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A B S T R A C T

Plasminogen and plasmin are fundamental components of the fibrinolytic system that interact with micro-
organisms generating different immunopathological effects. The molecules of Mycobacterium tuberculosis inter-
playing with plasminogen have already been identified and characterized. In this work, we studied the effects of
plasmin(ogen) bound to Mycobacterium bovis Calmette-Guérin (BCG) on phagocytosis in THP1 macrophages as
well as in granuloma formation and development on in vitro human granuloma model. For this purpose, BCG was
coated with plasminogen and plasmin, obtained after activation of zymogen by tissue plasminogen activator.
The results showed a significant reduction in the number of bacteria phagocytosed by macrophages in presence
of plasminogen or plasmin on BCG surface. On the other hand, at 3 days BCG/plasminogen/plasmin induced an
increase granuloma numbers with respect to those induced by uncoated bacteria. BCG/plasminogen/environ-
ments also showed a significant increase of IL-6 secretion. At 7 days, a reduced number of granulomas and an
increased number of bacteria was observed with respect to uncoated BCG environment. Altogether, these results
showed that plasmin(ogen) on the mycobacterial surface affects phagocytosis, granuloma development and the
cytokine context, thus resulting in an increased number of bacteria in granulomas.

1. Introduction

Tuberculosis (TB) is an infectious disease caused primarily by
Mycobacterium tuberculosis. This bacterium is regarded as responsible
for most of the deaths worldwide caused by a unique infectious agent
[1]. In response to this, scientific efforts to control TB have been di-
rected to the knowledge of host pathogen interaction mechanisms and
immune response as well as to vaccine design. M. tuberculosis me-
chanisms to invade the host or to establish infection or latent granu-
loma niche are diverse. After the initial interaction between the pa-
thogen and its host, the molecular dynamic outcome of their interaction
contributes to define infection, granuloma development and bacterial
survival.

Bacteria-host interactions can be mediated by a plethora of

molecules, such as those of the host fibrinolytic system that interact
with pathogen proteins. Different bacteria species that bind plasmi-
nogen (Plg) have been described, suggesting an important role of these
molecules in the host pathogen interplay. Among bacteria that bind
Plg/plasmin (Plm) are: Salmonella enterica Serovar typhimurium and
Escherichia coli [2], Steptococcus pneumoniae [3], Borreliaburgdorferi [4],
Leptospira spp. [5], to mention a few. The outcome of the interaction of
bacteria with Plg/Plm can follow different paths. Once Plg is bound to
bacterial surfaces, it can be activated to Plm by pathogen proteases or
by host plasmin Plg activators (PAs): mammalian tissue Plg activator
(tPA) and urokinase Plg activator (uPa). This grants bacteria with a
proteolytic activity [6] which pathogens use for invasion and dis-
semination through tissue barriers. In this process, proteases can cleave
molecules of the extracellular matrix (ECM) [7–11] and destruct
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immune response related molecules [12,13].
In previous work we demonstrated the existence of Plg receptors

(PlgR) in the human pathogen Mycobacterium tuberculosis and the pre-
sence of putative M. tuberculosis PA [14]. Furthermore, the identity of
some of M. tuberculosis Plg-binding proteins was determined as well as
the capacity of Plg bound to mycobacterial receptors to be converted
into Plm by the action of the tPA [15].

A role on inflammation had also been described for the molecules of
the fibrinolytic system in animals and humans infected with M. tu-
berculosis. For instance, it was observed that the presence of BCG in-
duced upregulation of PAs in animals infected with the bacteria
[16,17]. In the other hand, during progressive pulmonary TB in a
mouse model, tPA and uPA gradually increased to reach their maximum
concentration at the chronic state [18]. The concentration of Plg/Plm
inhibitor (PAI) was higher in TB patients in comparison with patients
with malignant tumors or liver cirrhosis [19]. In addition, TB patients
presented an elevated amount of serum soluble urokinase receptor
(suPAR), which has been related to mortality [20]. Likewise, suPAR is
considered a biomarker and together with clinical TB score has a
mortality prediction value in TB [21]. Furthermore, granuloma devel-
opment essays using a Plg deficient mouse model showed a Plm effect in
the turnover of the extracellular matrix proteins limiting fibrosis, with a
restricted effect in early stages of dissemination [22].

