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Background. Tuberculosis is transmitted by patients with pulmonary disease. Matrix metalloproteinases
(MMPs) drive lung destruction in tuberculosis but the resulting matrix degradation products (MDPs) have not been
studied. We investigate the hypothesis that MMP activity generates matrix turnover products as correlates of lung
pathology.

Methods. Induced sputum and plasma were collected prospectively from human immunodeficiency virus
(HIV) positive and negative patients with pulmonary tuberculosis and controls. Concentrations of MDPs and
MMPs were analyzed by ELISA and Luminex array in 2 patient cohorts.

Results. Procollagen III N-terminal propeptide (PIIINP) was 3.8-fold higher in induced sputum of HIV-
uninfected tuberculosis patients compared to controls and desmosine, released during elastin degradation, was 2.4-
fold higher. PIIINP was elevated in plasma of tuberculosis patients. Plasma PIIINP correlated with induced sputum
MMP-1 concentrations and radiological scores, demonstrating that circulating MDPs reflect lung destruction. In a
second patient cohort of mixed HIV seroprevalence, plasma PIIINP concentration was increased 3.0-fold above
controls (P < .001). Plasma matrix metalloproteinase-8 concentrations were also higher in tuberculosis patients
(P = .001). Receiver operating characteristic analysis utilizing these 2 variables demonstrated an area under the curve
of 0.832 (P < .001).

Conclusions. In pulmonary tuberculosis, MMP-driven immunopathology generates matrix degradation products.
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The global tuberculosis pandemic continues despite an
intense biomedical research effort to improve control [1].

Tuberculosis is spread by aerosol and patients with cav-
itary lung disease are the most highly infectious [1, 2].
Pulmonary tuberculosis is characterized by extensive
remodeling of the lung extracellular matrix [3], with
both destruction and compensatory synthesis of matrix,
resulting in pulmonary cavitation with an extensive
fibrous wall [4]. Current investigations into pathologi-
cal correlates of pulmonary tuberculosis tend to focus
on either host immunological mediators [5–8] or my-
cobacterial components [9–12].

We have recently identified matrix metalloprotei-
nase-1 (MMP-1) as a dominant collagenase causing
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lung tissue destruction in tuberculosis [13]. MMPs are proteas-
es uniquely capable of degrading all components of the lung ex-
tracellular matrix at neutral pH [14]. MMP expression can be
up-regulated by pro-inflammatory cytokines and extracellular
matrix metalloproteinase inducer (EMMPRIN) [15].MMPs are
suppressed in advanced human immunodeficiency virus (HIV)
infection, where lung cavitation is uncommon [16], further im-
plicating these proteases in tuberculosis-driven pathology [17].
Proteolytic extracellular matrix destruction by collagenases will
release immunoreactive peptides from intact collagen fibrils
[18]. Elastases such as MMP-7 and MMP-9 may generate des-
mosine and isodesmosine from elastin fibers [19], which are
highly stable and usually are not degraded during adult life
[20]. These matrix degradation products (MDPs) are elevated
in other destructive pulmonary pathologies. For example, des-
mosine and procollagen III N-terminal propeptide (PIIINP)
production are increased in chronic obstructive pulmonary
disease [21, 22], and type I and III collagen degradation prod-
ucts are elevated in the acute respiratory distress syndrome, pul-
monary fibrosis, and sarcoidosis [23–25]. However, despite the
extensive matrix remodeling that occurs in pulmonary tubercu-
losis, MDPs and their relation to MMP activity have not been
studied in this disease.

We hypothesized that extracellular matrix turnover products
will be generated by MMP activity in tuberculosis. We investi-
gated collagen and elastin turnover products in HIV-uninfected
patients with tuberculosis compared to controls. PIIINP and
desmosine were elevated in induced sputum of patients with tu-
berculosis. PIIINP was also elevated in plasma of tuberculosis
patients, and plasma PIIINP was elevated in a second indepen-
dent clinical cohort of mixed HIV seroprevalence. These matrix
degradation products (MDPs) correlated with immunopatholog-
ical MMPs that degrade the intact fibrils. Receiver operating
characteristic analysis demonstrates significant differentiation
between controls and tuberculosis patients using a matrix-based
model. MDPs are pathological markers of lung destruction in
pulmonary tuberculosis.

