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Angiopoietins as biomarkers of disease severity and bacterial
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SUMMARY

BACKGROUND: Circulating angiogenic factors of the
vascular endothelial growth factor family are important
biomarkers of disease severity in pulmonary tuberculosis
(PTB). However, the role of angiopoietins, which are
also involved in angiogenesis, in PTB is not known.
OBJECTIVE AND DESIGN: To examine the association
of circulating angiopoietins with TB disease or latent
tuberculous infection (LTBI), we examined the systemic
levels of angiopoietin (Ang) 1, Ang 2 and Tie-2 receptor
in individuals with PTB (72 = 44), LTBI (# = 44) or no
tuberculous infection (NTBI) (nz = 44).

RESULTS: Circulating levels of Ang-1, Ang-2 and Tie-2
were significantly higher in PTB than in individuals with
LTBI or NTBI. Moreover, Ang-1, Ang-2 and Tie-2 levels
were significantly higher in PTB with bilateral disease.

The levels of these factors also exhibited a significant
positive relationship with bacterial burdens in PTB.
Receiver operating characteristics curve analysis re-
vealed Ang-2 as a marker distinguishing PTB from LTBI
or NTBI. Finally, the circulating levels of Ang-1, Ang-2
and Tie-2 were significantly reduced following anti-
tuberculosis chemotherapy.

CONCLUSIONS: Our data demonstrate that PTB is
associated with elevated levels of circulating angiopoie-
tins, possibly reflecting endothelial dysfunction. In
addition, Ang-2 could prove useful as a biomarker to
monitor disease severity, bacterial burden and therapeu-
tic responses.

KEY WORDS: tuberculosis; angiopoietins angiogenesis;
lymphangiogenesis

ANGIOPOIETIN-1 and -2 (Ang-1 and Ang-2) are
two of the most broadly studied biomarkers of
endothelial activation/dysfunction in infectious dis-
eases.! Ang-1 and Ang-2 and their endothelial
tyrosine kinase receptor Tie-2 form a major signaling
system in endothelial permeability.? Pathogenic my-
cobacteria prompt the development of complex
cellular aggregates called granulomas that are the
hallmark of tuberculosis (TB).3* The human tuber-
culous granuloma, a strongly solid cellular structure
that houses infecting mycobacteria, develops hypoxic
areas around its necrotic core,’> which in turn acts as
stimulus for vascularization.® Vascularization in
animal models of TB has been shown to be mediated
by angiogenesis and lymphangiogenesis;” in addition,
angiogenesis has been shown to promote mycobacte-
rial growth and increase the spread of infection.®
Finally, lymphangiogenesis stimulated by mycobac-
terial infection has been shown to promote systemic
T-cell responses against tuberculous infection.” We
and others have previously shown that VEGF-A,
VEGF-C and VEGFR2 are prominent biomarkers of
active TB disease severity and bacterial burden.10-13

Angiogenesis and lymphangiogenesis thus appear to
be vital players in the pathogenesis of TB.

The angiopoietin-Tie system is the second endo-
thelial-specific receptor tyrosine kinase pathway
involved in angiogenesis and lymphangiogenesis.!#
The angiopoietin growth factors (Ang-1, Ang-2 and
Ang-4) function as ligands for the Tie-2 receptor to
stimulate angiogenesis, although in some situations
Ang-2 can function as an antagonist to Ang-1.14
However, the association of angiopoietins with
tuberculous infection or TB disease has been poorly
studied. We hypothesized that pulmonary TB (PTB) is
associated with endothelial dysfunction, leading to
the enrichment of angiopoiteins.

We aimed to examine the circulating levels of
angiogenic factors in individuals with PTB, latent
tuberculous infection (LTBI) and no tuberculous
infection (NTBI). Our data reveal a significant
association of systemic levels of Ang-1, Ang-2 and
Tie-2 receptor with disease severity and bacterial
burden and a significant ability of Ang-2 to distin-
guish PTB from LTBI or NTBI and also a potential
host-directed therapeutic target for TB disease. Our
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Table Demographics of the study groups

Study demographics Pulmonary TB LTBI NTBI
Subjects recruited, n 44 44 44

Sex: male/female 35/9 34/10 36/8
Age, years, median (range) 35 (18-64) 39 (21-60) 42 (19-60)
Smear grade (1+ /2+ /3+) 13/11/18 Not applicable Not applicable
QuantiFERON® TB Gold In-Tube Not done Positive Negative
Tuberculin skin test, mm Not done >12 mm <12 mm

TB = tuberculosis; LTBI = latent tuberculous infection; NTBI = no tuberculous infection.

data also suggest that the factors mentioned above
could serve as accurate biomarkers for monitoring
therapeutic responses.

