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Abstract: To date, more than 100 million people worldwide have recovered from COVID-19. Unfor-
tunately, although the virus is eradicated in such patients, fibrotic irreversible interstitial lung disease
(pulmonary fibrosis, PF) is clinically evident. Given the vast numbers of individuals affected, it is
urgent to design a strategy to prevent a second wave of late mortality associated with COVID-19 PF
as a long-term consequence of such a devastating pandemic. Available antifibrotic therapies, namely
nintedanib and pirfenidone, might have a role in attenuating profibrotic pathways in SARS-CoV-2
infection but are not economically sustainable by national health systems and have critical adverse
effects. It is our opinion that the mesenchymal stem cell secretome could offer a new therapeutic
approach in treating COVID-19 fibrotic lungs through its anti-inflammatory and antifibrotic factors.

Keywords: SARS-CoV-2; COVID-19; pulmonary fibrosis; mesenchymal stem cells; extracellular
vesicles; microvesicles; exosomes; secretome

The novel coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), has caused more than 117 million global cases and 2.6 million global deaths in the
first year of the pandemic [1], with enormous economic and social derangements. In
this unprecedented pandemic, serious efforts are being made worldwide. Regarding the
preventive approach, good hygiene, social distancing and quarantine practices are applied
to reduce the virus’s transmission. Advanced molecular biology and biotechnological
approaches have been exploited to develop and launch effective vaccines against SARS-
CoV-2 [2]. About the curative approach, an array of drugs are being studied for COVID-19
treatment in hundreds of clinical trials worldwide, as recently reviewed [3]. Therefore,
although the COVID-19 pandemic still represents a challenge, instruments are available to
prevent and treat the acute phase’s infection. However, very little has been done to solve
the long-term consequence of such a devastating pandemic.

To date, more than 100 million people worldwide have recovered from COVID-19.
Unfortunately, although the virus is eradicated in such patients, fibrotic interstitial lung
disease (pulmonary fibrosis, PF) may become clinically evident in a large percentage
of patients.

Generally speaking, PF can develop either following chronic inflammation or as a
primary, genetically influenced and age-related fibroproliferative process, as in idiopathic
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pulmonary fibrosis (IPF). Previous coronavirus outbreaks have been associated with sub-
stantial post-viral fibrosis and physiological impairment; therefore, given the pandemic’s
scale for SARS-CoV-2 infection, the global burden of fibrotic lung disease will probably
increase considerably in the next years [4]. Indeed, PF is a recognized sequela of acute res-
piratory distress syndrome (ARDS), and available data indicate that about 40% of patients
with COVID-19 develop ARDS, with 20% of ARDS cases being severe [5]. A substantial
proportion of patients who develop ARDS will experience residual long-term impairment
of lung function and computed tomography (CT) evidence of pulmonary fibrosis, with
anterior reticulation the dominant abnormality in as many as 85% of survivors [6–8]. The
extent of reticulation on CT correlates with the quality of life and lung function measures of
pulmonary restriction, such as forced vital capacity (FVC) and the diffusion of the lung for
carbon monoxide (DLCO), with approximately 25% of survivors exhibiting physiological
evidence of restrictive lung disease [9]. Moreover, mediastinal emphysema, multiple bullae,
giant bulla and pneumothorax developed during COVID-19 pneumonia are frequent, even
in patients not treated with mechanical ventilation [10]. Finally, the average age of patients
hospitalized with severe COVID-19 appears to be older than that seen with Middle East
Respiratory Syndrome (MERS) or Severe Acute Respiratory Syndrome (SARS). In inflam-
matory lung disorders, such as those associated with autoimmune disease, advancing
age is a risk factor for PF development. Even though long-term data are still lacking,
these suppositions seem confirmed: Pan and colleagues observed fibrous stripes in 17%
of patients in the early phase of the disease [11], while Ye and colleagues observed PF
evidence in 23.7% of patients [12]. According to other reports, PF is estimated to affect
around one-third of the patients hospitalized with SARS-COV-2 [13,14]. Given the vast
numbers of individuals affected by COVID-19, even rare complications will have major
public health effects, and especially the burden of PF after COVID-19 recovery could be
substantial [15,16]. Nevertheless, it is important to note that, contrary to irreversible IL, in
post-severe acute respiratory syndrome, CT findings considered to denote fibrosis at initial
CT follow-up continue to regress in the longer term [17]. It is therefore urgent to design
a strategy to prevent a second wave of late mortality associated with COVID-19 PF as a
medium/long-term consequence of SARS-CoV-2.

