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Abstract

:

There have been significant collaborative efforts over the past three years to develop therapies against COVID-19. During this journey, there has also been a lot of focus on understanding at-risk groups of patients who either have pre-existing conditions or have developed concomitant health conditions due to the impact of COVID-19 on the immune system. There was a high incidence of COVID-19-induced pulmonary fibrosis (PF) observed in patients. PF can cause significant morbidity and long-term disability and lead to death in the long run. Additionally, being a progressive disease, PF can also impact the patient for a long time after COVID infection and affect the overall quality of life. Although current therapies are being used as the mainstay for treating PF, there is no therapy specifically for COVID-induced PF. As observed in the treatment of other diseases, nanomedicine can show significant promise in overcoming the limitations of current anti-PF therapies. In this review, we summarize the efforts reported by various groups to develop nanomedicine therapeutics to treat COVID-induced PF. These therapies can potentially offer benefits in terms of targeted drug delivery to lungs, reduced toxicity, and ease of administration. Some of the nanotherapeutic approaches may provide benefits in terms of reduced immunogenicity owing to the tailored biological composition of the carrier as per the patient needs. In this review, we discuss cellular membrane-based nanodecoys, extracellular vesicles such as exosomes, and other nanoparticle-based approaches for potential treatment of COVID-induced PF.






Keywords:


SARS-CoV-2; COVID-19; pulmonary fibrosis; coronavirus; nanoparticles; nanomedicine; pandemic; acute respiratory syndrome




Key Contribution: With the COVID-19 pandemic being more than 3 years old, long-term effects of COVID-19 are becoming an area which the research field must consider. PF is one of the major observed effects of COVID-19 and there has already been a transition in the field to distinguish COVID-induced PF from idiopathic PF in terms of pathophysiology. However, there have been limited efforts at developing therapies specifically for COVID-19-induced PF. This review intends to summarize reports on nanotherapeutics to treat COVID-19-induced PF. We believe such efforts will be critical in the future as long-term effects of COVID-19 become more evident.










1. Background


Pulmonary fibrosis (PF) is a disease characterized by decline in lung function, which eventually leads to respiratory failure if untreated. PF is a progressive disease with lung transplant being the only option in late stages [1]. In some cases, PF has histopathologic and radiologic indications that are like other non-PF forms of interstitial lung disease, making it difficult to distinguish for accurate diagnosis [2]. Histologically, it is characterized by permanent scarring and extracellular matrix deposition in lung parenchyma [3,4]. Recent advances have determined certain genomic as well as natural history factors that increase the risk of PF. It has been reported that a single nucleotide polymorphism on the p-terminus of chromosome 11, which is located within a highly conserved area of the promoter region for the mucin 5B (MUC5B) gene, is associated with the high risk of PF [5]. Other polymorphisms and loci have also been identified that are associated with high risk of PF. Interestingly, members of extended families with variant abnormalities of the same gene were at high risk of different fibrotic forms of lung injury [6]. Genomic factors and epigenetic mechanisms such as histone modification and microRNA expression are also found to be responsible for high risk of fibrosis [7,8]. Moreover, advanced age is likely to increase the risk of PF, males are at higher risk compared to females, and occupational hazards such as silica exposure, material dust exposure, and livestock exposure have been shown to contribute to the pathogenesis of PF as well [9,10]. However, it should be noted that in many cases, patients with PF do not necessarily have a prevalence of the previously mentioned risk factors; however, these risk factors do require genetic predisposition to develop PF. The key histologic indications of PF are characteristic fibroblastic foci accompanied by distortion and fibrosis of lung tissue. Primary symptoms of PF include persistent dry cough, shortness of breath, tiredness, and weight loss. If undiagnosed, the disease may worsen, causing pneumonia or bronchitis followed by chest pain and cardiac failure in the later stages of disease progression. According to the World Health Organization (WHO), about 100,000 people are affected by PF in the United States, and 30,000 to 40,000 new cases are diagnosed each year. Moreover, the global prevalence of PF is 13 to 20 cases per 100,000 people.



In the post-COVID-19 era, PF is also viewed as an aftereffect of COVID-19 infection. PF was not only a major cause of death worldwide in COVID-19 infected patients but also a cause of permanent lung tissue damage in recovered patients [11,12]. COVID-19 and PF also share common risk factors such as old age, male sex, and comorbidities such as diabetes and hypertension. Current treatment options for PF include antifibrotic agents such as pirfenidone and nintedanib. Although these therapies are shown to improve survival expectancy by as much as 2 years, they have been effective in controlling the rate of lung function decline by only about 50% [13,14,15]. Additionally, these therapies are available only in the form of oral dosage forms, and hence, administration is difficult for patients in coma or patients that are intubated/mechanically ventilated in critical care units.



Nanotherapeutic approaches, by virtue of their physical and chemical characteristics such as size, charge, chemical composition, and surface modification, can provide advantages in terms of administration ease as well as therapeutic efficacy. Their small size allows for administration by parenteral routes, which is a significant advantage for intubated patients. Owing to their nanoscale size, nanoparticles can effectively deliver the drug cargo to the target site with minimal exposure to healthy tissues and organs. As a result, drug dumping is avoided, and the required dose can be reduced. This is particularly important in the case of potent drugs and steroids. The small size of nanoparticles and other nanotherapeutics results in a net large surface area, and the external surface of nanotherapeutics can be modified with ligands that bind to specific cell receptors. This allows for drug delivery at the cellular level within organs. The biological and chemical composition of the nanotherapeutics can be modified to allow for drug release upon specific stimuli present within the target cell. Such strategies further ensure that maximal drug is available only upon cellular internalization. Nanotherapies offer advantages in the case of combination therapy of drugs with varying pharmacokinetic characteristics. Packaging in a nanoparticle facilitates the availability of multiple drugs at the target site at the same time, hence achieving “true” combinatory therapeutic effects.



