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Matrix metalloproteinases (MMPs) and tissue inhibitors ofietalloproteinase (TIMPSs) are
potential regulators of tuberculosis (TB) pathology. Wheér they are candidates for
non-sputum-based biomarkers for pulmonary TB (PTB) and era-pulmonary TB (EPTB)
is not fully understood. Hence, to examine the association oMMPs and TIMPs with
PTB and EPTB, we have measured the circulating levels of MMR&MP-1, 2, 3, 7, 8,
9, 12, and 13) and TIMPs (TIMP-1, 2, 3, and 4) in PTB, EPTB and aagpared them with
latent tuberculosis (LTB) or healthy control (HC) individls. We have also assessed their
circulating levels before and after the completion of antuberculosis treatment (ATT).
Our data describes that systemic levels of MMP-1, 8, 9, 12 waeg signi cantly increased
in PTB compared to EPTB, LTB, and HC individuals. In contrasMMP-7 was signi cantly
reduced in PTB compared to EPTB individuals. Likewise, theystemic levels of MMP-1,
7, 13 were signi cantly increased in EPTB in comparison to LB and HC individuals.
In contrast, MMP-8 was signi cantly reduced in EPTB individals compared to LTB
and HC individuals. In addition, the systemic levels of TIMPR, 2, 3 were signi cantly
diminished and TIMP-4 levels were signi cantly enhanced i®TB compared to EPTB,
LTB, and HC individuals. The circulating levels of TIMP-2 wgasigni cantly reduced and
TIMP-3 was signi cantly elevated in EPTB individuals in coparison with LTB and HCs.
Some of the MMPs (7, 8, 9, 12, 13 in PTB and 1, 7, 8, 9 in EPTB) andIMPs (1, 2,
3, 4in PTB and 4 in EPTB) were signi cantly modulated upon tr@ment completion.
ROC analysis showed that MMP-1, 9 and TIMP-2, 4 could clearlyliscriminate PTB
from EPTB, LTB and HCs and MMP-13 and TIMP-2 could clearly dsiminate EPTB
from LTB and HCs. Additionally, multivariate analysis alsndicated that these alterations
were independent of age and sex in PTB and EPTB individuals.h&refore, our data
demonstrates that MMPs and TIMPs are potential candidatesof non-sputum-based
biomarkers for differentiating PTB and EPTB from LTB and H@dividuals.
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INTRODUCTION in discriminating PTB from EPTB and PTB and EPTB from LTB

and HC individuals.
Mycobacterium tuberculogiditb) kills nearly 1.5 million people

globally and still poses a major threat with 90% of the disease
occurring in developing countriesl( 2). Depending upon the RESULTS
Mtb exposure, infected individuals progress to a wide array OAItered Circulating Levels of MMPs in PTB
disease manifestations from symptomless latent TB (LTB) to .
active pulmonary TB (PTB) or extrapulmonary TB (EPTB).( and EPTB Indlv_ldual_s
Both PTB and EPTB su er from diagnostic di culties with low W€ measured the circulating levels of MMPs (MMP-1, 2, 3,7, 8,
sensitivity of current diagnostic test), (5). Most of the TB 9 12,and 13)in PTB, EPTB, LTB, and HC individudigbre 1).
diagnostics depends upon the detection of pathogenic bacterfde Systemic levels of MMP-1 (geometric mean (GM) of PTB
in sputum by culture, microscopy, or polymerase chain reactiots 1522 pg/ml vs. GM of EPTB is 202.2 pg/ml vs. GM of LTB
(PCR) based assays like GeneXpert. However, di culties d& 64.03 pg/ml and 61.36 pg/ml in HC), MMP-8 (GM of PTB
arise due to insu cient sputum collection, presence of few!S 4722 pg/mlvs. GM of EPTB is 495.5 pg/ml vs. GM of LTB
bacilli (paucibacillary) or extrapulmonary form of TB infémn 1S 1,283 pg/ml and 1,342 pg/ml in HC), MMP-9 (GM of PTB is
(6). Although the mortality rate of TB disease has reduced by-270 pg/ml vs. GM of EPTB is 558.3 pg/ml vs. GM of LTB is
42% between the year 2000 and 2018, 3 million individualé:088 Pg/ml-and 1,171 pg/ml in HC) and MMP-12 (GM of PTB
are still undiagnosed or missed according to the World Healt IS 266.1 pg/ml vs. GM of EPTB is 204.7 pg/ml vs. GM of LTB is
Organization (WHO) (). 206.6 pg/ml and 198.4 pg/ml in HC) were signi ca_ntly k_ngher in
A systematic review in the year 2017 has shown that OLﬁ’TBlndlwduaI_s compared to EPTB, LTB, and HC|nd|V|unaIs. In
of 399 biomarkers studied, only one urine-based biomarkefontrast, the circulating levels of MMP-7 (GM of PTB is 754.3
(LAM, lipoarabinomannan) was considered as valid by WHOP9/MIvs. GM of EPTB is 987 pg/ml vs. GM of LTB I 348.6 pg/m
However, LAM has minimal sensitivity [45%] and moderate@"d GM of HC is 586.9 pg/ml) was signi cantly lower in PTB
speci city [56%] E-10). Hence, it is essential to discover a rapidindividuals compared to EPTB individuals.
peripheral biomarker with a non-sputum test for diagnosis of _AS Shown inFigure 1, the circulating levels of MMP-1 (GM
pulmonary or extra-pulmonary TB and to distinguish between®f EPTB is 202.2 pg/ml vs. 64.03 pg/ml in LTB and 61.36 pg/ml
EPTB, PTB and LTB infected individualsi({ 12). Perhaps high- N HC), MMP-7 (GM of EPTB is 987 pg/ml vs. 348.6 pg/ml in
priority biomarkers with greater sensitivity95% and speci city 18 and 586.9 pg/ml in HC) and MMP-13 (GM of EPTB is
>75% to rule out or di erentiate the disease status should bé-82-3 Pg/ml vs. 97.97 pg/mlin LTB and 94.21 pg/ml in HC) were
given as the second highest priority. Therefore, identiigatof ~ Signi cantly higher in EPTB individuals when compared to LTB
new biomarkers should provide detailed information on disea and HC individuals. In contrast, the circulating levels of M\3P-
pathogenesis with adequate predictive value for clinicaluse ~ (GM of EPTB is 495.5 pg/ml vs. 1,283 pg/ml in LTB and 1,342
Matrix metalloproteinases (MMPs) are enzymes responsib/ed/ml in HC) was signi cantly lower in EPTB compared to LTB
for tissue destruction, disease spread and mortalityg).( and HC individuals. Thus, both PTB and EPTB are associated
MMPs belongs to the class of membrane bound zinc-binding!ith altered plasma levels of MMPs.
endopeptidases and are highly pro cient in degrading the
extracellular matrix and basement membrarie, (15). Diverse Altered Circulating Levels of TIMPs in PTB
forms of MMP have been characterized in vertebrates [twentand EPTB Individuals