In this work, the effects of the interaction of BCG with Plg/Plm were
studied. The TB vaccine strain BCG has been used worldwide as an
approach model to understand the bacilli pathogenic mechanisms, be-
cause of their similarities with the members of the genus and for its
relative security during manipulation in comparison with M. tubercu-
losis. The effects of Plg/Plm bound on to the mycobacterial surface
(BCG/Plg, BCG/Plm) were investigated at 3 and 7 days of granuloma
formation induced in vitro by Plg/Plm coated and uncoated BCG. The
results showed an upregulated expression of IL-6 secreted at 3 days of
granuloma development. In addition, the number of bacteria present in
granulomas and granuloma number differed at 3 and 7 days.
Interesting, BCG/Plg and BCG/Plm were less phagocytosed by THP1
macrophages than uncoated BCG. Altogether, these results demonstrate
that the presence of Plg/Plm on the mycobacterial surface has effects on
granuloma development, cytokine production and also in phagocytosis.

2. Materials and methods

2.1. Bacterial culture

BCG and BCG transformed with the gene coding for the green
fluorescent protein (GFP) were grown in Middlebrook 7H9 Broth
(Difco, Sparks, MD) enriched with 10% ADC (BBL) and supplemented
with 0.2% Glycerol and 0.05% Tyloxapol (Sigma, St Louis, MO).
Transformed BCG was cultured with 50 μg/mL of Hygromycin (Sigma,
St Louis, MO). Bacteria were grown until log phase and then harvested
by centrifugation. The pellet was washed 3 times with PBS pH 7.4
(137mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4 and 2mM KH2PO4) and
clumps were disaggregated with glass beads. Bacterial suspensions were
stored in PBS at −80 °C. Bacterial colony forming units (CFUs) were
determined by triplicate, plating serial dilutions of bacteria on
Middlebrook 7H11 Agar (Difco, Sparks, MD). Counting the CFUs was
performed after incubation at 37 °C for 21 days.

Bacterial pellet obtained as described above was washed with PBS
and resuspended in the same buffer placed on ice and sonicated 15
times for 1min, intercalated with 1min of pause in a Virsonic 550
sonicator (VirTis). The supernatant obtained correspond to Soluble
Extract (SE). Protein concentration was determined by Lowry assay and
extract was stored at -70 °C.

2.2. PCR, cloning and expression of annexin A2

Human total RNA was isolated from THP1 cell line using TRIzol

(Invitrogen), and cDNA was synthesized using an oligonucleotide d(T)
18 nt and SuperScript™ II reverse transcriptase (Invitrogen) following
the manufacturer's specifications. The ANXA2 coding sequence was
amplified with the oligonucleotide probes HAnnA2pETFor 5′-TGTCTA
CTGTTCACGAAATCCTGTG-3′ and HAnnA2pETREv 5′–GATGCGGCCG
CGTCATCTCCACCACACAGGTAC-3′, which were designed according to
the reported sequences (Genebank accession number: NM_001002857.
1) (NotI site in bold) using the Platinum® Taq DNA polymerase
(Invitrogen). The PCR product was cloned in the pCR2.1 TOPO TA
vector (Invitrogen) the coding sequence was amplified from a positive
clone with the high fidelity Platinum® Pfx DNA polymerase (Invitrogen)
and the same specific oligonucleotides.

The PCR fragment was digested with the NotI restriction enzyme
(Thermo scientific) and ligated in the modified pET22b (Novagen) ex-
pression vector. The vector pET22b had been previously digested with
the NdeI restriction enzyme (Thermo scientific), blunted with T4 DNA
polymerase (Thermo scientific) and finally digested with the NotI re-
striction enzyme (Thermo scientific). Restriction analysis and DNA se-
quencing confirmed the identity of the fragment cloned into the
pET22b-HAnex2 expression vector. All DNA manipulation was made
with the E. coli TOP10F′ strain (Invitrogen).

E. coli Rosetta (DE3) (Novagen) was transformed with pET22b-
HAnex2. The heterologous expression of Annexin A2 was induced in
middle log phase using 250 μM IPTG for 5 h. The induced bacterial
biomass was collected by centrifuging at 4500×g for 10min at 4 °C.
Bacterial cells were disrupted by sonication in PBS with 2% Triton X-
100 and the supernatant was obtained by centrifuging at 12,000×g for
10min at 4 °C. The human recombinant Annexin A2 (HrAnex2E.coli)
was purified from the supernatant by using the His Trap HP (GE
Healthcare) column and the chromatographer ÄKTA FPLC P-920 (GE
Healthcare).

The Ni HisTrap column was washed with distilled water and equi-
librated with binding buffer pH 8.0 (150mM Tris HCl, 50mM NaCl).
The supernatant was added into the column in binding buffer and, the
column was washed with washing buffer pH 8.0 (150mM Tris HCl,
500mM NaCl, 50mM Imidazole). Finally, Annexin A2 was eluted ap-
plying a linear gradient of Imidazole in elution buffer (150mM Tris
HCl, 50mM NaCl, 500mM Imidazole) pH 8.0 until the concentration
scoped 0.5 M. The eluted fractions were dialyzed in PBS and analyzed
by 12% SDS-PAGE and Western blot.

