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Abstract: At the end of 2019, a highly contagious infection began its ominous conquest of the world.
It was soon discovered that the disease was caused by a novel coronavirus designated as SARS-
CoV-2, and the disease was thus abbreviated to COVID-19 (COVID). The global medical community
has directed its efforts not only to find effective therapies against the deadly pathogen but also to
combat the concomitant complications. Two of the most common respiratory manifestations of
COVID are a significant reduction in the diffusing capacity of the lungs (DLCO) and the associated
pulmonary interstitial damage. One year after moderate COVID, the incidence rate of impaired
DLCO and persistent lung damage still exceeds 30%, and one-third of the patients have severe DLCO
impairment and fibrotic lung damage. The persistent respiratory complications may cause substantial
population morbidity, long-term disability, and even death due to the lung fibrosis progression. The
incidence of COVID-induced pulmonary fibrosis caused by COVID can be estimated based on a
15-year observational study of lung pathology after SARS. Most SARS patients with fibrotic lung
damage recovered within the first year and then remained healthy; however, in 20% of the cases,
significant fibrosis progression was found in 5-10 years. Based on these data, the incidence rate of
post-COVID lung fibrosis can be estimated at 2-6% after moderate illness. What is worse, there are
reasons to believe that fibrosis may become one of the major long-term complications of COVID, even
in asymptomatic individuals. Currently, despite the best efforts of the global medical community,
there are no treatments for COVID-induced pulmonary fibrosis. In this review, we analyze the
latest data from ongoing clinical trials aimed at treating post-COVID lung fibrosis and analyze the
rationale for the current drug candidates. We discuss the use of antifibrotic therapy for idiopathic
pulmonary fibrosis, the INO1 vaccine, glucocorticosteroids as well as the stromal vascular fraction for
the treatment and rehabilitation of patients with COVID-associated pulmonary damage.
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1. Introduction

The single biggest threat to man’s continued dominance on the planet is the virus.

Joshua Lederberg

The outbreak of a novel coronavirus strain, SARS-CoV-2, in December 2019 triggered
the ongoing pandemic of the acute respiratory coronavirus-induced disease 2019 (COVID-
19, also simply referred to as COVID) [1]. As the new treatments and approaches towards
the reduction of disease mortality emerged, new data hinted at a “hidden pandemic” of
long-term sequelae of severe COVID [2]. Observational studies indicate that 90% of COVID
patients experience COVID sequelae such as respiratory problems, decreased exercise
tolerance, and lung tissue damage [3]. These conditions are resolved within 3 months
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of hospitalization in 50% of the patients [3,4]. However, between 3 and 6 months after
hospitalization, the rate of full recovery drops to 35%, and between 6 and 9 months, it
goes down to just 15% [5]. The rate of complete recovery from lung damage specifically is
50% during the first 6 months after hospitalization and 75% during a 9-month period. At
9 months following hospitalization, 30% of the patients experience at least some COVID
sequelae [5]. Furthermore, the majority of that population has residual lung tissue damage,
with nearly a third (or 10% of all patients) exhibiting pronounced fibrotic lung damage;
the majority of the patients in the latter group experience severe respiratory pathology
and decreased exercise tolerance. Further observation did not reveal any trends in the
reduction of the severity or frequency of COVID sequelae [5].

Elderly people with severe coronavirus symptoms or dangerous pre-existing health
conditions are at the highest risk for post-COVID fibrosis (although the term “fibrosis” ap-
plies to irreversible disease, there is no consensus about the type of “fibrotic-like” sequalae
in post-COVID patients [6]. Hence, in literature post-COVID fibrosis can be described
as either organizing pneumonia [7], or interstitial lung disease [8,9], or just pulmonary
fibrosis [10] or fibrotic lung disease [11] in general. Thus, here, by the term “post-COVID
fibrosis”, we mean any “fibrotic-like” conditions.) [12]. Fibrosis was clinically confirmed in
56% of the patients who experienced moderate COVID symptoms and in 71% of the patients
with severe symptoms, 3 months after they recovered from COVID [13]. Similar results
were presented by Francone: fibrotic traces visible on a CT scan were found in 40.8% (53 out
of 130) early disease phase and in 53.6% (70 out of 130) at a later stage [14]. According to
Vasarmidi [15] and Rai [16], the rate of COVID-induced fibrosis may exceed 30%.

Despite a higher chance of fibrosis in intensive care patients, fibrosis has been also
documented in patients who did not need artificial lung ventilation [17,18]. Thus, post-
COVID de novo interstitial lung disease was found in a case study of five patients 92who
were either asymptomatic or had very mild symptoms. These patients had symptoms
of dyspnea, intermittent cough, and lingering fatigue 4-8 weeks after COVID diagnosis,
consistent with the lung disease patterns observed on CT scans [19].

