promote cell death apart from in cycloheximide-
treated MDM on day 3 (P < 0.05) when compared with control
(Supplemental Figure 2B).

MDM from healthy control donors were stimulated with
iH37Rv in the presence of SAHA (20µM) or vehicle control.
Since IL-1β and TNF are fundamental during the early host
response to Mtb (11, 40–42) whereas IL-10 promotes TB disease
progression in mice (43) and interrupts host defence in humans
(44), we determined the concentrations of IL1-β, IL-10, and TNF
by ELISA 24 h post stimulation (Figure 1D). SAHA significantly
increased the production of IL-1β (P < 0.001) and TNF (P
< 0.05) in human MDM stimulated with iH37Rv (Figure 1D).
Conversely, SAHA significantly decreased production of IL-10 (P
< 0.0001; Figure 1D).

To ensure that the increased glycolytic rate and increased
IL-1β production were not a result of increased bacterial
load inside SAHA-treated macrophages, we examined the
effect of SAHA on phagocytosis in human MDM and AM
(Supplemental Figures 2C–E). SAHA did not significantly alter
the uptake of latex beads or Mtb.

Collectively, these data indicate that SAHA significantly
increased glycolysis early in the response to stimulation with
Mtb in human macrophages. Furthermore, SAHA significantly
increased IL-1β and TNF production and significantly reduced
IL-10, compared with vehicle control, in human macrophages
stimulated with iH37Rv. These effects were not associated with
increased cell death or increased bacterial load.

SAHA Modulates Cytokine Production in
the Context of Live Mtb Infection in Human
MDM and Alveolar Macrophages
To ensure this phenotype was recapitulated in the context of a
live infection, we infected human MDM from healthy control
donors with Mtb H37Ra in the presence of SAHA or vehicle
control. After 24 h, the concentrations of IL-1β, IL-10, and TNF
were quantified by ELISA (Figure 2A). Although the overall
magnitude of the cytokine response was reduced in MDM
infected with live H37Ra (Figure 2A) compared with iH37Rv
(Figure 1D), SAHA significantly increased IL-1β production (P
< 0.0001) and significantly reduced IL-10 production (P <

0.05) without affecting TNF production. Cells were lysed on
day 0 (3 h post-infection), day 3, and day 6, and CFU were
enumerated on Middlebrook agar supplemented with OADC
(Figure 2B). SAHA did not significantly affect bacterial killing in
human MDM.

The alveolar macrophage is the first cell to encounter Mtb
and is thought to be ineffective at killing the bacteria (45–
47). Therefore, the AM is a target cell for potential inhalable
adjunctive therapies aimed at boosting immune function.
We isolated human alveolar macrophages from BALF and
infected them with Mtb in the presence of SAHA or vehicle
control (Figure 2C). We found that HDAC inhibition with
SAHA significantly increased IL-1β production (P < 0.05)

and significantly reduced IL-10 production (P < 0.05) without
altering TNF production in human alveolar macrophages
infected with Mtb. Five out of seven of the AM donors were
smokers; when we excluded non-smokers from the analysis
SAHA maintained the ability to significantly boost IL-1β (P <

0.05; data not shown).

Treating MDM With SAHA Enhances
Downstream Effector T Cell Responses to
Mtb
Infiltrating monocytes that are recruited to the lung during
infection and then become MDM are critical to controlling
and killing Mtb (47). Moreover, both MDM and tissue resident
AM are crucial for reactivating infiltrating effector T cells in
the tissue. We utilised blood from interferon gamma release
assay (IGRA) positive individuals to allow us to determine if
treating Mtb-infected macrophages with SAHA had an effect on
T cell responses. First we analysed the effect of SAHA on MDM
from IGRA-positive donors (Figure 3A). HDAC inhibition with
SAHA in infectedMDM from IGRA positive donors significantly
promoted IL-1β (P < 0.05) and reduced IL-10 (P < 0.0001) and
did not significantly affect TNF production. We then established
a co-culture assay in order to assess the impact of the increased
glycolysis and IL-1β production and concomitantly reduced IL-
10 production in infectedmacrophages treated with SAHAon the
downstream T cell response.

T cells can be both protective and pathogenic during
Mtb infection depending on their function and the stage
of TB disease (48). IFN-γ and GM-CSF have emerged as
critical T cell cytokines in the control of Mtb and have
been shown to have additive effects on macrophage-mediated
killing of Mtb (49). Therefore, we assessed if SAHA-treated
macrophages could modulate T cell production of IFN-γ
and GM-CSF.

MDM from IGRA-positive donors were infected with Mtb
H37Ra in the presence of SAHA or vehicle control. After
24 h, MDM were thoroughly washed to remove SAHA/DMSO
and co-cultured with autologous CFSE-labelled PBMC. The
concentrations of IFN-γ, GM-CSF, IL-10, and TNF were
quantified by ELISA on day 3, 7, and 10 post co-culture
(Figure 3B). PBMC co-cultures containing SAHA-treated
MDM infected with Mtb exhibited significantly increased
concentrations of IFN-γ and GM-CSF at day 7 (P < 0.05)
and day 10 (P < 0.01, P < 0.001, respectively) compared with
PBMC co-cultured with DMSO-treated, Mtb-infected MDM.
No differences were observed in the production of TNF or IL-10
(Figure 3B).

In order to determine which cells in the co-culture system
were producing these cytokines, we used flow cytometry
to assess cytokine production in subpopulations of the
proliferating (CFSElo) cells. Representative histograms
illustrate the frequencies of proliferating cells (CFSElo) in
response to stimulation by uninfected autologous MDM,
or MDM infected with Mtb in the presence of SAHA
or DMSO (Supplemental Figure 3A). The frequencies of
proliferating PBMC stimulated by Mtb-infected MDM
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FIGURE 2 | SAHA modulates cytokine production in the context of live Mtb H37Ra infection in human healthy control MDM and alveolar macrophages. (A) MDM

were infected with Mtb H37Ra (MOI 1-10) in the presence of SAHA or vehicle control (DMSO) for 24 h. The concentrations of IL-1β (n = 8), IL-10 (n = 6), and TNF (n =

8) present in the supernatants were quantified by ELISA. (B) MDM infected with Mtb H37Ra (MOI 1-10) were lysed on day 0 (3 h post-infection), day 3, and day 6.

CFU were enumerated on Middlebrook 7H10 agar supplemented with OADC on day 21 post lysis. CFU are presented as fold change from day 0 and data points

represent the average ± SD of n = 3 independent experiments. (C) Human AM (n = 7) were infected with H37Ra (MOI 1-10) in the presence of SAHA or DMSO. After

24 h, the concentrations of IL-1β, IL-10, and TNF present in the supernatants were measured by ELISA. Each paired data point represents the average of technical

replicates from a single donor treated with DMSO (empty circles) or SAHA (closed squares). Statistically significant differences between DMSO and SAHA were

determined by two-way ANOVA with Sidak’s multiple comparison test (A,C) or by paired Student’s t-test (B); *P < 0.05, ****P < 0.0001.

treated with SAHA were not significantly altered compared
with DMSO (Supplemental Figure 3A; collated data, right).
Furthermore, over 90% of proliferating cells were CD3+ T

cells, and this was not altered by treating the MDM with
SAHA (Supplemental Figure 3B). In addition, SAHA did
not significantly alter the frequencies of CD4+ T helper (Th)
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FIGURE 3 | SAHA-treated MDM enhanced downstream effector CD4T cell responses to Mtb. MDM differentiated from the PBMC of IGRA positive individuals were

infected with H37Ra (MOI 1-10) in the presence of SAHA or vehicle control (DMSO). (A) After 24 h, the concentrations of IL-1β, IL-10 and TNF were quantified by

ELISA (n = 5). MDM were washed and co-cultured with CFSE-labelled PBMC from autologous donors. (B) The concentrations of IFN-γ, GM-CSF, TNF, and IL-10

present in the co-cultured supernatants on the indicated days were analysed by ELISA; collated data from n = 4 experiments, error bars indicate ± SD. (C–E) On day

10 post co-culture, PBMC were removed, stimulated with PMA/ionomycin in the presence of brefeldin A, or left unstimulated. Cells were stained with

fluorochrome-conjugated antibodies specific for CD3, CD8, IFN-γ, TNF and GM-CSF, and analysed by flow cytometry. (C) Graphs illustrate collated data for the

frequencies of cells producing cytokines in the population of CD3+CD8− (CD4+) T helper cells that are proliferating (CFSElo ) in response to stimulation with Mtb

infected macrophages (n = 4). Cells were gated on the basis of forward and side scatter, doublets were then excluded and the population of proliferating CFSElo cells

were gated. The Th cell subpopulation was gated within proliferating cells, then cytokines were examined within these populations. (D) Representative dot plots

illustrate co-staining of GM-CSF with IFN-γ from proliferating CD4 (CD3+ CD8−) T cells. (E) Cytokine production from proliferating CD8+ T cells was assessed.

Statistically significant differences between DSMO and SAHA treated groups were determined by two-way ANOVA with Sidak’s multiple comparisons test (A,B) or

paired t-test (C,E); *P < 0.05, **P < 0.01, ***P < 0.001.
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cells or CD8+ cytotoxic T (Tc) cells compared with DMSO
(Supplemental Figure 3C).

PBMC were restimulated with PMA and ionomycin in the
presence of brefeldin A to assess cytokine production from
proliferating T cell populations. Proliferating CD4 Th cells (gated
on CD3+ CD8− cells as PMA stimulation reduces CD4 surface
expression), stimulated by autologous SAHA-treated MDM
infected with Mtb, exhibited significantly increased frequencies
of IFN-γ+ (P < 0.05), GM-CSF+ (P < 0.01), IFN-γ+ GM-
CSF+ (P < 0.05), and IFN-γ+ GM-CSF+ TNF+ (P < 0.05) cells
(Figure 3C). Representative dot plots illustrate the co-staining
of IFN-γ and GM-CSF (Figure 3D). No significant differences
were observed in cytokine production within proliferating CD8+

Tc cells stimulated by autologous DMSO/SAHA-treated MDM
infected with Mtb (Figure 3E).

These results indicate that treating human macrophages
from IGRA-positive donors with SAHA promoted downstream
effector Th cell responses.

SAHA Treated AM Enhance BCG-Primed
CD4 Th Cell Responses to Mtb Infection
Having established that treating Mtb-infected MDM with SAHA
resulted in increased effector Th cell function, we next sought to
determine whether SAHA-treated AM infected with Mtb would
promote effector T cell responses in healthy control individuals
(IGRA negative) who had been BCG vaccinated and are therefore
able to respond to Mtb antigens (PPD) in vitro. Due to clinical
and ethical restrictions, AM and PBMC were isolated from
different donors, therefore the allogeneic response was controlled
for throughout the experiment.

AM were infected with Mtb H37Ra in the presence of
SAHA or vehicle control. After 24 h, AM were thoroughly
washed to remove SAHA/DMSO and co-cultured with CFSE-
labelled PBMC from a BCG-vaccinated donor (IGRA negative
but responds to PPD antigens in vitro). Uninfected AM co-
cultured with PBMC (background allogeneic response) and AM
infected with Mtb H37Ra and not co-cultured with PBMC were
assayed as controls.

The concentrations of IFN-γ produced on day 2, day
5, day 7, and day 10 post co-culture were quantified by
ELISA (Figure 4A). Notably, allogeneic PBMC co-cultured with
Mtb-infected AM produced increased IFN-γ compared with
background allogeneic responses or AM cultured alone. On
day 2, PBMC stimulated with Mtb-infected, SAHA-treated AM
exhibited significantly reduced IFN-γ production compared
with DMSO control (P < 0.05). However, on day 5 and
day 7, PBMC stimulated with Mtb-infected, SAHA-treated AM
exhibited significantly increased IFN-γ production compared
with PBMC stimulated with DMSO-treated, Mtb-infected AM
(P < 0.05 and P < 0.001, respectively). By day 10, there was no
significant difference in IFN-γ production. The concentrations of
GM-CSF, TNF, and IL-10 present in the supernatant on day 5 are
not significantly altered by treating the AMwith SAHA compared
with control (Supplemental Figure 4A).

CFSElo proliferating PBMC were analysed by flow cytometry
on day 10, as above (section TreatingMDMwith SAHAEnhances

DownstreamEffector T Cell Responses toMtb). Treating infected
AM with SAHA significantly increased the frequencies of CD4+

proliferating T cells (Figure 4B; P < 0.01) and significantly
reduced the frequencies of proliferating CD8+ T cells (Figure 4C;
P < 0.0001). Proliferating CD4+ Th cells activated by SAHA-
treated, infected AM exhibited significantly increased frequencies
of cells producing IFN-γ (P < 0.05) and GM-CSF (P < 0.05)
compared with control (Figure 4B). Treating the AMwith SAHA
did not significantly impact the ability of CD4+ Th cells to
produce TNF. In addition, treating the AM with SAHA had
no impact on the ability of CD8+ Tc to produce cytokine
(Figure 4C). Representative dot plots show the co-staining of
IFN-γ and GM-CSF in proliferating CD4T cells (Figure 4D).
Collated data indicates that SAHA-treated, Mtb infected AM
promote significantly higher frequencies of IFN-γ+ GM-CSF+

double-positive (P < 0.01) and IFN-γ+ GM-CSF+ TNF+ triple-
positive (P < 0.05) CD4+ Th cells compared with control
(Figure 4E).

Our group have previously shown that the lung environment
and specifically AM can promote the induction of Treg cells
(23). Taken together with the data demonstrating that SAHA
abrogated IL-10 production from AM, and since IL-10 is a major
driver of Treg induction, we analysed the frequencies of Treg
cells present in the co-culture. Representative plots showing the
gating strategy for Treg cells and collated data indicate that
treating infected AM with SAHA did not significantly alter
the frequencies of CD4+ Treg cells compared with control
(Supplemental Figures 4B,C).

The autologous MDM-PBMC co-culture (of BCG vaccinated,
IGRA negative donor who positively responds to PPD antigens
in vitro) was assayed (Supplemental Figures 4D–F) as a control
for the allogeneic AM-PBMC co-culture and also to assess
if the findings could be recapitulated in the context of
IGRA negative donors. The concentrations of IFN-γ present
in the supernatants were analysed (Supplemental Figure 4D).
Similar to the PBMC co-cultured with allogeneic AM and
the IGRA-positive autologous model, IGRA negative PBMC
stimulated with SAHA-treated, Mtb-infected autologous MDM
exhibited significantly reduced IFN-γ production at day 3
(P < 0.0001) however; by day 7 and 10, PBMC secreted
significantly more IFN-γ compared with controls (P <

0.0001; Supplemental Figure 4D). Dot plots show increased
frequencies of Th cells co-producing IFN-γ and GM-CSF
(Supplemental Figure 4E). CFU were enumerated at on day 0,
day 3, and day 10 (Supplemental Figure 4F). MDM treated with
SAHA exhibit reduced CFU at day 10 compared with control.
MDM co-cultured with PBMC exhibit profoundly reduced CFU
compared to MDM alone, as expected, but without a substantial
difference between the treatment groups.

These data demonstrate that in the context of lung resident
AM from healthy donors, SAHA can promote downstream Th
cell responses, similar to the effects observed in the cells isolated
from IGRA-positive individuals.

Taken together, these data illustrate that SAHA modulates
metabolic function and affects the cytokine profile of
macrophages infected with Mtb, and this results in enhanced Th
cell effector function.
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FIGURE 4 | SAHA treated AM enhanced BCG-primed CD4 Th cell responses to Mtb infection. Human AM were infected with H37Ra (MOI 1-10) in the presence of

SAHA or DMSO. After 24 h, AM were washed and co-cultured with CFSE-labelled PBMC from a BCG-vaccinated healthy donor (IGRA negative) who responds to

(Continued)
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FIGURE 4 | PPD antigens in vitro. Uninfected AM co-cultured with PBMC and Mtb-infected AM not co-cultured with PBMC were assayed in parallel as controls. (A)

The concentrations of IFN-γ present in the supernatants on the indicated days were analysed by ELISA (n = 3). On day 10 post co-culture, PBMC were removed,

stimulated with PMA/ionomycin in the presence of brefeldin A, or left unstimulated. (B,C) Cells were stained with fluorochrome-conjugated antibodies specific for

CD3, CD4, CD8, IFN-γ, TNF and GM-CSF, and analysed by flow cytometry. Cells were gated on the basis of forward and side scatter, doublets were then excluded

and the population of proliferating CFSElo cells were gated. The CD4 and CD8 cell subpopulations were gated within proliferating cells, then cytokines were examined

within these populations. Graphs illustrated collated data (n = 4) from unstimulated samples for the frequencies of proliferating cells expressing CD4 (B; left) or CD8

(C; left) and cytokine production from stimulated samples within the population of proliferating (CFSElo) CD3+ CD8− (CD4+) T helper cells (B) and CD3+ CD8+

cytotoxic T cells (C). (D) Representative dot plots illustrate co-staining of IFN-γ and GM-CSF within the CFSElo CD3+ CD8− Th cell gate. (E) Collated data shows the

frequencies of IFN-γ+ GM-CSF+ double-positive and IFN-γ+ GM-CSF+ TNF+ triple-positive cells in the CD4 Th cell population that are proliferating. Statistically

significant differences between DSMO and SAHA treated groups were determined by two-way ANOVA with Sidak’s multiple comparisons test; *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.

DISCUSSION

The metabolic function of macrophages is emerging in the
literature as a gatekeeping node in mediating the immune
response to danger signals. Moreover, perturbance of
macrophage metabolic function by Mtb or other environmental
cues is associated with increased risk of TB disease and enhanced
pathogenicity of the bacteria (24, 28, 29). Therefore, modulating
the metabolic function of macrophages will be key to translating
the burgeoning field of immunometabolism toward clinical
benefit for patients.

Our hypothesis-driven human research aimed to provide
proof-of-concept data for repurposing the FDA approved
HDACi, SAHA, as an immune-augmenting therapy. These data
can be used to inform further experimental models of infection
in vivo.

Our data indicates that the use of the HDACi, SAHA,

on human macrophages modulates both innate and adaptive
immune function in response to infection with Mtb. Treating
macrophages with SAHA resulted in significantly increased
glycolysis early in the response to Mtb infection. Importantly this
effect could be solely attributed to host macrophage responses
to HDACi since iH37Rv was used to ensure direct effects
of SAHA on the bacteria did not confound the experiment.
HDACi have been reported to increase mitochondrial reactive
oxygen species (ROS) in human macrophages infected with
S. Typhimurium or E. coli (22). This is in keeping with our
observation that SAHA promoted the early shift to glycolysis
since mitochondrial ROS is associated with increased glycolysis
in macrophages (50). The evidence for this increased glycolysis
was further supported by the macrophage shift toward a more
proinflammatory phenotype; producing more IL-1β and less IL-

10. This increased glycolysis coupled with increased IL-1β is
a well-documented phenotype in activated macrophages (37)
and has previously been shown by our group in the context
of Mtb infection (11, 29, 51). Inhibiting glycolysis in vitro
has been reported to have no effect on TNF production from
macrophages (11, 37). Infecting MDM with H37Ra in the
presence of SAHAdid not affect TNF production, in keeping with
published literature that demonstrates the TNF is not associated

with the shift to glycolysis in vitro. However, we also report
here that treating human MDM with SAHA not only promoted
glycolysis and IL-1β but also promoted TNF production in

response to stimulation with iH37Rv. This indicates that TNF

may be directly or indirectly linked to increased glycolysis in
the context of iH37Rv stimulation in humanmacrophages. Work
recently published by our group supports this data by showing
that promoting glycolysis using an iron chelator also increased
TNF production in human macrophages stimulated with iH37Rv
(51). Furthermore, inhibition of glycolysis using 2-deoxyglucose
in an in vivo mouse model of Mtb infection resulted in
decreased ex vivo TNF production from interstitial macrophages
from the lung (47). These data collectively suggest that the
relationship between the metabolic function of macrophages and
their ability to produce TNF is complex and therefore warrants
further study.

We and others have previously shown that IL-1β (11,
40, 41) and TNF (41, 42) are critical for control of Mtb,
whereas IL-10 inhibits bacterial clearance (44). The observed
increase in IL-1β production and concomitant decrease in IL-
10 may shift the immune response in favour of the host.
Although SAHA promoted TNF production in the context of
iH37Rv stimulation, it did not increase TNF production in
the context of infection with H37Ra. This suggests that whilst
the net proinflammatory effect is greater in the context of
iH37Rv (with both IL-1β and TNF increased in response to
SAHA), there is still a shift toward increased proinflammatory
responses in the live infection (increased IL-1β, unchanged
TNF, and decreased anti-inflammatory IL-10). Interestingly,
SAHA promoted IL-1β production in murine bone marrow
derived macrophages and human dendritic cells stimulated with
LPS (52), suggesting SAHA may have wider applications as a
modulator of macrophage function in other settings of infectious
disease and cancer.

AM exhibit reduced capacity to shift toward aerobic glycolysis
(47), which is accentuated in smokers, who are at increased
risk of TB (31). In addition, emerging evidence suggests that
multidrug-resistant Mtb does not induce a shift toward glycolysis
inmacrophages (28). Therefore, drugs with the ability to promote
this shift toward utilising glycolysis, independent of the bacteria,
may have significant clinical promise.

In the context of liver cancer, SAHA has been shown to inhibit
HIF-1α expression and nuclear translocation (53, 54). Because
the shift toward utilising aerobic glycolysis in proinflammatory
macrophages is governed by HIF-1α stabilisation (55), this
finding in cancer may appear incongruous to our findings that
SAHA promoted the shift to glycolysis. These disparities may,
at least in part, be due to timing; although SAHA promoted
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glycolysis early in response to stimulationwith iH37Rv, it reduced
glycolysis at the later timepoint of 24 h.

The activation status, cytokine production, and metabolic
function of APC can influence T cell activation (56), therefore,
we analysed the effect of treating Mtb-infected macrophages with
SAHA on downstream T cell responses. We found significantly
increased IFN-γ and GM-CSF production. Importantly, the
flow cytometry data demonstrates that the responding Th cells
were able to produce IFN-γ, GM-CSF, and TNF concurrently.
Increased IFN-γ and GM-CSF production is thought to be
protective during TB disease (57, 58) and these cytokines
exhibit an additive effect in promoting macrophage killing
of Mtb in vivo (49). Moreover, cytokine polyfunctionality
is thought to be beneficial over monofunctional T cell
responses (59).

Although SAHA completely abrogated the production of
IL-10 in macrophages infected with Mtb, the co-culture of
macrophages with PBMC is IL-10 replete; indicating that the
early abrogation of IL-10 production in macrophages is later
rescued by subsequent responding T cells. This is important in
order to ensure that these increased early inflammatory responses
are balanced to limit excessive inflammation and damage to the
lung (60).

Since IL-10 is a well-established suppressor of T cell activation
(61), the ability of SAHA to reduce IL-10 production in
infected macrophages likely contributes toward the enhanced
T cell responses observed. In addition, IL-1β has been shown
to drive a polyfunctional non-classical Th1-type response in
the context of Listeria monocytogenes infection (62). We have
previously shown that increased IFN-γ+ GM-CS+ TNF+

polyfunctional cells are associated with the non-classical Th1
cell phenotype (27), therefore, the increased IL-1β in SAHA-
treated Mtb-infected macrophages may be directly driving
the enhanced polyfunctional Th1-type response. It is also
plausible that the reduced ECAR observed in infected SAHA-
treated macrophages after 24 h may promote better antigen
presentation and T cell responses, consistent with published
observations in dendritic cells whereby an initial increase in
glycolysis is required for activation but subsequently reduced
glucose uptake increases bioavailability of glucose for T cell
activation (56). Thus, the metabolic phenotype induced by
SAHA may be beneficial in vivo to support early clearance
events by macrophages and then subsequently promote T helper
cell responses.

The recapitulation of these findings in AM from healthy
donors and T cells from a BCG-vaccinated healthy donor
suggests that SAHA may have potential as a vaccine adjuvant
delivered directly to the lungs. Additionally, because of SAHA’s
ability to promote IL-1β in AM from smokers, this approach may
be useful in contexts where sessile, metabolically exhausted AM
fail to support early clearance (31). BCG vaccination can induce
trained immunity which confers non-specific protection against
unrelated infections (63). The mechanisms underpinning trained
immunity are changes in epigenetics and metabolic function
(13, 14). Therefore, we hypothesise that SAHA may be able to
modulate the “trained” phenotype in macrophages which may in
turn effect the subsequent T cell response.

SAHA is directly cytotoxic to T cells in the context of
cutaneous T cell lymphoma (64). Our data, however, indicates
that SAHA can indirectly promote T helper cell function
downstream of human macrophages in the context of Mtb
infection. The role of the T cell in mediating protection vs.
pathology in TB is debatable (65–70). We hypothesise that
targeted delivery of SAHA to the lung may be beneficial; firstly to
promote macrophage-mediated immunity to Mtb and secondly
to refresh the population of T cells present in the lung during
the disease state. Newly infiltrating T cells will therefore be
reactivated in situ by SAHA-treated macrophages, that can
enhance T helper cell effector functions.

Research around host-directed therapies have focused on anti-
inflammatories to limit pathology in established TB disease,
however, there is also a role for cell targeted immune-
augmentation (51, 71). This strategy might have a role in
early infection events, or to improve myeloid killing of drug
resistant bacilli (28). We recently demonstrated in vivo efficacy
of this approach, using inhaled macrophage homing micro-
particles that contain all-trans retinoic acid which drives
macrophage anti-TB responses (72, 73). Targeting HDACs has
previously been postulated to have potential as an adjunct host-
directed therapy for TB (10, 74). Our data is also supported
by published in vivo data showing that Tubastatin A, a
selective HDAC6 inhibitor, reduced IL-10, and enhanced Th1
responses in mice infected with Mtb H37Ra (9). Based on the
current cellular study and on recently published data indicating
that HDACi enhanced anti-mycobacterial responses in human
macrophages (10), SAHA warrants further investigation as an
immunosupportive agent.

Study Limitations
Although treating human macrophages with SAHA showed
promising effects on innate and adaptive immune responses
to Mtb, our study ambiguously did not show any significant
effects on bacterial load. SAHA has previously been shown
to have no direct effect on growth of Mtb in an in vitro
axenic culture model, however, it elicited a modest reduction in
bacterial burden in THP1 macrophages co-treated with SAHA
and rifampicin compared to rifampicin alone (35). Considering
this and our current study, we postulate that combining SAHA
with conventional antibiotic therapies may aid killing of the
pathogen through innate and adaptive mechanisms. Moreover,
HDACi including SAHA have been shown to prevent ototoxic
hearing loss (75) caused by aminoglycoside antibiotics and may
therefore have beneficial off-target affects.

Our data indicates that SAHA augments the innate immune
response to Mtb via increased glycolysis. This boosted innate
immune response propagates enhanced polyfunctional Th cell
responses in vitro. Although SAHA may have therapeutic
potential in settings where the immune response is impaired, we
also recognise that such an approach may be detrimental during
active TB disease.

The effects observed on T cells stimulated with Mtb-infected
AM are confounded by the allogeneic nature of this co-culture.
Although the T cell response is increased over the background
allogeneic response, the differences in Th cell function may be
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due to a bystander effect. Whilst we cannot fully rule this out,
we have observed that SAHA-treated AM stimulated with LPS
exhibit increased IL-1β and decreased IL-10 production and
when these AM are co-cultured with PBMC, they do not elicit
a T cell response over the background allogeneic response and
no differences were observed between the treatment groups (data
not shown).

We used an avirulent Mtb strain to model the successful
host immune response, though we have previously shown
that this is a good model for the viable virulent pathogen
in these ex-vivo experiments (11, 29). Additionally, the
use of irradiated H37Rv allows us to analyse the effects
of SAHA on the host without the confounding factor of
the drug manipulating mycobacterial epigenetics and causing
an effect.

Whilst it is likely that SAHA induces epigenetic
changes via HDAC inhibition, the current study cannot
rule out the possibility of non-specific hyperacetylation
of other proteins, as HDAC also deacetylate non-histone
proteins (76).

Conclusion
Treating human macrophages with SAHA enhanced
proinflammatory function by promoting the early shift
to glycolysis. In turn, these SAHA-treated, Mtb infected
macrophages enhanced the T helper cell response downstream
compared with vehicle control-treated infected macrophages.

Our data provides a proof-of-concept in primary human
macrophages and T cells to advance SAHA toward pre-clinical
in vivo studies. It also provides new promising rationale for
targeting epigenetics to modulate human immunometabolic
processes in macrophages.
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Although classically associated with myelopoiesis, granulocyte-macrophage

colony-stimulating factor (GM-CSF) is being increasingly recognized for its potential

role in innate resistance against tuberculosis (TB). While the GM-CSF is produced by a

variety of host cells, including conventional and non-conventional T cells, macrophages,

alveolar epithelial cells, the cell population that promotes GM-CSF mediated innate

protection against Mycobacterium tuberculosis infection remains unclear. This is

because studies related to the role of GM-CSF so far have been carried out in

murine models of experimental TB, which is inherently susceptible to TB as compared

to humans, who exhibit a resolution of infection in majority of cases. We found a

significantly higher amount of GM-CSF production by human macrophages, compared

to mouse macrophages, after infection with M. tuberculosis in vitro. The higher levels

of GM-CSF produced by human macrophages were also directly correlated with their

increased life span and ability to control M. tuberculosis infection. Other evidence from

recent studies also support that M. tuberculosis infected human macrophages display

heterogeneity in their antibacterial capacity, and cells with increased expression of

genes involved in GM-CSF signaling pathway can control intracellular M. tuberculosis

growth more efficiently. Collectively, these emerging evidence indicate that GM-CSF

produced by lung resident macrophages could be vital for the host resistance against

M. tuberculosis infection in humans. Identification of GM-CSF dependent key cellular

pathways/processes that mediate intracellular host defense can lay the groundwork

for the development of novel host directed therapies against TB as well as other

intracellular infections.

Keywords:Mycobacterium tuberculosis, granulocytemonocyte colony stimulating factor, macrophage, cell death,

innate immunity, tuberculosis
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Traditionally, it is thought that protective immunity to
tuberculosis (TB) is primarily mediated by T cells, with CD4+

T cells playing a central role. However, many population-based
immunological and genetic studies support the belief that innate
immunity is equally important in TB immunopathogenesis
(1–3). Macrophages, a critical part of the innate immune
system, have paradoxically been also recognized as a primary
intracellular niche for the growth and survival ofMycobacterium
tuberculosis (MTB) (4). While the molecular details of the MTB-
macrophage interaction continue to be elucidated, emerging
evidence suggest that the phenotypes and functional capacities of
the recruited macrophage may play a crucial role in determining
the outcome of infection (5). Currently, the elements that
govern the tremendous phenotypic heterogeneity and functional
plasticity of macrophages are not precisely known. More
recent studies indicate that GM-CSF-driven differentiation of
monocytes toward a macrophage is critical for its increased
responsiveness to microbial pathogens (6–8). The importance of
GM-CSF in mediating MTB infection control and inflammation
in vivo has previously been reported by us and others (9,
10). However, GM-CSF can be produced by a variety of host
cells, including conventional and non-conventional T cells,
macrophages, and alveolar epithelial cells. Most of the studies
that have been conducted in murine models of TB suggest that
the production of GM-CSF by lung epithelial cells, conventional,
and non-conventional T cells are essential for generating a
protective immune response and restricting MTB growth in
the lungs (8–11). A recent study, clearly suggested that human
macrophages were also able to produce GM-CSF upon infection
with MTB, and their antimycobacterial properties correlated
with their ability to produce GM-CSF (12). While MTB-infected
human macrophages displayed cell-to-cell variability in their
antibacterial capacity, cell populations with increased expression
of genes involved in the GM-CSF signaling pathway were able to
better control MTB growth. The reduced ability of HIV-infected
macrophages to produce GM-CSF and control MTB infection
further suggests that GM-CSF signaling mediates host defenses.

Murine macrophages are also known to produce GM-CSF in
the lung compartment during MTB infection (8). However, in
previous studies, it was unclear whether GM-CSF produced by
macrophages could also contribute to the protective response
against MTB infection in mice, especially during the early phase
of infection when conventional T cells (CD4) have not come into
effect. It is also important to consider that mice are naturally
more susceptible to MTB infection, as compared to humans;
therefore, it was intriguing to examine whether differential GM-
CSF production occurs in human vs. mouse macrophages.

We thus examined the level of GM-CSF produced by mouse
MDMs (monocyte-derived macrophages) compared to human
MDMs before and after infection with MTB (Figure 1A). While
intrinsic levels of GM-CSF were very low in both human and
mouse MDMs, the human MDMs produced relatively higher
levels of GM-CSF than did mouse MDMs, even without MTB
infection. After infection with MTB, human MDMs produced
2.5- to 5-fold higher levels of GM-CSF compared to mouse
MDMs when measured over 7 days. When the ratio of GM-
CSF produced by infected and uninfected MDMs was calculated
(from Figure 1A), human MDMs (3.02–4.66) were found to

have a higher ratio as compared to mouse MDMs (2.62–
3.48). This ratio also constantly increased with time in human
MDMs whereas it remained more or less stable in mouse
MDMs. The comparison of GM-CSF production of infected
and uninfected MDMs further indicated that infection with
MTB increased the production of GM-CSF more robustly in
human macrophages as compared to mouse macrophages. The
bacterial burden in mouse MDMs was also significantly higher
compared to human MDMs (Figure 1B). Notably, the level of
GM-CSF production by human vs. mouse MDMs was different
even before infection as well as at the beginning of infection
(Day 1) when both of them had similar uptake of the bacilli,
which suggests that the differential production of GM-CSF by
human vs. mouse MDMs was most likely not driven by their
respective bacterial load. We also examined if the induction
of GM-CSF production could specifically be related to MTB
infection only. Thus, LPS was added to human andmouseMDMs
separately before infection with MTB. We, however, and did not
find LPS to increase a significant level of GM-CSF production
in both human and mouse MDMs (Figure S1) as compared
to MTB infection (Figure 1A). This indicated that induction
of GM-CSF production by mouse and human macrophages
could be driven independent of pattern recognition receptor
(TLR4) activation and be more specifically related to MTB
infection. Also, when other cytokines produced by MDMs were
examined, no significant difference in TNF-α, IL-4, and IL-10
but higher levels of IL-12 production by human MDMs were
observed as compared to mouse MDMs after infection withMTB
(Figure S2). IL-12 is known to be critical for the maturation
and differentiation of antigen presenting cells (13). A positive
correlation between GM-CSF and IL-12 production by human
MDMs after infection with MTB thus indicates that higher
levels of GM-CSF could have driven an alternate maturation,
differentiation, and activation of human MDMs as compared to
mouse MDMs.

