
Contents lists available at ScienceDirect

Cytokine

journal homepage: www.elsevier.com/locate/cytokine

Evidence that changes in antimicrobial peptides during tuberculosis are
related to disease severity, clinical presentation, specific therapy and levels
of immune-endocrine mediators

Bettina Bongiovannia,b,⁎,1, Sara Marín-Luevanoe,1, Luciano D'Attilioa,c, Ariana Díaza,c,
Rocío del Valle Fernándeza,c, Natalia Santuccia,c, Diego Bértolad, María Luisa Baya,c,
Bruno Rivas-Santiagoe, Oscar Bottassoa,c

a Instituto de Inmunología Clínica y Experimental de Rosario (IDICER CONICET-UNR), Suipacha 590 (S2002LRL), Rosario, Argentina
b Facultad de Cs. Bioquímicas y Farmacéuticas, Universidad Nacional de Rosario (UNR), Suipacha 570 (S2002LRL), Rosario, Argentina
c Facultad de Cs. Médicas, UNR, Santa Fe 3100 (S2002KTR) Rosario, Argentina
dHospital Provincial del Centenario, Urquiza 3101 (S2002KDT), Rosario, Argentina
eUnidad Médica del Instituto Mexicano del Seguro Social (IMSS), Zacatecas Centro, 98053 Zacatecas, Mexico

A R T I C L E I N F O

Keywords:
Tuberculosis
Antimicrobial peptides
Immune-endocrine mediators
Specific therapy

A B S T R A C T

Given the role of host defense peptides (HDPs) in the defensive response against mycobacteria, we analyzed the
circulating levels of LL-37, β-defensin-2 and -3 in newly diagnosed patients with pulmonary (PTB) or pleural
tuberculosis (PLTB) in whom measurements of pleural fluids were also performed. Severe PTB patients displayed
higher circulating amounts of β-defensin-3, statistically different from controls, further decreasing upon anti-
mycobacterial treatment. LL-37 concentrations appeared within the normal range at diagnosis, but tended to
increase during treatment, becoming statistically upon its completion in moderate cases. PLTB patients revealed
decreased levels of β-defensin-2 in presence of increased amounts of β-defensin-3 and LL-37; in their plasma or
pleural fluids. Considering the immune-endocrine dysregulation of tuberculosis, we also performed correlation
analysis detecting positive associations between levels of cortisol, IL-6 and β-defensin-3 in plasma from un-
treated severe patients as did their dehydroepiandrosterone and LL-37 values. Increased presence of β-defensins,
may represent an attempt to improve defensive mechanisms; which also take part in the inflammatory reaction
accompanying TB, reinforced by the association with immune-endocrine mediators. The divergent profile of
PLTB patients, decreased β-defensin-2 but increased β-defensin-3 and LL-37 levels, suggests a differential role of
these HDPs in a situation characterized for its better protective response.

1. Introduction

Tuberculosis (TB) is the main cause of death due to an infectious
agent, Mycobacterium tuberculosis. According to WHO estimations, 8–10
million people develop active disease and 1.5 million die every year
[1]. The cellular immune response is essential for the containment and
resolution of the infection, mainly through the development of a de-
layed type granulomatous reaction that limits mycobacterial dis-
semination [2] Nevertheless, in 5% of infected people, reinfection or
reactivation of old lesions, leads to post-primary TB disease, mostly

affecting the lungs with compromise ranging from few foci in the upper
lobes to bilateral involvement with intense inflammation and tissue
destruction [3,4].

In analyzing the immune response developed by the host against M.
tuberculosis, patients with pulmonary TB are known to present an al-
teration in the production of cytokines from the Th1 and Th2 profile.
Essentially, the less severe forms of pulmonary TB display a pre-
ponderance of Th1-type cytokine responses, whereas the production of
Th2-type cytokines or potentially toxic compounds predominates in
aggravated disease [5–11]. Such affectation of the protective immune
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mechanisms may largely account for the impossibility of the host to
eradicate the pathogen leading to the establishment of a chronic in-
fection, in which the protracted cytokine production may exert several
effects on immunocompetent cells, in addition to activating neuro-en-
docrine regulatory mechanisms, like the stimulation of the hypotha-
lamus-pituitaryadrenal axis and the consequent production of two
major adrenal steroids, cortisol and dehydroepiandrosterone -DHEA-
[12,13]. Our own studies, in this regard, revealed that patients with TB
with different degrees of lung involvement have high plasma levels of
cortisol whereas DHEA values situate well below the ones seen in
healthy controls, even more in advanced disease, leading to an un-
balanced cortisol/DHEA ratio [14–16].

