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Introduction

Evidence collected from different models of experimental
tuberculosis shows that the induction of the cellular
immune response characterized by interferon-y (IFN-y)
production is a strong protection correlate associated
with the control of bacterial growth.' Clinical findings
clearly show that patients with tuberculosis produce IFN-y,
as determined by the secretion of this cytokine by periph-
eral blood mononuclear cells or by the detection of IFN-y
in lung biopsies.”* The remaining challenge is to deci-
pher the factors that down-regulate the activation of
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Summary

The magnitude of the cellular adaptive immune response is critical for the
control of Mycobacterium tuberculosis infection in the chronic phase. In
addition, the genetic background is equally important for resistance or
susceptibility to tuberculosis. In this study, we addressed whether lung
populations of dendritic cells, obtained from genetically different hosts,
would play a role in the magnitude and function of CD4" populations
generated after M. tuberculosis infection. Thirty days post-infection,
C57BL/6 mice, which generate a stronger interferon-y (IFN-y)-mediated
immune response than BALB/c mice, exhibited a higher number and fre-
quency of lung CD11c¢" CD11b~ CD103" cells compared with BALB/c
mice, which exhibited a high frequency of lung CD11c¢* CD11b" CD103~
cells. CD11c" CD11b~ CD103" cells, purified from lungs of infected
C57BL/6 mice, but not from infected BALB/c mice, induced a higher fre-
quency of IFN-y-producing or interleukin-17 (IL-17)-producing CD4"
cells. Moreover, CD4" cells also arrive at the lung of C57BL/6 mice faster
than in BALB/c mice. This pattern of immune response seems to be asso-
ciated with higher gene expression for CCL4, CCL19, CCL20 and CCR5
in the lungs of infected C57BL/6 mice compared with infected BALB/c
mice. The results described here show that the magnitude of IFN-y-pro-
ducing or IL-17-producing CD4" cells is dependent on
CDl11c* CD11b™ CD103" cells, and this pattern of immune response is
directly associated with the host genetic background. Therefore, differ-
ences in the genetic background contribute to the identification of immu-
nological biomarkers that can be used to design human assays to predict
progression of M. tuberculosis infection.

Keywords: dendritic cells; genetic background; T helper type 1 cells; T
helper type 17 cells; tuberculosis.

IEN-y-producing cells and IFN-y-mediated biological
effects. Given the importance of tuberculosis, which was
declared to be a public health priority by the World
Health Organization in 1993 and which was responsible
for almost two million deaths worldwide in 2012,° it is
essential to more clearly understand key components that
interfere with the magnitude of the immune response so
as to develop novel vaccines and treatments based on
immune therapies.

A hallmark of an efficient immune response that
controls this infection could be the identification of cells
and mediators in blood samples of PPD* individuals.
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However, biological samples limit the ability to evaluate
the peripheral versus local immune response in these
studies.® Although relevant, these studies do not provide
all the necessary parameters to allow a full understanding
of how the immune response controls the mycobacterial
infection. Experimental models are still very useful tools
to characterize the induced immune response during the
infection and the modulation of the pro-inflammatory
and anti-inflammatory responses. However, these experi-
mental models are focused on progressive infection.”® An
experimental model that mimics the latent infection
would be helpful to provide a hallmark of protective
immune response against Mycobacterium tuberculosis
because latent state is believed to be maintained by the
induction of an immune response that permits the bacil-
lus persistence without symptoms.” However, there is no
mouse latent model that mimics the human latent
state.''2 Therefore, we have worked with an experimen-
tal model composed of two different mouse strains:
C57BL/6 and BALB/c. This model allows the immune
response to be studied from the perspective of the host.
It is well established that the genetic background affects
the magnitude of the inflammatory and cellular immune
responses.”> Therefore, the magnitude of the cellular
immune response following the infection of genetically
different mouse strains may help to identify mechanisms
associated with resistance to infection or lung injury and
to predict biomarkers of this disease. C57BL/6 and BALB/
¢ mice are considered more resistant to M. tuberculosis
infection than DBA/2, CBA and C3H strains.'*'> How-
ever, C57BL/6 mice generate a robust cellular immune
response characterized by interferon-y (IFN-y) production
compared with the lower magnitude of cellular immune
response observed in BALB/c mice.'®'” In previous work,
our group established that M. tuberculosis-infected
C57BL/6 mice produce higher levels of IFN-y and inter-
leukin-17 (IL-17) and lower levels of IL-10 along with a
lower suppressor activity of regulatory T cells compared
with infected BALB/c mice. This pattern of immune
response seems to reflect the control of M. tuberculosis
infection during the chronic phase (70 days) by C57BL/6
mice.'®

It is well established that during active and progressive
tuberculosis, T helper type 1 (Thl), Th2, Th17 and regu-
latory T cells participate in the lung immune response.'®”
%% The induction of a mycobacterial antigen-specific T-cell
response depends on antigen-presenting cells and media-
tors delivered by these cells. Among the professional anti-
gen-presenting cells, dendritic cells are the most efficient
at priming naive T cells.”” During T-lymphocyte clonal
expansion, dendritic cells also affect the ability to induce
immunity or tolerance depending on the microenviron-
ment.”®* Accordingly, these cells play an important role
in controlling the heterogeneity of the adaptive immune
response mediated by CD4" T lymphocytes.*

© 2014 John Wiley & Sons Ltd, Immunology, 144, 574-586

Lung dendritic cells in tuberculosis

In the lung, dendritic cells are basically sorted into two
populations: CDl11c" CD11b~ CD103" and
CDI11c¢" CD11b* CD103™ cells. The expression of these
markers also reflects the functional capacity of these
cells.’* Tt has been determined that CD4" T lympho-
cytes co-cultured with CD103" dendritic cells express
cytokines and chemokine receptors related to the Thl
and Thl7 profiles, whereas those lymphocytes cultured
with CD11b" dendritic cells exhibited characteristics of
the Th2 profile and regulatory T cells.”> In addition,
CD11b" dendritic cells, but not CD103" cells, migrate to
the lymph nodes and induce Th2 cells during experimen-
tal allergic inflammation.