eight, 28 forms] and humans [twenty four, 24 forms], whichwe measured the circulating levels of TIMPs (TIMP-1, 2, 3, 4)
carry out several essential functions. Tissue inhibitofs ojn PTB, EPTB, LTB, and HC individuals. As shownFigure 2,
metalloproteinases (TIMPs) comprise a family of 4 homologoug|MP-1 (GM of PTB is 14,720 pg/ml vs. 19,959 pg/ml in EPTB
secreted (TIMP-1, 2, 3, 4) proteinsld). TIMPs are very vs. 22,462 pg/mlin LTB and 20,596 pg/ml in HC) and TIMP-
important factors for TB disease, involved in tissue remodgl 2 (GM of PTB is 1,173 pg/ml, GM of EPTB is 31,037 pg/ml vs.
and repair upon destruction created by MMPis/(18). Previous 19,249 pg/ml in LTB and 19,129 pg/ml in HC) and TIMP-3 (GM
studies have identied MMPs as markers of disease severitgf PTB is 156.6 pg/ml GM of EPTB is 91.71 pg/ml vs. 350.4 pg/ml
bacterial burdens and as a biomarker for disease in PTB arid LTB and 312.2 pg/mlin HC) and levels were signi cantly lowe
EPTB (17, 19-21). Relatively, few studies have focused orin PTB individuals compared to EPTB, LTB and HC individuals.
examining the circulating levels of MMPs and TIMPs as immundn contrast, TIMP-4 levels were signi cantly higher in PTBNG
biomarkers in both PTB and EPTB. of PTBis 312.4 pg/ml GM of EPTB is 34.19 pg/ml vs. 45.06 pg/ml
We show that the systemic levels of MMPs and TIMPsn LTB and 31.69 pg/ml in HC) compared to EPTB, LTB, and
were di erent between PTB and EPTB disease compared to theC individuals.
other study (LTB and HC) groups. In addition, we have also The circulating levels of TIMP-2 (GM of EPTB is 31,037
observed signi cant discrimination among various MMPs (1,pg/ml vs. 19,249 pg/ml in LTB and 19,129 pg/ml in HC) was
9 for PTB and 13 for EPTB) and TIMPs (2, 4 for PTB, andsigni cantly higher in EPTB individuals in comparison with BT
2 for EPTB) between the study groups upon ROC analysisind HC individuals. In contrast, the systemic levels of TIMP-3
Therefore, we suggest that combinations of MMPs and TIMP$§GM of EPTB is 91.71 pg/ml vs. 350.4 pg/ml in LTB and 312.2
could be potential candidates for non-sputum-based biomarke pg/ml in HC) was signi cantly lower in EPTB individuals in
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FIGURE 1 | PTB and EPTB individuals exhibit altered circulating lewebf matrix metalloproteinases (MMPs). The circulating leis of MMPs (1, 2, 3, 7, 8, 9, 12, 13)
were examined in PTB1f D 68), EPTB (1 D 44), LTB ¢ D 44) and in HC ( D 44) individuals. The results were given as scatter plots viiteach circle signi es a single
individual and the bar representing the geometric mean and Ralues (p < 0.05, **p < 0.01, ****p < 0.0001) were calculated using the Kruskal-Wallis test witBunn's
multiple comparisons.

comparison with LTB and HC individualsHgure 2). Hence, 3,7,8,9,12,and 13)in EPTB individuaisgure 4). As we shown
both PTB and EPTB are associated with altered circulatimgi$e in Figure 4, the circulating levels of MMPs were signi cantly

of TIMPs. (MMP-1[146.2 pg/mlin BL vs. 87.82 pg/mlin post-T] and MMP-

7 [987.0 pg/mlin BL vs. 87.82 pg/ml in post-T] was diminished)
Post-treatment Modulation of MMPs in and (MMP-8 [575.5 pg/ml in BL vs. 1052.0 pg/ml in post-T]
PTB Individuals and MMP-9 [558.0 pg/ml in BL vs. 1512.0 pg/ml in post-T] was