Interestingly, the viability decreased significantly, while
the bacterial burden increased, with time in mouse MDMs
(Figure 1C). In contrast, human MDMs exhibited less cell death
after infection with MTB. Surprisingly, even uninfected mouse
MDMs were unable to survive beyond 7 days as compared to
human MDMs, which were able to maintain nearly 50% viability
until day 21 (Figure 1D).

Because humanMDMs producedmore GM-CSF as compared
to mouse MDMs, we hypothesized that GM-CSF may contribute
to the increased survival of human MDMs. To test this
hypothesis, we supplemented mouse GM-CSF to mouse MDMs
cultivated in vitro and examined their viability before and after
MTB infection. As expected, the addition of GM-CSF to mouse
MDMs significantly increased the longevity of both uninfected
and MTB-infected mouse MDMs (Figure 1E). The uninfected
and MTB-infected mouse MDMs supplemented with 2 ng of
mouse GM-CSF were able to maintain more than 60% cell
viability until day 21. The overall bacterial burden in both mouse
and humanMDMswas significantly reduced with supplementary
GM-CSF (Figure 1F).

We also observed that exogenous addition of GM-CSF
enhanced secretion of IL-2 by antigen 85B specific T cells
(F9A6) upon overlay to infected human MDMs, indicating
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FIGURE 1 | Variability between human and mouse MDMs in their ability to secrete GM-CSF, control MTB infection and cell viability, and present antigens in the

presence or absence of exogenous GM-CSF. (A) GM-CSF secreted by uninfected and MTB-infected human and mouse MDMs. (B) Changes in intracellular bacterial

(Continued)
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FIGURE 1 | burden of mouse and human MDMs over 21 days. Bacterial burden in mouse MDMs could not be measured after 7 days because of complete death of

host cells beyond this time point. (C) Cell viability of MTB-infected human and mouse MDMs over 21 days as measured by Alamar blue assay. (D) Cell viability of

uninfected human and mouse MDMs over 21 days as measured by Alamar blue assay. (E) Effect of exogenous addition of GM-CSF on cell viability of MTB-infected

and uninfected mouse MDMs with time. (F) Changes in bacterial burden with time in human and mouse MDMs after exogenous addition of GM-CSF (2 ng/mL/2 ×

105 macrophages). (G) Antigen presentation levels (secreted IL-2 levels by MTB Ag85B specific T cells) of untreated and GM-CSF (2 ng/mL/2 × 105 macrophages)

treated human MDMs at day 1 and 3 post-infection. (H) Effect of exogenous addition of GM-CSF on cell viability of MTB-infected and uninfected human MDMs with

time. Data represent the average of three independent experiments carried out in duplicate. Bars and error bars represent means and SD, respectively. *p ≤ 0.05, **p

≤ 0.005, ***p ≤ 0.0005, ****p ≤ 0.0001.

FIGURE 2 | Involvement of GM-CSF in differentiation, self-renewal, proliferation, and expansion of antimicrobial functions of different macrophage populations within

lungs. Depicted are macrophages, monocytes, alveolar macrophages, alveolar epithelial cells, and other non-myeloid cells that produce GM-CSF in lungs during

homeostasis and infection. Maturation of alveolar macrophage occurs in presence of GM-CSF leading to augmentation of their antimicrobial functions, such as

increased expression of MHC-II, pathogen recognition receptors, activation of toll like receptor signaling and enhanced pathogen killing (14). GM-CSF is also required

for self-renewal of AMs (15). Transcription factor PU.1 mediates this GM-CSF-dependent effects on differentiation of AMs and their innate immune functions during

infections (16). Circulating monocytes can also be recruited to lungs during infections and GM-CSF assists in their differentiation into macrophages (17–19). GM-CSF

further helps these differentiated macrophage in maintaining their self-renewal and a low homeostatic proliferation in the lungs during health, whereas challenge with

infection/injury/inflammation can induce their proliferation in a GM-CSF dependent manner. These fully differentiated macrophages also exhibit strong anti-apoptotic

and antimicrobial properties. Alveolar epithelial cells also produce GM-CSF which not only helps in clearance of surfactant proteins and lipids but also supports the

differentiation of alveolar and recruited macrophages along with their innate effector functions against infections within lungs (9, 10, 20, 21). GM-CSF can also be

produced by CD4T and iNK T cells which can further contribute to the optimum level of this cytokine required for sustained macrophage effector functions against TB

pathogen (11, 22).

a role for GM-CSF in improving antigen processing and
presentation (Figure 1G). The GM-CSF-mediated increased
antigen presentation by MTB-infected human MDMs
became more prominent with time, indicating that GM-
CSF gradually increased the fusion of bacteria-containing
phagosomes with lysosomes. This could explain the observed
decrease in bacterial load in the human cells (Figure 1F).
Remarkably, human MDMs were also able to maintain
their cell viability for a more extended period of time
when GM-CSF was externally added to infected/uninfected
cells (Figure 1H).

These results indicate that GM-CSF helped macrophage
control MTB by decreasing bacterial load, while also
preventing host cell death. These findings on human vs. murine
monocyte-derived macrophages also indicate that the ability of
macrophages to contain MTB infection could be due to the dual
role of GM-CSF in prolonging the host cell survival as well as
stimulating intracellular anti-MTB effector functions. Though
not studied during MTB infection, GM-CSF has been known
to modulate the developmental as well as effector functions
of different lung macrophage populations (14). GM-CSF can
stimulate oxidative metabolism, Fc-dependent phagocytosis,
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and expression of class II major histocompatibility complex
to boost the effector functions of macrophages (Figure 2).
Based on these evidence together, it is intriguing to investigate
whether lung resident macrophages that produce GM-CSF or
respond to GM-CSF signaling could influence the outcome of
MTB infection.

The role of GM-CSF is also well-defined in the self-renewal
of macrophages, which is one of the mechanisms used to
maintain a physiologically stable macrophage pool in vivo
(23). Bone marrow-derived monocytes can settle in the lung
during health as well as infection, and maintain their longevity
through self-renewal (24, 25). Similarly, alveolar macrophages
(AMs) also have the capacity of local self-renewal throughout
life (15). GM-CSF is one of the critical intrinsic mitogenic
signals required for self-renewal of both alveolar as well as
bone marrow-derived macrophages in the lungs (Figure 2) (23).
Macrophages of embryonic origin also require GM-CSF signaling
to maintain the long-lived resident macrophage pool in the
lungs. During the infection, increased production of GM-CSF has
been shown to induce proliferation and differentiation of AMs
which contributes to innate immunity in the lung (Figure 2) (16).
Differentiation of AMs during infection is mediated through
GM-CSF dependent increase in the expression of PU.1. Innate
functions of AMs, such as cell adhesion, phagocytosis, pathogen
killing, mannose-, and Toll-like receptor expression is promoted
through PU.1. Macrophages derived from circulating monocytes
also retain the capacity to proliferate and differentiate in the
lungs during infection or inflammation and GM-CSF plays
a pivotal role in the process (Figure 2) (17–19). While these
fully differentiated macrophages can maintain a low homeostatic
proliferation in the lungs during health, the challenge with
infection/injury/inflammation can induce their proliferation
strongly via GM-CSF. These differentiated lung macrophages
also demonstrate increased antimicrobial properties. Though
not studied in the context of MTB infection, evidences from
earlier studies suggest that GM-CSF is essential to prevent
apoptosis of macrophages during their differentiation (Figure 2)
(26). We also observed a direct relationship between the levels
of GM-CSF produced by macrophages and their ability to
prevent cell death during MTB infection (Figures 1A,C,D).
It is thus worth exploring whether this characteristic of self-
renewal through GM-CSF helps against MTB infection in vivo
as well. Simultaneous examination of these cellular processes
during MTB infection can help us conclude whether GM-CSF
signaling, cell differentiation, and cell death/survival pathways
are linked with protective innate responses of macrophages.
Because the lung is the primary site of MTB infection, and
alveolar and resident macrophages are the primary host cells
for the pathogen, relative levels of GM-CSF in the lung may
determine macrophage function and their biological properties
that, in turn, may influence the outcome of infection. Though in
a murine model of TB, the protective role of GM-CSF producing
non-myeloid cells, such as iNKT and CD4T cells has also been
reported duringMTB infection which suggests that perhaps these
cells could also be contributing to maintain an optimum level of
GM-CSF required for the effective functioning of macrophages
(Figure 2) (11, 22). While the local proliferation of alveolar and
resident macrophages has been reported in humans as well as

mice (27, 28), the latter is naturally more susceptible to TB.
Infection of mice with MTB leads to progressive disease in all
animals resulting in their premature death, in contrast to human
populations that do not develop the primary disease in 90%
cases. Considering this difference, how the levels and cellular
source of GM-CSF in mice vs. human lungs differ before and
after infection with MTB is important to understand. Multiple
prolonged investigations so far have failed to find any consistent
correlates of immunity that can distinguish adults who develop
clinical TB from those who remain healthy. Most of these
investigations have been carried out in experimental animal
models that do not resemble the true immunopathological events
that naturally occur during different outcomes in humans after
exposure to MTB. In order to find the immune correlates
and GM-CSF mediated mechanism of protection against TB, it
is imperative to compare the immunopathological events that
unfold in TB susceptible vs. TB resistant individuals/animal
models after exposure to pathogen. While it is challenging to
conduct such studies in humans, experimental animal models
of rhesus macaque, cynomolgus macaque, and rabbit, have been
developed in the past which could be explored to investigate the
role of GM-CSF during different outcomes of MTB infection
(29–31). It is also worth investigating if differences in GM-
CSF levels and cellular sources within and outside of the lungs
exist in TB-susceptible vs. TB-resistant human populations.
The existence of polymorphisms in the GM-CSF gene or its
receptor/s also needs to be analyzed to further validate the
role of GM-CSF in innate immunity to TB. Answers to these
unresolved questions through future studies may well envision
a therapeutic role for GM-CSF, either through host-directed
therapies or vaccines that elicit optimal GM-CSF production to
control MTB.
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Background: CD69 is a biomarker of T-cell activation status, but its activation status in
human Mycobacterium tuberculosis (Mtb) infection remains elusive.

Methods: A set of cohorts of patients with different tuberculosis (TB) infection status
including active TB patients (ATB), latent tuberculous infection patients (LTBI) and close
contacts (CCs) of ATB was designed, and the expression profiles of CD69 and several
T-cell markers were determined on Mtb antigen-stimulated T cells by flow cytometry.

Results: The frequencies of CD4+ and CD8+ T cells were both comparable among
Mtb-infected individuals including ATB and LTBI, which guaranteed the consistency of
the background level. A t-Distributed Stochastic Neighbor Embedding (tSNE) analysis
on a panel of six phenotypic markers showed a unique color map axis gated on T cells
in the CCs group compared with ATB and LTBI populations. By further gating on cells
positive for each individual marker and then overlaying those events on top of the tSNE
plots, their distribution suggested that some markers were expressed differently in the
CCs group. Further analysis showed that the expression levels of CD69 on both CD4+

and CD8+ T cells were significantly lower in the CCs group, especially in interferon-
γ-responding T cells.

Conclusion: Our findings suggest that the T-cell activation status of CD69 is associated
with Mtb infection and may have the potential to distinguish LTBI from those populations
who have been exposed continuously to Mtb but have not become infected.

Keywords: tuberculosis, CD69, T-cell, latent infection, close contacts, resister

INTRODUCTION

Tuberculosis (TB) is the leading cause of death due to a single infectious disease in the world, there
were an estimated 10 million new TB cases and 1.5 million deaths in the year of 2018 (WHO, 2019).
Host-directed therapy is a promising strategy for TB treatment but it has not yielded persuasive
results due to our incomplete understanding of immunological mechanism against this disease.

About a quarter of the world’s population has latent TB infection (LTBI), and their lifetime risk
of developing TB disease is around 5%∼15% (WHO, 2019). Mycobacterium tuberculosis (Mtb)
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infection is defined by standard clinical tests including tuberculin
skin tests (TST) and interferon (IFN)-γ release assays (IGRAs).
Recently, it was reported that nine months of isoniazid or four
months of rifampin treatment can prevent the development
of active TB disease in persons with LTBI (Samanovic and
Darwin, 2016), illustrating the feasibility of sterile eradiation of
Mtb in latent infection. However, the exact risk and timing of
disease resulting from the exposure of close contacts (CCs) to
active TB patients (ATB) have not been determined (Reichler
et al., 2018). Recently, particular attention has been placed on
the group of CCs with persistently negative TST/IGRA results
despite prolonged exposure, a group termed “resisters” (Simmons
et al., 2018; Kaipilyawar and Salgame, 2019). Identification of
differential epidemiological and immunological characteristics of
the CCs that are either “resisters” or LTBI will provide greater
biological insights to prevent or clear early TB infections and
develop novel diagnostic methods.

T cells, especially Th1 CD4+ T cells, are a crucial part of
anti-TB immunity. T-cell activation and exhaustion represent
the different immune status at different stages of Mtb infection,
distinguished by the expression of specific biomarkers. Our
previous work demonstrated that the expression of KLRG1,
regarded as a T-cell terminal differentiation biomarker, was
associated with the progression of human TB (Hu et al.,
2018). In animal infection/vaccination models, the expression of
several T-cell biomarkers, such as CD38 (Dintwe et al., 2013),
CD69 (Andersen and Smedegaard, 2000; Kauffman et al., 2018),
CTLA-4 (Kirman et al., 1999; Nandakumar et al., 2014), LAG-3
(Workman et al., 2004; Phillips et al., 2015), Tim-3 (Jayaraman
et al., 2016), and PD-1 (Lazar-Molnar et al., 2010; Reiley et al.,
2010), has been reported to be related to TB infection. However,
association with clinical TB has not been shown for all of them,
especially their expression profiles in CCs remain to be defined.

In this study, the expression profiles of six biomarkers related
to TB infection were compared among ATB, LTBI and CCs
populations by flow cytometry in a designed cohort. As a result,
Although the frequency of T cells was identical among these
groups, a t-Distributed Stochastic Neighbor Embedding (tSNE)
analysis on a panel including the phenotypic markers showed
a unique color map axis gated on T cells in the CCs group
compared with ATB and LTBI populations. By further gating on
cells positive for each marker and then overlaying those events
on top of the tSNE plots, their distribution suggested that some
makers were differently expressed in the CCs group. Further
analysis showed that the expression levels of CD69 on both
CD4+ and CD8+ T cells were significantly lower in CCs group,
especially on antigen-specific T cells. Thus, our data suggest that
the activation status of CD69 might be associated with TB disease
progression, and showed the potential to distinguish CCs from
LTBI populations.

MATERIALS AND METHODS

Subjects
This study was approved by the Ethical Committee of Shanghai
Pulmonary Hospital (approval number K18-215Z), and informed

consent was obtained from all subjects. As shown in Table 1,
the cohort comprised 45 ATB, 15 LTBI, 13 CCs and 17 non-TB-
infected/close contacted persons (Non-TB). ATB was identified
on the basis of sputum or effusion smear or polymerase
chain reaction amplification positivity, confirmed by radiological
findings and clinical syndromes, alongside with a final clinical
diagnosis of ATB. LTBI was defined as IGRA-positive without
clinical syndromes of active TB infection. CCs populations
who were highly exposed to Mtb without infection fulfilled
the following criteria: persons who had shared air space
with an individual with pulmonary TB in the household or
other indoor setting for > 15 hr per week or > 180 hr
total during an infectious period (an infectious period was
defined as the interval from 3 months before collection of the
first culture-positive sputum specimen or the date of onset
of cough, whichever was longer, through 2 weeks after the
initiation of appropriate anti-tuberculosis treatment) and they
were IGRA/TST negative without clinical syndromes of active
TB infection. Non-TB subjects were defined as not Mtb-infected
(IGRA-negative) and not having had close contact with ATB
patients. All subjects were HIV/HCV-negative and were not
taking immunosuppressive drugs.

Peripheral Blood Mononuclear Cells
(PBMCs) Isolation
An equal volume of heparinized peripheral venous blood and
RPMI-1640 cell culture medium (Hyclone) were mixed and
slowly added onto an equal volume of lymphocyte separation
solution Ficoll at room temperature (HMK). The diluted whole
blood was layered on top of the lymphocyte separation solution
with a clear interface. After centrifugation at 600 x g for 20 min,
PBMCs were collected and washed two times with RPMI 1640
medium. The cells were suspended in 1 mL R10 medium (RPMI-
1640 medium containing 10% (v/v) fetal bovine serum [FBS]).
Viability and numbers of cells were determined using trypan blue
in a counting chamber.

T-Spot Assay
T-Spot assay uses an ELISpot (enzyme-linked immune absorbent
spot) platform for diagnosing TB infection (Beijing Jinhao,
China). The test was performed according to the instructions of
the manufacturer (Li et al., 2017). Briefly, PBMCs were added
into a 96-well plate which was pre-coated with antibodies against
IFN-γ in a volume of 100 µL/well with or without ESAT-
6 and CFP10 peptides added as stimulants. After incubation
at 37◦ in a 5% CO2 incubator for 18∼20 h, the wells were
washed and a working solution of a second antibody conjugated
to biotin was added (100 µL/well). After incubation for 1 h
at room temperature, the wells were washed and the enzyme
conjugate working solution was added (100 µL/well) and
incubated for another 1 h at room temperature. After washing
again, the chromogenic substrate AEC working solution was
added (100 µL/well) and incubated at room temperature for
7 min in the dark. Purified water was added to stop the
reaction. The spots were counted by using an ImmunoSpot
Reader (ChampSpot III, Beijing Sage Creation Science, China).
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TABLE 1 | Clinical characteristics of study participants.

Groups Patients with Active Latent Tuberculosis Close Contacts Non-TB populations

Tuberculosis (n = 45) Infection (n = 15) (n = 13) (n = 17)

Age, yr 41.82 (14–77) 43.27 (17–73) 44.02 (33–75) 43.71 (23–76)

Tuberculosis manifestation

Pulmonary 33.33 N/A N/A N/A

Extrapulmonary 0 N/A N/A N/A

Both 66.67 N/A N/A N/A

Smear/culture/ PCR positivity 100 0 N/A N/A

Sex, %

Male 60 66.67 69.23 64.71

Female 40 33.33 30.77 35.29

BCG vaccinated 100 100 100 100

HIV 0 0 0 0

Data are median values (range) or percentage of participants. N/A, not applicable; PCR, polymerase chain reaction.

The results were defined as positive if the spots in the
detection hole numbered at least 6 when the spots in
negative control hole were fewer than 6, or the spots in
the detection well were twice as many as the spots in the
negative control when the number in the negative control hole
was greater than 6.

Intracellular Cytokine Staining (ICS) and
Flow Cytometric Analysis
The ICS assay was measured as described elsewhere
(Hu et al., 2017). Briefly, the freshly isolated PBMCs were
stimulated with peptide pools of ESAT-6 and CFP10 (5 µg/mL,
synthesized by GL Biochem, China) in the presence of Brefeldin
A and Monensin (both 1 µg/mL, BD Biosciences) in a round-
bottom 96-well plate at 37◦ and 5% CO2 for 12 h. After
centrifugation at 600 x g for 5 min at 4◦, the cells were surface-
stained with 50 µL of the appropriate antibody panel diluted
in PBS buffer containing 2% FBS for 30 min at 4◦ in the
dark, followed by washing, fixation and permeabilization with
Cytofix/Cytoperm (BD Biosciences) for 20 min at 4◦ in the
dark. The fixed cells were washed then treated with a panel of
antibodies against intracellular cytokines in a final volume of
50 µL and incubated for another 30 min at 4◦ in the dark. Finally,
the cells were washed and transferred into the flow tube and
analyzed by flow cytometry (LSR Fortessa, BD Biosciences). The
data were analyzed by FlowJo 10 software (Ashland, OR).

t-Distributed Stochastic Neighbor
Embedding (tSNE) Analysis
tSNE is a machine learning dimensionality-reducing algorithm
that compares similarities of data points in high dimensional
space and plots it in two dimensions through a way that
preserves the structure of the dataset. In this study, firstly,
all of the flow cytometry data from the ATB, LTBI and CCs
groups were electronically concatenated into a single FCS file
using FlowJo 10 software. Then the large concatenated files
were down-sampled to create separate files for each group
at a size of 50, 000 events/group. The equal-sized files were
then gated on CD4+ T cells based on the antibodies of

CD3 and CD4, and tSNE analysis was performed in FlowJo
using iterations = 1000 and perplexity = 30. The number
of iterations refers to the number of loops in the repeated
execution of the program, the default number (=1000) was
used in this study. Perplexity is associated with the number
of nearest neighbors that are used in learning algorithms
and can be regarded as a knob that sets the number
of effective nearest neighbors in tSNE analysis. The most
appropriate value depends on the density of the data, a
relatively large value (=30) was used since a large dataset was
analyzed in this study.

Antibodies
The antibodies used in this study: CD3-PE/Dazzle594 (clone
OKT3), CD38-FITC (clone 303504), CD69-Alexa Fluor 700
(clone 310922), Tim-3-Brilliant Violet 421 (clone F38-2E2) and
CTLA-4-Percp-Cy5.5 (clone BN13) were from Biolegend. CD4-
PE-Cy5 (clone RPA-T4), HLA-DR-APC (clone LN3), PD-1-APC-
eFluor780 (clone EbioJ105) and IFN-γ-PE-Cy7 (clone 4S.B3)
were from eBioscience.

Statistical Analysis
Statistical analyses were done using GraphPad Prism 7 software
(La Jolla, CA). The data had a normal distribution and
homogeneity of variance. The statistical differences between
groups were assessed using one-way ANOVA tests. P < 0.05 was
considered statistically significant.

RESULTS

Comparable T-Cell Frequencies Among
ATB, LTBI, and CCs Groups
To explore the role of T cells in close contacts of TB patients,
we firstly compared the frequencies of CD4+ and CD8+ T cells
among TB, LTBI and CCs groups (the gating strategy is shown
in Supplementary Figure S1). As shown in Figures 1A,B, the
percentages of CD4+ and CD8+ T cells were comparable among
groups as expected.
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FIGURE 1 | The frequencies of CD4+ and CD8+ T cell subsets among
groups. The freshly isolated PBMCs were stimulated with peptide pools for
12 h, and the percentage of CD4+ T cells and CD8+ T cells were determined
by flow cytometry. Representative flow cytometric dot plots are shown in (A).
CD4+ T cells were gated as CD3+CD4+ cells and CD8+ T cells were defined
as CD3+CD4− cells. Summarized data are shown as scatter dots in (B).

tSNE Analysis of a Panel Including
Several Phenotypic Markers on T Cells
To further delineate the profiles of T cell-mediated immune
responses in the CCs group, six T-cell biomarkers that had been
reported to be associated with Mtb infection in mouse models
were used. By gating on cells positive for each marker and then
overlaying those events on top of the tSNE plots, we found that
the cell distribution was similar between ATB and LTBI groups
in a 2D scatterplot. Interestingly, the CCs group showed a unique
plot map compared with the other two groups (Figure 2). This
led us to further analysis of the different expression profiles
of these markers.

CD69 Is Under-Expressed on CD4+ and
CD8+ T Cells in CCs
As shown in Figures 3A,B, the percentage of CD69+ cells
among CD4+ T cells was significantly lower in household
contacts and non-TB infected/close-contacted populations,
compared with patients infected or latently infected with TB.
The expression of CD69 showed no significant differences
between the ATB and LTBI groups. The CCs and Non-TB
groups also showed comparable CD69 expression on CD4+
T cells (Figure 3). The differences between groups in mean
fluorescence intensity (MFI) values of CD69 on CD4+ T cells

did not reach statistical significance (Supplementary Figure S2).
Similarly, CD69 was also under-expressed on CD8+ T cells
in CCs and Non-TB groups compared with TB infection
groups (Figure 4). In contrast, the expression profiles of
CD38, CTLA-4, HLA-DR, PD, and Tim-3 were comparable
on both CD4+ T cells and CD8+ T cells, except that the
expression of CD38 on CD8+ T cells was lower in CCs groups
than in ATB patients (Figure 5). Thus, these data suggest
that the activation status of CD69 is associated with Mtb
infection and may have the potential to distinguish LTBI from
those populations who are exposed continuously to Mtb but
are not infected.

The Expression of CD69 on
IFN-γ-Responding T Cells
To further characterize the association of CD69 with the status
of TB infection, we tested the frequency of CD69 on Mtb-
specific T cells, which were defined as T cells that responded to
produce IFN-γ after stimulation with Mtb antigens ESAT-6 and
CFP10. Although most CCs were IGRA-negative, they showed
a slight IFN-γ secretion at a background level in ICS assay,
thus facilitating our analysis. Interestingly, our data showed that
the expression levels of CD69 on IFN-γ+ CD4+ T cells were
significantly lower in the CCs group compared with the ATB
(P < 0.01) and LTBI (P < 0.05) groups (Figure 6), which was
a higher degree of significance than found with the total CD4+
T cells (Figure 3). In addition, the CD69+ frequency was also
significantly lower in IFN-γ+ CD8+ T cells in CCs compared
with ATB (P < 0.05) and LTBI (P < 0.05) groups (Figure 7).

Taken together, our data showed a lower expression of
CD69 on T cells, especially on Mtb antigen-stimulated IFN-
γ-responding T cells, in the CCs group compared with TB
infection groups, indicating that persistent CD69 activation
is associated with the impaired host defense against Mtb
infection that culminates in disease. It was recently shown that
“resisters”, defined as CCs with persistent TST/IGRA negativity,
displayed enhanced antibody avidity and distinct Mtb-specific
IgG Fc profiles instead of IFN-γ T-cell responses to ESAT-6
and CFP10 (Lu et al., 2019). Thus, our data support the
contention that a CD69-expressing/IFN-γ-secreting non-T-cell
host response to Mtb exposure might exist within the CCs
population. Furthermore, lower CD69 expression in response
to the Mtb antigen stimulation might be a clinically significant
characteristic that could serve to distinguish CCs from TB-
infected populations.

DISCUSSION

Despite significant progress over the past few decades, TB
remains the world’s leading killer infectious disease (WHO,
2019), suggesting that a more thorough understanding of the
immune characteristics of Mtb infection is needed.

Especially needed are TB-specific biomarkers as indicators
to predict infection reactivation, disease prognosis or vaccine-
induced immune protection, and to differentiate various TB
infection stages. Measurement of differences in T-cell activation
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FIGURE 2 | tSNE map for six biomarkers on CD4+ T cells. The expression levels and distribution of different biomarkers in each group demonstrated by tSNE. The
heat map shows the degree of activity of different cells expressing various biomarkers, the most active is indicated by red, and the least active is indicated by blue
(left panel). The classic tSNE map indicates different signs with different colors, which more intuitively shows their expression on CD4+ T cells (middle panel).
Combining heat map and classic map, the biomarkers for each color and the numbers of lymphocytes that express each biomarker are shown (right panel).

or exhaustion levels will be helpful. Previously, we demonstrated
the role of T-cell surface maker KLRG1 in human CD4+
T-cell immunity against TB (Hu et al., 2018). Recently, the
concept of “resisters”, defined as CCs who are persistently
TST/IGRA negative, was described. “Resisters” were found
to generate a non-IFN-γ-centric, Mtb-specific, CD4+ T-cell-
mediated immune response to TB exposure, marked by high
levels of up-regulated CD40L/CD154 in a clinical cohort study
(Lu et al., 2019). This finding served to highlight the importance
of T-cell surface marker expression in anti-TB T-cell-mediated
immunity. Although a range of biomarkers was found associated
with TB infection in mouse models, not all have been clinically
verified and in particular, their expression profiles in CCs
remain to be defined.

Our new finding, that CD69 was under-expressed in CCs
group, suggested that it might be associated with Mtb infection.
Considering that the sample size in our current cohort was not
large, we also determined CD69’s expression profiles in non-
Mtb infected/close contact (Non-TB) persons. Consistent with
our expectation, the CD69’s expression was significantly lower
in the Non-TB persons compared with ATB and LTBI, further
supporting our conclusion that activation status of CD69 on T
cells was affected by Mtb infection.

CD69, a type II glycoprotein, is one of the earliest cell surface
antigens expressed by T cells following activation, and potentially
plays an important role in the activation and differentiation of
a wide variety of hematopoietic cells (Ziegler et al., 1994).
Numerous viral and bacterial infection models showed
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FIGURE 3 | The expression levels of CD69 on CD4+ T cells. Representative flow cytometric plots of CD69 staining and “fluorescence minus one” (FMO) staining
control on CD4+ T cells are shown in (A) and the summarized data are shown as dot scatter plots in (B). Values are expressed as mean ± SD. The P values were
calculated by one-way ANOVA and were labeled in the figures. *P < 0.05, **P < 0.01 and ns indicates no significant difference, when compared as indicated.

FIGURE 4 | The expression levels of CD69 on CD8+ T cells. Representative flow cytometric plots of CD69 staining and FMO staining control on CD8+ T cells are
shown in (A) and the summarized data are shown as dot scatter plots in (B). Values are expressed as mean ± SD. The P values were calculated by one-way ANOVA
and are labeled in the figures. *P < 0.05, **P < 0.01 and ns indicates no significant difference, when compared as indicated.
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FIGURE 5 | The expression profiles of CD38, CTLA-4, HLA-DR, PD1, and Tim-3 on CD4+ T cells and CD8+ T cells. Representative flow cytometric plots of CD38,
CTLA-4, HLA-DR, PD1, and Tim-3 staining and FMO staining controls are shown in (A) and the summarized data are shown as dot scatter plots in (B). Values are
expressed as mean ± SD. The P values were calculated by one-way ANOVA and are labeled in the figures. *P < 0.05 and ns indicates no significant difference,
when compared as indicated.
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FIGURE 6 | The expression levels of CD69 on IFN-γ-responding CD4+ T cells. Representative flow cytometric plots of IFN-γ and CD69 staining on CD4+ T cells are
shown in (A) and the summarized data are shown as dot scatter plots in (B). EC, ESAT-6, and CFP10 peptide pools. Values are expressed as mean ± SD. The P
values were calculated by one-way ANOVA and are labeled in the figures. *P < 0.05, **P < 0.01 and ns indicates no significant difference, when compared as
indicated.

increased CD69 expression on T cells (Hodge et al., 2004;
Vega-Ramos et al., 2010; Ishikawa et al., 2013). CD69 is also
a co-stimulatory biomarker commonly expressed on CD8+
T cells that bind to corresponding ligands that are expressed
on DCs (Maimela et al., 2018). CD69 activation stimulates
an influx of calcium ions and the activation of extracellular
kinases ERK1/2, thereby facilitating CD8+ T cell proliferation.
In addition, CD69 activation stimulates the secretion of IL-2
and IFN-γ that promotes the cytotoxic function of CD8+ T cells
(Gonzalez-Amaro et al., 2013). CD69 is preferentially expressed
on cells that activate the memory phenotype (CD45RO+
HLA-DR+), with an increase in the mucosal homing signal
CCR6 and a decrease in the secondary lymphoid tissues homing
signals CCR7 and CD62L. This suggests that CD69 may help
lymphocytes migrate to the site of infection (Sallusto et al., 1999;
Yong et al., 2017). The expression levels of CD69 on T cells
fluctuated during anti-TB chemotherapy (Portales-Pérez et al.,
2002) and in HIV-1/TB co-infected patients, the percentage of
CD4+ T cells expressing CD69+ was related to TST and IGRA
results (Hsieh et al., 2000) confirming an association with disease
status. Because here we have demonstrated that there is increased
CD69 expression on CD4+ and CD8+ T cell in ATB and LTBI

we speculate that blockage of CD69 by a specific antibody
might influence the function of CD4+ T cells. This remains to
be investigated.

It was reported that primary viral infection might cause
an IFN-I-dependent and systemic “partial” activation of T
lymphocytes that was characterized by up-regulated expression
of early activation marker CD69 and co-stimulatory molecule
CD86 (Alsharifi et al., 2006). These partially activated T cells
survived better and developed into effector cells more efficiently
and thereby helped to eliminate virus infection in the early
infection phase (Wijesundara et al., 2010). However, during
chronic viral/bacterial infection and tumor formation, the ability
of T cells to function and to establish memory might be impaired
due to persistent/chronic antigen stimulation and then ultimately
weaken the ability of the cells to confer host protection. This
phenomenon was termed “T-cell exhaustion” (Blank et al., 2019).
Exhausted T cells display high levels of surface markers such
as PD-1, Tim-3, CTLA-4, LAG-3, and CD69 (Yi et al., 2010).
Although the application of so-called “immune checkpoint
blockade” therapies that target these molecules has become
a major weapon in fighting cancer, a greater understanding
of T-cell exhaustion is imperative to establish rational
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FIGURE 7 | The expression levels of CD69 on IFN-γ-responding CD8+ T cells. Representative flow cytometric plots of IFN-γ and CD69 staining on CD8+ T cells are
shown in (A) and the summarized data are shown as dot scatter plots in (B). Values are expressed as mean ± SD. The P values were calculated by one-way ANOVA
and were labeled in the figures. *P < 0.05 and ns indicates no significant difference, when compared as indicated.

immunotherapeutic interventions (Hashimoto et al., 2018).
Previously, we showed that the expression of KLRG1, a maker
of terminally differentiated T cells, was significantly increased
during persistent TB infection, leading to an inadequate T-cell
immune response (Hu et al., 2018). With regard to CD69, it
was reported that targeting CD69 enhanced the early control
of virus infection which related to increased numbers of
cytokine-producing T cells and NK cells in the periphery
(Notario et al., 2019). The attenuation of tumor progression
in CD69 knockout mice was related to the increased levels
of tumor infiltrating T cells and the decreased levels of CD8
T-cell exhaustion, and anti-CD69 antibody treatment enhanced
the anti-tumor activity (Mita et al., 2018). In this study, we
showed that Mtb infection similarly led to increased levels
of CD69 expression on T cells, whereas CCs population
showed levels of CD69 expression similar to those in non-TB
infected/close contacted population. Thus, our data suggest that
persistent CD69 activation might impair host defense against
Mtb infection.