In this study, we addressed the question of whether
dendritic cells of genetically different hosts would play a
role in the magnitude of the adaptive response mediated
by CD4" cells. Our hypothesis is that mice with distinct
genetic backgrounds have quantitative and functional dif-
ferences in lung dendritic cell populations, which directly
affect the magnitude of the immune response mediated
by heterogeneous CD4" populations after M. tuberculosis
infection.

Methods

Animals

C57BL/6 and BALB/c female mice (6-8 weeks of age)
were obtained from the breeding facility of the Medical
School of Ribeirao Preto, University of Sao Paulo
(FMRP-USP). All animals were maintained under barrier
conditions in a Level III biosafety laboratory with free
access to sterile food and water. This study was approved
by the research ethics committee of FMRP-USP (protocol
number 012/2010).

Bacteria and M. tuberculosis antigens

H37Rv M. tuberculosis (American Type Culture Collec-
tion 27294, Rockville, MD) was grown in 7H9 Middle-
brook Broth (Difco Laboratories, Detroit, MI) at 37° for
7 days. The culture was harvested by centrifugation, and
the cell pellet was resuspended in sterile PBS and vigor-
ously agitated with glass spheres. The bacterial suspension
was diluted in PBS and adjusted according to the number
1 McFarland scale. The viability of the bacteria in suspen-
sion was evaluated using fluorescein diacetate (Sigma, St
Louis, MO) and ethidium bromide, as previously
described.”® The M. tuberculosis antigens were obtained
from the sonicated mycobacteria. Briefly, mycobacteria
were grown as described previously and centrifuged at
3220 g for 20 min. The bacteria were heat-killed by incu-
bation at 80° for 2 hr, and the suspension was sonicated
at a frequency of 100 Hz with eight cycles of 5 min. The
supernatant was collected and centrifuged at 5000 g for
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30 min. A 0-22-pm filter was used to sterilize the super-
natants. The protein concentration was quantified with
the Coomassie Blue — Bradford Assaytm (OZ Biosciences,
Marseille, France).

Infection

Mice were anaesthetized by intraperitoneal injection of
100 pl of a saline solution containing 20% ketamine
(Ketamina Agener, Embu-Guagu, SP, Brazil) and 10%
Xylazine (Dopazer® Laboratorios Calier S.A., Barcelona,
Spain). Then, 1 x 10> bacilli/100 pl were administered by
the intra-tracheal route.*

Processing of lung cells and colony-forming units assay

The lower and middle right lobes of the lungs were
washed with sterile PBS, and each was placed in a Petri
dish containing incomplete RPMI-1640 (Sigma) med-
ium. The lungs were weighed, fragmented and trans-
ferred to a conical tube containing digestion solution:
LiberasetM Research Grade (Roche, Indianapolis, IN)
diluted (0-8 pg/ml) in incomplete RPMI-1640. Samples
were incubated at 37° with agitation for 30 min. After
incubation, the cells were dispersed using a 10-ml syr-
inge and pelleted by centrifugation for 10 min at 400 g.
The pellet was resuspended in 1 ml RPMI-1640/10%
fetal bovine serum (FBS). For colony-forming unit
(CFU) determination, serial dilutions (100, 1000, 10 000
and 100 000) of digested lungs were plated on supple-
mented 7HI11 agar media (Difco, Becton, Dickinson
and Company, Le Pont de Chaix, France). The CFU
number was counted 28 days after incubation at 37°,
and results are expressed as the log;q of CFU/g lung.
For the cell culture experiments, lungs were digested as
described above. Lung cells were resuspended in 4 ml
of RPMI/10% FBS and then passed through a 100-pm
Cell Strainer (BD Biosciences, Durham, NC), pelleted
by centrifugation for 10 min at 400 g and resuspended
in complete RPMI-1640 medium (10% FBS, 10 pg/ml
gentamicin, 100 U/ml  penicillin = and 100 pg/ml
streptomycin). Total cell counts were determined in a
Countesstm automated cell counter (Invitrogen, Eugene,
OR).

Flow cytometry

Lung cells were initially incubated for 40 min at 4°
with Fc block (1 pg/1 x 10° cells; BD Biosciences, San
Jose, CA), followed by incubation with monoclonal
antibodies (0-5 pg/1 X 10° cells) for 30 min at 4° in
total darkness. To characterize dendritic cell popula-
tions, the following monoclonal antibodies were used:
anti-CD11c¢ (clone HL3), anti-CD11b (clone M1/70),
anti-CD103  (clone M290). Lymphocyte populations
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were identified with anti-CD4 (clone L3T4) and anti-
CD8 (clone 53-6.7). After staining for cell surface mole-
cules, Foxp3 (clone MF23), T-bet (clone: O4-46), (BD
Biosciences or eBioscience, San Diego, CA) were stained
using a Foxp3 Staining Buffer Set (eBioscience) based
on the manufacturer’s instructions.

