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Editorial on the Research Topic

New therapeutic approaches for SARS-CoV-2/COVID-19
After three years and a half since the pandemic due to the Severe Acute Respiratory

Syndrome coronavirus 2 (SARS-CoV-2) causing Coronavirus Disease 2019 (COVID-19)

started (1), there has been an enormous impact in terms of morbidity and mortality due to

this emerging pathogen (2). Up to August 9, 2023, there have been more than 769.37

million cases, with 6.95 million deaths, as reported to the World Health Organization

(WHO) (Figure 1). Multiple advances during this time have been vital in controlling and

ceasing the pandemic condition and the recent declaration to lift the international public

health emergency in May 2023. One of them is undoubtedly related to the impact of

preventing multiple outcomes (including deaths) of efficacious, safe and effective globally

deployed vaccines against SARS-CoV-2 (3, 4). As of August 9, 2023, 13,492 million vaccine

doses have been administered (Figure 1).

Although that cases of COVID-19 still occur, there is still a considerable risk to vulnerable

populations presenting comorbidities, immunosuppression, and elderly, among other

conditions prone to severe disease and even death, especially in low and middle-income

countries (5–7). In addition, although for primary vaccination schemes, there was high

vaccination coverage, especially in low and middle-income countries, subsequent boosters

were less popular. Consequently, coverages for them (3rd, 4th and 5th doses) (8) were

significantly lower compared to primary schemes (9). Even in Sub-Saharan Africa, such

figures are worse. But also, in Latin America and Asia, there are multiple countries where 5th

dose boosters are not yet available, despite the importance of the Omicron subvariants or

lineages (Figure 1). Then, cases will continue and need medical management, including

hospitalisation and sometimes admitting patients to the intensive care units for multiple

reasons, requiring pharmaceutical evidence-based treatment (10, 11).

For those reasons, new efficacious, safe and effective therapeutical approaches for

SARS-CoV-2/COVID-19 are still needed. In the current Research Topic (RT) about it,

multiple studies and reviews unveiled different strategies for the management of infection
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and its associated complications. This RT includes 16 articles

developed by authors from various countries (China, Germany,

India, Italy, Malaysia, Poland, Spain, and the USA). Such articles

covered original articles performing basic (Zekri et al.) and clinical

studies (Ticinesi et al.), including animal models (Tian et al.),

bioinformatics, observational and experimental designs (Wang Z.

et al.), as well as systematic and scoping reviews, also with meta-

analysis, during this Omicron times (Xu et al.). In addition to

traditional therapeutic approaches, some of them discuss potential

alternative therapies for COVID-19 (Rizvi et al.), primarily used in

Asia (Wang Z. et al.), and also looking new potential

pharmacological targets (Huang et al.). Focused on therapeutic

potential, also some of the studies assess pathogenesis (Gao et al.)

and physiopathological mechanisms (Lu et al.) related to different

COVID-19 complications and therapeutic approaches (Liu et al. ),

performing comparisons with acute respiratory distress syndrome

(ARDS) (Llanos et al.) and sepsis (Li et al.). Some studies focused on

the usefulness of monoclonal antibodies (Liew et al.), including also

new site-specific targeted drug delivery (Zielińska et al.).
Frontiers in Immunology 026
Immunotherapies, such as convalescent plasma, are also included

in this RT (Qian et al.).

The systematic review of Qian et al. from China on convalescent

plasma for COVID-19 patients concluded that more double-

blinded randomised clinical trials are needed to investigate the

efficiency of convalescent plasma among patients in the initial stage

of COVID-19, especially those who were within three days from

symptoms onset and without detectable neutralising antibodies

at enrolment.

Another systematic review on the topic, from Liew et al. from

Malaysia and the USA concluded that the preclinical evidence

suggests that bebtelovimab, a monoclonal antibody, would be a

potential treatment for COVID-19 amidst viral evolution.

Bebtelovimab has comparable efficacy to other COVID-19

therapies without evident safety concerns.

Another monoclonal antibody, tocilizumab, has been coated with

solid lipid nanoparticles loaded with cannabidiol as a novel drug

delivery strategy for treating COVID-19 and assessed in a review from

Zielińska et al. from Poland, Bulgaria, Austria and Portugal.
FIGURE 1

(A) COVID-19 global situation of cases, according to the WHO (https://covid19.who.int/). (B) Genomic distribution clades, lineages and variants of
SARS-CoV-2 during 2020-2023 by GISAID (https://gisaid.org/).
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1112505
https://doi.org/10.3389/fmed.2023.1112728
https://doi.org/10.3389/fimmu.2022.1007955
https://doi.org/fimmu.2023.1276279
https://doi.org/fimmu.2023.1276279
https://doi.org/10.3389/fimmu.2022.967716
https://doi.org/10.3389/fimmu.2023.1138215
https://doi.org/fimmu.2023.1276279
https://doi.org/10.3389/fimmu.2022.985781
https://doi.org/10.3389/fimmu.2022.980231
https://doi.org/10.3389/fimmu.2022.975848
https://doi.org/10.3389/fphys.2023.1152723
https://doi.org/10.3389/fimmu.2022.1054962
https://doi.org/10.3389/fimmu.2023.1152186
https://doi.org/10.3389/fimmu.2023.1100263
https://doi.org/10.3389/fimmu.2023.1147991
https://doi.org/10.3389/fimmu.2022.964398
https://doi.org/10.3389/fimmu.2022.964398
https://doi.org/10.3389/fimmu.2023.1100263
https://doi.org/10.3389/fimmu.2023.1147991
https://covid19.who.int/
https://gisaid.org/
https://doi.org/10.3389/fimmu.2023.1276279
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rodriguez-Morales et al. 10.3389/fimmu.2023.1276279
Other immunomodulators, such as type I interferons (IFNs),

inhibit the replication of both DNA and RNA viruses at different

stages of their replication cycles and effect activating immune cell

populations to clear infections; type I IFNs are directly antiviral

agents and have been proposed for therapy in COVID-19. An n

open prospective cohort study from Xu et al. from China showed

that IFN a-2b spray shortened the viral shedding time of the

Omicron SARS-CoV-2 variant when administrated within three

days since the first positive test for SARS-CoV-2.

Further interventions, such as the gamma-aminobutyric acid

(GABA)-receptor agonists, are promising, as an animal model in

SARS-CoV-2-infected mice reduces pneumonitis severity, viral

load, and death rate (Tian et al.), as shown by Tian et al. from USA.

At the molecular level, other articles assessing the expression

and function of circular RNAs during severe acute COVID-19

showed their importance in the regulation of the inflammatory

response, viral replication, immune evasion, and cytokines induced

by SARS-CoV-2 infection (Gao et al.). An original study described

the engineering of an optimised angiotensin-converting enzyme 2

(ACE2) fusion protein, designated ACE2-M, which comprises a

human IgG1 Fc domain with abrogated Fc-receptor binding linked

to a catalytically-inactive ACE2 extracellular domain that displays

increased apparent affinity to the B.1 spike protein. The affinity and

neutralisation capacity of ACE2-M is unaffected or even enhanced

by mutations in the spike protein of viral variants. In contrast, a

recombinant neutralising reference antibody and antibodies present

in the sera of vaccinated individuals lose activity against such

variants. With its potential to resist viral immune escape, ACE2-

M appears to be particularly valuable in the context of pandemic

preparedness towards newly emerging coronaviruses (Zekri et al.).

A review focused on oral GS-441524 derivatives (VV116,

ATV006, and GS-621763; version 2.0, targeting highly conserved

viral RdRp) that would be considered as game-changers in treating

COVID-19 because oral administration has the potential to maximise

clinical benefits, including decreased duration of COVID-19 and

reduced post-acute sequelae of SARS-CoV-2 infection, as well as

limited side effects such as hepatic accumulation (Wang Z. et al.).

That review summarises the current research related to the oral

derivatives of GS-441524 and provides essential insights into the

potential factors underlying the controversial observations regarding

the clinical efficacy of remdesivir; overall, it offers an effective

launching pad for developing an oral version of GS-441524.

In physiopathology, original research investigated the role of

cellular stress and binding-immunoglobulin protein (BiP) (Llanos

et al.) in the modulation of the ARDS inflammatory response in

samples from COVID-19 patients and a mouse model of ARDS.

The authors demonstrate that BiP levels correlate with the severity

of ARDS. Furthermore, they showed that the localisation of BiP on

the cell surface is increased in the immune cell lineages during

ARDS proportionally to the severity of the inflammatory response

and identify a network of proteins that mediate this pathological

process. Such results support using BiP as a prognosis biomarker of

severe pneumonia and offer a new therapeutic strategy for diseases

with ARDS, such as COVID-19.

ARDS is still a matter of concern in COVID-19 patients.

Consequently, a bioinformatics study focused on understanding
Frontiers in Immunology 037
the mutual differentially expressed genes (DEGs) for the patients

with COVID-19, ARDS and sepsis for functional enrichment,

pathway analysis, and candidate drugs analysis. Such candidate

drugs in the study may contribute to effectively treating COVID-19

(Li et al.). Another similar bioinformatic study also reports similar

findings. Based on enrichment analysis of common DEGs, many

pathways closely related to inflammatory response were observed,

such as the Cytokine-cytokine receptor interaction pathway and

NF-kappa B signalling pathway. In addition, protein-protein

interaction networks and gene regulatory networks of common

DEGs were constructed, and the analysis results showed that the

Integrin Subunit Alpha M (ITGAM) may be a potential key

biomarker base on regulatory analysis. Furthermore, a disease

diagnostic model and risk prediction nomogram for COVID-19

were constructed using machine learning methods. Finally,

potential therapeutic agents, including progesterone and emetine,

were screened through drug-protein interaction networks and

molecular docking simulations (Lu et al.). Today, Computers are

key in assessing potential therapies, including alternative medicine

effects and traditional Chinese approaches. In another study, the

authors used various network pharmacology methods combined

with CADD techniques to reveal the diversity of potential targets

and therapeutic pathways for QFPD against COVID-19. They

found that RBP4, IL1RN, TTR, FYN, SFTPD, TP53, SRPK1, and

AKT1 are highly related to COVID-19. QFPD could act on multiple

pathways, including viral process, immunodeficiency, RNA

polymerase, Sphingolipid signalling pathway, and taste

transduction. The results showed that QFPD has “multi-

component, multi-target, and multi-pathway” characteristics in

regulating inflammation, viral infection, cellular damage, and

immune responses (Wang Z. et al.).

Traditional but natural medicine also may provide potential

therapeutic approaches. Because of this, an original study assessed

the pharmacological potential of Withania somnifera (L.) Dunal

(WS) and Tinospora cordifolia (Willd.) Miers on the experimental

models of COVID-19, T cell differentiation, and neutrophil functions

(Rizvi et al.). The results indicate that WS promoted the

immunosuppressive environment in the hamster and hACE2

transgenic mice models and limited the worsening of the disease by

reducing inflammation, suggesting that WS might be useful against

other acute viral infections. That study thus provided preclinical

efficacy data to demonstrate a robust protective effect of WS against

COVID-19 through its broader immunomodulatory activity.

A molecular docking study (Huang et al.) showed that vitamin

D possessed effective binding activity in COVID-19. Overall, the

authors showed vitamin D’s possible molecular mechanisms and

pharmacological targets for treating COVID-19.

Finally, clinical studies are also included in the RT. One of them

focused on comparing the characteristics and outcomes of patients

admitted with confirmed COVID-19 in the same season during the

first (March 2020) and the third pandemic wave (March 2021,

dominance of SARS-CoV-2 B.1.1.7 lineage) in an internal medicine

ward of a large teaching hospital in Italy (Ticinesi et al.). Despite the

higher virulence of B.1.1.7 lineage, authors detected milder clinical

presentation and improved mortality in patients hospitalised during

the third COVID-19 wave, with the involvement of younger
frontiersin.org
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subjects. The reasons for this discrepancy are unclear but could

involve the population effect of vaccination campaigns conducted

primarily in older frail subjects during the third wave. The second

study (Liu et al.) constructed a prone ventilation management

scheme for patients with severe coronavirus disease 2019

(COVID-19). It analysed its application effect, finding that its

application can standardise and promote the implementation of

prone ventilation, improve the quality of care, and improve the

patient prognosis of COVID-19 patients.
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The efficiency of convalescent
plasma in COVID-19 patients:
A systematic review and meta-
analysis of randomized
controlled clinical trials

Zhenbei Qian †, Zhijin Zhang †, Haomiao Ma †, Shuai Shao,
Hanyujie Kang and Zhaohui Tong*

Department of Respiratory and Critical Care Medicine, Beijing Institute of Respiratory Medicine,
Beijing Chao-Yang Hospital, Capital Medical University, Beijing, China
The objective of this study was to assess whether convalescent plasma therapy

could offer survival advantages for patients with novel coronavirus disease 2019

(COVID-19). An electronic search of Pubmed, Web of Science, Embase,

Cochrane library and MedRxiv was performed from January 1st, 2020 to April

1st, 2022. We included studies containing patients with COVID-19 and treated

with CCP. Data were independently extracted by two reviewers and

synthesized with a random-effect analysis model. The primary outcome was

28-d mortality. Secondary outcomes included length of hospital stay,

ventilation-free days, 14-d mortality, improvements of symptoms,

progression of diseases and requirements of mechanical ventilation. Safety

outcomes included the incidence of all adverse events (AEs) and serious

adverse events (SAEs). The Cochrane risk-of-bias assessment tool 2.0 was

used to assess the potential risk of bias in eligible studies. The heterogeneity of

results was assessed by I^2 test and Q statistic test. The possibility of

publication bias was assessed by conducting Begg and Egger test. GRADE

(Grading of Recommendations Assessment, Development and Evaluation)

method were used for quality of evidence. This study had been registered on

PROSPERO, CRD42021273608. 32 RCTs comprising 21478 patients with

Covid-19 were included. Compared to the control group, COVID-19 patients

receiving CCP were not associated with significantly reduced 28-d mortality

(CCP 20.0% vs control 20.8%; risk ratio 0.94; 95% CI 0.87-1.02; p = 0.16; I² =

8%). For all secondary outcomes, there were no significant differences between

CCP group and control group. The incidence of AEs (26.9% vs 19.4%,; risk ratio

1.14; 95% CI 0.99-01.31; p = 0.06; I² = 38%) and SAEs (16.3% vs 13.5%; risk ratio

1.03; 95% CI 0.87-1.20; p = 0.76; I² = 42%) tended to be higher in the CCP

group compared to the control group, while the differences did not reach

statistical significance. In all, CCP therapy was not related to significantly

improved 28-d mortality or symptoms recovery, and should not be viewed

as a routine treatment for COVID-19 patients.
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KEYWORDS

convalescent plasma, COVID-19, SARS-CoV-2, antibodies, mortality, passive
immunization
1 Introduction

The coronavirus disease 2019 (COVID-19), which was

caused by the infection of Severe Acute Respiratory Syndrome

Coronavirus 2 (SARS-COV-2), had become an acknowledged

global pandemic and accounted for more than five hundred

million confirmed cases and six million deaths (1), bringing a

heavy burden to the healthcare system and serious threat to

human beings. At present, the majority of treatments were still

supportive, while few therapeutic strategies were confirmed for

improved survival benefits.