We measured the pre and post-treatment circulating levels df creased) altered between baseline and post-treafmenitmmd

. T . .~ of EPTB individuals. In contrast, the circulating levels tiier
MMPs in a subset of PTB individual$-igure 3). As shown in ’ o
Figure 3 the systemic levels of MMP-7 [3855.0 pg/ml in BL vs.MME?h(MME;Z[ ‘z’i’ ﬁz’fa;?_rl?’) were not signi cantly modulated
7653.0 pg/ml in post-T], MMP-8 [1833.0 pg/ml in BL vs. 3734.0"PON 1€ compietion of AL L.

pg/ml in post-T], MMP-9 [1849.0 pg/ml in BL vs. 3060.0 pg/ml

in post-T], MMP-12 [353.0 pg/ml in BL vs. 964.2 pg/ml in post- Post-treatment Modulation of TIMPs in
T] and MMP-13 [765.8 pg/ml in BL vs. 975.1 pg/ml in post- PTB and EPTB Individuals
T]. were signi cantly increased in post-tlrea}tr.nent conditidinan Like MMPs, we also wanted to study the e ect of ATT in TIMPs
with pre-treatment levels among PTB individuals. Howeveg, th . § .
and examined the pre and post-treatment systemic levels of

other MMPs (1, 2, 3) were not signi cantly di erent between TIMP-1, 2, 3, 4 in PTB and EPTB individual§igure 5. As

the two time points. Thus, PTB individuals are associated with - . L . .
increase of certain MMPs after ATT. shown in Figure 5A, in PTB individuals, the circulating levels

of TIMP-1 (28440.0 pg/ml in BL vs. 254551.0 pg/ml in post-

. . T) and TIMP-4 (2188.0 pg/ml in BL vs. 4364.0 pg/ml in post-

Post-treatment Modulation of MMPs in T) were signi cantly increased at post-treatment compared to
EPTB Individuals pre-treatment levels. In contrast, the systemic levels &FFI

To study the e ect of ATT, we have measured the baseline (BLJ (5546.0 pg/ml in BL vs. 2107.0 pg/ml in post-T) and TIMP-3

and post-treatment (post-T) systemic levels of MMPs (MMP-1, 2(1141.0 pg/ml in BL vs. 555.5 pg/ml in post-T) were signi cantly
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FIGURE 2 | PTB and EPTB individuals are associated with altered plasmavels of TIMPs. The systemic levels of TIMPs (1, 2, 3, 4) werearined in PTB ( D 68),
EPTB 6 D 44), LTB 1 D 44), and in HC (1 D 44) individuals. The results were given as scatter plots whiteach circle indicates a single individual and the bar
representing the geometric mean. P values f*< 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001) were calculated using the Kruskal-Wallis test witbunn's multiple
comparisons.

diminished at post-treatment compared to pre-treatment lsvelvs. LTB-sensitivity-98.53, speci city-100, AUC-0.9993 and
(Figure 5A). The circulating levels of TIMP-4 (34.19 pg/mlin BL P < 0.0001; PTB vs. HC-sensitivity-100, speci city-100, AUC-1
vs. 28.42 pg/ml in post-T) was signi cantly decreased betweeand P < 0.0001) and MMP-9 (PTB vs. EPTB-sensitivity-80.88,
baseline and post-treatment condition of EPTB individuats. | speci city-84.09, AUC-0.9094 anB < 0.0001; PTB vs. LTB-
contrast, the systemic levels of TIMP-1, 2, 3 were not sigmitty  sensitivity-73.53, speci city-75.00, AUC-0.8763, &hd 0.0001;
altered between the baseline and post-treatment conditibn dPTB vs. HC-sensitivity-100, speci city-100, AUC-1 and

EPTB individualsFigure 5B). P < 0.0001) could signi cantly discriminate between the study
individuals. Similarly, TIMP-2 (PTB vs. EPTB-sensitivity 5.
o speci city-95.45, AUC-0.9576 ang < 0.0001; PTB vs. LTB-
MMPs (1, 9) and TIMPs (2, 4) Distinguish sensitivity-100, speci city-95.45, AUC-0.9853 aRck 0.0001:
PTB From EPTB, LTB, and/or HC PTB vs. HC-sensitivity-100, speci city-97.73, AUC-0.9923,
Individuals and P < 0.0001) and TIMP-4 (PTB vs. EPTB-sensitivity-100,

To elucidate whether MMPs and TIMPs can distinguish PTBspeci city-100, AUC-1 and® < 0.0001; PTB vs. LTB-sensitivity-
from other groups, we performed ROC analysitalfle . 98.53, speci city-95.45, AUC-0.9789 aritl < 0.0001; PTB

