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ABSTRACT. Matrix metalloproteinases, particularly MMP9, play a pivotal role in asthma
pathology by influencing extracellular matrix remodeling and inflammation. This study
examined 100 Serbian pediatric asthma patients to explore the correlation between MMP9
3> UTR polymorphisms and MMP9 protein levels, and their impact on therapy response
and asthma control. The analysis revealed two key polymorphisms (rs13925 and rs20544)
in the MMP9 gene's 3’UTR, with higher frequencies of the rs20544 T allele and TT
genotype in patients with well controlled asthma. Positive correlations were found between
MMP9 serum levels and blood leukocyte count, and CRP levels. Patients with not well
controlled disease exhibited significantly higher MMP9 levels than those with well
controlled asthma (p=0.027), indicating MMP9's potential role in asthma therapy response.
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INTRODUCTION

Asthma is a chronic lung disease affecting more than 260 million people of all ages,
worldwide (GLOBAL BURDEN OF DISEASE STUDY 2019, 2020). It is present in approximately 1
in 10 children making it the most common chronic lung disease in children (DHARMAGE et al.,
2019). Many genetic, environmental, and socio-economic risk factors play a role in
pathogenesis and therapeutic response in asthma (HERNANDEZ-PACHECO et al., 2020). Asthma
symptoms are caused by chronic inflammation and narrowing of small airways, along with
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airway hyperresponsiveness and remodeling. Airway remodeling in asthma presents structural
changes in the large and small airways, and consists of cellular and extracellular matrix changes,
as well as epithelial cell apoptosis, airway smooth muscle cell proliferation, and fibroblast
activation (HOUGH et al., 2020, VARRICCHI ef al., 2022).

Matrix metalloproteinases are zinc-dependent proteolytic enzymes considered as major
players in airway remodeling, extracellular matrix deposition and degradation, and function and
migration of inflammatory cells. Their production and secretion are tightly regulated at different
levels: the gene transcriptional level, micro RNAs, the activation of the latent form of the
enzyme, and the inactivation by specific endogenous inhibitors (RAEESZADEH-SARMAZDEH et
al., 2020, GRZELA et al., 2016a).

MMP9 is considered the most important MMP in asthma pathology. The imbalance
between MMP9 and endogenous tissue inhibitor of metalloproteinase-1 is considered a major
theory to explain the progression of asthmatic airway remodeling (CHUNG et al., 2019;
OHBAYASHI ef al., 2005). An increased level of MMP?9 is regarded as an indicator of the harm
inflicted on the bronchial epithelium by inflammation. Elevated levels of MMP9 were found in
bronchial biopsies, bronchoalveolar lavage fluid (BALF), and sputum of asthmatic patients
when compared to healthy controls (CHUNG et al., 2019; VENTURA et al., 2014). It is important
to understand which patients may be most responsive to those therapies, and to that end, the
usefulness of MMPs as biomarkers is just beginning to be investigated, particularly concerning
MMP9 as a marker of neutrophilic airway inflammation in allergic asthma.

The aim of our study was to investigate the possible correlation between 3° UTR
polymorphisms in the MMP9 gene with levels of MMP9 protein as well as their involvement
in response to therapy and asthma control.