Convalescent Plasma (CP) therapy, a form of passive

immunization, had been widely applied in many viral infectious

diseases like Middle East respiratory syndrome (MERS) (2) and

Ebola (3). The specific antibodies in CP could accelerate clearance

of virus (4), promote antibody-dependent cell-mediated

cytotoxicity and complement activation (5). Results from

previous studies suggested reduced mortality and improved

symptoms in COVID-19 patients treated with COVID-19

convalescent plasma (CCP) (6, 7), and the FDA of the United

States had approved the emergency use authorization (EUA) of

CCP in COVID-19 patients (8). However, these studies were

mainly retrospective and contained potential risk of bias, while

the results from prospective studies suggested that administration

of CCP could not result in reduced risk of mortality or improved

symptoms (9–11). Recent meta-analysis which included results

from RCTs (8, 12, 13) also indicated no significant improvements

in the survival of COVID-19 who received CCP. The inconsistence

of these studies made it controversial whether CCP should be

regarded as a routine therapy for COVID-19 patients.

To further assess the efficiency of CCP, we conducted this

meta-analysis to systematically evaluate whether COVID-19

patients could benefit from CCP therapy.
2 Methods

We reported this study according to the Preferred Reporting

Items for Systematic Reviews and Meta-analyses (PRISMA)
02
10
guidelines (14). We have registered this study on PROSPERO

(CRD42022313265) on February 28, 2022.
2.1 Inclusion and exclusion criteria

Studies were included if they fulfilled the following inclusion

criteria: 1) Patients were confirmed at any clinical stage of

COVID-19. 2) Patients ≥18 years old. 3) The intervention

should be convalescent plasma. 4) The control group should

include contemporaneous patients who didn’t receive CCP or

were treated with a placebo, including normal saline or standard

plasma. 5) Only randomized controlled clinical trials were

included. Exclusion criteria were defined as followed: 1)

Animal or cell studies. 2) Editors, reviews, comments or

abstracts. 3) Studies with unavailable full text. 4) Ineligible

study designs, e.g. observational studies, retrospective studies,

case reports, or case series studies. 5) Studies only contain the

results that we were not interested in, including the changes in

inflammatory factors (e.g. ferritin, IL-10 and D-Dimmer) or

biochemical factors (e.g. bilirubin, albumin and creatinine), the

proportion of patients with negative nucleic acid test, time to the

negative nucleic acid test, the proportion of patients with

detectable endogenous antibodies after receiving CCP.
2.2 Search strategy

We performed a comprehensive search of the database

including Pubmed, Web of Science, Embase, Cochrane library

and medRxiv from January 1st, 2020 to April 1st, 2022. The

keywords of “COVID-19” and “convalescent plasma” were used.

No language restrictions were applied. Detailed systematic search

strategy could be found in Additional Table 1. Reference lists of

eligible studies were manually screened in case of loss of

potentially relevant publications. The identification of

potentially eligible studies was independently performed by two

reviews (ZB Qian and S Shao). Any disagreement or discrepancy

was eventually resolved by a third reviewer (ZH Tong).
frontiersin.org

https://www.crd.york.ac.uk/prospero/
https://doi.org/10.3389/fimmu.2022.964398
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Qian et al. 10.3389/fimmu.2022.964398
2.3 Data collection and quality
assessment

Two reviews (ZJ Zhang and HM Ma) conducted data

collection independently. Any disagreement was resolved by

the third reviewer (ZH Tong). For candidate literature, we

designed a data collection form for temporary data

management. The following information was extracted: name

of the first author, publication year, study design, registration ID,

inclusion criteria of subjects, the titer of neutralizing antibody

and the dosage of CCP, type of control, sample size, details of

baseline conditions and clinical outcomes. The incomplete data

would be estimated by estimation or obtained by contacting the

corresponding author. The Cochrane risk-of-bias assessment

tool 2.0 (RoB 2.0) (15) was used to examine the potential risk

of bias in eligible studies.
2.4 Outcomes

The selection and definition of outcomes referred to the

previous meta-analysis (8, 12) and RCTs. The primary outcome

was the 28-d mortality. Key secondary outcomes included 14-d

mortality, the length of hospital stay (LOS), ventilation-free days,

improvements of symptoms, progression of diseases and

requirement of mechanical ventilation. The LOS was defined as

the time from admission to hospital to discharge or death.

Ventilation-free days were defined as the days without the

support of ventilation. LOS and ventilation-free days were both

assessed on day 28 (16). Improvements of symptoms were defined

as improvements at least 2 grades on the WHO 7 symptom score

within 28 days (17), while the progression of disease was defined

as an exacerbation of the WHO 7 symptom score for at least 2

points or requirement for invasive ventilation or death. The safety

outcomes included the incidence of all adverse events and serious

adverse events. Severe adverse events referred to the adverse

events that were assessed grade 3 or 4 (18).
2.5 Data synthesis

For continuous variables including LOS and ventilation-free

days, the mean and standard deviation (SD) were extracted to

calculate the mean difference (MD) with a 95% confidence

interval (95% CI). For categorical variables like mortality,

improvements of symptoms, progression of diseases,

requirements of MV and incidence of AE, the risk ratio (RR)

with 95% CI was calculated from frequencies and percentages.

The statistical method was the inverse-variance method for

continuous variables, while the Mantel-Haenszel method for

categorical variables. All synthesis was based on the random-

effects model and a two-tailed value of P less than 0.05 was

considered statistically significant for all outcomes. I^2 test and
Frontiers in Immunology 03
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Q statistic test were performed to assess the inter-study

heterogeneity, which was defined as moderate-to-high when

P<0.1 in Q test and I^2>50%. The possibility of publication

bias was assessed by conducting a funnel plot and Egger or Begg

test if more than 10 studies were included in the result, which

was defined as high when the P value was lower than 0.1. The

certainty of the evidence was assessed with the Grading of

Recommendations Assessment, Development, and Evaluation

tool (GRADE) Profiler version 3.6. Data synthesis was

performed by using Review Manager Version 5.4 and Stata

software (Stata Statistical Software, release 9.2)
2.6 Subgroup analysis and sensitivity
analysis

In subgroup analysis, we stratified the eligible studies by (1)

The status of publication (published in peer-reviewed

publications or at preprint); (2) Patients’ type (outpatients or

inpatients); (3) The status of supplementary oxygenation at

enrollment (requiring mechanical ventilation(MV), requiring

non-invasive ventilation or not requiring oxygenation); (4)

The serology of antibody at enrollment (antibody positive or

antibody negative); (5) The titer of CCP (high titer CCP, low

titer CCP or undivided titer of CCP): In terms of titer

determination, we referred to the previous studies [12, 13].

The high titer CCP was defined as long as any of the

followings was achieved: a. the titer of S-protein receptor

blinding domain specific antibody was more than 1:640; b. the

titer of neutralizing antibody was more than 1:40; c. the PRNT50

of anti-S protein specific antibody was more than 1: 320; d. the

ID50 of anti-S protein specific antibody was more than 1: 320; e.

the signal-to-cutoff (S/C) value of anti-S protein specific

antibody was more than 12 (6). The time from symptoms

onset to enrollment (no more than 7 days or more than 7

days). The differences across subgroups were considered

statistically significant when the P value of the interaction test

was lower than 0.05. Forest plots were prepared to graphically

visualize the heterogeneity and differences among subgroups.

Sensitive analysis was conducted by screening the included

studies to assess the impact on the outcomes when I2 ≥50%.
3 Results

3.1 Literature search and study
characteristics

The literature search yielded 17313 records in total, among

which 6143 were excluded for duplicates. After the removal of

9533 and 1598 records for irrelevant studies and non-

randomized trials, 39 articles were eligible for full-text

assessment. Of these, 7 articles were respectively excluded for
frontiersin.org
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lack of the results that we were interested in (n=3) including 28-

d mortality, changes in the progression of diseases and incidence

of adverse events (19–21), lack of control group (n=2) (22, 23),

post-hoc analysis (n=1) (9) and post-exposure prophylaxis (n=1)

(24). Finally, 32 RCTs (16–18, 24–52) with a total of 21478

patients were included in our analysis. A detailed flow chart was

shown in Figure 1.
3.2 Baseline conditions

Among all the included studies, 4 studies (24, 28, 34, 48)

were preprinted and 28 studies (16–18, 25–27, 29–33, 35–47, 49–

52) were published in peer-reviewed journals. 10 studies (24, 26,

31, 38, 41, 43, 44, 46, 50, 51) were double-blind RCTs with

placebo and 22 studies (16–18, 25, 27–30, 32–37, 39, 40, 42, 45,

47–49, 52) were designed as open-label trials. All trials included

patients with confirmed Covid-19 except for the RECOVERY

trial (35), which included both suspected and confirmed

COVID-19 patients. 28 studies focused on the hospitalized

patients with supplementary oxygenation (16–18, 25, 27–37,

39, 40, 42–52), and only 4 studies (24, 26, 38, 41) included

outpatients. Most patients were older than 60 years and more

than 60% were male. The median injection dose of convalescent

plasma was 500ml (IQR 250-550). The majority of patients were

enrolled more than 7 days after symptom onset. Serum status at

enrollment was reported in 14 studies, while the percentage of

patients with detectable neutralizing antibodies varied from

11.4% to 83.1% across eligible studies. More detailed

information was shown in Additional Table 2.
Frontiers in Immunology 04
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The assessments of risk of bias were shown in Figure 2. 8

studies (26, 35, 38, 41, 43, 44, 46, 50) were regarded as low risk of

bias, and 16 studies (16–18, 25, 27, 29, 30, 32, 37, 39, 40, 42, 45,

47, 49, 52) contained potential performance bias for the open-

label design. 4 studies were considered as containing potential

bias due to early termination (31, 33, 36, 51). Notably, although

no high risks of bias in D1-D5, 4 studies (24, 28, 34, 48) were

classified as high risk for pre-printed and lack of peer review.
3.3 Synthesis of results

3.3.1 Primary outcome
The 28-d mortality was reported in all included studies. In

the overall population (Figure 3), the 28-d mortality was 20.0%

(2228/11163) in CCP group and 20.8% (2149/10315) in control

group, and the risk ratio was 0.94 (95% CI 0.87-1.02; p = 0.16;

I² = 8%). After excluding preprinted studies (Additional

Figure 1), the 28-d mortality was 21.1% (2205/10474) in CCP

group and 22.0% (2121/9628) in control group, without

significant statistic differences (risk ratio 0.94; 95% CI 0.86-

1.03; p = 0.18; I²= 12%).

Subgroup analysis suggested potential differences between

double-blinded RCTs and open-label RCTs (Additional

Figure 2). Compared to the control group, double-blinded

RCTs showed reduced 28-d mortality in COVID-19 patients

treated with CCP (6.5%, 136/2084 vs. 7.0%, 129/1835; risk ratio

0.78; 95% CI 0.62-0.99; p = 0.04; I² = 0%), while this association

was not found in open-label RCTs (23.0%, 2092/9079 vs. 23.8%,

2020/8480; risk ratio 0.97; 95% CI 0.90-1.05; p = 0.48; I² = 7%).
FIGURE 1

The detailed flow chart of Literature search.
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Convalescent plasma neither reduced the risk for 28-d

mortality in outpatients (0.6%, 7/1117 vs. 0.9%, 10/1111; risk

ratio 0.63; 95% CI 0.14-2.95; p = 0.56; I² = 42%), nor in inpatients

(22.1%, 2217/10046 vs 23.3%, 2140/9204; risk ratio 0.94; 95% CI

0.86-1.02; p = 0.13; I² =11%). There were no significant differences

between two subgroups (Additional Figure 3).

Compared to the control group, CCP therapy was not

associated with significantly reduced 28-d mortality in patients

requiring mechanical ventilation at enrollment (35.2%, 635/1802

vs 35.7%, 613/1717; risk ratio 0.95; 95% CI 0.81-1.10; p = 0.48;

I² = 40%). There was also no significant association between

receiving CCP and lower 28-day mortality in patients who

required non-invasive respiratory support at enrollment

(20.9%, 1419/6779 vs 22.0%, 1372/6234; risk ratio 0.97; 95%

CI 0.91-1.03; p = 0.34; I² = 0%) or those who did not require
Frontiers in Immunology 05
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supplementary oxygenation at enrollment (3.9%, 58/1484 vs

5.1%, 76/1491; risk ratio 0.81; 95% CI 0.59-1.11; p = 0.19;

I² = 0%).(Additional Figure 4)

For antibody-seronegative patients, the 28-d mortality was

32.7% (791/2419) in CCP group and 34.1% (656/1926) in

control group. While for antibody-seropositive patients, the

28-d mortality was 20.2% (794/3932) in CCP group and 19.2%

(673/3510) in control group. Neither patients with detectable

antibodies (risk ratio 1.00; 95% CI 0.85-1.18; p = 0.96; I²=40%)

nor those without detectable antibodies (risk ratio 0.94; 95% CI

0.86-1.02; p = 0.14; I²=0%) at enrollment showed reduced 28-d

mortality after receiving CCP. (Additional Figure 5)

For patients receiving high titer CCP, the 28-d mortality was

19.9% (1682/8461) in CCP group and 20.3% (1576/7779) in

control group. Receiving high titer CCP was not related to lower
A

B

FIGURE 2

The assessments of risk of bias of eligible studies. The assessments of risk of bias of eligible studies. (A) The assessment of each eligible study.
(B) The assessment of overall bias. Bajpai 2020, Gharbharan 2020, Ray 2020 and Sullivan 2021 were classified as high risk for pre-printed and
lack of peer review although no high risks of bias in D1-D5.
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28-d mortality (risk ratio 0.99; 95% CI 0.94-1.06; p = 0.83; I² =

0%). However, there was significantly reduced 28-d mortality for

patients receiving low titer CCP (9.5%, 63/665 vs 13.1%, 77/587;

risk ratio 0.68; 95% CI 0.55-0.92; p = 0.01; I² = 0%) compared to

the control group (Additional Figure 6).

In the patients whose median time from symptoms onset to

enrollment was no more than 7days, there were no significant

differences in 28-d mortality in CCP group compared to control

group (25.7%, 656/2553 vs 27.9%, 710/2549; risk ratio 0.92; 95%

CI 0.84-1.01; p = 0.09; I² = 0%). For patients with more than 7

days from symptoms onset, receiving CCP treatment did not

show a significant reduction in 28-d mortality (21.3%, 820/3846

vs 20.9%, 781/3745; risk ratio 0.87; 95% CI 0.59-1.26; p = 0.45;

I² = 52%). There were no significant differences between the two

subgroups (p=0.45; Additional Figure 7).