Among the MMPs analyzed, MMP-1 (PTB vs. EPTB-sensitivityvs. HC-sensitivity-100, speci city-97.73, AUC-0.9866 and
95.59, speci city-84.09, AUC-0.9418 arfel < 0.0001; PTB P < 0.0001) could signi cantly distinguish PTB from other
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FIGURE 3 | Circulating levels of MMPs were modulated upon completionfoATT in PTB individuals. The plasma levels of MMPs (1, 2, 3, 8, 9, 12, 13) were
measured in a subset of PTB individuals D 24) before (baseline, BL) and after the completion of 6 mongh(post-treatment, PT) of ATT. The data were represented ag
line bars with each line representing a single individual drP values were calculated using the Wilcoxon signed rank tés

study groups Table 2. Hence, MMP-1, 9 and TIMP-2, 4 are Relationship Between MMPs/TIMPS in

potential markers in distinguishing PTB from EPTB, LTB, andDjfferent TB Infected and HC Individuals

HC groups. We next examined the correlation of MMPs (1, 2, 3,7, 8,9, 12, 13)
with TIMPs (1, 2, 3, 4) in the di erent group of (PTB, EPTB, LTB,
. and HC) individuals. As shown ifrigure 6, MMP-2 and MMP-
MMP-13 and TIMP-2 Discriminate EPTB 3 were positively correlated and MMP-8 was negative correlated
From LTB and HC Individuals with all TIMPs (P < 0.0001); whereas, a signi cant positive
Similar to PTB, the ROC analysis of MMPs and TIMPscorrelation was observed for MMP-1, MMP-7, and MMP-13
was carried out between EPTB, LTB, and HC individualsvith TIMP-1 and/or TIMP-4 in PTB individuals. In contrast,
(Table 3. Among the MMPs analyzed, MMP-13 (EPTB vs.MMP-12 exhibited a signi cant negative correlation with TIMP-
LTB-sensitivity-100, speci city-100, AUC-1, ard < 0.0001; 2 and TIMP-3 in PTB individuals Kigure 6A). Similarly,
EPTB vs. HC-sensitivity-100, speci city-100, AUC-1 andMMP-1 and MMP-3 were positively correlated with TIMP-1
P < 0.0001) could signicantly discriminate EPTB from and TIMP-2, whereas MMP-9 and MMP-13 were positively
LTB and HC individuals. As shown ifable 3 the systemic correlated with TIMP-2 alone in EPTB individualEigure 6B).
levels of TIMP-2 could signicantly distinguish EPTB from As shown inFigure 6CG MMP-3 levels were positively correlated
LTB (sensitivity-81.82, speci city-90.91, AUC-0.8631, andwvith all TIMPs; whereas, MMP-2, MMP-8, and MMP-12 were
P < 0.0001) and HC (sensitivity-84.09, speci city-84.09, AUCpositive correlated with TIMP-4/TIMP-3/TIMP-1 and TIMP4,
0.8719, andP < 0.0001) individuals. Thus, MMP-13 and TIMP-2 respectively, in LTB individuals. Finally, the plasma levdls o
are potential candidate markers for distinguishing EPTBrfro MMP-8 and MMP-13 were shown to be positively correlated with
LTB and HC individuals. certain TIMPs (2, 3, 4) and (1, 2) in HC individualBigure 6D).
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FIGURE 4 | Systemic levels of MMPs were modulated after ATT in EPTB indliluals. The circulating levels of MMPs (1, 2, 3, 7, 8, 9, 12,3) were examined in EPTB
individuals 6 D 44) before (baseline, BL) and after the completion of 6 mongh(post-treatment, PT) of ATT. The data were represented agk bars with each line
representing a single individual and P values were calcukd using the Wilcoxon signed rank test.

Thus, based on our observation certain MMPs appears to bfer confounding factors like age and gender to identify wiest

signi cantly correlated with TIMPs. they might possibly serve as biomarkers for PTB and EPTB
disease. As shown ifable 4 we found that by both univariate

PCA Analysis of MMPs/TIMPs Between the and multivariate analysis, MMP-1, 7, 8, 9, 12, and 13 were

Study Individuals associated with signi cantly greater odds of PTB, while MMP-2

Next, we analyzed the impact of MMPs (1, 2, 3, 7, 8, 9, 12nd 3 were associated with signi cantly decreased odd of.PTB
13) and TIMPs (1, 2, 3, 4) in discriminating the diseasedSimilarly, TIMP-4 was associated with highly elevated odd of
individuals from infected and uninfected individuals by PCA PTB, while TIMP-1 and 2 were associated with decreased odds of
analysis. We have utilized their plasma levels to generae tf°TB. As shown ifable 5 we also found that by both univariate
clusters for PTB and EPTB individuals and compared then@nd multivariate analysis, MMP-2, TIMP-1, 2, 3 were associated
with LTB and HC individuals Figure 7). We observed distinct With signi cantly greater odds of EPTB while MMP-1, 7, 9, 13
clustering of MMPs/TIMPs for both PTB (component 1-43.1%and TIMP-4 were associated with signi cantly decreased ofdd o
and component 2-24.6) and EPTB individuals (componenEPTB. Thus, logistic regression analysis identi ed thesdatio
1-26.4% and component 2—-22.2) which are able to clear§f MMP and TIMP levels being associated with increased or

discriminate from LTB and HC individualsfigures 7A,B. decreased likelihood of having PTB or EPTB.
Logistic Regression Analysis of PTB and DISCUSSION
EPTB

Finally, we have performed univariate and multivariate asizly The identi cation of de nitive non-sputum, blood-based
(95% con dence interval [CI]) of MMPs (1, 2, 3, 7, 8, 9, 12, 13biomarkers for PTB and EPTB is essential either for disease
and TIMPs (1, 2, 3, 4) in both PTB and EPTB after the adjustmendiagnosis or for chemotherapy treatment monitoring. It is@l
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FIGURE 5 | Post-treatment modulation of TIMPs upon completion of ATT i?TB and EPTB individuals. The systemic levels of TIMPs (1, 2, 8) were measured in
PTB (A) and EPTB(B) individuals before (baseline, BL) and 6 months (post-treatent, PT) after the completion of ATT. The data were represéed as line bars with
each line representing a single individual and P values weoalculated using the Wilcoxon signed rank test.