MATERIAL AND METHODS

Subjects

The study included 100 asthmatic children and adolescents (5-21 years old) diagnosed
and treated at the Department of Pulmonology and Allergology of the University Children's
Hospital in Belgrade from 2013 to 2015. All procedures performed in the presented study were
in accordance with the guidelines of The Code of Ethics of the World Medical Association
(Declaration of Helsinki) and approved by the Ethical Committee of the University Children's
Hospital. Written informed consent was obtained from all patients’ parents. Asthma was
diagnosed according to the applicable Guidelines of the Global Initiative for Asthma (GINA).
The skin prick tests for allergens were performed according to the European Academy of
Allergy and Clinical Immunology (EAACI) guidelines. The disease severity was evaluated
based on asthma control questionnaire (ACQ) scores, the use of asthma control medications,
and the results of spirometry (forced expiratory volume in one second - FEV1 and forced vital
capacity - FVC). Patients with mild asthma had intermittent symptoms, were treated with a low
dose of inhaled corticosteroids, and had normal lung function (FEV1 >80% predicted), while
patients with severe asthma had frequent symptoms, were treated with medium to high doses
of inhaled corticosteroids in combination with beta 2 agonists, and had impaired lung function
(FEV1 <80% predicted). The criteria for well controlled asthma were: the ACQ below 0.75,
normal lung function and absence of eosinophilia in induced sputum. No patients with very
poorly controlled asthma were enrolled in this study.

Genotyping

All patients were genotyped for MMP9 gene 3' UTR variants by direct sequencing.
Deoxyribonucleic acid (DNA) was extracted from whole blood using a GeneJET Genomic
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DNA Purification Kit (Thermo Scientific, USA) following the manufacturer's protocol. The 3’
UTR of MMP9 gene was amplified by polymerase chain reaction (PCR) using primers: 5'-
GTA TAT GTG GGA GAA TTA GAA TCA-3' (forward) and 5'-ACA TGC ATA CAT ACG
TGC ATA C-3' (reverse). The PCR was conducted in a 25 pL reaction mixture containing: 50
ng of DNA, 1x Reaction buffer with Mg (Kapa Biosystems, USA), 200 uM deoxynucleotide
triphosphates, 0.5 pmol of each primer, and 1.25 U Taq DNA polymerase (Kapa Biosystems,
USA). The amplification conditions were: 95 °C for 10 min; 35 cycles of 94 °C for 30's, 57 °C
for 30 s, and 72 °C for 30 s; and 72 °C for10 min. The obtained PCR products (409bp) were
purified using a GeneJET PCR Purification Kit (Thermo Scientific, USA) according to the
manufacturer's protocol and sequenced using an ABI Prism BigDye Terminator Kit (Applied
Biosystems, USA) and a 3130 Genetic Analyzer (Applied Biosystems, USA). Sequences were
analyzed using the Sequencing Analysis software (Applied Biosystems, USA).

Measurement of MMP9 in serum samples

Concentrations of MMP9 were measured in serum samples (dilution applied was
1:100) using Human MMP9 SimpleStep ELISA commercially available kit (ab246539
Abcam). Standards and samples were added to the wells, followed by the antibody mix. After
incubation, the wells were washed to remove unbound material. Tetramethybenzidine (TMB)
Development Solution was added and further catalyzed by horseradish peroxidase (HRP)
during incubation period, generating blue coloration. This reaction was stopped by the addition
of Stop Solution completing any color change from blue to yellow. The signal was generated
proportionally to the amount of bound analyte and the intensity was measured at 450 nm using
a microplate reader. The results were calculated in comparison with the standard curve. Each
sample was run in duplicate, and the average was calculated. Assay sensitivity was 22.17 pg/ml.
MMP9 assay was specific for both native and recombinant human MMP9 protein in serum,
plasma (heparin), saliva, cell culture supernatant, and cell and tissue extract samples only.
Recombinant tissue inhibitors of metalloproteinases (TIMP1) were prepared at 9000 pg/mL
and assayed for cross-reactivity. No cross-reactivity was observed. The standard curve range
for MMP9 was from 105.47 pg/ml to 6750 pg/ml. Intra-assay statistics revealed % CV = 2.5,
while inter-assay statistics was % CV=6.0.

Statistical analysis

Statistical analysis was performed by Statistical Package for Social Sciences 20.0 (SPSS
Inc., Chicago, Illinois, USA). Data were expressed as percentages and meanststandard
deviation (SD). Differences in categorical data between groups were analyzed by Fisher’s Exact
and Chi-square tests. To analyze the normality of continuous data the Kolmogorov-Smirnov
test was used. Dependent on data distribution, differences between independent groups of
continuous data were analyzed by Independent-Samples T-test, One-way Analysis of Variance
(ANOVA), Mann-Whitney U test, and Kruskal-Wallis test. The degree of association between
continuous data was calculated using Spearman’s rank correlation coefficient. P value less than
0.05 was considered statistically significant.