Considering all the subjects were immunized with BCG
vaccines, ESAT-6 and CFP10, which are Mtb-specific antigens
and not secreted by BCG strains, were used throughout the
study, to avoid potential confounding factors (Yang et al., 2013).

Even though, BCG-specific T-cell immune memory might also
be associated with TB disease status, and it was showed that BCG
increased CD69’s expression on both CD4 (Hougardy et al., 2007)
and natural killer cells (Marcenaro et al., 2008) in human cohort
studies. Thus, it’s reasonable to speculate that BCG-stimulated
CD69’s expression might also be used to define TB infection
status, which worth further exploration.

It should be noted that CD8 T cells were roughly defined as
CD3+CD4− cells in this study, however, several T-cell subsets
such as γδ T cells, NKT cells and mucosal-associated invariant
T cells might be CD3+CD4−CD8−, and they are not rare in
peripheral blood (D’Acquisto and Crompton, 2011). Indeed,
these T-cell subsets have been shown to participate in human host
defense against Mtb infection in patients with active TB (Behr-
Perst et al., 1999; Gansert et al., 2003; Jiang et al., 2014) and a
decrease of CD69 expression on TCR Vα7.2+ CD4− T cells was
reported to be associated with impaired cytotoxic functions in
chronic hepatitis B virus-infected patients (Yong et al., 2017).
Thus, the surface markers such as CD69 on these subsets also
have the potential to differentiate between LTBI and CC groups,
which is a possibility worth further evaluation.

In conclusion, this study demonstrated that an up-regulation
of the T-cell phenotype that expresses CD69 might be associated
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with the progression of Mtb infection to disease. The potential of
CD69 as an indicator to predict infection reactivation, to decrease
immune protection, and to differentiate between CCs with LTBI
and ATB remains to be further defined.
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Even if the incidence of tuberculosis (TB) has been decreasing over the last years,
the number of patients with TB is increasing worldwide. The emergence of multidrug-
resistant and extensively drug-resistant TB is making control of TB more difficult.
Mycobacterium bovis bacillus Calmette–Guérin vaccine fails to prevent pulmonary
TB in adults, and there is an urgent need for a vaccine that is also effective in
patients with human immunodeficiency virus (HIV) coinfection. Therefore, TB control
may benefit on novel therapeutic options beyond antimicrobial treatment. Host-directed
immunotherapies could offer therapeutic strategies for patients with drug-resistant TB
or with HIV and TB coinfection. In the last years, the use of donor lymphocytes after
hematopoietic stem cell transplantation has emerged as a new strategy in the cure of
hematologic malignancies in order to induce graft-versus leukemia and graft-versus-
infection effects. Moreover, adoptive therapy has proven to be effective in controlling
cytomegalovirus and Epstein-Barr virus reactivation in immunocompromised patients
with ex vivo expanded viral antigen-specific T cells. Unconventional T cells are a
heterogeneous group of T lymphocytes with limited diversity. One of their characteristics
is that antigen recognition is not restricted by the classical major histocompatibility
complex (MHC). They include CD1 (cluster of differentiation 1)–restricted T cells, MHC-
related protein-1–restricted mucosal-associated invariant T (MAIT) cells, MHC class
Ib–reactive T cells, and γδ T cells. Because these T cells are genotype-independent,
they are also termed “donor unrestricted” T cells. The combined features of low donor
diversity and the lack of genetic restriction make these cells suitable candidates for T
cell–based immunotherapy of TB.

Keywords: host-directed therapy, tuberculosis, unconventional T cells, cytotoxicity, T cell receptor

INTRODUCTION

Tuberculosis (TB) is the deadliest infectious disease worldwide, even if the global incidence
has declined over the past decades. The etiologic agent Mycobacterium tuberculosis still causes
more than 10 million cases and 1.5 million deaths every year. Although drug treatment usually
provides microbiological cure in patients treated with 6-month regimen for drug-sensitive strains,
1.1 million people remain sick (1), because of the spread of strains resistant to multiple drugs.
Moreover, it is estimated that one-quarter of people worldwide are latently infected, and of
these, 5 to 15% will develop TB during their lifetimes, due to the higher risk for people with
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immunocompromised system, such as human immunodeficiency
virus (HIV), malnutrition, or diabetes, or people who use
alcohol or tobacco (2). Treatment for latently infected people
is necessary for the global control of TB. The emergence of
multidrug-resistant TB remains a growing threat to global public
health; in fact, in the absence of a vaccine more efficient than
Mycobacterium bovis bacillus Calmette–Guérin (BCG) vaccine to
prevent primary infection or progression to active TB in latently
infected people, TB global control needs novel therapeutic
strategies in order to improve M. tuberculosis eradication and
limit the excessive pathology.

In this context, the research of more effective and cheaper
drugs represent one of the solutions (3, 4), while therapeutic
interventions that can modulate the immune response have been
proposed (5–7).

These interventions, termed “host-directed therapies”
(HDTs), are directed to evaluate different aspects in order to
better understand the inflammatory and immune pathways
governing protective or detrimental outcomes of the disease.
HDTs consider several mechanisms of action: the research of
biological drugs useful to reduce treatment regimens strategy
to reduce TB pathology targeting M. tuberculosis such as
granuloma structure, autophagy induction, anti-inflammatory
response, and cell- and antibody-mediated immune responses
(8–10).

We review here developments and current advances in
adoptive T cell therapy; in particular, we will focus on the role of
unconventional T cells and discuss whether such approach may
be helpful to offer a valid strategy for the cure of TB applicable
also to other infectious diseases.

As the role of CD4 and CD8 T cells has been largely studied
in TB, highlighting the limit of the high most polymorphic
presentation of peptides antigens by MHC classes I and II
molecules, the donor unrestricted nature of antigen presentation
by molecules that are apparently non-polymorphic, elicits strong
interest for vaccine or T cell immunotherapeutic approaches
to target the entire global population without respect to host
genetic factors.

NATURAL KILLER T AND
MUCOSAL-ASSOCIATED INVARIANT
T CELLS

Natural killer T (NKT) and MAIT cells constitute a subset of
T cells that recognize antigens of non-peptidic nature. These
cells are named as unconventional or “innate-like” T cells for
their distinct features (11, 12). These cells have different memory,
kinetics, and ligand recognition compared to conventional T
cells (13).

MAIT and NKT cells recognize microbial metabolites and
lipids presented by MHC-related protein 1 (MR1) and cluster of
differentiation 1d (CD1d), respectively (Figure 1).

In M. tuberculosis infection, the role of NKT cell subsets
has been investigated; here, we report some evidences of
their role depending on the type of mycobacterial antigens
specifically recognized.

NKT Cells
It has been shown that NKT cells play a key role in a variety
of infectious and autoimmune diseases and cancer (14). NKT
cells express a rearranged αβ T cell receptor (TCR) and NK
cell receptors, which confer the capability to exert several
effector functions in immune surveillance. Based on their TCR
repertoire and antigen recognition, NKTs can be split up into
invariant (iNKT) and diverse (dNKT). Both cell types are CD1d-
restricted and respond to glycolipid and lipid antigens/CD1
complexes, respectively.

Invariant NKT
Invariant NKT cells, also termed classical type I cells, use
an invariant TCRα chain (Vα14-Jα18 in mice, Vα24-Jα15 in
humans) paired with limited TCRβ chains (Vβ7, 8.2 or 2 in mice,
Vβ11 in humans), and constitute a majority of the overall CD1d-
restricted repertoire (15, 16). iNKT cells specifically recognize
the endogenous α-linked monoglycosylceramides, α-galactosyl
ceramide (αGalCer) and α-glucosylceramide (αGalcCer). Similar
to helper CD4 T cells, notwithstanding their specificity for
αGalCer recognition, they are able to produce different
cytokines such as interferon γ (IFN-γ), interleukin 4 (IL-
4), or IL-17A, which designate them as iNKT1, iNKT2,
and iNKT17.

Diverse NKT Cells
Diverse NKT cells have a more diverse repertoire and
recognize a wider range of self and non-self lipids such as
sphingolipids (e.g., sulfatides and βGalCer) and phospholipids
(e.g., phosphatidylinositol, phosphatidylglycerol, and
phosphatidylethanolamine).

Mycolipids, lipids belonging to the mycobacterial cell wall, can
bind CD1d molecules and activate human NKT cells. dNKT cell
activation in responses to different antigens has been detected in
individuals infected with M. tuberculosis (17).

Their role has been investigated in in vitro, in vivo, and in
preclinical models of M. tuberculosis infection (18–22). Active TB
patients had a decreased percentage of iNKT cells in peripheral
blood or bronchoalveolar lavage samples (23, 24), with respect to
subjects with latent TB infection (25–30), even if these cells still
maintained the capability to secrete high amounts of IFN-γ and
displayed an activated phenotype (30, 31).

However, NKT cells from active TB patients express
programmed death 1 (PD-1) molecule at cell surface that leads
to their subsequent apoptosis, an event that can be abrogated
through PD-1 blockade (23, 32). This finding is highly suggestive
of an immunological approach to achieve a protective immune
response against M. tuberculosis. In addition, iNKT cells present
in pleural effusion in TB patients produce IL-21 and can then
participate to local B cell activation and humoral immune
response to M. tuberculosis (33).

While these studies do not clarify a key role for NKT cells in
human TB, their rapid activation and the different role they can
exert in TB infection poise them as an intriguing target for cell-
based therapies (34).
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FIGURE 1 | Unconventional T cells, grouped on the base of their restriction elements. α-GalCer, α-galactosyl ceramide; 5-OP-RU, 5-(2-oxopropylideneamino)-6-D-
ribitylaminouracil; unknown, insufficient or very limited data.

Finally, results from non-human primate (NHP) models of
M. tuberculosis infection have demonstrated that CD8+ iNKT
cells play a protective role in preventing lung pathology (19, 35).

Altogether, these cells are promising tools for potential use
as HDT in human TB, in a similar way to their use in cancer
immunotherapy (36).

MAIT Cells
MAIT cells recognize very rapidly non-peptidic antigens
presented by MR1 molecule (37). MAIT cells respond to
Ag stimulation rapidly either because they are constitutively
activated by Ags derived from commensal bacteria and maintain
activated/memory phenotype, or their clonal size is larger than
conventional T cells (38). In humans, MAIT cells express a
Vα7.2-Jα33/12/20, TCRα chain preferentially paired with Vβ2
or Vβ13 (39–41). In their structure and function, MAIT cells
represent a bridge between the innate and adaptive immunity.
They are αβ T cells whose TCRs have restricted diversity and
recognize small microbial metabolites. In the riboflavin synthesis
process, many bacterial and fungal organisms produce small
intermediates able to activate MAIT cells (42–45). There is also

evidence that non–riboflavin-based antigens, also of microbial
origin (46) and tumor cell–derived molecules (47), can bind to
MR1 and activate some MR1-restricted T cells, although the
identity of these antigens remains to be defined. MAIT cells
comprise 1 to 10% of circulating CD3+ T cells in healthy adults
(48, 49) and have also been found in the gastrointestinal tract,
liver, and airways (50–54).

The role of this population of T cells in the response
against microorganisms is still a matter of studies. TCR-mediated
activation of MAIT cells leads to cytokines production, cytotoxic
effector function, migration, and proliferative expansion (12,
39, 55).

Because MAIT cells can respond to a range of bacteria and
yeasts, several studies have supported the proposal of a peculiar
and non-redundant role in protection against infectious diseases.

In particular, MAIT cells can contribute to the destruction
of infected cells and activation of other immune cell types
(56) through the release of perforin and granzymes; moreover,
they are a source of several proinflammatory cytokines and
chemokines, such as tumor necrosis factor α (TNF-α), IFN-
γ, IL-17A, and MIP-1α. MAIT cells can also produce IL-22,
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IL-13, IL-26, or IL-2, depending on the different cytokine milieus
and tissue localization (57–60). Indeed, MAIT cells can even
be activated by inflammatory stimuli in the absence of TCR-
mediated antigen recognition (57–59, 61–68).

In animal models of mycobacterial infection, MAIT cells are
able to reduce mycobacterial burden and increase the ability
of macrophages to inhibit the growth of intracellular bacilli
(56). MAIT cells were demonstrated to protect mice against
mycobacterial infection (55, 69).

In human TB infection, several studies have evaluated
MAIT cell frequencies in peripheral blood or in inflamed
tissues, demonstrating that this cellular population decreases
during active TB in diverse geographic settings (55, 70–72).
Moreover, this decrease is paralleled by their enrichment in the
inflamed tissue such as that found in the lungs and pleural
effusions of TB patients (73), where they displayed a phenotype
of activated/memory cells and a higher capacity to produce
cytokines such as IFN-γ and TNF-α (74).

Studies have evaluated the relative increase or decrease of
the absolute number or percentage with the progression of TB
infection. In fact, in some circumstances, MAIT cell deficiency
has been associated with the different clinical TB conditions.
Moreover, their decrease has been inversely correlated with other
biological parameters, such as high levels acid–fast bacilli in
sputum of TB patients or with systemic markers of inflammation
(72). Additionally, peripheral blood MAIT cells showed an
impaired production of cytotoxic molecules and cytokines such
as IFN-γ in patients with active pulmonary TB (75). These
functionally impaired MAIT cells express higher levels of
proapoptotic markers and PD-1 than MAIT cells from non-
TB patients (71, 72, 74). PD-1+ MAIT cell expression has been
related to active TB status and declines with TB treatment
(74, 76).

In vitro blockade of PD-1 can increase IFN-γ production in
circulating MAIT cells from patients with TB, thus resembling
the data obtained in studies on NKT cells.

Human data about MAIT cells still gave incomplete
information about the role these cells play in bacterial disease,
but it was stated that in active TB disease MAIT cells decrease
in peripheral blood and those that remain show a dysfunctional,
yet reversible phenotype. An immunological approach could be
to use MR1 ligands in therapeutic settings, in order to potentiate
the functional activities of MAIT cells in M. tuberculosis
infection. This therapeutic approach would be applicable in the
heterogeneous human populations because of the monomorphic
nature of MR1, which displays very limited restriction barrier in
human populations.

γδ T Cells
T cell receptor (TCR) of γδ T cells in humans consists of a γ and
a δ chain; they are usually identified on the base of the δ chain
expressed on the surface, Vδ1+, Vδ2+, and a minor subset Vδ3+.
The knowledge about their antigen recognition repertoire is not
fully elucidated; in fact, some TCRs specifically recognize soluble
antigens in the absence of Ag presentation, whereas other can
bind antigens presented by MHC-I like molecules such as MICA,
CD1, and EPCR (77, 78) (Figure 1).

The Vδ2+ T cells are the major γδ subset in the
blood, and their TCR consists of a Vδ2 and a Vγ9 chain
that recognize microbially derived phosphorylated antigens
associated with the monomorphic butyrophilin 3A1 (BTN3A1)
molecule (79). Metabolites known as phosphoantigens (PAgs)
activate Vγ9Vδ2 T cells (80, 81). One of these metabolites
is isopentenyl pyrophosphate (IPP), produced in eukaryotes
through the mevalonate pathway, a pathway involved in protein
prenylation, and in cholesterol synthesis (82). A dysfunction
of this pathway can lead to overproduction of endogenous
IPP, as occurs in stressed cells (83, 84). Moreover, some drugs
can manipulate the production of endogenous IPP. Another
metabolite able to activate Vγ9Vδ2 T cells is hydroxymethyl-
but-2-enylpyrophosphate (HMBPP), an intermediate of the
alternative, non-mevalonate pathway of cholesterol used by some
Eubacteria and by Plasmodium falciparum, the etiologic agent of
malaria (85, 86).

Pags are recognized in a TCR-dependent manner, and very
recently, the molecule BTN3A1, belonging to the butyrophilin
(BTN) protein family, has been implicated as essential molecule
in the PAgs activation pathway of Vγ9Vδ2 T cells (87–89).

BTN3A proteins are receptors expressed in several cell types,
including immune cells and some malignant cells such as ovarian
cancer. Even if the prominent role of BTN3A1 in PAg-induced
Vγ9Vδ2 T cell activation is well documented, the mechanism
of recognition of the PAg has not been fully delineated. There
is strong evidence that Vγ9Vδ2 T cell activation is due to an
intracellular sensing of PAg through the interaction with the
B30.2 domain of BTN3A1 molecule (90–93).

Vγ9Vδ2 T cells can recognize another antigen belonging
to M. tuberculosis, the 6-O-methylglucose-containing
lipopolysaccharides.

Even if other two minor subsets of γδ T cells are less
represented in blood, they are able to recognize mycobacterial
lipid or glycolipids antigens presented by CD1c and CD1d
molecules. Interestingly, some Vδ1+γδ T cells are activated
following recognition of α-GalCer presented by CD1d molecule
(94), which might be relevant in human clinical trials.

Generally, any γδ T cell antigen could be used to design
TB vaccines due to their ability to drive in vivo expansion of
M. tuberculosis–reactive γδ or to generate in vitro γδ T cells to
be used in adoptive cell therapy.

In human blood, γδ T cells are relatively abundant, so it is
possible to isolate them in large numbers and characterize their
effector mechanisms such as the ability to produce TH 1-, TH 2-,
or TH17-type cytokines and to exert potent cytotoxicity, this latter
function being closely correlated to the elimination of infected
or tumoral cells. These findings, together with their capacity to
rapidly migrate to peripheral sites suggest that γδ T cells are good
candidates for adoptive transfer models of therapy.

They are included in the cluster of unconventional T
cells, because of their MHC unrestricted antigen recognition;
therefore, they have been used and transferred from an
MHC mismatched background without causing graft-versus-host
disease (GVHD), which can be a life-threatening complication
with adoptive transfer of conventional αβ T cells (95).
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In M. tuberculosis infection, Vγ9Vδ2 T cells are activated
rapidly after PAg stimulation, exerting effector mechanisms such
as release TNF-α and IFN-γ (96), and cytotoxic molecules
such as perforin, granzymes, and granulysin that are involved
in the killing of M. tuberculosis–infected macrophages and in
the reduction of the viability of intracellular and extracellular
M. tuberculosis (97). In humans, BCG vaccination determines
in vivo expansion of γδ T cell population with a memory
phenotype, and similar findings have been observed in BCG or
M. tuberculosis–infected rhesus macaques.

Moreover, adoptive transfer of activated Vγ9Vδ2 T cells in
M. tuberculosis–infected macaques has demonstrated protection
against this intracellular pathogen (79, 96). The adoptive transfer
of γδ T cells in NHP reduced the bacterial burden and limited
disease to the infected lobe by prevention of dissemination
(98). In primates, this expansion is clonal and selects for
Vγ9+Vδ2+ TCR usage (79). This clonal expansion is due to the
specific recognition of PAgs conserved among mycobacteria (99),
recognized by butyrophilin-dependent manner (96, 100). Further
advances in the use of γδ T cells, derived from the study in which
responses in NHP can specifically be boosted by addition of PAgs
to protein subunit vaccines are needed (101).

Therefore, clinical trials targeting γδ T cells may
offer improved outcomes that can best be harnessed for
immunotherapy approaches, as widely experienced in cancer
immunotherapy (102).

HLA-E–Restricted T Cells
HLA-E has been classically defined by the ability to present signal
sequence peptides from HLA class I, which inhibit NK cells
cytolytic activity upon interaction with CD94/NKG2A receptors
(103). However, it has been shown that HLA-E molecules are
able to bind and present other self or pathogen-derived peptides,
including M. tuberculosis, and can be recognized by adaptive T
cells (104–106) (Figure 1).

HLA-E/mycobacterial peptide complexes are recognized
differently from HLA-E/self-peptides; in fact, in our previous
study, we have demonstrated that the latter are predominantly
recognized by NK cells in a CD94 dependent manner; the former
are specifically recognized by CD8+ T cells in a CD3/TCR αβ-
dependent manner (106).

The binding of peptides to HLA-E molecule has been
described (107). The peptide-binding motif reveals that most
of the peptides that bind to HLA-E are similar to HLA I
leader sequence with P2 Met and P� Leu. This motif has been
identified for 21 peptides, but the discovery of new HLA-E–
specific peptides needs to be characterized in sharing anchor
residues or motifs. In fact, the crystal structure analysis of
HLA-E- bound to a mycobacterial peptide has revealed that the
flexibility of the conformation of the bound peptides is also
critical in the activation of CD8 T cells despite the preferred
anchor residues (108).

Therefore, HLA-E plays a role in both innate and adaptive
immune response, thanks to their interaction with both NK
cells and antigen-specific CD8+ T cells. One important aspect
of HLA-E molecule is its low allelic variability, rendering this
molecule an interesting candidate antigen-presenting molecule

for peptide-based vaccination strategies (103, 109–111). These T
cells can inhibit intracellular M. tuberculosis growth in human
macrophages. Moreover, compared to class Ia molecules, HLA-
E molecule is enriched in M. tuberculosis phagosomes and
accessible for loading withM. tuberculosis peptides generated into
the phagosome (112, 113).

Studies in mouse and NHP suggest a contribution of HLA-E–
restricted T cells to protective immunity against TB.

It was found that the murine homolog of HLA-E, Qa-1
molecule, can bind and present human HLA-E–binding peptides
to murine CD8+ T cells, which display cytolytic and regulatory
activities (114). Moreover, knockout studies confirmed a direct
role for Qa-1 in regulating histopathology and bacterial burden
and contributing to protection against M. tuberculosis (114).

MHC-E–restricted CD8+ T cell responses are elicited
in rhesus macaques (Rh) by an experimental rhesus
cytomegalovirus (CMV) vaccine, which express genes coding
for proteins specific for simian immunodeficiency virus
(SIV). This attenuated Rh CMV vaccine showed strong
protection against a subsequent challenge with SIV infection,
and protection was due to activation of CD8+ T cells that
recognized SIV peptides bound to either MHC class II or MHC-
E molecules, but not conventional MHC class Ia molecules,
explaining in part the involvement of MHC-E–restricted T
cells in protection (115–117). Further investigation revealed
that naturally occurring SIV epitopes matched the Rh CMV
vector–elicited CD8+ T cell–restricted epitopes contributing to
protection against a subsequent SIV challenge (112). Similarly
to the model described above, Rh CMV-TB antigen vectors
induced strong protection against TB following vaccination
in 41% of treated NHPs (118). Moreover, Hansen et al.
(118) demonstrated that one of three tested Rh CMV strain
68-1 vectored vaccines expressing six or nine protein from
M. tuberculosis was able to elicit unconventionally restricted
MHC class II and MHC-E restricted CD8+ T cell responses.
Therefore, viral-vectored vaccines can be developed in order
to induce immunogenicity of HLA-E–restricted T cells against
many pathogens in human patients.

Recently, we have demonstrated that M. tuberculosis–specific
and HLA-E–restricted CD8+ T cells are abundant but exhausted
in peripheral blood of TB–HIV-1–coinfected patients, and this
dysfunctional phenotype is correlated with high levels of PD-
1 molecule expression. The use of anti-PD1 mAb may restore,
even partially, the number and the functions of M. tuberculosis–
specific and HLA-E–restricted CD8+ T cells (119). Like NKT
and MAIT cells, HLA-E–restricted CD8+ T cells are associated
with exhaustion. This abnormal phenotype is probably caused
by the direct recognition of M. tuberculosis–infected cells and
the exposure to high levels of inflammatory cytokines. Further
research is needed to develop strategies for restoring this subset
in patients with M. tuberculosis infection/disease, with or without
HIV coinfection, in order to better define the therapeutic
potential of immune checkpoint blockade.

Taking advantage for the relative monomorphism of HLA-E
molecule and for its stable expression in HIV–M. tuberculosis
infection, which represents an important issue of global health,
the use of antigen recognition through HLA-E molecule, should
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be considered as another valuable approach to promote or
boost activation of CD8+ T cells in vaccine formulation
or immunotherapy.

PERSPECTIVE

Translational research can begin to use the knowledge
of unconventional T cell biology to develop new
immunotherapeutic approaches. Vaccine or immunotherapy
development could represent a good strategy in infectious
diseases prevention, but obviously, it is very important to
demonstrate that identified ligands for unconventional T cells are
expressed at the surface of infected cells at densities and durations
that are able to engage TCRs and induce T cell activation
and immunological memory phenotype. In fact, the efficacy
of vaccine or immune protection in case of the re-encounter
with the same pathogen could be reached by the induction
of memory T cells.

Therefore, unconventional T cells can be used to improve
T cell immunotherapy, thanks to several aspects, such as
the rapid cytokine release without the need to previous
clonal expansion due to their presence at high number of
available experienced antigen-specific cells that have developed
as memory-like state (77). Another important aspect is
represented by the monomorphic model of antigen recognition
by unconventional T cells that could be universally effective
in human infectious diseases and cancer context. Moreover,
their TCRs will not be able to give alloreactive responses and
to cause GVHD, making these cells more suitable in cellular
therapy such as chimeric antigen receptor (CAR) T cell therapy
(120, 121).

MAIT, NKT, and γδ T cells are crucial players in the
development and maintenance of immunity. These aspects have
been demonstrated by the array of infectious, inflammatory, and
malignant diseases in which they play diverse roles (81, 122–127).

Depending on the nature of the infectious or inflammatory
setting, these can range from host protective functions,
for example, antimicrobial or antitumor responses, to the
augmentation of disease (122–126). A number of clinical trials
based on γδ T cell therapy have been conducted or are ongoing
to evaluate the safety and antitumor efficacy (128). Moreover,
several clinical trials have assessed the safety and efficacy of
Vγ9Vδ2 T cells for immunotherapy. Because of their high

plasticity, studies using CAR- γδT cells could be of great interest
also in infectious diseases.

Until now, no clinical trials have investigated on the
efficacy of unconventional T cells in inducing protection toward
M. tuberculosis disease.

Because of the role that these cellular populations play during
the early stages of infection, they could be studied as promising
tools in immunotherapy against the intracellular pathogen.

Finally, therapy using anti–PD-1 and anti–CTLA-4
monoclonal antibodies, important checkpoints of the immune
response, has demonstrated to play an important and valid
approach to treat some types of cancer (129), where it is assumed
primarily to enhance CD8+ T cell–mediated tumor destruction.

Given that unconventional T cells also express the inhibitory
receptors such as PD-1 upon activation and that blockade of these
receptors can enhance their effector activities and antitumor
capacity (74, 130–132), the potential role that unconventional
T cells play should be considered in infectious disease and the
immunotherapy for infectious diseases, and the incorporation
of unconventional T cells into these studies has the potential to
provide novel approaches to this important area of medicine.
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Chemotherapeutic intervention remains the primary strategy in treating and controlling
tuberculosis (TB). However, a complex interplay between therapeutic and patient-
related factors leads to poor treatment adherence. This in turn continues to give
rise to unacceptably high rates of disease relapse and the growing emergence of
drug-resistant forms of TB. As such, there is considerable interest in strategies
that simultaneously improve treatment outcome and shorten chemotherapy duration.
Therapeutic vaccines represent one such approach which aims to accomplish this
through boosting and/or priming novel anti-TB immune responses to accelerate
disease resolution, shorten treatment duration, and enhance treatment success rates.
Numerous therapeutic vaccine candidates are currently undergoing pre-clinical and
clinical assessment, showing varying degrees of efficacy. By dissecting the underlying
mechanisms/correlates of their successes and/or shortcomings, strategies can be
identified to improve existing and future vaccine candidates. This mini-review will discuss
the current understanding of therapeutic TB vaccine candidates, and discuss major
strategies that can be implemented in advancing their development.

Keywords: tuberculosis, therapeutic vaccine, chemotherapy, immunotherapy, respiratory mucosa, mycobacterial
life cycle

INTRODUCTION

In 2014, the World Health Organization (WHO) supported a post-2015 END TB Resolution
that aimed to curb 90% of both cases and deaths associated with tuberculosis (TB) by 2035 (1).
Although measurable progress toward these goals has been made to-date, recent reports show
that many interim goals originally set for 2020 will not be met globally (2). A major proportion
of these shortcomings stem from current anti-TB chemotherapy regimens including fragmented
patient adherence, treatment failure, and emergence of multi- and extensively drug resistant disease
(3). Novel strategies to be administered in adjunct with conventional chemotherapy, known as
Host-Directed Therapies (HDT), are designed to combat such shortcomings by improving patient
adherence, improving cure rates, and preventing disease relapse (4, 5). In this mini-review, we
focus on therapeutic vaccination strategies as HDTs for TB. We discuss current requirements for
therapeutic vaccines in accordance with WHO standards, their mechanisms of action, detail the
current pipeline, and expand on strategies to improve therapeutic vaccines.
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CURRENT TB CHEMOTHERAPY
LANDSCAPE AND ITS SHORTCOMINGS

Chemotherapy for drug-susceptible TB requires two months of
continuous treatment with a cocktail of rifampicin, isoniazid,
ethambutol, and pyrazinamide followed by four months of
rifampicin and isoniazid. Although this regimen has remained
largely unchanged for the last 35 years, numerous healthcare
policies such as Direct Observed Treatment Short course have
allowed for cure rates as high as 85% (2, 6). This, however,
starkly contrasts the low success rate (56%) for drug-resistant
disease, for which treatment can last upwards of 24 months (2).
Although there are numerous factors that contribute to such
low rates, many arise from, and are further exacerbated by poor
patient adherence due to the duration of treatment required to
successfully treat disease.

It is important to note that novel drugs and drug regimens
progressing through the clinical pipeline continue to substantially
improve TB treatment outcomes. Novel chemotherapeutics such
as bedaquiline and pretomanid have allowed for regimens
as short as nine months to be effective in curing drug-
resistant forms of TB (7). However, despite such continued
improvements, patient adherence remains poor. Chemotherapy
durations remain longwinded and costly, and novel antibiotics
pose the threat of off-target toxicities such as peripheral
neuropathy and cardiac manifestations (8). Non-compliance
additionally drives drug resistance which has alarmingly already
been documented for bedaquiline (9). These, alongside other
socioeconomic issues, are entangled with the longevity of
treatment and therefore remain a major roadblock toward the
success of chemotherapy against TB.

The development of novel immunotherapeutic strategies
that synergize with antibiotics to further shorten the duration
of chemotherapy required to successfully treat disease is
an alluring platform for improving patient compliance and
treatment success.

RATIONALE BEHIND PROLONGED
MULTI-DRUG REGIMENS

Logically, multiple drugs are required to treat TB as to avoid
the selection of resistant mycobacterial subpopulations that arise
from single-drug monotherapy (defined as genetic tolerance)
(10). Therefore, individuals with a higher bacillary burden are
statistically more likely to carry intrinsically resistant mutants.
In stark contrast, the rationale behind the length of therapy is
perhaps less intuitive and requires scrutinization of the host-
pathogen interface.

Airway macrophages comprise the major niche for
Mycobacterium tuberculosis (M.tb) infection and outgrowth
(11, 12). Infected macrophages deploy numerous mechanisms
to eliminate M.tb which include phagolysosome fusion,
upregulation of antimicrobial peptides, and autophagy (13–15).
Eventual priming and recruitment of adaptive Th1 immunity
further enhances mycobacterial control in part by promoting
innate-mediated killing (16). Unfortunately, innate and adaptive

immune responses together are often unable to fully eliminate
the pathogen. This necessitates addition of chemotherapeutic
interventions to further enhance mycobacterial clearance
through inhibition of cell wall synthesis (isoniazid and
pyrazinamide), and transcription (rifampicin) (10).

However, M.tb is fully capable of adapting to both the
immunological and pharmacological pressures placed upon it.
Examples of such bacterial countermeasures include inhibiting
phagosome acidification, delaying adaptive responses, and
upregulation of drug efflux pumps (15–18). In addition,
immunological and chemotherapeutic stresses also cause M.tb
to undergo transcriptomic and metabolic shifts leading to a
state of dormancy. In this non-replicative state, the antigenic
profile of M.tb shifts toward expression of stress/dormancy
associated genes (19–25). Collectively, this not only further
circumvents adaptive immune responses established against the
replication antigens, but it also thwarts the efficacy of such
therapies (defined as phenotypic tolerance) since the majority
of TB chemotherapeutics only target actively replicating bacilli.
These phenotypically tolerant, non-replicating mycobacteria are
a major and under-investigated subpopulation responsible for
disease relapse and the need for prolonged antibiotic therapy
(26). As such, there has been a growing interest in strategies which
can address such problems. Host-directed therapies represent a
promising therapeutic category designed to accomplish this goal.

IMPROVING TREATMENT OUTCOME
WITH HOST-DIRECTED THERAPIES

Host-directed therapies are administered in tandem with
conventional chemotherapy to improve treatment success
and reduce disease relapse. Depending on the strategy, HDTs
accomplish this by (1) augmenting the host anti-TB immune
response, (2) limiting lung pathology, and/or (3) enhancing
mycobacterial sensitivity to chemotherapy. Numerous drug-
based HDTs are currently under pre-clinical and clinical
investigation. For example, the antihyperglycemic agent
metformin has shown promise as it enhances macrophage
intracellular mycobacterial killing by increasing phagolysosome
fusion and production of reactive oxygen species (27, 28).
Drug-based HDTs have been reviewed extensively elsewhere and
will not be the focus of this review (4, 5, 29).

VACCINES AS HOST-DIRECTED
THERAPIES AGAINST TB

Tuberculosis vaccination strategies encompass those
administered prophylactically (to prevent infection),
therapeutically (to improve treatment of active disease),
and post-exposure (to prevent re-infection/re-activation) (30).
Therapeutic vaccines continue to gain traction as leading
candidates for TB HDTs.