2.3. Binding of plasminogen to BCG and activation to plasmin by tPA

A total of 200,000 CFU of BCG or BCG/GFP was incubated with 4 μg
of Plg (Roche) (final concentration of 1.48 μM) for 1 h at 37 °C with
shaking at 200 rpm. Subsequently, samples were centrifuged at
13,000×g for 5min and pellets were washed with PBS. Plg bound onto
BCG surface was activated to Plm, with 50 ng/200,000 CFU of tPA
(Calbiochem), for 2 h of incubation at 37 °C and 200 rpm. The pellets
were centrifuged and washed as described before. Bacteria were dis-
persed through syringe needles of 21G, 27G and 30G successively.
Finally, bacterial normalization was done by comparing the OD600,
with the relative number of bacteria from the original stock.

Activation of Plg to Plm and the proteolytic activity Plm/tPa on BCG
surface mesured by an chromogenic activity assay. The bacterial pellets
obtained as described above containing BCG, BCG/Plg, BCG/Plm, BCG/
tPa, were resuspended in 62.5 μl of PBS and placed on a 96 well mi-
crotitration plate (Cliniplate Lab system), then 20 μl of 1.5mM of
Chromozym PL or Chromozym tPa (Roche) was added. The assay was
made by duplicate, and activity was measured at OD405 nm im-
mediately and then every 60min, during 17 h at 37 °C in an automatic
microtiter plate reader (ThermoLabsystem).

Activation of Plg to Plm on BCG surface was also confirmed by
proteolityc cleavage of Annexin A2 used as substrate for Plasmin on
BCG Surface 3.5 and 1.75× 104 CFU of BCG were coated with Plg and
activated to Plm as described above. Then BCG/Plm (using the relation
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of 4 μg Plg/200,000 CFU) were incubated with 0.137mg/mL Annexin
A2 purified from E. coli. The assay was performed for 3 h at 37 °C with
shaking at 200 rpm. Bacteria were centrifuged, and the supernatant was
resolved on a 12% SDS-PAGE, that was subsequently transferred onto a
PVDF membrane. The membrane was blocked with 5% skim milk in
PBS for 1 h at room temperature (RT). After three washes with PBS-
Tween 20 0.05% (PBS-T), membrane was incubated for 1 h at RT with
shaking with Anti-His6-Peroxidase mouse monoclonal antibody (Roche)
diluted 1:2000 in PBS with 5% of skim milk. The membrane was wa-
shed twice with PBS-T and once with PBS. The buffer was drained and
ECL Western Blotting Substrate (Thermo Scientific Pierce) was added
following the manufacturer's instructions, to reveal the presence of
Annexin A2 and the enzymatic reactions.

In order to search for possible interactions of tPa with BCG proteins,
2 μg of tPa and 10 μg of SE BCG were resolved on a SDS-PAGE, proteins
were transferred onto a PVDF membrane, that was blocked as described
above. Membrane transferred with SE was incubated with 5 μg of tPA
overnight (O.N) at 4 °C. Next day after PBS washes, membranes were
incubated with anti-tPA antibody 1:500 (Santa Cruz Sc-5239N-14) by
1 h, at RT. After 5 washes with PBS-T, Protein G-HRP 1:2000
(Invitrogen) in PBS-T BSA was added and membranes were incubated
for 1 h more at RT. Reactivity was revealed with 3mg/mL of 3-3 dia-
minobenzidine (Sigma) in PBS-T and 30% H2O2 diluted 1:1000.

2.4. Cell culture and THP1 infection

Human monocytic leukemia THP1 cells were cultured in RPMI 1640
medium, supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 1 mM HEPES, Penicillin (100 U/ml)/Streptomycin (100 μg/mL)
and 200mM Glutamine. For all the experiments, THP1 cells were cul-
tured in 75 cm2 Falcon culture flasks (Corning) under standard culture
conditions (1.0× 106 cells/ml, 5% CO2 and 37 °C). Scaling and re-
newing with fresh media were done every 2–3 days to maintain the
culture.