Available antifibrotic therapies, namely nintedanib and pirfenidone, have broad an-
tifibrotic activity regardless of etiology, and these drugs might have a role in attenuating
profibrotic pathways in SARS-CoV-2 infection. Before 2019, nintedanib and pirfenidone
had been studied exclusively in IPF. They appear to inhibit fibrogenesis across a wide
range of pulmonary disorders, including pathogenetic profibrotic pathways driven by
immune dysregulation, which might have similarities to those pathways in SARS-CoV-2
infection [18]. Currently, only one phase III clinical trial is recruiting patients to assess
the effectiveness of nintedanib for COVID-19 PF (compared to placebo) on 250 patients
(NCT04541680, http://www.clinicaltrials.gov (accessed on 9 March 2021)). However, ther-
apy with nintedanib or pirfenidone is not economically sustainable by national health
systems (NHS) for the many patients expected in the coming years (the mean adjusted
annual costs for patients treated with pirfenidone and nintedanib are about $40,000 and
$29,000, respectively [19]). Furthermore, the critical adverse effects (admittable for IPF due
to the pathology’s progressive nature with a fatal outcome of five years after diagnosis)
may not be acceptable in a non-progressive pathological context and with a less poor
(presumed) prognosis than for IPF.

After many successful preclinical studies, treatment with mesenchymal stem cells
(MSCs) is considered a potential new therapy for PF [20]. A recent clinical trial revealed that
a high cumulative dose of MSCs is safe and well-tolerated by patients with IPF with a rapid
lung function decline. Twenty patients with FVC ≥ 40% and DLCO ≥ 20% with a decline of
both >10% over the previous 12 months were treated with MSCs (2 × 108 cells) every three
months vs. placebo. There were no significant adverse effects after the administration of
MSCs in any patients. With MSC therapy, the 6-min walk distance significantly improved
in 13 weeks, DLCO in 26 weeks and FVC in 39 weeks vs. placebo. FVC for 12 months with

http://www.clinicaltrials.gov


Cells 2021, 10, 1203 3 of 5

MSCs increased by 7.8% from baseline, whereas it declined by 5.9% with placebo [21]. The
non-progressive and less poor (presumed) prognosis for COVID-19 PF suggests that MSC
treatment will be even more effective than for IPF.

Although those findings might move future trials toward a new step in stem cells
transplantation, MSC therapy is still linked to logistical problems (freezing and transport
of cells from the production site to the hospital facilities) and to the need to have a labora-
tory available for cell manipulation where the infusion is performed. In addition, MSCs
effectiveness may be hampered by low-engraftment or by a hard-to-control batch-to-batch
variability [22]. In this regard, the use of the MSC secretome (the protein and extracellular
vesicles secreted by MSCs) could be a valid substitute. The MSC secretome contains both
soluble proteins (cytokine, chemokine and growth factors) and nano/microstructured
extracellular vesicles (EVs), and it is reported to be active for fibrotic lung regeneration
through anti-inflammatory and antifibrotic factors [23–29]. We recently proposed a freeze
dried-secretome formulation (lyosecretome) for lung regeneration [30,31] and, as a new
therapeutic approach in treating COVID-19 pneumonia [26], due to the broad pharmaco-
logical effects it shows, including anti-inflammatory, immunomodulatory, regenerative,
pro-angiogenic and antifibrotic properties. For the same reasons, the MSC secretome could
be a valid option in the treatment of post-COVID-19 PF. Indeed, it has been demonstrated
that the effects of MSCs in PF are related to their ability to produce many biologically active
substances with anti-inflammatory, immunosuppressive and angiogenic properties. In this
regard, in vivo experiments revealed that the addition of the MSC secretome to bleomycin-
injured rats improved lung architecture and reduced α-SMA and collagen content [27].
Similarly, it has been demonstrated that the inhalation of MSC EVs could attenuate and
resolve bleomycin- and silica-induced PF by decreasing collagen accumulation and my-
ofibroblast proliferation, reestablishing typical alveolar structure [28]. Unfortunately, few
studies have compared the biological effects of secretome or EVs with parental MSCs, with
contradictory results. According to Elliot and colleagues, MSC-derived exosomes appear
to have similar therapeutic efficacy in a rat model of bleomycin-induced PF compared to
whole-cell MSC infusions [32]; conversely, Choi and colleagues found the EV treatment
was less effective than MSC treatment [24]. It is likely that the dosage of MSC secretome
should be adjusted, considering that whole-cell MSC adaptation to the lung conditions
and continuous release of bioactive factors are not easily replicable with one single MSC
secretome administration [33]. In addition, the possibility to “educate” MSCs to produce a
secretome with the best activity for PF treatment should be considered [31].