MATERIALS ANDMETHODS

Patient Recruitment
The initial cohort recruited in Cape Town has been reported
elsewhere [17]. The study was approved by the University of
Cape Town Research Ethics Committee (REC REF 509/2009).
Participants were recruited at Ubuntu HIV/Tuberculosis clinic
and GF Jooste Hospital, and written informed consent was ob-
tained. The second patient cohort was recruited at McCord
Hospital, Durban. The study was approved by the University of
Kwazulu-Natal Research Ethics Committee (REF BFC 115/09).
All tuberculosis patients were sputum smear positive and were
of mixed HIV seroprevalence. For controls, all sputum samples
obtained (minimum 1 sputum) were smear and culture negative

for AFB, and there was a low clinical suspicion for active tuber-
culosis after symptom review and physical examination.

Sample Collection and Processing
Induced sputum was collected after informed consent and pro-
cessed as described elsewhere [17]. Plasma was collected after
consent and centrifuged within 2 hours. Plasma samples were
then frozen at −80°C in aliquots to minimize freeze-thaw cycles
prior to analysis.

Desmosine and Isodesmosine ELISA
All analyses were performed blinded to the patient data. Des-
mosine and isodesmosine ELISAs were purchased from
Cusabio Biotech (Wuhan, China) and performed according to
manufacturer’s instructions. Samples were diluted 1 in 5. The
lower levels of sensitivity of the assays were 0.04 ng/mL and
0.012 ng/mL, respectively.

Collagen Peptide Analysis
Type I collagen crosslaps ELISAs were purchased from Immu-
nodiagnostic Systems Limited (Boldon, UK) and were per-
formed according to manufacturer’s instructions. The level of
sensitivity for C-terminal telopeptides of type I collagen (CTX-
I) was 0.020 ng/mL and for non-isomerized fragments of C-
terminal telopeptides of type I collagen (α-CTX-I) was 0.80 ng/mL.
Other collagen ELISAs were purchased from USCN Life Sciences
(Wuhan, China). The lower level of sensitivity of the assays
was: procollagen I N-terminal propeptide (PINP) 12.6 pg/mL,
procollagen III N-terminal propeptide (PIIINP) 9.8 pg/mL, pro-
collagen III C-terminal propeptide (PIIICP) 4.4 pg/mL, and cross-
linked C-telopeptide of type III collagen (CTX-III) 46.4 pg/mL,
respectively. Positive controls for the assays were reconstituted
lyophilized standard. Negative controls were standard diluent
alone. Both were provided with the assay kit.

Luminex Assay
Samples were analyzed on the Luminex 200 platform. MMP
beads were purchased from R&D Systems, Abingdon, UK
(MMP-1,2,3,7,8,9, EMMPRIN), and Millipore, Watford, UK
(MMP-10). The inflammatory 30-plex panel was from Invitro-
gen (interleukin [IL]-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10,
IL-12, IL-13, IL-15, IL-17, tumor necrosis factor [TNF]-α,
interferon [IFN]-α, IFN-γ, IL-1RA, IL-2R, IL-8, MIP-1α,
MIP-1β, Eotaxin, MIG, MCP-1, RANTES, IP-10, EGF, HGF,
VEGF, FGF, G-CSF, and GM-CSF; Invitrogen, Paisley, UK).
For circulating MMP analysis, plasma samples were studied as
these are optimal for MMP measurement [26]. For this study,
all beads were from R&D.

Statistics
Baseline statistical analysis was performed with Graphpad
Prism 5. Clinical data were analyzed by the 2-tailed Mann-
Whitney U test and by Spearman correlation. Scatter dot plot
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charts demonstrate the mean ± SEM, Box-and whisker plots
show the median, 25th and 75th percentiles with whiskers at
minimum to maximum values. Scatter plots include the Spear-
man correlation coefficient (r) and P value to show correlation
between 2 continuous variables. The univariate, multivariate,
and ROC analysis was performed in SPSS v19. A P value
of < .05 was considered significant.