In this review, we discuss various nanotherapeutic approaches that can potentially be used in the control, maintenance, and treatment of PF.




2. Pathophysiology of COVID-19-Induced PF


While the complex molecular mechanisms that precipitate the grave pathophysiological outcomes in the lung are being elucidated, a significant extent of overlap in the progression and genetic etiology of idiopathic pulmonary fibrosis (IPF) and COVID-19-induced PF has been demonstrated [16,17]. The heterogeneity in the severity of the disease progression for COVID-19 has led to a wide spectrum of health outcomes, ranging from asymptomatic to needing mechanical ventilation, lung damage, and death [18]. The downstream pulmonary effects produced by COVID-19 overlap uniquely with the signaling pathways shown by IPF. Figure 1 shows a representation of the pathophysiology of COVID-19-induced PF. The macrophage infiltration, progressive fibroblast proliferation, and metaplasia have been reported in patients with COVID-19, while not correlated with H1N1 influenza or bacterial infections [19,20]. In approximately 84% of COVID-19 patients, signs and symptoms of PF follow a clinical cure and are seen in all patients with severe or critical SARS-CoV-2 infection [12]. Fadista and co-workers reported a positive genetic correlation of IPF and the severity of COVID-19 symptoms in an age-stratified Mendelian randomization analysis. However, there is also parallel evidence signifying a divergence in the etiology of PF caused by COVID-19 and IPF. Flaifel and co-workers reported the incidence of a non-specific interstitial pneumonia (NSIP) and bronchiectasis in COVID-19 patients instead of the interstitial pneumonia pattern of fibrosis seen in IPF, and this finding was also corroborated by Parimon and co-workers [21].



A key element of the etiology of COVID-19-induced PF is the preferential infectivity that this virus has toward alveolar macrophages and the basal epithelial cells in the respiratory tract, owing to the attachment protein ACE2 [22]. The alveolar epithelial cells (AECs) play a key role in pulmonary homeostasis, with Type I AECs regulating gas exchange, while the Type II AECs are responsible for the production of a protein–lipid surfactant containing surfactant protein C, sterols, and dipalmitoylphosphatidylcholine (DPPC), which is critical for lowering of the surface tension and alveolar function [23,24]. The epithelial–mesenchymal trophic units (EMTUs) are a functional element representing the feedback interactions between the epithelial and mesenchymal cells [25,26,27]. This signaling channel can be disrupted by cellular death, disruption, and inflammation in the type II AECs perpetuated by environmental factors such as silica or metal dust, radiation, or infections such as COVID-19. The surviving type II AECs have been shown to overexpress profibrotic markers such as pSTAT3 and KIT, apoptotic markers such as CASP3, and proinflammatory signaling molecules such as IL-6.



The persistence of inflammation in these loci has direct links to increased levels of proinflammatory biomarkers such as IFN-γ type 2, TGF-β, IL-1α, and IL-8 [28,29]. Monocytes, macrophages, and myeloid cells induced by these signaling markers further trigger a “cytokine storm” and thus perpetuate a positive feedback loop with further immune cell recruitment, ROS generation, and colocalization with lung tissue showing profibrotic histology [30,31]. The high degree of chronic inflammation found in COVID-19 patients with PF remains a key feature of the condition [32]. Aberrant activation of lung epithelial progenitor cells that leads to increased active myofibroblasts with associated fibroblast alveolar migration is a downstream effect of the disrupted cell signaling in PF. Indeed, proliferation of myofibroblasts with other elements of the mesenchyme has been reported in patients with late- or end-stage fibrotic COVID-19 [33]. Alveolar epithelial damage and the subsequent dysregulation of the paracrine cell signaling contribute to the aberrant cell proliferation that leads to metaplasia, a critical feature of PF [34,35,36,37]. The altered numbers and function of the type II AECs lead to metaplastic infiltration of krt+ basal cells into the alveoli, subsequent keratinization of the pulmonary tissue, and eventually decreased lung function [38,39,40]. This reduced lung function, overexpressed TGF-β signaling, and progression of PF are linked to decreased overall survival rates [41]. TGF-β plays a key role in the progression of PF by inducing recruitment of myofibroblasts, accumulation of extracellular matrix, and persistent induction of fibronectin and collagen [42,43,44]. The effects of TGF-β associated cascades are balanced by the activity of the bone morphogenetic protein (BMP-4), which is responsible for inhibiting the proliferation of human pulmonary fibroblasts and induces the proliferation of pulmonary epithelial cells [45]. Koli and co-workers demonstrated elevated levels of Gremlin/Drm mRNA, an antagonist of BMP-4, in fibrotic tissue [42]. Tilting of the balance toward TGF-β cascades in antagonism to BMP-4 in fibrotic tissue has been demonstrated in murine models. There might be a diagnostically relevant unique expression profile for PF marked by lower levels of circulating IFN-β and higher IL-1α and TGF-β.



The overall pathophysiology of PF and the high extent of overlap with COVID-19 warrant further investigation into the metabolome and the interactome of fibroproliferative cell signaling, metaplasia, and immune activity. The covariables of history of exposure to tobacco smoke, environmental irritants, chronic obstructive pulmonary disorder (COPD), autoimmunity, as well as genetic predisposition may also contribute to the severity of the PF seen in COVID-19 patients. This attention to PF as an effect of COVID-19 has led to a proliferation of reports on COVID-19-induced PF. This is clearly observed in literature searches using the terms “PF” and “COVID-19-induced PF”. A simple PubMed search utilizing these terms resulted in nearly 1400 hits (Figure 2). If there is so much realization about this topic, however, then why are there comparatively so few studies looking at delivery of therapeutics that take COVID-19-induced PF into consideration? Thus, the main goal of this review article was to discuss the status of COVID-19-induced PF therapies and provide information on reported nanotherapeutic approaches that may yield more promising results in the future.