It is worth mentioning that the use of secretome is linked to advantages: (i) the
availability of an on-the-shelf product with the same effectiveness as MSCs; (ii) ease of
storage/transport/use in outpatient settings; and (iii) safer than replicating live cells
(potentially tumorigenic). Specifically for safety, a recent review of the literature reveals
that the administration of secretome or EVs by intravenous injection is safe, as no adverse
effects have been reported [31]. Concerns regarding the safety after inhalation may arise
due to the presence of cytokines and other many proteins in the MSC secretome, which may
induce an immunogenic reaction, even if this side effect has not been revealed in animal
models [28]. Phase II clinical studies are therefore needed to define the dosage, timing and
frequency of administration. Finally, scalable and GMP-compliant isolation processes to
make large doses of MSC secretome available to physicians exist [30,33–35], as well as the
possibility to formulate it into injectable or inhalable dosage forms [31]. Compared with
antifibrotic therapy (and even whole-cell MSC therapy), the costs of MSC secretome are
expected to be lower, which is important in treating the consequence of a pandemic. Again,
by defining dosage, timing and frequency of administration in phase III clinical trials, this
aspect will be confirmed or not.

Despite no clinical trials currently investigating MSCs or their secretome in the treat-
ment of COVID-19 PF, it is our opinion that they may represent a well-suited approach
for treating patients with COVID-19 PF. Preliminary results and the scientific background
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encourage further investigation on MSC secretome treatment for COVID-19 PF with well-
designed clinical trials under regulatory authorities’ control.

Author Contributions: The manuscript was written through the contributions of all authors. In
particular, M.L.T., L.R. and A.G.C. conceived the study; E.B., I.F. and S.P. drafted the manuscript;
L.S. collaborated to the critical review of the literature; and M.L.T., E.B. and A.G.C. revised the
manuscript critically for important intellectual content. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was partially supported by Interreg V-A Italy-Switzerland 2014–2020—ATEx—
Advanced Therapies Experiences. Project ID 637541.

Conflicts of Interest: M.L.T., S.P. and A.G.C. are co-founders and members of the advisory board of
PharmaExceed S.r.l.

References
1. Dong, E.S.; Du, H.R.; Gardner, L. An interactive web-based dashboard to track COVID-19 in real time. Lancet Infect. Dis. 2020, 20,

533–534. [CrossRef]
2. Hodgson, S.H.; Mansatta, K.; Mallett, G.; Harris, V.; Emary, K.R.W.; Pollard, A.J. What defines an efficacious COVID-19 vaccine?

A review of the challenges assessing the clinical efficacy of vaccines against SARS-CoV-2. Lancet Infect. Dis. 2021, 21, e26–e35.
[CrossRef]

3. Mishra, S.K.; Tripathi, T. One year update on the COVID-19 pandemic: Where are we now? Acta Trop. 2021, 214, 105578.
[CrossRef] [PubMed]

4. George, P.M.; Wells, A.U.; Jenkins, R.G. Pulmonary fibrosis and COVID-19: The potential role for antifibrotic therapy. Lancet
Respir. Med. 2020, 8, 807–815. [CrossRef]

5. Wu, C.M.; Chen, X.Y.; Cai, Y.P.; Xia, J.A.; Zhou, X.; Xu, S.; Huang, H.P.; Zhang, L.; Du, C.L.; Zhang, Y.Y.; et al. Risk Factors
Associated With Acute Respiratory Distress Syndrome and Death in Patients With Coronavirus Disease 2019 Pneumonia in
Wuhan, China. JAMA Intern. Med. 2020, 180, 934–943. [CrossRef]

6. Herridge, M.S.; Tansey, C.M.; Matte, A.; Tomlinson, G.; Diaz-Granados, N.; Cooper, A.; Guest, C.B.; Mazer, C.D.; Mehta, S.;
Stewart, T.E.; et al. Functional Disability 5 Years after Acute Respiratory Distress Syndrome. N. Engl. J. Med. 2011, 364, 1293–1304.
[CrossRef]