For intracellular detection of cytokines, cells were
fixed with 4% formaldehyde diluted in PBS and incu-
bated for 11 min. Then, 1 ml PBS was added to the cell
suspension, which was incubated for 18 hr at 4°. For
permeabilization, the cell suspension was centrifuged at
350 g at 4° for 10 min and washed with PBS containing
1% FBS and 0-2% saponin. After washing, cells were
incubated for 20 min at 4° with 10% rabbit serum to
block the Fc receptor, followed by incubation with anti-
CD4 (clone L3T4), anti-IFN-y (cloneXMG1.2) and anti-
IL-17 (clone TCI11-18H10) for 30 min at 4° in total
darkness.

Data on cells were acquired by flow cytometry using a
BD FACSCanto II (BD Bioscience, Franklin Lakes, NJ).
One hundred thousand events per sample were collected
and analysed according to size, granularity and fluores-
cence intensity using FLowJo 7.6.1T™ software (Tree Star,
Inc., Ashland, OR).

Cytokine production

Concentrations of IFN-y were determined in the left lung
lobe homogenates by ELISA using the immunoassay kit
BD OptEIAT™ Set (BD Biosciences) according to the
manufacturer’s instructions.

Immunohistochemistry

The lungs were collected in Tissue Tek (Sakura, Tor-
rance, CA) and frozen at —70°. Lung sections of 10-
pm thickness were mounted on slides after removing
Tissue Tek with acetone. Endogenous peroxidase activ-
ity was blocked with 3% of H,O, in PBS for 30 min
in the dark. Endogenous avidin and biotin were
blocked with Blocking Kit SP 2001 (Vector Laborato-
ries, Burlingame, CA) according to the manufacturer’s
instructions. After that, lung sections were incubated
with primary antibodies rat anti-mouse CD103 (BD
Bioscience; clone M290, 1 pg/slide) and rat anti-mouse
CD11b (BD Bioscience; clone M1/70, 7-8 pg/slide) over-
night at 4°. Biotin goat anti-rat polyclonal antibody
(0-125 pg/slide) was used for 45 min at room tempera-
ture, to detect the primary bound antibody, followed
by incubation with Vectastain ABC Kit (Vector Labora-
tories) according to the manufacturer’s instructions.
Enzyme-linked antibody was revealed by reacting with
3,3'-diaminobenzidine/H,0, for 1-5 min at room tem-
perature. Finally, tissue sections were counterstained
with haematoxylin.

© 2014 John Wiley & Sons Ltd, Immunology, 144, 574-586



CD4" and CD8" cell migration assay

At 30 days of infection, 1-5 x 107 spleen cells obtained
from C57BL/6 or BALB/c mice were stained with 1-25 pm
carboxyfluorescein succinimidyl ester (CFSE; (Invitrogen,
Carlsbad, CA) diluted in PBS and incubated for 10 min at
37° in 5% CO, in total darkness. Then, RPMI-1640 med-
ium containing 5% FBS was added (nine times the initial
volume) (Invitrogen), and the mixture was incubated for
10 min on ice to stop the reaction. The cells were centri-
fuged at 350 g at 4° for 10 min and washed again. Then,
5 x 10° CFSE-stained spleen cells from infected C57BL/6
or BALB/c mice were transferred intravenously to their
counterpart day 30-infected mouse strain. Twenty-four
hours after the cell transfer, the numbers of CD4", CD8"
and Foxp3* cells (cells from recipient mouse), and
CD4" CFSE*, CD8" CFSE* and CD4" Foxp3" CFSE"
cells (cell transfer) were evaluated in the lungs.

Polymerase chain reaction in real time

Total RNA was isolated and purified from lung using an
illustra RNAspin Mini RNA Isolation Kit (GE Healthcare,
Little Chalfont, UK) according to the manufacturer’s
instructions. The RNA was quantified in a NanoDropt™
1000 spectrophotometer (Thermo Fisher Scientific, Inc.
Waltham, MA), and cDNA synthesis was performed using
Reverse Transcriptase SuperScripttm II (Invitrogen, Life
Biotechnologiest™). Real-time PCR was performed using
Maxima SYBR Green/ROX qPCR Master Mix (2x)
(Thermo Fisher Scientific, Inc.) in the StepOnePlustm
Real-Time PCR System (Applied Biosystems, Foster City,
CA). The samples were amplified using the following con-
ditions: initial denaturation at 95° for 10 min, followed
by 40 cycles at 95° for 15 seconds, an annealing phase at
58° for 30 seconds and an extension phase at 72° for
30 seconds. The samples were analysed using the C;
(Threshold Cycle) method. Gene expression was calcu-
lated as 27(AC) where AAC, = AC, (sample) — AC,
(calibrator) and AC, (sample) = C, (target gene) — C,
(normalizer = f-actin). The following primer sequences
were used: CCL19 (sense: GCTAATGATGCGGAAGACT,
anti-sense: TGATAGCCCCTTAGTGTGGTGA), CCL21
(sense: GTGATGGAGGGGGACAGGACT, anti-sense: TC
AGGCTTAGAGTGCTTC), and f-actin (sense: CCCTAG
GCACCAGGGTGTGA, anti-sense: GCCATGTTCAATGG
GGTACTTC). The primers for CCL4, CCL11, CCL20,
CCL22, CCR3, CCR5 and CCR6 were kindly provided by
Dr Joao Santana da Silva (FMRP-USP).