MATERIALS AND METHODS

Study design

In this prospective case-control study, patients at-
tending the out-patient clinics of the National
Institute for Research in Tuberculosis (NIRT), Chen-
nai, India, and community controls were consecu-
tively enrolled in the study. Plasma samples from 44
individuals with active PTB, 44 with LTBI and 44
with NTBI were collected in sodium heparin tubes
and stored at —-80°C after centrifugation. The
diagnosis of PTB was based on acid-fast bacilli
(AFB) smear and Lowenstein-Jensen (L]) medium
solid culture positivity. Smear grade was used to
determine bacterial burden, and was classified as 1+,
2+ and 3+. Chest X-ray (CXR) was used to define
cavitary disease as well as unilateral vs. bilateral
involvement. Severity of disease was estimated based
on bilateral involvement and cavitary disease.

At the time of enrollment, none of the active TB
cases had a record of previous TB disease or anti-
tuberculosis treatment. LTBI diagnosis was based on
the tuberculin skin test (TST) and QuantiFERON®
TB-Gold In-Tube (Qiagen/Cellestis, Carnegie, VIC,
Australia) enzyme-linked immunosorbent assay
(ELISA) positivity, absence of CXR abnormalities or
pulmonary symptoms and negative sputum smears. A
positive TST result was defined as an induration at
the site of TST inoculation of at least 12 mm in
diameter, to minimize false positivity due to exposure
to environmental mycobacteria. NTBI individuals
were asymptomatic, with normal CXR, negative TST
(indurations <5 mm in diameter) and QuantiFERON
ELISA results. All participants were bacille Calmette-
Guérin vaccinated, human immunodeficiency virus
negative and non-diabetic, with normal body mass
index. None of the participants exhibited signs or
symptoms of any associated lung or systemic disease.
The study groups were similar with regard to age and
sex; baseline characteristics of study participants are
shown in the Table.

Standard anti-tuberculosis treatment was adminis-
tered to PTB individuals using the DOTS strategy.
Fresh plasma samples were obtained both at baseline

and 6 months following the initiation of anti-
tuberculosis treatment. All PTB individuals were
culture-negative at the end of anti-tuberculosis
treatment.

All individuals were examined as part of a study
protocol approved by the Internal Ethics Committee
of NIRT, Chennai, India. Written informed consent
was obtained from all participants.

ELISA

Circulating Ang-1 and Ang-2 levels were measured
using the Quantikine ELISA kit (R&D Systems,
Minneapolis, MN, USA); the Mybiosource ELISA
kit (San Diego, CA, USA) was used to measure
angiopoietin receptor Tie-2 in plasma samples. The
lowest detection limits were as follows: Ang-1,
156.25 pg/ml; Ang-2, 48.87 pg/ml; and Tie-2, 0.313
ng/ml.

Statistical analysis

Geometric means (GMs) were used for measurements
of central tendency. Statistically significant differenc-
es between the three groups were analyzed using the
Kruskal-Wallis test with Dunn’s multiple compari-
sons. The Mann-Whitney test was used to compare
angiogenic factor concentrations between individuals
with PTB with unilateral or bilateral lung lesions or
cavitary or non-cavitary disease. Linear trend post-
test was used to compare angiogenic factor concen-
trations with smear grades reflecting bacterial bur-
den. Receiver operator characteristics (ROC) curves
were designed to test the power of each candidate
angiogenic factor to distinguish LTBI or NTBI from
PTB. Wilcoxon signed rank test was used to compare
angiogenic factor concentrations before and after
anti-tuberculosis treatment. Analyses were performed
using Graph Pad PRISM Version 5.01 (Graph Pad, La
Jolla, CA, USA).