3. Current Status of COVID-19-Induced PF Therapy


Current therapy of PF is performed with either pirfenidone or nintedanib. Pirfenidone’s mechanism of action is not completely understood yet; however, it is believed to inhibit fibroblast activity and matrix deposition by disrupting TGF-β activity [46]. Pirfenidone underwent multiple clinical trials; however, three separate sets of trials led to its authorization for use in Japan, Europe, and the USA [47]. A randomized, double-blind, placebo-controlled phase III trial that included mild-to-moderate PF patients was conducted in Japan over 52 weeks [48]. The progression-free survival was significantly longer in the 1800 mg/day dose arm compared to the placebo arm, leading to authorization in Japan. Moreover, two CAPACITY trials were conducted by enrolling mild-to-moderate progression PF patients, of which one trial, i.e., trial 004, met the primary endpoint [49]. Trial 006, on the other hand, could not demonstrate a difference between pirfenidone-treated subjects as compared to placebo arm in terms of the % change in forced vital capacity (FVC) of the lungs. These trials earned pirfenidone authorization for use in Europe. However, an additional study was required by the US FDA.



The ASCEND study enrolled patients with high risk of disease progression [15]. This trial demonstrated a 45% reduction in FVC decline compared to placebo arm, satisfying the primary objective of this trial. Following this study, the FDA granted pirfenidone an authorization for use in PF. The reported side effects of pirfenidone include nausea, vomiting, dyspepsia, anorexia, photosensitivity reaction, skin rash, and elevation of liver enzymes. Pirfenidone is metabolized primarily in the liver via the cytochrome system (CYP1A2 enzyme). Hence, co-administration of CYP1A2 inhibitors (e.g., amiodarone, ciprofloxacin, fluvoxamine) or inducers (e.g., omeprazole) that can alter pirfenidone bioavailability is avoided [50,51]. Pirfenidone is contraindicated in patients with severe hepatic dysfunction or patients with advanced renal dysfunction (glomerular filtration rate < 30 mL/min). On the other hand, nintedanib inhibits multiple intracellular kinases by blocking receptors for vascular endothelial growth factor (VEGFR 1–3), platelet-derived growth factor (PDGFR α and β), and fibroblast growth factor (FGFR 1–3), and it also inhibits Fms-like tyrosine kinase-3. In INPULSIS-1 and -2 trials, it showed reduced decline in FVC in nintedanib-treated patients as compared to placebo arm [14]. The most common side effects are diarrhea and gastrointestinal discomfort. Nintedanib is mainly metabolized by hepatic ester cleavage, and a minor role is played by CYP3A4. It is also a substrate for p-glycoprotein. Hence, co-administration of inhibitors of both CYP3A4 and P-glycoprotein (e.g., erythromycin, imidazoles) or inducers (e.g., phenytoin, carbamazepine, rifampicin, St. John’s Wort) is avoided. Additionally, nintedanib is contraindicated in patients with moderate to severe hepatic dysfunction. Additionally, both these drugs hold potential to be explored for their use in COVID-19-induced PF. However, clinical studies to determine whether these drugs help prevent post-COVID fibrotic injury have not taken place yet, apart from the few case studies in combination with other drugs. Additionally, safety and specificity to lung tissue remain viable concerns for all the currently utilized therapies. Table 1 shows ongoing clinical trials to develop therapies against COVID-19-induced PF.



As widely reported for other disease areas, nanomedicine can overcome the limitations of the current PF therapies [52,53]. Nanotherapies such as nanoparticles, cell-derived vesicles, and nanopolymers are more amenable to modification to enhance their safety, specificity, and stimuli-responsive drug release [54,55]. Additionally, there have been multiple reports of tailoring the pharmacokinetics of drugs by using nanomedicine-based approaches [56]. Nanoparticle applications to deliver drug combinations have been widely reported [57,58]. To summarize efforts, specifically looking at the applications of nanotherapeutic approaches to COVID-19-induced PF, an exhaustive search on PubMed was performed. Articles reported from 2020 were screened to filter out articles that reported approaches to treat PF and focus on articles reporting COVID-19-induced PF. Research articles that described nanotherapeutic approaches were selected, and specific emphasis was put on reports that included in vivo data. In the following section, we discuss a few nanotherapeutic approaches reported in the literature that look specifically at COVID-19-induced PF.




4. Nanotherapeutic Approaches to Treat COVID-19-Induced PF


This section focuses on different types of nanotherapeutic approaches that have been reported in literature. Figure 3 depicts graphical representation of these reported nanotherapeutic approaches.



4.1. Cell-Mimicking Nanodecoys


Reports that elucidated the mechanism of COVID-19 indicated that angiotensin-converting enzyme 2 (ACE2) plays a pivotal role in viral entry into the host cell [59,60]. The role of ACE2 has been well characterized in multiple viral infections. In COVID-19, the spike protein of the virus specifically interacts with ACE2-presenting pneumocytes in the lungs and goblet secretory cells in the nasal mucosa [61]. Li and co-workers developed a cell therapy using a mixture of resident lung epithelial cells and mesenchymal cells that they termed lung spheroid cells (LSCs) [62]. Since these cells express ACE2, the authors utilized their cell membrane to fabricate ACE2 nanodecoys. The LSC-nanodecoys could act as cell mimics and bind to the SARS-CoV-2 spike (S) protein, consequently triggering a phagocytotic response from macrophages resulting in the elimination of the virus. This therapeutic system provided an advantage over spike protein targeting therapies such as antiviral drugs and vaccines, as they target human cells expressing the ACE2 receptor and are independent of viral proteins. Consequently, the authors are of the view that this therapy could also be more effective in managing more aggressive variants associated with the mutations in the viral spike proteins.