Co-culture of CD11c" CD11b" or CDI11c" CDI11b™ cells
and CD4" cells

CDl11c" CD11b" and CD11c" CD11b™ cells were purified
from the lungs of Day 30-infected C57BL/6 or BALB/c

© 2014 John Wiley & Sons Ltd, Immunology, 144, 574-586
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mice using an anti-Biotin MultiSort Kit (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany). CD4" cells were
purified from the spleens of infected C57BL/6 or BALB/c
mice using a CD4 (L3T4) MicroBeads Kit (Miltenyi Bio-
tec GmbH) according to the manufacturer’s instructions.
CD11c* CD11b" or CDIllc" CD11b™ cells (1 x 10°)
were cultured in RPMI-1640 medium containing FBS
10%, 10 pg/ml gentamicin, 100 U/ml penicillin and
100 pg/ml streptomycin in the presence of CD4" cells
(2 x 10°), with or without stimulation with M. tubercu-
losis antigens (10 pg/ml), at 37° and 5% CO, for 48 hr.
As a negative control, purified spleen CD4" (2 x 10°)
cells were left non-stimulated. After 42 hr cell cultures
received an additional polyclonal stimulus with PMA
(100 ng/ml) and ionomycin (500 ng/ml) (Sigma-Aldrich,
St Louis, MO). At the same time, a protein transport
inhibitor containing monensin (BD GolgiStoptym, 4 pl for
every 6 ml of cell culture; BD Biosciences) was added
before the last 6 hr of incubation at 37° in 5% CO,.

Statistical analysis

The data were analysed with prism software. The statistical
significance between two groups was estimated using a
two-tailed Student’s t-test. The data from experiments
with three or more groups were analysed using one-way
analysis of variance with the Bonferroni test. The data are
expressed as the mean + standard deviation (SD). Values
of P 0-05 were considered significant.

Results

The profile of cellular immune response of C57BL/6
mice was more closely associated to infection control
than that of BALB/c mice

A previous study by our group showed that although at
30 days post-infection there is no difference in lung CFU
between BALB/c and C57BL/6 mice, these mouse strains
exhibit a contrasting difference regarding the production
of IFN-y, IL-17 and IL-10.'8 Figure 1(a) shows that at
30 days of infection, the recovery of bacilli from the lungs
of BALB/c and C57BL/6 mice was similar, despite the sig-
nificant ex vivo production of IFN-y, which was higher in
the lungs of C57BL/6 mice than in those of BALB/c mice
(Fig. 1b). Because we observed no difference in the num-
ber of lung CD4" cells from infected BALB/c and C57BL/
6 mice (Fig. 1c), we assessed the expression of T-bet tran-
scription factor that is the signature of Thl CD4" cells.
We found a significant increase in the expression of T-bet
in the lungs of infected C57BL/6 and BALB/c mice com-
pared with their control counterparts (Fig. 1d). However,
CD4" T-bet" cell number was significantly higher in the
lungs of infected C57BL/6 mice compared with those of
infected BALB/c mice (Fig. 1d). These results show that
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Figure 1. Infected C57BL/6 mice generate a T helper type 1 (Thl) cell-mediated immune response at a higher magnitude than BALB/c mice.
C57BL/6 (black bars) and BALB/c (white bars) mice were infected with 1 x 10° Mycobacteirum tuberculosis bacilli by the intra-tracheal route or
left uninfected (hatch and grey bars). Thirty days after infection, colony-forming unit (CFU) counts (a), interferon-y (IFN-y) (b), CD4" cell
number (c) and T-bet expressing CD4" cells (d) were determined in the lungs. Viable bacilli were determined by plating serial dilutions of

digested lungs. IFN-y was detected in the lung homogenates by immune enzymatic assay. T-bet was evaluated by flow cytometry. Data are pre-

sented as the mean + SD. Data are representative of two independent experiments (17 = 8 to n = 10 mice/group). *P < 0-05 comparing infected

and respective uninfected groups. Bars show the difference (P < 0-05) between infected C57BL/6 and BALB/c mice.

C57BL/6 mice, but not BALB/c mice, generated a profile
of cellular immune response associated with infection
control, characterized by higher production of IFN-y and
a greater number of lung CD4" T-bet" cells.

More CD4" and CD8" cells migrated to the lungs of
C57BL/6 mice than BALB/c mice

Next, we assessed whether the migration capacity of
lymphocytes also differed between mouse strains. Spleen
cells of Day 30-infected C57BL/6 and BALB/c mice were
labelled with CFSE and transferred intravenously to the
respective mouse strain with the same period of infec-
tion. Twenty-four hours after cell transfer, CD4", CD8"
and CD4" Foxp3" cells, positive or negative for CFSE,
were analysed in the lungs (Fig. 2a). A representative
analysis performed to evaluate these cell populations is
depicted in the Supporting information (Fig. S1). We
found no difference in the number of CD4" cells,
CD4" Foxp3"* cells and CD8" cells (which represented
the cells from recipient mice) in the lungs of both strain
of infected mice (Fig. 2b—d). When we assessed the
number of CFSE" cells, which represented those that
have migrated to the lung following cell transfer, we
found a significant increase in the number of
CD4" CFSE" cells (Fig. 2¢) and CD8" CFSE" cells
(Fig. 2g) in the lung of infected C57BL/6 mice
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compared with BALB/c mice. There was no difference in
the number of CD4" Foxp3™ CFSE" cells (Fig. 2f). To
ascertain whether the increased influx of CD4" and
CD8" cells to the lungs of infected C57BL/6 mice was a
consequence of a higher number of these cell popula-
tions in the spleens of C57BL/6 mice compared with
BALB/c mice, we quantified the number of CD4",
CD4" Foxp3" and CD8" cells in the spleens of infected
and uninfected mouse strains. There was no difference
in the number of CD4", CD4" Foxp3* and CD8" cells
in the spleens of infected C57BL/6 and BALB/c mice
compared with uninfected counterparts of the same
strain (Fig. 3a—c). However, we observed an increase in
the number of spleen CD4" and CD8" cells obtained
from infected BALB/c mice compared with the number
of these cells in the spleens of infected C57BL/6 mice
(Fig. 3a,c). This experimental evidence suggests that dur-
ing the infection with M. tuberculosis, the influx of
CD4" and CD8" cells into the lungs of C57BL/6 mice is
higher than in BALB/c mice and is not dependent on
the number of primed spleen cells.