Such scenario of abnormal immune relations across the spectrum of
pulmonary involvement, constitutes a fruitful ground for the analysis of
components of the immune response, scarcely explored in human TB
like antimicrobial peptides or host defense peptides (HDPs), well known
for their participation in the innate responses of the lung. Among them,
cathelicidin LL-37, β-defensin (HBD)-2 and hepcidin were shown to
play crucial roles in the defensive response against mycobacteria
[17,18]. For instance, epithelial cells infected with M. tuberculosis re-
lease high amounts of HBD-2, which further binds to mycobacteria
leading to pore formation and their subsequent destruction through
osmotic shock [19]. Studies in a mouse TB experimental model revealed
that susceptible mice produced less defensins than the resistant ones,
which otherwise became susceptible provided β-defensin-2 expression
was abolished in them [20]. Reinforcing the view on the relevance of
antimicrobial peptides, experiments in M. tuberculosis-infected mice
given L-isoleucine, an efficient inducer of HBD-2 production in epi-
thelial cells, revealed a significantly decreased pneumonic area, and
bacterial load in the lungs [21,22]. In parallel, studies on the presence
of CRAMP, the mouse homolog of LL-37, in experimental TB also
pointed out to a role of LL-37 in the control of the first phase of the
disease, with an immunomodulatory role being exerted when pneu-
monia was well established [23]. As regards HBD-3, information on its
role in human TB is lacking; but studies exist either on a direct activity
against mycobacteria [24,25] or protective effect in mouse experi-
mental TB [26].

To expand our current knowledge on the participation of LL-37, β-
defensin-2 and -3 in TB physiopathogenesis, we therefore analyzed the
circulating levels of all three compounds in newly diagnosed TB pa-
tients with different degree of pulmonary involvement. In trying to get
a better insight on the contribution of these antimicrobial peptides to
disease development, we also searched for the presence of both med-
iators in pleural fluids from patients with tuberculous pleurisy (PLTB).
Mainly because pleural TB is characterized by an intense inflammatory
reaction favoring a shorter disease resolution [27,28]. Furthermore, an
assessment of changes in these HDPs throughout specific treatment as
well as their relationship with levels of adrenal steroids and proin-
flammatory compounds was also carried out.

2. Materials and methods

2.1. Subject population

The patient sample was selected among HIV negative adult patients
(18–65 years old) who had not previously received anti-tuberculous
drugs. All patients were Argentineans and lived in Rosario city. The
diagnosis of TB was based on clinical and radiological criteria together
with the identification of acid-fast bacilli in the biological fluids
(sputum and pleural exudates) and/or their culture. The degree of
pulmonary involvement was classified into mild (patients with only one
lung lobe involved, without visible cavities, n= 6), moderate (patients
with unilateral involvement of 2 or more lobes and cavities not ex-
ceeding a total diameter of 4 cm, n=14) or severe disease (bilateral
disease with massive involvement and multiple cavities, n= 9).
Diagnosis of PLTB was made by direct Ziehl-Neelsen staining or positive

cultures in Lowenstein-Jensen from sputum or pleural exudates, or by
pleural biopsy specimens. Anti-tuberculosis therapy consisted of six
months of rifampicin and isoniazid, initially supplemented by two
months of pyrazinamide and ethambutol. The study protocol was ap-
proved by the Ethical Committee of the Faculty of Medical Science,
National University of Rosario, the Centenario Hospital of Rosario.
Participants were recruited once they signed their written free consent
to participate whereas the study was conducted in accordance with the
1964 Helsinki declaration and its later amendments.