RESULTS AND DISCUSSION

This study included 100 asthmatic children and adolescents with well or not-well
controlled asthma. No patients with very poorly controlled asthma were enrolled in this study.
The demographic and clinical characteristics of the study group are presented in Table 1.



78

Table 1. Demographic and clinical characteristics of patients.

Number of patients, n 100
Age, years (mean+SD) 12.74£3.8
Males/Females, % 57/43
Body mass index, kg/m? (mean+SD) 19.9+4.2
Spirometry, % (mean+SD)
FEV1 87.7£14.9
FVC 86.4+11.9
FEV1/FVC 1.02+0.1
Positive skin prick test, % 91
Sputum cytology, % (mean+SD)
Eosinophils 19.4£17.6
Neutrophils 37.6£17.7
Lymphocytes 19.6+11.9
Monocytes 7.4+4.43
Macrophages 16.3£9.1

Blood leukocyte count, cell/L (mean+SD) 7.5x10°+£2.1x10°
Blood leukocyte distribution, % (mean+SD)

Granulocytes 57.1+15.7
Lymphocytes 33.9+£10.4
Monocytes 7.1£7.5
CRP, mg/L (mean+SD) 3.4+8.2
Asthma type, %
Mild 53
Severe 47
Asthma control, %
Well controlled 65
Not well controlled 35

SD-Standard Deviation; FEV1-Forced Expiratory Volume in 1 second;
FVC-Forced Vital Capacity; CRP-C-reactive protein.

We have identified three polymorphisms in the 3’'UTR of MMP9 gene: rs13925,
1520544 and 1s9509. Since polymorphism rs9509 was present in only 2 patients this
polymorphism was not further analyzed. The distribution of rs13925 and rs20544 is given in
Table 2. Variants rs13925 and rs20544 in 3’ UTR of the MMP9 gene and total MMP9 serum
levels were analyzed in all patients (Tab. 2). The distribution of obtained alleles and genotypes
were analyzed in respect to the following clinical characteristics: lung function, inflammatory
parameters (distribution of sputum and blood immune cells and level of CRP) and disease
severity. Neither of the obtained p values were statistically significant (p>0.05, data not shown).
Obtained concentrations of MMP9 in serum samples were in the range of 58.1-562.1 ng/mL
and did not differ between genotypes (p=0.326 for rs13925 and p=0.887 for variant rs20544).
Carriers of A allele had a slightly higher level of MMP9 in serum compared to carriers of G
allele (180.4+£97.1 ng/mL vs 160.3=101.1 ng/mL). However, this difference was not statistically
significant (p=0.391). A similar level of MMP9 in serum was observed between carriers of the
C allele and the T allele (p=0.635). We also tested the association between MMP9 serum levels
and clinical characteristics of patients by Spearman’s correlation coefficient. Positive
correlations of MMP9 serum levels with the count of blood leukocytes and the level of CRP
(r=0.440, p=0.001 and r=0.543, p<0.001, respectively) were found. Among leukocytes, a
positive correlation between granulocytes and MMP9 levels was noticed, however, statistical
significance was not reached (r=0.265, p=0.060).
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Table 2. The distribution of alleles and genotypes frequencies of MMP9 gene 3’ UTR variants and
their associations with MMP9 serum levels in asthmatic patients.