Infected C57BL/6 mice exhibited higher expression of
CCR5, CCL4 and CCL20 than BALB/c mice

Because we found differences between infected C57BL/6
and BALB/c mice in the production of IFN-y and in the

© 2014 John Wiley & Sons Ltd, Immunology, 144, 574-586
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Figure 3. Number and frequency of CD4", CD4" Foxp3*

and CD8" cells in the spleens of infected C57BL/6 and BALB/c mice. C57BL/6 (black

bars) and BALB/c (white bars) mice were infected with Mycobacterium tuberculosis or left uninfected (hatch and grey bars) as described in Fig. 1.

Thirty days after infection, spleen cell suspensions were stained with anti-CD4, anti-CD8 and anti-Foxp3, and evaluated by flow cytometry. The
absolute number of CD4" (a), CD4" Foxp3" (b) and CD8" (c) cells was analysed. Data are presented as the mean 4= SD (n = 4 or n = 5 mice/
group). *P < 0-05 comparing infected and respective uninfected groups. Bars show the difference (P < 0-05) between infected C57BL/6 and

BALB/c mice.

T-bet-expressing CD4" cell population in the lung, and
observed that the migration of both CD4" and CD8" cells
was more pronounced in the lungs of infected C57BL/6
mice, we assessed gene expression for chemokine and
chemokine receptors associated with recruitment of Thl,
Th2, Th17 and regulatory T cells.

CCL4 binds to the CCR5 receptor and preferentially
induces the migration of Thl lymphocytes. CCR5 gene
expression was higher in the lungs of infected C57BL/6
mice compared with infected BALB/c mice (Fig. 4a). The
lungs of both infected strains exhibited significantly
increased CCL4 expression compared with uninfected
counterparts. In addition, CCL4 gene expression was
higher in the lungs of infected C57BL/6 mice than in
infected BALB/c mice (Fig. 4b). In an attempt to establish
an association with Th17 migration, we evaluated CCR6

© 2014 John Wiley & Sons Ltd, Immunology, 144, 574-586

and CCL20 gene expression. We found no difference in
the expression of CCR6 between infected strains (Fig. 4c).
However, the CCR6 ligand, CCL20, was significantly
increased in the lungs of infected C57BL/6 mice com-
pared with infected BALB/c mice (Fig. 4d). The analysis
of gene expression for CCR4 and CCL22 was used as a
marker for regulatory T cell migration, while gene expres-
sion for CCR3 and CCLI1 was used as a marker for Th2
migration. There was no difference in gene expression for
CCR4, CCL22, CCR3 or CCLI1 in the lungs of either
strain (Fig. 4e-h).

These collective data show that the influx of CD4" cells
into the lungs of infected C57BL/6 mice is associated with
a predominant population of IFN-y-producing CD4" cells
and suggest that their migration is dependent on CCR5
and CCLA4.
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Figure 4. Infected C57BL/6 mice exhibited higher expression of CCR5, CCL4 and CCL20 than BALB/c mice. C57BL/6 (black bars) and BALB/c
(white bars) mice were infected with Mycobacterium tuberculosis or left uninfected (hatch and grey bars) as described in Fig. 1. Thirty days after
infection, gene expression for CCR5 (a), CCL4 (b), CCR6 (c), CCL20 (d), CCR4 (e), CCL22 (f), CCR3 (g) and CCL11 (h) was evaluated by real-
time PCR. Data are presented as the mean £ SD. *P < 0-05 comparing infected and respective uninfected groups. Data are representative of one
representative experiment repeated twice (n = 3—4 mice/group). Bars show the difference (P < 0-05) between infected C57BL/6 and BALB/c mice.

Infected C57BL/6 mice exhibited a higher number of
lung CD103" cells while infected BALB/c mice
exhibited a higher number of lung CD11b™ cells

greater than those found in the cells of infected BALB/c
mice (Fig. 5b,c).
A significantly higher number and frequency of

Considering the different magnitude of IFN-y-producing CD11c" CD11b" cells (CD11c" CD11b" CD1037) were

cells, we next evaluated the lung dendritic cell popula-
tions because these antigen-presenting cells induce and
drive the differentiation of CD4" cells.”® Two populations
of lung dendritic cells were evaluated: CDI11c¢" CD103*
and CDI11c¢" CD11b". Figure 5(a) shows a representative

found in the lungs of infected C57BL/6 and BALB/c mice
compared with their uninfected counterparts (Fig. 5d,e).
Furthermore, the number and frequency of CD1lc"
CD11b" cells was higher in the lungs of infected BALB/c
mice compared with infected C57BL/6 mice (Fig. 5d,e).