3.3.2 Secondary outcomes
The length of hospital stay was reported in 11 studies, with

no significant differences between the CCP group and control

group (MD 0.83; 95% CI -0.24-1.90; p = 0.13; I² = 59%)
Frontiers in Immunology 06
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(Additional Figure 8A). The ventilation-free days were

assessed in 11 studies. Overall, the ventilation-free days were

similar between the CCP group and control group (MD -0.04;

95% CI -0.74-0.67; p = 0.92; I² = 35%). (Additional Figure 8B)

The 14-d mortality was assessed in 6 studies. Receiving CCP

was not related to significantly reduced 14-d mortality compared

to the control group (5.7%, 63/1098 vs 7.0%, 65/934; risk ratio

0.88; 95% CI 0.63-1.23; p = 0.45; I² = 0%) (Additional Figure 9)

The deterioration and improvements of the diseases were

respectively assessed in 8 studies and 9 studies. Overall, there

were no significant differences in the improvement of symptoms

(68.6%, 589/858 vs 65.7%, 353/537; risk ratio 1.00; 95% CI 0.94-

1.07; p = 0.99; I² = 0%) and progression of diseases (27.6%, 2101/

7603 vs 27.7%, 2059/7436; risk ratio 0.96; 95% CI 0.85-1.08; p =

0.49; I² = 46%) between the CCP group and control group.

(Additional Figures 10A, B)

Initiation of mechanical ventilation was required in 20.4%

(1159 of 5690) of patients receiving convalescent plasma and

21.2% (1107 of 5220) of patients with standard of care (RR 0.94,

95% CI 0.82-1.08, p = 0.38). No significant differences between
FIGURE 3

Forrest plot of the risk ratio of 28-d mortality between CCP group and control group.
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CCP g r oup and c on t r o l g r o up we r e o b s e r v e d .

(Additional Figure 11)

3.3.3 Adverse events
Adverse events and serious adverse events were reported in

15 studies and 13 studies, respectively. Overall, the incidence of

adverse events (26.9%, 570/2120 vs 19.4%, 374/1932; risk ratio

1.14; 95% CI 0.99-1.31; p = 0.06; I² = 38%) and serious adverse

events (16.3%, 590/3626 vs 13.5%, 370/2738; risk ratio 1.03; 95%

CI 0.87-1.20; p = 0.76; I² = 42%) tended to be higher in the CCP

group compared to the control group, though the differences did

not reach statistical significance (Figure 4A, B).
3.4 Quality of evidence

According to the GRADE assessment (Figure 5 and

Additional File 1 Table 3), the evidence for the effect of CCP

on 28-d mortality in all patients was high, which was mainly due

to the large sample size and low level of heterogeneity despite

publication bias. Similarly, the evidence for the effect of CCP on

28-d mortality in inpatients was high, while it downgraded to

very low for outpatients for limited patients and moderate
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heterogeneity. The evidence for the effect of CCP on patients

receiving non-MV ventilation and high titer CCP was both

moderate for publication bias (Additional Figure 12C). For

other subgroup analysis on 28-mortaity, the evidence for the

effect of CCP ranged from low to very low. For secondary

outcomes, the evidence for the effect of CCP on the

improvements of symptoms was high, while the evidence for

the effect of CCP on the ventilation-free days, 14-d mortality,

progression and requirement of supplementary oxygenation was

moderate due to the moderate heterogeneity, small size of

included patients or publication bias (Additional Figures 12E,

F). The evidence for the effect of CCP on length of hospital stay

was low because of the serious heterogeneity of results. The

evidence for the incidence of AE and SAE was low and moderate

respectively due to moderate heterogeneity and publication bias

(Additional Figures 12G, H).
4 Discussion

In this meta-analysis which included 32 RCTs and 21478

patients, we found that CCP therapy was not associated with

significantly reduced 28-d mortality in COVID-19 patients.
A

B

FIGURE 4

Forrest plot of the risk ratio of (A) adverse events and (B) severe adverse between CCP group and control group.
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A

B

C

FIGURE 5

The simplified Summary of Finding of outcomes. The simplified Summary of Finding for (A) Primary outcomes, (B) Secondary outcomes and (C)
Safety outcomes. CCP, COVID-19 convalescent plasma; 95% CI, 95% confidence interval; RR, risk ratio.
Frontiers in Immunology frontiersin.org08
16

https://doi.org/10.3389/fimmu.2022.964398
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Qian et al. 10.3389/fimmu.2022.964398
Besides, receiving CCP was not related to improvements on

other survival outcomes, including length of hospital stay, time

without respiratory support, risk of symptoms progression and

requirement of MV. In terms of safety, treatment with CCP

presented a trend of higher incidence of adverse events, although

the differences didn’t reach statistical significance.

At present, several therapies have been recommended by

WHO (53) and IDSA (54) to treat COVID-19. For mild patients,

monoclonal antibodies such as Sotrovimab (55) could reduce the

risk of hospitalization, while REGEN-CoV-2 (56) might reduce

mortality in patients without detectable baseline antibodies.

Antivirals such as remdesivir (57, 58), favipiravir (59),

molnupiravir (60) and nematvir/ritonavir (61) could reduce

the risk of ventilation as well as mortality in patients at high

risk of hospitalization and release the symptoms. However, in

low-income countries and regions, monoclonal antibodies and

antivirals might not be readily available. IDSA recommended

high titer and fully qualified CCP as an alternative to

monoclonal antibodies and antivirals, which was opposite to

WHO guidelines that strongly recommended against CCP in

mild patients due to limited clinical benefits. For critically ill

patients, treatments aiming to control unbalanced inflammation

were preferred to reduce the risk of ventilation and mortality,

including glucocorticoids (62, 63), IL-6 receptor inhibitors (64,

65), and Baricitinib (66). In addition, glucocorticoids could also

improve ventilator-free days, while IL-6 and Baritinib might play

a role in reducing length of hospital stay. CCP was only

recommended only in the context of clinical trials for severe

COVID-19 patients, due to limited suppressive effect of CCP on

inflammation and no significantly improved clinical outcomes.

Previously, there were studies suggesting the association

between receiving CCP and lower 28-day mortality or less

progression of diseases (67–70), while recent prospective

studies and RCTs indicated that CCP could not lead to

elevated antibody titer (71) or survival benefits in COVID-19

patients (72, 73). Our findings supported that COVID-19

patients might not benefit from the transfusion of CCP, which

was consistent with the latest WHO and IDSA guideline (53, 54).

These Inconsistencies of outcomes among these studies might be

due to the heterogeneous baseline conditions of included

patients (74) and the variations of interventions (75) between

the CCP group and control group, especially in retrospective and

observational studies. Severe COVID-19 patients were more

likely to receive high titer and dosage of CCP beyond more

frequent use of antiviral agents or corticosteroid, which might

overestimate the efficiency of CCP.

Our study found that the administration of CCP was not

related to significant improvements in 28-d mortality, length of

hospital stays, ventilation-free days, or the progression of

diseases. These could be due to several reasons: Firstly, most

eligible studies were conducted between 2021 and 2022, when

SARS-CoV-2 variants had spread widely around the world, like

Delta and Omicron. Previous studies found that mutations in
Frontiers in Immunology 09
17
spike proteins, including E484A and N501Y, made these variants

more likely to escape from immune recognition (76, 77),

reducing the efficiency of CCP (78). Additionally, according to

the analysis focused on variables associated with CCP efficacy,

CCP collected from certain locations and pandemic waves

couldn’t effectively neutralize the virus at other locations and

waves (79). The chronological and epidemiological distance

between plasma donors and receptors might lead to the

mismatch in antibodies and circulating variants, resulting in

further aggravation of the variants’ resistance to antibodies.

Therefore, considering the attempt to standardize the plasma

centrally, the efficiency of CCP might be underestimated among

studies that were carried out nationally and across multiple

pandemic waves.

Secondly, the majority of eligible patients in our study were

no less than 7 days from symptoms onset and suffering

hypoxemia at enrollment, requiring at least one type of

supplementary oxygenation. Results from subgroup analysis

suggested that these patients could not benefit from the CCP

therapy. Indeed, for patients at the end stage of COVID-19, the

pathology of lung parenchyma was mainly characterized by

inflammatory infiltration and fibrosis resulting from the

unbalanced pro-inflammatory response and cytokine storm,

while replication of SARS-COV-2 contributed less to the

damage (79, 80). The initial course of COVID-19 might be

viewed as an optimal therapeutic window period for exogenous

antibodies to maximize their neutralization effect (32, 81).

However, our study found that there was no significantly

lower 28-d mortality either in patients within 7 days from

symptoms onset or those with more than 7 days. On the one

hand, this could be due to the limited number of included

patients in the early stages of COVID-19; on the other hand, 7

days might not be early enough to identify for potential benefit.

In a multicenter retrospective study (74), administration of CCP

within 3 days since symptoms onset, but not within 4 to 7 days,

was related to a significantly reduced mortality. Therefore, what

mattered to improve the efficiency of CCP at present was

determining the appropriate therapeutic window period to

identify the possible patients who might benefit from

CCP therapy.

Thirdly, the variations in the standard of care among

included studies might also be an important factor, especially

the percentage of patients receiving corticosteroid or remdesivir

which had been confirmed to be beneficial for survival. In the

REMAP-CAP trial (52), up to 90% of patients in the study were

treated with glucocorticoids, whereas in RECOVERY trial (35),

less than 1% of patients received glucocorticoids. Similarly, the

percentage of patients treated with remdesivir was more than

80% and less than 5% in the study of Bajpai et al. (28) and

Agarwal et al. (25), respectively. In addition, we found that

among the RCTs with placebo, receiving CCP was related to a

lower risk of 28-d mortality, while this association was not

observed among the open-label RCTs. Considering the
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weakened control of performance bias, the lack of placebo might

lead to the underestimation of CCP. More double-blinded RCTs

were required for further assessment.

In addition to the reasons mentioned above, we noticed that

receiving CCP was related to trend of elevated incidence of

adverse events compared to the control group, although the

difference was not statistically significant. This might be another

essential factor that should be considered when applying CCP to

COVID-19 patients. However, since the funnel plot and Egger

test suggested potential publication bias, the evidentiary quality

of this result was low. More studies were needed for the further

assessment of the safety of CCP.

Notably, we found that CCP therapy did not significantly

reduce 28-day mortality regardless of whether neutralizing

antibodies were detectable at enrollment. Previous studies (82)

found that hypogammaglobulinemia, regardless of causes, was

associated with poor survival, and the immunoglobulin

replacement therapy like CCP might be beneficial for elevating

level of antibodies and alleviating viremia, thus reducing

symptom duration, hospital stay, and mortality. However, this

relationship was not shown in our study, which might be due to

the limited number of included studies. Meanwhile, the antibody

seronegativity was defined as the failed detection of IgG or IgM

in the included studies (29, 35, 44, 52), while the ignorance of

other subtypes of antibodies like IgA might result in the

misclassification of seronegative patients

Our results suggested receiving high titer CCP was not related

to significantly reduced 28-d mortality. For one thing, the

definition of high titer CCP remained controversial at present,

which was mainly due to the inconsistent measurements across

studies and the unclear cut-off value of high-and low-titer.

According to the previous researches (8, 12), we defined the high

titer CCP as the PRNT50 of anti-spike antibody≥1:320 or the ID50

of anti-spike antibody≥1:320, apart from the titer of anti-spike

antibody≥1:640 and nAbs ≥1:40. However, this was a preliminary

stratification, while the CCP titer within each subgroup might vary

a lot. In the high titer group, the CCP used in Holm 2021 (36) had

a median nAbs titer of 1:116 (1:40-1:1160), while the median titer

of nAbs of CCP used in Sekine 2021 (49) could reach 1:320 (1:160-

1:960). For another, there were no significant improvements either

in the composition of antibody profile or in the avidity of

antibodies after high titer CCP transfusion (nAbs 1:160-1:640),

which were more likely to be related to positive clinical outcomes

rather than the titer of nAbs, according to the recent study focused

on the severe COVID-19 patients (83). Besides, neutralizing

antibody titer showed a sharp downward trend before the death

of COVID-19 patients despite the previous administration of CCP,

suggesting the limited effect of high titer CCP on the composition

of antibodies and preventing the failure of the immune system at

the end stage of COVID-19 (83).

Notably, during the data synthesis of 28-d mortality, we

noticed that the RECOVERY trial and REMAP-CAP trial

accounted for 30.5% and 21.5% of the weight respectively,
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making our results to some extent dominated by these two

studies. Previous study raised the concern that the impact of

large studies might result in massive bias (81, 84), especially

when the baseline conditions of patients could not be fully

balanced in eligible studies. Therefore, we conducted the

sensitivity analysis to assess the stability of our results, showing

that the final conclusion would not be overturned even if these two

RCTs were excluded simultaneously (RR 0.87; 95% CI, 0.76 to 1.00;

P = 0.05; Statistical difference was set as P < 0.05). Coupled with the

existence of publication bias, where both the funnel plot and Begg

or Egger test had confirmed that more studies with risk ratio<1

were included, we were confident with the conclusion that CCP

might not be regarded as an appropriate routine therapy for

COVID-19, which was consistent with latest WHO guideline

(53) and IDSA guideline (54).

There were several strengths in our study compared to

previous meta-analysis (8, 12, 55, 85–88): 1. Our study was the

latest meta-analysis with the data from latest RCTs; 2. More

comprehensive subgroup analysis was performed, including the

titer of CCP, the time from symptoms onset to enrollment and

the type of control group (placebo+SOC or only SOC), which

were not evaluated in previous studies; 3. We evaluated adverse

events (AEs) and serious adverse events (SAEs) as the safety

outcomes which were overlooked in previous studies; 4. The

impact of large RCTs was weakened for larger number of eligible

RCTs and patients. However, there were several limitations in

our study. Firstly, although all the studies we included were

RCTs, 50% of them were open-label designed, containing certain

risk of bias. Subgroup analysis suggested potential differences in

28-d mortality between double-blinded RCTs and open-label

RCTs, although the differences didn’t reach statistical

differences. Secondly, publication bias was observed in the 28-

d mortality and adverse events, which might bring certain

potential bias to the results. Thirdly, the eligible RCTs

involved multiple time periods and different countries or

regions, suggesting that patients might be infected with

multiple variants. Fourthly, 90% of the included patients

required supplementary oxygenation, while only 10% of the

patients were outpatients. The assessment on mild patients was

insufficient. Fifthly, our study mainly focused on COVID-19

patients with normal immunity, without evaluation on patients

with immunodeficiency due to lack of data and giant

heterogeneous baseline conditions from normal patients.

Previous studies suggested reduced risk of mortality in

immune-compromised patients receiving CCP (89). Future

studies were needed for further assessment. Sixthly, we didn’t

assess the efficiency of CCP in low-income countries due to

limited trials conducted in these countries. In fact, as a cost-

effective treatment, CCP might be more suitable for these

countries where antiviral and monoclonal antibodies were not

readily available (54). Seventhly, the efficiency of CCP on post-

exposure protection (90) was not assessed in our studies since

the unconfirmed COVID-19 patients were not included
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according to our exclusion criteria. Eighthly, we didn’t assess the

proportion of patients with negative nucleic acid test, time to the

negative nucleic acid test, the proportion of patients with

detectable endogenous antibodies after receiving CCP as our

results. Lastly, a more comprehensive and advanced statistical

modeling might be needed to better balance the baseline

conditions among eligible studies, just as Troxel AB et al (12)

did with a robust Bayesian framework.
Conclusion

Compared to the control group, CCP therapy was not

related to significantly improvements in 28-d mortality or

other clinical outcomes in the overall COVID-19 patients.