MMP9Y gene variant Frequencies, % MMP9, ng/mL P value
(mean£SD)
rs13925 Alleles
G 85.5 160.3+101.1 0.391
A 14.5 180.4+97.1
Genotypes
GG 73 160.6+102.2 0.326
GA 25 158.0£102.9
AA 2 236.6+69.3
rs20544 Alleles
C 38.5 179.4+170.7 0.635
T 61.5 154.7+88.1
rs20544
CC 14 190.4+127.4 0.887
CT 49 173.6+122.7
TT 37 145.3+64.8

SD-Standard Deviation; MMP9-Matrix metalloproteinase 9

Further, the patients were divided into two subgroups according to the asthma control
and clinical characteristics, MMP9 gene 3" UTR variants and MMP9 serum levels were
compared (Tab. 3). There were no significant differences between subgroups in terms of age,
sex and body mass index. All patients had both FEV1 and FVC above 80% of the predicted
value. Of patients with not well controlled disease, 91.4% had severe asthma (p<<0.001). Among
inflammatory markers, there were significant differences in distributions of blood granulocytes
and lymphocytes (p=0.014 and p=0.034, respectively), while the level of CRP and the
distribution of sputum cells were similar in both subgroups. Although the distribution of alleles
and genotypes for MMP9 gene 3' UTR variants did not statistically differ between subgroups
(p>0.05), higher frequencies of the T allele and TT genotype, rs 20544, were noticed in patients
with well controlled asthma. Patients with not well controlled disease had statistically
significantly higher levels of MMP9 compared to patients with well controlled disease
(p=0.027).

MMP9 is the major matrix metalloproteinase in asthma involved in matrix remodeling
and inflammation. We have previously shown that polymorphisms in the 3'UTR of the MMP9
gene can affect response to therapy in pediatric patients (DRAGICEVIC et al., 2018). We aimed
to confirm these results in another cohort of patients but also to correlate the presence of
polymorphisms with MMP9 protein levels. In addition, we analyzed the correlation of the
presence of 3’UTR polymorphisms and protein levels with clinical characteristics and patients'
asthma control. We identified the same polymorphisms in the 3'UTR as in our previous study,
and the frequency of the rs31925 polymorphism was similar between the two cohorts. The
difference was observed in the prevalence of C and T alleles rs20544 between the patient
populations we analyzed (C allele 50.4 vs 38% in the current study). This could be because of
difference in allele prevalence between general populations since they came from different
countries. The allelic frequencies obtained in this study were similar to those in the general
population published previously and were in Hardy-Weinberg equilibrium. The presence of
either polymorphism did not affect lung function, inflammatory parameters, or disease severity.
MMP9 levels did not differ between genotypes, indicating that these polymorphisms do not
affect MMP9 expression.
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Table 3. Comparisons of clinical characteristics, allele and genotype frequencies of MMP9 gene 3’
UTR variants and MMP9 serum levels in asthmatic patients with well and not well controlled disease.

Well controlled Not well controlled P value
(n=65) (n=35)
Age, years (mean=SD) 12.743.8 12.743.7 0.978
Males/Females, % 55.4/44.6 60/40 0.678
Body mass index, kg/m? (mean+SD) 19.243.6 21.0+5.0 0.092
Spirometry, % (mean+SD)
FEV1 89.1+14.6 85.2+15.7 0.297
FVC 86.8+11.9 85.8+12.3 0.708
Well controlled Not well controlled P value
(n=65) (n=35)
FEV1/FVC 103.1£13.2 99.1+10.9 0.133
Sputum cytology, % (mean+SD)
Eosinophils 17.2+16.2 23.4+19.6 0.089
Neutrophils 38.3+18.1 36.1+17.1 0.554
Lymphocytes 19.2+12.1 20.3+11.9 0.418
Monocytes 7.9+4.7 6.3+3.9 0.094
Macrophages 17.8+10.1 13.445.8 0.058
Blood leukocyte count, cell/L
(mean=SD) 7.4x10°£2.2x10° 7.7x10°£2.2x10° 0.105
Blood leukocyte distribution, % (mean+SD)
Granulocytes 54.1+17.5 62.8+9.5 0.014*
Lymphocytes 35.6+10.2 30.9+10.4 0.034*
Monocytes 7.5+£8.2 6.5+6.3 0.527
CRP, mg/L (meanSD) 3.6+10.1 2.8£2.2 0.108
Asthma type, %
Mild 76.9 8.6 <0.001*
Severe 23.1 91.4
Alleles, %
rs31925
G 87.7 81.4 0.292
A 12.3 18.6
rs20544
C 354 443 0.227
T 64.6 55.7
Genotypes, %
rs31925
GG 75.4 68.6
GA 24.6 25.7 0.144
AA 0 5.7
rs20544
CC 10.8 20.0
CT 49.2 48.6 0.399
TT 40.0 314
MMPY9, ng/mL (mean+SD) 138.3+68.8 209.6+133.5 0.027*