For infection, THP1 cells were differentiated to macrophages using
PMA (50 ng/ml, 72 h). The cells were seeded at 1 x 105 in 100 μl per
well in 96-well plates and cultured at 37 °C, 5% CO2. Non-adherent cells
were carefully removed and the adhered cells were infected with BCG,
BCG/Plg or BCG/Plm (MOI 10:1) for 3 h, by using RPMI without both
FBS and antibiotics. Subsequently, cells were washed 3 times using
RPMI without FBS and Amikacin (200 μg/ml) was added to the wells
and the plate was incubated for another hour. Finally, cells were wa-
shed and lysed with 100 μl of 0.05% SDS for 10min. A total of three
successive dilutions in base 10 were made and the resulting dilutions
were plated on 7H11 medium with Hygromicin. The assay was per-
formed on three occasions, in triplicate each time.

2.5. Granuloma formation and high-content screening technology (HCS)
scanning

Peripheral blood mononuclear cells (PBMCs) were obtained from
healthy donors of the Etablissement Français du Sang (Nantes, France).
The cells were purified by gradient sedimentation using Histopaque
(Sigma Aldrich) or lymphocyte separation medium (PAA laboratory,
Les Mureaux, France).

PBMCs were cultured in RPMI 1640 (complete RPMI) (Gibco,
Invitrogen) supplemented with 10% of inactivated FBS (Gibco,
Invitrogen), 1% Piruvate (Gibco, Invitrogen), 1% non-essential amino
acids (Gibco, Invitrogen) and 1% HEPES (Gibco, Invitrogen).

Granuloma formation in vitro was performed by incubating PBMCs
with BCG-GFP coated with Plg, Plm or with uncoated bacteria at a MOI
of 1:150 for 2 h at 37 °C, 200 rpm in RPMI without both FBS and anti-
biotics. Subsequently, cells were centrifuged and washed twice with
PBS 2% FBS and re-suspended in complete RPMI. A total of 3.5 x
105 cells/well were inoculated in a 384 well plate. After 3 and 7 days,
granulomas obtained from PBMCs were fixed with 4%

Paraformaldehyde (Electron Microscopy Sciences) in PBS for 30min
and stained with Hoechst (Sigma) for 30min. HCS scanning and image
analysis were performed as previously described [23]. Briefly, the well
plates with the granulomas were fixed, sealed and scanned with Cel-
lInsight Thermo Array-Scan HCS equipment (Thermo Fisher Scientific).
Observations were performed with a 10× objective and lasers 386 nm
and 485 for Hoechst and GFP, respectively. Finally, the images were
processed using Cellomics ArrayScan compartmental analysis V3.

2.6. Intracellular cytokine quantification

PBMCs were obtained from healthy donors of the Instituto Nacional
de Enfermedades Respiratorias Ismael Cosio Villegas (México DF,
México). The cells were separated by gradient sedimentation as de-
scribed before. A total of 50 x 106 PBMCs were seeded in 75 cm3 cell
culture flasks (Corning) and incubated for 1 h. Lymphocytes and non-
adherent cells were harvested and kept at 37 °C, whereas infections
were performed on the adhered cells at the flask for 2 h with a MOI of
1:150 using BCG, BCG/Plg or BCG/Plm as described before. Non-pha-
gocytosed bacteria were washed using RPMI without FBS and the se-
parated lymphocytes were then added to the flask. The cells were cul-
tured for 3 or 7 days at 37 °C. At these timepoints, granuloma structures
were scraped and cells were counted. In addition, culture supernatants
obtained by centrifugation were frozen at −80 °C until analysis.
Cytokine secretion after harvesting was prevented by incubating the
cells with 5 μg/ml Brefeldine A (Sigma Aldrich) for 4 h. Staining was
performed using Anti-CD3 Pacific Blue (BD Pharmigen), or Anti-CD163
BV421 (BD Pharmigen); Anti-CD4 Pe/Cy7 (Biolegend) or Anti-CD8
APC/Cy7 (Biolegend). The cells were fixed with 4% of
Paraformaldehyde (Sigma Aldrich) in 1% Bovine serum albumin (Sigma
Aldrich) PBS for 10min and washed with PBS. Intracellular cytokine
production was quantified by using a solution of 0,1% Saponin (Sigma)
in PBS and the following antibodies: Anti–IFN–Gamma APC (BD
Pharmigen), Anti-IL-17A PE (BD Pharmigen), Anti-IL-4 APC (BD
Pharmigen), Anti- IL-8 PE (BD Pharmigen), Anti- IL-10 APC (BD
Pharmigen), Anti- TGF-β1 PE (BD Pharmigen), Anti- MCP-1 PE (BD
Pharmigen) and Anti- TNF-α APC (BD Pharmigen). Cytometry was
performed using FACS ARIA II and the results were analyzed using
FlowJo software.