Considering the high quality of evidence, CCP should not be

recognized as an appropriate routine treatment for clinicians.

More double-blinded RCTs were needed to investigate the

efficiency of CCP among patients in the initial stage of

COVID-19, especially those who were within 3 days from

symptoms onset and without detectable neutralizing antibodies

at enrollment. Besides, the definition of high titer CCP required

further determination.
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Interferon a-2b spray shortened
viral shedding time of SARS-
CoV-2 Omicron variant: An
open prospective cohort study

Nan Xu1, Jinjin Pan1, Li Sun2, Cuimei Zhou1, Siran Huang1,
Mingwei Chen2, Junfei Zhang1, Tiantian Zhu3, Jiabin Li1*,
Hong Zhang1,3* and Yufeng Gao1*

1Department of Infectious Diseases, the First Affiliated Hospital of Anhui Medical University,
Hefei, China, 2Department of Endocrinology, the First Affiliated Hospital of Anhui Medical University,
Hefei, China, 3Departerment of Emergency, Anhui Public Health Clinical Centre, Hefei, China
Background: The Omicron SARS-CoV-2 variant has spread quickly worldwide

due to its effects on virus transmission and vaccine effectiveness. Interferon

(IFN) has been shown to have a protective effect against SARS-CoV because of

its broad antiviral activity. This study aimed to analyze the treatment effects of

IFN a-2b spray in virus clearance of the Omicron SARS-CoV-2 variant.

Methods: We examined the effectiveness and safety of IFN a-2b spray in

Shanghai, China, with participants infected with the Omicron SARS-CoV-2

variant in an open, prospective cohort study from April 16th to May 5th, 2022.

Results: A total of 871 confirmed patients were enrolled in this study. Four

hundred and thirteen patients were allocated to the IFN a-2b spray group, and

458 patients were allocated to the control group. The viral shedding time was

significantly different between experimental group and control group (11.90

vs.12.58, P <0.05). In the experimental group, the median administration time

since the first positive test for SARS-CoV-2 was three days, ranging from 0 to 15

days. Therewas no obvious adverse effect associatedwith the spray of IFN a-2b.
The univariate Cox regression analysis revealed that the administration time

since the first positive test ≤3 days was a protective factor associated with viral

shedding time (HR 0.81 95% CI 0.74-0.87, P <0.05). Subgroup analysis showed

that the viral shedding time was 10.41 (4.00-16.00) days in the ≤3 days group,

which was significantly less than that in the control group (12.58, 95% CI: 7.00-

19.15,P<0.0001) and in the >3 days group (13.56, 95%CI: 7.00-22.25,P<0.0001).

Conclusions: IFN a-2b spray shortened the viral shedding time of the Omicron

SARS-CoV-2 variant when administrated within three days since the first

positive test for SARS-CoV-2.

KEYWORDS

SARS-CoV-2 Omicron variant, COVID-19, IFN a-2b spray, viral shedding time,
cohort study
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Introduction

Currently, the Omicron outpaces the other variants of

SARS-CoV-2 to be the dominant circulating strain, sweeping

across the world (1). Over 500,000 local Omicron infections have

been reported in China between 1 March and 22 April 2022,

with the majority occurring in Shanghai (about 93%) (2). The

major Omicron sub-lineages that prevail among the local novel

coronavirus pneumonia(COVID-19) outbreaks in China are

BA.1 and BA.2 (3–5). Paxlovid (nirmatrelvir/ritonavir) was

authorized by the Chinese National medical products

administration in February 12, 2022 for cases with mild to

moderate COVID-19. However, the potential for significant

drug-drug interactions, the high cost and the low-accessibility

limit clinical use. Globally, there are an increasing number of

cases and deaths and very limited treatment options, so new

effective antiviral drugs are urgently needed.
Considering that type I interferons (IFNs) inhibit the

replication of both DNA and RNA viruses at different stages

of their replication cycles and effect on activating immune cell

populations to clear infections, type I IFNs are directly antiviral

agents (6). Based on its character of broad antiviral activity, IFN

has been shown to exert a protective effect against SARS-CoV

infection (7). However, patients with Covid-19 who received

IFN treatment had little effect, as indicated by their overall

mortality, the start of ventilation, and the length of their hospital

stay in multiple clinical studies (8–10). The possible reason was

that SARS-CoV-2 was capable of avoiding or disabling many of

interferon’s effects (11). Nevertheless, a recent investigation

revealed that Omicron variant has a lower ability to withstand

host cell interferon responses. Further study showed that

sequence variations in the SARS-CoV-2 IFN antagonists nsp3,

nsp12, nsp13, nsp14, M protein, the nucleocapsid protein, and/

or ORF3a may contribute to these differences (12, 13). As

Omicron variant possesses a substantially enhanced IFN

sensitivity, IFNs represent a promising option for the

treatment of Omicron patients. Although a lot of meaningful

exploration has been made, evidence of IFN effectiveness is

mixed. Furthermore, the optimal route of administration and

timing of IFN therapy to treat SARS-CoV-2 is not

well documented.

Moreover, Nasal epithelium is thought to be one of the main

entry points for SARS-CoV-2. The high transmissibility of SARS-

CoV-2 is attributed to nasal epithelial tropism and efficient virus

release from the nasopharynx. However, the main entrance of

SARS-CoV-2, Angiotensin-converting enzyme 2 (ACE2), was

expressed at very low protein levels in respiratory and olfactory

epithelial cells. Another host factor, neuropilin-1 (NRP1) has

been demonstrated as an entrance for SARS-CoV-2 infection

(14). NRP1 represented as an ACE2 potentiating factor by

promoting the interaction of the virus with ACE2 (15). A recent

study analyzed the receptor-ligand interaction and found that the

NRP1 coreceptor pathway may increase the infectivity of the
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Omicron variant of SARS-CoV-2 (16). Nasal cells mount a robust

innate antiviral response to SARS-CoV-2 dominated by paracrine

IFN-I/III signaling. Upon exposure to exogenous IFN-I/III, these

cells undergo a profound antiviral response (17). A new study by

Imperial College London showed that Omicron replicates rapidly

in human primary airway cultures, enabling Omicron to infect

more cells in the respiratory epithelium, allowing it to be more

infectious at lower exposure doses and resulting in enhanced

intrinsic transmissibility (18). Similarly, another study identified

that Omicron variant replicates more rapidly in the respiratory

tract than all other SARS-CoV-2 variants, but less efficiently in the

lungs, which may explain the reduced severity of Omicron that is

now being reported in epidemiological studies (19). As the highest

viral loads are detectable in the upper respiratory tract, reducing

infectious viruses in the nasopharynx could lower viral shedding

and, consequently, transmission by infected individuals (20).

IFN spray could act on respiratory epithelium, and directly

exerts antiviral activity. According to the study from Gao, using

IFN a-2b for spray could effectively prevent respiratory

infections caused by influenza viruses, para-influenza viruses,

and adenoviruses (21). Therefore, IFN spray could be a potential

prophylactic and therapeutic agent against SARS-CoV-2

Omicron variant. This study aimed to analyze the treatment

effects of IFN a-2b spray in virus clearance of Omicron SARS-

CoV-2 variant in an open, prospective cohort.
Methods

Patients and study design

A total of 871 confirmed patients from Shanghai Temporary

Hospital (ChongmingDistrict, Shanghai)were enrolled in this study

fromApril16thtoMay5th,2022.Fourhundredandthirteenpatients

were allocated to the IFN a-2b spray group, and 458 patients were

allocated to the control group (Figure 1). None of the asymptomatic

ormild participants underwent blood tests, limited by the temporary

hospital. The study was registered in the ClinicalTrials.gov (Registry

NO. ChiCTR2200058790) and has been approved by the ethic

committee of the first affiliated hospital of Anhui medical

university (PJ-2022-0408). All participants provided informed

consent before enrollment and drug administration.

This open, prospective cohort study aims to evaluate the

safety and viral shedding time (real-time PCR Ct value >35 for

both ORF1ab and N gene) of IFN a-2b spray in treating

Omicron SARS-CoV-2 variant from April 16th to May 5th,

2022. Patients aged between 18 and 60 years, with real-time PCR

confirmed SARS-CoV-2 infection were enrolled. Exclusion

criteria: 1) With history of IFN allergies; 2) co-morbidities

such as chronic heart failure and respiratory failure, severe

malnutrition, and immune deficiencies; 3) patients with a

severe or critical COVID-19 diagnosis before intervention; 4)

active bacterial, fungal, or viral infections besides COVID-19; 5)
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patients who received monoclonal antibodies to SARS-CoV-2 or

antiviral treatment; 6) the time from the first positive test to

hospital admission was more than 15 days; 7) patients who or

whose partner were pregnant, nursing, or likely to become

pregnant; 8) patients who rejected participation in the study.
Interventions

Complete medical history was taken, including demographic

information, chronic disease history, symptoms of COVID-19

illness and vaccination status at the baseline after receiving

consent from every participant. In addition to an essential clinical

assessment and examination, appropriate protectivemeasures were

taken for all participants. The participants were randomized into

two groups with the control group and the experimental group.

In the experimental group, recombinant human IFNa-2b were
sprayed on the patients’ posterior pharyngeal wall, bilateral tonsils

and oral lesions every 6 hours for seven days (3 sprays/time, about

1.2million IU/day, ANKEBiotechnology (Group) Co., Ltd., HEFEI,

CHINA). After spraying, diet and water were prohibited for 15

minutes. The control group did not receive IFN a-2b spray. All of

the participants received symptomatic treatment based on their

clinical manifestations, including non-steroidal anti-inflammatory

drugs, cough mixtures and traditional Chinese medicine.
Study definitions

Time to viral clearance was the primary outcome. SARS-

CoV-2 RNA was tested daily in respiratory specimens from all

patients until discharge. The nucleic acid test negative

conversion was defined as two consecutive negative tests (Ct
Frontiers in Immunology 03
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value >35 for the ORF1ab and N gene). The viral shedding time

was defined as the duration from the first positive nucleic acid

test to the date of the first negative test (in two consecutive, more

than 24 hours apart). For patients still shedding virus at the end

of the study, the time from the date of confirmed diagnosis to the

final follow-up date of May 15th, 2022 was used for the

calculation of viral shedding time.
Statistical analysis

Continuous variables were expressed as medians (Range) or

means (Standard Deviation, SD) and compared using a non-

parametric test. Categorical variables were expressed as numbers

(%) and compared by the c² test or Fisher’s exact tests. The viral
shedding time was compared between the two groups in both the

primary and subgroup analyses. Hazard ratio (HR) and 95%

confidence interval were calculated by Cox regression. A two-

sided P <0.05 was considered statistically significant. Statistical

analysis was performed using IBM SPSS 23.0 (IBM, Armonk,

NY, USA).
Results

Participant characteristics were generally similar between

the two groups (Table 1) except for the sex ratio. The proportion

of males in the experimental group (76.3%) was higher than that

in the control group (67.2%). The average age was similar for

both groups. There were 10 (2.4%) and 13 (2.8%) patients in the

two groups who were obese. The experimental and control

groups did not differ in smoking. Fewer cases of chronic
FIGURE 1

The flowchart of the study. Screening, enrolment and random classification of patients.
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diseases were observed in the experimental group (13.8% vs.

17.2%) with no significance. Other chronic diseases included

stable chronic bronchitis, asthma, hypothyroidism, and chronic

hepatitis B also had no significant difference. The most

frequently reported symptoms were fever (45.0% vs. 36.0%)

and cough (44.6% vs. 45.4%) in both groups. There were no

significant differences between vaccination status in the two

groups, and both groups had high vaccination rates (97.6% vs.

97.4%, P =0.852). There were 261 and 244 participants who
Frontiers in Immunology 04
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received the booster dose, respectively. In the experimental

group, the median administration time since the first positive

test for SARS-CoV-2 was three days, ranging from 0 to 15 days.

There was no obvious adverse effect associated with spray of IFN

a-2b.
The univariate Cox regression analysis revealed that the

administration time since the first positive test ≤3 days was a

protective factor associated with the viral shedding time

(Table 2, HR 0.81 95% CI 0.74-0.87, P <0.05). The viral
TABLE 1 The clinical characteristics of enrolled patients.

Experimental(N=413) Control(N=458) P-value

Age, Mean± SD, years 39.0 ± 10.3 39.5 ± 10.3 0.463

Gender, n (%) 0.003

Female 98 (23.7) 150 (32.8)

Male 315 (76.3) 308 (67.2)

Obesity, n (%) 0.701

Normal 403 (97.6) 445 (97.2)

Obesity 10 (2.4) 13 (2.8)

Smoking, n (%) 0.165

Non-smoking 373 (90.3) 400 (87.3)

Heavy smoking 40 (9.7) 58 (12.7)

Chronic diseases, n (%) 0.162

Non-chronic diseases 356 (86.2%) 379 (82.8%)

Chronic diseases 57 (13.8%) 79 (17.2%)

Hypertension 48 (11.6) 68 (14.8)

Diabetes 10 (2.4) 15 (3.3)

Other 5 (1.2) 7 (1.5)

Clinical classification, n(%) 0.690

Asymptomatic 185 (44.8) 199 (43.4)

Symptomatic 228 (55.2) 259 (56.6)

fever 186 (45.0) 165 (36.0)

cough 184 (44.6) 208 (45.4)

Sputum production 141 (34.1) 153 (33.4)

Sore throat 128 (31.0) 156 (34.1)

loss of gustation 25 (6.1) 37 (8.1)

loss of olfaction 12 (2.9) 14 (3.1)

Vaccination, n (%) 0.852

Unvaccinated 10 (2.4) 12 (2.6)

Vaccinated 403 (97.6) 446 (97.4)

Partially vaccinated 18 (4.5) 31 (7.0)

Full vaccination 124 (30.8) 171 (38.3)

Booster 261 (64.8) 244 (54.7)

Admission time since the first positive test 0.120

Median (range), days 3 (0-15) 3 (0-15)

Mean ± SD, days 4.63 ± 3.94 3.86 ± 3.17

Administration time since the first positive test

≤3 days, n(%) 217 (52.5) /

>3 days, n(%) 196 (47.5) /

Median (range), days 3 (0-15) /

Mean ± SD, days 4.6 ± 3.9 /
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shedding time was significantly different between experimental

group and control group (11.90(5.00-20.00) vs.12.58(7.00-

19.15), P = 0.024, Table 3). According to the median

administration time since the first positive test for SARS-CoV-

2, the experimental group was divided into ≤3 days group and>3

days group. Subgroup analysis showed that the viral shedding
Frontiers in Immunology 05
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time was 10.41 (4.00-16.00) days in the ≤3 days group and 13.56

(7.00-22.25) days in the >3 days group (P <0.0001, Table 3). The

subgroup analyses for vaccination, gender, obesity (BMI ≥30),

heavy smoking (20 or more cigarettes per day), symptoms were

performed. The effect of IFN a-2b spray on virus clearance was

significant among vaccinated, non-obese, smoking, and
TABLE 3 Main groups and subgroups analysis of the differences of the viral shedding time.