RESULTS

Circulating angiopoietin levels are elevated in
pulmonary tuberculosis

To determine the systemic levels of angiogenic factors
in LTBI and TB disease, we measured the circulating
levels of Ang-1, Ang-2 and angiopoietin receptor Tie-
2 in PTB, LTBI and NTBI individuals (Figure 1). As
shown in Figure 1, the systemic levels of Ang-1 (GM
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Figure 1 Elevated systemic levels of circulating angiopoietins

in individuals with PTB. Plasma angiopoietins (Ang-1 and 2) and
Tie-2 levels, as well as the Ang-1/Ang-2 ratio, were measured in
individuals with PTB (n = 44), LTBI (n = 44) and NTBI (n = 44).
Data are represented as scatter plots: each circle represents a
single individual, horizontal bars indicate the geometric mean P
values calculated using the Kruskal-Wallis test with Dunn'’s post
hoc comparison. PTB = pulmonary tuberculosis; LTB = latent
tuberculous infection; NTB = no tuberculous infection.

6.61 ng/ml in PTB vs. 3.44 ng/ml in LTBI and 2.88 ng/
ml in NTBI), Ang-2 (GM 3.15 ng/ml in PTB vs. 0.63
ng/ml in LTBI and 0.27 ng/ml in NTBI), Tie-2 (GM
92.27 ng/ml in PTB vs. 65.03 ng/ml in LTBI and
41.35 ng/ml in NTBI) and Ang-1/Ang-2 ratio (GM
0.4765 ng/ml in PTB vs. 0.1784 ng/ml in LTBI and
0.0989 ng/ml in NTBI) were significantly higher in
PTB than in LTBI and NTBI individuals. PTB is thus
associated with elevated systemic levels of circulating
angiogenic factors.

Circulating angiopoietins are markers of disease
severity in PTB

To determine the association between the systemic
levels of angiogenic factors and disease severity in
PTB, we measured circulating Ang-1, Ang-2 and Tie-
2 levels in individuals with PTB with unilateral vs.
bilateral disease and with cavitary vs. non-cavitary
disease (Figure 2). As shown in Figure 2A, the
systemic levels of Ang-1 (GM 8.71 ng/ml in bilateral
vs. 2.62 ng/ml in unilateral disease), Ang-2 (GM 4.17
ng/ml in bilateral vs. 1.56 ng/ml in unilateral disease)
and Tie-2 (GM 31.33 ng/ml in bilateral vs. 13.35 ng/
ml in unilateral disease) were significantly higher in

PTB individuals with bilateral disease than in those
with unilateral disease. Similarly, circulating Tie-2
levels (GM 30.04 ng/ml in cavitary vs. 9 ng/ml in non-
cavitary disease) were significantly higher in PTB
individuals with cavitary disease than in those
without cavitary disease (Figure 2B). In contrast, no
significant differences were seen in Ang-1 and Ang-2
levels in those with cavitary disease and in those
without. Disease severity in PTB is thus associated
with elevated systemic levels of circulating angio-
poietins.

Circulating angiopoietins are markers of bacterial
burden in PTB

To determine the association between systemic levels
of angiogenic factors and bacterial burden in PTB, we
correlated circulating Ang-1, Ang-2 and Tie-2 levels
in PTB individuals with smear grade classified as 1+,
2+ and 3+ (Figure 2C). As shown, the systemic Ang-1,
Ang-2 and Tie-2 levels exhibited a significant positive
correlation with smear grade in PTB individuals,
indicating a positive association of these factors with
bacterial burden.

Circulating angiopoietin-2 can distinguish PTB from
LTBI and NTBI

To determine the discriminatory power of circulating
angiogenic factors in distinguishing PTB from LTBI
and NTBI, we performed on ROC analysis of Ang-1,
Ang-2 and Tie-2 in PTB vs. LTBI and PTB vs. NTBI
individuals (Figure 3). As shown in Figure 3A, Ang-2
exhibited significant discriminatory power with high
area under the curve (AUC) values and sensitivity and
specificity, in discriminating PTB from LTBI individ-
uals (AUC 0.8994, sensitivity 85.71, specificity
70.45). Similarly, as shown in Figure 3B, Ang-2
exhibited the highest AUC and sensitivity and
specificity in discriminating PTB from NTBI individ-
uals (AUC 0.9881, sensitivity 97.62, specificity
93.18). Ang-2 thus exhibits the potential to serve as
a biomarker to distinguish active TB from LTBI or
NTBI.

