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FIG 2 Effects of LL-37 on TNF-a and IL-18 mRNA expression in M. tuber-
culosis-infected macrophages (Mtb). MDMs in the absence (Control) or pres-
ence of M. tuberculosis at an MOI of 5:1 were incubated with LL-37 (1, 5, and
15 pg/ml) at 37°C and 5% CO, for 4, 8, and 24 h. The relative mRNA expres-
sion of IL-1B was determined at 4 h (A), 8 h (B), and 24 h (C) after stimulation.
We observed better induction at 4 and 24 h in infected cells treated with LL-37.
Expression of TNF-a increased at 4 h (D) and decreased at 8 (E) and 24 (F)
hours in all concentrations of LL-37 added to infected cells. Data are presented
as medians with interquartile ranges. In each experimental group, n = 6. **,
P <0.01;***, P < 0.001 compared with M. tuberculosis-infected macrophages.

mRNA expressions were evaluated several times after stimulation
with different LL-37 concentrations. Our results showed that 5 g
of LL-37 alone did not induce abundant production of these cy-
tokines, except for TNF-a-production after 24 h of stimulation. In
M. tuberculosis-infected cells, without LL-37 treatment, we ob-
served an increase in TNF-a as early as 8 h.

Interestingly, adding 1, 5, and 15 wg/ml of the cathelicidin to
infected cells substantially increased the IL-13 gene expression
mainly at 4 h (Fig. 2A) and at 24 h (Fig. 2C) poststimulation;
however, at 8 h poststimulation (Fig. 2B) IL-18 modestly in-
creased about 15-fold. When TNF-a was evaluated at 4 h, M.
tuberculosis with LL-37 induced the upregulation of this gene (Fig.
2D). In contrast, at 8 and 24 h, LL-37 potently downregulated M.
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tuberculosis-induced TNF-a (Fig. 2E and D, respectively), whereas
LL-37 and M. tuberculosis alone separately induced its upregula-
tion. P2X7 blocking showed no statistical differences compared
with similar conditions without blocking antibody. When we used
heat-killed M. tuberculosis to infect MDMs, both IL-1B and
TNF-a had no statistical differences compared with noninfected
cells (see Fig. 4A and C, respectively). Our data demonstrated that
LL-37 induces IL-1P gene expression whereas it downregulates
TNF-a in M. tuberculosis-infected MDMs, and these phenomena
are P2X7 independent.

LL-37 upregulated IL-10 and TGF- in M. tuberculosis-in-
fected macrophages. To further explore the immunomodulatory
role of cathelicidin in infected macrophages, we determined the
expression of 2 important anti-inflammatory cytokines produced
during progressive tuberculosis: IL-10 and TGF-$ (19). Our re-
sults showed that both cytokines were upregulated when M. tu-
berculosis-infected macrophages were treated with different con-
centrations of cathelicidin at 4 h (Fig. 3A and D), 8 h (Fig. 3B and
E), and 24 h (Fig. 3C and F). The fold change of treated infected
MDMs varied from 5 to 30 compared to the control and infected
MDMs alone for both cytokines. LL-37 or M. tuberculosis alone
induced a marked downregulation of IL-10, while a modest
downregulation or no change was seen in TGF-3 expression. Sim-
ilar experiments using heat-killed M. tuberculosis showed that
LL-37 did not induce gene upregulation either for TGF-B or for
IL-10 (Fig. 4B and D, respectively). In summary, results showed
that LL-37 induced TGF- and IL-10 mRNA upregulation in M.
tuberculosis-infected cells, and this effect can be seen only in cells
infected with viable bacteria.

Effects of LL-37 on cytokine response in M. tuberculosis-in-
fected macrophages. Results from the mRNA expression analysis
suggested that LL-37 anti-inflammatory activity was first detected
after 2 h postinfection and with stimulation with 5 pg/ml of LL-37
for 8 h as described above. To confirm this, the concentrations of
several cytokines were measured in the cell supernatants at this
time, except for IL-10, for which the concentration was measured
at 48 h postinfection, due to the fact that this cytokine has a de-
layed expression. Results for TNF-a and IL-1B correlated with
those found in mRNA expression analysis, showing that exoge-
nous LL-37 reduced TNF-a production in comparison with M.
tuberculosis-infected cells alone, and conversely, exogenous LL-37
in M. tuberculosis-infected cells modestly increased the produc-
tion of IL-1B (Fig. 5A and B, respectively). Regarding IL-10 and
TGEF-B, exogenous cathelicidin treatment of infected macro-
phages increased the production of both cytokines 5-fold com-
pared with nontreated infected cells (Fig. 5C and D).