In addition, we observed that the ratio of the CD103"/
CD11b"  cell number (CDllc" CD11b~ CD103"/
CD11c" CD11b" CD1037) was significantly higher in
infected C57BL/6 compared with infected BALB/c mice
(Fig. 5f), while the ratio of CD11b"/CD103" cell number
(CD11c¢" CD11b* CD103 /CD11c¢" CD11b~ CD103") was
significantly higher in infected BALB/c mice compared

analysis of these populations, initially gated on CD11c"
cells. Infected C57BL/6 and BALB/c mice had a significant
increase in the number and frequency of CD11c" CD103"
dendritic cells (CD11c" CD11b~ CD103") compared with
uninfected counterparts (Fig. 5b,c). Moreover, the num-
ber and the frequency of CD11c* CD103" cells obtained
from lungs of infected C57BL/6 mice was significantly

Figure 5. Infected C57BL/6 mice exhibited a higher number of lung CD103" cells while infected BALB/c mice exhibited a higher number of lung
CD11b" cells. C57BL/6 (black bars) and BALB/c (white bars) mice were infected with Mycobacterium tuberculosis or left uninfected (hatch and
grey bars) as described in Fig. 1. Thirty days after infection, CD11c" CD11b~ CD103" cells and CD11c" CD11b" CD103™ cells were evaluated
by flow cytometry (a). The absolute number and frequency of CD11c" CD11b~ CD103" cells (b, ¢) and CD11c¢* CD11b* CD103™ cells (d, e),
and ratio of CD11c" CD11b~ CD103*/CD11c¢" CD11b* CD103™ cells (f) and CD11c¢* CD11b* CD1037/CD11c" CD11b~ CD103" cells (g) were
analysed. Data are presented as the mean £ SD. Data shown are representative of two independent experiments (n = 7 to n = 9 mice/group).
*P < 0-05 comparing infected and respective uninfected groups. Bars show the difference (P < 0-05) between infected C57BL/6 and BALB/c mice.
Immunohistochemistry was performed to visualize the distribution of CD103" and CD11b" cells (both in brown label) in the lung parenchyma
(h). Frozen sections of lungs from uninfected C57BL/6 or BALB/c mice and Day 30-infected C57BL/6 or BALB/c mice were evaluated. Magnifica-
tion: x400.
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with infected C57BL/6 mice (Fig. 5g). To visualize the
distribution of CD103" cells and CD11b" cells in the lung
parenchyma, we performed an immunohistochemical
analysis. We confirmed that CD103" cells had a sparse
distribution in the lungs of uninfected mice compared
with CD11b" cells (Fig. 5h). Mycobacterium tuberculosis
infection clearly increased the population of lung CD11b"
cells, which was more evident in infected BALB/c mice
compared with infected C57BL/6 mice (Fig. 5h). We
observed a slight increase in the population of CD103"
cells in the lungs of infected C57BL/6 mice compared
with uninfected C57BL/6 mice (Fig. 5h). This was
expected considering the density of CD103" cells com-
pared with CD11b" cells.

Therefore, while infected C57BL/6 mice displayed a
higher number and frequency of lung CD11c" CD103"*
cells, infected BALB/c mice displayed a higher number
and frequency of lung CD11c" CD11b" cells.

Next, we analysed gene expression of CCL19 and
CCL21 in the lung homogenates because the migration of
dendritic cells to the draining lymph nodes depends on
CCL19 and CCL21 chemokines. We found a significant
increase of CCL19 gene expression in the lungs of
infected C57BL/6 mice compared with the uninfected
group and with infected BALB/c mice (Fig. 6a). There
was no difference in CCL21 gene expression between
infected C57BL/6 and BALB/c mice (data not shown).

CD103™ cells of infected C57BL/6 mice induced a
higher frequency of IFN-y-producing or IL-17-
producing CD4" cells than CD103" cells of BALB/c
mice

Because infected C57BL/6 mice secreted more IFN-y and
have quantitatively more lung tissue CDI11c” CD103*
cells than infected BALB/c mice, we hypothesized that

Uninfected C57BL/6

15 7

* Il nfected C57BL/6
3 Uninfected BALB/c
10 [ Infected BALB/c
[}
O
0
O
5 .
0 o

Figure 6. Infected C57BL/6 mice exhibited higher CCL19 gene
expression than BALB/c mice. C57BL/6 (black bars) and BALB/c
(white bars) mice were infected with Mycobacterium tuberculosis or
left uninfected (hatch and grey bars) as described in Fig. 1. Thirty
days after infection, gene expression for CCL19 was evaluated by
real-time PCR. Data are presented as the mean £ SD. Data are rep-
resentative of one experiment performed twice (n=3 to n=4
mice/group). *P < 0-05 comparing infected and respective unin-
fected groups. Bars show the difference (P < 0-05) between infected
C57BL/6 and BALB/c mice.
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CD11c" CD103" cells would be a key factor in the activa-
tion of IFN-p-producing CD4" cells. In an attempt to
assess the functional ability of CD11c" CD103" cells, we
performed a co-culture assay. Initially, we purified lung
CD11c" CD11b~ and CD11c" CD11b" cells from infected
C57BL/6 and BALB/c mice and confirmed that in the
CDl11c" CD11b~ population, CD103" cells predominated
(Fig. 7a). In contrast, in the lung CD11c* CD11b" popu-
lation, CD103™ cells predominated (Fig. 7a). Next we
co-cultured either CDI11c* CD11b~ (CD103") or
CD11c* CD11b* (CD11b") cells with purified CD4" cells
(either stimulated or not with M. tuberculosis antigens)
obtained from spleens of infected BALB/c or C57BL/6
mice and determined the frequency of cytokine-produc-
ing CD4" cells. Figure 7(b) shows a representative
analysis of the frequency of IFN-y-producing CD4" cells
or IL-17-producing CD4" cells in the cell co-culture from
C57BL/6 or BALB/c mice. Data collected from co-culture
experiments showed that lung CDI1lc" CDI11b™
(CD103") cells of infected C57BL/6 mice induced a sig-
nificant increase in the frequency of IFN-y-producing
CD4" cells and IL-17-producing CD4" cells after re-stim-
ulation with M. tuberculosis antigens compared with
CD11c¢" CD11b~ (CD103") cells of infected BALB/c mice
(Fig. 7¢,d). In addition, the CD11c" CD11b~ (CD103")
cells of infected C57BL/6 or BALB/c mice, in the presence
of M. tuberculosis antigens, also induced significant pro-
duction of IFN-y by CD4" cells compared with respective
co-culture in the absence of M. tuberculosis antigens
(Fig. 7c,d). When we analysed the population of
CDl11c" CD11b* (CD11b%), we did not find differences
in the ability of dendritic cells to induce IFN-y-producing
or IL-17-producing CD4" cells in different experimental
conditions or between mouse strains (Fig. 7e,f). Experi-
mental controls for evaluation of IFN-y-producing or
IL-17-producing CD4" cells are represented in the
Supporting information (Fig. S2).