Main groups and subgroups(95% CI) IFN(n=413) Control(n=458) P-value

Main groups 11.90 (5.00-20.00) 12.58 (7.00-19.15) 0.024

Administration time since the first positive test

≤3 days 10.41 (4.00-16.00) n=217 12.58 (7.00-19.15) n=458 <0.0001

>3 days 13.56 (7.00-22.25) n=196 12.58 (7.00-19.15) n=458 0.077

Vaccination

Unvaccinated 11.80 (5.90-16.55) n=10 14.33 (9.55-22.15) n=12 0.192

Vaccinated 11.90 (5.00-20.00) n=403 12.53 (7.00-19.00) n=446 0.038

Partially vaccinated 10.33 (4.70-15.00) n=18 13.16 (8.00-19.00) n=31 0.013

Full vaccination 11.92 (5.15-20.00) n=124 12.49 (7.00-19.00) n=171 0.254

Booster 12.00 (5.00-21.00) n=261 12.48 (7.00-21.85) n=244 0.238

Gender

Female 11.78 (5.00-20.15) n=98 12.47 (8.00-18.55) n=150 0.210

Male 11.93 (8.99-20.00) n=315 12.63 (6.00-21.00) n=308 0.056

Obesity

Non-obesity 11.95 (3.00-20.00) n=403 12.60 (7.00-19.80) n=445 0.033

Obesity 9.80 (4.25-14.55) n=10 11.69 (7.00-14.60) n=13 0.205

Smoking

Non-smoking 12.00 (5.00-20.40) n=373 12.49 (7.00-19.00) n=400 0.126

Heavy smoking 10.98 (4.00-15.20) n=40 13.22 (6.00-24.00) n=58 0.011

Symptoms

Asymptomatic 11.95 (4.20-20.00) n=185 12.38 (6.00-19.00) n=199 0.375

Symptomatic 11.86 (5.35-20.00) n=228 12.73 (7.00-21.00) n=259 0.021
front
TABLE 2 The hazard ratios, two-sided 95% confidence intervals, and P value were estimated with the use of Cox regression with the baseline
stratification factors as covariates.

Adjusted Hazard Ratio P value

Administration time since the first positive test

≤3 days 0.81 (0.74, 0.87) 0.000

>3 days 1.20 (1.02, 1.43) 0.031

Gender

Male 0.96 (0.82,1.12) 0.540

Age 0.99 (0.99,1.00) 0.019

Obesity 1.44 (0.95,2.18) 0.088

Heavy smoking 0.97 (0.79,1.20) 0.805

Asymptomatic 1.00 (0.87,1.14) 0.980

Vaccination 0.83 (0.55,1.27) 0.397

Partially vaccinated 0.84 (0.55,1.29) 0.428

Full vaccination 1.03 (0.77,1.38) 0.836

Booster 1.03 (0.89,1.18) 0.741

Chronic diseases 0.87 (0.72,1.05) 0.137
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symptomatic patients (Table 3). The above results and the

Kaplan-Meier curves indicated that viral shedding resolved

sooner in individuals prescribed IFN a-2b spray within three

days of onset. The differences were statistically significant

(P <0.0001, Figure 2).
Discussion

From February 26th to May 5th, 2022, there were 55,131

cumulative confirmed cases and 562,863 cumulative

asymptomatic cases reported in the Omicron variant of

SARS-CoV-2 epidemic wave (22). The emerging studies show

that the Omicron variant became milder than the previous

variants, the trend of increasing cases and admissions waves

shifted with a higher and quicker peak but fewer patients were

admitted to hospital, less clinically severe illnesses (23, 24).

However, a recent study published in JAMA revealed that all-

cause excess mortality in Massachusetts during the first eight

weeks of the Omicron period was more than that during the

entire 23-week Delta period (25). It presumably reflects a

higher mortality product (i.e., a moderately lower infection

fatality rate multiplied by a far higher infection rate). A

predictive model study from China showed that immunity

induced by the March 2022 vaccination campaign would not be

sufficient to prevent an Omicron wave. The study also showed

that the Omicron wave would cause a projected intensive care

unit peak demand of 15.6 times the existing capacity and cause

approximately 1.55 million deaths (26). As previously

reported, the Omicron caused more infections but less severe

ones or deaths, while constant outbreaks and a large

population base still put a tremendous amount of strain on

the system.
Frontiers in Immunology 06
28
Some new drugs such as Paxlovid (nirmatrelvir/ritonavir)

are developing and being tested in clinical trials, but still hard to

widely used due to the high cost and side effects. Therefore, it is

urgent to develop a simple and effective anti-viral drug for

combating the Omicron variant of SARS-CoV-2 pandemics. In

this study, all participants were asymptomatic and mild cases.

IFN a-2b spray significantly accelerated the viral shedding by 2-

3 days when applied within three days since the first positive test

for SARS-CoV-2. In addition, more than 97% of cases in

experimental and control groups received the vaccine, which

suggested that IFN a-2b spray might benefit people who have

already been vaccinated. Subgroup analysis revealed that

vaccinated participants cleared viral infection faster regardless

of when the first injection occurred. Notably, the same effect was

observed in non-obese, smoking and symptomatic cases.

Innate immunity, in particular IFN-I, is the first line of

defense against viral infection. IFN-I has an essential role in the

pathogenesis of COVID-19 (27–29). Even though rapid

induction of type I IFNs prevents viral propagation, a

sustained increase in the levels of type I IFNs in the late phase

of the infection results in aberrant inflammation and poor

clinical outcome (29–32). A study from Domizio et al. showed

that the cyclic GMP-AMP synthase (cGAS)–stimulator of

interferon genes (STING) pathway, which controls immunity

to cytosolic DNA, was a critical driver of aberrant type I IFN

responses in COVID-19 (33). It has been reported that early

administration of therapeutic IFN could correct the imbalanced

IFN response with excessive cytokine production caused by

repressed type I IFN expression in critically ill COVID-19

patients (34). However, ACE2 has been demonstrated as a

type I and III interferon-stimulated gene in human airway

epithelial cells (35), which suggested that IFN may promote

viral entry and replication in those cells. A multicenter cohort
FIGURE 2

The Kaplan-Meier curve of the viral shedding time. Red line: ≤3 days group; green line: >3days groups; blue line: control group. P <0.0001
between ≤3 days group and control group; P =0.0176 between >3 days group and control group; P <0.0001 between ≤3 days group and >3
days group.
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study has shown no association of early IFN use with CT scan

improvement in survived patients, and late IFN use was

associated with slower CT scan improvement (36). Similarly,

we found that early use of IFN a-2b spray shortened viral

shedding time, whereas delayed use may lead to prolonged

viral shedding time. (Table 3, administration time since the

first positive test 13.56 (7.00-22.25) vs. 12.58(7.00-19.15)).

Unlike other big proteins or molecules, Type I IFNs have

been widely used as an anti-viral agent for a long time. Type I

IFNs act through ubiquitously expressed IFN-a/b receptors

(type I IFN receptor 1, IFNAR1 and IFNAR2), which are

associated with tyrosine kinase 2 (TYK2) and Janus kinase 1

(JAK1), respectively (37). As the IFNAR receptors are generally

widely expressed, the type I IFNs have a broad range of target

cells, except red blood cells, phagocytes and kidney cells (38).

However, the immunomodulatory action of IFN-a causes the

release of a series of cytokines, including TNF-a, IL-1, IL-2, IL
-6, and IFN-g, resulting in a cytokine storm that leads to adverse

reactions such as fever, muscle soreness, chills and other

transient flu-like symptoms (39, 40). In our study, we choose

the aerosol instead of intramuscular injection to avoid the side

effect. The application of IFN a-2b spray had several advantages.
First of all, the drug is commercially available, making it easier to

apply than subcutaneous injections or atomized inhalations.

Second, because the spray treatment can target the respiratory

system directly, there is no need for systemic distribution. Third,

as mentioned above, the use of IFN a-2b spray in this study did

not lead to noticeable side effects. Finally, in contrast with

atomization inhalation, IFN a-2b spray avoids droplet and

aerosol transmission risks. However, there was a limitation in

this study, the difference of viral shedding time between

experimental and control group of unvaccinated patients had

no significance. This may due to limited number of unvaccinated

participants enrolled in this study.

In conclusion, our study is the first to evaluate the clinical

function of IFN a-2b spray, which was an inexpensive, easily

available, few side effects drug to the Omicron SARS-CoV-2

variant. Furthermore, IFN a-2b spray shortened the viral

shedding time, and the administration time was within three

days since the first positive test for SARS-CoV-2. However, the

results of our study need to be further validated in other research

before being clinically used in the future.
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Coronavirus disease 2019 (COVID‐19) is a severe pandemic that has posed an

unprecedented challenge to public health worldwide. Hepatocellular

carcinoma (HCC) is a common digestive system malignancy, with high

aggressiveness and poor prognosis. HCC patients may be vulnerable to

COVID-19. Since the anti-inflammatory, immunomodulatory and antiviral

effects of vitamin D, we aimed to investigate the possible therapeutic effects

and underlying action mechanisms of vitamin D in COVID-19 and HCC in this

study. By using a range of bioinformatics and network pharmacology analyses,

we identifiedmany COVID-19/HCC target genes and analyzed their prognostic

significance in HCC patients. Further, a risk score model with good predictive

performance was developed to evaluate the prognosis of HCC patients with

COVID-19 based on these target genes. Moreover, we identified seven possible

pharmacological targets of vitamin D against COVID-19/HCC, including

HMOX1, MB, TLR4, ALB, TTR, ACTA1 and RBP4. And we revealed the

biological functions, signaling pathways and TF-miRNA coregulatory network

of vitamin D in COVID-19/HCC. The enrichment analysis revealed that vitamin

D could help in treating COVID-19/HCC effects through regulation of immune

response, epithelial structure maintenance, regulation of chemokine and

cytokine production involved in immune response and anti-inflammatory

action. Finally, the molecular docking analyses were performed and showed

that vitamin D possessed effective binding activity in COVID-19. Overall, we

revealed the possible molecular mechanisms and pharmacological targets of

vitamin D for treating COVID-19/HCC for the first time. But these findings need

to be further validated in actual HCC patients with COVID-19 and need further

investigation to confirm.

KEYWORDS

COVID-19, hepatocellular carcinoma, vitamin D, network pharmacology, molecular
docking, prognosis
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Introduction
Coronavirus disease 2019 (COVID‐19), an ongoing global

pandemic caused by severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2), has posed a substantial challenge

to healthcare systems around the world (1, 2). As of March 4,

2022, with 440,807,756 confirmed COVID-19 cases and 5,978,096

deaths reported globally (3). Although multiple COVID-19

vaccines have been developed and mass vaccinations have been

undertaken, the number of infections is still continuously

increasing (4). Besides, some antiviral drugs have been applied

for treating COVID-19, such as remdesivir, but due to its high

price and the need for intravenous administration, it has not been

widely used (5). Thus, it is essential to screen effective, inexpensive

and readily available drugs against COVID-19. Additionally,

cancer patients, such as hepatocellular carcinoma (HCC), were

reported to be at higher risk of COVID-19 infection and

developing severe complications than those noncancer people

(6–8). HCC is a common digestive system malignancy, with

high aggressiveness and poor prognosis. Globally, HCC has the

sixth highest incidence among all cancers, and the incidence has

been continuously increasing in recent years (9, 10). HCC patients

infected with COVID-19 will be very difficult to treat, because

there is a lack of effective drugs that can improve immunity and

against both COVID-19 and HCC. Therefore, screening effective

therapeutic agents for such patients is important.

Vitamin D is a fat-soluble vitamin, including two major

forms: vitamin D2 and vitamin D3. The predominant source of

vitamin D in humans is derived from skin synthesis (VD3) and

dietary intake (VD2 or VD3). To exert biological activity, vitamin

D is converted to 25-hydroxyvitamin D (25(OH)D, circulating

form) through hydroxylation in the liver, and then hydroxylated

to the 1,25-dihydroxyvitamin D (1,25(OH)2D, active form) in the

kidneys (11). The classical physiological function of vitamin D is

to maintain calcium and phosphorus homeostasis and regulate

bone metabolism (12). Recently, vitamin D has also been found to

hav e mu l t i p l e nonc l a s s i c a l f unc t i on s i n c l ud in g

immunomodulation, anti-inflammation, anti-virus and anti-

tumor (13–15). Numerous reports have indicated that vitamin

D deficiency is associated with more severe COVID-19, and

patients with low levels of vitamin D have higher mortality (16,

17). Vitamin D could inhibit NF-kB signaling, reduce the

production of various pro-inflammatory cytokines, and thereby

might help suppress cytokine storm in COVID-19 (18, 19).

Furthermore, vitamin D exhibits anti-hepatocarcinogenic effects

by inhibiting tumor cell proliferation, invasion and promoting

apoptosis (20). However, the pharmacological targets and

molecular mechanisms of vitamin D against COVID-19 in

HCC patients are remain be fully studied.

In this study, we used the network pharmacology and

bioinformatics approaches to investigate the prognostic value

of COVID-19 related genes in HCC patients, and further explore
Frontiers in Immunology 02
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the possible anti-COVID-19/HCC mechanisms of vitamin D.

Our findings provide some new insights into vitamin D in the

treatment of COVID-19/HCC.

The entire workflow of this study was summarized in a

visible graphical abstract. (Figure 1).
Materials and methods

Data collection and identifying COVID-
19/HCC related genes

This investigation was a retrospective cohort study, which

was approved by The Medical Ethics Committee of Tongji

Hospital, Tongji Medical College, Huazhong University of

Science and Technology (TJ-IRB20200409). The transcriptome

profiles and clinical data of HCC patients were downloaded from

The Cancer Genome Atlas (TCGA) database, then the

differentially expressed genes were identified using the

‘edgeR’ R package with |log2 fold change (FC)| >1.0 and false

discovery rate (FDR) <0.05 (21). Besides, the COVID-19 related

genes were obtained from the Genecard database and NCBI gene

module (22). Finally, we took the intersection of these genes and

obtained the overlapping targets in HCC and COVID-19, and

these overlapping genes were displayed in a volcano plot.
Prognostic analysis of HCC and COVID-
19 related genes

The association of COVID-19/HCC related genes with survival

in HCC patients was analyzed using univariate Cox regression by

the ‘survival’ R package, and the protein-protein interaction (PPI)

network of the identified prognostic genes were explored in the

STRING database (version 11.0). Moreover, a risk score model was

further constructed based on multivariate Cox proportional

hazards regression model, and the predictive ability of this model

was evaluated through receiver operating characteristic (ROC)

curves (10). Patients were divided into high-risk (n=171) and

low-risk (n=171) groups based on the median risk score, and

their overall survival rates were compared through the Kaplan–

Meier method with the log-rank test. Additionally, the

independent prognostic value of this risk model was analyzed

using univariate analysis and multivariate regression analyses.