Currently, there is an active discussion about the possibility of spontaneous resolution
and the need for drug treatment of persistent fibrotic lung injuries in post-COVID patients.
Studies carried out on a number of respiratory infections such as influenza and atypical
pneumonia confirm a clear link between the viral damage to lung tissues, the develop-
ment of an aberrant inflammatory response, the formation of permanent lesions, and the
occurrence of fibrosis [20]. In particular, the presence of persistent COVID-induced fibrotic
lung damage one year after COVID is associated with a severe respiratory pathology and
concomitant symptoms [5], and at an earlier stage (3-5 months after COVID), with inflam-
matory response complications in the respiratory tract tissue [21-23]. It is plausible that the
prolonged inflammatory response causes further damage to the vascular endothelium and
epithelium of the respiratory tract and leads to cytokine-induced tissue damage. In turn,
this may prevent the restoration of normal respiration and lung tissue regeneration [21].
The upregulation of TGF-f31 and other growth factors (FGF, EGF), followed by the acti-
vation of pro-fibrotic pathways and the renin-angiotensin system imbalance, may also
contribute to the development of post-COVID lung fibrosis [24].

The dynamics of the long-lasting sequelae in patients who have recovered from
severe COVID indicate that there is a 30% chance of developing a persistent respiratory
system pathology and a 10% chance of developing a severe pathology. This includes
the severe disruption of respiration, reduction of exercise tolerance, and the concomitant
development of persistent fibrotic lung damage. Unfortunately, to date, there are no
data that would allow one to reliably estimate the chances of the pathology progression
and the development of COVID-induced lung fibrosis 10 years after COVID recovery.
Therefore, it is reasonable to forecast the future rate of COVID-induced lung fibrosis using
the data of the patients who have recovered from other coronavirus infections such as
SARS. More importantly, SARS and COVID have similar pathogenetic features, analogous
dynamics in the resolution of the sequelae during the first 12 months after diagnosis as
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well as comparable rates of respiratory pathologies (23.7% for SARS and 33% for COVID)
and persistent fibrotic lung damage (27.8% for SARS and 38% for COVID) [25,26]. Based
on the 15 years of observational data on SARS patients, it has been established that the
severity and prevalence of the respiratory pathology and the residual lung damage are
reduced within the first 12 months after recovery [25,27], but remain unchanged in the
next 14 years [28]. Another set of observational data allows one to conclude that the risk of
developing fibrosis after recovery from a SARS infection is ca. 20% [25,26,28-30]. Thus, for
patients who have recovered from moderate to severe COVID, we can estimate the risk
of developing fibrosis at 2-6%. In turn, this means that the estimate for the prevalence of
COVID-induced fibrosis is somewhere between 10 and 15 patients per 10,000 people in the
general population, which is 10-100 times higher than the risk of idiopathic lung fibrosis.

2. Clinical Trials of Therapies for Post-COVID Lung Fibrosis

As of January 2021, there are a total of 11 drugs, two technologies, and one vaccine
undergoing clinical trials for the treatment and prevention of lung fibrosis in COVID
survivors. In this review, we consider the agents approved by the U.S. Food and Drug
Administration (FDA) such as nintedanib [31] or pirfenidone [32] for idiopathic pulmonary
fibrosis (IPF) and other therapies. Table 1 compiles the information registered in the
ClinicalTrials.gov [33] database by January 2021.

More detailed information on drugs in clinical trials for the treatment of lung fibrosis
associated with COVID is provided below.

2.1. Nintedanib and Pirfenidone

Nintedanib and pirfenidone are antifibrotic medicines that, despite different mecha-
nisms of action, are equally efficacious in inhibiting the reduction of respiratory function
by ~50% and increase the life expectancy of IPF (idiopathic pulmonary fibrosis) patients by
2.5 years on average [50]. Nintedanib (6-methoxycarbonyl-substituted indolinone) is an
oral therapeutic used for the treatment of IPF and a second-line treatment for non-small
cell lung adenocarcinoma. In 2020, this drug was approved for the treatment of advanced
chronic fibrotic interstitial lung diseases.

Lung fibroblasts from IPF patients and in vivo models demonstrate that the antifibrotic
activity of nintedanib is associated with the inhibition of pro-fibrotic mediators, including
platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF), transforming
growth factor beta (TGF-3), and vascular endothelial growth factor (VEGF). Nintedanib
binds to the intracellular ATP pockets of the corresponding receptors, which leads to the
inhibition of pro-fibrotic signaling and the attenuation of the proliferation, migration, and
differentiation of fibroblasts as well as extracellular matrix component secretion [51].