RESULTS

Procollagen III N-terminal Propeptide (PIIINP) Is Elevated in
Induced Sputum of Patients With Tuberculosis
Because collagenases appear to be key in the immunopathology
of tuberculosis, we first studied products released during colla-
gen turnover in induced sputum samples from a patient cohort
that we have reported [17], analyzing HIV-negative patients
only. Total C-terminal telopeptides of type I collagen (CTX-1,
Crosslaps), released during type I collagen degradation, and
isomerised α-CTX-I were not detected in induced sputum by
ELISA (data not shown). In contrast, sputum concentration of
procollagen III N-terminal propeptide (PIIINP), which is re-
leased during both the synthesis and breakdown of type III col-
lagen, was significantly elevated in patients with tuberculosis.
Mean sputum PIIINP concentrations were 3.8-fold higher than
controls (Figure 1A). To determine which MMPs were likely
degrading the PIIINP, we analyzed correlations between
sputum PIIINP and MMP concentrations in induced sputum.
Sputum PIIINP concentrations correlated with sputum MMP-
1 (interstitial collagenase) concentrations (Figure 1B). Con-
versely, PIIINP concentrations did not correlate with any other
MMPs or induced sputum cytokine concentrations analyzed by
Luminex array (data not shown), suggesting that MMP-1 is the
key collagenase degrading type III collagen in the lung.

Desmosine Concentrations Are Increased in Tuberculosis
Patients
Next, we studied desmosine, an amino acid unique to mature
elastin. Desmosine concentrations were increased 2.4-fold in
induced sputum of HIV-negative patients with tuberculosis
(P = .0071, Figure 2A). We also analyzed isodesmosine concen-
trations by ELISA, but levels were mainly below the level of sen-
sitivity of the assay (data not shown). Sputum desmosine
concentrations correlated with multiple MMPs in the sputum,
though most closely MMP-8 (neutrophil collagenase, r = 0.859),
MMP-9 (gelatinase B, r = 0.852), and MMP-2 (gelatinase A,
r = 0.818; Figure 2B–D). Desmosine correlated with MMP-1 and
MMP-3 (stromelysin 1) concentrations in sputum, though less
closely (Supplementary Figure 1) and was weakly correlated with
MMP-7 (matrilysin). MMP-9 has elastase activity and so may be
the key protease degrading elastin. Desmosine also correlated
with induced sputum cytokine concentrations, in particular IL-6
(r = 0.824) and TNF-α (r = 0.798; Figure 2E and 2F).

PIIINP Is Elevated in the Plasma of Patients With Tuberculosis
Next, we investigated whether MDPs are found in the circula-
tion of patients with active tuberculosis by analyzing plasma
samples. We studied HIV-negative patients and HIV-positive
patients with relatively preserved CD4 counts of >200, as below
this level lung matrix destruction is reduced [16]. Plasma
PIIINP was significantly elevated in the plasma of patients with
tuberculosis compared to controls (Figure 3A, P = .004). Total
C-terminal telopeptides of type I collagen (CTX-I) were no dif-
ferent between control and tuberculosis patients (Figure 3B),
and non-isomerized fragments of C-terminal telopeptides of
type I collagen (α-CTX-I) were generally below the level of sen-
sitivity of the assay (data not shown). Plasma PIIINP correlated
most closely with induced sputum MMP-1 (interstitial col-
lagenase), demonstrating that it was a peripheral marker of col-
lagenase activity at the site of disease (Figure 3C). MMP-2
(gelatinase A) and MMP-3 (stromelysin 1) correlated weakly
with plasma PIIINP, but no collagenase other than MMP-1 in
induced sputum correlated with plasma PIIINP concentrations
(data not shown). There was also a relatively weak correlation
between plasma PIIINP and sputum TNF-α (r = 0.442). Plasma
desmosine and isodesmosine were below the level of sensitivity
of the ELISA assay (data not shown). To determine whether
PIIINP correlated with radiological markers of tissue destruc-
tion, plasma concentrations were analyzed against chest radio-
graphic involvement scored on a scale of 1–10 as described
elsewhere [17]. Greater radiographic inflammation correlated
with higher plasma PIIINP concentrations (Figure 3D).

Plasma PIIINP Is Elevated in a Second, Independently
Recruited Cohort of Tuberculosis Patients
To determine whether plasma PIIINP was consistently elevated in
pulmonary tuberculosis, we analyzed a larger, entirely separate