Finally, we validated the performance of the prognostic model in

an external validation set (ICGC, LIRI-JP project).
Acquiring the pharmacological targets of
vitamin D against COVID-19/HCC

We collected and screened all pharmacological targets of

vitamin D3 from freely accessible online databases designed to
frontiersin.org

https://doi.org/10.3389/fimmu.2022.985781
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Huang et al. 10.3389/fimmu.2022.985781
identify potential pharmacological targets for the given small

molecules, including the Traditional Chinese Medicine Database

and Analysis Platform (TCMSP) and PharmMapper Server (23,

24). The overlapping target genes of vitamin D3 in COVID-19/

HCC were further acquired, and the PPI network was generated

in the STRING database.
Enrichment analysis and interaction
network visualization

The gene ontology (GO) and KEGG enrichment analyses of

the overlapping target genes of vitamin D in COVID-19/HCC

was performed using the ‘ClusterProfiler’ R language package,

and the enrichment results were visualized using the ‘GOplot’ R

package, the p-value and q-value were set at 0.05 (25). The drug-

target-GO function-disease interaction network was constructed

using Cytoscape software (version 3.7.1) to illustrate the

biological function of target genes of vitamin D treatment in

COVID-19/HCC (26).
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TF-miRNA coregulatory network

TF-miRNA coregulatory interaction information was

obtained from the RegNetwork repository, and the TF-miRNA

coregulatory network was generated by using NetworkAnalyst

(https://dev.networkanalyst.ca), and further visualized through

Cytoscape software. NetworkAnalyst is a comprehensive

platform for interaction network analysis, including protein-

protein interactions, gene regulatory networks and gene

coexpression networks (27).
Molecular docking

The 2-dimensional molecular structure of vitamin D3 was

obtained from the PubChem database (https://pubchem.ncbi.

nlm.nih.gov/) (28), and its 3-dimensional structure was

generated and optimized by the MM2 force field in

ChemBioOffice software (version 2014) (29). Finally, the
FIGURE 1

Workflow of the whole study.
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output ligand file of vitamin D3 was saved as mol2 format. The

protein structures of COVID-19 associated proteins were

obtained from the PDB database (http://www.rcsb.org/pdb)

(30). Then, all water molecules and ligands were removed

from the structures using PyMOL software and saved as PDB

files. The original protein receptor and ligand files were

converted to PDBQT file format with AutoDockTools 1.5.6,

which could be recognized by the Autodock Vina program for

subsequent docking experiments (31). Finally, all docking results

were displayed and analyzed by PyMOL software (32).
Statistical analysis

Statistical analyses in this work were conducted by R

software (version 3.6.3). The survival between different groups

were compared through the Kaplan-Meier method with the log-

rank test. Univariate and multivariate Cox regression were

applied to compare the impact of the risk score model and

other clinical characteristics on survival. The risk scores of

subgroups classified by different clinical characteristics were

compared with Wilcoxon test. The P < 0.05 was regard to

have statistical significance.
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Results

Identification of COVID-19/HCC targets

First, we identified 6166 HCC-associated differentially

expressed genes (DEGs) in TCGA database. Meanwhile, 361

COVID-19 associated genes were collected from the Genecard

and NCBI databases through network pharmacology. The

intersection of these two gene clusters was shown in

Figure 2A, and 78 common genes in HCC and COVID-19

were identified. Further, the differential expression of these

common genes was checked, of which 27 genes were found to

be upregulated and 61 genes were downregulated in

HCC (Figure 2B).
Prognostic value of COVID-19/HCC
associated genes

To explore the correlation between COVID-19/HCC

associated genes and the prognosis of COVID-19/HCC

patients, univariate and multivariate Cox analyses were

performed on the 78 DEGs. First, 19 genes significantly
A B

D EC

FIGURE 2

Identification of the candidate genes in COVID-19/HCC. (A) Venn diagram to identify the intersecting genes in COVID-19/HCC. (B) Volcano plot
of the intersecting genes in HCC. (C) The results of the univariate Cox analysis presented in a forest plot. (D) The interaction network among the
19 COVID-19/HCC related genes. (E) The correlation network of the 19 COVID-19/HCC related genes.
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associated with COVID-19/HCC were identified through

univariate Cox analysis, including ADM, ADRB2, ALPL,

ANGPT2, CD4, CXCL2, CXCL5, FGA, FGB, G6PD, IKBKE,

IL6ST, MAPT, MMP12, PLG, RBP4, SERPINE1, TNNI3 and

TTR (P <0.05, Figure 2C and Table 1). The interaction network

of these genes was presented in Figure 2D, and the correlations

between them were showcased in Figure 2E. Thereafter, a six-

gene signature containing ALPL, ANGPT2, CD4, G6PD,

SERPINE1, and TNNI3 was developed through multivariate

Cox regression analysis (Table 2). The patient’s risk score was

calculated based on the regression coefficient and expression of

these six genes: Risk score = 0.250 * ANGPT2 Exp + 0.436 *

G6PD Exp + 0.211* SERPINE1 Exp + 0.201 * TNNI3 Exp −

0.151 * ALPL Exp − 0.241 * CD4 Exp.

Then, according to the cut-off of the median risk score, the

patients in TCGA cohort were stratified into high- and low-risk

groups. In the Kaplan-Meier survival analysis, we found that

patients in the high-risk group exhibited a significantly shorter

overall survival compared with those in the low-risk group

(Figure 3A). Time-dependent ROC curves of the six-gene

signature were shown in Figure 3B, and the AUC values were

0.776 at 1 year, 0.723 at 3 years and 0.682 at 5 years. These results

showed that the risk score could act as an effective prognostic

indicator. Moreover, patients in high-risk group presented a

higher probability of early death than those in the low-risk group

(Figure 3C, D). Univariate and multivariate Cox analyses were

applied among the available clinical characteristics to determine

the independent prognostic value of the risk score for overall
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survival. We observed that the risk score was significantly

correlated with the survival of HCC patients in univariate Cox

regression analysis (HR= 1.716, 95% CI = 1.507-1.954, P<

0.001). Interestingly, after adjusting for other confounders, the

risk score was still demonstrated as an independent predictor for

survival in multivariate regression analysis (HR= 1.574, 95% CI

= 1.364-1.815, P< 0.001). Moreover, the risk scores of patients

were calculated using the same formula in the ICGC cohort, and

we obtained similar results with the TCGA cohort (Figure 4).

These results demonstrated a robust predictive performance of

the six-gene prognostic signature.
Clinicopathological analysis of the risk
score model

Furthermore, the clinicopathological analysis of the risk

score indicated that the risk score was not related to age and

gender in both TAGA and ICGC cohorts (Figures 5A, B, G, H).

Whereas, patients with poor clinical outcomes usually had

higher risk scores (Figure 5C, I). Additionally, the risk score

was closely associated with higher pathological grade, more

advanced stage and larger tumor size of HCC (Figures 5D–F,

J). The further Kaplan-Meier survival analysis stratified by

different clinicopathologic features showed that the high-

risk patients had a poor prognosis in all subgroups (Figure 6).

The results demonstrated that the risk score model
TABLE 1 Univariate Cox regression analysis of COVID-19/HCC related genes.

Symbol HR Lower 95% CI Upper 95% CI P-value

ADM 1.203567 1.020617 1.419311 0.027627

ADRB2 0.759201 0.642236 0.897468 0.00125

ALPL 0.767183 0.639181 0.920818 0.004431

ANGPT2 1.28599 1.07512 1.538218 0.005912

CD4 0.846686 0.705319 1.016386 0.074167

CXCL2 0.842264 0.713441 0.994348 0.042673

CXCL5 1.330195 1.129395 1.566696 0.000632

FGA 0.787212 0.679012 0.912653 0.001516

FGB 0.805357 0.689874 0.940173 0.006122

G6PD 1.626622 1.378565 1.919313 8.27e-09

IKBKE 1.303744 1.080161 1.573608 0.005722

IL6ST 0.815436 0.698339 0.952169 0.00989

MAPT 1.252519 1.044707 1.501668 0.014997

MMP12 1.304917 1.106879 1.538388 0.001529

PLG 0.784992 0.671732 0.917348 0.002326

RBP4 0.760531 0.660916 0.875159 0.000133

SERPINE1 1.221538 1.030646 1.447786 0.020992

TNNI3 1.227173 1.044765 1.441428 0.012655

TTR 0.797681 0.678232 0.938168 0.006312
front
HR, hazard ratio; CI, confidence interval.
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could predict survival for HCC patients without considering

clinicopathologic features.
Identifying intersection targets of vitamin
D against COVID-19 and HCC

The pharmacological targets of vitamin D were determined

by using TCMSP and PharmMapper databases, and 402 vitamin

D-associated targets were identified. By taking the intersection of

COVID-19/HCC genes and vitamin D-associated targets, we

obtained seven overlapping genes (HMOX1, MB, TLR4, ALB,

TTR, ACTA1 and RBP4) of vitamin D against COVID-19/HCC.

Additionally, the PPI network of these intersection genes was

constructed in the STRING database (Figure 7A). To explore the

biological functions and pathways in which the seven

intersection genes were involved, GO and KEGG enrichment

analyses were conducted on these genes. The results indicated

that vitamin D affects a series of biological processes, including
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regulation of production of molecular mediator of immune

response, maintenance of gastrointestinal epithelium, epithelial

structure maintenance, positive regulation of immune effector

process, myeloid leukocyte cytokine production, tissue

homeostasis, retinol metabolic process, response to antibiotic,

cellular response to external stimulus, positive regulation of

chemokine production, positive regulation of cytokine

biosynthetic process, regulation of cytokine production

involved in immune response (Figures 7B, C and Table S1).

Whereas in the KEGG pathway analysis, only thyroid hormone

synthesis and HIF-1 signaling pathway were significantly

enriched (P < 0.05, Figure S1).
TF-miRNA coregulatory network

The TF-miRNA coregulatory network of the seven

overlapping gene targets of vitamin D against COVID-19/

HCC was analyzed using NetworkAnalyst. The TF-miRNA
A B

D

E F

C

FIGURE 3

Development of the prognostic model based on COVID-19/HCC associated genes in the TCGA cohort. (A) Kaplan-Meier survival analysis
between the high- and low-risk patients. (B) Time-dependent ROC curves at 1,3,5-years. (C) Distribution of risk scores, (D) survival status of
each patient. (E) Univariate and (F) multivariate Cox regression analyses.
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coregulatory network analysis provided information about TFs

and miRNAs interaction with these target genes. These

interactions might be responsible for regulating the expression

of these target genes. The TF-miRNA-gene interaction network

contains a total of 125 nodes and 138 edges, 59 TFs and 59

miRNAs that interacted with these seven overlapping target

genes. In the network, ALB is regulated by 13 TFs and 19

miRNAs, HMOX1 is regulated by 23 TFs and 3 miRNAs,

ACTA1 is regulated by 11 TFs and 15 miRNAs, TTR is

regulated by 7 TFs and 18 miRNAs, TLR4 is regulated by 5

TFs and 8 miRNAs, RBP4 is regulated by 9 TFs and 1 miRNA,

and MB is regulated by 6 TFs (Figure 8).
Binding of vitamin D to COVID-19 and
potential intersection targets

To determine the possible binding of vitamin D with

COVID-19 and the previously identified intersection targets,
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molecular docking analysis was carried out. We obtained the

crystal structure of the COVID-19 main protease (PDB ID

5R84) from the PDB database, for subsequent molecular

docking with vitamin D. The docking results demonstrated

that vitamin D possessed good binding activity with the

COVID-19 main protease and formed two hydrogen bonds

with the amino acid residue ARG-298 (2.0 Å and 2.3 Å) of

protein 5R84 (Figure 9A). Next, we further analyzed the possible

binding of vitamin D with the seven COVID-19/HCC targets

(HMOX1, MB, TLR4, ALB, TTR, ACTA1 and RBP4) identified

previously and found that vitamin D only binds to MB and

RBP4. The crystal structures of MB and RBP4 were also gathered

from the PDB database with PDB IDs 3RGK and 2WR6

respectively. We found that hydrogen bonding between

vitamin D and the protein MB acted on the amino acid

residue HIS-93 (2.6 Å) (Figure 9B). Furthermore, vitamin D

bound to the RBP4 protein by forming hydrogen bonds with the

amino acid residues LEU-37 (2.6 Å), LYS-29 (2.0 Å) and PHE-36

(1.5 Å) (Figure 9C). These results showed the high-affinity

between vitamin D with MB and RBP4.
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FIGURE 4

Validation of the prognostic model in the ICGC cohort. (A) Kaplan-Meier survival analysis between the high- and low-risk patients. (B) Time-
dependent ROC curves at 1,3,5-years. (C) Distribution of risk scores, (D) survival status of each patient. (E) Univariate and (F) multivariate Cox
regression analyses.
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Discussion

COVID-19 is a serious, rapidly spreading infectious disease,

that can be life-threatening (33). At this time of writing, with

more than 400 million people infected with COVID-19 and

more than 5.5 million died from COVID-19, and the numbers

are still growing (3). The risk factors for COVID-19 infection

and severe outcomes identified currently include male sex, older

age, obesity, diabetes mellitus, cardiovascular disease and cancer

(6, 8, 34). In particular, patients with cancer are more vulnerable

to COVID-19 and contribute to adverse outcomes due to their

low immunity and immunological dysfunction (7, 35). As per

the latest global cancer statistics in 2020, the incidence of HCC

ranks sixth, and the mortality ranks third among all cancers (9).

Moreover, the COVID-19 pandemic is still raging, and HCC

patients remain at an increased risk of COVID-19 infection.

Thus, COVID-19 infection in HCC patients may lead to worse

outcomes and amplify the risk of death.

In some previously published studies, vitamin D showed

anti-proliferative and anti-invasive effects on HCC cells, which

could inhibit HCC progression by inducing apoptosis, reducing

oxidative stress and inflammation (36–39). Also, vitamin D is

known to have direct antiviral and immunomodulatory

properties (40, 41). Moreover, vitamin D deficiency is

associated with an increased risk of both COVID‐19 and HCC
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(42). Thus, we hypothesize that vitamin D may exert potent

pharmacological effects in HCC patients with COVID-19.

In the current study, we first collected 361 COVID-19 target

genes and identified 6166 DEGs in HCC, and then further

screened out 78 common genes of COVID-19 combined with

HCC. Among these genes, 27 genes were upregulated and 61

genes were downregulated in HCC and/or COVID-19 patients.