Pirfenidone (5-methyl-1-phenyl-2-(1H)-pyridone) is an oral antifibrotic agent with
multiple effects such as the regulation of pro-fibrotic and pro-inflammatory cytokine cas-
cades and the inhibition of fibroblast proliferation and synthesis of collagen, which is a
standard therapy for lung cancer and moderate IPF [52]. Pirfenidone decelerates fibrosis by
inhibiting pro-fibrotic and pro-inflammatory cytokine cascades, including TGF-f3 signaling,
which plays a central role in IPF pathogenesis [53]. Pirfenidone blocks TGF-f3-stimulated
collagen production, inhibiting the activation of HSP47 and Coll genes. In in vitro and
in vivo studies, pirfenidone showed an anti-inflammatory effect by suppressing the pro-
duction of tumor necrosis factor-« (TNF-«), interferon gamma (IFN-y), interleukin-1beta
(IL-1B), and interleukin-6 (IL-6). Pirfenidone was also shown to have antioxidant prop-
erties; depending on the concentration, it blocked NADPH-dependent microsomal lipid
peroxidation in the liver. Based on in vivo models, it was determined that pirfenidone
suppresses TGF-3-associated fibroblast differentiation in the lungs [54].


ClinicalTrials.gov
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Table 1. Clinical trials of drugs for the treatment of post-COVID lung fibrosis.

Treatment NCT Number Phase Number Enrolled Study Design
Single-center, randomized,
NCT04338802 [34] I 96 placebo-controlled
150 mg POBID for 8 weeks
Single-center, randomized,
Nintedanib NCT04541680 [35] I 250 placebo-controlled

150 mg POBID for 12 months

Multicenter, randomized,
NCT04619680 [36] v 120 placebo-controlled
150 mg POBID for 180 days

Single-center, randomized,
NCT04282902 [37] 111 294 placebo-controlled
2 x 267 mg POTID for 4 weeks

Pirfenidone Multicenter, randomized,
placebo-controlled
NCT04607928 [38] I 148 2 x 267 mg POTID, 7 days after
4 x 267 mg TID for 24 weeks

Multicenter, randomized,
Treamid NCT04527354 [39] I 60 placebo-controlled study
50 mg daily PO for 4 weeks

Multicenter, randomized,
LYT-100 NCT04652518 [40] I 168 placebo-controlled
PO BID for 91 days

Single-center, randomized,
placebo-controlled
1.5 mL IM BID for 3 days, then 1.5 mL
QD for 4 days

Single-center, randomized,
Prednisone NCT04551781 [42] - 450 placebo-controlled
20 mg daily for 14 IM

Multicenter, randomized,
NCT04645368 [43] - 160 placebo-controlled
3000 ME IM once in 5 days for 15 IM

Single-center, randomized,
BIO 300 (genistein) NCT04482595 [44] I 66 placebo-controlled
1500 mg daily PO for 12 weeks

Single-center, randomized, compared

Collagen-

Polyvinylpyrrolidone NCT04517162 [41] I 90

Bovhyaluronidase
azoximer

Tetrandrine NCT04308317 [45] v 60 to standard therapy
60 mg daily PO for a week
Fuzhene Huavu Single-center, randomized,
Ta%le ¢ y NCT04279197 [46] I 160 placebo-controlled
1.6 g TID PO for 24 weeks
Multicenter, randomized, compared to
Anluohuaxian NCT04334265 [47] - 750 standard therapy
6 g BIDPO for 3 months
Single-center, randomized,
Stromal Vascular placebo-controlled
Fraction NCT04326036 (48] : 10 IV for 6 months, No data for injection

frequency

On first stage, INO1 is injected on days
1,14, 28, 42, and 56,
On support stage, vaccination is
INO01Vaccine NCT04537130 [49] Ib 40 carried out every 2 months with the
same dosage and regimen as during
introduction, compared to the patients
receiving standard therapy

At Present, there is no evidence that nintedanib or pirfenidone affects the severity of
COVID symptoms. Furthermore, the side effects of these drugs are similar, in part, to those
of COVID (e.g., diarrhea, fatigue, loss of appetite), which can hamper early diagnosis and
worsen clinical manifestations [55]. Acute complications are some of the most serious IPF
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consequences, and the rate of in-hospital lethality for this condition exceeds 50%. Such acute
IPF complications may be caused by respiratory viral infections [56]. A fraction of patients
with acute IPF complications had viral infection symptoms, including human coronavirus
OC43 infection, which was established by viral nucleic acid testing [57]. Although both
antifibrotic agents have pleiotropic effects, neither of them is immunosuppressive. Thus,
there is no evidence supporting the suspension of their use during an ongoing viral
infection [50].

As of April 2020, pirfenidone and nintedanib have been commercially sold only in
an oral form, and therefore have limited use among patients undergoing artificial lung
ventilation. However, in December 2020, pirfenidone was used in patients with COVID-
induced severe ARDS; the compound was administered through a nasogastric tube [58]. In
February 2020, a clinical trial was initiated to evaluate the safety and efficacy of pirfenidone
in new coronavirus patients >18 years old. During the four-day trial, the authors assessed
the dynamics of damaged lung areas using chest CT scans, oxygenation, changes in blood
gas content, and quality of life according to the King’s Brief Interstitial Lung Disease
(K-BILD) questionnaire. Moreover, the researchers analyzed the mortality rate, clinical
manifestation dynamics (dyspnea and coughing), blood parameters such as lymphocyte
counts, viral nucleic acid, and markers of inflammation in the blood [37].