A crucial role for IL-17 has been described in the generation
and recruitment of neutrophils in response to inflammation and
infection; this cytokine is produced mainly by a special lympho-
cyte subset and macrophages (20); thus, we determined whether
LL-37 promoted the production of this proinflammatory cytokine
in infected macrophages. Our results showed that exogenous
LL-37 decreased the production of IL-17 compared with infected
macrophages alone (Fig. 5E). We also explored other cytokines
that are involved in the immunopathogenesis of tuberculosis and
are produced by macrophages such as IL-6, IFN-vy, and IL-8 (21).
Our results showed no statistical differences between M. tubercu-
losis-infected cells and cells infected and then stimulated with
LL-37 (Fig. 5F, G, and H). Given that exogenous LL-37 promoted
an anti-inflammatory milieu, we sought to determine whether this
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FIG 3 Effects of LL-37 on IL-10 and TGF-B8 mRNA expression in M. tubercu-
losis-infected macrophages. The mRNA expression of anti-inflammatory cy-
tokines such as IL-10 and TGF-f was determined by real-time PCR. MDMs in
the absence (Control) or presence of M. tuberculosis at an MOI of 5:1 were
treated with LL-37 (1, 5, and 15 wg/ml). LL-37 increased the expression of
mRNATIL-10at4 (A), 8 (B), and 24 (C) hours on infected cells. In like manner,
mRNA TGF-B increased at 4 (D), 8 (E), and 24 (F) hours. The data are pre-
sented as medians with interquartile ranges. In each experimental group, n =
6. %, P < 0.05 **, P < 0.01; ***, P < 0.001 compared with M. tuberculosis-
infected macrophages.

condition affected the antimycobacterial activity of MDMs in our
model. Thus, we added different concentrations of LL-37 to in-
fected MDMs, and after 24 h the M. tuberculosis killing was eval-
uated by CFU. Results showed that CFU decreased in a dose-
dependent manner, suggesting that though LL-37 plays an
immunomodulatory role, it also could be uptaken by infected cells
to eliminate bacteria (Fig. 6).

LL-37 anti-inflammatory activity in M. tuberculosis-infected
cells did not lead to downregulation of P2X7. Previous studies
have shown the participation of the nucleotide scavenging recep-
tor P2X7 in inflammatory activities induced by LL-37. Thus, we
hypothesized that M. tuberculosis phagocytosis would downregu-
late P2X7 levels on the cell surface, thus promoting the LL-37
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FIG 4 Proinflammatory/anti-inflammatory cytokine expression is not af-
fected in heat-killed M. tuberculosis-infected macrophages (HK-Mtb) treated
with LL-37. MDMs were infected with heat-killed M. tuberculosis (MOI, 5:1)
and then treated with 5 pg/ml of LL-37 for 8 h. mRNA relative expression was
measured for IL-1B (A), TGF B (B), TNF-a (C), and IL-10 (D). No statistical
differences were found between groups. The data are presented as medians
with interquartile ranges. In each experimental group, n = 3.

anti-inflammatory activity that has been described above. Infected
HLA-DR* MDMs (Fig. 7A) were gated for P2X7 (Fig. 7B). Results
showed that neither LL-37 nor M. tuberculosis infection changed
the percentage of P2X7™ cells (Fig. 7C). Likewise, the mean fluo-
rescence intensity (MFI) values of P2X7-positive cells were similar
for the different stimuli (Fig. 7D), suggesting that neither M. tu-
berculosis nor LL-37 alone or added as an exogenous peptide af-
fected P2X7 expression; thus, the immunoregulatory function re-
ported in the present study is P2X7 independent.

DISCUSSION

Cathelicidin is a very important HDP that has been suggested to be
involved in the control of tuberculosis mainly through its direct
antimicrobial activity. Studies have demonstrated its ability to
promote the elimination of M. tuberculosis, showing that the main
cells that produce the cathelicidin during infection are alveolar
macrophages and MDMs (4, 14, 15). Our group found in an ex-
perimental model of pulmonary tuberculosis during advanced
progressive disease (characterized by high bacillary loads and ex-
tensive tissue damage) a strong immunostaining of cathelicidin in
highly infected vacuolated macrophages, which constitute a sig-
nificant source of anti-inflammatory/immunosuppressive mole-
cules such as TGF-f3, prostaglandin E, and IL-10 (16, 19, 22). On
the other hand, it has been demonstrated that LL-37 inhibits cel-
lular responses to IFN-y (7), the key cytokine of Thl-polarized
immunity and antimycobacterial activity. The strong expression
of this HDP in vacuolated macrophages suggests that LL-37 might
have immunosuppressive effects during advanced disease. In-
triguingly, other studies have shown that LL-37 in the presence of
macrophage colony-stimulating factor (M-CSF) and without the
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FIG5 Effects of LL-37 on proinflammatory/anti-inflammatory cytokines in M. tuberculosis-infected macrophages. Cytokine concentrations were determined by
CBAs; MDMs uninfected (Control) or infected with M. tuberculosis at an MOI of 5:1 for 2 h were stimulated with LL-37 (5 pg/ml) for 8 h. Administration of
LL-37 decreases the concentration of TNF-a (A) and IL-17 (E) in infected cells. Anti-inflammatory cytokines IL-10 (C) and TGE-f (D) were increased when
stimulated with LL-37. Other cytokines like IL-13 (B), IL-6 (F), IFN-y (G), and IL-8 (H) do not show statistical differences. The data are presented as medians
with interquartile ranges. In each experimental group, n = 6. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