2.7. Extracellular cytokine granuloma quantification

Cell supernatants obtained from granulomas at 3 and 7 days of
development in every analyzed condition, were frozen at −80 °C until
quantification. The Human Magnetic Luminex Assay (R&D systems)
was used to detect the concentration of cytokines (IFN-γ, IL-4, IL-8, IL-
10, IL-17, TNF-α, and IL-6) secreted from granulomas. The platform and
software used were MAGPIX (Luminex) according to the manufacturer's
instructions.

2.8. Statistical analysis

GraphPad Prism version 6.0c software was used to analyze the re-
sults. ANOVA and Tukey analysis was performed to examine the pre-
sence of differences between BCG/Plg, BCG/Plm and uncoated BCG.
Kruskal-Wallis and Dunn test was performed for the results out of the
normality, whereas student-T was used to compare the results between
days in the results of number of granulomas and BCG/granuloma.

3. Results

3.1. Binding of plasminogen to BCG and activation to plasmin by tPA

The activation of Plg to Plm on BCG surface in presence of absent of
tPA mesured by a chromogenic assay. The results showed that activa-
tion of Plg to Plm on BCG surface occurred only in presence of tPA. No
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activation was observed when bacteria were incubated only with Plg or
tPA. The activities of Plm and tPA were measured with specific sub-
strates. (Fig. 1).

A ligand blot was also performance to assess whether tPA was able
to bind to mycobacteria proteins. No binding of tPa to BCG SE proteins
was found. (Supplementary Fig. 1).

On the other hand, the activation of Plg bound to BCG surface to
Plm by tPA, was also evaluated by its capacity to cut HrAnex2E.coli
(Fig. 2). BCG/Plm was able to cleavage HrAnex2E.coli and therefore
produced a small protein (lane 4), which migrates similarly to the
protein produced by the positive control using only Plm (lane 7). En-
zymatic activity detection was dependent on the number of BCG/Plm,
as seen in lane 3, where no evident reaction was observed with
1.75×104 CFU of BCG in contrast when 3.5×104 CFU of BCG were
used (lane 4). This result demonstrates that Plm on the BCG surface of
has an enzymatic activity and can cut the HrAnex2E.coli. Indeed, Plm
activity occurred only in the bacteria that were coated with Plg and
activated by tPA.

3.2. Infection of THP1 cells with BCG coated with Plg/Plm

Macrophages are the main target cell of mycobacterial infection and
for this reason; we selected THP1 macrophages to explore the effect of
Plg/Plm bound on BCG during phagocytosis. The results showed that
Plg or Plm presence on BCG surface reduced the number of bacteria
phagocyted by THP1 macrophages. BCG coated with Plg/Plm was sig-
nificantly less internalized than the uncoated bacteria. However, it is
worth of mention that there was a significant reduction of phagocytosis
of BCG/Plm with respect to BCG/Plg, suggesting the result that this
effect could be due to a possible activation of Plg by host activators.
(Fig. 3).

3.3. Analysis of human granulomas using HCS

By HCS scanner, we counted BCG-GFP inside each granuloma
structure; we also quantified the granuloma number induced by these
bacilli under different conditions. The results obtained demonstrated an
increased and significant higher number of granulomas induced by

Fig. 1. Chromogenic measuring of Plm and tPA enzymatic activity at the
BCG surface. Plm production and activity at the BCG surface was measured
using the chromogenic substrate Chromozym PL or Chromozym tPA. Assay was
performance at 37 °C and O.D.405nm was measured every h for 17 h. Data cor-
respond to a representative experiment from 3 different experiments.

Fig. 2. Analysis of the enzymatic activity of BCG coated with Plg and Plm. The recombinant Annexin A2 exposed to BCG/Plg, BCG/Plm, and uncoated BCG were
assessed by Western Blot using an anti His-Peroxidase antibody. Lane 1, uncoated BCG. Lane 2, BGC/Plg-rAnnexin A2. Lanes 3 and 4, BCG/Plm-rAnnexin A2. Lane 5,
uncoated BCG -rAnnexin A2. Lane 6, BCG, tPA and rAnnexin A2. Lane 7, rAnnexin A2 cleavage with Plm. Lane 8, tPA-rAnnexin. Lane 9, rAnnexin A2.

Fig. 3. THP1 infection with BCG/Plg, BCG/Plm and uncoated BCG. Viable
bacteria were cultured and counted from THP1 derived macrophages. Data
represent three independent experiments; asterisks describe significance
(p < 0,05).
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BCG/Plm. By contrast, BCG/Plg and uncoated BCG induced a reduced
number of granulomas (Fig. 4A). At 7 days, the number of BCG/Plm
granulomas showed a significant decrease, in comparison to the gran-
ulomas induced by uncoated BCG and BCG/Plm (Fig. 4B).