Therapeutic vaccines are administered in adjunct (at the
start or during) with conventional chemotherapy to accelerate
treatment, shorten chemotherapy duration, and improve
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treatment completion rates. The WHO has generated a detailed
list of parameters necessary for an ideal therapeutic vaccine
candidate, of which the major targets/goals are presented in
Figure 1 (31). Therapeutic TB vaccines aspire to accomplish
these goals by boosting host anti-TB immunity, priming novel
immune responses, and modulating the host inflammatory
response. The following section briefly outlines the most recent
advancements in emerging therapeutic TB vaccines, as identified
by the TuBerculosis Vaccine Initiative (TBVI)1 and the 2018
WHO Global TB Report (Figure 2).

1https://www.tbvi.eu/

MYCOBACTERIAL-BASED
THERAPEUTIC TB VACCINES

VaccaeTM

VaccaeTM consists of a heat-killed Mycobacterium vaccae (M
vaccae) variant (32). This non-tuberculous mycobacterium
is currently the most advanced therapeutic TB vaccine
candidate and is approved for administration alongside
standard chemotherapy in patients with active TB in China
(33, 34). Although clinical data pertaining to VaccaeTM

efficacy is conflicting (with certain meta-analyses indicating
little-to-no improvement), recent studies have highlighted its

FIGURE 1 | WHO target characteristics for therapeutic tuberculosis vaccines. In order to guide research and development, the WHO has set aspirational
targets/characteristics for candidate therapeutic TB vaccines. These include three major areas to address (orange boxes): Vaccine targets that determine efficacy,
the target population, and the subsequent long-term impact on the chemotherapy regimen. Candidates which meet some/all of these targets must also be safe,
efficacious in a minimum number of repeated doses, and investigated to define their mechanism-of-action or potential efficacy biomarkers, to further refine/guide
future vaccination strategies (green boxes).

FIGURE 2 | Therapeutic TB vaccine pipeline. Numerous TB vaccine candidates under pre-clinical and/or clinical testing for their prophylactic efficacy are also
evaluated as immunotherapies.
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therapeutic efficacy (35, 36). In particular, such studies have
highlighted the ability of orally administered VaccaeTM to
accelerate negative sputum smear conversion. A large-scale
phase III trial with 10,000 recruited participants is ongoing with
interim results showing high retention rates (clinicaltrials.gov,
NCT01979900). However immunological data pertaining to
VaccaeTM mechanism of action is limited. Pre-clinical and
clinical immunological studies have suggested that induction of
robust Th1 (and conversely skewing away from Th2) immune
responses, alongside induction of cytotoxic CD8 T lymphocytes
are correlatives of efficacy (37).

Mycobacterium indicus pranii
Mycobacterium indicus pranii (MIP) is a non-pathogenic
mycobacterium whose heat-killed variant has been successfully
used as an immunotherapeutic for leprosy (38, 39).
Characterization of the antigenic profile of MIP has shown
broad antigenic congruency with M.tb, warranting further
investigation toward its potential as a therapeutic vaccine.
A recently published phase II trial where MIP was intradermally
administered in adjunct to chemotherapy showed success in
enhancing bacterial clearance, and improved lung pathology in
patients with bi-lateral, drug-resistant disease (40). Pre-clinical
studies in numerous animal models (including hyper-susceptible
guinea pigs) have correlated the therapeutic efficacy of MIP
to its ability to drive robust Th1-skewed immunity (41–43).
Interestingly, these studies also compared the contribution
of immunization route to efficacy, showing that respiratory
mucosal vaccination was immunologically superior to the
parenteral route.

RUTI R©

In contrast to whole, heat-killed mycobacteria, RUTI R© is
composed of liposomes containing detoxified fragments of M.tb
grown under hypoxic/stress conditions (44, 45). The growth of
virulent M.tb under these conditions drives expression of an
array of stress and latency associated antigens, thereby expanding
the antigenic breadth of the RUTI R© formulation, theoretically
allowing for adaptive immune responses to target latent bacilli
(46). The added advantage of this strategy is targeting the
latent bacillary population which, as stated previously, is a
major contributor to disease relapse. RUTI R© is currently being
investigated as a subcutaneously administered post-exposure
vaccine in individuals with drug-resistant disease who have
completed chemotherapy (45, 47). As such, RUTI R© remains to be
tested therapeutically in patients with active disease, potentially
due to issues related to the Koch phenomenon (45).

RECOMBINANT-BASED THERAPEUTIC
TB VACCINES

H56:IC31
H56:IC31 is a recombinant fusion protein of three M.tb antigens:
Ag85B, ESAT-6, and Rv2660c combined in a stabilizing agent
containing a TLR9 agonist as an adjuvant (48). By expressing

replication and pathogenicity-based antigens (Ag85B, and ESAT-
6, respectively) and latency-associated antigens (Rv2660c),
H56:IC31 is designed to drive multi-functional Th1 immunity
against both actively replicating and dormant bacilli, and has
been shown to prevent M.tb reactivation in macaques following
parenteral delivery (48, 49). H56:IC31 has undergone extensive
clinical testing as a prophylactic vaccine in phase 1 and 2
trials showing a favorable safety and immunogenicity profile
in IGRA− and IGRA+ individuals (50). In line with its
success and clinical advancement as a prophylactic vaccine,
H56:IC31 is also being investigated as an intramuscularly
administeredtherapeutic for TB. This includes a phase 1
combinatorial HDT regimen with a Cyclooxygenase-2 inhibitor
etoricoxib (clinicaltrials.gov, NCT02503839), and a phase II
efficacy trial in South Africa addressing prevention of disease
reoccurrence (clinicaltrials.gov, NCT03512249).

ID93/GLA-SE
ID93/GLA-SE is a recombinant vaccine expressing three
virulence (Rv2608, Rv3619, and Rv3620) and one latency-
associated (Rv1913) antigen in combination with a synthetic
TLR4 agonist in an oil-in-water emulsion (51, 52). Similar to the
other vaccine candidates described in this review, ID93/GLA-SE
has been extensively characterized in pre-clinical animal models.
Such studies have shown that ID93/GLA-SE drives robust and
sustained anti-TB specific CD4 and CD8 T cell responses
following parenteral delivery, correlating with significantly
improved prophylactic protection against pulmonary TB (53).
Therapeutic vaccination by the intramuscular route with
ID93/GLA-SE in non-human primate models significantly
reduced pulmonary mycobacterial burden, pathology, and
improved survival (53). Thus far, a phase I trial has shown
that ID93/GLA-SE is safe and immunogenic in QuantiFERON
positive individuals, thereby supporting its further assessment as
an immunotherapeutic (54).

VIRAL-VECTORED THERAPEUTIC TB
VACCINES

Modified Vaccinia Ankara
Modified Vaccinia Ankara (MVA)-based TB vaccines have
a checkered history with a phase IIb trial of MVA85A
failing to enhance prophylactic immunity following parenteral
immunization in BCG-vaccinated infants (55). Regardless, MVA-
vectors remain widely utilized as TB vaccines given their
remarkable ability to accommodate large transgene inserts and
drive long-lived Th1 immunity (56). A recently developed MVA-
based vaccine expressing 10 M.tb antigens has been assessed
for its therapeutic efficacy in a murine model. Interestingly,
this vaccine provided minimal reduction of bacterial burden
within the lungs and a modest reduction in relapse (57). This
was observed following parenteral, but not respiratory mucosal
immunization. Additionally, immunological studies revealed that
immune responses against some antigens were not induced.
These observations highlight certain key considerations for
vaccine design which will be addressed further in this review.
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Adenovirus
Adenoviruses represent the most widely used viral vector
platform for vaccine design (58). Human adenoviruses, in
particular human adenovirus serotype 5 (AdHu5), have been
extensively tested as a prophylactic vaccine platform delivered
both parenterally and via the respiratory mucosal route (58–
62). Unfortunately, in some instances the high seroprevalence of
antibodies against this common respiratory pathogen has limited
its efficacy. This has prompted the development of platforms
founded in serotypes exotic to humans (63).

Non-human adenoviruses, such as chimpanzee adenoviruses
have gained traction as vaccine vector candidates given their
robust immunogenicity and low seroprevalence (63).

We previously characterized the prophylactic potential of
a chimpanzee adenoviral-vectored vaccine expressing M.tb
Ag85A (AdCh68Ag85A) (64). Our study showcased the superior
immunogenicity and efficacy of this vector following respiratory
mucosal administration in comparison to its AdHu5 counterpart.
Additionally, utilizing a clinically relevant murine model
of chemotherapy treated active TB disease, our group has
shown that respiratory mucosal therapeutic immunization with
AdCh68Ag85A accelerated bacterial clearance, limited lung
pathology, and limited disease relapse following pre-mature
chemotherapy cessation (65).

ADVANCING THERAPEUTIC TB
VACCINE DESIGN

Although definite protective immune correlates for TB remain
elusive, insights from ongoing pre-clinical and clinical trials
provide invaluable information to steer development of
efficacious therapeutic TB vaccination strategies. Such insights
stem from both the immunological as well as the mycobacterial
areas of research. In this section we highlight three categories
(Figure 3) which we believe are most important in advancing
therapeutic TB vaccine design: Vector formulation and
immunization route, antigen/epitope optimization, and antigen
selection dictated by the mycobacterial life cycle.

Vector Choice
Factors such as feasibility, safety, and immunogenicity are largely
dictated by vector choice. As such, this represents a major
consideration when developing novel TB therapeutic vaccine
strategies. Whole organism-based vaccines (VaccaeTM and PIM)
are advantageous given their antigenic breadth. These vectors
however may not be amenable for delivery via the respiratory
mucosal route in humans due to potential safety considerations.
Additionally, utilization of whole mycobacteria/mycobacterial
fragments can potentially skew and/or mask immunological
responses against less immunogenic, yet protective antigens (see
below). As such, utilization of recombinant molecular biology
techniques allows for construction of recombinant vaccines
that focus immune responses against well-recognized protective
antigens. This is the case for recombinant protein and viral-
vectored vaccination strategies (58, 66).

In addition, through careful adjuvant selection, antigen-
specific immunity can be polarized toward certain immune
profiles. Use of TLR agonists (such as TLR9 in H56:IC31and
TLR4 in ID93:GLA-SE) enhance both the cytokine functionality
and longevity of Th1 immune responses which are critical for
anti-TB immunity (67). Identification of adjuvants capable of
inducing cytotoxic CD8 T cell responses can be challenging
however and may represent a roadblock in developing
optimal therapeutic TB vaccines. We have recently shown
that antigen-specific CD8 T cells are the major cell type
involved in the therapeutic efficacy of AdCh68Ag85A, thereby
providing supporting evidence of their importance in anti-TB
immunity (65).

Viral vectors, particularly adenoviruses, remain the most
widely utilized platforms for vaccine design given their genetic
malleability, safety, and amenability for respiratory mucosal
administration (58). However as echoed by us and others, viral
serotype selection is a major consideration in the downstream
immunogenicity and efficacy of a vaccine candidate. For example,
human adenovirus serotype 35 (AdHu35) has been used in
place of AdHu5 given its low seroprevalence, which allows it
to circumvent anti-vector immunity (68). Thus, this vector has
been extensively tested as a putative prophylactic TB vaccine
candidate (AERAS-402) (69). Unfortunately, recent studies have
shown that parenteral administration of this vaccine did not
significantly induce antigen-specific immunity (70, 71). In line
with this observation, it is well documented that AdHu35 induces
robust type 1 interferon responses, leading to downstream loss
of vector transgene expression, which may negatively impact T
cell immunity (72). Alongside the choice of immunization route
(explained below), this also may explain why AERAS-402 failed
to confer efficacy when administered therapeutically (73).

Progress in the development of other novel vaccine platforms
provide new opportunities in further advancing therapeutic TB
vaccine development. For example, nanoparticle-based vaccines
have shown tremendous progress against a plethora of infectious
diseases (74). Nanoparticles not only act as antigen carriers,
but also possess intrinsic immunogenic properties (often not
requiring adjuvants) which can be fine-tuned by altering their
physiochemical properties (75). Recent studies have shown that
nanoparticle-based TB vaccines are not only amenable for
respiratory mucosal delivery, but can drive robust Th1-skewed
immune responses which provide similar-to-grater immunity
than BCG alone (76, 77).

Immunization Route
Compelling evidence suggests that protection against mucosal
pathogens such as M.tb is heavily reliant on the presence of
pathogen-specific immune cells at the primary site of infection
(78–80). As seen during natural M.tb infection, bacterial control
is observed when anti-TB specific T cells appear in the lung (81).
Specifically, it is the presence of such immune responses within
the airways that is critical in anti-TB immunity. Immunization
route largely determines the anatomical location of antigen-
specific T cells and therefore, vaccine efficacy (82). Pre-clinical
studies show that parenteral immunization with TB vaccines
drives robust antigen-specific T cell immune responses. However,
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FIGURE 3 | Designing improved therapeutic TB vaccination strategies. In accordance with Figure 1, the current TB vaccine landscape has provided invaluable
evidence which can be used to improve therapeutic vaccination strategies. These include the type of vaccine vector, the route of immunization, the selection and
design of the epitope(s)/antigen(s), and further focus on identifying targets from the different stages of the mycobacterial life cycle.

such cells are primarily restricted to the periphery, unable to
quickly enter the lung interstitium and airway lumen, and largely
fail to confer protection against pulmonary TB (83). In stark
contrast, respiratory mucosal immunization generates a long-
lasting population of tissue-resident polyfunctional T cells that
are primed to express homing molecules to allow preferential
migration and residence in the airway lumen and lungs (80, 82,
84, 85). These immune cells, located at the portal of infection,
are able to rapidly respond and carry out their effector function,
providing markedly enhanced protection against pulmonary
M.tb infection.

Antigen/Epitope Optimization
Most TB vaccine candidates in development continue to
utilize antigens that are widely characterized in M.tb-
infected individuals and are proven to be immunogenic
(e.g., Ag85A, ESAT6, TB10.4). Seminal studies however
have shown that M.tb infection in humans is characterized
by adaptive T cell responses which are skewed toward
hyper conserved epitopes (86, 87). Broad conservation of
immune responses against such epitopes is a non-prototypic
measure of immune evasion which M.tb is speculated to
have evolved to control and concentrate the host immune
response against non-protective antigens. As most vaccine
strategies are formulated to include such immunodominant

antigens and have been ineffective, it suggests that these
candidates may be suboptimal for vaccine-derived protection.
Consequently, targeting non-dominant (cryptic) antigens
may represent a superior avenue for designing efficacious
vaccines (88).

Expanding the repertoire of T cell immunity through
immunization with cryptic antigens has been evaluated in TB
in pre-clinical models (89, 90). Such studies have shown that
T cell responses against cryptic antigens are significantly more
functional than those elicited against classical immunodominant
antigens and provide enhanced protection. Importantly,
T cell responses against such cryptic antigens are longer-
lived, and are less prone to exhaustion, making them ideal
for long-lasting immunity. Collectively, such observations
warrant the inclusion of cryptic antigens in therapeutic
vaccination strategies.

Antigen Selection
Following pulmonary infection, adaptive immune responses are
primarily skewed toward replication and virulence-associated
antigens. As previously mentioned, immunological and
pharmacological stresses proceed to drive M.tb into a non-
replicating, dormant state. Antigenically, this is associated with
a shift from replication-associated antigens to those involved
in the stress and the dormancy response. Consequently this

Frontiers in Immunology | www.frontiersin.org 6 September 2020 | Volume 11 | Article 557809128

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-557809 September 7, 2020 Time: 18:45 # 7

Afkhami et al. Immunotherapeutic Vaccines Against TB

allows M.tb to evade existing adaptive immune responses that
have already been primed against such antigens. Two major
conclusions can be inferred from this: Only targeting replication-
associated antigens may be suboptimal for therapeutic
vaccination platforms, and including dormancy/stress-associated
antigens may improve therapeutic vaccine efficacy. A plethora
of dormancy antigens are currently under investigation as
tantalizing vaccine antigen candidates. As detailed earlier,
H56:IC31 expresses the latency antigen Rv2660c and ID93:GLA-
SE expresses Rv1813 (48, 53). These represent just two of
many potential dormancy candidates (such as those controlled
by the DosR Regulon) that warrant further investigation.
In addition, it will be critical to assess whether immune
responses to such antigens are able to specifically eliminate
dormant bacilli. To do so will require implementation and
standardization of experimental techniques that delineate
between these mycobacterial subpopulations, which have been
described previously (91).

In addition, targeting M.tb populations resuscitating from
dormancy would also be critical in the development of
therapeutic vaccines, as to eliminate/minimize reactivation.
Mycobacterial resuscitation is a complex process and is regulated
in a coordinated transcriptional burst preceding expression
of metabolic and growth-related pathways (92). Resuscitation
promoting factors (RPFs) represent a major class of antigens
involved in this process and may represent promising vaccine
antigen targets (92–94).

Evidence supporting further investigation of RPFs as vaccine
antigens stems from clinical studies that correlated the long term
maintenance of multifunctional adaptive immunity against these
antigens in M.tb-infected non-progressors (95). This strongly
supports the role of such immune responses in controlling
reactivation from latency. Although RPFs have been included
in numerous pre-clinical prophylactic vaccine candidates, no
study to-date has investigated the contribution of RPF-specific
immunity in restricting resuscitation (96, 97). Given the
significant contribution of resuscitating M.tb populations to
disease relapse, developing therapeutic vaccines to improve
immune surveillance during or post-chemotherapy against such
subpopulations would have substantial benefits.

CONCLUDING STATEMENT

Reaching the END TB set goals for 2035 remains a daunting
task which we are unlikely to meet short of a revolution
in current treatments. Investigation into therapeutic vaccines
has expanded rapidly in the last several years offering novel
insights toward vector design, and targeted antigen selection
from differing stages of the bacterial lifecycle. While this
field lags behind the development of prophylactic strategies,
therapeutic vaccines have the potential to enhance treatment
success rates, even for difficult-to-treat drug-resistant forms
of TB. As this emerging field of TB vaccine development
continues to flourish, there are several factors that will be critical
to assessing their potential success, and eventual utilization.
Namely, to what extent are these vaccines able to shorten the
duration of existing chemotherapeutic regimens? How will we
evaluate the efficacy of these vaccines under realistic situations
such as fragmented or incomplete therapy? Can therapeutic
immunization protect against recurrent infection? Intertwined
with this are establishing correlates to measure efficacy, and
the standardization of complex, pre-clinical models necessary to
account for the myriad of moving parts at play. This includes,
but is not limited to, dissecting immune responses from vaccines
versus those induced from infection, the role of chemotherapy
in driving dormancy/escape from immunological pressures, and
safety/efficacy in individuals living with HIV.
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Latent tuberculosis infection (LTBI) is a subclinical mycobacterial infection defined on the

basis of cellular immune response to mycobacterial antigens. The tuberculin skin test

(TST) and the interferon gamma release assay (IGRA) are currently used to establish

the diagnosis of LTB. However, neither TST nor IGRA is useful to discriminate between

active and latent tuberculosis. Moreover, these tests cannot be used to predict whether

an individual with LTBI will develop active tuberculosis (TB) or whether therapy for LTBI

could be effective to decrease the risk of developing active TB. Therefore, in this article,

we review current approaches and some efforts to identify an immunological marker

that could be useful in distinguishing LTBI from TB and in evaluating the effectiveness of

treatment of LTB on the risk of progression to active TB.

Keywords: latent tuberculosis infection, LTBI, IGRA, TST, LTBI diagnosis

INTRODUCTION

Approximately 5–10% of the individuals infected with Mycobacterium tuberculosis (M.
tuberculosis) develop the disease during the first 2–5 years after infection (1). In the rest of them,
the innate immune response will either fully eliminate the infection without leaving a trace of
immunological response (resistance to TB infection) (2) or lead to a state of persistent immune
response to M. tuberculosis antigens without clinical evidence of active disease (2, 3). This last
outcome is indeed the basis to consider that one fourth of the world population is infected withM.
tuberculosis (4). These are the individuals who persist with the so-called latent tuberculosis infection
(LTBI) immunoreactivity even if bacterial clearance is achieved, becoming a potential reservoir for
active tuberculosis. In this context, there is a clear need of diagnostic assays for LTBI that could
be used as well to identify individuals at risk of developing active TB and to monitor response to
LTBI treatment.

The identification of individuals in contact with active TB cases during the first 2 years of
exposure is important for two reasons: first, because it allows the implementation of public health
policies of disease control by identifying individuals with an increased risk of developing the active
tuberculosis; in particular, those who acquired the infection recently (4, 5); and second, because
it can lead to a better understanding of the immune response during infection, which could be
instrumental in the development of better therapeutic and prophylactic interventions.
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For a long time, the dominant paradigm for LTBI has been one
of a fine balance between host immune response and pathogen
metabolism so that progression to active disease occurs whenever
this balance is disrupted. However, evidence has been emerging
over the past decade that has redefined TB infection in terms of a
spectrum of immune responses rather than a static condition (6).

In persons with LTBI, several factors increase the risk of
developing active TB. Most of them are related to an impaired
immune response, such as concurrent HIV infection, cancer,
immunosuppressive therapy or renal transplant, and diabetes.
This last condition is particularly important; the incidence of
diabetes has been increasing in countries that also have high TB
endemicity and because diabetic individuals are approximately
three times more likely to develop TB than non-diabetic
individuals (7, 8). Some other factors, though, are related to
specific components of host response, such as macrophage
activation, maintenance of granuloma structure, CD4T cells,
CD8T cells, interferon-gamma (IFN-γ), and tumor necrosis
factor alpha (TNF-α) production, all of them important for
the control of the pathogen during LTBI (9). More recently,
studies using whole-blood transcriptomic profiling have been
performed to identify signatures that could differentiate between
LTBI and active tuberculosis and predict different outcomes of
treatment (10–12).

In this review, we discuss the strategies aimed at improving the
accuracy of diagnosis of LTBI, the possible biomarkers linked to
the latency of mycobacterial infection, as well as to the treatment
and follow up of patients with a subclinical infection.

DIAGNOSIS OF LTBI

There is no gold standard test for LTBI (3). Indeed, the low
tissue bacterial burden associated with LTBI works against any
diagnostic strategy focused on the identification of the bacteria
or its components. The diagnosis of LTBI is rather indirect and
relies on evidence of a cellular immune response tomycobacterial
antigens. The most commonly used tests for LTBI diagnosis are
the intradermal tuberculin test (TST) and IGRA.

The TST was developed more than a 100 years ago by Robert
Koch, also known as “old tuberculin,” or Mantoux test after
Charles Mantoux established the diagnosis criteria for reading
a TST (13). TST is widely used around the world, in particular
in developing countries due to its low cost and straightforward
implementation compared to IGRAs. TST has also been used as
an epidemiological tool to evaluate the prevalence of LTBI (14).
The TST is carried out by injecting intradermal purified protein
derivate (PPD) in the forearm of an individual. An induration
reaction of 15mm or larger, read after 48 or 72 h, is considered
indicative of past or current mycobacterial infection. The TST
requires trained personnel to apply, read, and interpret the test.

TST is based on delayed-type hypersensitivity (DTH) skin
reactivation to tuberculin PPD. Tuberculin PPD is a mixture of
protein precipitated of mycobacterial culture filtrates, which have
undergone modifications (13). There are different manufacturers
of PPD referred to as international standard (PPD-SI) and
commercial brands under the US FDA standard PPD-S2, such

as Aplisol (JHP Pharmaceuticals, Inc, Rochester, MI, USA) or
Tubersol (Sanofi Pasteur Limited, Swiftwater, PA, USA). Besides
PPD-S2, there are several other formulations such as PPD RT23
produced by Statens Serum Institut, which is the most widely
used PPD in the world (13), and a variability of the potency
among PPD may affect the TST result.

The question on which components of PPD are mainly
responsible for the DTH reaction is an important and unresolved
one. Molecular analysis of PPD-S2 has revealed highly conserved
chaperone proteins among most of the mycobacterial species
such as the 10-kDa chaperonin (GroES, BCG-a heat shock
protein), the 60-kDa chaperonin 1 (GroEL), the probable
chaperone protein (DnaK, heat shock protein 70), and the
heat shock proteins (HspX, alpha-crystallin homolog), which
constitute about 60% of the PPD proteomic content (15). Due
to the abundance of these proteins, it would be reasonable to
expect one or more of them to cause DTH reaction; however,
little is known regarding which of them are responsible for it.
Moreover, the presence of highly conserved proteins in PPD
prevents the TST to distinguish amongM. tuberculosis infection,
Bacille Calmette–Guérin (BCG) vaccination, and exposure to
environmental non-TB mycobacteria.

The immune response involved in TST has been the subject
of several studies, which had revealed that biological variations
among individuals, as those presented below, may explain in
part why some persons have strong TST responses, while others
present a weak or no response at all.

� The CD14 (−159C/T) polymorphism variant (a variant in
the CD14 molecule present in monocytes and macrophages),
which is associated with a higher probability to be TST
negative even if vaccinated with BCG (16).

� Th1, Th2, or Th17 immune responses influence TST reactivity:
since TST-positive individuals show significantly impaired
interleukin (IL)-17 and IL-23 production, lack of Th17
upregulation may be a key feature of TST positivity,
while Th2 cytokines could play a marginal role on TST
(17). However, IL-17-producing cells are phenotypically and
functionally heterogeneous and may play different roles
in immune pathology and protection. The role for Th17
during M. tuberculosis infection is conflicting and may be
protective during acute infection and harmful during chronic
infection (18, 19).

� A decreased expression of cutaneous lymphocyte antigen
(CLA) on skin-resident T cells is associated with later phases of
the skin response. A reduced TST reaction in older individuals
is not associated to a reduction in the numbers or function of
PPD-specific CD4T cells but to the low expression of CLA, as
observed in an ex vivo study of the cells associated with the
blisters produced by the PPD in the TST (20).

� TST anergy may reflect a reduced cell-mediated immune
response related to a major codominant gene responsible for
TST variability, as suggested by a study of familial segregation
on TST reactivity in household contacts of TB index cases in
Colombia (21).

� A major locus (TST2) on the chromosome region 5p15
controls the intensity of DTH to tuberculin. The absence
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of TST reactivity has a genetic component and corresponds
to the major locus (TST1) on chromosomal region 11p14,
which controls TST response and reflect T-cell-independent
resistance to M. tuberculosis, as per the results of a study in
a hyperendemic region in South Africa (22).

� Some individuals living in highly endemic areas remain TST
negative, suggesting that these individuals are more likely to
be naturally resistant to M. tuberculosis infection rather than
intrinsically deficient in eliciting DTH response (22).

Interestingly, there are other diseases or metabolic states that
can also influence the reactivity to TST. Recently, Deniz and
colleagues studied 371 patients with chronic kidney disease
(which are more susceptible to tuberculosis infection and
disease) and found that both high levels of parathormone
(PTH) and vitamin D treatment correlate with a negative TST
result, indicating that these factors may induce some degree of
immunosuppresion (23).

Two interesting reports in children have suggested that
helminth infestation may affect the result of immunological tests
that evaluate infection with M. tuberculosis (24), while the IFN-
γ/IL-10 ratio may correlate positively to the TST test, suggesting
that the relationship of these two cytokines may be important
in TST reactivity (25). This last report also showed that TST
is affected by BCG administration but not by exposure to non-
tuberculosis mycobacteria (25).

In summary, TST results are affected by a complex array
of factors such as age, nutritional and immunological status,
the time interval between antigen exposure and the test
performance, BCG vaccination, immunosuppression, genetic
background, and cross-reactivity with environmental non-
tuberculosis mycobacteria and perhaps other pathogens.

The IGRA is a whole blood assay developed in the past
decades to detect the IFN-γ produced in vivo by sensitized
T cells after in vitro stimulation with mycobacterial antigens.
The mycobacterial antigens used in these assays are the early
secretory antigenic target (ESAT-6) and the 10-kDa culture
filtrate protein (CFP-10). ESAT-6 and CFP-10 antigens are
encoded in the region of differentiation 1 (RD1) present in
the M. tuberculosis and Mycobacterium bovis genome and are
absent in the Bacillus Calmette–Guerin vaccine (BCG) and most
environmental mycobacteria (26, 27). Therefore, IGRA results
are not affected by neither BCG vaccination nor exposure to
environmental mycobacteria.

Until 2015, only two types of assays were commercially
available: QuantiFERON (QFT) and QuantiFERON TB Gold
in tubes (QFT-GIT), which contain long peptides derived from
ESAT-6 and CFP-10 (TB7.7, or Rv2654c encoded by RD11
present in QFT-GIT has been removed). QuantiFERON-TBGold
Plus (QFT-Plus), a new generation assay, now includes both
long peptides derived from ESAT-6 and CFP-10 (designed to
induce a specific CD4 T-cell response) and shorter peptides in
an additional tube, to induce IFN-γ production by CD4 and
CD8 lymphocytes (28). The inclusion of peptides for stimulation
of CD8T cells has been reported to improve discrimination
of LTBI from active TB (29, 30). In general, the QFT-Plus
assay demonstrates a stronger association with increased M.

tuberculosis exposure compared with QFT-GIT in adults with
LTBI (28) and, even though both assays correlates well for LTBI
diagnosis, the QFT-Plus exhibits a higher sensitivity with similar
specificity regardless subject’s age (28).

T-SPOT.TB, another commercially available assay, uses theM.
tuberculosis antigens ESAT-6 and CFP-10. This assay is based
on ELISPOT technique, which quantifies the number of IFN-
γ-producing T cells (spot-forming cells). It requires expensive
reader and software and specialized trained personnel, which
restricts its clinical application in developing countries (31).
Although The T-SPOT.TB and QuantiFERON assay correlate
well, the T-SPOT.TB is less used (32). Considerable discrepancy
between TST and T-SPOT-TB test in LTBI individuals has been
reported (33).

In addition, different studies have reported a heritability of
IFN-γ response to mycobacterial antigens including ESAT-6 and
that the percentage of heritability was different in the population
assessed, but the higher heritability was described in South
African subjects using sibling pairs, and the estimated IFN-γ
response heritability was 58% for ESAT-6 (34, 35).

Similar to what has been described for TST, the performance
of the IGRA tests can be affected by several factors, mainly related
to an impaired immune response and to technical issues. For
example, the addition of IL-7 increases test positivity (36). The
clinical accuracy of IGRAs seems to be negatively affected in
patients with immune-mediated inflammatory diseases (IMIDs)
(37) such as Crohn’s disease, where the function of immune cells
is suppressed (38), as well as in patients on immunomodulatory
drugs such as teriflunomide, which exerts an inhibitory effect
on T-cell activation, and outcome in QuantiFERON results
changing from positive to negative with marked reduction in
IFN-γ (39). In addition, high dose of corticosteroids have been
associated a high proportion of indeterminate QTF-GIT results
in rheumatoid arthritis patients and inflammatory bowel disease.
Patients with these conditions, therefore, should be tested with
QTF-GIT prior to steroid treatment (40). Interestingly, the
IGRA sensitivity is not compromised by diabetes in TB patients;
in fact, the sensitivity of QTF was significantly higher in TB
patients with diabetes in comparison to those with no diabetes
(41). The technical variations that may affect IGRA results
include those related to blood sampling (time, volume), tube
shaking, incubation or processing delay (cell viability in blood
may be affected), incubation duration, analytical errors, and
manufacturing defects (5).

COMPARING TST AND IGRA FOR THE
DIAGNOSIS OF LTBI

Although both the TST and IGRA are used in medical
practice for the diagnosis of LTBI, they evaluate different
parameters of the immune response that are relevant in
immunocompetent individuals.

TST performs an in vivo assessment of the delayed-type
hypersensitivity in response to PPD of the bacilli, and the readout
is the size of the skin induration area after 48–72 h. On the
other hand, the IGRA test evaluates the cell-mediated immune
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response in vitro, and the readout is based on the level of IFN-
γ produced by circulating effector memory cells (42) and the
frequency of effector T cells that produce IFN-γ.

The diversity of antigens used in these tests may account
for most of the differences in specificity, but genetic diversity
and differences in immune response among individuals also
affect the performance and results of both tests. Meta-analyses
have confirmed that IGRA is more specific in low-risk, BCG-
vaccinated individuals (33, 43) and more sensitive in diagnosing
M. tuberculosis coinfection in HIV-infected patients (44).
Discordant results between TST and IGRA are common in
individuals with LTBI, but in the case of IGRA (QuantiFERON-
GIT), the accuracy of the test may be improved by a longer
incubation period with the stimuli and by including IL-2 level
measurements (45).

The diversity of immune response in patients with LTBI
may also reflect differences in the participation of specific T-
cell subsets. For example, an increased number of CD4CD25
high CD39+ cells (regulatory T cells, defined by these and
other markers such as FoxP3) has been observed in individuals
TST+ and IGRA+, compared to TST+ and IGRA–, suggesting
that higher numbers of these cells allow patients to respond to
both tests (46). In addition, the correlation of TST and IGRA
varies among individuals from settings of high vs. low incidence,
perhaps due to the effects of BCG vaccination, exposure to
environmental mycobacteria, or the risk of reinfection (47, 48).
This is why TST and IGRA results should be interpreted in the
context of prevalence and exposure, as has been highlighted by
several authors (49, 50).

Interestingly, fluctuations in IGRA results are observed in
individuals with high exposure to M. tuberculosis such as
healthcare workers, suggesting either a poor reproducibility of
the assay or a reinfection causing reversion as a result of the
continuous exposure to mycobacterial antigens (51). In addition,
false conversions are more commonly seen with IGRAs than with
TST in low-risk populations (52).

Generally speaking, both tests exhibit similar limitations.
For example, their precision is low in immune-compromised
individuals being screened for LTBI. This is a crucial constraint,
since these individuals are the ones at higher risk of developing
TB. Neither TST nor IGRA, QTF-GIT, or QTF are particularly
useful in predicting progression to active tuberculosis. Although
the newest QTF-Plus looks promising in discerning between
LTBI and active TB and between recent and remote acquired
TB infection, it needs further validation in both high- and low-
risk populations.