7. Masclans, J.R.; Roca, O.; Munoz, X.; Pallisa, E.; Torres, F.; Rello, J.; Morell, F. Quality of Life, Pulmonary Function, and Tomographic
Scan Abnormalities After ARDS. Chest 2011, 139, 1340–1346. [CrossRef]

8. Desai, S.R.; Wells, A.U.; Rubens, M.B.; Evans, T.W.; Hansell, D.M. Acute respiratory distress syndrome: CT abnormalities at
long-term follow-up. Radiology 1999, 210, 29–35. [CrossRef]

9. Burnham, E.L.; Hyzy, R.C.; Paine, R.; Coley, C.; Kelly, A.M.; Quint, L.E.; Lynch, D.; Janssen, W.J.; Moss, M.; Standiford, T.J.
Chest CT Features are Associated With Poorer Quality of Life in Acute Lung Injury Survivors. Crit. Care Med. 2013, 41, 445–456.
[CrossRef]

10. Sun, R.H.; Liu, H.Y.; Wang, X. Mediastinal Emphysema, Giant Bulla, and Pneumothorax Developed during the Course of
COVID-19 Pneumonia. Korean J. Radiol. 2020, 21, 541–544. [CrossRef]

11. Pan, Y.Y.; Guan, H.X. Imaging changes in patients with 2019-nCov. Eur. Radiol. 2020, 30, 3612–3613. [CrossRef]
12. Ye, Z.; Zhang, Y.; Wang, Y.; Huang, Z.X.; Song, B. Chest CT manifestations of new coronavirus disease 2019 (COVID-19): A

pictorial review. Eur. Radiol. 2020, 30, 4381–4389. [CrossRef] [PubMed]
13. Tale, S.; Ghosh, S.; Meitei, S.P.; Kolli, M.; Garbhapu, A.K.; Pudi, S. Post-COVID-19 pneumonia pulmonary fibrosis. QJM Int. J.

Med. 2020, 113, 837–838. [CrossRef] [PubMed]
14. Vasarmidi, E.; Tsitoura, E.; Spandidos, D.A.; Tzanakis, N.; Antoniou, K.M. Pulmonary fibrosis in the aftermath of the COVID-19

era (Review). Exp. Ther. Med. 2020, 20, 2557–2560. [CrossRef]
15. Spagnolo, P.; Balestro, E.; Aliberti, S.; Cocconcelli, E.; Biondini, D.; Casa, G.D.; Sverzellati, N.; Maher, T.M. Pulmonary fibrosis

secondary to COVID-19: A call to arms? Lancet Respir. Med. 2020, 8, 750–752. [CrossRef]
16. Ng, C.K.; Chan, J.W.M.; Kwan, T.L.; To, T.S.; Chan, Y.H.; Ng, F.Y.Y.; Mok, T.Y.W. Six month radiological and physiological

outcomes in severe acute respiratory syndrome (SARS) survivors. Thorax 2004, 59, 889–891. [CrossRef]
17. Wu, X.H.; Dong, D.W.; Ma, D.Q. Thin-Section Computed Tomography Manifestations During Convalescence and Long-Term

Follow-Up of Patients with Severe Acute Respiratory Syndrome (SARS). Med. Sci. Monit. 2016, 22, 2793–2799. [CrossRef]
18. Wells, A.U.; Flaherty, K.R.; Brown, K.K.; Inoue, Y.; Devaraj, A.; Richeldi, L.; Moua, T.; Crestani, B.; Wuyts, W.A.; Stowasser, S.;

et al. Nintedanib in patients with progressive fibrosing interstitial lung diseases-subgroup analyses by interstitial lung disease
diagnosis in the INBUILD trial: A randomised, double-blind, placebo-controlled, parallel-group trial. Lancet Respir. Med. 2020, 8,
453–460. [CrossRef]