Nanodecoys were generated by serial extrusion of LSCs through polycarbonate membranes with various pore sizes and characterized. The obtained nanodecoys exhibited an average size of 320 nm and were spherical in shape. A yield of approximately 11,000 nanodecoys was obtained from one LSC. Control nanodecoys were also generated from HEK293 cells, which do not express the ACE2 receptors. The authors also demonstrated the ability of nanodecoys to bind to S-protein in a dose-responsive manner. While LSC nanodecoys could competitively bind within 4 h, HEK293 nanodecoys did not show binding to S-protein. In addition, LSC-nanodecoys were internalized more in the macrophage cells as compared to lung cells, indicating that they could be potentially cleared out by the immune cells. Similar studies were also performed to show that the LSC nanodecoys could protect from SARS-CoV2 mimics. The biodistribution of the nanodecoys was performed in CD1 mice (Figure 4). Fluorescent labeled nanodecoys were administered to mice via inhalation route, and biodistribution analysis was performed at 24, 48 and 72 h post administration. The authors reported that nanodecoys could still be found in the lungs 72 h after a single inhalation treatment. In addition, nanodecoys were also found in spleen, liver and kidney, indicating clearance via the reticuloendothelial system (RES). No impact was observed on CD68+ macrophage infiltration, indicating biocompatibility with immune cells. Additionally, the authors also demonstrated that the LSC nanodecoys could significantly reduce the number of SARS-CoV2 mimics that were internalized by lung cells, avoiding further infection. This effect was not observed for the free form of recombinant ACE2 or HEK293 nanodecoys. Confocal microscopy assessments showed that the nanodecoys could accelerate the clearance of the mimics. Cytokine and histopathological assessments of all major organs showed no adverse effects of either LSC or control nanodecoys.



To demonstrate therapeutic efficacy of the LSC nanodecoys, a pilot non-human primate (NHP) study was performed in cynomolgus macaques (Figure 5). This model could replicate many clinical symptoms of SARS-CoV-2 infection as well as show robust viral replication. The animals were challenged with SARS-CoV-2 using intranasal and intrathecal routes followed by random assignment into the LSC nanodecoy and PBS control groups. Nanodecoys were administered daily from days 2 to 5 post-challenge via inhalation using a nebulizer and fitted mask at the dose of 1010 particles/kg (Figure 5a). Eight days post-challenge, the animals were sacrificed for further assessments. Viral loads in bronchoalveolar lavage (BAL) and nasal swabs (NS) were assessed by using RT-PCR to measure genomic RNA that was indicative of viral replication (Figure 5b,c). High levels of RNA were observed in control animals, with a median peak of 6.243 log10RNA copies mL−1 in BAL and a median peak of 5.595 log10RNA copies per swab in NS on day 2. Contrarily, RNA levels showed a dramatic reduction in nanodecoy-treated animals, with a <1.7 log10 reduction of median peak RNA in both BAL and NS on day 8 post-challenge. Histopathological analysis of the lung tissue was performed at the end of the study (Figure 5d,e). Multifocal regions of inflammation, monocellular cell infiltrates and edema were observed in the control animals. On the other hand, LSC-nanodecoy treatment significantly reduced the numbers of inflammatory cells infiltrating the lungs. Immunohistochemistry (IHC) staining was performed to detect the viral levels within the lung tissue. The LSC-nanodecoy treated group showed significantly lower levels of viral protein as well as viral replication within the lung tissue as compared to control groups.



Based on this study, the authors were able to show that the nanodecoys not only showed specificity towards lung accumulation but also exerted their effect only in the impacted tissue without eliciting toxicity in other systemic organs. Based on all of these findings, the authors believe that LSC-nanodecoys can serve as a potential therapeutic agent for treating COVID-19 and COVID-19-induced PF. However, the authors mentioned that in terms of drug development, the major pain points they wanted to address were off-target effects and undesired biodistribution. Similarly, several challenges including process development to ensure large-scale production of LSCs, development of a robust manufacturing protocol and establishment of updated regulatory guidelines need to be addressed to ensure clinical translation of these nanodecoys.




4.2. CD-24 Exosomes


Shapira and co-workers tried to develop a therapy based on CD24, which is a small, heavily glycosylated membrane-anchored protein that acts as an immune checkpoint regulator [63]. CD24 allows immune differentiation between molecular patterns of damaged or dying cells versus the ones derived from pathogens such as bacteria and viruses [64]. Binding of CD23 to damage associated molecular patterns (DAMPs) prevents binding to pathogen associated molecular patterns (PAMPs). Additionally, this also causes inhibition of DAMP-induced inflammatory cytokine activation. As a result, while CD24 dampens immune activation, it does not affect immune recognition, hence does not interfere with viral clearance. Exosomes are vesicles that play a role in intercellular communication [65]. They have been reported to be useful delivery vehicles, as they can increase stability and extend bioavailability of therapeutic molecules, as evidenced by multiple ongoing clinical trials [66,67]. Additionally, a recent report showed that nebulized exosomes can help repair PF [68]. To combine the benefits of both CD24 and exosomes, the authors developed CD-24 enriched exosomes (EXO-CD24) as a targeted therapy against COVID-19 immune activation.



The authors initially reported creation of a HEK293 cell line stably transfected with CD24, which they used for purification of exosomes displaying high levels of CD24 (EXO-CD24) [69]. The authors utilized flow cytometry and western blot analysis to demonstrate high expression of CD24 on the isolated exosomes. Further characterization studies showed that EXO-CD24 had a particle size of approximately 100–200 nm. Additionally, EXO-CD24 had a spherical morphology with clearly visible lipid bilayers and vesicular internal structures.