At 3 days of granuloma development, the number of bacteria in
each granuloma was apparently similar between the different analyzed
conditions, even though the granuloma number was different (Fig. 4C).
At 7 days, the number of bacteria inside BCG/Plm granulomas was
significantly higher, in contrast with uncoated BCG and BCG/Plg
granulomas that showed no change in bacterium content (Fig. 4D).

A comparison between timepoints, demonstrated that BCG and
BCG/Plg induced significantly more granulomas at 7 days than at 3
days. By contrast BCG/Plm induced a reduction in granuloma number
at 7 days, although the differences were not significant between time-
points (Fig. 4E). The comparison of the bacterial number per granuloma
between 3 and 7 days showed a significant rise in all cases at 7 days
(Fig. 4F).

3.4. Extracellular cytokine granuloma production

To establish the cytokine environment developed by the in vitro
granuloma, we quantified by Luminex multiplex assay selected cyto-
kines secreted by these structures at 3 and 7 days of development. At 3
days, BCG/Plm granulomas showed significantly higher concentrations
of secreted IL-6 followed by BCG/Plg and BCG granulomas (Fig. 5A).
BCG/Plg and BCG/Plm granulomas presented augmented secreted TNF-
α, whereas uncoated BCG had a lower amount of this cytokine (Fig. 5B).
At 7 days of development, cytokine production was highly variable,
BCG induced granulomas displayed higher amounts of secreted IL-8,
with respect to the reduced concentration detected in BCG/Plg and
BCG/Plm induced granulomas (Fig. 6). Finally, no differences in IL-10,
IL-4, IL-17, TNF-α and INF-γ expression was observed between the
experimental groups at differences between 3 and 7 days could not be
not stablished due to the high variability of the data at 7 days.

(Supplementary, Figs. 2 and 3).

3.5. Intracellular cytokine cells quantification

The percentage of CD4, CD8 and CD163 expressing cytokines was
quantified at 3 and 7 days of granuloma development. At 3 days, BCG/
Plg and BCG/Plm granulomas showed a non-significant reduction of
CD4 IL-10 expressing cells, in relation to with uncoated BCG (Fig. 7A).
On the other hand at 7 days, CD4 and CD8 TNF-α production was
higher, although not significantly, in granulomas induced by BCG/Plg
and BCG/Plm (Fig. 7C and D). In addition, the IL-10 CD4 cells CD4 from
BCG/Plg and BCG/Plm granulomas showed a decreased trend (Fig. 7B).

4. Discussion

Mycobacterial infection evolution is defined by the formation,
containment and resolution of granuloma, all of which depend on the
dynamics produced by the bacteria and the host immune response. The
granuloma constitutes the fundamental niche where the interaction
occurs. Inside this structure, the dynamics can inflect to bacterial
growth and survival or bacterial control.

To understand the role that fibrinolytic systems plays in host-bac-
teria interaction in TB, the granuloma establishment and development
was analyzed at days 3 and 7 after in granulomas induced in vitro with
BCG with BCG surface bound with Plg and Plm generated after acti-
vation of Plg by tPA. The effect of Plg/Plm on the bacterial surface
during phagocytosis by THP1 macrophages was also evaluated.

The capacity to bind Plg is a conserved characteristic in some bac-
teria as described earlier. Plg constitutes one of the most important and
abundant elements of the fibrinolytic system. It circulates in the blood
in a concentration of 180–200 μg/ml [24], and is also located in
broncho-alveolar fluid [25]. Moreover, the activation of Plg to Plm is
tightly regulated in mammals. In bacteria surface, bound Plg could be
activated to Plm by bacteria proteases or by host PAs, turning bacteria

Fig. 4. Dynamics of granuloma formation using BCG/Plg, BCG/Plm, BCG, at 3 and 7 days. The number of granuloma and bacteria within granulomas were
quantified using HCS scanner. The results with significant differences between the evaluated conditions are indicated with asterisks. The results represent five
independent experiments. A: Number of granulomas at 3 days. B: Number of granulomas at day 7. C: Number of bacteria per granuloma at 3 days. D: Number of BCG
per granuloma at 7 days. E: Comparison of number of granulomas at 3 and 7 days of development. F: Comparison of number of BCG per granuloma at day 3 and 7
days.
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into proteolytic organisms with the surface-bound Plm protected
against its circulating inhibitor, α2-antiplasmin [6,26,27].

In a previous work, we found that the interaction of M. tuberculosis
with Plg is mediated by several PlgR, however binding and activation
assays carried out with some of those purified recombinant molecules
have shown that by their self they were not able to activate Plg in
absence of tPA [15,28].