The group of controls was composed of healthy controls (HCo) si-
milar in sex and age, vaccinated with BCG, and reporting no contact
with TB patients. Exclusion criteria included diseases affecting the hy-
pothalamus-pituitary-thyroid- or gonadal-axis, direct compromise of
the adrenal gland, pregnancy, age under 18, and systemic or localized
diseases requiring treatment with corticosteroids or im-
munosuppressants. Blood samples were obtained at the time of diag-
nosis, as well as 2- and 6-months following treatment initiation, ac-
cording to the protocol published in previous studies [8]. Briefly,
fasting blood samples from patients and healthy volunteers were col-
lected between 8:00–9:00 a.m., using EDTA as anticoagulant. Samples
of pleural fluid, 100mL each, were collected by therapeutic thor-
acocentesis, under sterile conditions, and subjected to routine bio-
chemical analysis. For the study purposes, blood and fluid samples were
immediately centrifuged, with aprotinin (100 U/mL; Sigma, USA) being
added to plasma (P) and pleural fluid (F) and then preserved at −20 °C.

2.2. Assessment of cytokines and adrenal hormones in plasma and pleural
fluids

The levels of IFN-γ and IL-6 were assayed by commercial enzyme-
linked immunosorbent assays according to the manufacturer's re-
commendations (ELISA, BD Pharmingen), as did cortisol and DHEA
concentrations (ELISA, DRG Systems, Germany).

C reactive protein (CRP) levels were measured by high sensitivity
Turbitest (Wiener Lab., Rosario, Argentina, Dl: 2.5 mg/l).

2.3. Plasma measurements of HBD-2, -3 and LL-37

To this end, proteins were concentrated by passage through amicon
columns (Millipore) a procedure able to concentrate< 10 kDa proteins
to the manufactureŕs specifications. Subsequently, we performed
Bradford protein assay to measure total proteins and performed ELISA
assay with equal amounts of total proteins. Briefly, ELISA plates
(Maxisorb Immunoplate, Nunc and Wiesbaden, Germany) were covered
with the capture antibody overnight (goat anti-LL-37 IgG (Santa Cruz
Biotechnology, Inc., Delaware, CA, USA). After non-specific binding
sites were blocked, rabbit anti-LL-37 antibody (Abcam, Inc., Delaware,
CA, USA) was added and incubated overnight. Then washed and in-
cubated with donkey anti-rabbit IgG biotin-labeled antibody (Santa
Cruz Biotechnology, Inc., Delaware, CA, USA). The reaction was am-
plified adding avidin-biotin peroxidase (Biocare Medical, CA, USA).
H2O2– 3,3′,5,5′- tetramethylbenzidine (Sigma-Aldrich, St. Louis, USA)
as substrate. The concentration of LL-37 was calculated from the stan-
dard curve using synthesized LL-37. For the specific case of HBD-2 and
HBD-3, both were measured using the HBD-2 and HBD-3 ELISA de-
velopment kit from Peprotech (Rocky Hill, CT, USA) following manu-
facturer’s recommendations.

2.4. Statistical analysis

Comparisons among groups were performed by non-parametric
methods, such as the Kruskall-Wallis analysis followed by a post-hoc
test when applicable, for the multiple comparison approach. Paired
comparisons were done by the Friedman analysis of variance and
Wilcoxon rank test. Correlations between cytokine, hormone and HDPs
levels were analyzed by the Spearman’s rank test. Categorical variables
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were compared by the chi square test. Data were considered statistically
significant if p < 0.05.

3. Results

The general characteristics of the study groups are presented in
Table 1. A shown, there were no differences regarding age, sex dis-
tribution, although both groups of TB patients depicted a lower body
mass index (BMI) than HCo.

According to the study purposes, we next proceeded to compare the
plasma circulating levels of HBD-2 and -3 and LL-37 in the different
groups. Taken as a whole, PTB patients had a trend to display higher
amounts of β-defensin-3, whereas β-defensin-2 and LL-37 values were
essentially similar to those found in HCo (Fig. 1, panels a–c). As to
findings recorded in plasma from PLTB patients, while levels of β-de-
fensin-2 were significantly decreased in them, the concentrations of β-
defensin-3 and LL-37 appeared clearly increased (Fig. 1, same panels).
Cakir et al [29] also found increased LL-37 levels in bronchoalveolar
lavage from children with TB. Measurements in pleural fluids revealed
that values of defensin-3 and LL-37 were higher than the one from β-
defensin-2 (Fig. 1, same panels).