The authors also demonstrated inhibition of inflammatory cytokine/chemokine secretion in an EXO-CD24-treated human monocyte cell line, U937. In vivo studies with mice were performed to assess the toxicity as well as efficacy. For safety assessment, a dose of either 5 × 108 or 1 × 109 EXO-CD24 was administered by inhalation, once daily, for 5 days (Figure 6A). Animals were either sacrificed on day 6 or followed for an additional week. Saline, the carrier for the exosomes, was used as vehicle. The authors reported that even for the highest dose, no adverse effects or differences were observed between control and treated groups in behavior, food and water consumption, body weight, organ weight at the end of the study, or in hematology, blood chemistry, and urine analyses. Additionally, histological evaluation of organs showed no toxicity concerns. To assess the ability of EXO-CD24 in reducing inflammatory cytokines and lung inflammation, a mouse model of acute respiratory distress syndrome (ARDS) was used (Figure 6B). ARDS-affected mice were administered either 5 × 108 or 1 × 109 EXO-CD24 once daily for 3 days. After 3 days of treatment, the mice were sacrificed and assessed for histological differences as well as levels of various inflammatory markers. The authors reported that the animals treated with the lower dose had moderate-to-severe lung injury, while animals with the higher dose showed a marked reduction in lung injury. Additionally, a significant dose-dependent reduction in cytokines was observed (Figure 6C). Collectively, these findings suggested that EXO-CD24 was a safe and efficacious treatment for COVID-19-induced lung inflammation.



Following promising observations in animal studies, a Phase Ib/IIa clinical study was performed mainly with an intent to assess safety, with an additional focus on pharmacokinetics. Thirty-five patients were enrolled in four dose escalation groups (1 × 108, 5 × 108, 1 × 109, 1 × 1010 EXO-CD24/dose) (Figure 7A). An increase in respiratory rate and blood oxygen levels showed the promise of this therapy in treatment of lung injury (Figure 7B,C).



Additionally, in patients that participated in the study, the decrease in serum cytokine arrays and inflammatory markers in a time-dependent manner suggested the efficacy of EXO-CD24 (Figure 8). Overall, the results from this study showed that EXO-CD24 had a high tolerability and potential efficacy that justified further clinical investigations.



Despite these promising results, lack of standardized isolation, characterization, and large-scale production technologies for exosomes remains a major limiting factor in the clinical translation of exosomes. Similarly, the recommended storage temperature for exosomes is −80 °C which introduces additional barriers in their translation.




4.3. Mannosylated Albumin-siRNA NPs


It has been reported that PF involves activation of the innate and adaptive immune pathways that release inflammatory cytokines [70]. During this process, a crucial role is played by resident alveolar macrophages, which are replaced by newly penetrating monocyte-derived macrophages (Mo-AMs) that transition into alveolar macrophages [71]. These newly arriving macrophages have an overexpression of the mannose receptor CD206 [72]. Current therapies such as pirfenidone and nintedanib only dampen immune activation [73]. However, there is no target-specific approach to disease-inducing macrophage population [74].



Singh and co-workers leveraged these mannose receptors by developing mannosylated albumin nanoparticles (MANPs) that could be internalized by CD206+ macrophages [75]. They utilized these nanoparticles to deliver a TGFβ1 siRNA that could reduce inflammatory cytokine secretion and prevent PF [76]. The MANPs were prepared by a coacervation process and coated with D-mannose. Albumin-based NPs have been widely reported to possess safety as well as relevance to clinical translation. The mannose coating was enabled by opening the aldehyde groups at low pH and high temperatures to allow reaction of the activated mannose with free amine groups of ANPs. The surface mannose concentration was optimized at 8 mM, which was the concentration at which the NP surface appeared to be saturated, as evidenced by quantification studies and 1NMR. Coating of ANPs with mannose resulted in an almost two-fold increase in particle size, from 60 nm to 100 nm. The cellular uptake of the synthesized MANPs in macrophages was assessed by flow cytometry. Additionally, the authors showed that the uptake was a result of CD206 targeting by incubating these cells with CD206 antibody, which resulted in a reduction in the macrophage uptake.



To assess the application of MANPs as delivery vehicles, MANPs encapsulating TGFβ1 siRNA were synthesized. The entrapment efficiency of siRNA was determined to be about 60%, and about 50% release of siRNA was observed in 5 days in PBS pH 7.4 at 37 °C. Fluorescently labeled siRNA was encapsulated, and macrophage uptake was assessed using flow cytometry and confocal microscopy. These studies showed that MANP-siRNA had significantly more internalization as compared to free siRNA.



To assess the in vivo efficacy of TGFβ1 siRNA-loaded MANPs, the authors utilized a bleomycin-induced PF model, which was 15 days long (Figure 9A). TGFβ1 siRNA-loaded MANPs were administered on days 5 and 10. On day 15, the mice were sacrificed, and histological assessments were performed (Figure 9B). A marked reduction was observed in the TGFβ1 siRNA-loaded MANP-treated mice. Additionally, a significant reduction in fibrotic mass as well as collagen deposition was observed (Figure 9E). The treated group also showed a three-fold reduction in macrophage proliferation in the lungs (Figure 9F,G). Further assessment was performed to assess the levels of proinflammatory cytokines TGFβ1 and IL-1β in lungs by ELISA. It was observed that the TGFβ1 siRNA-loaded MANP-treated mice showed marked reduction in the cytokine levels.



Lung function was assessed by measuring multiple mechanical properties of the respiratory system using an instrument called flexiVent. Marked improvements were observed in the lung function of animals treated with TGFβ1 siRNA-loaded MANPs. Overall, the authors demonstrated the therapeutic efficacy of MANPs to target a specific subset of lung macrophages and mitigate PF.