Discussion

In the present study, we evaluated the role of lung den-
dritic cell populations in the magnitude of the adaptive
immune response of M. tuberculosis-infected mouse
strains with different genetic backgrounds. We show that
the difference in the magnitude of the cellular immune
response is associated with a higher number of
CDI11c¢" CD11b™ CD103" cells in the lungs of infected
C57BL/6 mice compared with infected BALB/c mice. This
cell population (CD11¢" CD11b~ CD103") purified from
the lungs of infected C57BL/6 mice stimulated a signifi-
cant increase in the frequency of IFN-y-producing or IL-
17-producing CD4" cells compared with BALB/c mice.
The higher magnitude of cellular immune response
observed in infected C57BL/6 mice seems to also be asso-
ciated with a more intense migration of CD4" cells to the

© 2014 John Wiley & Sons Ltd, Immunology, 144, 574-586



Figure 7. CD103" cells of infected C57BL/6
mice induced a higher frequency of interferon-
7 (IFN-y) -producing CD4" cells and interleu-
kin-17 (IL-17) -producing CD4" cells than
CD103" cells of BALB/c mice. C57BL/6 (black
bars) and BALB/c (white bars) mice were
infected with Mpycobacterium tuberculosis as
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described in Fig. 1. Thirty days after infection,
lung CD11c" CD11b" cells or
CDl11c* CD11b~ cells were purified, stained
with anti-CD103 or anti-CD11b and the fre-
quency of CDIlc¢" CDI1b* cells and
CD11c* CD11b™ cells expressing the CD103
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molecule was analysed by flow cytometry (a).
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(CD103") or CDI1lct CD11b" CD103™ cells
(CD11b%) (1 x 10° cells) were co-cultured
with 2 x 10° purified spleen CD4" cells and
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(dashed line). After 48 hr of co-culture, the
frequency of CD4" IFN-y* and CD4" IL-17"
cells was evaluated by flow cytometry. Repre-
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sentative analysis showing the frequency of
CD4" IFN-y* and CD4" IL-17" cells (b). Fre-
quency of CD4" IFN-y" and CD4" IL-17" cells
in the co-culture with CD103" cells (c, d). Fre-
quency of CD4" IFN-y" and CD4" IL-17" cells
in the co-culture with CD11b" cells (e, f). Data
are presented as the mean + SD. Data are rep-
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o
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resentative of three independent experiments 05
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difference (P < 0-05) between co-cultures of
infected C57BL/6 and BALB/c mice under the
same stimulation or between co-cultures of
infected C57BL/6 or BALB/c mice under differ-
ent stimulation.

0-0

PMA + lono
CD103*
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lungs. Moreover, the results suggest that the recruitment
of CD4" cell populations is dependent on CCR5, CCL4
and CCL20.

The genetic background of an animal is important for
the generation of an immune response that can increase
either the resistance or the susceptibility to M. tuberculo-
sis infection. Although C57BL/6 mice are resistant and
BALB/c mice have an intermediate resistance to M. tuber-
culosis infection,' the former generate a stronger Thl
immune response, while BALB/c mice generate a Th2-
driven immune response.'®'” Previous study by our
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group has shown that C57BL/6 mice exhibit higher IFN-y
and IL-17 production, lower IL-10 production, and
greater suppressive function of regulatory T cells followed
by lower lung bacterial growth when compared with
BALB/c mice.'® Because the induction of a T-cell-medi-
ated immune response is dependent on signals released
by antigen-presenting cells and many of those signals
drive the differentiation of CD4" cells, it is reasonable to
suppose that dendritic cells directly affect the magnitude
of the CD4" cell response during M. tuberculosis infec-
tion. While CD103" dendritic cells play a tolerogenic role
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in the gut, CD11b" dendritic cells induce a pro-inflam-
matory immune response.”’ > Because regulatory T cells
are associated with progression of M. tuberculosis infec-
tion and suppression of IFN-y production, we hypothe-
sized that a higher number of CD103" dendritic cells
would be found in the lungs of infected BALB/c mice and
that a higher number of CD11b" dendritic cells would be
found in the lungs of C57BL/6 mice. However, we found
the opposite: a higher number and frequency of
CD11c" CD103" cells in the lungs of infected C57BL/6
compared with infected BALB/c mice. Therefore, depend-
ing on the microenvironment, an equivalent population
of dendritic cells may play different roles. Sung et al.*
showed that CD103" dendritic cells purified from airways
secreted higher concentrations of IL-12 than CD11b"
dendritic cells. In addition, Furuhashi et al.”> showed that
CD4" lymphocytes from ovalbumin-specific T-cell recep-
tor transgenic mice (DOI11.10) co-cultured with lung
CD103" dendritic cells secreted significant levels of IFN-y
and IL-17, whereas in the presence of lung CD11b* den-
dritic cells there was preferential IL-4, IL-6 and IL-10
production. Consequently, the higher number of CD103"*
dendritic cells in the lungs of infected C57BL/6 mice may
represent a key factor for the higher magnitude of adap-
tive response (based on IFN-y and IL-17 production) pre-
viously reported by us and other groups.'®'® Indeed, we
confirmed this hypothesis when we showed that lung
CD103" dendritic cells from M. tuberculosis-infected
C57BL/6 mice, but not from BALB/c mice, induced a
higher frequency of IFN-y-secreting or IL-17-secreting
CD4" cells. Recently, Kim et al*' reported that lung
CD103" dendritic cells induce effector CD8" cells while
the absence of these cells encourages the generation of
central memory CD8" cells.