Putting all these data into perspective, it is not difficult to
understand why the current TST and IGRA cannot meet the
requirements for a test that reliably predicts which individuals
are more likely to control the infection and who are more likely
to progress to active TB.

One strategy to tackle this problem is to build upon current
TST and IGRA to develop better tests. One example of this
approach is the C-TB, which is a promising hypersensitivity
skin test that uses recombinant ESAT-6 and CFP-10 proteins
(53). This test is supposed to combine the low cost of TST
and the high specificity of IGRA. Another example is the use

of different mycobacterial antigens to improve the IGRA test,
such as the Esx-1 substrate protein C (EspC; Rv3615c). This is
an ESAT-6-like protein that is as immunodominant as ESAT-6
and CFP-10 in people with TB and LTBI and which identifiesM.
tuberculosis-infected persons who do not react to neither ESAT-6
nor CFP-10 (54).

Building on the existing TST and IGRA tests may not be
enough, though, given the diversity of factors that can affect
them, including individual genetic background. For this reason,
alternative strategies have been explored.

LATENCY ANTIGENS AS POTENTIAL FOR
DIFFERENTIATING LTBI FROM ACTIVE TB

Since LTBI is defined in terms of immunoreactivity to
mycobacterial antigens, the selection of the right antigens to
evaluate is key in the diagnosis of LTBI and in the development of
assays able to discriminate among different states of the infection
and the risk of progression to active TB. Numerous studies have
focused on the identification of mycobacterial antigens naturally
expressed during LTBI.

In vitro models of latency combined with genome-wide
transcriptome profiling have identified genes that remain
upregulated during LTBI and code for proteins known as
“latency antigens.”

It should be noted that the term “latency” refers to the state
of the, host while the term “dormancy” refers to the state of
the bacteria during the latency state. Dormancy is a reversible
metabolic shutdown, a state of low bacterial metabolism that
is associated to a transition from replicating to non-replicating
bacilli, in which cells are able to survive for a long time
without replication displaying immune-evading strategies (55,
56). Oxygen deprivation and levels of nitric oxide are examples
of factors that favor a low metabolic state.

The dormancy survival regulator (DosR) (also called DosR
regulon, DevR, Rv3133c) regulates the initial response of M.
tuberculosis to hypoxia (57). When DosR is phosphorylated by
histidine kinases, it results in the induction of about 48 genes (58).
Transcriptional analysis under hypoxic conditions has revealed
that, while induction of the DosR regulon is transient, over
200 genes known as enduring hypoxic response (EHR) genes
remain induced for a long time, showing more stability than the
DosR genes and some overlap with those induced in the Wayne
model of hypoxia and nutrient deprivation (59). In addition,
some studies have demonstrated that DosR regulon-encoded
proteins induce a stronger T-cell response in individuals with
LTBI compared to patients with active TB, suggesting a potential
use for LTBI diagnosis (60, 61). The accumulated (and sometimes
conflicting) evidence that links specific latency antigens with
cytokine responses include the following observations:

� Individuals with remote LTBI show a significantly higher
IFN-γ response to Rv2628 (M. tuberculosis latency antigen)
than individuals with recent infection, which suggests that
responses to Rv2628 may be associated with immune-
mediated protection against tuberculosis and could be useful
to distinguish recent from remote infection (62).
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� A short stimulation with Rv2031c induces significantly lower
IFN-γ, TNF-α, and IL-10 concentrations in active TB patients
compared to household contacts and healthy controls (63).
Interestingly, some authors have not found differences in
IFN-γ response to Rv2031c between TB, LTBI, and healthy
controls (60, 62).

� A study that evaluated IFN-γ production in response to
latency-associated antigens and EHR mycobacterial antigens
(CFP10-1, Rv2031, Rv0849, Rv1986, Rv2659c, Rv2693c, and
Rv1737) found that Rv1737 (NarK2) was among the DosR
regulon-encoded antigens most frequently recognized by
individuals with LTBI (64).

� There are significant differences in IFN-γ responses for
DosR antigens (Rv1735c, Rv2006, Rv2625c, Rv1996, Rv2032,
Rv2629, Rv3126c, Rv0081, Rv2631, Rv3130c, Rv2624c,
Rv2007c, Rv2028c, and Rv3134) in healthy household contacts
compared with patients with active TB, as reported by a study
in whole blood that included a wide range of stage-specific
antigens to assess IFN-γ response in a long-incubation
assay (65).

� Antigens Rv1733c, Rv2029c, and Rv2628 have been reported to
increase the concentrations of IFN-γ, Granzyme B, IL-17, and
sIL-2 during treatment of active TB (66).

� The stimulation of peripheral blood mononuclear cells
(PBMC) with Rv1737c and Rv2029c seem to increase the IFN-
γ or TNF-α-producing CD4 and CD8T cells in individuals
with LTBI compared to active TB (67).

� The use of RV2004 induced a strong proinflammatory
response (TNF-α, IL-8, IL-1b, and IL-12) in LTBI individuals
compared with active TB and healthy controls (68).

� Stimulation with Rv2627c, Rv2629, and Rv2630 induced high
concentrations of or TNF-α, IL-6, and IL-10 in patients
with active TB. The detection of IL-6, IL-17, and IL-8
in supernatants of cultures with Rv0574c, Rv2630, Rv1998,
Rv054, and Rv2028c might confirm the roles of these antigens
in inflammation and the pathogenesis of TB (69).

� Finally, a meta-analysis that screened a total of 1,533 articles
and selected 34 for the final analysis found that among a
vast number of different mycobacterial antigens, the Rv0081,
Rv1733c, Rv1737c, Rv2029c, Rv2031, and Rv2628, all encoded
by DosR, were among the most widely studied and have the
highest potential for differentiating LTBI from active TB (70).

POTENTIAL ROLE OF ANTIBODIES IN LTBI
DIAGNOSIS

Awidely held paradigm considers the role of the human antibody
response against to M. tuberculosis in the protection against TB
as marginal (71), at least compared with that offered by cell-
mediated immunity. This paradigm has been supported by two
kind of observations: the presence of high levels of antibodies
in the active form of the disease, suggesting that antibodies do
not confer protection (72), and the apparently unaffected risk of
TB reactivation of patients receiving rituximab, a human/mouse
chimeric anti-CD20 antibody that induces a rapid depletion of
normal CD20-expressing B cells (73). Although the presence

of antibodies in the serum from patients with active TB has
led to the development of commercial diagnostic tests, the
World Health Organization has not recommended their use as
diagnostic tools on the grounds of suboptimal sensitivity and
specificity (74).

More recently, however, our understanding of the role of
antibodies specific to mycobacterial proteins has started to
evolve. Indeed, emerging evidence suggests that, since the
metabolism of M. tuberculosis changes over the course of the
infection, the expression of immunodominant antigens should
reflect these changes, leading in turn to differences in the
antibody profile between LTBI and active TB that could be
exploited for diagnostic purposes (75).

In support of this hypothesis, we can refer to
these observations:

� Mycobacterial proteins of 36, 25, and 23 kDa, present in
membrane vesicles, have been detected only in sera from TB
patients but not in healthy controls, while titters of those
antibodies are lower in individuals with LTBI (72).

� Vaccination with BCG induces immunoglobulin G (IgG)
antibodies against Ag85A that are associated with a reduced
risk of developing active TB (76).

� In another study on BCG vaccination, LAM-specific IgG
antibodies have increased significantly after the first primary
and booster doses (77).

� Neutrophils and monocytes/macrophages present increased
internalization and killing of mycobacteria in the presence of
specific antibodies (77).

� Specific IgG antibody levels against transmembrane protein
Rv1733c are significantly higher in LTBI than in TB patients
(78). In contrast, levels of antibodies against other specific M.
tuberculosis proteins are significantly higher in TB patients
than in healthy individuals living in the same endemic
areas (78).

� High levels of antibodies against ESAT-6, P1c1 (membrane-
associated phospholipase C1, Rv2351c), HspX, and TB8.4
(Rv1174c) are detected in the sera from TB patients using
immuno-PCR based in ELISA assay (79).

� Individuals with established LTBI have higher plasma levels
of anti-Rv2626c IgG than in recently infected individuals and
patients with active TB (80).

� Levels of IgM antibodies against M. tuberculosis membrane-
associated antigens (MtM), IgA antibodies against alpha
crystallin (Acr), and a proliferative T-cell response to both
antigens can potentially discriminate between LTBI and active
TB disease (81).

EVALUATING THE EFFECT OF DRUG
THERAPY OF LTBI

A successful treatment of LTBI is an important component
in the control of TB at a global level (82). Patients should
undergo thorough clinical evaluation to rule out active TB
before initiating drug therapy for LTBI, since monotherapy with
Isoniazid (INH), the most common frontline therapy for LTBI,
would be highly inappropriate in the context of active TB. In
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addition, the individual risk of reactivation must be balanced
against potential risks of developing treatment-related adverse
events (82). Therefore, patients with recently acquired LTBI
should be evaluated for preexisting medical conditions that may
increase the risk of such adverse events and should be tested for
coinfection with HIV (83).

Although INH significantly reduces the risk of progression
to TB, its effectiveness is limited by the need of a prolonged
administration (6 and 12 months in immunocompetent and
immunosuppressed individuals, respectively) as well as by
the associated adverse events (84). In 2018, the World
Health Organization issued new guidelines on the treatment
of LTBI in children and adults living in countries with
high and low incidence rates of TB. The new guidelines
include an individualized risk assessment for preventive
treatment of high-risk household contacts of patients with
multidrug-resistant TB (3).

Although the effectiveness of INH prophylactic treatment
for LTBI is weakly established, there is also some evidence of
an associated increase in the vulnerability for TB reactivation
and reinfection, which suggests a therapy-related immune
impairment (85). In this regard, a study performed in a
murine model of mycobacterial infection showed that, although
treatment with INH decreases the number of bacteria, INH-
treated mice present a more profound suppression of antigen-
specific proliferative response compared to untreated mice, even
when INH reduces the number of bacteria (85). Based on the
above, it is clear that individuals at risk of TB should undergo
a clinical evaluation before starting LTBI treatment and that
the elimination of TB requires developing new, safer drugs for
the treatment of LTBI that can be administered for shorter
periods, as well as adequate biomarkers to assess the efficacy of
LTBI treatment.

Assessing the effectiveness of LTBI therapy is not
straightforward, since infected individuals have no symptoms
and mycobacteria cannot be isolated. This has led to the
search of immunological markers for this purpose (86).
However, one important challenge intrinsic to LTBI is
the great diversity of associated physiological and clinical
conditions. While some individuals can harbor lifelong chronic
non-progressive infection, others present some degree of
transient immunodeficiency (e.g., related to other conditions
such as HIV, diabetes, or immunosuppressive therapy) that
allows LTBI to progress, without an effective treatment and
monitoring, to an active form of the disease. Such diversity in
the immune status may correlate with a diversity of granulomas
containing dormant mycobacteria (6) and could be responsible,
in part, for the differences observed in the response to
drug therapy.

Since the diagnosis of LTBI is established on the basis of
the immune response of individuals to mycobacterial antigens,
the immunological tests used for the diagnosis have also been
adopted to assess response to drug treatment. This assessment
includes measuring IFN-γ in response to mycobacterial antigens,
since IFN-γ is considered to be one of the prominent surrogate
markers of protective immunity against M. tuberculosis (9, 87).
So far, few studies have evaluated the effect of INH therapy on

the immune response of people with LTBI, and these studies have
yielded conflicting results (88–90). Such conflicting data could be
associated to variables like the prevalence of TB, antibiotics used,
treatment adherence, type of assay (QuantiFERON varieties vs.
TB-SPOT), incubation periods (short vs. long), and antigen types
(proteins vs. peptides).

In addition, not all studies agree on the target antigen. While
studies using ELISPOT have focused on the response to ESAT-6,
others have concentrated on the response to CFP-10 (91–93).

All in all, there is still no convincing evidence of the reliability
of neither the IFN-γ levels nor the numbers of IFN-γ-producing
cells in assessing the response to INH treatment, a view that is
consistent with other authors (90, 94, 95).

The limitations of IGRAs have prompted proposals to
measure several biomarkers as a mean to distinguish between
patients with active tuberculosis and LTBI. Some of these
proposals include the following:

� Using chemokine IP10 instead of IFN-γ (96)
� Measuring sCD14 or sMD2 levels in plasma, which are higher

in active TB than in LTBI (97, 98)
� Monitoring a reduction in CXCL10 levels in plasma, which

should decrease after 2 weeks of treatment of active TB (99)
(perhaps not applicable in LTBI)

� Determining overexpression of CCL4 in lung tissue in patients
with late-stage TB (100).

� Characterization of polyfunctional CD4T cells with a higher
proportion of bifunctional T cells producing IFN-γ and TNF-
α and effector memory phenotype (EM) in response to CFP-10
and ESAT-6 in active TB and LTBI (101)

� Characterization of circulating marginal zone B cells
(CD19+IgM+CD23–CD27+) and memory phenotypes to
distinguish between active TB and end of treatment (102)

� Measuring circulating antibodies secreting cells, memory
B cells, and antibodies specific to Cut4 (Rv3452) and
CFP21 (Rv1984c) lipolytic enzymes antigens, hypothetically
associated with reactivation (103).

On the other hand, studies of whole transcriptomics in patients
with LTBI or active TB have revealed groups of genes that are
over- or underexpressed in these patients. In the light of these
findings, specific gene signatures that correspond to certain stages
of the disease have been proposed. In addition, transcriptomic
studies allow the study of changes in the expression of transcribed
genes throughout the duration of therapy, which can in turn
lead to the discovery of biomarkers of diagnostic and prognostic
value. Some of these studies, performed in blood cells (10,
11), have already shown that one of the main pathways
overexpressed during active tuberculosis is the IFN signaling
pathway, which includes both IFN-γ and IFN-αβ induced
responses (10, 12).

The next step after a candidate gene has been identified
by genomics/transcriptomics is to confirm a differentiated
expression by PCR. Following this approach, our group has found
that USP18, IFI44L, IFT1, and IL12RA genes are overexpressed
in LTBI patients treated with INH, while the expression of
CCL4, CXCL11, and IFNA genes is reduced during the INH
treatment. Based on this finding, we have proposed these genes
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as potential biomarkers for the monitoring of response to LTBI
treatment (104).

DETECTING PROGRESSION TO ACTIVE TB

Infection by M. tuberculosis can no longer be understood in
terms of two fixed, mutually exclusive categories (LTBI vs. active
TB). Instead, it represents a continuous spectrum of states that
differ by the degree of interplay between pathogen replication
and host resistance. Signs and symptoms are not always a
reliable way to detect the evolution to an active disease, as
many times they are subtle, pleomorphic, or easily confused with
the clinical presentation of many other conditions. Therefore,
the search for diagnostic biomarkers for LTBI and active TB
must consider parameters relevant to the whole spectrum of the
immune response.

The progression of LTBI to active TB is determined by factors
related to the bacteria (e.g., strain virulence, inoculum size, etc.),
host (e.g., state of immune response, treatment with steroids, and
biologic agents such as antibodies against tumor necrosis factor,
solid organ or hematological transplantation, HIV infection,
age), and environment (e.g., smoking, occupational exposure in
health care workers).

In previous works, IFN-inducible genes in neutrophils had
been identified as a specific TB signature; 393 transcripts were
identified in whole blood from active TB of intermediate and high
burden settings, correlating with radiological extent of disease
and reverting to that of healthy controls following treatment (10).
TB signature consisting of both IFN-γ and type I IFNαβ signaling
genes, contained in the 393 differentially expressed transcripts.
Type I IFN-αβ-inducible transcripts has been described as having
a dual role: they participate in bacterial control, but they also are
associated to an increased susceptibility to TB, as suggested by
the direct correlation between its levels in whole blood and the
severity of the disease (10). Furthermore, it has been proposed
that IFN-α signaling could be valuable to define predictive
biomarkers of LTBI progression to active TB (11). The IFN
signature comprises a series of genes that are overexpressed in
active tuberculosis but revert during the first week of successful
therapy, adopting the pattern seen in LTBI (10, 105). In addition,
some data suggest that IL-15 and vitamin D levels differentiate
active TB from LTBI (106).

Interestingly, in patients with LTBI, but not healthy or
BCG-vaccinated individuals, neither patients after TB treatment
presented a CD4 cell subset, which is CD27−PC-1+; these data
were interpreted as evidence of in vivo induced cell differentiation
driven by M. tuberculosis antigens, which suggest that these
membrane markers could help to differentiate individuals with
LTBI from healthy individuals and help to monitor TB drug
treatment (107).

Another PPD-specific CD4 T-cell subset secreting TNF-α, but
not IFN-γ or IL-2 and with a differentiated effector memory
phenotype (CD45RA−CCR7−CD127−), was shown useful to
distinguish active TB from LTBI patients (108). In a recent
study in which blood cells from patients with active TB or
LTBI were stimulated with PPD or ESAT-6/CFP-10, as a result

of this stimulation, the CD4+CD27−CCR4+ T-cell subset was
induced higher in subjects with active TB compared to those
with LTBI. This may indicate that CD27 and CCR4 expression
should be investigated as promising immunodiagnostic markers
for TB (109).

A recent candidate-gene association study of polymorphisms
has focused on ULK1, which encodes a component of an
upstream protein complex that transduces signals to central
autophagy effectors. ULK1 has been associated with susceptibility
to LTBI in Asian individuals; rs12297124 minor allele, a non-
coding ULK1 single-nucleotide polymorphism, conferred 80%
reduction of LTBI. In addition, it was observed that the
replication of M. tuberculosis is increased in ULK1-deficient
monocytes, which in turn is associated with a decreased TNF-α
response to stimulation with Toll-like receptor (TLR) ligands and
an impaired autophagy (110).

A recent blood transcriptomic study on sorted memory
CD4T cells, aimed at detecting differentiated gene expression
signatures between LTBI and uninfected individuals, found
a 74-gene signature related to exposure to M. tuberculosis.
This gene signature reflected the expansion of CD4T cells
subset containing TB-specific peptide reactivity in LTBI (111).
Combining transcriptomic data with single-cell protein profiling
and in vitro stimulation with Ag-specific peptide pools has
allowed the identification of a TB-specific CD4 CD62L−GPA33−

subset of TH1 cells. However, this observation has been limited
to the LTBI and healthy population, and therefore, no conclusion
can be drawn on whether this profile could be useful in assessing
long-term protection against active TB (111).

In addition, a study demonstrated that the frequency of
purified protein derivate-specific CD4T cells secreting TNF-α
but not IFN-γ or IL-2 with a differentiated effector memory
phenotype (CD45RA−CCR7−CD127−, TNF-α-only TEFF) was
able to distinguish between active TB from LTBI and correlate
with a risk factor for progression (108). Moreover, the proportion
of TNF-α-only TEFF with an effector memory phenotype
CD45RA−CCR7−CD127− is significantly higher during recently
acquired LTBI in comparison to remotely acquired LTBI, and
the phenotype of TNF-α-only TEFF has been associated with
a progression risk and active TB in immunocompetent adults
(112). During TB disease and recently acquired LTBI, there seems
to be an expansion of a heterogeneous population of immature
myeloid-derived suppressor cells (MDSCs) at intermediate stages
of cell differentiation (113).

Since several studies have identified a biological heterogeneity
of the cell immune subsets associated with status of TB infection,
immune cell profiling may look promising at evaluating the risk
of developing active TB in LTBI individuals.

Some reports indicate that most of the cellular-mediated
immune responses are under the control of microRNAs
(miRNAs), key regulators that posttranscriptionally repress the
expression of target messenger RNAs (mRNAs) (114). miRNAs
are 18–25 nucleotide long, non-coding RNAs that inhibit the
translation into proteins by a direct interaction with the protein-
specific messenger RNA (114).

Modulation of miRNA expression is induced by intracellular
bacteria as a mechanism to survive inside host immune cells
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FIGURE 1 | Summary of the actual and potential tools for the diagnosis of latent tuberculosis infection (LTBI). At the center of the figure, there is the C-TB skin test,

which combines the sensitivity of the in vivo tuberculin skin test (TST) and the specificity of early secretory antigenic target (ESAT-6) and the 10-kDa culture filtrate

protein (CFP-10) antigens for M. tuberculosis on the left side of the figure are the current diagnostic tools (TST and IGRA). On right side of the figure are listed some of

the potential biomarkers to detect LTBI.

(115). Differential expression of miRNAs in cells infected
with M. tuberculosis suggests that the relevance of some
miRNAs as biomarkers for LTBI and LTBI reactivation
(116) deserves further exploration. This is supported by
several observations:
� miRNA-31 expression in children with TB is significantly

lower compared to healthy children (117).
� has-miR-150 is significantly downregulated, while both has-

miR-21 and has-miR-29c are significantly upregulated in
active TB patients in comparison to those with LTBI and
healthy individuals (118).

� miR-146a and miR-155 are well-studied in TB infection
models. Thus, downregulation of miR-146a expression in
alveolar macrophages of patients with pulmonary TB is
associated with disease progression, while the lack of miR-155

expression is associated with an increased susceptibility to M.
tuberculosis infection (119, 120).

� miR-223, which regulates CXCL-2, CCL3, and IL-6, has a
critical role in the control of TB in myeloid cells (121).

� miR-889 and TNF-like weak inducers of apoptosis (TWEAK,
target of miR-889) may be considered as potential biomarkers
of LTBI reactivation. In this regard, miR-889 expression is
significantly higher in patients with rheumatoid arthritis who
also have LTBI compared to those not infected or healthy
individuals. By the same token, it decreases significantly in
those receiving prophylactic LTBI therapy (122).

� miR-155 is significantly decreased in the serum of patients
with TB in relation to healthy volunteers, suggesting that
inhibition of miR-155 may be closely associated with the
development of TB (123).

Frontiers in Immunology | www.frontiersin.org 8 September 2020 | Volume 11 | Article 2006140

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Carranza et al. Diagnosis for Latent Tuberculosis Infection

� has-miR-197-3p, has-miR-99b-5p, and has-miR-191-5p are
expressed higher in different patterns in the neutrophils of
healthy controls vs. that in patients with active TB (124).

� miR320, miR204, miR-331, miR-147, andmiR-210 expressions
in B cells are differentially expressed between TB cases and
controls, but the biological relevance of these findings is still
uncertain (124).

In summary, specific miRNAs have shown some power to
distinguish between LTBI and active TB. Specifically, evidence
rising from multiple independent groups of investigators point
out to miR-889, miR223, miR-155, miR-150, miR146a, miR23,
and miR-21 as the most promising candidates for this purpose.
However, studies with a higher number of individuals to validate
these markers are still needed. A general scheme of the laboratory
techniques and molecular markers used for diagnosis and
treatment of LTBI is shown in Figure 1.

CONCLUDING REMARKS

LTBI represents an occult face of the larger global health
problem of TB. A reliable diagnosis and a successful treatment of
individuals with LTBI is a paramount issue in the control of TB
because they may, eventually, progress to the active form of TB.

The TST has been the most broadly used technique for the
diagnosis of LTBI because of its simplicity and the in vivo
evidence it provides for an antimycobacterial cellular immune
response. However, it has the inconvenience of being positive
in the BCG-vaccinated individual. The further introduction of
IGRAs has added higher specificity, while the new version QTF-
Plus looks promising in differentiating between active TB and
LTBI. Despite this progress, the search for a reliable biomarker
of LTBI and evaluating the efficacy of drug therapy in patients
with LTBI remains open.

In this review, we have summarized the main strategies
and some targets or immunological markers that have been
proposed over the last decade for the differential diagnosis
between LTBI and active TB and for evaluating the effectiveness

of treatment of LTBI. One of them is the analysis of cellular
profile such as the proportion of TNF-α-only TEFF with an
effector memory phenotype CD45RA−CCR7−CD127−, which
has been associated with a higher risk of progression to active
TB in immunocompetent adults. Another is the expansion
of a heterogeneous population of immature myeloid-derived
suppressor cells (MDSCs), which has been linked to both active
TB and recently acquired LTBI. In addition, the cellular response
against mycobacterial latency-associated antigens, such as those
encoded by the DosR regulon, have been found to be useful in
identifying individuals with LTBI or active TB. Other potential
candidates include the specific antibody response to distinct
M. tuberculosis antigens, the identification of specific miRNA,
and molecular signatures observed in the analysis of blood
transcriptome, such as IFN-γ signaling. The challenges ahead
include the validation of these tests in groups of individuals
representative of distinct populations and their practicality in
low-income countries, where tuberculosis is still a major public
health problem. Such challenges, once overcome, may pave the
way to a whole new way to deal with the disease.
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T cells recognizing epitopes on the surface of mycobacteria-infected macrophages can
impart protection, but with associated risk for reactivation to lung pathology. We aimed to
identify antibodies specific to such epitopes, which carry potentials for development
toward novel therapeutic constructs. Since epitopes presented in the context of major
histocompatibility complex alleles are rarely recognized by naturally produced antibodies,
we used a phage display library for the identification of monoclonal human single domain
antibody producing clones. The selected 2C clone displayed T cell receptor-like
recognition of an HLA-A*0201 bound 199KLVANNTRL207 peptide from the Ag85B
antigen, which is known to be an immunodominant epitope for human T cells. The
specificity of the selected domain antibody was demonstrated by solid phase
immunoassay and by immunofluorescent surface staining of peptide loaded cells of the
T2 cell line. The antibody affinity binding was determined by biolayer interferometry. Our
results validated the used technologies as suitable for the generation of antibodies against
epitopes on the surface of Mycobacterium tuberculosis infected cells. The potential
approaches forward the development of antibody in immunotherapy of tuberculosis
have been outlined in the discussion.

Keywords: tuberculosis, single domain antibodies, peptide-human leukocyte antigen complex, mycobacterial
Ag85B, T cell receptor-like antibodies
INTRODUCTION

Current problems of Tuberculosis (TB) control are due to the emergence of drug resistant strains,
the failure of the existing BCG vaccination and the persistence of factors associated with poverty-
stricken populations. Consequently, there is a global morbidity of 10 million people with the
mortality of 1.2 million in HIV-negative people and 0.25 million in HIV positive subjects (1) New
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approaches toward the control of TB involve the shortening of
the current chemotherapy regimen (2) and prophylaxis for HIV-
related TB without interfering with antiretroviral therapy (3).
This pilot study, aiming at the immunotherapy of TB had an
initial objective to identify monoclonal antibodies with T cell
receptor (TCR)-like specificity, binding to peptide epitope/
human leukocyte antigen (HLA) class I complexes on the
surface of M. tuberculosis infected cells. This approach has
been based in the evidence, that such antibodies can be
developed for the specific killing of malignant and virus-
infected cells (4–10).

The mycobacterial peptides epitopes complexed with MHC
class I molecules on the surface of infected cells are known to be
recognized and leading to the activation of CD8+ T cells (11–13).
Therefore, antibodies with TCR-like specificity following
conjugation with suitable apoptosis-inducing ligands could
potentially become mycobactericidal and a suitable adjunct to
the chemotherapy of TB. The identification of TCR-like
antibodies with specificity against M. tuberculosis Acr1
peptides/HLA.A*0201, HLA.A*011 and HLA.A*24 class I
complexes has recently been reported, using peptide/MHC
complexes generated via UV-induced peptide exchange.
The complexes were panned against human DAb (domain
antibody) phage display library (14, 15). This approach can be
expanded by testing immunodominant epitopes from other M.
tuberculosis antigens recognized in the context of HLA class I
alleles (16, 17). Our interest focused on the HLA-A*0201
restricted CD8+T-cell epitopes of Ag85B, a major secreted M.
tuberculosis protein. Two Ag85B peptides 143FIYAGSLSA151 and
199KLVANNTRL207 had previously been identified in healthy
humans and in immunized HLA-A2 transgenic mice (18), while
HLA-A*0201 allele specific recognition of 37YLLDGLRAQ45 and
199KLVANNTRL207, was observed in patients with active TB
(19). Since epitopes from Esat-6 and TB10.4, are recognized in
the context of various HLA-A alleles, the HLA-A*0201
restricted, 199KLVANNTRL207 epitope from Ag85B appeared
to be the most immunodominant (17) and was therefore
chosen as our target for the selection and characterization of a
TCR-like antibody. Using a human DAb phage display library,
we selected a clone producing a single domain antibody (sdAb)
against the Ag85Bp199-207/HLA-A*0201 complex (Ag85Bp/HLA-
A*0201). Its specificity was determined by ELISA, and by its
binding capacity to the Ag85Bp/HLA-A*0201 expressed on cells
of the human HLA-A*0201 positive T2 cell line.
MATERIALS AND METHODS

Mycobacterium tuberculosis Peptides/
HLA-A*0201 Complexes
Three nonamer peptides, known to be HLA-A*0201 restricted
CD8+T cell epitopes from: Ag85B (199KLVANNTRL207), Esat-6
(82AMASTEGNV90), or Acr1 (120GILTVSVAV128) proteins of
M. tuberculosis (16) were synthesized by Anaspec, Inc. (USA).
The peptides were of > 90% purity, and their homogeneity was
confirmed by analytical reverse-phase high-performance liquid
Frontiers in Immunology | www.frontiersin.org 2147
chromatography. The biotinylated recombinant complexes of
Ag85Bp/HLA-A*0201, Esat-6p82-90/HLA-A*0201 (Esat-6p/
HLA-A*0201), and Acr1p120-128/HLA-A*0201 (Acr1p/HLA-
A*0201), were produced using extracellular HLA class I
molecules, with C-terminal BirA recognition site, and b2-
microglobulin (20). The insoluble aggregates expressed in
Escherichia coli in the form of inclusion bodies were
solubilized in urea and folded with peptide by dilution.
Monomers were biotinylated using the BirA enzyme and
purified by gel filtration on a Hiload 16/60 Superdex 75
prep grade.

Evaluation of Refolding of Peptide/HLA-
A*0201 Complexes by ELISA
An ELISA was carried out to evaluate the correct conformation of
the complexes by using the W6/32 mAb (Invitrogen/USA) which
recognizes a conformational epitope on the intact heavy chain/
b2microglobulin complex (21–23). Briefly, 0.5 mg/well of the
biotinylated complexes in Phosphate Buffer Saline (PBS), were
immobilized on streptavidin coated (ThermoScientific/USA) and
on uncoated high protein-binding (ThermoScientific) plates.
Samples were incubated overnight (ON) at 4°C. Next day, plates
were washed twice with PBS and then incubated 1 h at room
temperature (RT) withW6/32 mAb diluted 1/2,000 in PBS-tween-
20 0.05%, Bovine Serum Albumin BSA 2% (PBS-TBSA). After 3
washes with PBS-T, wells were incubated by 1 h with Horseradish
peroxidase conjugated goat anti-mouse IgG H+L antibody (anti-
mouse IgG-HRP)[1/2,000 (Invitrogen/USA)]. Then, complexes on
both streptavidin coated and uncoated plates, were incubated with
streptavidin-HRP (Biosource/China), diluted 1/4,000 1 h at RT.
Finally the reaction was revealed with TMB (3,3’,5,5’-
tetramethylbenzidine) (ThermoScientific), and stopped with
100 ml of 0.16M H2SO4. Absorbance values were measured at
450 nm using an ELISA plate reader (Multiskan Go, Thermo).

Panning of the Human Single Domain
Antibody Phage Library Against the
Ag85Bp199-207/HLA‐A*0201 Complex
A human DAb phage display library, containing approximately
3×109 sdAb clones (Geneservice, Cambridge) was used following
a modified protocol (24). A negative panning was carried out for
elimination of the background reactivity against streptavidin as
follow: 5 x1012 phage library particles were pre-incubated at 4°C
for 1h with 30 ml of streptavidin magnetic beads M280
(Invitrogen/Norway), then tube was placed in a magnet and
phage supernatant was incubated with a 7.5 mg of biotinylated
Ag85Bp/HLA-A*0201 in PBS at 4°C for 1h. After that, 200 ml of
streptavidin beads were added and sample was incubated for
15 min at 4°C with shaking. Beads were pulled down with the
magnet and washed 15 times with PBS-T 0.1%. Finally, sdAb
phage complexes were eluted by incubation with glycine–HCl
pH 2.2 for 15 min at RT and sample was neutralized with Tris-
HCl pH 9.0. For the second and the third round of selection, 2.5
and 1.25 mg of complexes were exposed to streptavidin beads and
washed 15 and 25 times with PBS-T 0.1% respectively. After the
third final round of panning, the eluted sdAb phages were used
October 2020 | Volume 11 | Article 577815
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to infect 5 ml freshly prepared E. coli TG1 culture. Bacteria were
plated onto TYE medium supplemented with 4% glucose and
carbenicillin 100 mg/ml (TYG4%C100). After ON culture, 94
individual clones were picked onto a 96 wells plate, containing
200 ml of 2xTYG4%C100. Plates were incubated ON at 37°C, with
shaking at 200 rpm. Next day, 5 ml of ON culture from each well
was transferred to a new plate with 200 ml of fresh 2xTYG4%C100.
After 3 h of culture at 37°C, 50 ml 2xTY supplemented with 4x108

M13 phage was added to each well and plates were incubated for
1 h at 37°C. After centrifugation to 2,800 rpm during 10 min,
pellet was re suspended in 200 ml of 2xTYC100K100 (Kanamycin
100 mg/ml). Cultures were grown at 26°C with shaking at 250
rpm, during 16-24 h.

ELISA Phage
Phage supernatants from each well were collected and evaluated
by ELISA. Biotinylated complexes at 0.5 mg/well were bound to
coated streptavidin plates as described before, and incubated
with 100 ml of phage supernatant for 1 h at RT. After several
washes with PBS-T 0.05%, wells were incubated with anti-M13
HRP antibody (1/2,500) for 1 h at RT (GE Healthcare/USA). The
reac t ion was deve loped wi th o-Pheny lenediamine
dihydrochloride OPD (SigmaAldrich/USA), and stopped
adding 25 ml of 3M H2SO4. Absorbance values were measured
at 492 nm using an ELISA plate reader Multiskan–GO. Phage
supernatants from positive clones were also evaluated by phage
ELISA against non-target complex; Esat-6p/HLA-A*0201 and
Acr1p/HLA-A*0201 as described above.