4.4. Nanostructured Hydroxychloroquine


Hydroxychloroquine (HCQ) is an inexpensive drug that has been commonly indicated for the treatment of malaria [77]. Additionally, in recent times, HCQ has been investigated for its anti-inflammatory effects in the treatment of disorders such as rheumatoid arthritis, lupus and inflammatory bowel disease [78]. There have been multiple reports of modifying HCQ to alter its pharmacokinetics so that its therapeutic action can be made more specific [79,80]. Following a similar rationale, Ali and co-workers investigated hydroxychloroquine nanostructured lipid carriers (HCQ-NLCs) as a pulmonary delivery system to treat COVID-19-induced PF [81]. HCQ-NLC was prepared using a hot emulsification-ultrasonication method. The final nanocarrier comprised mainly almond oil and Compritol 888ATO. Additionally, L-phosphatidylcholine was included as an amphiphilic surfactant to promote the stability of NLCs. The total lipid content used in the synthesis was about 10% w/v, while the surfactant was added at 2% w/v. Targeted HCQ content was 50 mg. Characterization of the obtained NLCs showed a particle size of approximately 250 nm with a PDI of 0.3. In vitro release testing showed that 15% of HCQ was released in 30 min, followed by a cumulative release of 80% over 12 h. To evaluate in vivo efficacy, the authors investigated HCQ-NLCs in a murine bleomycin (BLM)-induced fibrosis model. Mice with fibrosis were divided into different treatment groups and administered with six doses of HCQ-NLC via intrathecal route, HCQ suspension via oral route, and Dexamethasone (Dexa) administered via intraperitoneal route. Dexa was included as a positive control, as it is used extensively in the management of PF. Post-sacrifice, lung tissue was utilized for analysis of pro-inflammatory cytokine levels and histopathological evaluation. All three treatment groups showed a reduction in TNFα, IL-6, IL-1β and NFK-β as compared to the untreated mice (Figure 10). Additionally, HCQ-NLC-administered mice reduced pro-inflammatory cytokine levels to base levels as compared to the HCQ-treated group. Similar results were observed with the histopathological evaluation. HCQ-NLC-treated mice showed marked open alveoli free of any inflammatory cell infiltration. Slight improvement was observed for HCQ-administered mice.



This report lacked depth in its study design in terms of explaining why the authors chose to evaluate the efficacy of different treatments via different routes of administration. In our opinion, this approach to study design does not provide adequate comparative information to confirm whether the HCQ-NLCs are significantly better than the other treatment groups. Additionally, intrathecal delivery has low patient compliance, and the possibility of burst release of payload from NLCs leading to adverse effects as well as chances of residual solvent-associated toxicity from the use of organic solvents are major drawbacks of this delivery system. Nevertheless, this report highlights a potential nanotherapeutic approach where an existing small molecule drug was packaged into a nanocarrier and its application to PF was assessed.




4.5. PLGA-PEG-G0-C14-IL11 siRNA NPs


Bai and co-workers reported the development of a novel lipid–polymer platform consisting of lipid-like compound G0-C14 and PLGA-PEG [82]. The developed NPs encapsulated siRNA against IL11, which is a proinflammatory cytokine [83]. The developed NPs enabled pulmonary delivery of siRNA through bronchiolar and alveolar epithelium on inhalation. The authors reported that these NPs had good biocompatibility as well as the ability to withstand the shear stress generated during nebulization. In vitro studies were performed to exhibit effective gene silencing. In vivo studies in mice showed that these NPs did not elicit any immune reactions in lung or liver, thus showing their promise as an efficient inhaled RNA therapy.



Additionally, the authors assessed the therapeutic efficacy of these NPs in a bleomycin-induced PF mouse model, which is clinically relevant and has been widely used for PF studies [84]. NP-treated mice showed a marked reduction in inflammatory signs (Figure 11). Histologically, a significant reduction in thickness of alveolar septa was observed. Additionally, restoration of impaired alveolar barrier and reduced collagen deposition were observed.



The authors indicate that while promising, the evaluation of this system in other models of PF would greatly help, considering that only one disease model does not cover all characteristics of the disease. Nevertheless, the authors believe that this system can be used for simultaneous delivery of multiple siRNAs, which could potentially provide synergistic benefits.





5. Challenges and Future Perspectives


The COVID-19 pandemic has been a major threat to human health. While the medical and pharmaceutical industry has been quick to develop an initial understanding of this disease and developing vaccines, there has not been much focus on the long-term effects of COVID-19 [85]. Partly, this is because the pandemic is about 3 years old, so long-term effects are still being monitored [86,87]. However, a significant percentage of COVID-19-affected individuals have shown a certain degree of lung damage [88]. In rare cases, a few patients with existing lung conditions have developed PF [89,90,91]. Overall, it remains to be seen whether COVID-19-affected patients exhibit progressive PF in the long term. Although PF is a well characterized disease, COVID-19-induced PF might have a different pathophysiology and consequently its own treatment challenges. The current mainstay of therapies for COVID-19-induced PF are still drugs that are indicated for PF. However, recently there has been a shift in the field to evaluate these therapies specifically for COVID-19-induced PF. As a result, there are multiple clinical trials ongoing to assess the efficacy of PF drugs in COVID-19-induced PF [92]. However, the major challenges include safety as well as specificity of these therapeutics. Most of these drugs function by silencing the immune system [93]. Lack of specificity results in non-specific immune silencing, which can lead to many concerning side effects. Nanotherapeutic approaches have shown benefits over similar concerns in the context of other disease areas [94,95,96]. As a result, there are many reports of evaluations of various nanotherapeutic systems in COVID-19-induced PF [97,98,99].