Circulating angiopoietin levels are significantly
diminished following anti-tuberculous treatment

To determine whether elevated levels of circulating
angiogenic factors are directly associated with TB
disease, we determined the levels of these factors in
PTB individuals before and after a standard course of
anti-tuberculosis treatment (pre-T vs. post-T). As
shown in Figure 4, at the end of anti-tuberculous
treatment, circulating Ang-1 (GM 6.61 ng/ml pre-T
vs. 3.28 ng/ml post-T), Ang-2 (GM 3.15 ng/ml pre-T
vs. 1.18 ng/ml post-T) and Tie-2 levels (GM 92.27 ng/
ml pre-T vs. 24.55 ng/ml post-T) and Ang-1/Ang-2
ratio (GM 0.4765 ng/ml in pre-T vs. 0.2759 ng/ml
post-T) were all significantly lower post-treatment
than pre-treatment in PTB individuals. Successful
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Figure 2 Elevated systemic levels of angiopoietins in bilateral disease and positive relationship
between systemic levels of angiopoietins and smear grades in individuals with PTB. A) Plasma
angiopoietins (Ang-1 and 2) and Tie-2 levels were measured in PTB individuals with bilateral vs.
unilateral disease. B) Plasma angiopoietins (Ang-1 and 2) levels and Tie-2 were measured in PTB
individuals with cavitary vs. non-cavitary disease. Data are represented as scatter plots: each circle
represents a single individual. P values were calculated using the Mann-Whitney test. C) The
relationship between angiopoietin (Ang-1 and 2) plasma levels and Tie-2 and smear grades as
estimated using sputum smears was examined in all individuals with PTB. Data are represented as
scatter plots: each circle represents a single individual, horizontal bars indicate the geometric mean
P values calculated using linear trend post-test. PTB = pulmonary tuberculosis.

treatment of active TB thus results in significantly

diminished levels of circulating angiogenic factors in
PTB.

DISCUSSION

Ang-1 and Ang-2 are two of the most widely studied
biomarkers of endothelial activation/dysfunction in
infectious diseases.! Our results reveal a substantial

association of circulating Ang-1, Ang-2 and Tie-2
receptor levels with disease severity and bacterial
burden and a significant ability of Ang-2 to distin-
guish PTB from LTBI or NTBL

While Ang-1 is produced constitutively in pericytes
and smooth muscle cells, Ang-2 is produced by
endothelial cells and pre-stored in granules for rapid
release.? Under biological conditions, Ang-1 levels
exceed those of Ang-2 and inhibit the pro-inflamma-
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Figure 3 ROC analysis to estimate the discriminatory power of systemic angiopoietins in individuals with PTB. A) ROC analysis to
estimate the sensitivity, specificity and AUC was performed using Ang-1, Ang-2 and Tie-2 to estimate the capacity of these factors to
distinguish individuals with PTB vs. LTBI. B) ROC analysis to estimate the sensitivity, specificity and AUC was performed using Ang-1,
Ang-2 and Tie-2 to estimate the capacity of these factors to distinguish individuals with PTB vs. NTBI. PTB = pulmonary tuberculosis;
LTBI = latent tuberculous infection; AUC = area under the ROC curve; NTBI = no tuberculous infection; ROC = receiver operating

characteristic.

tory pathways, resulting in endothelial cell quiescence.
In contrast, following inflammation, Ang-2 is quickly
released and supports pro-inflammatory and pro-
thrombotic pathways, resulting in endothelial dys-
function.’15 Ang-2 expression is firmly regulated, and
its expression is mostly restricted to the vascular
endothelium.16-17 Ang-2 levels are known to be
elevated in sepsis,'® severe malaria!® and dengue
hemorrhagic fever.?? Tie-2 protein kinase receptors
are expressed primarily on endothelial cells, and this
signaling pathway reduces endothelial activation.?!
Endothelial dysfunction contributes to the pathogen-
esis of a mixture of potentially serious infectious
diseases and syndromes, including sepsis and septic
shock, hemolytic-uremic syndrome, severe malaria,
and dengue hemorrhagic fever.!-'S Angiogenesis,
lymphangiogenesis and vascular dysfunction are pro-
gressively being accepted as major hallmarks of active
TB, and the use of host-directed therapies targeted at
blocking these functions has been proposed as an
adjunct measure for anti-tuberculosis treatment.8-22
However, the role of circulating angiopoietins has been
poorly studied in human TB disease.