Domain Antibody Sequencing
Double strand phagemid DNA extraction was performed from 3
selected clones in E. coli strain TG1 by using GeneJET Plasmid
Miniprep kit (ThermoScientific/Lithuania), The primers used for
sequencing were LMB3 (5′ CAGGAAACAGCTATGAC 3′) and
pHEN (5′CTATGCGGCCCCATTCA 3′). Sequencing was
carried out in the sequencing facility at Instituto de
Investigaciones Biomédicas. For translation BioEdit 7.2
software was used and BLAST and Clustalw tools for
sequences analysis and alignment.

Production of Soluble Domain Antibody
Transformation of E. coli HB2151 by phage infection and
expression of sdAb were done with minor modifications
according to (25). Once bacteria were transformed with
phages, the positive clones (2C, 3C, and 7E), 50 ml of 1:1012 to
1:106 cell dilutions were sub-cultured in TYEC100 plates and
incubated overnight at 37°C. Three random unit forming colony
(UFC) were picked up from each sample and inoculated in a
culture flask containing 2xTYC100. The culture was grown with
shaking (250 rpm) at 37°C until OD600nm=0.6 (26). Then,
Isopropyl-b-D-1-thiogalactoside (IPTG) (Promega/USA) was
added to a final concentration of 1 mM, culture was continued,
at 26°C with shaking (250 rpm), ON. Cells were harvest by
centrifugation at 4,500 rpm, and bacterial sediment was treated
with an osmotic buffer (750 mM sucrose, 100 mM Tris pH 7.5) as
described by (27). The periplasmic fractions obtained from each
clone were subjected to affinity chromatography on Protein-A-
Frontiers in Immunology | www.frontiersin.org 3148
agarose (Roche/Germany), in order to purify the sdAbs following
the manufacturer protocol. The eluted protein fractions were
shuffled and concentrated to 500 ml in PBS pH 7.4, using amicon-
15ml, 10.000 WM (Merck/Ireland). Protein quantification was
determined by BCA assay (Pierce/USA).

SDS-PAGE and Western Blot
Ten mg/well of recombinant periplasmic extracts and 1.4 mg/well
from 2C and 7E clones, were resolved on pre-made SDS-PAGE
4%–20%, (ThermoScientific/USA) and transferred to PVDF
membranes. After 1 h blocking with PBS-BSA at RT,
membranes were incubated with anti-c-Myc mAb (Sigma/
USA) diluted 1/750 in PBS-T-BSA and then after washes with
PBS-T, membranes were incubated with anti-mouse IgG HRP
diluted (1/2,000)(Invitrogen/USA) for 1 h, washed with PBS-T,
and developed with 3 mg/ml of 3,3-diaminobenzidine in PBS
and 30% hydrogen peroxide diluted 1:1,000.

Evaluation of Specificity of Single Domain
Antibodies by ELISA
The specificity of the purified sdAb 2C and 7E, were evaluated by
ELISA using 1mg of target Ag85Bp/HLA-A*0201 and non-
targets Esat-6p/HLA-A*0201 and Acr1p/HLA-A*0201 as
which were immobilized on streptavidin plates. Complexes
were incubated with 5 mg of sdAb followed by incubation with
1/1,000 dilution of anti-c-Myc Ab labelled with HRP (Sigma-
Aldrich/Ireland Ltd) by 1h. After several washes with PBS-T, the
reaction was developed with 50 ml of TMB. The reaction was
stopped with 1M of H2SO4. OD450nm was measured in an
Infinitum F50 microplate ELISA reader (Tecan/Switzerland).
Three experiments were carried out by duplicated for 2C and 2
experiments for 7E.

Ex Vivo Specificity of Single Domain 2C on
the Surface of T2 Cells
To assess the ability to sdAb 2C to recognize the Ag85Bp/HLA-
A*0201 an ex vivo assay was performed, by using the HLA-
A*0201 positive T2 lymphoblastic human cell line (kindly donate
by Dr. Patricia Gorocica INER-México). These cells are
characterized by export empty HLA class I molecules due to a
processing defect by homozygous deletion of the MHC class II
region located on chromosome 6 including the TAP1 and TAP2
(transporters associated with antigen processing) genes which
encode the transporter proteins (28). Cells were maintained in
RPMI-1640 medium supplemented with 20% (vol/vol) fetal
bovine serum (FBS) (Gibco/USA), at 37°C, 5% C02. T2 cells
(6x105) were placed on flat bottom, 24 well cell culture plates
(Costar/USA) in RPMI free serum in absence and presence of
peptides from Ag85B and Esat-6.

In order to confirm the presence of HLA-ABC on T2 cells,
they were incubated with W6/32 mAb (1mg/million cells), for
30 min on ice, after 3 washes, goat anti-mouse IgG Alexa fluor
488 (Invitrogen/USA) at 1/2,000 dilution was added. Samples
were fixating with 0.5% PFA and the slides were mounted with
vectashield (Vector Laboratories/USA). Then, cells (6x105) were
incubated with 80 mg of either Ag85Bp(199-207) target peptide and
Esat-6p(82-90) as non-target. Twenty mg/ml of b2m (Sigma) was
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added according to (29). Cells were incubated for 8 h at 37°C in
5% CO2 atmosphere, after that cells were washed twice with PBS
and incubated with 10 mg of sdAb 2C ON at 4°C in agitation, and
then washed 2 times, with PBS, following by incubation with
anti-c-Myc Ab (Santa Cruz-/Europe) (1/100) for 1 h at RT. After
three washes, anti-mouse IgG Alexa fluor 488 (Invitrogen/USA)
(1/2,000) was added and samples were incubated for 1 h at RT.
After three washes, Hoechst 33343 (Life technologies/USA)
diluted 1/9,000 was used for 10 min for nucleus staining. sdAb
2C was evaluated on cells in the absence of peptides and as a
staining control in one condition, no domain was added.
Fluorescence images were acquired with Olympus BX41,
(Fluorescence-Microcopy) using the 100x magnifying lens,
the digital images were captured with Zen 2.6 blue edition
software, and the capture parameters, exposure time and
intensity for each staining system, were applied in both control
and problem samples.

Kinetic Binding Assays for the Assessment
of the Interaction of sdAb 2C With Ag85B/
HLA-A*0201 Complex by Biolayer
Interferometry
The binding kinetics and the determination of the dissociation
constant (KD) for the sdAb 2C against the Ag85Bp/HLA-A*0201
complex were performed using Biolayer Interferometry (BLI) at
25°C. Streptavidin biosensors in an Octet RED96 system (FortéBio
Inc. San Jose, CA, USA) were used. The assays were performed on
black bottom 96-well microplates (Greiner Bio-One 655209) in a
total volume of 200 ml with orbital shaking at 1000 rpm.
Experiments were controlled with the software Data Acquisition
8.2 (ForteBio, Inc.) For the BLI experiment, a baseline was
established using 1x Kinetics buffer (FortéBio Inc. San Jose, CA,
USA). Then, the biotinylated Ag85Bp/HLA-A*0201 complex at 25
ng was allowed to bind to streptavidin sensor for 5 min, followed
by washing with the same buffer to eliminate nonspecific binding.
Next, the purified sdAb was bound to the Ag85Bp/HLA-A*0201
complex in the biosensor and the association rate was measured
(ka). In the last step, the dissociation rate (kd) of the antibody-
complex was obtained. The BLI experiment was done with six
different concentrations of the sdAb 2C from (2.54 to 81.3 mM),
one well with 200 ml without sdAb was used as a negative control.
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New streptavidin biosensors were used for each experiment. The
binding of sdAb 2C at 10 mM, to non-target Esat-6p/HLA-A*0201
was also tested. The data were processed using the Octet Data
Analysis Software version 8.2 (FortéBio Inc. San Jose, CA, USA)
according to a 1:1 model.

Statistical Analysis
GraphPad Prism version 6.0c software was used to analyze the
results. For the statistical analysis, one-way ANOVA multiple
comparisons with Sidak`s post Hoc correction was used.
RESULTS

Evaluation of Peptide HLA-A Complexes
With W6/32 Antibody
Ag85Bp/HLA-A*0201, Esat-6p/HLA-A*0201, and Acr1p/HLA-
A*0201 immobilized on streptavidin plates were recognized by
W6/32 mAb (Figure 1A), indicating this result that peptides
HLA-A*0201 complexes were correctly folded. In contrast, the
mAb did not recognize the complexes bound to non-coated
streptavidin control plate (Figure 1B), showing the results that
direct binding of the complexes in the plates could lead to a loss
of conformation. The biotinylated complexes bound to
streptavidin plates were not recognized for streptavidin-HRP,
an indication that biotinylated complexes were correctly oriented
by streptavidin on coated plates (Figure 1A). In contrast, the
positive signal obtained with the complexes bound to the non-
coated streptavidin plate (Figure 1B), was an indication that
exposed biotin in unfolded complexes was being recognized by
streptavidin-HRP.

Screening of the Human Single DAb Phage
Library Binding to Ag85Bp199-207 HLA‐
A*0201/Complexes
The number of phage particles from sdAb library during the
three rounds of selection was consistent with the published
protocol (24). The final output titers of phage particles showed
an enrichment factor of 25 (Table 1). From 94 clones evaluated
by monoclonal phage-ELISA, only 7 clones showed absorbance
10 fold higher than the negative control (clone not reactive to the
A B

FIGURE 1 | Evaluation of complexes with conformational antibody W6/32. (A) Two groups of biotinylated complexes were immobilized on streptavidin coated
plates, the group on the left was detected with W6/32 and the group on the right, was incubated with HRP-streptavidin. (B) The same as A, but both groups of
biotinylated complexes were bound to uncoated streptavidin plates and detected with W6/32 and HRP-streptavidin respectively. The dates represent the media +/-
standard deviation from three independent experiments.
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Ag85Bp/HLA-A*0201) (Figure 2A). From those, clones 2C, 3C,
and 7E did not recognized streptavidin (Figure 2B) and all of
them showed specific binding by ELISA to the target complex
and but none bound to non-target complexes, Esat-6p/HLA-
A*0201, and Acr1p/HLA-A*0201 (Figure 2C).

Domain Antibody Sequencing
BLAST search analysis of sdAb 2C, 3C, and 7E sequences,
showed that all them matched with 122 amino acids length of
immunoglobulin heavy chain variable region, partial
(>ABM67233.1 Homo sapiens). Sequences corresponded to a
human dAb with a length of 160 and 159 amino acids residues
for 2C and 7E domains, respectively, the protein sequence of the
3C domain was exactly the same as 2C but shorter in length, 3C
had only 151 amino acids due to the presence of a stop codon.
For all sequences, the three complementarity determining
regions (CDR) and the c-Myc tag sequence were identified.
Clones 2C and 7E were selected to continue with de antibody
expression phase.
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Production of Single Domain Antibodies
sdAb 2C was produced in E. coli HB2151. The expression and
purification of sdAb 2C is shown in Figure 3A. Purified sdAb 2C
with the expected molecular mass of ≈15 kDa was detected by
Coomassie blue staining (Figure 3A, line 3) and antibody was
recognized by anti-c-Myc Ab on Western blot (Figure 3A, line
4). The yield of production of 2C was 1418 µg from 50 ml of
culture, (Results obtained with 7E are not shown).

Specificity of Single Domain Antibodies by
ELISA
The recognition of the Ag85Bp/HLA-A*0201 complex by sdAb
2C was evaluated by ELISA, using Esat-6p/HLA-A*0201 and
Acr1p/HLA-A*0201 as non-targets. The results are shown in
Figure 3B. The binding of sdAb 2C to Ag85Bp/HLA-A*0201
complex was highly specific, showing statistically significant
differences with respect to non-targed complexes. On the other
hand, sdAb 7E, showed a nonspecific signal absorbance ratios for
both target and non-target complexes (Results not shown).
TABLE 1 | Selective enrichment of phage domain antibody after 3 rounds of biopanning.

SelS Selection
Round

Ag85Bp/
HLA-A*0201

Phages Input Eluted
phages/ml

Eluted/input Enrichment
Factor*

Amplified
Phages/ml

Tween 20/ #
washes

1 7.5mg 5.0×1012 6.0×106 1.2×10-6 1.0 84×1012 1.0%/15
2 2.5mg 5.0×1012 1.4×108 2.8×10-5 23 7×1012 0.1%/15
3 1.25mg 5.0×1012 1.5 ×108 3.0×10-5 25 — 0.1%/25
October 2
020 | Volume 11 | A
*Enrichment factor was determined by dividing the eluted/input ratio in each round by the ratio in the first round. according to Bagheri et al. (30) Zhang et al. (31).
A

B C

FIGURE 2 | Monoclonal phage-domain Immunoassay. (A) Clones from the third round of panning. Positives clones showed signal recognition to Ag85Bp/HLA-
A*0201 of 10 fold higher than negative control (NC), well with unrelated sdAb. Line indicates the threshold used to define a positive result. (B) Positive clones
exposed to streptavidin coated plates (without complex). (C) Clones 2C, 3C, and 7E that showed the lowest recognition signal towards streptavidin tested with non-
target peptides.
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Ex Vivo Specificity of Soluble Domain 2C
on T2 Cells Surface
Surface expression of HLA-A molecules in T2 cells was
demonstrable by binding of the W6/32 mAb in absence and in
presence of either Ag85Bp199-207 or Esat-66p82-90 peptides
(Supplementary Figure S1). However, sdAbs 2C showed
different recognition patterns, whereby the sdAb 2C fluorescence
signal was observed only on T2 cells exposed to the Ag85Bp199-207
(Figure 4). About 6.4% of positive events were observed, but no
positive signals were detected without sdAb 2C, or without
Ag85Bp199-207, or by incubation with the no-target Esat-6 peptide.

sdAb 2C Binding Affinity by Biolayer
Interferometry
The association of sdAb 2C to Ag85Bp/HLA-A*0201 was
measured by BLI. The affinity constant was calculated in terms
of equilibrium dissociation constant (KD) to be 15 + 0.20 mM
(Figure 5A). The sdAb interacts with the target complex in a
concentration dependent manner and confirms the dissociation
constant value (Figure 5B). The interaction of sdAb with Esat-
6p/HLA-A*0201 was very low and the binding parameters could
not be determined.
DISCUSSION

CD8+ T cells recognizing peptide epitopes bound to MHC/HLA
class I molecules have the capacity to lyse the M. tuberculosis
infected cells, thus contributing to the intracellular killing of the
infecting organisms (16). Hence, binding of antibodies with
TCR-like recognition specificity seemed desirable for developing
antibody constructs, with mycobactericidal potentials. TCR-like
Ab recognizing MHC class I bound antigenic peptides on
antigen presenting cells, have previously been reported for the
treatment of cancer, viral infections and autoimmune diseases
(6). The aim toward TB immunotherapy has recently been
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initiated by the selection of antibodies against the latency
expressed Acr1/HLA class I restricted epitopes (14, 15). We
report here on a TCR-like sdAb against an immunodominant
HLA-A*0201 binding epitope of the Ag85B, selected by
screening and selection from a human DAb phage display
library. The secreted, fibronectin binding, mycolyl transferase
protein is a strong immunogen in both infected and active TB
cases and it has been used in several recombinant vaccine
constructs (32–35). We chose the p199KLVANNTRL207
peptide as the target epitope in this study, because its known
immunodominance for the human CD8+ T cell responses in the
context of HLA-A*0201 and it’s a conserved sequence in the
genome (16, 17, 19). These properties favoured the previous
application of TCR-like sdAbs for targeting tumors and cells
infected with other pathogens (36, 37).

The procedures used for the selection and evaluation of TCR-
like sdAbs ensure the specificity of recognition between for the
target and non-target molecules. In this work, all the biotinylated
complexes were first evaluated through a comparative ELISA,
using plates with or without streptavidin. The results showed
that the streptavidin coated plates ensured an adequate
arrangement and orientation of p/HLA-A complexes, which is
necessary for finding the specific TCR-like sdAbs. Similarly,
Ag85Bp/HLA-A*0201 was bound to magnetic pearl cover with
streptavidin for the selection of recombinant phages (26). From
the third-round of selection, clones, 2C and 3C of identical
sequence and clone 7E bound to the target complex. However,
after conversion to the soluble form, sdAb 7E lost its specificity
for the target complex. Such a change in specificity was
previously reported to be due to loss of structural support by
the phage scaffold pIII protein for the anti-H1N1 influenza virus
antibody’s antigen-binding site (38). The production of sdAb 2C
and 7E in E. coli HB2151 from periplasmatic extracts was
satisfactory, compared with the previously reported production
outputs (25, 39).

Although sdAb 2C was highly specific against the target
complex, its affinity is low, i.e., in the range of 1–100 mM
A B

FIGURE 3 | Expression, purification and specificity evaluation of sdAb 2C. (A) Lanes 1 to 3. Line 1, Coomassie blue stained of periplasmatic extract. Line 2,
unbound fraction to protein A sepharose column. Line 3, purified domain. Lane 4, Western blot of purified sdAb 2C recognized by anti-c-Myc Ab. (B) Evaluation of
specificity of sdAb 2C by ELISA with target Ag85Bp/HLA-A*0201 and non-target (Esat-6p/HLA-A*0201 and Acr1p/HLA-A*0201) complexes. The results represent 3
independent experiments and significant differences are indicated by asterisk (p < 0.05).
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A B

FIGURE 5 | Real-time biolayer interferometry sensorgrams for determination of the binding affinity. (A) Sensorgram showing reference substrate binding, on
streptavidine biosensors, of Ag85Bp/HLA-A*0201 complex with increased concentrations of sdAb 2C. Calculated affinity constant KD is shown in the upper right of
the sensorgram. Association constant, ka: 1.93 × 104 + 0.02 × 104 M-1 s-1; dissociation constant, kd: 0.289 + 0.003 s-1. (B) Steady state analysis of the binding
response (nm) as a function of sdAb. Calculated KD 15.0 + 0.7 mM.
FIGURE 4 | Recognition of M. tuberculosis peptide/HLA-A*0201 complex on T2 cells surface by sdAb 2C. Cells were exposed to Ag85B and Esat-6 peptides. As
negative control cells without peptide were used. Peptide/HLA-A*0201complexes were detected with sdAb 2C follow by anti-IgG coupled to Alexa Fluor 488 as
secondary Ab. More than 200 fields were examined for each condition using the 100x magnification, by fluorescence microscopy.
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corresponding to the affinity binding interaction of TCR ligands.
The low binding affinity known for TCR-like antibody fragments
selected from human libraries can be improved using
complementary technologies (40). An increased up to 100 fold
of the initial affinity from scFv (single chain variable fragment)
directed against the HLA-A2-pWT1126 complex, was achived by
mutagenesis combined with yeast display based on one specific
scFv-clone (41). The affinity could also be improved by re-
cloning and re-selection of clones or by conversion of sdAbs
into multivalent formats with higher avidity (4, 42). Though
antibody affinity can be significant for its potential for
immunotherapy, most interestingly however, it was found that
low, rather than high antibody affinity has been reported to
essential for the passive antibody therapy of a drosophila based
model of Alzheimer’s disease (43, 44). This was interpreted on
the grounds that the low affinity anti-tau antibody may loosen up
intracellular tau aggregates allowing better access of lysosomal
degrading enzymes, while high affinity antibody may make these
aggregates more compact and therefore more difficult to
degrade. Such interpretation may be relevant also for the
desired intracellular mycobactericidal action on M. tuberculosis
infected macrophages.

Antibodies generated in animals against MHC-I recombinant
tetramers are rarely TCR-like, because many of them recognize
the a3 domain of MHC-I and b2 microglobulin (b2m) (5) and
also due to the reduced stability of recombinant p/HLA-A
complex (45). However, the phage display antibody libraries
have the advantage that the fusion proteins are exposed on the
surface of phage particles, and recombinant p/HLA-A complex
targets can be used through several selection rounds (37). The
structure of human sdAbs also known as nanobodies, used in
the present work represents a single variable domain based on
the VH3-23 germline segment heavy chain with synthetic
diversity introduced by PCR mutagenesis into all tree
complementary determining regions (24). They are highly
stable, easily produced in large quantity by E. coli, they are of
low immunogenicity, small size (15 kDa), and can be fused
with multiple tags (46–48). Consequently, sdAbs have been
used for virus detection (49–51), for imaging in vivo, mainly in
cancer due to their bio distribution, high tumor penetrance
and fast clearance from the blood circulation (52). The
immunotherapeutic potentials include therapeutic targets in
cancer (53), antagonism of angiogenesis (54) and acting as
metastasis inhibitors.
CONCLUSIONS AND PERSPECTIVES

The TCR-like identity of the sdAb 2C has been validated by its
specific recognition of Ag85Bp/HLA-A*0201 on the surface of
human T2 cell line. It will be of further interest to test, if the sdAb
2C can detect the expression of the HLA-A*0201-bound Ag85B
peptide on humanmacrophages, which contain either replicating
or dormant M. tuberculosis infection. A positive result would
justify further engineering of the sdAb 2C to become an
Frontiers in Immunology | www.frontiersin.org 8153
immunotoxin, by conjugation with suitable apoptosis inducing
ligands, i.e., Pseudomonas exotoxin A, Granzyme B or BH3
peptide (55, 56), in endeavour to develop a mycobactericidal
immunotherapeutic agent.

Further, development of sdAb 2C will need evaluation in both
HLA-A*0201 transgenic mice and in humans with active TB
disease. The obtained results are showing the feasibility of
selecting TCR-like sdAbs to other immunodominant epitopes
of M. tuberculosis and their future development as potential
immunotherapeutic adjuncts to the chemotherapy of TB.
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(CVU/707238).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.
577815/full#supplementary-material

SUPPLEMENTARY FIGURE 1 | Recognition of HLA-A molecules on T2 cell
surface. Cells were loaded with Ag85B and Esat-6 peptides and cells without
peptide as negative control. HLA-A molecules were detected with W6/32 as
primary Ab, by anti c-Myc Ab and anti IgG coupled to Alexa Fluor 488 as secondary
Abs. More than 200 fields were observed for each condition evaluated using the
100x magnification, by fluorescence microscopy.
October 2020 | Volume 11 | Article 577815

https://www.frontiersin.org/articles/10.3389/fimmu.2020.577815/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.577815/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ortega et al. sdAb Against M. Tuberculosis Peptide HLA-A*0201
REFERENCES
1. World Health Organization. Global tuberculosis report (2018). Available at:

https://www.who.int/es/news-room/fact-sheets/detail/tuberculosis (Accessed
Jun 16, 2018).

2. Hoagland DT, Liu J, Lee RB, Lee RE. New agents for the treatment of drug-
resistant Mycobacterium tuberculosis. Adv Drug Deliv Rev (2016) 102:55–72.
doi: 10.1016/j.addr.2016.04.02

3. Pawlowski A, Jansson M, Sköld M, Rottenberg ME, Källenius G. Tuberculosis
and HIV co-infection. PLoS Pathog (2012) 8(2):e1002464. doi: 10.1371/
journal.ppat.1002464

4. Chames P, Hufton SE, Coulie PG, Uchanska-Ziegler B, Hoogenboom HR.
Direct selection of a human antibody fragment directed against the tumor T-
cell epitope HLA-A1-MAGE-A1 from a nonimmunized phage-Fab library.
Proc Natl Acad Sci (2000) 97(14):7969–74. doi: 10.1073/pnas.97.14.796

5. Wittman VP, David W, Tiffany N, Francisca AN, Stephen W and Jon AW.
Antibody targeting to a class I MHC-peptide epitope promotes tumor cell
death. J Immunol (2006) 177:4187–95. doi: 10.4049/jimmunol.177.6.4187

6. Dahan R, Reiter Y. T-cell-receptor-like antibodies generation, function and
applications. Expert Rev Mol Med (2012) 14:e6. doi: 10.1017/erm.2012.2

7. Saeed M, van BM, Zalba S, Schooten E, Rens JA, Koning GA, et al. Targeting
melanoma with immunoliposomes coupled to anti-MAGE A1 TCR-like
single-chain antibody. Int J Nanomed (2016) 11:955–75. doi: 10.2147/
IJN.S96123

8. Porgador A, Yewdell JW, Deng Y, Bennink JR, Germain RN. Localization,
quantitation, and in situ detection of specific peptide-MHC class I complexes
using a monoclonal antibody. Immunity (1997) 6:715–26. doi: 10.1016/s1074-
7613(00)80447-1

9. Cohen CJ, Sarig O, Yamano Y, Tomaru U, Jacobson S, Reiter Y. Direct
phenotypic analysis of human MHC class I antigen presentation:
visualization, quantitation, and in situ detection of human viral epitopes
using peptide-specific, MHC-restricted human recombinant antibodies.
J Immunol (2003) 170(8):4349–61. doi: 10.4049/jimmunol.170.8.4349

10. Denkberg G, Cohen CJ, Lev A, Chames P, Hoogenboom HR, Reiter Y. Direct
visualization of distinct T cell epitopes derived from a melanoma tumor-
associated antigen by using human recombinant antibodies with MHC-
restricted T cell receptor-like specificity. Proc Natl Acad Sci (2002) 99
(14):9421–6. doi: 10.1073/pnas.132285699

11. ShamsH, Klucar P,Weis SE, Lalvani A,Moonan PK, SafiH, et al. Characterization
of a Mycobacterium tuberculosis peptide that is recognized by human CD4+ and
CD8+ T cells in the context of multiple HLA alleles. J Immunol (2004) 173
(3):1966–77. doi: 10.4049/jimmunol.173.3.1966

12. Klein MR, Smith SM, Hammond AS, Ogg GS, King AS, Vekemans J, et al.
HLA-B*35-restricted CD8 T cell epitopes in the antigen 85 complex of
Mycobacterium tuberculosis. J Infect Dis (2001) 183(6):928–34. doi: 10.1086/
319267

13. Lewinsohn DA, Winata E, Swarbrick GM, Tanner KE, Cook MS, Null MD,
et al. Immunodominant tuberculosis CD8 antigens preferentially restricted by
HLA-B. PLoS Pathog (2007) 13(9):1240–9. doi: 10.1371/journal.ppat.0030127

14. Dass SA, Norazmi MN, Dominguez AA, Miguel MESGS, Tye GJ. Generation
of a T cell receptor (TCR)-like single domain antibody (sDAb) against a
Mycobacterium Tuberculosis (Mtb) heat shock protein (HSP) 16kDa antigen
presented by Human Leukocyte Antigen (HLA)-A*02. Mol Immunol (2018)
101:189–96. doi: 10.1016/j.molimm.2018.07.001

15. Dass SA, Norazmi MN, Acosta A, Sarmiento ME, Tye GJ. TCR-like domain
antibody against Mycobacterium tuberculosis (Mtb) heat shock protein
antigen presented by HLA-A*11 and HLA-A*24. Int J Biol Macromol
(2020) 155:305–14. doi: 10.1016/j.ijbiomac.2020.03.229

16. Comas I, Chakravartti J, Small PM, Galagan J, Niemann S, Kremer K, et al.
Human T cell epitopes of Mycobacterium tuberculosis are evolutionarily
hyperconserved. Nat Genet (2010) 6:498–503. doi: 10.1038/ng.590

17. Axelsson –R, Loxton AG, Walzl G, Ehlers MM, Kock MM, Zumla A, et al.
Broad profile of co-dominant epitopes shapes the peripheral Mycobacterium
tuberculosis specific CD8+ T-cell immune response in South African patients
with active tuberculosis. PLoS One (2013) 3:e58309. doi: 10.1371/
journal.pone.0058309

18. Geluk A, vanMeijgaarden KE, Franken KL, Drijfhout JW, D’Souza S, Necker A,
et al. Identification of major epitopes ofMycobacterium tuberculosisAG85B that
Frontiers in Immunology | www.frontiersin.org 9154
are recognized by HLA-A*0201-restricted CD8+ T cells in HLA-transgenic
mice and humans. J Immunol (2000) 165(11):6463–71. doi: 10.4049/
jimmunol.165.11.6463

19. Weichold FF, Mueller S, Kortsik C, Hitzler WE, Wulf MJ, Hone DM, et al.
Impact of MHC class I alleles on theM. tuberculosis antigen-specific CD8+ T-
cell response in patients with pulmonary tuberculosis. Genes Immun (2007) 8
(4):334–43. doi: 10.1038/sj.gene.6364392

20. Prezzemolo T, van Meijgaarden KE, Franken KLMC, Caccamo N, Dieli F,
Ottenhoff, et al. Detailed characterization of human Mycobacterium
tuberculosis specific HLA-E restricted CD8+ T cells. Eur J Immunol (2018)
48(2):293–305. doi: 10.1002/eji.201747184

21. Denkberg G, Cohen CJ, Segal D, Kirkin AF, Reiter Y. Recombinant human
single-chain MHC-peptide complexes made from E. coli By in vitro refolding:
functional single-chain MHC-peptide complexes and tetramers with tumor
associated antigens. Eur J Immunol (2000) 30(12):3522–32. doi: 10.1002/1521-
4141(2000012)30:12

22. Parham P, Barnstable CJ, Bodmer WF. Use of a monoclonal antibody (W6/32)
in structural studies of HLA-A,B,C, antigens. J Immunol (1979) 23(1):342–9.

23. Mora GM de L, Duenas GA, Hernández MJ, De la Cruz HE, Pérez CE, Weiss
SB, et al. Up-regulation of HLA class-I antigen expression and antigen-specific
CTL response in cervical cancer cells by the demethylating agent hydralazine
and the histone deacetylase inhibitor valproic acid. J Transl Med (2006) 4:55.
doi: 10.1186/1479-5876-4-55

24. Lee CM, Iorno N, Sierro F, Christ D. Selection of human antibody fragments
by phage display. Nat Protoc (2007) 2(11):3001–8. doi: 10.1038/
nprot.2007.448

25. Abou El-Magd RM, Vozza NF, Tuszynski JA, Wishart DS. Isolation of soluble
scFv antibody fragments specific for small biomarker molecule, L-Carnitine,
using phage display. J Immunol Methods (2016) 428:9–19. doi: 10.1016/
j.jim.2015.11.006

26. Santich BH, Liu H, Liu C, Cheung NK. “Generation of TCR-Like Antibodies
Using Phage Display”. In: G Houen, editor.Methods in molecular biology, vol.
1348 . New York: NY human Press (2015). p. 191–204.

27. Liu JL, Goldman ER, Zabetakis D, Walper SA, Turner KB, Shriver-Lake LC,
et al. Enhanced production of a single domain antibody with an engineered
stabilizing extra disulfide bond. Microb Cell Fact (2015) 14:158. doi: 10.1186/
s12934-015-0340-3

28. DeMars R, Spies T. New genes in the MHC that encode proteins for antigen
processing. Trends Cell Biol (1992) 3:81–6. doi: 10.1016/0962-8924(92)90077-z
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Lipids, glycolipids and lipopeptides derived from Mycobacterium tuberculosis (Mtb) are
presented to T cells by monomorphic molecules known as CD1. This is the case of
the Mtb-specific sulfoglycolipid Ac2SGL, which is presented by CD1b molecules and
is recognized by T cells found in tuberculosis (TB) patients and in individuals with latent
infections. Our group, using filamentous phage display technology, obtained two specific
ligands against the CD1b-Ac2SGL complex: (i) a single chain T cell receptor (scTCR)
from a human T cell clone recognizing the CD1b-AcSGL complex; and (ii) a light chain
domain antibody (dAbκ11). Both ligands showed lower reactivity to a synthetic analog
of Ac2SGL (SGL12), having a shorter acyl chain as compared to the natural antigen.
Here we put forward the hypothesis that the CD1b endogenous spacer lipid (EnSpacer)
plays an important role in the recognition of the CD1b-Ac2SGL complex by specific
T cells. To support this hypothesis we combined: (a) molecular binding assays for
both the scTCR and the dAbκ11 antibody domain against a small panel of synthetic
Ac2SGL analogs having different acyl chains, (b) molecular modeling of the CD1b-
Ac2SGL/EnSpacer complex, and (c) modeling of the interactions of this complex with
the scTCR. Our results contribute to understand the mechanisms of lipid presentation by
CD1b molecules and their interactions with T-cell receptors and other specific ligands,
which may help to develop specific tools targeting Mtb infected cells for therapeutic and
diagnostic applications.

Keywords: CD1b, Mycobacterium tuberculosis, sulfoglycolipids, Ac2SGL, scTCR, endogenous spacer

Abbreviations: Ac2SGL, 2-palmitoyl or 2-stearoyl-3-hydroxyphthioceranoyl-2′-sulfate-α-α’-d-trehalose; dAbκ11, domain
antibody; EnSpacer, endogenous spacer that stabilizes the CD1b groove; Mtb, Mycobacterium tuberculosis; scTCR, single chain
TCR; TB, Tuberculosis
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INTRODUCTION

Tuberculosis (TB) is a contagious disease mainly caused by
Mycobacterium tuberculosis (Mtb) (1), being the leading cause
of mortality due to infectious agents (1). The low sensitivity
of diagnostic methods, the insufficient therapeutic coverage, the
emergence of strains that are resistant to therapy, and the lack of
an effective vaccine demand the development of new diagnostic
and therapeutic approaches (2, 3).

Human leukocyte antigens (HLA), which are highly
polymorphic (more than 26,000 alleles) (4, 5), present a
variety of Mtb peptides to T-cells, which is considered a key
element in the immune response against Mtb (6–8). On the other
hand, lipids, glycolipids, and lipopeptides, are presented to T
cells by the non-polymorphic CD1 molecules (9). Several Mtb
lipid antigens are presented by CD1 molecules such as CD1a,
CD1b, CD1c, and CD1d, increasing the breadth of the T-cell
responses to Mtb (10–12).