TABLE 1 | Demographics of the study individuals.

Study demographics PTB EPTB LTB HC
Number of subjects 68 44 44 44
recruited (n)

Gender (M/F) 41/27 26/18 29/15 24/20
Median age in years 31(19-54) 30(18-51) 32(21-62) 34 (21-55)
(Range)

Culture/smear grade 0/23/27/18 8/34/2/0 Not done Not done
(0/1C /2C 13C)

QuantiFERON-TB Gold Not done Not done Positive Negative

till now. Hence in the present study, we have examined the
association of MMPs and TIMPs in two dierent forms of
TB and compared them with LTB and HCs. The systemic
levels of both MMPs and TIMPs disclose that an alteration
occurred between the PTB and EPTB patients indicating their
disease presentation pro le diers signi cantly. ROC analysis
discriminated between the diseased and the other study groups
among some of the MMPs and TIMPs suggesting that they have
the potential ability to be used as a blood-based biomarker.
Several studies have revealed that PTB individuals are
characterized by enhanced MMPs (MMP-1, 2, 3, 7, 8, 9) in
sputum, pleural uid and bronchoalveolar lavage (BAL) uids
(17, 22-25. Our data were also consistent with the above
ndings and we show that the circulating levels of MMPs (1,

worthwhile to understand the architecture and mechanism o8, 9, 12) and MMPs (1, 7, 13) were signi cantly increased
disease pathogenesis which might provide additional targets both PTB and EPTB individuals. Enhanced systemic levels
for immune mediated therapies. The role of certain MMPsof MMP-1 in both TB diseased groups supports the premise
and TIMPs were studied previously in the immunopathologythat it is an absolute indicator of tissue matrix damage hieig
of pulmonary TB infection and certain forms of EPTB. alveolar destruction and breakdown of collagen. Anotheidgt
Nevertheless, a comprehensive examination of a complete parels also revealed that MMP-1 triggers the lung matrix desioact
of MMPs and TIMPs in PTB and EPTB has not been performedind their levels were increased compared to latently infected
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TABLE 2 | MMPs (1, 9) and TIMPs (2, 4) clearly distinguish PTB from EPTBIB, and/or HC individuals.

PTB vs. EPTB PTB vs. LTB PTB vs. HC
Sensitivity ~ Speci city P AUC Sensitivity ~ Speci city P AUC Sensitivity ~ Speci city P AUC
MMP-1 95.59 84.09 <0.0001 0.9418 98.53 100 <0.0001 0.9993 100 100 <0.0001  1.000
MMP-2 61.76 61.36 0.0965 0.5932 52.94 50.00 0.6723 0.5237 57.35 52.27 0.2577 0.5635
MMP-3 57.35 56.82 0.2730 0.5615 57.35 54.55 0.5238 0.5358 57.35 54.55 0.3055 0.5575
MMP-7 61.76 72.73 0.0347 0.6185 50.00 50.00 0.0410 0.6146 57.35 61.36 0.2836 0.5602
MMP-8 72.06 72.73 <0.0001 0.8496 66.18 77.27 <0.0001 0.7988 67.65 70.45 <0.0001 0.7741
MMP-9 80.88 84.09 <0.0001 0.9094 73.53 75.00 <0.0001 0.8763 72.06 79.55 <0.0001 0.8469
MMP-12 74.00 65.91 <0.0001 0.7694 63.24 75.00 <0.0001 0.7602 75.00 81.82 <0.0001 0.8319
MMP-13 63.24 100 0.0156 0.6357 51.47 81.82 0.6464 0.5257 48.53 75.00 0.7658 0.5167
TIMP-1 69.12 77.27 0.0056 0.6554 70.59 84.09 0.0004 0.6999 69.12 68.18 0.0042 0.6608
TIMP-2 95.59 95.45 <0.0001 0.9576 100 95.45 <0.0001 0.9853 100 97.73 <0.0001 0.9923
TIMP-3 81.82 84.09 <0.0001 0.8285 64.71 95.45 0.0325 0.6200 64.71 97.73 0.0183 0.6324
TIMP-4 100 100 <0.0001 1.0000 98.53 95.45 <0.0001 0.9789 100 97.73 <0.0001 0.9866

ROC analysis was performed to determine the sensitivity, speci citynd area under the curve using the plasma levels of MMPs (1, 2, 3, 7, 8, 9, 12, 13) anlMPs (1, 2, 3, 4) between
PTB vs. EPTB, PTB vs. LTB and PTB vs. HC to calculate the ability of thesactors to distinguish PTB from EPTB, LTB and HC individuals. Highest discringtion were represented in
bold.

TABLE 3 | MMP-13 and TIMP-2 clearly distinguishes EPTB from LTB and H@dlividuals.