SD-Standard Deviation; FEV1-Forced Expiratory Volume in 1 second; FVC-Forced Vital Capacity;

CRP- C-reactive protein; MMP9-Matrix metalloproteinase 9; *Statistically significant P value
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In our previous study, we found an association of MMP9 genotype rs20544 TT with
better asthma control. In this study, a higher frequency of the T allele and TT genotype was
found in patients with well controlled asthma. Although this trend was not statistically
significant, it confirms our previous findings and suggests that this polymorphism is a novel
predictive biomarker for asthma control and indirectly, response to therapy. There were some
differences in patient asthma control assessment between the two studies, so this could also
influence the statistical significance of our findings. In this study, we did not find a correlation
between rs13925 AA and AG with better asthma control. This may be due to the small cohort
size, and investigation on a larger multicenter scale would be valuable.

MMP9 serum levels were observed to positively correlate with both the number of blood
leukocytes and the level of CRP (r=0.440, p=0.001 and r=0.543, p=0.001, respectively).
Neutrophils and macrophages are the main sources of MMP9 in inflammatory reactions and
our results support this with this since we discovered a strong link between MMP9 levels and
leukocyte counts (NAIK et al., 2017).

Patients with asthma have elevated levels of MMP9 and exhaled breath condensate
MMPO levels correlated with pulmonary functions and other inflammatory markers in exhaled
breath such as IL-6, IL-4 and IL-10 (KARAKOC et al., 2012; TIOTIU et al., 2018). In our current
study, a statistically significant difference in serum MMP9 levels (p=0.027) between patients
with not well controlled and well controlled disease were observed. The patients with higher
levels of MMP9 had not well controlled disease. MMP9 levels are considered an indirect
disease progression marker for the assessment of airway remodeling, and in our case they also
correlate with disease control, which could indirectly give information about response to
treatment. Patients were on corticosteroid therapy corticosteroid therapy does not affect
remodeling and MMP9 and should be considered alternative therapy in patients with high
MMP9 levels, alternative or additional (INGRAM et al., 2015). The levels of MMP9 in induced
sputum are known to be elevated in asthmatics and are not affected by inhaled corticosteroids
(VENTURA et al., 2014; GRZELA et al., 2016b; CHUNG et al., 2019). Moreover, the
MMPY/TIMP1 ratio imbalance in the induced sputum may be the cause of the degradation of
extracellular matrix proteins, which could indicate airway inflammation and injury, and
contribute to disease progression and severity (CHUNG et al., 2019). It has been shown that
higher levels of MMP9 can be observed in severe persistent asthmatic patients compared to
moderate persistent asthmatics, and that higher levels of MMP9 associate with lower lung
function (MATTOS et al., 2002). Patients with not well controlled, unstable asthma usually have
persistent inflammation which could contribute to poorer response to therapy, higher counts of
MMP9 producing cells (such as eosinophils, mast cells, and alveolar macrophages), leading to
increased MMPO levels (CHUNG et al., 2019; MING et al., 2023). Moreover, it has been reported
that MMP9 may also participate in the chronic airway inflammation not only in classical
asthma, but also in specific types of asthma — cough variant and allergic asthma (MA et al.,
2014; KHALEEL MOHAMMED ef al., 2024). There are several limitations to our study. Since the
balance between levels of MMP9 and TIMP1 is also important for tissue remodeling in asthma,
it would be beneficial to assess the levels of TIMP1. As mentioned above, a larger patient cohort
could further strengthen our findings. There are several other polymorphisms reported in the
MMP9 gene that could also contribute to the effects of MMP9 in asthma (PINTO ef al., 2010).
It would be interesting to analyze the whole MMP9 gene in order to identify potential
biomarkers that could be used to better predict response to therapy.