A variety of Mtb lipid antigens are presented to T
cells in association with CD1b (10–12). One mycobacterial
antigen, in particular, belonging to the group of diacylated
sulfoglycolipids and identified as 2-palmitoyl or 2-stearoyl-
3-hydroxyphthioceranoyl-2′-sulfate-α-α’-d-trehalose (Ac2SGL),
was found to be expressed by virulent Mtb bacilli and presented
by CD1b (13). This CD1b-Ac2SGL complex was able to stimulate
specific T cells found in TB patients and latently infected
individuals, but not in healthy-tuberculin skin test (TST) negative
individuals (13).

The process of identifying relevant Mtb antigens from
purified lipid fractions carried out by Gilleron et al. (2004)
(13) was based on the use of several CD1-restricted T
cell clones from a healthy donor highly reactive to TST
(13). One of these clones, named Z4B27, was specific for
Ac2SLG, thus allowing its identification as a novel Mtb
antigen. The specificity of this clone, as well as the structural
requirements conferring antigenicity to Ac2SLG, were further
studied using a panel of 17 synthetic analogs sharing the
same sulfated trehalose head but differing in their lipid
tails (14). Replacement of the multi-methyl-branched fatty
acid by conventional fatty acids at the 3-position of the
trehalose sulfate retained binding to CD1b but prevented T
cell stimulation. Among the 17 synthetic sulfoglycolipids that
were tested, the analog coded as SGL12 was one of the two
most active, although with a lower potency as compared to the
native antigen. The observed differences in T-cell stimulating
capabilities were attributed to differences in length, methyl
branches and stereochemistry between the acyl chains of these
compounds (14).

CD1 molecules have a deep and hydrophobic antigen-binding
groove that allow the presentation of large hydrophobic antigens
(15). Among the members of the human CD1 family, CD1b
shows the largest binding groove, capable of accommodating
hydrophobic chains of about 70 carbons (16, 17). After
biosynthesis, the integrity of the CD1b hydrophobic channels is
maintained by association with endogenous phosphatidylcholine
and a long endogenous spacer (EnSpacer). Together, these two
lipids stabilize the CD1b groove (15).

The crystal structure of SGL12 in complex with CD1b [Protein
Data Bank (PDB) entry 3T8X] (18) shows the sulfotrehalose
head exposed on the binding groove, while the EnSpacer is fully
embedded inside the CD1b internal channels. In this structure,
the F’ channel is closed due to a conformational rearrangement
involving several binding groove residues, which prevents the
EnSpacer from sliding outward (19). This, however, may not be
the case for the natural Mtb sulfoglycolipid. While the synthetic
analog SGL12 has a fixed-length lipid moiety, the Ac2SGL antigen
shows heterogeneous lengths, with its most abundant variant
having a 32 carbon hydroxyphthioceranoic acid containing eight
branched methyl groups. In contrast, the corresponding chain in
SGL12 has 24 carbons in total, with only four branched methyl
groups (14).

In consequence, presentation of the native Ac2SGL antigen on
CD1b most likely requires a repositioning of the EnSpacer.

The discovery of new specific ligands capable of specifically
detecting Mtb-infected cells may contribute to the development
of new diagnostic and therapeutic tools. On the other hand,
the recognition of infected cells by ligands such as antibodies
implies the recognition of Mtb-specific antigens presented on
surface molecules such as HLA and CD1. In this sense, ligands
recognizing HLA-Mtb-epitopes and CD1b-Mtb-lipids complexes
have been reported (20–22), but the high polymorphism of the
HLA molecules is a drawback for their use as universal markers
for infected cells, so, antigens bound to the non-polymorphic
CD1 molecules, offer an interesting alternative as universal
markers of Mtb infected cells.

Using the phage display technology, our group obtained a
single-chain T cell receptor (scTCR) construct, composed of
the variable alpha and beta domains from the Z4B27 clone.
This recombinant scTCR recognizes both the CD1b-Ac2SGL
and CD1b-SGL12 complexes, showing a higher reactivity for
the complex with the natural antigen. The phage-displayed
scTCR was also able to recognize Mtb-infected cells from a TB
patient (23), showing the potential to become a diagnostic tool.
Interestingly, a very similar behavior was found for a Vk (variable
kappa) domain antibody fragment (dAbκ11) selected from a
phage display library using CD1b-transfected cells loaded with
Ac2SGL (20).

Taken together, the experiments recapitulated here, both the
functional studies, at the cellular level (using the Z4B27 clone,
with cytokine-release assays) (13, 14, 24), and the binding
studies at the molecular level (using the scTCR or dAbκ11 in
ELISA studies) (20, 23), show a marked dependence between
the acyl chain length and the TCR recognition of the CD1b-
sulfoglycolipid complexes. On the other hand, and as pointed
above, the crystal structure of the CD1b:SGL12 complex provides
important clues on how a much larger acyl chain would push
the EnSpacer, so much that it might not fit completely inside
the CD1b channels. This, in turn, might directly affect the
TCR binding event.

Here we put forward the hypothesis that the CD1b EnSpacer
plays an important, direct role in the recognition of the CD1b-
Ac2SGL complex by specific T cells, and specifically by the
scTCR derived from the Z4B27 clone. To give support to this
hypothesis we first performed additional binding assays, for both
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the scTCR and dAbκ11, against a small panel of synthetic Ac2SGL
analogs having different acyl chains, and then constructed a
computer model of the CD1b-Ac2SGL/EnSpacer complex, which
was subsequently used for modeling of the interactions of this
complex with the scTCR.

MATERIALS AND METHODS

CD1b:Lipid Complexes
Ac2SGL, the synthetic analogs (SGL12, SL1, SL37, and SL38) and
human sulfatide (hSulf), Avantis Polar Lipids (United States),
were complexed in solution with recombinant human CD1b as
described by Garcia-Alles et al. (18, 19).

Ligands
M13 phage displaying scTCR and a light chain κ domain antibody
(dAbκ11) recognizing CD1b-Ac2SGL were obtained as described
by Camacho et al. (20, 23).

Enzyme-Linked Immunosorbent Assay
A 96-well Maxisorp microplate (Nunc, United States) was coated
(16 h/4◦C) with: (a) the anti-CD1b mAb BCD1b3.1 (Sigma,
United States) to capture CD1b complexes and free CD1b; (b) the
anti-CD1e mAb CD1e20.6 to capture the recombinant human
CD1e. Both mAbs were diluted in carbonate-bicarbonate pH 9.6
coating buffer (3 µg/mL). The plate was then blocked with 3%
PBS-skim milk (1 h/RT). Two washes (PBS-tween-20, 0.05%)
were performed, and the complexes and free CD1b were added
in PBS pH7.4 (1 µg/mL). After three washes (PBS-tween20,
0.05%), scTCR and dAbκ11, diluted in 3% PBS-skim milk (108

phages) were added and the plate was incubated for 1 h at RT.
Subsequently, three washes were performed, and HRP/Anti-M13
monoclonal conjugate (GE, Healthcare, Life Sciences; diluted
1:5000 in 3% PBS-skim milk) was added. 1 h later, the plate was
washed as above, TMB liquid substrate (Sigma, United States) was
added, followed by incubation (10 min/RT). The reaction was
stopped with 1 M sulfuric acid (Merck, Germany). Absorbance
values (450 nm) were measured in a microplate reader (BioRad,
United States). Each sample was studied in triplicate, and the
experiment was repeated three times.

Statistical Analysis
Analysis of variance (ANOVA) was performed to compare
absorbance values, and the Tukey multiple comparisons test
was then performed to determine significant differences in the
recognition of the different CD1b-lipid complexes by scTCR
and dAbκ11. Statistical analyses were performed using GraphPad
Prism version 4.0 (San Diego, California, United States).

Construction of the
CD1b:Ac2SGL:EnSpacer Complex
The program VMD v1.9.3 (25) was used for most modeling
procedures. The crystal structure of the CD1b:SGL12 complex
(19) (PDB entry 3T8X) was used as main template both for the
protein and the lipid ligands. Most of the CD1b structure was

in 3T8X was kept as is, with the exception of the backbone and
side chain conformations of a group of residues surrounding the
F’ channel way out, which were copied from 1GZP (17). The
program Avogadro v1.2 (26), was employed to modify the SGL12
structure into Ac2SGL and to complete the modeled EnSpacer out
of a fragment of the crystal spacer of 3T8X. Torsion angles in the
Ac2SGL acyl chain and in the EnSpacer were manipulated using
the Molefacture plugin in VMD.

Construction of the
CD1b:Ac2SGL:EnSpacer Complex With
the scTCR
The starting model for the scTCR was constructed with the Swiss
Model Server (27), based on our manually curated alignment
of the target and template sequences. The linker joining the
alpha and beta chains was not modeled. The TCR of PDB entry
4EN3 was chosen among several possible templates because of
the high percent of amino acid identity shown for both the
alpha (88.7%) and beta (48.6%) variable domains. Then the
full model of the CD1b:Ac2SGL:EnSpacer:scTCR complex was
assembled using the CD1b-TCR complex in 5WKI as template.
The obtained models of CD1b:Ac2SGL:EnSpacer and scTCR
were superimposed on their protein counterparts in 5WKI
using as reference atoms the alpha carbons of selected sequence
segments corresponding to structurally conserved helices and/or
beta sheet strands. The program CHARMM v43a1 (28) was used
to run a one nanosecond (1 ns) molecular dynamics simulation
at 400 K in vacuum only for the TCR, keeping fixed most of its
structure and allowing to move selected CDR residues, including
most of CDR3α and CDR3β. A representative conformation,
sterically compatible with the lipid ligands, was then selected out
from the collected 1,000 frames. The final model was obtained
from a molecular dynamics simulation of the whole complex in a
water box, aimed to refining the crude starting model and explore
the intermolecular interactions.

RESULTS

Binding Data Shows a Decrease in
Reactivity for Synthetic Analogs With
Shorter Acyl Chains
To further assess the influence of different acyl chain lengths in
recognition of the sulfotrehalose head by the scTCR, we used a
panel of molecules consisting of the natural antigen Ac2SGL and
four synthetic analogs (Figure 1A). Their code names and the
structures of their acyl chains are shown in Figure 1A. In three
of the synthetic analogs (SL37, SGL12, and SL38), the acyl chain
is tetramethylated, while in the SL1 analog it is completely linear.

Figure 1B shows the reactivity of the scTCR with these
analogs presented on a recombinant CD1b receptor, as measured
by enzyme-linked immunosorbent assay (ELISA). The natural
antigen Ac2SGL and the SL37 analog were recognized by the
scTCR with the same strength. They both have acyl chains
with the same length (32 carbons) but differing in the number
of methyl branches (eight vs. four). Then we observed a
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FIGURE 1 | Differential recognition of CD1b:Mtb lipid complexes by phage-displayed ligands. (A) Structures and characteristics of M. tuberculosis sulfoglycolipid
(Ac2SGL) and synthetic sulfoglycolipid analogs. (B,C) Recognition of CD1b:Mtb Ac2SGL and its synthetic analogs complexes by the phage-displayed scTCR and
dAbvk11 ligands, respectively, as measured by ELISA. The data represent the means of the absorbance values of three replicates +SD. Lowercase letters represent
statistically significant differences.

marked decrease in reactivity for the SGL12 analog, whose
acyl chain is tetramethylated as that of SL37 but is much
shorter (24 carbons). Noteworthy, the crystal structure of SGL12
in complex with CD1b shows that three of the four methyl
branches are exposed to the solvent on the CD1b binding
groove, while the fourth branch is placed at the very entrance
of the A’ channel. Thus, taken together, these results suggest
that the additional four methyl branches found in Ac2SGL
(namely in its most abundant variant), are inserted deeply in
the A’ channel and therefore have little or no influence in
scTCR recognition. A further decrease in length of the acyl
chain (down to 16 carbons, in SL38) but keeping the four
methyl branches, did not have an additional effect in scTCR
reactivity since the recognition levels for SGL12 and SL38 are
practically the same. Finally, a further slight decrease in reactivity
was observed for SL1, having a 16-carbon acyl chain, but
completely linear.

A key point implicitly included in the above analyses is that the
orientation of the sulfotrehalose head on the CD1b groove must
be extremely similar for all these sulfoglycolipids. The reason for
this is that the scTCR binds to all these antigens while docked to
CD1b, which it does in a well conserved orientation, as discussed
further below. In other words, in all these binding events the
scTCR pocket that takes in the sulfotrehalose head is placed in
the same conserved position on the CD1b groove. Curiously,
the reactivity of the dAbκ11 antibody domain, which we tested
here for binding to the same CD1b-bound synthetic analogs,
followed the same pattern observed for the scTCR. However, the
native antigen and SL37 were recognized with higher reactivity as
compared to the rest of the analogs (Figure 1C).

These results led us to hypothesize that the cause behind the
observed differences in recognition by the scTCR (and most likely
also by dAbκ11) is a displacement of the EnSpacer due to the long
fatty acid chain in Ac2SGL and SL37, which forces the EnSpacer
to protrude above the CD1b groove. The lipid presented this way,
may interact with the TCR and, possibly, modulate its binding
reactivity and the elicited immune response.

Analysis of EnSpacer Arrangement in
CD1b Crystal Structures
We looked for CD1b crystal structures to investigate if any of
them contained a protruding EnSpacer. A search in the PDB
yielded 13 entries presenting different antigens (PDB codes:
1GZP, 1GZQ, 1UQS, 2H26, 3T8X, 5L2J, 5L2K, 5WKE, 5WKG,
5WKI, 5WL1, 6CUG, and 6D64); three of these entries contain
CD1b-antigen complexes with T-cell receptors. The relatively
small number of structures was tractable for individual visual
inspection. None of the structures displayed the EnSpacer
protruding above the level of the groove borders, namely above
the level of the Tyr151 side chain (18). Moreover, several of
these complexes showed a closed F’ channel, holding the spacer
completely buried.

Noteworthy, in one of the structures – 1UQS, CD1b in
complex with glucose monomycolate (GMM) – the EnSpacer
is absent because the long meromycolate chain of GMM spans
all the way from the A’ to the F’ channel. In contrast, in the
other 12 structures, the fatty acid chains are accommodated in
the A’ channel, with approximately half of them reaching up to
the turn connecting the A’ and T’ channels. Compared to these

Frontiers in Immunology | www.frontiersin.org 4 October 2020 | Volume 11 | Article 566710159

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-566710 October 8, 2020 Time: 18:32 # 5

Camacho et al. CD1b Endogenous-Spacer and TCR-Recognition

farther-reaching fatty acid chains, the end of the SGL12 acyl chain
stays behind by about three carbon atoms. On the other hand,
the EnSpacers modeled on the electronic density maps in these
structures show different lengths, most of them between 34–40
carbon-atoms, except for the short lipids (≤26 carbons) seen in
5L2J, 5L2K, and 5WKI.

In summary, except for the large GMM antigen, EnSpacers
of different lengths are lined up with the acyl chains of the
other CD1 ligands along the T’ and F’ channels, without
protruding above the CD1 binding groove. None of these acyl
chains, however, is as long as the hydroxyphthioceranoic chain
of Ac2SGL.

Model of the CD1b:Ac2SGL Complex
With a Protruding EnSpacer
The fatty acid chain of the most abundant Ac2SGL variant is
32-carbon long, which exceeds the length of the corresponding
chain in SGL12 by eight carbons. If the sulfotrehalose head in
both molecules adopts the same position on the CD1b binding
groove, then the acyl chain of Ac2SGL most likely enters the
T’ channel, displacing the EnSpacer toward the F’ channel exit.
To assess this effect, we constructed a homology model of the
CD1b:Ac2SGL complex, based mostly on the crystal structure of
the CD1b:SGL12 complex (3T8X), with a few residues at the F’
channel exit being modeled based on the crystal structure of the
CD1b:GM2 complex [1GZP (17)].

Figure 2 shows the resulting model. As indicated above,
the sulfotrehalose head of Ac2SGL was kept in the same
conformation and relative position as in the CD1b:SGL12
complex, therefore its interactions with the CD1b receptor
are the same observed in the template structure. The
hydroxyphthioceranoic chain of Ac2SGL was built, as much as
possible, on the SGL12 acyl chain, while the exceeding eight linear
carbons were copied on the carbon chain of the crystal spacer
(Figure 2A). Then we modeled a 40-carbon long EnSpacer, most
of which (30 carbons) was built on the crystal spacer in 3T8X.
The remaining 10 carbons were added following the stretched
conformation observed in 1GZP as well as in several other CD1b
structures. As expected, a six-carbon segment of the EnSpacer
protrudes above the groove borders (Figure 2B). This segment
was modeled bended over the closest trehalose ring. Still, because
of its high flexibility, it may easily adopt other conformations,
for example, bending over the hydrophobic patch formed by
Phe84 and Leu147 at the F’ channel way out. In any case, even for
slightly shorter spacers, this extreme of the EnSpacer becomes
exposed to possible interactions with T cell receptors.

A Model of the Complex of
CD1b:Ac2SGL:EnSpacer With the scTCR
Shows Direct Participation of the
EnSpacer in the Interaction
Having the model of the CD1b:Ac2SGL:EnSpacer complex, we
undertook the construction of a model of this molecular system
in complex with the variable domains of the Ac2SGL-specific
scTCR derived from the Z4B27 clone. The three crystal structures
of CD1b-antigen-TCR complexes deposited so far in the PDB

5L2K (29); 5WKI (30); and 6CUG (31) show that these TCRs
are anchored on CD1b in a conserved orientation (31), which
provides a reliable ground for homology modeling of the scTCR
complex with CD1b:Ac2SGL.

First, a model of the scTCR variable domains was constructed
using the SwissModel server, after a careful selection of the
TCR template (4EN3) and supervised alignment of its alpha
and beta domain sequences with the corresponding scTCR
sequences, aiming to produce an accurate model. Then, the
models of the CD1b:Ac2SGL:EnSpacer complex and the scTCR
were superimposed on the corresponding CD1b and TCR
molecules in PDB entry 5WKI, chosen as a template to assemble
the full molecular model.

The obtained model needed some additional adjustments, in
particular for the long CDRs 3 of both the alpha and beta variable
regions, which play a principal role in the interaction with the
presented antigen (31). While most of the scTCR structure,
including CDRs 1 and 2 of both chains, could be modeled
with confidence, the long and flexible CDRs 3 was built by
the automated server in one its many possible conformations,
in which these loops bump onto the trehalose head and the
protruding EnSpacer. To explore the conformational space of
both CDR3 loops for suitable binding geometries, we conducted
a short (1 ns) molecular dynamics simulations in vacuum,
in which the two CDRs 3 and a few amino acids at the
tips of the other four CDRs were allowed to move, while
the rest of the TCR structure remained fixed. From the
collected ensemble of conformations (1,000 frames), we selected
a representative geometry where both CDRs 3 embraced the
trehalose and lipid heads. A final model was then obtained from
a molecular dynamic simulation of the whole complex in a water
box (Figure 3).

In the model, the sulfotrehalose head of Ac2SGL fits well in a
cavity formed mainly by CDR3α and CRD3β, with contributions
also from CDR1β and CDR2β. The long and flexible CDR3β

embraces the protruding segment of the EnSpacer together with
a trehalose ring and its sulfate group and extends further over the
CD1b surface (Figure 2B). On the opposite side, CDR3α covers
the other trehalose ring and also the exposed part of the acyl
chain containing the first three methyl branches. In general, the
model provides a rational structural framework to explain the
scTCR specificity.

DISCUSSION

The relevance of chain length and methylation of the fatty acids in
Ac2SGL synthetic analogs, regarding their capability to stimulate
specific T-cell clones, has been demonstrated in several studies –
longer acyl chains are more antigenic (14, 24). In this work, we
propose and give support to a plausible structural explanation
for these experimental findings, whose cornerstone is the direct
participation of the EnSpacer, forced to protrude on the CD1b
groove, in the interactions with T-cell receptors.

We selected a small panel of molecules consisting of the
natural Mtb antigen Ac2SGL and four synthetic analogs –
three of them having tetramethylated acyl chains of different
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FIGURE 2 | Model of the CD1b:Ac2SGL:lipid complex. (A) Overall view showing the Cd1b domains α1 and α2 (in ice blue cartoon), the Ac2SGL antigen (in sticks,
colored by atom type), and the 38-carbon endogenous lipid (in balls and sticks, magenta). The tail of the acyl chain of Ac2SGL makes a turn and enters into the T’
channel, displacing the endogenous lipid. The vertical black arrow indicates the position that would be occupied by the last carbon atom of the 24-carbon long acyl
chain of SGL2. The spacer in the CD1b:SGL12 crystal complex would then be positioned right after it, filling up the space occupied by the remaining Ac2SGL tail.
(B) Zoom on the F’ channel way out, showing the protruding extreme of the endogenous lipid above the binding groove. CD1b in molecular surface representation,
Ac2SGL and the lipid as in panel A.

FIGURE 3 | Model of CD1b:Ac2SGL:lipid in complex with the scTCR. (A) Overall view of the scTCR docked on top of the CD1b:Ac2SGL:lipid complex. CD1b in ice
blue molecular surface, Ac2SGL in sticks (colored by atom type), and the endogenous lipid in balls and sticks (magenta). The alpha (blue) and beta (red) TCR chains
are represented in cartoon. (B) Zoom on the binding interactions from the TCR beta chain side. CDR3β (labeled in red) embraces the lipid together with the trehalose
head, while CDR3α (labeled in blue) interacts with the sulfoglycolipid from the opposite side.

lengths (32, 24, and 16 carbons) and one analog having
a 16-carbon linear chain – to further characterize the
recognition capabilities of the recombinant scTCR derived
from the CD1b-Ac2SGL specific T cell clone Z4B27,
in particular, its dependence on acyl chain length. In
parallel, we also tested the antibody Vk domain dAbκ11.
Our molecular panel included the SGL12 analog (C24,
tetramethylated), previously tested for binding of both the
scTCR and dAbκ 11.

As shown by Gau et al. (24), the length of tetramethylated
fatty acyl chains is crucial for efficient T-cell activation – the
longer the chain, the more stimulatory the analog. In fact, their
synthetic analog 21c (32-carbon long) is almost identical to the
SL37 analog used here, except for the saturation of the fatty acid,
which was found to have no effect in the antigenic properties of
the tested compounds (24). Our molecular binding assays showed
a similar dependence on acyl chain length and methylation, found
in previous cellular assays (14, 24).
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By contrasting these binding and functional cellular-assays
results with the available structural data, we inferred that a
common EnSpacer (36–40 carbon long), when accommodated
together with a long acyl chain (e.g., 32 carbon long), has
to protrude above the F’ channel way out. To support this
hypothesis, we constructed a structural model of CD1b in
complex with Ac2SGL together with an average-length EnSpacer.
A key result to back up our model was the observed equal
binding of the scTCR and dAbκ11 to Ac2SGL and SL37, which
differ in their number of methyl branches but have the same
acyl chain length. We interpreted this as a strong evidence that
the trehalose units of both molecules are exposed in the same
geometry on the CD1b binding groove. On the other hand, the
acyl chains of both SL37 and SGL12 are tetramethylated, so they
should accommodate themselves in practically the same way at
the entrance of the A’ channel.

Based on these experimental facts and arguments, we
concluded that the sulfotrehalose heads of Ac2SGL and SGL12
must be displayed on CD1b in the same spatial configuration and,
therefore, the crystal structure of CD1b in complex with SGL12
(18) became an ideal template for homology modeling of the
complex with Ac2SGL. The model of the CD1b:Ac2SGL:EnSpacer
complex was built for the most abundant Ac2SGL variant and for
an EnSpacer of average length (38 carbons). Still, according to
the model, any slightly shorter or longer EnSpacer (within a 36–
40 carbon range), would have a carbon stretch protruding on the
CD1b groove and exposed to T-cell receptors, together with the
sulfoglycolipid.

Currently, no structural data is available on possible TCR
interactions involving the EnSpacer, since in the three crystal
structures of CD1b-antigen-TCR complexes deposited so far in
the Protein Data Bank (29–31) the lipid is completely buried in
the CD1b molecule. However, an inspection of these structures
revealed that in all of them the CDR3β covers the F’ channel exit,
being in contact with CD1b amino acids at the closed end of the
channel. Therefore, a protruding EnSpacer would most likely be
in contact with CDR3β .

Our model of the whole CD1b:Ac2SGL:EnSpacer:scTCR
complex illustrates how such interactions may occur. The
constructed model has strong as well as weak points. On the
strong side: (a) the CD1b:Ac2SGL component has a solid ground
in the crystal structure of the CD1b:SGL12 complex; (b) most
of the scTCR structure, specifically its framework and CDRs
1 and 2 of both the alpha and beta chains, could be reliably
modeled based on highly similar in sequence TCR structures;
and (c) the conserved TCR orientation observed in the CD1b-
TCR crystal complexes (31) allowed a safe initial docking of the
scTCR model onto the CD1b-antigen complex. On the other

side, the weak points of the model are mainly two: (a) the
conformations of the highly flexible backbones of the two long
CDRs 3 (alpha and beta) and their side chains cannot be modeled
with confidence; and (b) the protruding segment of the EnSpacer
is highly flexible, making difficult to predict its right complexed
conformation. But in spite of the uncertainties, inherent to most
computer models of protein-protein complexes (32) the model
of the CD1b:Ac2SGL:EnSpacer:scTCR complex shows that even a
short protruding segment of the EnSpacer would interact with the
CDR3β of the scTCR and, most likely, with other Ac2SGL-specific
T-cell receptors as well.

CONCLUSION

In this study, we describe the interactions of Ac2SGL with CD1b
and provide support to the hypothesis that its long acyl chain
forces the direct engagement of the EnSpacer in TCR recognition.
These results contribute to understanding the mechanisms of
lipid presentation by CD1b molecules and their interactions with
T-cell receptors and other specific ligands, which will help to
develop specific tools targeting Mtb infected cells for therapeutic
and diagnostic applications.
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Specific T cell responses are central for protection against infection withM. tuberculosis.

Here we show that mycobacteria-specific CD4 and CD8T cells accumulated in the lung

but not in the mediastinal lymph node (MLN) at different time points afterM. tuberculosis

infection or BCG immunization. Proliferating specific T cells were found in the lung

after infection and immunization. Pulmonary, but not MLN-derived CD4 and CD8T

cells, from M. tuberculosis-infected mice secreted IFN-γ after stimulation with different

mycobacterial peptides. Mycobacteria-specific resident memory CD4 and CD8T cells

(TRM) expressing PD-1 accumulated in the lung after aerosol infection and intratracheal

(i.t.) -but not subcutaneous (s.c.)- BCG immunization. Chemical inhibition of recirculation

indicated that TRM were generated in the lung after BCG i.t. immunization. In summary,

mycobacteria specific-TRM accumulate in the lung during i.t. but not s.c. immunization

or M. tuberculosis infection. Collectively our data suggests that priming, accumulation

and/or expansion of specific T cells during BCG immunization and M. tuberculosis

infection occurs in the lung.

Keywords: Mycobacterium tuberculosis, T cell, lung, resident memory T cells, BCG- immunization

INTRODUCTION

Tuberculosis (TB) is the leading cause of infectious death; in 2018, 10 million people developed
and 1.5 million patients died from TB (1). The risk of developing TB increases during HIV and
Mycobacterium tuberculosis co-infection, suggesting that impairment of T cell-mediated immune
responses reactivates the asymptomatic infection.

The only TB vaccine, BCG (Bacille Calmette–Guérin) in use since 1921, offers substantial
protection of infants against meningeal or miliary TB. However, protection against pulmonary
TB in adults is not sufficient. The BCG vaccine, to a large extent and with some exceptions,
mitigates only the most severe aspects of infection and exhibits a highly variable efficacy, especially
in high-burden areas (2). Developing new and efficacious TB vaccines, a very effective intervention
for containing the TB spread, is a critical unmet public health need (3).
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The lung is the portal of entry for M. tuberculosis and
experimental evidence indicates that local T-cell mediated
immune defense mechanisms are crucial for successful bacterial
control during latent infection with M. tuberculosis. Delivering
a TB vaccine by aerosol to the respiratory mucosa, as a
mimic of natural infection has been shown to augment
protection of mice, guinea pigs and macaques as compared
to immunization at a distal site (4–9). Following the classical
paradigm naïve T cells will be activated in the draining
mediastinal lymph nodes (MLNs) after M. tuberculosis infection
or mucosal immunization. Activated T cells will then egress
and migrate to the lung parenchyma for interaction with
M. tuberculosis-infected phagocytes or differentiate into memory
T cells that on re-exposure will mount a rapid and robust
response to the pathogen (10). A subset of these, the resident
memory cells T cell (TRM) reside in the mucosal tissues including
the lung and do not recirculate through the blood or the
lymphatics (11). Positioned at the site of pathogen invasion,
both CD4 and CD8 TRM have been shown to contribute to the
early clearance of pathogens such as influenza, LCMV, Sendai,
RSV or herpex simplex viruses, or Listeria sp, Yersinia sp, and
Chlamydia sp among others (12–17). TRM are also generated
after vaccination or infection with M. tuberculosis and have
been shown play a role in protection (18). BCG-vaccinated
mice sustained protection against M. tuberculosis infection even
when egress of cells from the secondary lymphoid organs was
blocked, suggesting that memory lymphocytes retained in the
lung following vaccination were sufficient for protection (19, 20).

Here, we compared the generation of T cells in the lung and
MLNs after infection andmucosal and distal BCG immunization.
Contrary to expectations, mucosal BCG-vaccination and M.
tuberculosis infection generated high levels of mycobacteria-
specific T cells in the lung, specific T cells remained undetected
or very low in the draining mediastinal lymph nodes at all time
points tested. Mycobacteria-specific CD4 and CD8 TRM were
generated after aerosolM. tuberculosis infection and intratracheal
(i.t.), but not subcutaneous (s.c.), BCG immunization. Moreover,
TRM accumulated in the lung in absence of lymphoid circulation
after i.t. BCG immunization, altogether suggesting that upon
mucosal immunization or infection mycobacteria specific T cells
are generated in the lung. Our data strongly supports mucosal
delivery for induction of protective adaptive immune responses
againstM. tuberculosis.

MATERIALS AND METHODS

Ethics Statement
The animals were housed and handled at the Department of
Microbiology, Tumor and Cell Biology and the Astrid Fagreus
Laboratory, Karolinska Institutet, Stockholm, according to
directives and guidelines of the Swedish Board of Agriculture, the
Swedish Animal Protection Agency, and the Karolinska Institute
(djurskyddslagen 1988:534; djurskyddsförordningen 1988:539;
djurskyddsmyndigheten DFS 2004:4). The study was performed
under approval of the Stockholm North Ethical Committee on
Animal Experiments permit number N397/13 and N487/11.
Animals were housed under specific pathogen-free conditions.

Mice, Infection, and Infectivity Assay
BCG Montreal and M. tuberculosis Harlingen were grown
in Middlebrook 7H9 (Difco, Detroit, MI) supplemented with
albumin, dextrose and catalase.

Eight-10 week-old C57BL/6J mice were used for
immunizations or infections. Mice were infected with 250
M. tuberculosis Harlingen strain by aerosol during 20min using
a nose-only exposure unit (In-tox Products, Uppsala, Sweden)
(21), or immunized s.c. or i.t. with 107 BCG.

The intratracheal aerosol administration was performed using
a MicroSprayer R© Aerosolizer—Model IA-1C and a FMJ-250
High Pressure Syringe (Penn-Century, Wyndmoor, PA), a device
that generates a air-free plume of liquid aerosol directly into the
lungs. The tip of the device was inserted near to the carina of the
anesthetized animal and 50µl of BCG suspension containing 107

CFUs was aerosolized into the lungs.
To determine viable numbers of CFUs at time-points post-

infection, the right lung of each mouse was homogenized in
PBS with 0.05% Tween 80. Ten-fold serial dilutions were made
in 0.05% Tween 80 and plated onto Middlebrook 7H11 agar
containing 10% enrichment of oleic acid, albumin, dextrose,
catalase, 5µg of amphotericin B per ml and 8µg/ml polymyxin B
grown for 3 weeks at 37◦C. Colonies were counted 3 weeks after
incubation at 37◦C and CFUs determined.

Flow Cytometry and Intracellular Cytokine
Staining
Lungs were removed, mechanically minced into small pieces and
digested with 3 mg/ml Collagenase D and 30µg/ml DNase I for
1 h at 37

◦

C, and single-cell suspensions prepared by filtering lung
tissue through 70-µm nylon cell strainers. To further remove
impurities cells were loaded in 40/70% Percoll gradient in PBS
and centrifuged for 30min at room temperature. The cells at
the interphase were collected and washed. Single spleen cell
suspensions were obtained by mechanical disruption, lysis of
erythrocytes and straining over a 70-µm nylon mesh. Single
cell suspensions were obtained after mechanical disruption of
the mediastinal lymph node followed by filtering over a 70-µm
nylon mesh.

Lung, lymph node cells and spleen cells were stained for CD3,
CD4, CD8, CD69, CD44, CD11a, CD103, PD-1, and KRLG-1 (all
from eBioscience) for 30min 4

◦

C and fixed before acquisition.
To discriminate between tissue-localized and blood-borne

cells in an intravascular staining was performed as previously
described (22). In short, mice were inoculated i.v. with 3 µg
of FITC-labeled anti-CD45.2 (clone 104 BD), sacrificed 3–5min
after i.v. innoculation, and lungs and MLN leukocytes isolated
immediately as described. Peripheral blood was sampled for
every mouse as a control.

Data were acquired on a LSRII Flow cytometry and analyzed
with FlowJo software (Tree star Inc., Ashland, OR).

Tetramer Staining
MHCII tetramers containing amino acids 1–20 ofM. tuberculosis
ESAT-6 or 240-254 of Ag85B and the MHCI tetramer containing
amino acids 4–11 TB10.4 (all from the NIH Tetramer Core
Facility) were used for detection of M. tuberculosis -specific
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murine CD4 or CD8T cells. Single-cell lung orMLN suspensions
were stained at saturating concentrations with the tetramers and
incubated at 37◦C for 1 h for the MHCII tetramers and at 4

◦

C for
30min for the MHCI tetramer.