presence of any microorganism directs macrophage differentia-
tion toward macrophages with a proinflammatory signature (23).
To evaluate the cathelicidin immunomodulatory activity during
M. tuberculosis infection, we first assessed whether the cells in our
U937-MDM model were similar to MDMs from PPD-negative
(M. tuberculosis-uninfected) healthy donors (HD-MDMs). Re-
sults showed that there were no differences between the two
groups of cells and none of the concentrations of LL-37 used sig-
nificantly reduced cellular viability. Regarding cell maturation,
there were no differences between the two cell types, including
several conditions such as infection and exogenous cathelicidin.
Thus, these results indicated that U937-MDMs and HD-MDMs
had no differences that might interfere with the interpretation of
our results; therefore, and due to the difficulty of recruiting PPD-
negative donors, we performed this study with U937-MDMs.
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Subsequently, we showed that all LL-37 concentrations used in
this study promoted IL-13 mRNA expression in infected macro-
phages, even though the protein concentrations in the superna-
tants remained the same. Previous studies have demonstrated that
LL-37 alone or during M. tuberculosis infection induces IL-1f3
mRNA expression in MDMs and subsequently caspase-1 activa-
tion by P2X7/inflammasome leads to IL-1(3 maturation. In our
model, it is possible that infection led to P2X7/inflammasome
malfunctioning, thus leading to the decreased production of ma-
tured IL-1PB.

As expected, TNF-a levels were increased when cells were in-
fected with M. tuberculosis or stimulated with LL-37. Interestingly,
in infected macrophages treated with cathelicidin, TNF-a levels
decreased substantially after 8 and 24 h of stimulation. Similar
studies described that LL-37 also inhibits the I[FN-y priming of
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FIG 6 Bacillary loads decreased in an LL-37 dose-dependent manner in in-
fected MDMs. To assess whether upregulation of anti-inflammatory cytokines
correlates with increasing bacillary loads, MDMs were infected with M. tuber-
culosis (MO, 5:1) as described previously and then treated with different
LL-37 concentrations for 24 h. MDMs were lysed, and intracellular bacilli were
plated onto 7H10 agar plates and incubated for 21 days at 37°C. CFUs were
determined and graphed. The data are presented as medians with interquartile
ranges. In each experimental group, n = 6. %, P < 0.05.

lipopolysaccharide (LPS) responses and the synergistic response
to a combined treatment with IFN-y and LPS, suggesting an im-
portant modulatory function of this peptide not only promoting
inflammation but balancing the response to avoid exacerbated
inflammation.

To assess the immunosuppressive role of the cathelicidin in
M. tuberculosis-infected macrophages, we measured IL-10 and
TGE-P levels; both mRNA expression levels and protein concen-
tration showed that exogenous LL-37 increased substantially these
cytokines in infected macrophages, and interestingly, IL-17 levels
decreased significantly, suggesting a strong anti-inflammatory ac-
tivity. In active TB disease, inflammation increases; susceptible
hosts with active TB disease maintain a high degree of inflamma-
tion and develop consumption, frequently resulting in a fatal out-
come. Inflammatory factors thus contribute to pathogen persis-
tence, dissemination, and transmission. Soluble and cellular
proinflammatory effectors not only promote antimicrobial func-
tions but also orchestrate the accumulation of M. tuberculosis-
permissive cells interfering with regulatory pathways and induc-
ing extensive tissue injury, and thus it is plausible that exogenous
LL-37 may play a balancing role to avoid exacerbated inflamma-
tion, promoting anti-inflammatory and blocking proinflamma-
tory cytokines. It has been described that the ability of some indi-
viduals to produce properly LL-37 confers a certain degree of
resistance to M. tuberculosis infection whereas individuals that do
not produce sufficient amounts of cathelicidin might be prone to
develop tuberculosis (15, 24). This effect has been attributed to
LL-37 direct antimicrobial activity during early infection; the re-
sults of this study suggest that cathelicidin immunomodulatory
activity may also confer protection during the progress of infec-
tion, avoiding excessive inflammation and bacillus dissemination,
promoting an anti-inflammatory milieu and direct antimicrobial
activity as well. It is probable that individuals lacking proper LL-37
production because of genetic alterations or vitamin D deficiency
not only are susceptible to primary infection but also are not ca-
pable of modulating inflammation, thus leading to disease pro-
gression with an uncontrolled inflammation whose frequent out-
come is pulmonary dysfunction; however, this issue must be
further studied in detail.