Further analysis by separating pulmonary TB patients based on
disease severity showed that cases with severe TB had the highest levels
of circulating β-defensin-3, statistically different from HCo (Fig. 2,
panel b).

Since anti-TB treatment was shown to result in important changes of
immune-endocrine mediators [15,16], we also wished to ascertain the
amounts of HDPs throughout the course of specific therapy. As shown
in Fig. 3, there was a decreasing trend of β-defensin-2 concentrations,
particularly at 6-month evaluation following the initiation of specific
treatment (Fig. 3, panel a). These results are in line with those obtained
by Kumar et al. (2017). When analyzing LL-37, its levels tended to in-
crease as treatment progressed without statistical differences (Fig. 3,
panel c). Subsequent analysis according to disease severity indicated
that severe cases had a significant diminution of HBD-2 levels at the 6-
month evaluation, as did their measurements of HBD-3 at the T2 and T6

time points (Fig. 3, panels d and e). Unlike this, LL-37 levels from
moderate cases were found increased at T6 evaluation (p < 0.01 re-
spect T0, Fig. 3, panel f).

Data about proinflammatory mediators are provided in Fig. 4. In
line with previous reports [6,9,13], plasma concentrations of IL-6, IFN-
γ and CRP were significantly higher in both groups of TB patients if
compared to values from HCo (p < 0.001). Corroborating an earlier
result [31], IFN-γ plasma values from PLTB patients were even higher
than the ones recorded in PTB patients (same Figure). Analysis within
PTB patients confirmed former data [13,14] in the sense that levels of
IL-6, IFN-γ and CRP were higher as disease severity aggravated
(p < 0.05, Supplementary Fig. 1). Concerning PLTB patients, their
pleural fluids contained higher amounts of IL-6, and IFN-γ than their
plasma compartment; this not being the case of CRP whose fluid values
were slightly decreased respect plasma levels; in coincidence with prior
findings [31]. Statistical comparisons between plasma and pleural
compartments of PLTB patients: yielded significant differences in all
cases p < 0.01 (Fig. 4).

As observed in our former studies [15,16], PTB patients had low-
ered amounts of DHEA (4.24 ± 0.42 ng/mL, means ± sem) along
with increased levels of Cortisol (252.2 ± 20.6 ng/mL). Such values
appeared statistically significant when compared to the ones recorded
in HCo (cortisol 180.8 ± 10.5 ng/mL, p < 0.01; DHEA
7.19 ± 0.62 ng/mL, p < 0.001). Findings in plasma samples from
PLTB patients yielded a similar pattern of unbalanced cortisol/DHEA
concentrations (data not shown).

To explore on the potential relationship between HDPs and steroid
hormones, the relation between them was also investigated. Pairwise
correlations revealed positive associations between levels of cortisol
and HBD-3 (r= 0.75, p < 0.05) as well as DHEA and LL-37 (r= 0.79,
p < 0.01) in plasma from severe patients. In the same sense, plasma
values of IL-6 and HBD-3 appeared positively correlated (r= 0.70,
p < 0.05) within this patient group (Fig. 5).

In addition, correlation analysis revealed no association between
BMI and levels of immune-endocrine compounds and HDPs (data not
shown). There were no correlations when analyzing samples from HCo

Table 1
General features of study groups.

Variables Subject groups P value

HCo (n= 30) PTB (n=29) PLTB (n= 10)

Age 50 (27–57) 45 (24–53) 39 (23–58) ns
Sex distribution (females/males) 6/24 4/25 1/9 ns
BCG scar (%) 95 90 76 ns
BMI 27.4 (25.1–30.8) * 19.9 (18.3–23.8) 19.05 (16.5–20.2) p < 0.001

Age and body mass index (BMI) are presented as median and interquartile range. BCG: Bacillus Calmette Guerin; ns: not significant; PLTB: pleural tuberculosis; HCo:
healthy controls; PTB: pulmonary tuberculosis.