Another clinical trial of pirfenidone in patients with fibrotic changes after COVID was
launched in August 2020 [38]. The established inclusion criteria selected (1) adults older
than 18, (2) who had verified SARS-CoV-2 infection (3) that led to severe pneumonia and
ARDS (4) with convalescence and/or clinical and radiological signs of pulmonary fibrosis
on a high-resolution CT (HRCT) scan (with fibrotic changes of no less than 5% after recov-
ery). This trial aimed to study how pirfenidone affected COVID-induced fibrotic changes,
the level of forced vital capacity (FVC) of the lung, if it lowered oxygen uptake during
exercise, increased exercise tolerance during the 6-min walking test (6MWT), requests
for hospitalization (general as well as associated with respiratory disease), requests for
emergency or outpatient care due to respiratory diseases, lung transplants, and mortality.

The first clinical trial of nintedanib started in April 2020. A single-center, randomized,
placebo-controlled trial on the efficacy and safety of nintedanib for the treatment of lung
fibrosis in patients with moderate and severe COVID symptoms was initiated. The cohort
included patients 18-70 years old suffering from fibrosis of both lungs after recovery from
COVID. The primary efficacy endpoint was the FVC measurement after eight weeks of
therapy; the secondary endpoints were DLCO levels, 6 MWT parameters, and HRCT eight
weeks after therapy [34].

Phase III trial of nintedanib began in October 2020 [35]. The study included patients
18-89 years old and verified to have had COVID (positive PCR or serologic test results
within the previous 2-6 months), with radiological signs (CT) of fibrosis (>10% of lung
capacity) and DLCO < 70%. The primary objective is to assess the efficacy of nintedanib in
the retardation of lung fibrosis progression in COVID survivors expressed as FVC levels in
12 months compared to placebo. The authors aim to compare the rate of DLCO decrease
after 6 and 12 months, exercise tolerance after 12 months, the increase in fibrotic changes
(HRCT) after 12 months, and health-related quality-of-life changes; to evaluate dyspnea
dynamics, changes in depression and anxiety levels, biomarkers of lung damage, lung
hypertension and inflammation, rate of lung hypertension after 12 months compared
to the moment of inclusion; to assess the link between genetic predisposition (MUC5B
polymorphism) and lung fibrosis in COVID survivors, and the safety of the compound.

The third clinical trial of nintedanib (phase IV; in progress since November 2020)
is aimed at investigating the influence of nintedanib on slowing down lung fibrosis in
patients over 18 years old, with infiltrates or progressive lung damage appearing on chest
X-rays or CTs not less than 4 weeks after the emergence of the first symptoms, and an FVC
ratio below 80% or DLCO less than 50% of normal values [36]. Primary endpoints include
FVC change in 180 days compared to the initial value. Secondary endpoints are death at 90
and 180 days after trial inclusion due to respiratory causes; a visual evaluation of the chest
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by CT scan; changes according to St. George’s Respiratory Questionnaire (SGRQ), K-BILD,
Leicester Cough Questionnaire (LCQ), and others.

Data indicate a higher risk of thromboembolia of the pulmonary artery in COVID
patients. Anticoagulant therapy may improve outcomes in patients with severe COVID
and coagulopathy [59]. This observation is relevant to individuals receiving nintedanib,
as it is likely that this drug may increase the risk of bleeding when used together with
anticoagulants. In this case, antifibrotic therapy can be suspended to minimize the side
effects of pharmacotherapy [50]. Additionally, pirfenidone and nintedanib may contribute
to hepatotoxicity, while patients infected with SARS-CoV-2 often experience liver dys-
function. Elevated levels of liver enzymes were observed in 168 out of 757 patients (22%)
with confirmed COVID and in 56/142 (39%) patients with severe symptoms [60]. The
simultaneous use of antibiotics can increase the likelihood of liver dysfunction, which
may be mitigated by a temporary suspension of antifibrotic therapy for in-hospital IPF
patients with severe COVID and abnormal hepatic function tests until the levels of key
liver function indicators are normalized [50].

2.2. Treamid

Treamid is also known as bisamide derivative of dicarboxylic acid (BDDA). Treamid
caused anti-inflammatory and antifibrotic effects and lung tissue regeneration in animals
with experimental pulmonary fibrosis by suppressing the production and deposition of
collagen and stimulating endothelial progenitor cell synthesis. Preclinical data suggest
that Treamid efficiently suppresses inflammation and restores the diffusing capacity of
the lungs. These results are promising for the application of this drug as an antifibrotic
therapeutic and in the restoration of the structure and function of the lungs in patients
suffering from IPF and novel COVID-induced fibrosis [61].

Clinical trials of treamid started in September 2020 and are aimed at the evaluation
of the safety and rehabilitation efficacy of the medication in patients who recovered from
COVID-induced pneumonia [39]. The primary objective of the study is to assess the efficacy
of treamid in changing FVC and/or DLCO during week 4 from the start of the treatment.
Secondary objectives include the evaluation of safety and pharmacokinetic parameters of
the compound, spirometric indicators (forced expiratory volume during the first second,
FEV1, FVC, FEV1/FVC), body plethysmography (total lung volume, thoracic volume),
DLCO and 6MWT analysis, scale of dyspnea (according to Borg and mMRC scales), quality
of life according to K-BILD, and fibrotic change dynamics based on lung CT scan data.