In the future, the hope is that more studies will result in therapies with higher margins of safety and specificity toward COVID-19-induced PF [100,101,102,103]. However, we are still in the preliminary stages of nanomedicine applications for lung diseases. There are several challenges and considerations that must be addressed before these therapeutics can be assimilated into mainstream treatment options [104]. Many reports have discussed the delivery challenges. These challenges are usually either delivery or formulation challenges. However, in relation to the bigger picture, the major challenge to clinical translation would be the development of industrial processes to scale up these therapies to produce at scale large enough to supply phase III clinical trials and commercial production [105]. Additionally, processes capable of consistently producing uniform therapeutics will be a challenge. The development of critical quality attributes as well as reliable methods to assess these attributes will significantly impact the translation of nanotherapeutics. Furthermore, the development of robust and biologically representative animal models will bolster pre-clinical evaluations of these therapeutics. In terms of drug product development, storage, and stability during the shelf-life of these nanomedicines will also be a significant challenge. The advent of COVID-19 vaccines brought significant attention to formulation compositions as well as components of the nano-delivery systems and their influence and behavior under various storage conditions [106]. This has led to several reports that elucidated the impact of storage conditions on the thermal stability of nanotherapeutics. Addressing thermal stability concerns will represent a significant challenge. Better understanding of the regulatory landscape, especially surrounding lung-targeted therapies, will be needed. Overall, we are headed in the right direction in terms of starting to understand lung-targeted therapies and patient needs. However, much more knowledge is still needed to allow for successful bedside translation of these nanotherapies [107].
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Figure 1. Pathophysiology of COVID-induced PF. The aberrant interaction of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) with the alveolar epithelium (Type I and II) leads to cellular death, inflammation, and keratinization. Disruption of respiration is a grave cardinal symptom of PF and has been linked to patients affected severely by COVID-19. The molecular mechanisms behind the positive feedback loop of inflammatory activity have been linked to a phenomenon of “cytokine storm” mediated through monocytes and myeloid cells. A more complex mechanism of cellular metaplasia of krt+ basal cells and fibroblasts to the alveoli has been linked to decreased lung function, the furtherance of aberrant inflammatory responses, and reduced overall survival. (Created with BioRender.com.) 
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Figure 2. Number of publications on PF vs. COVID-19-induced PF. Results of a PubMed search over the last 10 years (as of 10 April 2023) for the terms “COVID-19-induced PF” (blue) and “PF” (orange). 
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Figure 3. Graphical representation of currently reported delivery systems explored in treatment of COVID-19-induced PF. (Created with BioRender.com). 
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Figure 4. Biodistribution of nanodecoys in CD1 mice on inhalation. (a) Schematic demonstrating study design. (b) Quantitative results showing biodistribution in various organs using fluorescent labeled nanodecoys. (c) Confocal images showing fluorescent nanodecoys (red) in tissue sections. (d) Confocal images showing co-localization of nanodecoys with lung cells and macrophages. (e) Percentage of nanodecoy-positive macrophages. Reprinted with permission from Li Z. et al. Nature Nanotechnology volume 16, pages 942–951 (2021) [62]. Copyright 2021 Nature Publishing Group. 
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Figure 5. Treatment of SARS-CoV-2 infection in cynomolgus macaques. (a) Schematic demonstrating study design. (b,c) Quantification of viral load in NS and BAL on treatment. (d,e) Representative histological images of lung tissue stained with H&E and IHC staining. (f) Quantification of lung fibrosis using Ashcroft scoring. (g) Quantification of positive SARS-N numbers in lung tissues. Reprinted with permission from Li Z. et al. Nature Nanotechnology volume 16, pages 942–951 (2021) [62]. Copyright 2021 Nature Publishing Group. 
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Figure 6. Therapeutic efficacy of EXO-CD24 in mouse ARDS model. (A) Study design, which shows mice were challenged using intrathecal administration of LPS followed by EXO-CD24 administration once daily for 3 days. Mice were then sacrificed, and serum and BAL were collected. (B) Representative hematoxylin and eosin (H&E) stained histological images of lung tissue showing extensive neutrophil infiltration in saline and low dose-treated mice as opposed to considerable reduction in neutrophil infiltration in high dose-treated mice. (C) Levels of cytokines in serum (upper panel) and BAL (lower panel). Reprinted with permission from Shapira S. et al. EMBO Mol Med (2022)14: e15997 [63]. Copyright 2022 EMBO Press. 
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Figure 7. Patient enrollment and clinical results. (A) Clinical study design. (B) Respiratory rate and (C) blood oxygen before and after treatment. (Reprinted with permission from Shapira S. et al. EMBO Mol Med (2022)14: e15997 [63]. Copyright 2022 EMBO Press. 
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Figure 8. Patients’ systemic inflammatory markers. (A) Plot showing systemic CRP values normalized against day 0 values for 35 patients. (B) Systemic cytokine levels measured in 8 patients on days 3/4 and days 7/8 after treatment with EXO-CD24. (C) Fold change in cytokine levels measured in 24 patients during course of EXO-CD24 treatment. Reprinted with permission from Shapira S. et al. EMBO Mol Med (2022)14: e15997 [63]. Copyright 2022 EMBO Press. 
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Figure 9. Mitigation of lung fibrosis by MANPs with TGFβ1 siRNA. (A) Study design and administration schedule for therapeutic evaluation in mice with bleomycin-induced lung fibrosis. (B) Representative histological images showing reduction in lung fibrosis after treatment with TGFβ1siRNA-MANP as compared to untreated mice and mice treated with MANPs incorporating scrambled siRNA. (C) Quantification of α-SMA staining. (D) Reduction in TGFβ1 expression in Mo-AMs. (E) Reduction in fibrotic mass after treatment. (F) Reduction in collagen deposition shown by hydroxyproline assay. (G) Quantification of profibrotic cytokines (i) TGFβ1 and (ii) IL1β in lungs. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Reprinted with permission from Singh A. et al. PNAS (2022) 119 (15) e2121098119 [75]. Copyright 2022 The National Academy of Sciences. 
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Figure 10. Reduction in pro-inflammatory cytokines (a) TNF-α; (b) IL-6; (c) IL-1β and (d) NF-κβ following treatment with various HCQ formulations. # Significant (p < 0.05) versus all groups. * Significant (p < 0.05) versus the control group and HCQ-NLC group Reprinted with permission from Ali AS. et al. Polymers (Basel). 2022 July; 14(13): 2616 [81]. Copyright 2022 MDPI. 
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Figure 11. Representative histological lung tissue images showing therapeutic efficacy of siIL11 siRNA NPs in pulmonary fibrosis mouse model. Reprinted with permission from Bai X. et al. Science Advances. 2022 June; 8(25) [82]. Copyright 2022 Science. 
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Table 1. Ongoing clinical trials for COVID-19-induced PF therapy.
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	Clinical Trial ID
	Title
	Intervention
	Sponsor