Plasma Plasma Plasma Fluid
0

2000

4000

6000

8000

10000

H
B

D
-2

 (p
g/

m
l)

PLTBHCo PTB

**

**p<0.01 vs HCo and PTB
  +p<0.05 vs plasma PLTB

+

Plasma Plasma Plasma Fluid
0

1000

2000

3000

4000

H
B

D
-3

 (p
g/

m
l)

PLTBHCo PTB

***

***p<0.0001 vs HCo and PTB
     + p<0.05 vs plasma PLTB

+

Plasma Plasma Plasma Fluid
0

100000

200000

300000

400000

500000

LL
-3

7 
[p

g/
m

l]

PLTBHCo PTB

***
***p<0.0001 vs HCo and PTB

A B C

Fig. 1. Plasma and pleural fluid levels of HBD-2, HBD-3; and LL-37 in healthy controls (HCo), and patients with pulmonary (PTB) or pleural tuberculosis (PLTB). Box
plots show median values, 25–75 percentiles of data in each group with maximum and minimum values.
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(Supplementary Fig. 5).

4. Discussion

The β-defensins, released either by phagocytic cells or epithelial
cells, are known for their direct and indirect antimicrobial effects, as
well as their stimulatory activity of the inflammatory response, together
with the recruitment and activation of several types of immune cells
[24]. To the former demonstration on the presence of cathelicidin and
HBD-2 in bronchoalveolar fluid of children with pulmonary tubercu-
losis [29], our approach of analyzing patients according to the amount
of lung involvement further reveals that both defensins, are increased in
newly diagnosed patients with advanced PTB, similar results were
previously reported by our group analyzing TB patients mRNA levels
from peripheral blood monocytic cells [30]. Given the substantial
bacterial load and inflammatory response encompassing severe disease,
present results raise the possibility that these HDP participate in TB

pathogenesis. The fact that IL-6 correlated positively with HBD-3 lends
support to the connection between inflammation and HDP. Present
findings along with our earlier studies in PTB and PLTB patients
highlight the magnitude of the inflammatory reaction in response to
mycobacterial infection either in the peripheral or pleural compartment
[31]. Without being mutually exclusive, increased presence of β-de-
fensins, may be viewed as an attempt to improve defensive mechanisms
against bacillary growth; a response which unavoidably also take part
in the immunologically based inflammatory reaction occurring in TB.
Diminished levels of both β-defensins during a successful anti-TB
treatment lends further support to this assumption.

Regarding LL-37, this HDP is synthesized and released mainly by
epithelial cells and macrophages in response to mycobacterial infection
to favor the recruitment of immunological cells at the infection site
[32–34]. Furthermore, LL-37 in one hand contributes to pathogen
clearance by direct elimination and also promoting the activation/
maturation of autophagy in phagocytic cells [35] whereas in the other

Fig. 2. Plasma levels of HBD-2 (A), HBD-3 (B), and LL-37 (C) in healthy controls (HCo) and patients with pulmonary (PTB) tuberculosis classified according the
degree of lung compromise. Box plots show median values, 25–75 percentiles of data in each group with maximum and minimum values.

Fig. 3. Changes in plasma levels of antimicrobial peptides from patients with pulmonary TB (PTB) undergoing specific treatment. Results from the whole group of
patients and healthy controls (HCo) are depicted in panel A (HBD-2), B (HBD-3) and C (LL3-7). Results in the subgroups of severe and moderate PTB patients are
provided in panel D (HBD-2), E (HBD-3) and F (LL-37). T0 corresponds to time at diagnosis; whereas T2, and T6 indicate 2, and 6months following the initiation of
anti-bacillary treatment. Box plots show median values, 25–75 percentiles of data in each group with maximum and minimum values.
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hand was associated with anti-inflammatory activity during progressive
tuberculosis [36]. In our patient series, levels of LL-37 appeared un-
altered in active PTB. Some evidence in favor of an inadequate LL-37
production in TB comes from the fact that levels of this HDP appeared
slightly increased in treated patients, with moderate cases showing
significantly augmented amounts by the end of anti-TB treatment. The
trend was also seen in severe patients but statistically insignificant
likely because of a lower number of patients. LL-37 findings from
treated patients are in line with our former demonstration that nor-
malization of circulating cortisol, involved in the accompanying in-
flammatory response, was achieved upon six months of specific treat-
ment [16]. The fact that the recovered specific immune response from
patients undergoing successful anti-tuberculous treatment [16] coin-
cides with augmented LL-37 levels, bears some relationship with the
proposed role of LL-37 in the control of the first phase of experimental
TB, characterized by a suitable immune response for the containment of
mycobacteria [23].