In this work, we demonstrated that Plg bound to live bacteria was
activated to Plm only in presence of tPA, in contrast with previous
observations of our lab where M. tuberculosis SE and whole cell extracts
were able to activate Plg bound to fibrin in absence of tPA, suggesting
those results the existence of a putative mycobacteria PA [14]. Since, in
this study BCG did not expressed the PA, it is possible that the ex-
perimental conditions of the activation assay were not favorable for PA
expression.

In this way, the intermediate effects of Plg relative to Plm, observed
in this study on phagocytosis as well as in granuloma formation and
development, despite Plg being in the zymogen form, could be the re-
sult of activation of Plg bound to bacteria by host PA.

Phagocytic activity have been described to be affected by Plg, a
decreased phagocytosis of apoptotic thymocytes in spleen and perito-
neal macrophages of Plg−/- mice, demonstrated the importance of Plg
during this process [29]. Although several studies have described the
bacterial interactions with elements of the fibrinolytic system during
infection in a variety of genus, the effect of Plg/Plm during the

mycobacterial phagocytosis or granuloma development remains un-
clear. Nevertheless, at least two studies [30,31] demonstrated that the
presence of Plm on the bacterial surface alters phagocytosis of some
pathogenic bacteria. For instance, Plm removes IgG and C3b from the
bacterial envelope, thus avoiding Staphylococcus aureus neutrophil
phagocytosis [30]. Similarly, Plm decreases the uptake of Francisella
tularensis by macrophages and this reduction is due to the detachment
of IgG opsonizing the microorganism [31].

In addition, during mycobacterial infection, the expression of the
component molecules of the fibrinolytic system augments in relation to
the disease progression, which reaches its maximum at the chronic
phase [18]. This increases the possibility of encountering mycobacteria
outside the granuloma, with Plg and PA, during advanced TB. The data
presented here also showed an increased number of granulomas at day
3 because of BCG/Plm and BCG/Plg. Furthermore, at this stage, the
bacteria inside granulomas presented no variation, even when phago-
cytosis experiments using by THP1 cells demonstrated a reduction of
the number of internalized BCG/Plm and BCG/Plg.

Cytokine expression during TB depends on the dynamics of pa-
thogen-cell interaction and controls the development and the progres-
sion of the disease. Our results demonstrated differences in the ex-
pression of IL-6 at day 3, with higher amounts of this cytokine in the
supernatants of BCG/Plg and BCG/Plm granuloma. IL-6 has a pro and
anti-inflammatory activity, thus inhibiting virulent mycobacteria
growth [32,33]. It also inhibits macrophage response to IFN-γ and
avoids bacterial control by preventing IFN-γ -mediated bacterial killing,
such as autophagy [34,35]. At day 3, BCG/Plg and BCG/Plm granu-
lomas showed a trend of an increased production of secreted TNF-α.
This molecule modulates cell recruitment and granuloma formation
through chemokines [36] by playing an important role in the protective
response during TB granuloma formation [37]. Defective signaling due
to a lack of TNF receptor 1 is related to defective granuloma develop-
ment [38]. In fact, the administration of neutralizing therapy drugs
against TNF-α increases latent TB reactivation rate in patients [39]. In a
zebrafish model of Mycobacterium marinum infection, the absence of
TNF-α produced elevated mortality, bacterial growth, and increased
granuloma development that caused necrosis [40]. Thus, the presence
of TNF-α, IFN-γ and IL-4 is important to control mycobacterial growth.
Whereas IFN-γ alone inhibited the infection, TNF-α and IL-4 did not
[41]. Human alveolar macrophages infected with virulent mycobacteria
showed an increased expression of TNF-α in comparison with the at-
tenuated strains, furthermore the production of TNF-α in the virulent
strains was related to an augmented multiplication of bacteria [42].

Different groups had previously described that Plm inducing in-
creased inflammation in monocytes and in monocyte-derived macro-
phages. This induction was due to IL-6 and TNF-α expression mediated
by signaling after the enzymatic cut of Annexin A2 by Plm [43,44].

Fig. 5. Extracellular cytokine quantification at 3 days. A: Quantification of IL-6 at the granuloma culture supernatant. B: Extracellular TNF-α quantified at 3 days
of granuloma formation. The results represent six independent experiments and significant differences are indicated by asterisks.