Compared with other infections that affect the airways,
the adaptive immune response induced against M. tuber-
culosis is defined by a postponed onset. Among the multi-
ple factors that contribute to a delayed adaptive response
are an arrest in the dissemination of bacilli to the second-
ary lymphoid organs and a delay in the migration of den-
dritic cells to these organs.** *> We observed increased
gene expression for CCL19, a chemokine that drives the
migration of dendritic cells from peripheral organs to
draining lymph nodes, in the lungs of infected C57BL/6
mice compared with infected BALB/c mice, suggesting
that the lung lymphoid vessels of C57BL/6 mice exhibit
an environment suitable for the dendritic cell migration.

Most of the studies aimed at evaluating the role of den-
dritic cells during the infection with M. tuberculosis were
based on the analysis of CD11c" cells. This emphasizes
that most current studies evaluated a single lung dendritic
cell population. In the first of these studies, the authors
showed that CD11c" dendritic cells purified from the
lung of C57BL/6 mice, and expanded and infected in vitro
with M. tuberculosis, secreted IL-12p40 and induced
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IFN-y-producing CD4" cells.”” An increase in the number
of CD11c" dendritic cells was described in the lungs of
BALB/c mice 14 and 21 days post-infection.*® In addition,
the bacillus aggregates were more numerous in the lung
macrophages than in the CD1lc" cells from infected
BALB/c mice.** Mycobacterial infection seems to induce
dendritic cell maturation, as demonstrated by experiments
showing that dendritic cells obtained from bacillus Cal-
mette—Guérin-infected BALB/c mice stimulated with oval-
bumin were more efficient than dendritic cells from
uninfected mice in inducing activation of ovalbumin-spe-
cific CD4" cells.*” Recently, a study showed that the pro-
gression of M. tuberculosis infection was associated with an
increase in the number of CD103" cells in the lung of
resistant C57BL/6 mice compared with susceptible DBA/
J2-infected mice.*® These authors attributed the generation
of IFN-y-producing CD4" Foxp3" cells to the presence of
these CD103" cells. To some extent, these findings confirm
previous studies®® and corroborate the data presented here.

In conclusion, our study shows that the genetic back-
ground affects the number and the functional capacity of
CD11c" CD103" cells obtained from the lungs of infected
C57BL/6 and BALB/c mice. Although there is no differ-
ence in the restriction of bacterial growth 30 days post-
infection, infected C57BL/6 mice have a higher frequency
and number of lung CD11c" CD103" cells. These cells
generate IFN-y- or IL-17-producing CD4" cells that
migrate faster, most likely dependent on CCL4 and
CCL20, respectively, to the lungs of infected C57BL/6
mice compared with infected BALB/c mice. These find-
ings associate the pattern of protective adaptive immune
response generated by infected C57BL/6 mice with lung
CDI11c¢" CD11b~ CD103" cells and suggest that the mag-
nitude of IFN-y- and IL-17-mediated responses are deter-
minant for the restriction of bacterial load at the chronic
phase (70 days) of the infection.'" Therefore, differences
in the genetic background contribute to the identification
of immunological biomarkers that can be used to design
human assays to predict progression of M. tuberculosis
infection. Further studies to evaluate the populations of
dendritic cells from PPD" and PPD™ individuals may be
useful for the identification of immunological biomarkers.
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online version of this article:

Figure S1. Flow cytometry representative analysis and
frequency of CD4", CD4" Foxp3" and CD8" cells that
migrate to the lungs of infected C57BL/6 and BALB/c
mice. Lung cells were first gated by size and granularity,
following the gate on CD4", or CD4" Foxp3™ or CD8"
cells (cells from recipient mice). In addition, CFSE" cells
were evaluated within CD4", CD4" Foxp3" and CD8"
gated cells (cell transfer) (a). Frequency of CD4" (b),
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CD4" CFSE" (c), CD4" Foxp3" (d), CD4" Foxp3" CFSE"
(e), CD8" (f) and CD8" CFSE" cells (g). Data are
presented as the mean £ SD. Data are representative of
two independent experiments (n=6 to n=9 mice/
group). Bars show the difference (P < 0-05) between
infected C57BL/6 and BALB/c mice.

Figure S2. Control plots for evaluation of interferon-y
(IFN-y) or interleukin-17 (IL-17) -producing CD4" cells.
Lung cells were left unstained and autofluorescence was
delimited. Markers used to define IFN-y*- or IL-17"-pro-
ducing CD4" cells were defined based on Fluorescence
minus one (FMO) controls (a). Representative analysis
showing the frequency of CD4" IFN-y* and CD4" IL-17"
cells that were left non-stimulated (b). Purified spleen
CD4™" cells were left non-stimulated and co-cultured, dur-
ing 48 hr, with CD11c" CD11b~ CD103" cells (CD103")
or CDI1c*CD11b" CD103™ (CD11b*) obtained from
infected C57BL/6 or BALB/c mice.
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