MMP9 deserves further attention to elucidate its role in asthma control and response to
therapy, as well as a potential target for asthma treatment.



82

Acknowledgements

This work was supported by IMGGE work program funded by Ministry of Science,

Technological Development and Innovation of the Republic of Serbia, RS-MESTD-inst-2020-
200042, 2025.

References:

[1]

2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

CHUNG, F.T.,HUANG,H.Y., L0, C.Y.,HUANG, Y.C.,LIN, C.W_, HE, C.C.,HE, J].R., SHENG,
T.F., WANG, C.H. (2019): Increased Ratio of Matrix Metalloproteinase-9 (MMP-
9)/Tissue Inhibitor Metalloproteinase-1 from Alveolar Macrophages in Chronic Asthma
with a Fast Decline in FEV; at 5-Year Follow-up. Journal of Clinical Medicine 8 (9):
1451. doi: 10.3390/jcm8091451

DHARMAGE, S.C., PERRET, J.L., CusToviC, A. (2019): Epidemiology of Asthma in
Children and Adults. Frontiers in Pediatrics 7: 246. doi: 10.3389/fped.2019.00246

DRAGICEVIC, S., KOSNIK, M., DIVAC RANKOV, A., RIJAVEC, M., MILOSEVIC, K., KOROSEC,
P., SKERBINJEK KAVALAR, M., NIKOLIC, A. (2018): The Variants in the 3' Untranslated
Region of the Matrix Metalloproteinase 9 Gene as Modulators of Treatment Outcome in
Children with Asthma. Lung 196 (3): 297-303. doi: 10.1007/s00408-018-0113-y

Global burden of 369 diseases and injuries in 204 countries and territories, 1990-2019: a
systematic analysis for the Global Burden of Disease Study 2019. (2020): Lancet. 396
(10258): 1204-22.

GRZELA, K., STRZELAK, A., ZAGORSKA, W., GRZzELA, T. (2016a): Matrix
Metalloproteinases in Asthma-Associated Airway Remodeling — Dr. Jekyll or Mr. Hyde ?
InTech. doi: 10.5772/62440

GRZELA, K., ZAGORSKA, W., KREINER, A., BANASZKIEWICZ, A., LITWINIUK, M., KULUS,
M., GRZELA, T. (2016b): Inhaled corticosteroids do not reduce initial high activity of
matrix metalloproteinase (MMP)-9 in exhaled breath condensates of children with asthma

exacerbation: a proof of concept study. Central European Journal of Immunology 41 (2):
221-227. doi: 10.5114/ceji.2016.60998

HERNANDEZ-PACHECO, N., KERE, M., MELEN, E. (2022): Gene-environment interactions
in childhood asthma revisited; expanding the interaction concept. Pediatric Allergy and
Immunology 33 (5): €13780. doi: 10.1111/pai.13780

HougH, K.P., CUurTIsS, M.L., BLAIN, T.J., Liu, R.M., TREVOR, J., DESHANE, J.S.,
THANNICKAL, V.J. (2020): Airway Remodeling in Asthma. Frontiers in Medicine
(Lausanne). 7: 191. doi: 10.3389/fmed.2020.00191

INGRAM, J., KRAFT, M. (2015): Metalloproteinases as modulators of allergic asthma:
therapeutic  perspectives. Metalloproteinases In  Medicine 2. 61-74. doi:
10.2147/MNM.S63614