Ang-2 is significantly enhanced in serum and is
associated with both disease severity and prognosis in

sepsis, while reduced Ang-1 in the peripheral blood is
associated with disease severity and results in
Plasmodium falciparum malaria.! Ang/Tie levels
have been shown to contribute to acute illness in
patients with pulmonary conditions, and it has also
been postulated that Ang-1 and Ang-2 concentrations
in sputum from asthma patients correlate with airway
microvascular permeability.?3 Studies have also
shown that the Ang-2 level was improved in patients
with exudative pleural effusion, whereas Ang-1 levels
remained unchanged in comparison to transudative
pleural effusion.?* Other studies have shown that
serum Ang-2 levels were significantly higher in
tuberculous than in non-tuberculous pneumonic
pleural effusion patients; these higher levels of Ang-
2 in tuberculous pleural effusion may suggest that
Ang-2 plays a key role in the pathogenesis of pleural
exudates.?> Moreover, recent studies have shown that
serum Ang-2 levels were significantly higher in
patients with acute chronic obstructive pulmonary
disease (COPD) than in those with stable COPD or
control subjects, and Ang-2 appears to be a consistent
biomarker of active disease.?®

Our data clearly expand on these reports, confirm-
ing that Ang-1, Ang-2 and Tie-2 levels are elevated in
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Figure 4 Diminished systemic levels of angiopoietins following
anti-tuberculosis treatment in individuals with PTB. Plasma
angiopoietins (Ang-1 and 2) and Tie-2 levels, as well as the
Ang-1/Ang-2 ratio, were measured in PTB individuals before
(pre-T) and after (post-T) standard anti-tuberculosis chemother-
apy. Data are represented as line graphs, with each line
representing a single individual. P values were calculated using
the Wilcoxon signed rank test. PTB = pulmonary tuberculosis.

PTB patients and that Ang-2 can serve as an accurate
biomarker to distinguish PTB from LTBI and NTBI
with a high degree of sensitivity and specificity. Ang-2
is also useful for assessing the degree of inflammation
and monitoring the inflammatory process. In addi-
tion, elevated Ang-1 Ang-2 and Tie-2 levels are also
significantly diminished following treatment, indicat-
ing that the elevated levels of these markers are
intimately related to the disease process. It is to be
noted that Ang-1, Ang-2 and Tie-2 levels are also
correlated with disease severity or bacterial burden in
PTB. Ang-1/Ang-2 ratio was also used to analyze the
role of angiopoietins and potentially used as predic-
tors of vascular dysfunction. However, unlike other
inflammatory conditions where Ang-2 is predomi-
nantly elevated, we find that in PTB, significant
elevations of Ang-1 levels accompany elevated levels
of Ang-2 as well as an increase in the Ang-1/Ang-2
ratio. Whether this represents a compensatory
increase in Ang-1 or whether the increases in both
angiopoietins are important contributors to the
pathogenesis of TB disease needs to be determined
in the future.

Our study is the first to systemically study the
relationship of circulating angiopoietins in human
PTB patients and controls. As this was an exploratory
study with a small sample size, we are unable to draw
any inferences on cause and effect. However, our

study provides important evidence of a relationship
and, therefore, the need to further investigate the role
of these factors in pathogenesis. In addition, our data
do not support any claim to demonstrate angiopoie-
tins as diagnostic biomarkers in TB, as elevation of
angiopoietins is known to occur in a variety of
inflammatory and infectious diseases. We do, how-
ever, report the utility of a certain biomarker (Ang-2)
that serves to increase our understanding of host
immune factors that might contribute to the patho-
genesis of TB and accelerate or impede its extra-
pulmonary spread in TB-infected patients. In addi-
tion, as angiogenesis has also been implicated in the
dissemination of mycobacterial infection, the inves-
tigation of these factors in human extra-pulmonary
TB should provide further input on the pathogenesis
of disseminated TB. Finally, our data also add to the
growing portfolio of host factors and provide
valuable insights on factors that might need further
exploration as biomarkers in PTB.
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RESUME

CONTEXTE : Les facteurs circulants angiogéniques de la
famille des facteurs de croissance de I’endothélium
vasculaire sont d’importants biomarqueurs de gravité
de la maladie en cas de tuberculose pulmonaire (TBP).
Cependant, le role des angiopoiétines (Ang), qui sont
également impliquées dans I’angiogenese, dans la TBP
n’est pas connu.