Unlike present findings, previous studies by our group showed that
LL-37 mRNA levels from PBMCs of untreated TB patients were in-
creased in comparison with healthy and latent TB individuals [30]
these differences among studies could be due the difference in TB se-
verity in the patients used for each study and technical approaches,
detection in plasma vs. expression in mononuclear cells.

Despite the growing knowledge about LL-37 and its role in tu-
berculosis, there is not enough evidence to assert the specific role of
cathelicidin in this pathology. Perhaps during the first encounter with
mycobacteria LL-37 displays antimicrobial activity whereas during
uncontrolled inflammation its activity could be more related to avoid
inflammation. Whether this represent a relative deficiency of patients,
likely to underlie in concurrence with another immunological ab-
normalities the development of active disease remains to be estab-
lished.

Among the extrapulmonary forms, PLTB is a quite common mani-
festation characterized by a strong immune response to mycobacteria,

reflected by the abundance of immune-competent cells and their pro-
ducts in the pleural fluid [37–39]. This particular microenvironment
provides a suitable tool to ascertain on the mechanisms working at the
site of active mycobacterial infection well known for its better prog-
nosis [27,28]. Also, the comparison of blood and pleural fluid samples
is also appropriate to establish whether there were compartment dif-
ferences. Analysis in pleural exudates showed a differential pattern of
compound differences, by which HBD-2 levels were found compara-
tively decreased whereas HBD-3 and to a lesser extent LL-37 appeared
increased. The increased presence of the latter two peptides may imply
a higher in situ production likely due the “homing” of HDP-producing
cells at the pleural compartment, which at the same time explains the
augmented plasma levels of HBD-3 and LL-37 from PLTB patients. Our
former studies in pleural fluids revealed that patients with tuberculous
pleurisy have remarkably increased amounts of IL-6, IL-1β and IFN-γ,
which may partly account for the present findings [31]. In an opposite
fashion, decreased presence of HBD-2 in pleural fluids of PBTB patients
may explain the lower levels seen in them. Considering the privileged
immunological status of tuberculosis pleurisy, findings in pleural fluids
also suggest that HBD-3 and LL-37 are critical actors in this regard. A
recent study from Su et al. demonstrates that recombinant HBD-3 not
only reduces the growth of M. bovis but also its capability of infecting
macrophages and epithelial cells [40].

Many studies have provided firm evidence about the interaction
between immune and endocrine systems in orchestrating an effective
defense strategy against infective insults [41,42]. Endocrine and im-
mune systems are strictly connected by multiple mutual regulatory
pathways in which the participation of adrenal steroids is largely
documented [43–45]. Within the context of cortisol and DHEA influ-
ences on different steps of the immune response, we now provide in-
formation about a positive correlation between the plasma levels of
cortisol and HBD-3 as well as DHEA and LL-37 from severe patients
which may also partly account for the HDPs alterations seen in these
cases. Ongoing studies in cultured macrophages point out to an

Fig. 4. Plasma and pleural fluid levels of IL-6, IFN-γ; and CRP in healthy controls (HCo), and patients with pulmonary (PTB) or pleural tuberculosis (PLTB). Box plots
show median values, 25–75 percentiles of data in each group with maximum and minimum values.

Fig. 5. Correlations between cortisol and HBD-3 levels (A); DHEA and LL-37 levels (B); IL-6 and HBD-3 levels (C), in plasma from severe PTB patients.
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influential role of adrenal steroids on the production of HDPs (data not
shown).

In summarizing findings present results provide novel evidence in
the sense that the differential changes in the levels of HDPs during
human TB are related with factors dealing with the type and amount of
tissue affectation, presence of immune-endocrine mediators and spe-
cific therapy.

How exactly present immune-endocrine alterations contribute to
disease pathology remains to be established because of the study lim-
itation, in terms of its main cross-sectional nature.
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