19. Corral, M.; DeYoung, K.; Kong, A.D.M. Treatment patterns, healthcare resource utilization, and costs among patients with
idiopathic pulmonary fibrosis treated with antifibrotic medications in US-based commercial and Medicare Supplemental claims
databases: A retrospective cohort study. BMC Pulm. Med. 2020, 20, 1–12. [CrossRef]

http://doi.org/10.1016/S1473-3099(20)30120-1
http://doi.org/10.1016/S1473-3099(20)30773-8
http://doi.org/10.1016/j.actatropica.2020.105778
http://www.ncbi.nlm.nih.gov/pubmed/33253656
http://doi.org/10.1016/S2213-2600(20)30225-3
http://doi.org/10.1001/jamainternmed.2020.0994
http://doi.org/10.1056/NEJMoa1011802
http://doi.org/10.1378/chest.10-2438
http://doi.org/10.1148/radiology.210.1.r99ja2629
http://doi.org/10.1097/CCM.0b013e31826a5062
http://doi.org/10.3348/kjr.2020.0180
http://doi.org/10.1007/s00330-020-06713-z
http://doi.org/10.1007/s00330-020-06801-0
http://www.ncbi.nlm.nih.gov/pubmed/32193638
http://doi.org/10.1093/qjmed/hcaa255
http://www.ncbi.nlm.nih.gov/pubmed/32814978
http://doi.org/10.3892/etm.2020.8980
http://doi.org/10.1016/S2213-2600(20)30222-8
http://doi.org/10.1136/thx.2004.023762
http://doi.org/10.12659/MSM.896985
http://doi.org/10.1016/S2213-2600(20)30036-9
http://doi.org/10.1186/s12890-020-01224-5


Cells 2021, 10, 1203 5 of 5

20. Toonkel, R.L.; Hare, J.M.; Matthay, M.A.; Glassberg, M.K. Mesenchymal Stem Cells and Idiopathic Pulmonary Fibrosis Potential
for Clinical Testing. Am. J. Respir. Crit. Care Med. 2013, 188, 133–140. [CrossRef]

21. Averyanov, A.; Koroleva, I.; Konoplyannikov, M.; Revkova, V.; Lesnyak, V.; Kalsin, V.; Danilevskaya, O.; Nikitin, A.; Sotnikova,
A.; Kotova, S.; et al. First-in-human high-cumulative-dose stem cell therapy in idiopathic pulmonary fibrosis with rapid lung
function decline. STEM Cells Transl. Med. 2020, 9, 6–16. [CrossRef] [PubMed]

22. Mastrolia, I.; Foppiani, E.M.; Murgia, A.; Candini, O.; Samarelli, A.V.; Grisendi, G.; Veronesi, E.; Horwitz, E.M.; Dominici, M.
Concise Review: Challenges in Clinical Development of Mesenchymal Stromal/Stem Cells. STEM Cells Transl. Med. 2019, 8,
1135–1148. [CrossRef] [PubMed]

23. Shen, Q.; Chen, B.; Xiao, Z.; Zhao, L.; Xu, X.; Wan, X.; Jin, M.; Dai, J.; Dai, H. Paracrine factors from mesenchymal stem cells
attenuate epithelial injury and lung fibrosis. Mol. Med. Rep. 2015, 11, 2831–2837. [CrossRef] [PubMed]

24. Choi, M.; Ban, T.; Rhim, T. Therapeutic Use of Stem Cell Transplantation for Cell Replacement or Cytoprotective Effect of
Microvesicle Released from Mesenchymal Stem Cell. Mol. Cells 2014, 37, 133–139. [CrossRef]

25. Tan, J.L.; Lau, S.N.; Leaw, B.; Nguyen, H.P.T.; Salamonsen, L.A.; Saad, M.I.; Chan, S.T.; Zhu, D.; Krause, M.; Kim, C.; et al. Amnion
Epithelial Cell-Derived Exosomes Restrict Lung Injury and Enhance Endogenous Lung Repair. STEM Cells Transl. Med. 2018, 7,
180–196. [CrossRef]

26. Bari, E.; Ferrarotti, I.; Saracino, L.; Perteghella, S.; Torre, M.L.; Corsico, A.G. Mesenchymal Stromal Cell Secretome for Severe
COVID-19 Infections: Premises for the Therapeutic Use. Cells 2020, 9, 924. [CrossRef]

27. Khan, P.; Gazdhar, A.; Fytianos, K.; Fang, L.; Caldana, F.; Roth, M.; Tamm, M.; Geiser, T.; Hostettler, K.E. The secretome of lung
resident mesenchymal stem cells is anti-fibrotic in vitro and in vivo. Eur. Respir. J. 2018, 52. [CrossRef]