Figure 1. Procollagen III N-terminal propeptide (PIIINP) concentrations
are elevated in patients with tuberculosis (TB). (A) PIIINP was measured
by ELISA in induced sputum samples from human immunodeficiency virus
(HIV) negative patients with pulmonary TB and uninfected controls. (B)
Sputum PIIINP concentrations correlated with sputum MMP-1 concentra-
tions measured by luminex array, on Spearman analysis.
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cohort that was prospectively recruited in Durban, South Africa
(Clinical characteristics, Supplementary Table 1). The cohort was
of mixed HIV seroprevalence, with 58.9% patients HIV infected,
although the CD4 cell count was relatively well preserved, with a
mean CD4 count 328.1 cells/μL in HIV-positive patients. Plasma
PIIINP concentration was increased in patients with tuberculosis,
with mean values 2.98-fold higher (Figure 4A, P < .0001). We also
analyzed a number of other matrix degradation products in this
cohort to determine whether they were also markers of active

tuberculosis. Procollagen I N-terminal propeptide (PINP) and
cross-linked C-telopeptide of type III collagen (CTX-III) were pri-
marily below the level of detection of the assay (data not shown).
Procollagen III C-terminal propeptide (PIIICP) tended to be in-
creased in patients with tuberculosis, but a high proportion of
samples had values below the level of detection of the assay
(Figure 4B). Next, we investigated whether plasma PIIINP corre-
lated with radiographic indicators of tissue destruction. PIIINP
concentrations were elevated in patients with abnormal chest

Figure 3. Procollagen III N-terminal propeptide (PIIINP) concentrations are elevated in the plasma of patients with tuberculosis (TB). (A) PIIINP concen-
tration was measured by ELISA in plasma from patients of mixed human immunodeficiency virus (HIV) seroprevalence with a CD4 cell count of >200.
PIIINP was significantly elevated in patients with pulmonary tuberculosis compared to controls. (B) Plasma Total C-terminal telopeptides of type I collagen
(CTX-I) was no different between patients with tuberculosis and controls. (C) Plasma PIIINP correlated with induced sputum MMP-1 on Spearman’s analy-
sis. (D) Plasma PIIINP correlated with chest X-ray (CXR) infiltration scored on a scale of 1–10.

Figure 2. Desmosine is elevated in the induced sputum of patients with pulmonary tuberculosis (TB) and correlates with MMP and cytokine concentra-
tions. (A) Desmosine concentration was analyzed by ELISA in induced sputum from human immunodeficiency virus (HIV) negative patients with pulmonary
tuberculosis. Mean desmosine concentrations were 2.4-fold higher in tuberculosis. (B–D) MMPs in induced sputum were measured by luminex multiplex
array. MMP-2, -8 and -9 correlated most closely with desmosine concentrations (E and F). Cytokine concentrations were measured by luminex array and
IL-6 and TNF-α associated most closely with sputum desmosine concentration.
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radiographs compared to those with normal radiographic appear-
ances (Figure 4C). Similarly, patients with lung cavities visible on
their radiographs had higher concentrations of plasma PIIINP

that those without cavitation (Figure 4D), further confirming that
plasma matrix breakdown products are peripheral markers of tu-
berculosis-related pathology in the lung.

Figure 4. Plasma PIIINP is elevated in a second cohort of patients with tuberculosis (TB) of mixed human immunodeficiency virus (HIV) seroprevalence
and correlates with tissue damage on chest radiographs. PIIINP concentrations were analyzed in a second cohort recruited in Durban, South Africa, of
mixed HIV seroprevalence. (A) Plasma PIIINP was significantly increased in patients with tuberculosis. (B) Plasma PIIICP concentration showed a trend
towards increase in tuberculosis that did not achieve statistical significance. (C) Plasma PIIINP concentration was elevated in patients with an abnormal
CXR compared to those with a normal radiograph. (D) Patients with cavitary pulmonary tuberculosis assessed by chest radiography had higher plasma
PIIINP concentrations than those without cavities.

Figure 5. Plasma MMP-7 and -8 are elevated, while MMP-2 is suppressed, in patients with tuberculosis (TB). Plasma MMP and extracellular matrix
metalloproteinase inducer (EMMPRIN) concentrations were analyzed by luminex array. In patients with pulmonary tuberculosis, plasma MMP-2 concentra-
tions were suppressed, while MMP-7 and MMP-8 were increased in tuberculosis. No other MMPs analyzed differed significantly.
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Plasma MMPs Are Elevated in Patients With Tuberculosis
Next, we investigated plasma MMPs in the Durban cohort as
we have previously demonstrated that several MMPs are elevat-
ed in the induced sputum of patients with tuberculosis [13, 17],
but we have not investigated their potential as peripheral
markers of pathology. MMP-8 (neutrophil collagenase) and
MMP-7 (matrilysin) concentrations were most significantly in-
creased in patients with tuberculosis. Mean MMP-8 concentra-
tions 3.3–fold higher and mean MMP-7 concentrations were
1.4–fold higher (Figure 5). In contrast, plasma MMP-2 concen-
trations were suppressed in patients with tuberculosis (Figure 5).
Plasma MMP-1 concentrations were not significantly different
between groups.