KARAKOC, G.B., YUKSELEN, A., YILMAZ, M., ALTINTAS, D.U., KENDIRLI, S.G. (2012):
Exhaled breath condensate MMP-9 level and its relationship with asthma severity and
interleukin-4/10 levels in children. Annals of Allergy, Asthma & Immunology 108 (5):
300—4. doi: 10.1016/j.anai.2012.02.019

KHALEEL MOHAMMED, Z., WASMAN SMAIL, S., JANSON, C., AMIN, K. (2024): Interplay of
clinical biomarkers in allergic asthma diagnosis and severity: A case-control study.



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

83

Cellular and molecular biology (Noisy-le-Grand) 70 (5): 69-75. doi:
10.14715/cmb/2024.70.5.10

Ma, H.P., L1, W,, Liu, XM. (2014): Matrix metalloproteinase 9 is involved in airway
inflammation in cough variant asthma. Experimental and Therapeutic Medicine 8 (4):
1197-1200. doi: 10.3892/etm.2014.1903

MATTOS, W., LM, S., RUSSELL, R., JATAKANON, A., CHUNG, K.F., BARNES, P.J. (2002):
Matrix metalloproteinase-9 expression in asthma: effect of asthma severity, allergen
challenge, and inhaled corticosteroids. Chest. 122 (5): 1543-52. doi:
10.1378/chest.122.5.1543

MING, H., HUANG, Y., MAO, J., WANG, H., GAO, X, LI, Z. (2023): Changes and clinical
significance of serum MMP-9, TIMP-1, COX-2, and immune levels in patients with
asthma. Allergologia Et Immunopathologia 51 (6): 83—88. doi: 10.15586/aei.v5116.924.

NAIK, S.P., P A, M., B S, J., MADHUNAPANTULA, S.V., JAHROMI, S.R., YADAV, MK.
(2017): Evaluation of inflammatory markers interleukin-6 (IL-6) and matrix
metalloproteinase-9 (MMP-9) in asthma. Journal of Asthma. 54 (6): 584-593. doi:
10.1080/02770903.2016.1244828

OHBAYASHI, H., SHIMOKATA, K. (2005): Matrix metalloproteinase-9 and airway
remodeling in asthma. Current Drug Targets - Inflammation & Allergy 4 (2): 177-181.
doi: 10.2174/1568010053586246

PINTO, L.A., DEPNER, M., KLOPP, N, ILIG, T., VOGELBERG, C., VON MUTIUS, E., KABESCH,
M. (2010): MMP-9 gene variants increase the risk for non-atopic asthma in
children. Respiratory Research 11. doi: 10.1186/1465-9921-11-23

RAEESZADEH-SARMAZDEH, M., Do, L.D., HriTZ, B.G. (2020): Metalloproteinases and
Their Inhibitors: Potential for the Development of New Therapeutics. Cells 9 (5): 1313.
doi: 10.3390/cells9051313

Ti0TIU, A. (2018): Biomarkers in asthma: state of the art. Asthma Research and Practice
4:10. doi: 10.1186/s40733-018-0047-4

VARRICCHI, G., FERRI, S., PEPYS, J., POTO, R., SPADARO, G., NAPPI, E., PAOLETTIL, G.,
VIRCHOW, J.C., HEFFLER, E., CANONICA, W.G. (2022): Biologics and airway remodeling
in severe asthma. Allergy 77 (12): 3538-3552. doi: 10.1111/all.15473

VENTURA, L., VEGA, A., CHACON, P., CHAMORRO, C., AROCA, R., GOMEZ, E., BELLIDO, V.,
PUENTE, Y., BLANCA, M., MONTESEIRIN, J. (2014): Neutrophils from allergic asthmatic
patients produce and release metalloproteinase-9 upon direct exposure to allergens.
Allergy 69 (7): 898-905. doi: 10.1111/all.12414