As per univariate and multivariate prognostic analyses, a few

important genes, including ALPL, ANGPT2, CD4, G6PD,

SERPINE1 and TNNI3, may serve as independent prognostic

factors for HCC patients with COVID-19. Then, we developed a

prognostic model based on the six genes to predict survival in

patients with HCC and COVID-19, and the model exhibited

good prediction capability in both independent cohorts without

considering clinicopathologic features. Additionally, the

prognostic model was significantly associated with HCC

progression, which can used to screen and characterize

different stages of HCC patients with COVID-19. This

prognostic model predicts survival independently of gender,

age and tumor stage, and the gender, stage and risk score were

all influential factors for survival. Until now, the TNM staging

system is still a very important tool for predicting the survival of

HCC patients. Due to the excellent predictive ability of this

prognostic model, it may be used as a supplement to TNM

staging system.
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FIGURE 5

The differences of risk score between subgroups stratified by different clinical characteristic in the TCGA and ICGC cohorts. (A) Age, (B) gender, (C)
survival status, (D) grade, (E) stage, (F) T classification in the TCGA cohort. (G) Age, (H) gender, (I) survival status, (J) stage in the ICGC cohort.
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Put together, these 78 intersection genes may be potential

therapeutic targets of HCC and COVID-19. Further, we

identified seven overlapping genes of vitamin D against HCC

and COVID-19 using the network pharmacology approach, and

the anti-COVID-19/HCC effects of vitamin D may be

modulated by these molecules or genes, including HMOX1,

MB, TLR4, ALB, TTR, ACTA1 and RBP4. There were

significant differences in the expression of these genes. The

HCC patients showed increased expression of MB and

ACTA1, decreased expression of HMOX1, TLR4, ALB, TTR
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and RBP4. Moreover, the decreased TTR and RBP4 expression

was relevant for worse prognosis of HCC patients. The MB gene

encodes myoglobin, an oxygen−binding hemoprotein, which

was reported to be ectopically expressed in different human

cancer cell lines and cancer tissues (43). ACTA1 was identified as

a biomarker for head and neck squamous cell carcinoma and

colorectal cancer (44, 45). HMOX1 encodes heme oxygenase 1, a

stress-inducible enzyme, that plays an essential role in oxidative

stress response. It is known to have anti-inflammatory and

immunomodulatory effects, and it may be a promising target
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FIGURE 6

Kaplan-Meier survival analysis between subgroups stratified by different clinical characteristics in the TCGA and ICGC cohorts. (A) Male, (B)
female, (C) grade 1-2, (D) grade 3-4, (E) stage I-II, (F) stage III-IV, (G) age>65, (H) age<=65 in the TCGA cohort. (I) male, (J) female, (K) stage I-II,
(L) stage III-IV, (M) age>65, (N) age<=65 in the ICGC cohort.
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for the treatment of COVID-19 (46). ALB is a tumor suppressor

in HCC that can inhibit the proliferation of HCC cells and

regulate the cell cycle (47). Besides, ALB knockdown promoted

the migration and invasion of HCC cells through the

upregulation of uPAR, MMP2, and MMP9 (48). TTR was

regarded as an independent prognostic factor for HCC

patients, and the low serum TTR levels were associated with

poor prognosis (49). RBP4 was considered a novel biomarker for

predicting HCC prognosis, and decreased expression of RBP4

indicated a worse prognosis and correlated with immune

infiltration in HCC (50). MB, TLR4 and ALB are involved in

coronavirus biology, and are associated with COVID-19

prognosis (51–53). The serum myoglobin was an effective

predictor of the prognosis in COVID-19 hospitalized patients,

the higher serum myoglobin levels were related to poor

prognosis of COVID-19 patients (54). TLR4 was reported to

be able to directly interact with SARS-CoV-2 spike protein and

activates related inflammatory responses, whilst the TLR4-

specific inhibitor resatorvid could completely block the

secretion of IL1B induced by SARS-CoV-2 (55). These

findings further suggested that these seven intersection genes

might be potent pharmacological targets of vitamin D against

HCC and COVID-19.
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The GO and KEGG enrichment analyses based on these

seven intersection genes showed that vitamin D exerts the anti-

COVID-19/HCC effects directly via regulation of immune

response, epithelial structure maintenance, regulation of

chemokine and cytokine production involved in immune

response, anti-viral and anti-inflammatory actions, as well as

regulation of the HIF-1 pathway. Cytokine storm caused by

SARS-CoV-2 infection is the main cause of death in COVID-19

patients, thus, the inhibition of cytokine production may be an

important screening condition of effective COVID-19 drugs

(56). HIF-1 pathway is involved in the regulation of oxidative

stress and inflammation, and the activity of HIF-1 pathway may

promote SARS-CoV-2 infection and affect a variety of

physiological functions (57, 58). Therefore, inhibiting the

activity or activation of HIF-1 pathway may be used to

prevent COVID-19.

Lastly, we identified good binding activities of vitamin D

with the 5R84 structure in COVID-19, the 3RGK structure in the

target MB and the 2WR6 structure in the target RBP4 through

molecular docking analysis, suggesting that vitamin D can

effectively bind to specific proteins associated with SARS-CoV-

2, and that vitamin D may be able to act on the MB and RBP4 to

target COVID-19. Therefore, we believe that vitamin D
A

B C

FIGURE 7

Functional enrichment analysis of vitamin D against COVID-19/HCC intersecting genes. (A) Venn diagram of vitamin D associated targets and
COVID-19/HCC genes. (B) Bar plot and (C) bubble plot showing the results of GO enrichment analysis of vitamin D against COVID-19/HCC
intersecting genes.
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supplementation may improve the efficacy of current antiviral

therapy and immunotherapy for the treatment of COVID-19, or

the combination of HCC with COVID-19.

In summary, we identified many potential therapeutic targets

of COVID-19/HCC and developed a reliable prognostic model for

patients with HCC and COVID-19. Further, vitamin D may be

used to treat COVID-19/HCC through the identified potential

targets and pharmacolog ica l funct ions , inc luding

immunomodulation, anti-virus, anti-inflammation and so on

(Figure 10). Moreover, the direct binding targets with high

binding affinity of vitamin D against COVID-19/HCC were

identified, which provided the evidence for the clinical

application of vitamin D and rationale for subsequent clinical trials.
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Strengths and limitations

Notably, our study indicated the possible molecular

mechanisms and potential pharmacological targets of vitamin

D for treating COVID-19/HCC for the first time and provided

some new insights into vitamin D in the treatment of COVID-

19/HCC. Nevertheless, there remain a few limitations in our

study need to be addressed. First, the findings of this study have

not been validated in actual HCC patients with COVID-19;

therefore, we need to collect real HCC patients with COVID-19

to verify these findings in the future. Second, the potential

therapeutic use of vitamin D for COVID-19/HCC has not

been validated experimentally, and further in vivo and in vitro
FIGURE 8

The TF-miRNA coregulatory network of vitamin D against COVID-19/HCC intersecting genes.
TABLE 2 Multivariate Cox proportional hazards regression model.

Symbol Coefficient HR Lower 95% CI Upper 95% CI P-value

ALPL -0.15074 0.860072 0.718649 1.029326 0.100051

ANGPT2 0.250202 1.284285 1.058391 1.558391 0.011247

CD4 -0.2413 0.785603 0.647798 0.952723 0.014202

G6PD 0.436329 1.547018 1.298831 1.842629 1.01E-06

SERPINE1 0.21077 1.234628 1.038959 1.467147 0.016662

TNNI3 0.200939 1.22255 1.022867 1.461214 0.027212
front
HR, hazard ratio; CI, confidence interval.
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FIGURE 9

Molecular docking analysis for the binding of vitamin D to COVID-19 and the targets MB and RBP4. (A) The binding of vitamin D with SARS-
CoV-2 main protease (PDB ID 5R84). (B) The binding of vitamin D with the 3RGK protein of MB. (C) The binding of vitamin D with the 2WR6
protein of RBP4.
FIGURE 10

Interaction network for pharmacological targets and biological functions of vitamin D against COVID-19/HCC.
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experiments are needed to confirm the possible mechanisms and

potential pharmacological targets.
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Discovering common
pathogenetic processes
between COVID-19 and sepsis
by bioinformatics and system
biology approach

Lu Lu1†, Le-Ping Liu1,2†, Rong Gui1, Hang Dong1,
Yan-Rong Su3, Xiong-Hui Zhou1 and Feng-Xia Liu1*

1Department of Blood Transfusion, The Third Xiangya Hospital of Central South University,
Changsha, China, 2Department of Pediatrics, The Third Xiangya Hospital, Central South University,
Changsha, China, 3Department of Laboratory Medicine, The Third Xiangya Hospital of Central
South University, Changsha, China
Corona Virus Disease 2019 (COVID-19), an acute respiratory infectious disease

caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), has

spread rapidly worldwide, resulting in a pandemic with a high mortality rate. In

clinical practice, we have noted that many critically ill or critically ill patients

with COVID-19 present with typical sepsis-related clinical manifestations,

including multiple organ dysfunction syndrome, coagulopathy, and septic

shock. In addition, it has been demonstrated that severe COVID-19 has some

pathological similarities with sepsis, such as cytokine storm, hypercoagulable

state after blood balance is disrupted and neutrophil dysfunction. Considering

the parallels between COVID-19 and non-SARS-CoV-2 induced sepsis

(hereafter referred to as sepsis), the aim of this study was to analyze the

underlying molecular mechanisms between these two diseases by

bioinformatics and a systems biology approach, providing new insights into

the pathogenesis of COVID-19 and the development of new treatments.

Specifically, the gene expression profiles of COVID-19 and sepsis patients

were obtained from the Gene Expression Omnibus (GEO) database and

compared to extract common differentially expressed genes (DEGs).

Subsequently, common DEGs were used to investigate the genetic links

between COVID-19 and sepsis. Based on enrichment analysis of common

DEGs, many pathways closely related to inflammatory response were

observed, such as Cytokine-cytokine receptor interaction pathway and NF-

kappa B signaling pathway. In addition, protein-protein interaction networks

and gene regulatory networks of common DEGs were constructed, and the

analysis results showed that ITGAM may be a potential key biomarker base on

regulatory analysis. Furthermore, a disease diagnostic model and risk prediction

nomogram for COVID-19 were constructed using machine learning methods.

Finally, potential therapeutic agents, including progesterone and emetine, were

screened through drug-protein interaction networks and molecular docking

simulations. We hope to provide new strategies for future research and
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treatment related to COVID-19 by elucidating the pathogenesis and genetic

mechanisms between COVID-19 and sepsis.
KEYWORDS

COVID-19, sepsis, differentially expressed gene (DEG), functional enrichment, gene
ontology, protein–protein interaction (PPI), hub gene, drug molecule
Introduction

The novel coronavirus, SARS-CoV-2, is the causative agent

of an atypical respiratory disease that has caused a global

pandemic since 2019. The World Health Organization defines

the infectious disease caused by the virus as Corona Virus

Disease 2019 (COVID-19) (1). Since the pandemic, the new

coronavirus has undergone a variety of mutations, and it has

now mutated to Omicron BA.4 and BA.5, which has a strong

immune evasion ability. Data showed that as of 31 December

2021, over 287 million cases had occurred worldwide, including

more than 5.4 million deaths (2). More than 80% of COVID-19

patients have mild disease, but the incidence of severe or high-

risk disease varies among patient populations (3). Literature

suggests that critical illness including respiratory failure, multi-

organ damage or shock can occur in up to 5% of patients (2).

Severe COVID-19 is often pathologically manifested by

pulmonary and extrapulmonary organ dysfunction. Studies

have shown that the lung is the organ most severely affected

by SARS-CoV-2, manifesting as diffuse alveolar damage,

exudation, and interstitial fibrosis, accompanied by a large

number of immune cell infiltration and inflammatory factor

expression (3–5). Extrapulmonary organs have different degrees

of tissue damage and inflammatory response, manifested as

multiple organ dysfunction and systemic inflammatory

response (6). In terms of clinical symptoms, most severe

COVID-19 patients eventually develop typical septic shock

manifestations, including cold limbs, microcirculatory

dysfunction, weak peripheral pulse, oxidative stress injury, and

cytokine storm (7). In addition, in clinical care, the latest

COVID-19 treatment guidelines, “surviving sepsis campaign”,

have been adopted as treatment guidelines for critically ill

patients (8). All in all, both in terms of clinical diagnosis and

treatment, severe COVID-19 and sepsis have similarities, and

the two can learn from each other.

Sepsis is a systemic inflammatory response syndrome (SIRS)

caused by a variety of factors, including infection, trauma and

surgery, and its mortality and morbidity are extremely high (5).

Uncontrolled inflammation and overproduction of Reactive

Oxygen and Nitrogen Species (RONS) are the hallmarks of

sepsis, which in turn cause cell and tissue destruction, immune
02
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system dysfunction, and marked hemopathology, ultimately

leading to multiple organ failure syndrome Signs (MODS) (9–

13). Part of the viral pneumonia caused by SARS-CoV-2 is a

fulminant disease with similar manifestations to sepsis (14).

Considering the similarities between COVID-19 and non-SARS-

CoV-2 induced sepsis, it is necessary to understand the

biological links and potential molecular mechanisms between

the two to provide new insights into the pathogenesis of

COVID-19 and to search for potential therapeutic agents for

patients with COVID-19 or patients with COVID-19 secondary

to sepsis.

With the development of science and technology, biology

and computer technology are becoming more and more closely

integrated. Bioinformatics is a discipline that uses computer

algorithms to effectively analyze biological data, enabling a

systematic approach to understanding the developmental

process of organisms, classifying organisms, studying

biomarkers of diseases, etc (15). Machine learning is a kind of

algorithm of artificial intelligence, which can explore potential

laws in massive data. It has high accuracy and has emerged in

medical research and medical development (16). In recent years,

machine learning and bioinformatics analysis have played an

important role in medical research and application.

This study aims to understand the common pathogenesis

between COVID-19 and sepsis, and to unearth potential drugs.

First, datasets from the GEO database for COVID-19 and sepsis

were analyzed to identify differentially expressed genes (DEGs)

for these two diseases, and then further compared to obtain

common DEGs. Based on the common DEGs, the enriched

pathways and functions of these genes were analyzed to

understand the biological processes they were involved in.

Next, the protein–protein interaction (PPI) network was

drawn to show the relationship between all DEGs, and the key

genes with the highest degree of interaction were screened out

from the Hub genes as potential biomolecules. The biological

role of this key gene in COVID-19 was then analyzed to explore

its potential mechanism in disease development and

progression. In addition, a disease diagnosis model and risk

prediction nomogram of COVID-19 were established using

machine learning algorithms. Next, the transcriptional

regulatory network of these common DEGs in COVID-19 was
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analyzed. Finally, we predict drugs related to common DEGs,

providing new ideas for the treatment of COVID-19. The

sequential workflow of our research is presented in Figure 1.
Materials and methods

Transcriptomic data acquisition

To determine shared genetic interrelations between COVID-19

and sepsis, three RNA-Sequencing datasets were downloaded from

the Gene Expression Omnibus (GEO) database of the National

Center for Biotechnology Information (NCBI) (https://www.ncbi.

nlm.nih.gov/geo/) (17). The GEO accession ID of the COVID-19

dataset was GSE147507, which included transcriptional profiling

from 78 samples (23 COVID-19 samples and 55 healthy control

samples) through high throughput sequencing Illumina NextSeq

500 platform for extracting RNA sequence (18). The sepsis dataset

having association number GSE65682 was based on GPL13667

[HG-U219] Affymetrix Human Genome U219 Array platform, and

contained 802 samples including healthy controls, non-sepsis

critically ill patients and sepsis patients. Furthermore, the sepsis

patients could be further categorized into pneumonia sepsis

(n=192), abdominal sepsis (n=51) and others (n=443) based on

infection site (19). According to some scholars, COVID-19 is a

systemic infection, and its clinical manifestations range from

asymptomatic to mild respiratory tract infection and influenza-

like illness, to severe diseases with lung injury, multiple organ failure

and death (20). However, the lung is thought to be the main site of

SARS-CoV-2 infection and replication (14). Therefore, in our study,

we screened 192 pneumonia sepsis samples and 42 healthy control

samples from GSE65682 discovery dataset for further analysis.