	NCT04607928
	Phase-II Randomized Clinical Trial to Evaluate the Effect of Pirfenidone Compared to Placebo in Post-COVID19
	Drug: Pirfenidone

Drug: Placebo
	Institut d’Investigació Biomèdica de Bellvitge



	NCT04818489
	Impact of Colchicine on the Clinical Outcome of COVID-19 and the Development of Post-COVID-19 Pulmonary Fibrosis: Randomized Controlled Clinical Trial
	Drug: Colchicine 0.5 mg

Other: the standard protocol only
	ClinAmygate



	NCT04551781
	Short Term Low Dose Corticosteroids for Management of Post Covid-19 Pulmonary Fibrosis
	Drug: 20 mg Prednisone for 14 days

Drug: control
	South Valley University



	NCT05648734
	Impact of Anti-Inflammatory and Anti-Fibrotic Drugs on Post-acute COVID-19 Pulmonary Fibrosis
	Drug: Corticosteroids alone

Drug: Corticosteroids + Colchicine

Drug: Corticosteroids + Pirfenidone

Drug: Corticosteroids + Colchicine + Pirfenidone for ≥14 day
	Mansoura University



	NCT04279197
	Efficacy and Safety of Fuzheng Huayu Tablets in Post-COVID-19 Patients with Pulmonary Inflammation and Fibrosis: A Multicenter Double-blind Randomized Controlled Trial
	Drug: Fuzheng Huayu Tablet

Drug: Vitamin C tablets

Drug: Placebo

Other: respiratory function rehabilitation training
	ShuGuang Hospital



	NCT04541680
	Nintedanib for the Treatment of SARS-Cov-2 Induced Pulmonary Fibrosis
	Drug: Nintedanib 150 mg

Other: Placebo
	Assistance Publique–Hôpitaux de Paris



	NCT04856111
	A Study of the Efficacy and Safety of Pirfenidone vs. Nintedanib in the Treatment of Fibrotic Lung Disease After Coronavirus Disease-19
	Drug: Pirfenidone

Drug: Nintedanib
	Postgraduate Institute of Medical Education and Research



	NCT04948203
	SECOVID: A Multi-center, Randomized, Dose-ranging Parallel-group Trial Assessing the Efficacy of Sirolimus in Hospitalized Patients With COVID-19 Pneumonia for the Prevention of Post-COVID Fibrosis
	Drug: Sirolimus
	University of Chicago



	NCT05387239
	Safety and Effectiveness of EV-Pure + WJ-Pure Treatment on Pulmonary Fibrosis Secondary to Covid-19
	Drug: EV-Pure™ and WJ-Pure™ plus standard care

Drug: Placebo (Saline plus standard care)
	Vitti Labs, LLC



	NCT04645368
	Multicenter, Open-label Prospective Cohort Study of the Efficacy and Safety of the Inclusion of Longidaze in the Prevention and Treatment of Post-inflammatory Pulmonary Fibrosis and Interstitial Lung Diseases Caused by COVID-19
	Drug: bovhyaluronidase azoxymer
	NPO Petrovax



	NCT04805086
	Phase I/II MONACO Cell Therapy Study: Monocytes as an Anti-fibrotic Treatment After COVID-19
	Biological: MON002
	Guy’s and St Thomas’ NHS Foundation Trust



	NCT04912011
	The Use of a Mineralocorticoid Receptor Antagonist (Spironolactone) in the Treatment of Pulmonary Fibrosis Associated With SARS-CoV-2 Infection
	Drug: Canrenoate Potassium

Drug: Normal Saline
	Pomeranian Medical University Szczecin



	NCT04338802
	Efficacy and Safety of Nintedanib Ethanesulfonate Soft Capsule in the Treatment of Pulmonary Fibrosis in Patients with Moderate to Severe COVID-9 (COVID 19): a Single-center, Randomized, Placebo-controlled Study
	Drug: Nintedanib 150 mg

Other: Placebo
	Tongji Hospital



	NCT04619680
	Early Nintedanib Deployment in COVID-19 Interstitial Lung Disease
	Drug: Nintedanib

Drug: Placebo
	Icahn School of Medicine at Mount Sinai



	NCT04482595
	A Phase 2 Study of BIO 300 Oral Suspension in Discharged COVID-19 Patients
	Drug: BIO 300 Oral Suspension

Drug: Placebo
	Humanetics Corporation



	NCT04537130
	Phase Ib Controlled Exploratory Trial for Treatment of Fibrosing Interstitial Lung Disease Patients Secondary to SARS-CoV-2 Infection with IN01 Vaccine (COVINVAC)
	Biological: IN01 vaccine
	Instituto Oncológico
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