Fig. 6. Extracellular cytokine quantification at 7 days. Extracellular IL-8
was detected 7 days after granuloma formation. The results represent three
independent experiments.
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Furthermore, in monocytes uPA activated Plm triggered matrix me-
talloproteinase-1 synthesis through Annexin A2 signaling [45]. Plm
activity and Plg presence in macrophages increased LDL catabolism and
induced foamy cells [46]. In addition, Plg presence and further acti-
vation to Plm regulates cholesterol metabolism and induces CD36.
Moreover, Plm stimulated a signaling that produced Leukotriene B4,
and that augmented the number of foamy macrophages [47]. Interest-
ingly, during M. tuberculosis infection and granuloma development,
foamy macrophages had been described as a source of nutrients and a
persistence reservoir [48], thus underlining the key role that the ac-
tivity of Plm is playing in the existence of this reservoir.

At day 3 and 7, intracellular IL-10 in CD4 decreased. IL-10 produced
by CD4 cells contributed to minimize the damage produced by the in-
flammatory response and to generate a balance between bacterial
control and latency during M. tuberculosis infection [49, 50, 51]. IL-10
an anti-inflammatory cytokine that reduce necrosis [52], attenuated
apoptosis in macrophages inoculated by M. avium [53] and also in-
hibited phagosome maturation in macrophages infected with M. tu-
berculosis [54]. IL-10 also blocked the production of TNF-α by macro-
phages and dendritic cells [55]. However, the lack of IL-10 increased
the immune response against M. tuberculosis, but also produced an ex-
cessive inflammatory behavior in the lungs [56]. IL-10 production in
macrophages demonstrated to be interaction-dependent of M. tubercu-
losis Rv1265 with TLR2-ERK [57,58]. In addition, PPE32 interaction
with TLR2 upregulated IL-10 by NF-kB and MAPK [59] and Mannose-
capped lipoarabinomannan induced IL-10 production by Dectin-2 in
antigen-presenting cells [60]. IL-10 production is regulated by the in-
teraction of mycobacterial antigens with TLR and other receptors and
mycobacteria covered with Plg or Plm were able to affect the contact
with receptors and the resultant cytokine profile. Our results showed a
tendency of decreased expression of IL-10 and a trend of increased TNF-
α in cells obtained from BCG coated granulomas. This suggests an

augmented inflammation context that contributes with IL-6 to produce
more granulomas induced by BCG/Plg and Plm at day 3. At day 7 our
results showed an increased diversity. Guideon et al. (2015) had pre-
viously described the granuloma structure as variable, even in the same
host in a macaque model [61]. This group had detected variations in the
number of cells, bacteria contents and cytokine expression. Moreover,
human and rabbit granulomas analyzed through proteomics and laser
microdissection, among other histological and proteomics techniques,
showed a physical segregation of the pro and anti-inflammatory signals
[62].

At day 7 of granuloma development, BCG/Plg and BCG/Plm gran-
ulomas displayed reduced IL-8 secreted. In addition, the number of
granulomas developed by coated bacteria was lower and the granu-
lomas presented a higher count of bacteria as compared with BCG. IL-8
is a chemokine related to migration and recruitment [63,64]. Pre-
treatment with anti-IL-8 in an in vivo rabbit model, reduced the pre-
sence of neutrophils and granulocytes in the site of tuberculin injection
[65]. IL-8 also increased the phagocytic capacity of macrophages and
neutrophils, and was responsible for CD4+ and CD8+ recruitment [66].
These findings confirm the importance of IL-8 during granuloma for-
mation and development.

Our work constitutes an original approach to the understanding of
the effects of Plg/Plm on mycobacteria in a unique context: the gran-
uloma in TB disease. In summary we detected a reduced phagocytosis of
BCG coated by Plg/Plm. During granuloma development, the number of
granulomas increased at day 3, until a failure of bacterial control. The
cytokine context at day 3 showed an augmented amount of secreted IL-
6 in BCG/Plm and BCG/Plg granulomas, which was accompanied by a
trend of increased of TNF-α and decreased intracellular IL-10. At day 7,
there were an increased number of bacteria perhaps associated with a
reduced amount of granulomas in BCG/Plm and BCG/Plg. All this was
accompanied by a tendency of increased inflammation by TNF-α CD4

Fig. 7. Intracellular cytokine quantification at 3 and 7 days. A: Quantification through cytometry of the percentage of CD4 cells expressing IL-10 at 3 days. B:
Quantification of the percentage of CD4 cells expressing IL-10 at 7 days. C: Quantification of the percentage of CD4 cells expressing TNF-α at 7 days. D:
Quantification CD8 expressing TNF-α at 7 days. The results refer to five independent experiments.
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and CD8 cells in the granulomas, and by a reduced IL-8. Finally, the
feature adopted by Plg/Plm mycobacterial coating conferred new
characteristics inducing changes in the interaction with phagocytes,
and even during granuloma development and mycobacterial survival.
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