2.3. LYT-100 (Deupirfenidon)

LYT-100 (deupirfenidon) is an N-aryl-pyridinone derivative with an undisclosed
formula [62]. It is a deuterium-substituted analogue of pirfenidone that demonstrates
anti-inflammatory and antifibrotic activity. LYT-100 is designed to be a potential treatment
for IPE, interstitial lung diseases with fibrosis, respiratory COVID complications and
related consequences, as well as lymphatic Bessel disorders. In September 2020, a Phase
II clinical trial of LYT-100 was initiated to estimate its safety and efficacy in patients >18
years old with pneumonia (with at least two lung sections affected) [40]. The primary
endpoint of the study is the distance walked during the 6SMWT test on day 91. Additionally,
pharmacokinetics, inflammatory biomarkers, dyspnea score on the Borg scale, and SF-36
quality of life will be evaluated.

2.4. Collagen-Polyvinylpyrrolidone (FibroquelMR)

In August 2020, phases I and II of clinical trials were launched for the collagen-
polyvinylpyrrolidone (collagen-PVP) solution for intramuscular injections as a drug candi-
date for suppressing the cytokine storm in COVID patients [41]. It had been determined
that collagen-PVP decreases levels of IL-1(3, IL-8, TNF-alpha, TGF-f1, IL-17, Cox-1, leuko-
cyte adhesion molecule (ELAM-1, VCAM-1 and ICAM-1), lowers the expression of other
inflammatory mediators, and increases the level of IL-10 and the amount of Treg cells.
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Moreover, the drug candidate stimulates the suppression of tissue fibrosis during rheuma-
toid arthritis and osteoarthritis, and is not associated with any adverse events [63,64]. The
trial included patients >18 years old with COVID symptoms (coughing, mucus production,
odynophagia, dyspnea with or without fever, and radiological evidence of inflammatory
infiltrates); positive test for SARS-CoV-2 by RT-PCR was not required. Criteria for inclusion
are: individuals with laboratory predictors of mild and severe COVID symptoms (D-dimer
> 1000 ng/mL; total number of lymphocytes < 800 cells/ L, creatine phosphokinase more
than two times above the upper limit of normal range; troponin and ferritin > 300 mcg/L),
SpO2 < 92%, and negative intradermal collagen-PVP reaction [41]. Primary endpoints in-
clude the need for oxygen therapy, mitigation of symptoms, and the recovery of lymphocyte
levels. Secondary endpoints are the decrease of serum IP-10, anti-inflammatory cytokines
in blood serum (TNF-a, IL-1§3, IL-7), circulating effector T cells, lowered parenchymal
attenuation, appearance of ground-glass opacity, pulmonary nodules, interlobular septal
thickening, and/or bronchial wall thickening.

2.5. Glucocorticosteroids (Prednisone)

It was discovered that corticosteroids can mitigate the short- and long-term effects of
COVID-induced pneumonia [65], and the prolonged use of corticosteroids may be beneficial
in reducing the risk or the severity of subsequent post-COVID pulmonary fibrosis [2]. It
was shown that prednisone can slow down the progression of pulmonary fibrosis in rat
IPF models, and its mechanism may be related to the elevation of caveolin-1 levels and the
reduction of TNF-a, TGF-b1, and PDGEF levels [66].

Thus, corticosteroids may improve the symptoms of post-COVID pulmonary fibrosis
by decreasing inflammation in the lungs. Confirming this hypothesis, a case series of three
post-COVID patients revealed that a 1-month course of prednisone treatment resulted in a
mild clinical improvement (reduced oxygen consumption at home, improvement on chest
X-ray scans) with no major adverse effects [67]. Moreover, steroids are the accepted first-
line treatment of organizing pneumonia, which was shown to be the prevailing condition
in post-COVID patients having interstitial lung disease, with significant functional deficit
6 weeks after discharge (4.8%, 35 out of 837 survivors) [68]. Thirty of these patients received
prednisone, resulting in significant symptomatic and radiological improvement.

A randomized controlled trial evaluating the efficacy of a low dose (20 mg) of pred-
nisone, used in conjunction with symptomatic therapy for 14 days to treat lung infiltrates
after COVID, was started in September 2020 and has been completed [42]. The trial
included patients recovered from COVID with persistent radiological (CT) evidence of
infiltrates. Efficacy criteria were the resolution of pulmonary infiltrates on a CT scan.