EPTB vs. LTB EPTB vs. HC
Sensitivity Speci city P AUC Sensitivity Speci city P AUC

MMP-1 59.09 70.45 0.0037 0.6798 75.00 63.64 <0.0001 0.7433
MMP-2 61.36 65.19 0.0489 0.6219 59.09 54.55 0.5579 0.3500
MMP-3 56.82 54.55 0.3247 0.5610 54.55 52.77 0.7011 0.5238
MMP-7 75.00 70.45 <0.0001 0.8011 75.00 61.36 0.0003 0.7237
MMP-8 65.91 54.55 0.0099 0.6596 61.36 70.45 0.0026 0.6865
MMP-9 50.00 54.55 0.1186 0.5966 54.55 65.91 0.0159 0.6493
MMP-12 52.27 54.55 0.9800 0.5015 52.27 61.36 0.1465 0.5889
MMP-13 100 100 <0.0001 1 100 100 <0.0001 1

TIMP-1 56.82 63.64 0.0639 0.6147 59.09 52.27 0.4678 0.5449
TIMP-2 81.82 90.91 <0.0001 0.8631 84.09 84.09 <0.0001 0.8719
TIMP-3 64.71 81.82 0.0344 0.6186 97.73 95.45 <0.0001 0.9587
TIMP-4 61.36 72.73 0.0022 0.6896 68.18 52.27 0.2817 0.5666

ROC analysis was performed to determine the sensitivity, speci citgnd area under the curve using the plasma levels of MMPs (1, 2, 3, 7, 8, 9, 12, 13) arnlMPs (1, 2, 3, 4) between
EPTB vs. LTB and EPTB vs. HC individuals to calculate the ability of thesacfors to distinguish EPTB from LTB and HC individuals. Highest discriminati were represented in bold.

individuals £6). Even microarray pro ling has shown increased In addition, systemic levels of MMPs (1, 7, 8) were
(660 fold) MMP-1 gene expression in human TB granulomassigni cantly increased in children with active TB than htwsl
cavity areas (rabbit model) and macaque lungs compared tadividuals 32). Elevated sputum and plasma levels of MMP-
healthy lungs 27-29). Previous study also highlighted similar 8 are present in TB individuals, TB- immune reconstitution
data indicating elevated MMP-1 and HO-1 levels were highlyn ammatory syndrome (IRIS) and in individuals with and
discriminatory between active TB and LTB individual30),  without HIV co-infection (33-35). MMP-9 levels were correlated
It has been observed that increased levels of MMPs (2, ®jth disease severity and increases the susceptibility fEBtion

9) at diagnosis and higher MMP-3 and 8 at 2 weeks weré36). The levels of MMP-9 were elevated in the cerebrospinal
connected to culture positivity in sputum samples at 2-weekauid of TB meningitis patients and pleural uid. Elevated
of infection. After the rst 6 weeks of treatment initiation levels of MMP-12 were observed in the COPD patient than
both MMP-1 and 8 levels remains high with delayed sputurthe control groups 7). Higher secretion of MMP-9 as found
culture conversion1). We also describe similar post-treatmentupon Mtb infection of both monocytes and macrophages, and
data on MMP-8 where the circulating levels are higher aftewwas shown to be important for granuloma formatiorBg
treatment and MMP-1 levels were not signi cantly altered39). It also been shown that MMP-9 gene knockout mice
after chemotherapy. have poor granuloma architecture and reduced recruitment
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FIGURE 6 | Correlation between the MMPs (1, 2, 3, 7, 8, 9, 12, 13) and TIMP§L, 2, 3, 4) levels among the study individualéA) PTB (B) EPTB(C) LTB and (D) HCs.
The data were represented as table and the signi cant diffeneces were given in orange or red color.

of macrophages 3¢). Similarly, increased MMP-8 levels in biomarkers for successful chemotherapy. In addition, the ROC
PTB but not EPTB implies that this neutrophil-derived MMP analysis revealed certain MMPs (1, 9) and MMP-12 (PTB
could be related to severe form of TB diseaé€).(Likewise, vs. HC) were potentially capable of being a good peripheral
our data were similar to the above ndings by showingbio-markers for PTB to separate from other diseased or
increased levels of MMP-8, MMP-9, and MMP-12 in PTBcontrol individuals.

compared EPTB, LTB and HC groups. Their increased levels In contrast, MMP-8 were signi cantly diminished in EPTB
might be either deleterious to the host or important for the compared to LTB and HC groups. The reason could be because
maintenance of the active granuloma. Even the post treatmemf dierent site of infection between the two TB infected
systemic levels of MMP-9, 12, 13 were higher compared tgroups. Hence, both diseased groups dier signicantly on
pre-treatment indicating MMP levels could serve as additionatheir expression levels stating that it might be used as a

Frontiers in Immunology | www.frontiersin.org 9 March 2020 | Volume 11 | Article 419



Kathamuthu et al. MMPs and TIMPs in PTB and EPTB Disease

FIGURE 7 | Principle component analysis (PCA) plots of MMPs (1, 2, 3, B, 9, 12, 13) and TIMPs (1, 2, 3, 4YA) PTB (blue) vs. LTB (green) vs. HC (red) ar(@) EPTB
(red) vs. LTB (blue) vs. HC (green) individuals. PCA plot she the ELISA data from the combination of three different expémental groups.