The mechanisms that mediate the LL-37 anti-inflammatory
activity in M. tuberculosis-infected MDMs have not been studied.
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FIG 7 P2X7 expression is not altered during M. tuberculosis infection. Expres-
sion of surface markers was determined by flow cytometry. MDM cells (1 X
10°) were stimulated with LL-37 (5 pg/ml), M. tuberculosis (MO], 5:1), or both
and then were analyzed for expression of HLA-DR and P2X7. The histograms
represent cells’ HLA-DR (A) and P2X7 (B). The percentage of positive cells to
HLA-DR (C) was determined in MDMs as well as MFI of P2X7-positive cells
(D). Neither LL-37 nor M. tuberculosis infection changed the percentage of
P2X77 cells. The data are presented as medians with interquartile ranges. In
each experimental group, n = 6.

It has been reported that LL-37 is an endogenous ligand for P2X7,
which is a robust inducer of inflammasome activation in macro-
phages and monocytes. Stimulation of this receptor by LL-37 en-
hances COX2 expression and prostaglandin E2, besides triggering
the secretion of several proinflammatory substances, such as IL-
1B, IL-18, TNF-q, and nitric oxide (25, 26). We hypothesized that
M. tuberculosis phagocytosis would downregulate P2X7 levels on
the cell surface and the interaction between receptor and ligand
could thus be abrogated, therefore decreasing inflammation cyto-
kines. However, our results showed that there were no changes of
P2X7 expression during M. tuberculosis phagocytosis; similarly,
exogenous LL-37 did not induce any significant change. These
data suggest that P2X7 is not involved in the process of immuno-
modulation dependent on LL-37 during tuberculosis progression.
When we blocked P2X7 with a P2X7-blocking antibody in in-
fected MDM s treated with exogenous LL-37, there were no signif-
icant differences regarding cytokine mRNA expression, suggest-
ing that P2X7 is not involved in the immunomodulation seen in
the present study. Other studies have demonstrated that suppres-
sive effects of LL-37 on IFN-y responses were mediated through
the inhibition of STAT1-independent signaling events, involving
both the p65 subunit of NF-kB and p38 mitogen-activated protein
kinase (MAPK) (7). Whether this or another mechanism is in-
volved in the LL-37 immunomodulation process during tubercu-
losis is unknown and needs to be further studied.

Interestingly, when we infected cells with heat-killed mycobac-
teria, none of the immunomodulatory effects were seen; this result
suggests that immunoregulation is generated by an M. tuberculo-
sis-secreted antigen. Previously, it has been reported that the 30-
and 38-kDa antigens (Ag85B complex) produced by H37Rv in-
crease IL-10 expression, although other secretion antigens such as
ESAT-6 induce similar responses (27, 28); it is plausible that these
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antigens are necessary to induce LL-37 modulatory effects; how-
ever, further research is needed to specifically identify the respon-
sible antigen. Thus, we can hypothesize that not all M. tuberculosis
strains might induce the same immunomodulatory effect; this will
depend on the quantity and sort of antigen that each strain pro-
duces.

It has been reported that patients with active pulmonary tuber-
culosis have an alveolar inflammation resulting in the release of
TNF-a and IL-1f in bronchoalveolar epithelial fluid. It was pro-
posed that the levels of these cytokines would correlate with clin-
ical status parameters and that their naturally occurring inhibitors
would be concomitantly released in the local inflammatory sites
(29). The soluble forms of TNF-a receptors have inhibitory prop-
erties against TNF-o; on the other hand, the IL-1 soluble receptor
binds to IL-13 during progressive tuberculosis and may serve to
suppress the inflammatory consequences of early-released IL-1f3
(30). Together, these soluble receptors promote an anti-inflam-
matory milieu during pulmonary tuberculosis; however, in pa-
tients with severe pulmonary tuberculosis these receptor levels are
downregulated and not correlated with TNF-a and IL-13 levels or
with disease status (29). We hypothesize that LL-37 might be in-
volved in the induction of both receptors, promoting an anti-
inflammatory response. Conversely, patients with active tubercu-
losis despite having high LL-37 levels (31, 32) still develop an
extended pneumonia; this fact prompts us to propose that LL-37
levels in these patients are not as high as thought previously and
correlates with previous studies in which individuals with low
LL-37 production are more prone to develop tuberculosis (15);
therefore, once the pneumonia develops, they will not be able to
induce a proper anti-inflammatory milieu, leading to exacerbated
pneumonia. However, further investigations are needed to eluci-
date this issue.
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