2.6. Bovhyaluronidase Azoximer (Longidase)

Bovhyaluronidase azoximer is a long-acting hyaluronidase synthesized via the conju-
gation of the corresponding enzyme with the copolymer of N-oxide 1,4-ethylene piperazine
and (N-carboxymethyl)-1,4-ethylene piperazinium bromide. Antifibrotic properties of
bovhyaluronidase manifest in the disruption of collagen fiber formation through the degra-
dation of glycosaminoglycans by hyaluronidase. A clinical trial in 45 patients suffering
from cryptogenic fibrosing alveolitis with concurrent pneumofibrosis demonstrated the
benefits of bovhyaluronidase azoximer, namely, substantial alleviation of clinical symptoms
(coughing and fatigue), and a 10% decrease in the spread and intensity of characteristic
CT scan ground-glass opacity. Baseline therapy included oral glucocorticosteroids with
an average dose of 15-20 mg daily; 25 (56%) patients also received the cytostatic drug
azathioprine [69].

A clinical trial of bovhyaluronidase azoximer efficacy and safety for the prevention
and treatment of post-inflammatory fibrosis and interstitial lung disease after COVID
started in June 2020 [43]. The objective of the study is to compare the outcomes related
to post-inflammatory fibrosis and interstitial lung disease in adults with post-COVID
pulmonary complications in the group receiving bovhyaluronidase azoximer for treatment
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or prevention, and in the group of patients under dynamic observation. This trial includes
patients aged over 18 years, with residual pulmonary changes due to COVID complica-
tions, discovered no later than 2 months from disease onset [43]. Primary trial efficacy
endpoints involve the assessment of the fibrotic lung tissue damage and interstitial changes
evidenced by the HRCT data at 2.5 months compared to the initial values. Secondary
endpoints include lung fibrosis and interstitial changes, ground-glass opacity, hydrotho-
rax, consolidation of images analyzed by Botkin.Al software (artificial intelligence); FVC
and DLCO changes, rate of dyspnea according to mMRC scale, SpO,, 6(MWT data, SpO,
dynamics after 6MWT; changes in residual and total lung capacity [43].

2.7. BIO 300 (Genistein)

BIO 300 is a patented synthetic genistein nanosuspension. Genistein (5, 7-dihydroxy-3-
(4-hydroxyphenyl)-4h-chromen-4-one) is a soy isoflavone with very low bioavailability [70].
The structure of genistein is similar to that of estrogen; therefore, genistein is known as
a phytoestrogen. Genistein binds all three estrogen receptors but has selective affinity to
estrogen receptor beta (ER-3). There are several reports on the genistein-induced activation
of cell cycle inhibitors p21 and p27 as well as GADD (the growth arrest and DNA damage)
genes. Genistein also suppresses the expression of transcription factors (NF-kB) and c-Myc,
and can contribute to cell cycle arrest by activating ER-3 with the subsequent inactivation
of NF-kB or by directly inducing the expression of cell cycle inhibitor proteins.

BIO 300 was initially developed to resist high radiation exposure and was eventually
licensed by Humanetics Corporation for clinical oncology as a radiomodulator [70]. BIO
300, when administered after radiation exposure, lowered the number of micronuclei in
the bone marrow and primary lung fibroblasts, which indicates the reduction of radiation-
induced DNA damage [70]. Preclinical testing in mice aimed at evaluating the capacity
of BIO 300 to reduce radiation-induced pneumonitis/fibrosis demonstrated a notable rise
in survival to over 180 days (26.6%) as compared to untreated irradiated controls [71]. In
addition to the enhanced survival, BIO 300 mitigated radiation damage and improved the
overall lung function. Furthermore, genistein reduced collagen deposition by 28% in mice
lungs taken at 4 week intervals, post-irradiation [72].

Notably, the characteristics of radiation-induced pneumonitis are similar to COVID-
induced interstitial pneumonia [73,74]. For example, an increase in local neutrophils,
cytokines, and other immune factors is seen both in patients and animals after acute
radiation exposure and in COVID patients with lung damage [75,76]. Pneumonitis, which
often progresses to pulmonary fibrosis [77], and a subsequent drop in blood oxygen levels
are also observed both after irradiation and in COVID patients [60]. Therefore, treatments
for radiation exposure could conceivably prove to be efficacious in treating post-COVID
complications [2].

As genistein could inactivate NF-kB [78], which has been shown to reduce inflamma-
tion in a COVID mouse model, it could be effective in treating lung complications caused
by the SARS-CoV-2 infection.

Since November 2020, BIO 300 has been tested for the treatment of pulmonary fibrosis
in patients over 18 years of age and previously hospitalized due to COVID [44]. The
primary study endpoint is a change in DLCO and 6MWT indicators after 12 weeks of
treatment. Secondary endpoints include the change in spirometry parameters (FVC, FEV1,
FEV1/FVC), SpO;, assessment of lung fibrosis signs on a chest CT scan on the 4-point
Likert scale, SGRQ dynamics, monitoring of a range of biochemical blood test parameters,
and mortality. Tertiary endpoints are changes in additional oxygen consumption duration,
nightly additional oxygen consumption at rest and during exercise, TGF-f31 expression,
and cytokines IL-1b, IL-6, IL-8, and TNF-«.