Matrix Degradation Products Are Pathological Markers of
Pulmonary Tuberculosis
Finally, we created a statistical model to determine whether a
matrix-based diagnostic algorithm might have potential to
identify patients with pulmonary tuberculosis by analysis of
plasma samples. For the univariate logistic regression, the labo-
ratory variables were rescaled by dividing the original values of
PIIINP, PIIICP, MMP-2, MMP-7, and MMP-8 by a factor of
100, and MMP-2 by a factor of 1000, to generate an equivalent
range for each variable. Body mass index (BMI) was included
in the modeling as it was significantly lower in patients with tu-
berculosis. These factors were studied in a simple logistic re-
gression, and all except PIIICP had a statistically significant
relationship with tuberculosis status (Supplementary Table 2).
For each 100 units increase in PIIINP, the odds of tuberculosis
increased by 1.011 times, with 95% confidence interval (CI)
(1.004, 1.017, P = .001). For each 1 unit increase in BMI, the
odds of having tuberculosis changed by 0.917 times, therefore
reduced by 8.3%, with 95% CI (1.2%, 15.0%, P = .023). A multi-
variate logistic model was then developed simultaneously

fitting all 6 factors, with the primary factor as PIIINP. Each of
the other 5 factors became non-statistically significant after ad-
justing for all other variables.

Next, a receiver operating characteristic (ROC) curve was
generated based on a model incorporating all 6 variables
(Figure 6A). The area under the curve was 0.822 (P < .001),
with the optimal cut point providing a sensitivity of 86.1% and
a specificity of 71.1%. A backward elimination strategy was
then applied to this model to iteratively remove all nonsignifi-
cant factor(s) that had exceeded the 5% significance level. Since
PIIINP was the main predictor, it was fixed in the model. After
the elimination strategy, PIIINP (P = .002) and MMP-8
(P = .027) remained the only predictive markers. ROC curve of
this reduced model provided an optimal sensitivity of 89.5%
and specificity of 65.0% (Figure 6B, P < .001 and Table 1).

DISCUSSION

We investigated matrix degradation products (MDPs) generat-
ed by MMP activity in tuberculosis and demonstrated that both
collagen and elastin fragments are elevated in tuberculosis

Figure 6. Receiver Operating Characteristic analysis of matrix-turnover products in plasma from patients with pulmonary tuberculosis (TB) compared to
controls. (A) Variables included in the initial model were plasma PIIINP, PIIICP, MMP-2, MMP-7 and MMP-8, and the patients’ BMI. (B) Variables in the
final model were plasma PIIINP and MMP-8. Matrix turnover products may be incorporated into a multi-analyte panel to identify patients with pulmonary
tuberculosis. Abbreviations: AUC, area under the curve; BMI, body mass index.

Table 1. Optimal Cut Points of the Final Model for Outcome
Tuberculosis Against No TB

Option
Factors in
the model

Optimal
cut point Sensitivity Specificity PPV NPV

(1) PIIINP,
MMP-8

−0.6188 89.5% 65.0% 70.8% 86.7%

(2) PIIINP,
MMP-8

−0.5809 86.8% 67.5% 71.7% 84.4%

(3) PIIINP,
MMP-8

−0.7339 92.1% 60.0% 68.6% 88.9%

Abbreviations: NPV, negative predictive value PPV, positive predictive value.
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patients compared to controls. PIIINP, released from both the
synthesis and degradation of type III collagen, is elevated in
plasma of tuberculosis patients, and this finding was confirmed
in a second larger independent cohort recruited in Durban.
Plasma PIIINP concentrations were elevated in patients with ra-
diological manifestations of tissue destruction. Matrix degradation
products correlate with MMP-1, which cleaves fibrillar collagen,
and MMP-9, which degrades elastin, indicating that they are pe-
ripheral markers of immunopathology at the site of disease.