TABLE 4 | Logistic regression model to identify the biomarkers for PB. TABLE 5 | Logistic regression model to identify the biomarkers for EPB.
Univariate Multivariate Univariate Multivariate
OR (95% ClI) P aOR (95% CI)* P OR (95% ClI) P aOR (95% CI)* P

MMP1 9.15 (4.28-19.56) <0.001 10.34 (3.31-32.27) <0.001 MMP1 0.66 (0.55-0.78) <0.001 0.62 (0.52-0.75) <0.001
MMP2 0.64 (0.52-0.77) <0.001 0.65 (0.53-0.79) <0.001 MMP2 1.26 (1.04-1.52) 0.020 1.26 (1.04-1.53) 0.017
MMP3 0.76 (0.64-0.9) 0.002 0.75 (0.62-0.92) 0.005 MMP3 1.22 (0.95-1.55) 0.115 1.21 (0.95-1.54) 0.125
MMP7 19.7 (7.93-48.9) <0.001 37.73(11.25-126.58) <0.001 MMP7 0.31 (0.21-0.45) <0.001 0.29 (0.19-0.44) <0.001
MMP8 2.25 (1.75-2.89) <0.001 2.07 (1.61-2.67) <0.001 MMP8 0.87 (0.74-1.02) 0.084 0.84 (0.7-1) 0.052
MMP9 2.46 (1.94-3.13) <0.001 2.35(1.84-3.01) <0.001 MMP9 0.85 (0.74-0.97) 0.014 0.81 (0.7-0.94) 0.005
MMP12 26.53 (6.54-107.61) <0.001  28.54 (6.75-120.64) <0.001 MMP12 0.39 (0.14-1.06) 0.064 0.37 (0.13-1.01) 0.053
MMP13 1.74 (1.3-2.34) <0.001 2.04 (1.44-2.9) <0.001 MMP13 0.33 (0.17-0.66) 0.002 0.33 (0.16-0.68) 0.003
TIMP1 0.58 (0.4-0.83) 0.003 0.58 (0.4-0.84) 0.004 TIMP1 1.78 (1.02-3.13) 0.044 1.78 (1.01-3.14) 0.045
TIMP2 0.25 (0.16-0.37) <0.001 0.25 (0.16-0.38) <0.001 TIMP2 1.41 (1.15-1.73) 0.001 1.6 (1.24-2.06) <0.001
TIMP3 0.84 (0.69-1.01) 0.057 0.85 (0.7-1.03) 0.096 TIMP3 1.6 (1.26-2.03) <0.001 1.58 (1.24-2.02) <0.001
TIMP4  3022.8 (65.04—-140484.7) <0.001 1164.4 (43.34-31287.9) <0.001 TIMP4 0.69 (0.53-0.91) 0.008 0.65 (0.49-0.88) 0.005
*Multivariate model was adjusted for age and gender. *Multivariate model was adjusted for age and gender.

peripheral based diagnostic bio-marker for EPTB diseaser Aft TIMPs could be used as a potential immune based biomarker
the completion of ATT, the systemic levels of MMP-8 werein PTB and EPTB remains uncleaR9). In our study, the
signi cantly downregulated in EPTB individuals. Our dats@l systemic levels of TIMP-1 were signi cantly reduced in both
shows higher circulating levels of MMP-7 and MMP-13 in EPTBTB diseased groups. Similar to our observation, lower TIMP-
individuals compared to PTB, LTB and/or HC individuals. The 1 levels were reported in pulmonary secretions of TB patients
post-treatment circulating levels of MMP-7 was signi cantly (42). It has also been shown in cell culture experiments, the
decreased compared to pre-treatment levels. MMP-13 coulelevated levels of MMP is independent and not balanced by
potentially be of use as a blood-based bio-marker for diagnosa higher TIMP-1 level 43. We also observed circulating
of EPTB disease. Consistent with our data, the mRNA expressidriMP-1 levels were decreased in active TB patients but not
levels of certain MMPs (1, 3, 12, 13) were highly upregulateth EPTB individuals. We predict that lower TIMP-1 levels in
in macrophages or epithelial tissues isolated from infecte®TB could be due to unrestricted gelatinolytic action witlire
tissues41). granuloma architecture with a subsequent propensity for imatr

It has been implied that Mtb dynamically impairs the degradation. ROC analysis of TIMP-1 potentially discriminated
equilibrium between MMPs and TIMPs. Moreover, whetherPTB from EPTB and other control groups. Hence, we propose

Frontiers in Immunology | www.frontiersin.org 10 March 2020 | Volume 11 | Article 419



Kathamuthu et al. MMPs and TIMPs in PTB and EPTB Disease

that TIMP-1 could be a better biomarker for active TB MATERIALS AND METHODS
diagnosis alone. .