2.8. Tetrandrine

Tetrandrine (TET) is a major active component of the Chinese Stephania tetrandra
S. Moore plant. TET has been described as a natural alkaloid with multidirectional ac-
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tion, affecting reactive oxygen species, calcium channels, and caspase-dependent path-
ways [79]. Due to its antitumor [79], anti-inflammatory [80], and antiviral activity against
the Ebola virus (in vivo) and human coronavirus OC43 (in vitro) [81], TET has been tried
as a treatment for rheumatism, lung cancer, and silicosis. TET can lower type I and III
collagen mRNA and collagen deposition in lungs [80]. Recent data indicate that the agent
can suppress lung fibrosis by autophagy activation, partially due to the transmission of
Rheb/mTOR/p70S6K signals, as demonstrated in fibroblasts of mice with bleomycin-
induced (BLM) lung fibrosis [82].

TET and a tetrandrine-hydroxypropyl-3-cyclodextrin (TET-HP-3-CD) obtained by
tetrandrine lyophilization are efficacious against lung fibrosis in in vivo models through
inhalation. TET and TET-HP-{3-CD alleviated inflammation and fibrosis (verified by histo-
logical examination), limited the accumulation of hydroxyproline in the lungs (by 28% and
41%, respectively), and improved post-surgery survival (by 28% and 42% compared to the
fibrosis control group, respectively) [83]. The appropriate aerodynamic diameter of drug
particles should be approximately 1-5 pm for optimal administration to deep lungs [84],
and both prepared formulations met this requirement. Inhaled TET and TET-HP-3-CD pro-
vided consistently higher pulmonary concentrations for 3 h after administration compared
to TET administered intravenously [83]. It is therefore expected that a standard treatment
regimen in combination with TET would decrease the rate of pulmonary fibrosis during
post-COVID rehabilitation. Phase IV of the TET clinical trials started in March 2020 and
included patients 18-75 years old with mild and severe pneumonia symptoms [45]. The
primary endpoint is mortality.

2.9. Fuzheng Huayu Tablet (FZHY)

Fuzheng Huayu (FZHY, traditional Chinese medicine) is a blend of six herbs [85]. The
formulation has been approved for the treatment of liver fibrosis by the China Food and
Drug Administration [86]. FZHY is efficacious in suppressing the activity of matrix metal-
loproteinase 2, shown to participate in IPF development in an in vivo model [87] as well as
suppressing type IV collagen expression in the lung [88]. These effects may be explained
by one of the constituents of FZHY, hederagenin (HDG) [89]. HDG reduces BLM-induced
lung dysfunction in a dose-dependent way. In addition, HDG decreases BLM-associated
collagen deposition by lowering the levels of alpha-smooth muscle actin, type I collagen,
inflammatory cytokines TNF-« and IL6, TGF-31, and connective tissue growth factor [90].
Further analysis of the mechanism showed the ability of HDG to block Ras/JNK/NFAT4
signal transduction, which controls type I collagen expression in mesenchymal cells dur-
ing lung fibrosis formation [91]. These mechanisms set the stage for a trial proposed to
assess the efficacy of FZHY against post-COVID fibrosis in combination with pulmonary
rehabilitation and vitamin C intake [46]. A double-blind, placebo-controlled, random-
ized, multicenter trial of FZHY started in April 2020 and included 18-65-year-old patients
with pulmonary fibrosis after standard COVID treatment. Primary endpoints include
the assessment of pulmonary function (FVC, DLCO), 6MWT, and changes in HRCT data.
Secondary efficacy endpoints are dynamics of SpO;, experienced discomfort, quality of
life, and SARS-CoV-2-specific IgG and IgM levels [46].

2.10. Anluohuaxian

Anluohuaxian is recommended for the treatment of liver fibrosis in China. Anluo-
huaxian is known to suppress the expression of type I and III collagen mRNAs, the tissue
inhibitor of matrix metalloprotease-1 (TIMP-1), and TGF-{31 in patients with liver fibro-
sis [92]. Additionally, the pathogeneses of liver fibrosis and lung fibrosis are known to be
quite similar [93]. Therefore, the efficacy and safety of anluohuaxian in the rehabilitation
of patients with post-COVID lung fibrosis has been assessed. A multicenter, open, ran-
domized, controlled trial started in April 2020 [47] and included patients with confirmed
COVID and HRCT-supported pulmonary fibrosis diagnosis. The primary clinical efficacy
endpoints are the changes in radiological manifestations determined using HRCT and in
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exercise tolerance measured by 6MWT. Secondary endpoints include the change in the
physiological index, parameter dynamics according to SGRQ, dyspnea score on the mMRC
scale, and lung vital capacity.