OBJECTIF ET SCHEMA : Pour étudier ’association des
Ang circulantes avec la maladie ou linfection
tuberculeuse latente (LTBI), nous avons examiné les
niveaux systémiques des récepteurs de I’Ang-1, de I’Ang-
2 et de Tie-2 chez des individus atteints de TBP (2 =44),
de LTBI (7 = 44) ou sans infection tuberculeuse (NTBI)
(n=44).

RESULTATS : Les taux circulants d’Ang-1, d’Ang-2 et de
Tie-2 ont été significativement plus élevés chez les
patients atteints de TBP comparés aux personnes avec

LTBI ou NTBL. Plus encore, les niveaux d’Ang-1, d’Ang-
2 et de Tie-2 ont été significativement plus élevés en cas
de TBP avec atteinte bilatérale. Les niveaux de ces
facteurs ont également démontré une relation positive
significative avec la charge bactérienne dans la TBP.
L’analyse de la courbe de la fonction d’efficacité du
récepteur a révélé que I’Ang-2 était un marqueur
distinguant la TBP de la LTBI ou de la NTBI. Enfin,
les niveaux circulants d’Ang-1, d’Ang-2 et de Tie-2 ont
été significativement réduits apreés chimiothérapie
antituberculeuse.

CONCLUSION : Nos données démontrent donc que la
TBP est associée a des niveaux circulants élevés d’Ang,
témoignant peut-étre d’une dysfonction de
Pendothélium. De plus, ’Ang-2 pourrait s’avérer un
biomarqueur utile pour suivre la gravité de la maladie, la
charge bactérienne et les réponses thérapeutiques.

RESUMEN

MARCO DE REFERENCIA: Los factores angiogenos
circulantes, de la familia del factor de crecimiento del
endotelio vascular, son importantes biomarcadores de la
gravedad de la tuberculosis pulmonar (TBP). Sin
embargo, se desconoce el papel que pueden tener en
esta enfermedad las angiopoyetinas (Ang) que también
participan en la angiogénesis.

OBJETIVO Y METODOS: Con el objeto de examinar la
asociacion entre las Ang circulantes y la infeccion
tuberculosa o la enfermedad activa, se evaluaron las
concentraciones sistémicas de Ang-1, Ang-2 y del
receptor Tie-2 en personas con TBP (n = 44), infeccion
tuberculosa latente (LTBI) (2 = 44) o sin infeccion
tuberculosa (NTBI) (1 = 44).

RESULTADOS: Las concentraciones de Ang-1, Ang-2 y
Tie 2 circulantes fueron significativamente mas altas en
las personas con TBP que en las personas con LTBI o
NTBI. Ademas, las concentraciones de Ang-1, Ang-2 y

Tie-2 fueron considerablemente mayores en los casos
con afectacion bilateral. Las concentraciones de estos
factores ofrecieron también una correlacion positiva con
la carga de micobacterias en los casos de TB. Las curvas
de eficacia diagnostica revelaron que la Ang-2 es un
marcador que permite distinguir entre la TBP, la LTBI y
la NTBL. Por ultimo, las concentraciones de Ang-1, Ang-
2 y Tie-2 circulantes disminuyeron de manera
significativa con la administracion del tratamiento
antituberculoso.

CONCLUSION: Los resultados del presente estudio
demuestran que la TBP se asocia con altas
concentraciones de Ang circulantes, lo cual puede
corresponder a una disfuncion endotelial. Ademas, la
Ang-2 aparece como un biomarcador ttil en la vigilancia
de la gravedad de la enfermedad, la carga de
micobacterias y la respuesta al tratamiento.
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