Similar to TIMP-1, TIMP-2 plasma levels were alsoStudy POpUIatlon o )
signi cantly diminished in PTB and elevated in EPTB compared' '€ Présent study was approved by Institutional Review

to LTB and HC individuals. Hence, it might be used as a‘Board (NIRTIEC2010007) of National Institute for Research

potential biomarker for discriminating between PTB and'n Tuberculosis (NIRT), Chetpet, Chennai, Tamil Nadu, India

EPTB disease and also from LTB and HC individuals. Thiélnd inform_ed_vyritten consent form was acquired frpm all
is in contrast to some other studies where they displayque study individuals. Our study consists of four dierent
signi cantly higher TIMP-1 and TIMP-2 levels in TB cases[PTB (h D 68), EPTB § D 44), latent TB [LTB] ¢ D
compared to healthy controls1{, 42). The reason behind 44), and healthy controls - [HC] r(_D 44)] groups. The
this di erence observed between the various data are yet tgemographl_cs of the study populanon are glveh_TabIel

be explored. We have also shown that the circulating leve s1B was diagnosed on th? basis of gulture positivity for Mtb
of TIMP-3 were signi cantly decreased in both the disease y solid culture. EPTB dISEf’:lSEd patients had iny cervical
groups. Previous study has revealed that TIMP-3 was grea phade_nopa_thy z_and were _d|agnosed_b_ased on histopathology
decreased ifin-vitro human monocyte infection models but r bacteriological investigation comprising of GeneXpert or

not at the tissue site4@). There was also evidence from miCeculture positive for Mtbh. LTB individuals were positive for

models showing the reduction in TIMP-3 levels was connecte&gu"ﬁmﬁFERO,I\,I TB'GOId (QFT), in tube assay and had lack
with degradation of extra cellular matrix4{). Finally, our of abnormalities in chest radiography and absence of any

data on TIMP-4 revealed an increase in PTB compared tgulmonary symptoms. HCs were QFT negative and had lack

EPTB, LTB and HC individuals. In PTB, the systemic Ievel§’f abnormalities in chest radiography a,”‘_’ absence of any
of TIMPs (TIMP-1, 4 were increased and TIMP-2, 3 Werepulmonary symptoms. All the study individuals were HIV

diminished) were altered after the completion of chemotipgra n(_egatlve and dt_evo!d of ster0|d_ tr(_aatmgnt and not aected
In contrast, TIMP-4 alone was signi cantly modulated after With other chronic viral or bacterial infection. Plasma saepl

the treatment in EPTB individuals. Finally, it was clearlywere collected at baseline (pre-treatment) from all the four

seen from the ROC data of TIMPs where PTB (TIMP-2 anddrouPs of individuals. Bot_h PTB and_ EPTB individuals were
TIMP-4) and EPTB (TIMP-2) were highly discriminated from administered standard anti-tuberculosis treatment for 6ntits
LTB and HC individuals. Hence, the above mentioned TIMP?nOI fresh plasma samples were co_IIe(?t(_ad from a subset of
might be a very good blood-based biomarker for PTB and’ /B € D 24) and all EPTBr( D 44) individuals at the end
EPTB diagnosis. of treatment.

Our PCA analysis reveals that MMPs and TIMPs as a
whole are useful parameters to distinguish PTB from LTHMMuNoassays
and HC individuals and EPTB from LTB and HC individuals Plasma levels of human MMP-1, MMP-2, MMP-3, MMP-
with minimal overlapping distributions. This greatly adds to 7, MMP-8, MMP-9, MMP-12, MMP-13 (catalog number
the growing evidence in the literature about the importanceFCSTMO07-8) and human TIMP-1, TIMP-2, TIMP-3, and TIMP-
of MMPs and TIMPs are potential biomarkers of PTB and4 (catalog number LKTMO003) were measured using a Luminex
EPTB. Moreover, our data also provide additional insight intokit purchased from R&D Systems.
the equilibrium between MMPs and TIMPs in the dierent
study groups by comparing the correlation matrices of thesbata Analysis

biomarkers. While, we observe a mostly positive correlation The statistical signi cance between the various study (PTB,

EPTB' we observe a mix of positive anq negative aSSOCiatiOE?-’TB, LTB, and HC) population were analyzed using Kruskal-
in PTB with MMP/TIMP correlations. Finally, our data also \ujis test with Dunn's multiple comparisons. Wilcoxon signed

reveal the associations of MMPs and TIMPs with e'therrank test were used to measure the pre-and post-treatment

increased or decreased risk of PTB and EPTB with Certai%/stemic levels of MMPs and TIMPs. ROC analysis was used
MMPs ahd TIMPS, being clgarly pqsmvely associated angy measyre the speci city and sensitivity between the study
other being negatively associated with pulmonary or extrag. o5 GraphPad Prism version 8.0 (GraphPad Software Inc.,
pulmonary disease. This is therefore an important value aeltlit g, "piego CA) were used to perform the statistical analysis
tqol to the armamentarium of biomarkers re ecting these ;4 plotting the graphs. Both multivariate (Spearman rank
disease Processes. . correlation) and principal component analysis (PCA) (non-
The limitations of the study include the moderate sampley, ametric) were performed using JMP (14.0 version). Finally,

size, the lack of a validation cohort, the inclusion of onlyeo o ession (univariate and multivariate) analysis werdgrered
form of EPTB and the absence of other bacterial, viral Orusing STATA/MP version 16.0.

parasitic infections. Overall from our observation, we sgjg

that di erences in the systemic levels of various MMPs and

TIMPs can be utilized as potential blood-based biomarker§®r DATA AVAILABILITY STATEMENT

disease. Since, obtaining either sputum or bronchoalveolagk

(BAL) uids is challenging, this if validated in larger stied All datasets generated for this study are included in the
should provide a surrogate marker for these conditions. article/supplementary material.
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