2.11. Stromal Vascular Fraction (¢cSVF)

Regenerative medicine based on stromal vascular fraction cells (cSVF) derived from
adipose tissue is a new promising therapeutic for the treatment of IPF [48]. Heterogeneous
SVF cell population consists of innate immune system cells (neutrophils, macrophages,
monocytes, dendritic cells, natural killer cells, mast cells, etc.), which are essential for an
adaptive immune system. According to data acquired by Alexander R. W.,, introducing
autological cSVF can mitigate the inflammatory damage via the activation of the adaptive
immune system in the damaged lung tissue without serious adverse effects [94]. Thus,
the use of cSVF—known to help mitigate damage from severe inflammatory disorders,
provide immunomodulation, and promote repair and regenerative effects—could have
beneficial effects in fibrotic lung disorders [95].

Ntolios et al. demonstrated that the endotracheal administration of stromal cells can
lead to considerable functional reduction of fibrosis in 24 months after the first injection [96],
with a 6.2% change in DLCO (p = 0.04, 18 months) and a 6% change in FVC (p = 0.029,
24 months). Median total survival without progression was 26 months, and median
total survival was 32 months. All patients survived for at least 2 years after the first
injection. Twelve patients (85.7%) died of disease progression. Despite the encouraging
data presented above, the results were obtained in a short-term, non-randomized trial
without a placebo control [96].

A case study by Michalek et al. of a 71-year-old female patient suffering from IPF
demonstrated that the intravenous administration of autological cSVF can contribute to
lung regeneration without any serious adverse events [97]. Nine months after the therapy,
the patient displayed a considerable improvement of the lung function (FVC 61-104%,
FEV1 59-92%), with the positive effect lasting for 14 months post-treatment (FVC 102%,
FEV1 97%).

The GARM-COVID trial initiated in March 2020 presupposes the intravenous injection
of cSVF to improve irreversibly damaged alveolar tissue. The trial includes patients who
recovered from COVID, with lung tissue damage confirmed by HRCT. The primary efficacy
endpoint for cSVF use is the rate of adverse event incidence; the secondary endpoint is the
analysis of radiological dynamics in the lung (HRCT), and exercise tolerance measured by
6MWT [48].

2.12. INO01 Vaccine

The INO1 vaccine is a hybrid of the recombinant epidermal growth factor (EGF) and
cholera toxin B-subunit domain G33D (CTB-G33D). It produces the immune response in
the form of polyclonal anti-EGF neutralizing antibodies [49]. It is assumed that the vaccine
inhibits the binding of EGF to its receptor, which is overexpressed in IPF patients [98].
EGEFR signaling medjiates the hyperactive host response to lung injury during SARS-CoV-2
infection, which may contribute to the development of fibrosis [99]. Supposedly, the IN01
vaccine may be able to prevent lung fibrosis after SARS-COV-2 infection by blocking EGFR
activation as well. Therefore, a COVINVAK trial was initiated in June 2020 [49]. The trial
included patients >18 years old, who suffered from pneumonia, pulmonary dysfunction,
and fibrotic changes associated with SARS-CoV-2 infection (according to the chest CT), and
had previously undergone a non-invasive lung ventilation and had EGF levels of less than
200 pg/mL. The primary efficacy endpoint is safety (frequency and severity of adverse
events). Secondary efficacy endpoints include blood oxygen level, quality of life assessed
by the QoL questionnaire, and fibrotic change dynamics measured by HRCT.
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2.13. Chitotriosidase Inhibitor OATD-01

In March 2020, OncoArendi Therapeutics announced the clinical trial of the chitotriosi-
dase inhibitor OATD-01 as a treatment for post-COVID pulmonary fibrosis [100]. Chi-
totriosidase (chitinase 1) was shown to enhance TGF-1-stimulated fibrotic responses [101].
However, the level of chitotriosidase expression in the lung tissue of patients with COVID
is still under discussion [102]. Phase I of OATD-01 clinical trials are currently close to
completion and thus far, the drug candidate has been demonstrated to be safe in healthy
volunteers. The trials are conducted in Germany, and we were unable to locate them in the
ClinicalTrials.gov database.

3. Conclusions

The novel coronavirus-induced disease led to a pandemic that poses a global threat to
human health. The monitoring of patients who have recovered from COVID-associated
pneumonia demonstrates that the significant reduction in DLCO and associated fibrotic
signs in the lung parenchyma are factors associated with a negative prognosis. The
persistent respiratory complications may cause substantial population morbidity, long-
term disability, and even death due to lung fibrosis progression. The incidence rate of
post-COVID lung fibrosis can be estimated at 2-6% after moderate illness. According to
this estimation, the prevalence of post-COVID lung fibrosis will be from 10 to 30 patients
per 10,000 populations, which is 30 times higher than the IPF prevalence.

The medical community is currently facing a lack of efficacious treatment options
for COVID-induced fibrosis and is therefore compelled to look at the repurposing and
repositioning of drugs and drug candidates. We believe that anti-inflammatory treatment
for 6 months after COVID-associated pneumonia will reduce residual lung inflammation
and improve the impaired diffusing capacity of the lungs. In turn, this will boost lung
tissue regeneration and prevent persistent respiratory pathology. We hope that the clinical
trials presented above will result in the discovery of efficacious tools to combat pulmonary
fibrosis, one of the major COVID complications.
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