Intracellular Cytokine Staining
For determination of IFN-γ-producing cells, lung and MLN
cells from M. tuberculosis infected mice were incubated
with either 5µg/ml ESAT61−15, 5µg/ml TB10.44−11,
20µg/ml purified protein derivative (PPD) (Statens Serum
Institut, Denmark), or 50 ng/ml phorbol myristate acetate
(PMA) and 2µg/ml ionomycin (Sigma) for 6 at 37

◦

C.
Brefeldin (10µg/ml) was added to the cultures the last 4 h
of stimulation. Cells were then stained with cell population-
specific antibodies, and live/dead staining, fixed, permeabilized
using leukocyte permeabilization reagent IntraPrepTM

(Immunotech, Marseille, France) and further stained with
anti-IFN-γ (eBioscience). Data were acquired on a LSRII Flow
cytometry and analyzed with FlowJo software (Tree star Inc.,
Ashland, OR).

Antigen-Specific T Cell Labeling in situ
The detection of antigen-specific T cells in situ was performed
modified to a previously described protocol (23). Briefly, sections
(ca 200–400µm) from lungs from M. tuberculosis-infected mice
kept in PBS containing heparin (100µg/ml) were obtained using
a scalpel. Sections were blocked with 2% normal goat serum,
0.025% triton for 1 h, as all incubations steps at 4◦C. After
PBS washing, APC-labeled TB10.4 tetramers at a concentration
of 0.5µg/ml with 1% goat serum and 0.5µg/ml rat anti-CD8a
were added to slices and incubated for 4 h. Sections were
washed in PBS and then incubated with biotinylated anti-APC
Abs and secondary FITC anti-rat antibody both diluted 1:100
overnight. Sections were washed with PBS and then incubated
with APC-conjugated streptavidin diluted 1:100 in PBS for 3 h
together with DAPI. Slices were washed with PBS and then
fixed with PBS-buffered 2% formaldehyde for 2 h at 4◦C. Finally,
sections were washed three times with PBS and then mounted
to slides using FluoromountTM Aqueous Mounting Medium.
Stained sections were analyzed using a confocal microscope
(Zeiss LSM 710).

Statistics
Statistical analysis and graphical representation of data were
done using GraphPad Prism 8 software (Grah Pad Prism, San
Diego, CA). We have used the Welch’s t-test, which assumes
normal distribution but can be used when the two samples
have unequal variances for comparisons (t-test). Statistical
significance between 3 and more groups was determined using
one- or two-way ANOVA. The Welch’s test was also used
for ANOVA comparisons. We have used used the Turkey’s
multiple comparisons test or t-test with Holm-Sidak correction
for multiple comparisons of the same parameters (for example
for analyzing kinetics).

RESULTS

Mycobacteria-Specific T Cells Accumulate
in the Lung but Not the Mediastinal Lymph
Node During BCG Immunization or
Infection With M. tuberculosis
We first compared the frequency and numbers of mycobacterial
Ag85B240−254 and ESAT61−20 tetramer-binding CD4T cells
and TB10.44−11-specific CD8T cells in the lungs and MLN
of M. tuberculosis-infected mice (Figures 1A–C). TB10.44−11-
tetramer-binding CD8T cells constituted ∼1/3 of the total
CD44+ CD8T cells and showed a distinct accumulation early
after infection (Figures 1B,C). In comparison, Ag85B-specific
CD4T cells were ∼1% of the activated CD4T cells, with a
relatively more delayed accumulation after infection (Figure 1B),
while ESAT6 tetramer-binding cells constituted more than 5% of
activated CD4T cells, with a relatively early increase early after
infection (Figures 1B,C).

Surprisingly, Ag85B, ESAT6, and TB10.4 tetramer-binding T
cells were either not observed or detected at very low frequencies
in the MLN of mice at all times after M. tuberculosis-infection
measured, despite the presence of high frequencies of T cells of
the same specificities in the lung (Figures 1A,B).

CD4 andCD8T cells were activated in theMLN after infection
with M. tuberculosis as measured by the expression of CD44
as compared to uninfected controls (Figure 1D). However, the
frequencies of activated CD4 or CD8T cells were lower than
those in the lungs (Figure 1D).

To further support this observation, the frequencies of IFN-
γ-secreting CD4 and CD8T cells in response to ESAT61−15 and
TB10.44−11 peptide stimulation were evaluated in the lung and
MLNs of M. tuberculosis-infected mice. Lung T cells from mice
infected with M. tuberculosis secreted IFN-γ after stimulation
with the ESAT6 and TB-10.4 peptides, while no IFN-γ responses
were determined in T cells from lungs from non-infected mice
(Figures 2A–C). CD4, but not CD8T cells, responded to ESAT-
6 peptide stimulation by producing IFN-γ. Instead, CD8 but
not CD4T cells showed substantial IFN-γ responses to TB10.4
peptide stimulation (Supplementary Figure 1A).

In contrast to the response observed by lung CD4 and CD8T
cells, MLN T cells showed low frequencies or undetectable
levels of IFN-γ-secreting cells in response to peptide stimulation
(Figures 2A–C). CD4T cells from lungs but not MLNs
from M. tuberculosis-infected mice secreted IFN-γ in the
absence of peptide stimulation (Supplementary Figure 1B).
IFN-γ secretion was neither detected in unstimulated lung CD8T
cells from M. tuberculosis-infected mice nor in CD4T cells
from uninfected mice (Supplementary Figures 1B,C). CD4 and
CD8T cells from lungs or MLN from infected or control mice
secreted IFN-γ in response to PMA/ionomycin stimulation.
However, both CD4 and CD8T cells from lungs from M.
tuberculosis-infected mice secreted higher levels of IFN-γ as
compared to MLN cells from infected mice, or to lung or MLN T
cells from uninfected controls (Supplementary Figures 1D–F).

To exclude that T cell specific for other mycobacterial antigens
are present in the MLN, we compared the IFN-γ responses
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FIGURE 1 | Mycobacteria-specific T cells accumulate in the lung but not the mediastinal lymph node during immunization or infection with M. tuberculosis. C57BL/6

mice were infected via aerosol with 250 M. tuberculosis, and sacrificed at the indicated days after infection (n ≥ 5 per time point). The T cell populations in lung and

(Continued)
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FIGURE 1 | MLN were analyzed. (A) Representative dot plots of tetramer Ag85B, ESAT6, and TB10.4 binding T cells in the lungs and MLN from mice 40 days after

infection with M. tuberculosis are depicted. (B) The mean percentage of tetramer Ag85B, ESAT6, and TB10.4 binding cells gated within the CD44+ CD4 and CD8T

cell populations in the lung or MLN from mice (n ≥ 5 per time point) at different days after infection ± SEM are displayed. Differences in frequencies tetramer binding

cells between lung and MLN at a given time point after infection are significant at *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 (Welch’s t-test with Holm-Sidak correction

for multiple comparisons). (C) The mean log10 transformed number of tetramer+ Ag85B, ESAT6 and TB10.4 cells ± SD at the indicated days after aerosol infection

with M. tuberculosis. Differences in cell numbers between *Ag85B and TB10.4; # TB10.4 and ESAT6; and •-Ag85B and ESAT6 are significant at p < 0.01 and

p < 0.001 (2 or 3 symbols) were calculated using Welch’s t test with Holm-Sidak correction for multiple comparisons. (D) The mean frequencies of CD44+ CD4 and

CD8T cells in the lung or MLN from mice at the indicated days after infection with M. tuberculosis are shown. Differences are significant at **p ≤ 0.01, and

***p ≤ 0.001 (Welch’s t-test with Holm-Sidak correction for multiple comparisons).

by lung and MLN T cells from M. tuberculosis infected mice
stimulated with PPD were compared. PPD is a purified protein
fraction isolated from culture media filtrates of M. tuberculosis
that contains more than 300 different proteins (22, 24, 25). Lung
CD4 and CD8T cells but not MLN T cells produced IFN-γ in
response to PPD stimulation (Figures 2D,E). The levels of IFN-γ
secreted by MLN T cells stimulated with PPD were similar to
those secreted by non-stimulated controls from infected mice
(Figure 2E).

The frequency and expression levels of the proliferation
marker Ki-67 in ESAT6 and TB10.4 tetramer-binding CD4 and
CD8T cells in the lung of M. tuberculosis infected mice were
increased as compared with those in naïve T cells (Figures 3A,B).
The frequency of cells non-tetramer binding activated CD4 and
CD8T cells was also increased compared to that of naïve T cells.

Moreover, the immunostaining of lung slices from M.
tuberculosis infected mice with TB10.4 tetramer overlapped
as expected with CD8 labeled cells and showed a clustered
distribution in the lung lesions of infected mice. TB10.4
labeling was not observed in MLN sections of the same animal
(Figure 3C, Supplementary Figure 1G).

Kinetics of Accumulation of Specific TRM

Cells in the Lungs of
M. tuberculosis-Infected Mice
The frequency and numbers of pulmonary CD4 and CD8
TRM during M. tuberculosis infection were then determined
(Figures 4A,B). CD4 TRM were distinguished from circulating
T effector-memory cells based on upregulated expression of the
early activation marker CD69 and the integrin CD11a (10, 26,
27), whereas CD8 TRM were characterized by the expression of
the αE integrin CD103 and CD69 (10). Lung TRM were detected
at all time points after 20 days of M. tuberculosis infection.
While the number of mycobacteria-specific TRM followed that
of the total mycobacteria-specific T cells (Figure 3C), the
frequencies and numbers of TRM within the antigen-specific
and total T cells showed important differences (Figure 4D,
Supplementary Figures 2A,B). The frequencies of Ag85B and
TB10.4-specific TRM cells were higher than those of TRM within
tetramer-negative T cells. Instead, the frequency of ESAT6
tetramer-binding CD4 TRM cells was lower than in the tetramer-
negative population (Figure 4D). TB10.4 tetramer-binding TRM

constituted ca 50% of the total CD8 TRM cell numbers in the
infected lungs (Supplementary Figures 2A,B).

In order to further characterize the antigen-specific T cells
induced locally in the lung during infection withM. tuberculosis,

we measured the expression of the PD-1 and KLRG1. PD-
1+ CD4T cells have been shown to display proliferative and
protective capacity and residence in the lung parenchyma
after M. tuberculosis infection, while KLRG1 associated with
short-lived terminally differentiated effector cells (28–30). The
expression of KRLG1 in mycobacteria-specific T cells peaked
at 3 weeks after infection and decreased thereafter (Figure
3E). Most TRM cells in the lung did not express KRLG1
(Supplementary Figure 2C). The frequency of PD1+Ag85B and
TB10.4-specific CD4 and CD8T cells increased during infection
withM. tuberculosis and remained elevated at the late time points
of infection (Figure 4E).

In order to confirm that CD8 and CD4 TRM are bona fide
parenchymal resident cells we performed intravascular labeling
with anti-CD45.2 mAb. Mice were sacrificed 3–5min after
inoculation. Lymph nodes leukocytes remained unlabeled,
all blood leukocytes were labeled by anti CD45.2 and ∼50%
of lung leukocytes were labeled (Supplementary Figure 2D

and not shown). Approximately 70% of CD4 and CD8T cells
from mice 30 days after infection with M. tuberculosis resided
in the lung parenchyma (Figure 2E). While most tetramer
ESAT6 binding CD4T cells located in the parenchyma while
TB10.4 tetramer labeled cells localized both in the vasculature
and the parenchyma, indicating a skewed distribution
of the mycobacterial specific T cells (Figures 4F,G). As
expected, both CD4 and CD8 TRM (total and tetramer TB10.4
binding cells) located in the lung parenchyma (Figures 4H,I,
Supplementary Figures 2F,G). Thus, CD8 and CD4 TRM are
bona fide parenchymal resident cells.

Mycobacteria-Specific T Cells Accumulate
in the Lung but Not the Mediastinal Lymph
Node After Mucosal BCG Immunization
We then compared the kinetics of generation of mycobacteria-
specific T cells in the lung and the MLN of mice 3 weeks after
either i.t. or s.c. BCG immunization.

We found that the i.t. immunization induced a higher number
of mycobacterial Ag85B240−254 and TB10.44−11 tetramer-
binding CD4 and CD8T cells in the lung as compared to those
immunized via the s.c. route (Figures 5A,B). Instead, Ag85B or
TB10.4 tetramer-binding CD4 or CD8T cells in the MLN were
undetectable or had very low numbers after either i.t. or s.c. BCG
immunization (Figures 5A,B).

The frequency of Ki-67 activated CD44+CD4 andCD8T cells
increased in the lungs of i.t. BCG-immunized mice as compared
to that of naïve mice, indicating that T cells proliferated in the
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FIGURE 2 | Infection with M. tuberculosis results in the accumulation of ESAT-6 and TB10.4-specific IFN-γ-secreting T cells in the lung but not in the MLNs.

Representative dot plots showing the CD44+ expression and IFN-γ secretion by lung or MLN CD4 (A) or CD8 (B) T cells from mice at 4 weeks after infection with

M.tuberculosis or uninfected controls. Lung and MLN cell suspensions were stimulated with 20µg/ml of either ESAT61−15 (A) or TB10.44−11 (B) peptides for 6 hrs.

IFN-γ was determined by ICS after 4 h incubation with brefeldin A as described in the materials and methods section. (C) The mean frequencies of IFN-γ secretion ±

SEM from lung or MLN CD4 and CD8T cells from mice at 60 days after infection with M. tuberculosis or uninfected controls. Lung cell suspensions were stimulated

with 10µg/ml ESAT61−15 or TB10.44−11 peptides for 6 h or were left untreated. Differences of IFN-γ-secreting cell frequencies with stimulated lung cells are significant

at **p ≤ 0.01, and ***p ≤ 0.001 (2-way ANOVA). Representative dot plots (D) and the mean frequencies (E) of IFN-γ-secreting ± SEM lung or MLN CD4 and CD8T

cells from mice 30 days after infection with M. tuberculosis stimulated or not with PPD. Differences of between groups are significant at **p ≤ 0.01 (2-way ANOVA).
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FIGURE 3 | Infection with M. tuberculosis results in the accumulation of M. tuberculosis specific proliferating T cells in the lung. (A) Representative histograms

showing Ki67 expression in naïve (CD44 neg), CD44+ tetramer binding (ESAT6 or TB10.4 for CD4 or CD8T cells, respectively) and non-binding CD44+ CD4 or

CD8T cells from mice at 4 weeks after infection with M. tuberculosis. (B) The mean frequency of Ki67+ CD4 and CD8T cells ± SEM from lung of from mice either 4

weeks after infection with M. tuberculosis. Total CD44+ CD4 and CD8T cells as well as tetramer ESAT6 or TB10.4+ CD4 or CD8T cells are depicted (n = 6 per

group). The frequencies of Ki67 cells are compared to those of CD44- naïve CD4 or CD8T cell in the same lung. Differences with lung T cells from naïve cells are

significant at *p ≤ 0.05 and **p ≤ 0.01 (one-way ANOVA). (C) Double immunolabelling with TB10.4 tetramer and CD8 in lung and MLN slices from mice (n = 3) 8

weeks after infection with M. tuberculosis was performed as described in the materials and methods section. Representative micrographs are shown.
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FIGURE 4 | Kinetics of specific TRM cell accumulation in the lungs of M. tuberculosis-infected mice. (A) Representative dot plots and gating strategy of tetramer

ESAT-6 binding CD11a+CD69+ CD4TRM cells in the lungs of mice 4 weeks after M. tuberculosis infection. (B) Representative dot plots and gating strategy of

(Continued)
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FIGURE 4 | tetramer TB10.4 binding and CD103+CD69+ CD8 TRM cells in the lungs of mice 4 weeks after M. tuberculosis infection. (C) The mean log10 of total

and TRM tetramer binding Ag85B, ESAT6, and TB10.4 cell numbers in the lungs of mice at different time points after M. tuberculosis ± SEM are depicted. Differences

between total and TRM cell numbers at each time point are significant (*p ≤ 0.05, **p ≤ 0.05, and ***p ≤ 0.001, Welch’s t-test with Holm-Sidak correction for multiple

comparisons). (D) The mean frequencies of lung CD4 or CD8 TRM cells within tetramer positive or negative populations ± SEM at different times after infection with

M. tuberculosis are shown. The frequencies of TRM are calculated with respect to total CD4 or CD8 CD44+ tetramer positive or negative T cells. Differences are

significant at *p ≤ 0.05, **p ≤ 0.05, and ***p ≤ 0.001 calculated using Welch’s t-test with Holm-Sidak correction for multiple comparisons. (E) The mean frequencies

of PD1+ and KRLG1+ within Ag85B and TB10.4 tetramer-binding cells in the lung of mice at different times after infection with M. tuberculosis ± SEM is shown.

Ag85B and TB10.4 tetramer positive cells were gated on CD4 and CD8 cells, respectively. Differences in frequencies of PD1 and KRLG1 positive cell populations are

significant at *p ≤ 0.05 and ***p ≤ 0.001(Student’s t-test with Holm-Sidak correction for multiple comparisons). (F) The mean ± SEM (n = 6) of i.v. CD45.2 positive or

negative ESAT6 and TB10.4 tetramer binding within CD4 and CD8T, respectively, cells in the lung of mice 30 days after infection with M. tuberculosis (n = 6).

Differences are significant at ***p ≤ 0.001 Welch’s t-test. (G) Representative dot plots of i.v. CD45.2 labeled or unlabeled ESAT6 and TB10.4 tetramer binding T cells

in the lung of mice 30 days after infection with M. tuberculosis. (H) The mean frequencies ± SEM (n = 6) of i.v. CD45.2 positive or negative CD11a+CD69+ CD4 TRM

and CD103+ CD69+ CD8 TRM cells within activated CD4 and CD8T cells, respectively, in the lung of mice 30 days after infection with M. tuberculosis. Differences

are significant at ***p ≤ 0.001 Welch’s t-test. (I) The mean ± SEM (n = 6) of i.v. CD45.2 positive and i.v. CD45.2 negative TB10.4 tetramer binding CD103+CD69+

CD8 TRM cells in the lung parenchyma and vasculature of mice 30 days after infection with M. tuberculosis. Differences are significant at ***p ≤ 0.001 Welch’s t-test.

lung in both BCG-immunized as well as in M. tuberculosis-
infected mice (Figures 5C,D). Thus, the results suggest that after
BCG immunization or M. tuberculosis infection specific T cells
are generated in the lungs.

The levels of lung TRM after i.t. and s.c. BCG immunization
were then evaluated (Figure 6A). We found increased
frequencies of CD44+ CD4T and CD4 TRM cells in lungs
from mice after i.t. as compared to s.c. BCG immunization
(Figure 6B). CD4 TRM were observed at 14 but not 7
days after i.t. immunization, and remained at high levels
45 days after BCG administration, while CD4TRM were
undetectable at different time points after s.c. immunization
(Supplementary Figure 3A). Ten-fold higher numbers of
Ag85B tetramer-binding cells were present in the lungs of i.t.
immunized compared to those immunized s.c. BCG (Figure 6C).
Ag85B-specific lung CD4 TRM in mice immunized s.c. were
undetectable (Figure 6C).

We then compared the accumulation of TB10.44−11 tetramer-
binding CD8T cells in the lungs of mice 1 and 3 weeks
after i.t. or s.c. BCG immunization (Figure 6D). The frequency
of activated CD8T cells and the number and frequency of
TB10.4 tetramer-binding CD8 cells increased from 1 to 3 weeks
after immunization (Figures 6E–G). The frequency of tetramer-
binding TB10.4 TRM within the lung CD8T cells increased
between 1 and 3 weeks after i.t. BCG immunization (Figure 6F).
TB10.4-specific CD8T cell were detected already 1 week after
immunization and their numbers were higher in i.t. than in
s.c. BCG-immunized mice (Figure 6G). TRM were not detected
within the TB10.4-specific CD8T cells in the lungs of s.c.
immunized mice, while their frequency increased 3 weeks after
i.t. BCG immunization as compared to those detected 1 week
after immunization (Figures 6D,H).

To further characterize the antigen-specific lung T cells
following i.t. and s.c. BCG immunization PD1 and KRLG1
expression were assessed (Supplementary Figure 3B). We found
that 30% of mycobacteria-specific CD8T cells in the lung of
mice immunized i.t. with BCG expressed PD1. In comparison,
the percentage of PD1-expressing cells was reduced in TB10.4
tetramer-binding and in total CD8T cells in the lungs of s.c.
immunized mice (Figure 6I). In contrast, the frequency of
KRLG1+ cells was increased in lungs of mice immunized via the

s.c. route as compared to those obtained from i.t. vaccinated mice
(Figure 5I).

Bona Fide TRM Develop in the Lungs of
Mice After Mucosal BCG Immunization
Weused the S1PR agonist FTY720 (fingolimod) to block egress of
T cells from the lungs or lymph nodes, in order to assess whether
T cells could be generated in themice during BCG immunization.
All groups of mice were vaccinated s.c. with BCG and after 3
weeks mice were treated daily i.p. with 1 mg/kg FTY720. One
day after the first FTY720 administration, mice were boosted i.t.
with BCG (Figure 7A). The administration of FTY720 reduced
by more than 90% the number of blood T cells already 15 h after
inoculation of a single dose (Supplementary Figure 4A). The i.t.
booster increased protection of mice against challenge with M.
tuberculosis as shown by the reduced levels of bacteria in lungs
and spleens (Supplementary Figures 4B,C).

The frequency of CD44+ CD4 and CD8T cells in lungs
increased in both groups (boosted or not) after FTY720 treatment
due to the fall of naïve T cells (Figures 7B–E). The number of
CD44+ CD4T cells in the lung of i.t. BCG-boosted animals
increased after FTY720 administration (Figure 7C), while both
CD44+ CD4 and CD8T cell numbers were reduced in the s.c.
immunized group as compared to those not treated with FTY720.
Moreover, the numbers and frequencies of CD4 and CD8 TRM

increased in i.t. BCG re-vaccinated mice treated with FTY720,
while numbers of CD4 TRM in s.c. BCG immunized but not re-
vaccinated mice remained very low, been mostly undetectable
(Figures 7B–E).

Since inoculation of FTY720 was done before i.t.
immunization, our results indicate that TRM generation
and accumulation in the lung takes place in the absence of
lymphoid recirculation after i.t. immunization, suggesting a
minor role for MLN if any in this process.

DISCUSSION

Our data indicate that aerosol infection with M. tuberculosis
and mucosal immunization with BCG results in the generation,
proliferation and persistence of specific T cells (a fraction
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FIGURE 5 | Mycobacteria-specific T cells accumulate in the lung but not the mediastinal lymph node during immunization or infection with M. tuberculosis. C57BL/6

mice were immunized i.t. or s.c. with 107 BCG and T cell populations analyzed in the lung and MLN cell suspensions 3 weeks after immunization. (A) Representative

dot plots of tetramer Ag85B and TB10.4 binding CD4 or CD8T cells, respectively, in lungs and MLN from mice 3 weeks after i.t. or s.c. BCG immunization are shown.

(B) The mean percentage of tetramer Ag85B and TB10.4 binding cells gated within the CD44+ CD4 and CD8T cell populations in the lung or MLN from

BCG-immunized mice. Differences in frequencies tetramer binding cells between lung and MLN at a given time point after infection are significant at **p ≤ 0.01, and

***p ≤ 0.001(Welch’s t-test with Holm-Sidak correction for multiple comparisons). (C) Representative dot plots showing the frequency of Ki67+ gated in CD44+ CD4

or CD8T cells in the lung from mice either 4 weeks after infection with M. tuberculosis, 3 weeks after i.t. BCG immunization or left untreated are shown. (D) The mean

frequency of Ki67+ CD4 and CD8T cells ± SEM from lung of mice 4 weeks after infection with M. tuberculosis, 3 weeks after BCG immunization and non-immunized

control mice (n ≥ 5 per group) are shown. Differences with lung T cells from uninfected mice are significant at **p ≤ 0.01 and ***p ≤ 0.001 (Welch’s t-test with

Holm-Sidak correction for multiple comparisons).
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FIGURE 6 | Mycobacteria-specific Trm cells accumulate in the lung during BCG immunization. (A) Representative dot plots and gating strategy of tetramer Ag85B

binding and CD11a+CD69+ CD4TRM cells in the lungs of mice 3 weeks after i.t. and s.c. BCG immunization. (B) Mice were immunized with BCG s.c. or i.t. and

(Continued)
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FIGURE 6 | sacrificed 3 weeks later. A group of mice was left untreated. The frequency of CD44+ in gated CD3+ CD4T cells from lungs and of CD4 TRM ± SEM

gated on CD3+ CD44+ cells are shown. The mean % ± SEM of at least 4 animals per group are shown. Differences between groups are significant at *p ≤ 0.05 and

**p ≤ 0.001 (Welch’s t-test with Holm-Sidak correction for multiple comparisons). (C) The mean numbers ± SEM of tetramer Ag85B binding total and TRM CD4T

cells in the lungs of i.t. and s.c. BCG immunized mice are shown (n ≥ 5 animals per group). Differences between groups are significant at **p ≤ 0.001 and ***p ≤

0.001 (one-way ANOVA). (D) Mice were immunized i.t. or s.c. with BCG and sacrificed 1 or 3 weeks later. The representative dot plots show the presence of tetramer

TB10.4 binding CD44+ CD8T cells in the lungs of i.t. or s.c. BCG-immunized mice. The CD69+CD103+ CD8 TRM within the tetramer TB10.4 positive or negative

cells are also shown. (E–H) The frequency of CD44+ gated on CD3+ CD8T cells (E), of tetramer TB10.4+ within CD44+ CD8T cells (F), the numbers of tetramer

TB10.4+ CD8T cells (G) and the frequency of TRM cells within all TB10.4 tetramer binding cells (H) were determined in lungs from mice at 1 and 3 weeks after i.t. or

s.c. immunization with BCG. The mean frequencies or log10 transformed cell numbers ± SEM (n = 5 per group) are shown. Differences between groups were

statistically significant at *p ≤ 0.05, **p ≤ 0.001, and ***p ≤ 0.001 (Welch’s t-test with Holm-Sidak correction for multiple comparisons). (I) The mean frequencies of

PD1+ and KRLG1+ cells within the TB10.4 tetramer + or—CD44+ CD8T cells in the lungs of mice immunized i.t. or s.c. with BCG 3 weeks before sacrifice are

shown. Differences between i.t. and s.c. immunized mice (n = 5 per group) were significant at *p ≤ 0.05 and **p ≤ 0.01 (Welch’s t-test with Holm-Sidak correction for

multiple comparisons).

exhibiting TRM markers) in the lung, independently of the
recirculation from the draining lymph nodes.

It is generally accepted that following antigen encounter in
the lung, during infection or immunization dendritic cells (DCs)
will migrate to the MLNs and present mycobacterial antigens
and different co-stimulatory signals to specific naïve T-cells. The
low frequency of naïve T cells specific for any one pathogen
epitope means dependence on primary responses initiated in
draining lymph nodes, often allowing time for a serious infection
to develop. The activated T cells will proliferate and differentiate
into effector T-cells andmemory T-cells that are distributedmore
broadly throughout the body. Upon re-exposure to the pathogen,
memory T-cells are able to mount a more rapid and robust
antigen-specific responses (10, 31).

Our results argue that during infection with M. tuberculosis
or i.t. BCG immunization, mycobacteria-specific T cells are
generated in the lung. The absence or low numbers of tetramer-
bindingM. tuberculosis-specific T cells at all time points studied,
the low frequencies or absence IFN- γ-secreting cells in theMLNs
of infected mice in response to specific peptides well as to a PPD
(containing several M. tuberculosis proteins), and the expression
of the proliferation marker Ki67 in specific CD4 and CD8T cells
from the lung of M. tuberculosis -infected or BCG-immunized
mice support this possibility.

Although i.t. aerosol immunization is not applicable for
human vaccination for practical reasons, it allows for a more
accurate delivery of defined doses than with intranasal or aerosol
vaccination. While doses of 5 × 105 BCG CFU i.t. have been
shown improved protection of mice against M. tuberculosis
challenge as compared to the s.c. route (4), the 107 BCG
dose was chosen for our studies since it has been shown
to confer the largest reduction of lung M. tuberculosis levels,
when compared to lower doses (32). The i.t. immunization
with BCG generated higher mycobacteria-specific lung CD4 and
CD8T cells as compared to the s.c. route of delivery. After
i.t. BCG immunization or booster an important fraction of
total or antigen-specific CD4 and CD8 lung T cells displayed
a TRM phenotype. Instead, TRM were low or absent after s.c.
BCG administration, as also shown previously in the lung
or bronchoalveolar fluid lavage cells (4, 33). Although most
experiments were done in mice sacrificed at 3 weeks after
immunization, TRM were measured from 14 to 45 but not 7 days

after BCG i.t. immunization, but were under detection level in s.c.
immunized mice.

KRLG1+ T cells are short-lived terminally differentiated T
cells (28). Upon infection, M. tuberculosis-specific CD4T cells
expressing KLRG1 exhibited a heightened capacity to secrete
IFN-γ (29). PD-1+ T cells secreted less inflammatory cytokines
than KLRG1+ counterparts upon re-stimulation, proliferated,
showed a higher survival rate and the capacity to differentiate
into KLRG1+ cells (29). PD-1+ CD4T cells mediated protection
againstM. tuberculosis, and PD-1+ T cells and TRM locate in the
lung parenchyma as shown here and elsewhere (28, 33). Here we
showed that levels ofM. tuberculosis-specific KRLG1+ CD4 and
CD8T cells were high early (20 dpi) after infection and decreased
thereafter, while the levels of PD1+ T cells increased during the
first weeks of infection, remaining high at later time points. Most
KRLG1+ cells did not express TRM markers.

The i.t. BCG immunization generated higher levels of total
or M. tuberculosis-specific PD1+ CD4 and CD8T cells as
compared to those generated after s.c. immunization, which
showed higher frequency of KRLG1 expression. In line with this,
we confirm previous studies showing that mucosal immunization
or boosting with BCG ormycobacterial antigens improve vaccine
activity compared to the commonly used intradermal BCG
(4, 6–8, 32, 34).

T cells are restricted to using the S1P pathway to exit
secondary lymphoid organs and enter the blood (35, 36). FTY720
is a S1P receptor modulator that impairs lymphocyte egress from
the lymph nodes and other secondary organs (37). Previous
studies have shown that once priming has occurred, recruitment
from circulation is not needed, implying the protective T-cells
locate in the lung (38). Here, FTY720 inoculation indicated that
persistent TRM were detected in lungs. The results also suggest
that after i.t. immunization with BCG, TRM are generated in
the lung independently of recruitment of T cells from lymphoid
stores since FTY720 was inoculated before the revaccination.

Immune responses to a variety of antigens have been shown
to be initiated directly in the lung by using lymphotoxin (LT)-
deficient mice that lack conventional secondary lymphoid organs
(39, 40). By means of LT-deficient and splenectomized mice, it
was shown that CD8+ T cells could be primed, proliferated,
acquired a memory phenotype and cleared a challenge viral
infection in the complete absence of secondary lymphoid organs
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FIGURE 7 | Bona fide TRM develop in the lungs of mice after mucosal BCG immunization. (A) Mice were immunized s.c. with 107 BCG and revaccinated or not i.t.

with BCG 3 weeks after. Group of immunized and revaccinated mice were treated with 1 mg/kg i.p. FTY320 daily starting 1 day after revaccination until sacrifice. Mice

were sacrificed 3 weeks after revaccination. Representative dot plots (B) and the mean frequencies and cell numbers (C) of pulmonary CD4+CD44+ and of

CD11a+CD69+ TRM ± SEM (n ≥ 5) in the lung of mice are shown. Differences between experimental groups are significant at *p ≤ 0.05, **p ≤ 0.01, and ***p ≤

0.001 (one way ANOVA). (D,E) Mice were immunized with BCG and treated with FTY720 as described in A-B and Supplementary Figure 2. Representative dot

plots (D) and the mean frequencies and numbers (E) of pulmonary CD8+CD44+ T cells and of CD103+CD69+ TRM in the lungs of mice 3 weeks after revaccination

± SEM (n ≥ 5) are shown. Differences between groups are significant at *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 (one way ANOVA).
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(41). LT-deficient mice were also shown to generate protective
T cell responses against M. tuberculosis (42–44). In lymph node
deficient splenectomized mice infected with influenza, immune
responses were initiated without delay (40). Our results indicate
that T cells are generated in the lung, excluding functional
compensations occurring in genetically deficient mice. We fall
short of showing that T cell priming occurs in the lung of
infected mice.

Leukocytes that infiltrate the lung have been shown to
assemble into inducible bronchus-associated lymphoid tissue
(iBALT) after inflammation or infection (45). Like conventional
lymphoid organs, iBALT contains segregated B and T cell areas,
specialized stromal cells, high endothelial venules, and lymphatic
vessels (46). iBALTs might promote encounters between naive
lymphocytes recruited from the blood and antigen-presenting
cells that have migrated from the lumen of the airways. Naïve T
cells were primed within the iBALT (47), and T cells in the iBALT
have been suggested to participate in the protective secondary
immune responses against pathogens (34, 48).

The pulmonary delivery of M. tuberculosis antigen-primed
DCs has been shown to led to increased and rapid iBALT
formation and improved disease outcome (49). B cell follicles
are often observed in M. tuberculosis granulomas in mice
(50), humans, and monkeys (51). Monkeys with latent M.
tuberculosis infection maintain large, well-organized areas of
iBALTs surrounding granulomas, whereas NHPs with active
disease have fewer and less organized areas of iBALT (51).

Different studies have suggested that the antigen-specific T
cell responses during M. tuberculosis infection show a delayed
onset as compared to infection with other pathogens (52–
55). These studies used transgenic or retrogenic specific T cell
transfers to show T cell activation in the lymph nodes during
M. tuberculosis infection (54–57). Our data studying suggest that
T cell priming or activation in the draining lymph node is not
required to generate antigen-specific T cell responses in the lungs.
Whether a delay in T cell priming might be instead due to the
process of formation of the iBALTs induced by M. tuberculosis
infection or mucosal vaccination deserves further investigation.
We showed qualitatively differences in the mucosal as compared
to a distal route of immunization, supporting the use of mucosal
immunization for achieving superior immune protection against
infection withM. tuberculosis.
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