To our knowledge, this is the first study of MDPs in tubercu-
losis, a disease characterized by extensive and rapid extracellu-
lar matrix remodeling [3]. We identified PIIINP as a peripheral
marker of matrix turnover, which is consistent with other pa-
thologies characterized by aberrant extracellular matrix turn-
over such as sarcoidosis [24], lung fibrosis [25], liver fibrosis
[27], wound repair [28], and atherosclerosis [18]. The signifi-
cant elevation of PIIINP is in contrast to relatively unchanged
concentrations of plasma cytokines in tuberculosis [8, 29],
which have not been found to be consistently elevated in pul-
monary tuberculosis despite extensive investigation [5]. Inter-
estingly, a previous report has found that elevated markers of
matrix turnover at HIV presentation was associated with a more
rapid progression to AIDS and death [30]. To fully define the
utility of MDPs as markers of pathology in tuberculosis, analysis
of a wider patient cohort is necessary, including diverse inflam-
matory conditions characterized by destruction of the extracellu-
lar matrix such as bronchiectasis, cigarette smoke-associated
lung disease, asthma, and systemic inflammatory conditions.
Analysis of such a cohort will permit calculation of the specificity
of elevated MDPs in tuberculosis infection and the potential
confounding effect of other inflammatory conditions.

Matrix degradation products have not been identified by prote-
omic approaches, potentially because of the molecular weight of
the molecules that we identified. Desmosine is a single amino acid
(MW 526 Da) while PIIINP is a relatively large molecule (42
kDa). Mass spectrometry approaches such as Surface Enhanced
Laser Desorption Ionization Time of Flight (SELDI-ToF) are opti-
mal for molecules in the molecular weight range 5–15 kDa and so
will not identify elevated PIIINP and desmosine in tuberculosis
due to their molecular weight [31]. Gene expression profiling
studies, which have been a major focus of tuberculosis research re-
cently [32, 33], will not identify MDPs in tuberculosis because
MDPs are produced by the proteolytic destruction of the extracel-
lular matrix, as opposed to resulting from changes in gene expres-
sion. One such study of whole blood transcript signature identified
MMP-9 as a divergently expressed gene in tuberculosis [33], but
plasma MMP-9 was not elevated at a protein level in our study.

Induced sputum concentrations of MMP-1 correlated most
closely with PIIINP in both the sputum and plasma, supporting
a central role for this collagenase driving lung collagen destruc-
tion in tuberculosis [13, 34]. Analysis of plasma MMPs demon-
strated increased MMP-8 (neutrophil collagenase), consistent

with an emerging role of neutrophil activity in pulmonary tu-
berculosis [33, 35]. MMP-1 appears to correlate most closely
with lung destruction but was not elevated in plasma, and so
analysis of plasma samples may not reflect the immunopatho-
logical events taking place in the lung interstitium. Sputum
desmosine concentrations correlated closely with MMP-8 and
-9 concentrations, which are both released by neutrophils on
degranulation, and MMP-9 is an elastolytic MMP [36]. Taken
together, these data suggest a cascade of proteolytic activity
may drive the extensive lung matrix destruction that occurs in
tuberculosis.

MDPs have the potential to be used to monitor immune-me-
diated tissue damage in tuberculosis and to be incorporated
into a multiplex diagnostic panel to identify infectious patients
with cavitary lung disease who drive the pandemic [37]. MDPs
may also be developed as markers to monitor potential immu-
nopathology caused by therapeutic vaccination or immuno-
modulatory therapies [38], as they represent peripheral markers
of pulmonary tissue damage. Population screening for tubercu-
losis has remained difficult to implement due to the lack of an
appropriate diagnostic test, which would require no infrastruc-
ture, minimal reagents, no training, and no electricity [9].
Peptide-based diagnostics may be developed into a lateral flow
assay [9], and so MDPs may be useful components of near
patient tests. However, although we demonstrated that PIIINP
and desmosine were significantly increased in tuberculosis,
there was overlap between the non-tuberculosis and tuberculo-
sis groups, and so MDPs will need to be part of a multi-analyate
panel to diagnose tuberculosis.

In summary, we demonstrate for the first time that immune-
mediated tissue damage in tuberculosis drives the generation of
MDPs, which are markers of pulmonary pathology. MDPs are
elevated in the plasma and so have potential as peripheral
markers of immune-mediated lung destruction. MDPs may
be used to monitor the effects of new treatments in tuberculosis,
such as therapeutic vaccination [39] or immunomodulatory
approaches [40], and may also have potential to identify infec-
tious patients with pulmonary disease as part of a multianalyate
panel.
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