28. Dinh, P.U.C.; Paudel, D.; Brochu, H.; Popowski, K.D.; Gracieux, M.C.; Cores, J.; Huang, K.; Hensley, M.T.; Harrell, E.; Vandergriff,
A.C.; et al. Inhalation of lung spheroid cell secretome and exosomes promotes lung repair in pulmonary fibrosis. Nat. Commun.
2020, 11. [CrossRef]

29. Basalova, N.; Sagaradze, G.; Arbatskiy, M.; Evtushenko, E.; Kulebyakin, K.; Grigorieva, O.; Akopyan, Z.; Kalinina, N.; Efimenko, A.
Secretome of Mesenchymal Stromal Cells Prevents Myofibroblasts Differentiation by Transferring Fibrosis-Associated microRNAs
within Extracellular Vesicles. Cells 2020, 9, 1272. [CrossRef]

30. Bari, E.; Ferrarotti, I.; Di Silvestre, D.; Grisoli, P.; Barzon, V.; Balderacchi, A.; Torre, M.L.; Rossi, R.; Mauri, P.; Corsico, A.G.; et al.
Adipose Mesenchymal Extracellular Vesicles as Alpha-1-Antitrypsin Physiological Delivery Systems for Lung Regeneration. Cells
2019, 8, 965. [CrossRef]

31. Bari, E.; Ferrarotti, I.; Torre, M.L.; Corsico, A.G.; Perteghella, S. Mesenchymal stem/stromal cell secretome for lung regeneration:
The long way through “pharmaceuticalization” for the best formulation. J. Control. Release 2019, 309, 11–24. [CrossRef]

32. Elliot, S.; Rubio, G.; Xia, X.M.; Catanuto, P.; Pereira-Simon, S.; Shapiro, J.; Glassberg, M.K.; Pastar, I.; Tomic-Canic, M.; Glinos, G.
Therapeutic benefits of exosomes derived from mesenchymal stromal cells in bleomycin-induced pulmonary fibrosis in aged
mice. Eur. Respir. J. 2017, 50. [CrossRef]

33. Bari, E.; Perteghella, S.; Catenacci, L.; Sorlini, M.; Croce, S.; Mantelli, M.; Avanzini, M.A.; Sorrenti, M.; Torre, M.L. Freeze-dried
and GMP-compliant pharmaceuticals containing exosomes for acellular mesenchymal stromal cell immunomodulant therapy.
Nanomedicine 2019, 14, 753–765. [CrossRef]

34. Bari, E.; Perteghella, S.; Di Silvestre, D.; Sorlini, M.; Catenacci, L.; Sorrenti, M.; Marrubini, G.; Rossi, R.; Tripodo, G.; Mauri, P.; et al.
Pilot Production of Mesenchymal Stem/Stromal Freeze-Dried Secretome for Cell-Free Regenerative Nanomedicine: A Validated
GMP-Compliant Process. Cells 2018, 7, 190. [CrossRef]

35. Elia, B.; Silvestre Dario, D.; Luca, M.; Federica, G.; Pietro, G.; Giorgio, M.; Marta, N.; Maddalena, M.; Marzio, S.; Rossana, R.; et al.
GMP-compliant sponge-like dressing containing MSC lyo-secretome: Proteomic network of healing in a murine wound model.
Eur. J. Pharm. Biopharm. 2020, 155, 37–48. [CrossRef]

http://doi.org/10.1164/rccm.201207-1204PP
http://doi.org/10.1002/sctm.19-0037
http://www.ncbi.nlm.nih.gov/pubmed/31613055
http://doi.org/10.1002/sctm.19-0044
http://www.ncbi.nlm.nih.gov/pubmed/31313507
http://doi.org/10.3892/mmr.2014.3092
http://www.ncbi.nlm.nih.gov/pubmed/25514921
http://doi.org/10.14348/molcells.2014.2317
http://doi.org/10.1002/sctm.17-0185
http://doi.org/10.3390/cells9040924
http://doi.org/10.1183/13993003.congress-2018.PA594
http://doi.org/10.1038/s41467-020-14344-7
http://doi.org/10.3390/cells9051272
http://doi.org/10.3390/cells8090965
http://doi.org/10.1016/j.jconrel.2019.07.022
http://doi.org/10.1183/1393003.congress-2017.PA906
http://doi.org/10.2217/nnm-2018-0240
http://doi.org/10.3390/cells7110190
http://doi.org/10.1016/j.ejpb.2020.08.003

	References