Besides, the GSE196822 discovery dataset was used as a
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validation cohort for development of the COVID-19 diagnostic

model. This second selected COVID-19 dataset consisted of 40

samples from COVID-19 subjects and 9 healthy controls. which

were sequenced using microarrays called Illumina HiSeq 4000

platform. The summarized information of the datasets was shown

in Table S1.
Differential gene expression analysis

Firstly, the DEGs for the corresponding diseases were

extracted from two mRNA datasets (GSE147507 and

GSE65682). Specifically, the DEGs were identified by using the

“limma” R package and the Benjamini–Hochberg false discovery

rate method was used to discover genes which were statistically

significant and limit false positives (21). Genes exhibiting an

adjusted P-values of <0.05 along with |log2FC|≥1.0 were

identified as statistically significant genes. The mutual DEGs of

GSE147507 and GSE65682 was acquired through an online

VENN analysis tool called Jvenn (http://jvenn.toulouse.inra.fr/

app/index.html) (22).
Functional insights into the differentially
expressed genes

To clarify potential biological mechanisms between

COVID-19 and sepsis, we attempted to investigate the gene

ontology (GO) terms and Kyoto Encyclopedia of Genes and

Genomes (KEGG) enrichment pathways base on common

DEGs. KEGG is considered as a knowledge base for

systematic analysis of gene functions, linking genomic

information with higher order functional information (23).
FIGURE 1

Schematic illustration of the overall general workflow of this study.
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Additionally, GO, a community-based bioinformatics

resource, can provide information about gene product

function by presenting biological knowledge as ontologies

(24). GO analysis was classified into three subgroups,

including molecular function (MF), biological process (BP)

and cellular component (CC) (25). For quantifying the top

listed functional items and pathways, a”clusterProfiler” R

package was used to perform functional enrichment

analysis, and a statistical threshold criterion with an

adjusted P-value <0.05 was used to identify significant GO

terms and KEGG pathways.
Protein–protein interaction analysis and
hub genes extraction

Proteins conclude their journey into a cell with a similar

protein affiliation formed by a protein–protein network, which

indicates the protein mechanisms (21). In this study, the protein

subnetworks on common DEGs were identified to discover the

associations between different diseases from the perspective of

protein interactions. Specifically, an online analysis tool called

STRING (https://www.string-db.org/) (version 11.5) was to

insert common DEGs to generate PPI networks. Supported by

Damian Szklarczyk, the STRING is a database which aims to

integrate all known and predicted associations between proteins,

including both physical interactions as well as functional

associations (26). A combined score larger than 0.4 was used

to construct the PPI network of frequent DEGs in this

experiment. Then, the Cytoscape (version 3.9) was used for

visual representation and further PPI network experimental

studies. Furthermore, a Cytoscape plugin, CytoHubba (https://

apps.cytoscape.org/apps/cytohubba), was put into practice to

extract hub genes. Cytohubba is a significant Cytoscape

application, which can rank and extract central or potential or

targeted elements of a biological network based on various

network features (21). Moreover, Cytohubba has 11 methods

for investigating networks from various viewpoints, and

Maximal Clique Centrality (MCC) is the best of them (27).

The MCC function of Cytohubba was carried out to confirm the

top 30 hub genes from the PPI network.
Regulatory analysis of the key gene

Based on the analysis results of PPI network and Hub gene

extraction, we further explored the biological function and

possible mechanism of ITGAM, the most critical gene located

at the core of the protein interaction network. First, the “limma”

R package was used to implement differential expression analysis

in GSE147507 discovery dataset to determine whether ITGAM

differed between COVID-19 and healthy controls. Gene co-

expression is a type of analysis method that uses a large
Frontiers in Immunology 04
48
amount of gene expression data to construct correlations

among genes and thus discover the function of genes (28).

Next, based on gene co-expression analysis, ITGAM-related

gene regulatory networks were constructed using gene

expression data from COVID-19 dataset. In addition, to

further explore the potential pathways and molecular

biological functions that ITGAM may affect in COVID-19,

gene set enrichment analysis (GSEA) for ITGAM was

performed in GSE147507 discovery dataset. GSEA includes

pathway analysis and gene ontology analysis, which plays an

essential role in extracting biological insight from genome-scale

experiments (29, 30). Furthermore, immune correlation analysis

of ITGAM was conducted. Specifically, based on ITGAM’s

expression data, the COVID-19 samples were divided into

high- and low-expressed groups using the mean of ITGAM

expression levels as a zero cut-off. Next, the difference for

immune cell infiltration between the high- and low-expressed

groups was analyzed using the “CIBERSORT” R package, and

the correlation between ITGAM and immune cells was further

explored (31). Finally, differences in the expression of immune

checkpoints between the high- and low- expressed groups and

the correlation between ITGAM and immune checkpoints were

analyzed by the “corrplot” R package.
Developing diagnostic signature and risk
model for COVID-19

Based on the common DEGs obtained by differential

expression and VENN analysis, machine learning methods

were used to screen the features/key genes and further

constructed the diagnostic model and risk prediction model

for COVID-19. Specifically, random forests (RFs) were

applied to screen diagnostic features in GSE147507

discovery dataset. RF is one type of very popular ensemble

learning method in which numerous randomized decision

trees are constructed and combined to form an RF that is then

used for classification or regression (32). In this study, the

DEGs with Gini index > 1.0 were considered characteristic

variables. Next, using GSE147507 discovery dataset as

training cohort, artificial neural networks (ANNs) were

performed to construct COVID-19 diagnostic model based

on the signature genes. ANNs are a set of technologies often

encompassed with artificial intelligence that attempt to

simulate the function of the human brain, and have been

applied in almost every aspect of medicine (33, 34). Further,

the GSE196822 discovery dataset was used as a validation

cohort to evaluate the performance of the diagnostic model.

Finally, a nomogram was developed based on the results of RF

analysis to calculate the risk of COVID-19 for an individual

patient by the points associated with the risk factors, and the

performance of the nomogram was assessed by decision and

calibration curve.
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Identification of transcription factors
and miRNAs

To determine the major variation at the transcriptional level

and gain a deeper understanding of the key protein regulatory

molecules or common DEG, the DEG–miRNA (microRNA)

interaction networks and transcription factor (TF)–DEG

interaction networks were identified in our analysis.

Specifically, the NetworkAnalyst platform was utilized to

locate topologically credible TFs from the JASPAR database

that tend to bind to the common DEGs (21). For DEG–miRNA

network construction viaNetworkAnalyst platform, the TarBase

(35) and miRTarBase (36) databases were used to extracted

miRNAs with common DEGs focused on topological

analysis (37).
Gene–disease association analysis

DisGeNET is a knowledge management platform, which

integrates and standardizes the data about disease associated

genes and variants frommultiple sources, including the scientific

literature (38).The gene-disease relationship network was

established through NetworkAnalyst platform to uncover

associated diseases and their chronic complications related to

the common DEGs (21).
Evaluation of applicant drugs

In this analysis, the protein–drug interaction (PDI) and

identified pharmacological molecules were predicted by using

the common DEGs that COVID-19 shares with sepsis. The web

portal od Enrichr and the Drug Signatures Database (DSigDB)

were used to analyze the drug moleculars based on the DEGs

from both COVID-19 and sepsis. Enrichr (http://amp.pharm.

mssm.edu/Enrichr) contains a large collection of diverse gene set

libraries available for analysis and download, which can be used

to explore gene-set enrichment across a genome-wide scale (39).

DSigDB is a new gene set resource for gene set enrichment

analysis, which related drugs/compounds and their target genes.

The DSigDB database was accessed through Enrichr under the

Diseases/Drugs function (40).
Molecular docking simulation

Molecular docking that an established in silico structure-

based method is widely used in drug discovery. Docking enables

the identification of novel compounds of therapeutic interest,

predicting ligand-target interactions at a molecular level, or

delineating structure-activity relationships (SAR), without
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knowing a priori the chemical structure of other target

modulators (41). In our study, key targets of COVID-19 were

obtained through literature search, including ACE2, 3CLpro,

Mpro, PLpro and RdRp. Next, the crystal structures of these key

proteins were downloaded from the Protein Data Bank (https://

www.rcsb.org/) for further molecular docking. The PDB codes

for these five key proteins are shown below: 1R42 for ACE2,

6LU7 for 3CLpro, 5B60 for Mpro, 6Y2E for PLpro, 6NUS for

RdRp. In addition, the molecular structures of potential drug

molecules were obtained from the ZINC (https://zinc.docking.

org/) database. The Autodock tools (version 1.5.4) was utilized

in all the docking experiments, with the optimized model as the

docking target. The screening method is restricted to molecular

docking, and molecular dynamics simulation has not been

carried. In addition, the results were shown with binding

energy (BE), a weighted average of docking score, to assess the

reliability and describe the accuracy of the ligand positioning.

Pymol (PyMOL Molecular Visualization System 2020) was used

for 3D visualization of the docking results.
Results

Identification of common transcriptional
signatures between COVID-19 and sepsis

Patients with severe COVID-19 may develop a systemic

inflammatory response syndrome (SIRS) that may progress to

sepsis if inflammation worsens. To examine the interrelationships

and implications between COVID-19 and sepsis, the human

RNA-seq dataset and microarray datasets were analyzed from

the GEO to identified the disrupting genes that trigger COVID-19

and sepsis. a total of 1855 DEGs were obtained from the COVID-

19 dataset, including 1206 up-regulated DEGs and 649 down-

regulated genes. In addition, a total of 1086 DEGs were identified

in the sepsis blood dataset by differential expression analysis, of

which 481 genes were up-regulated and 605 genes were down-

regulated (Table S1). The two volcano plots in Figure 1 visually

demonstrated the overall picture of transcribed gene expression

for COVID-19 and sepsis, where red and blue dots indicated up-

and down-regulated genes with significant differences, respectively

(Figures 2A, B). Furthermore, we employed heatmaps to present

the results of cluster analysis and expression analysis of the top 20

DEGs among different samples in COVID-19 and sepsis datasets,

respectively (Figures 2C, D). The top 20 DEGs for COVID-19

included HIST1H2AK, OLR1, SELL, ZBTB10, DUSP8, CREBRF,

PLD6, BHLHE41, ZNF57, ZNF77, BCL2A1, IFITM2, ARRDC3,

CLK1, HIST2H2BE, NFIL3, ZNF267, SERTAD2, ZNF292 and

ZNF12. In sepsis discovery set, the top 20 DEGs were ABLIM1,

LRRN3, EPHX2, NMT2, THEM4, GATA3, CD96, PLEKHA1,

DYRK2, PID1, P2RY10, C2orf89, NELL2, LEF1, S100A8,

S100A12 , C5orf32 , ARG1 , C19orf59 and ANXA3 .The

identification of these genes with significant differential
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expression could help us to obtain a critical entry point for

studying the development of diseases, which in turn could help

to understand the underlying mechanisms of diseases and to

obtain new therapeutic targets. After performing the cross-

comparative analysis on the Jvenn, a reliable web portal for

Venn analysis, a total of 151 common DEGs were identified

from COVID -19 and sepsis datasets (Figure 4A). The results of

differential expression analysis suggested that there were some

mechanistic commonalities and interaction between COVID-19

and sepsis.
Pathway enrichment and gene
ontology analysis

To further understand the biological functions and signaling

pathways involved in these common DEGs, we implemented

KEGG pathway enrichment and GO functional analysis. The top

15 important pathways were displayed with bubble plots

(Figure 3A). From the results of KEGG pathway analysis, these

151 common DEGs were mainly enriched in infectious/

inflammatory disease-related and immune response-related

pathways, for example, Staphylococcus aureus infection,

Inflammatory bowel disease, Cytokine-cytokine receptor

interaction pathway and NF-kappa B signaling pathway. It is

well-known that both COVID-19 and sepsis are associated with

inflammatory and immune responses in the body, which play an
Frontiers in Immunology 06
50
important role in the development and progression of these two

diseases, and are closely related to the therapeutic effect and

prognosis of patients (3, 14, 42). Our pathway analysis results

also showed that the immune-related pathway, Cytokine-

cytokine receptor interaction, was the most significantly

enriched pathway (Figure 3B), suggesting that these common

DEGs may affect the progression of the disease through

immune-related biological functions or signaling pathways.

GO analysis is divided into three parts: MF, BP and CC.

Figure 3C presented the top 10 GO terms for MF, BP, and CC,

respectively. Specific analysis revealed that the top 10 GO terms

of BP were all associated with immune function, such as T cell

activation, lymphocyte differentiation, mononuclear cell

differentiation and negative regulation of cytokine production.

Interestingly, most of the BP terms were associated with T cell

immune function. In addition, the results of CC showed that

these common DEGs were mainly involved in the formation or

release of intracellular granules, for example, tertiary granule,

specific granule, specific granule lumen and cytoplasmic lumen

vesicle. Previous studies have suggested that tertiary granule and

specific granule are associated with the function of human

mature neutrophils, including differentiation and pro-

inflammatory effect of neutrophils (43). During inflammation,

neutrophils are activated and secrete part of the granular

contents, which are cytotoxic and in part responsible for the

collateral damage associated with neutrophil tissue infiltration

(44). Furthermore, the results of MF analysis presented that MF
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FIGURE 2

Volcano plots exhibit differentially expressed genes (DEGs) of (A) COVID-19 and (B) sepsis. Red dots indicated up-regulated genes, blue dots
indicated down-regulated genes, and gray dots indicated non-DEGs, with FC≥1.0 and P-value<0.05. Heatmaps show the result of clustering
analysis based on DEGs for (C) COVID-19 and (D) sepsis.
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terms were also mainly associated with immune responses,

including immune receptor activity, immunoglobulin binding

and IgG binding. Figure 3D shows the correlation between the

five most important GO terms and the enriched DEGs, including

lymphocyte differentiation negative regulation of cytokine

positive production regulation of leukocyte cell−cell adhesion

T cell activation, all of which are immune-related molecular

functions. Similar to the results suggested by KEGG analysis,

these common DEGs may involve immune-related functions

and pathways of the body, which in turn affect the disease

progression of COVID-19.
Protein–protein interaction network
analysis and identification of hub genes

A PPI network was constructed using the common DEGs

among COVID-19 and sepsis. The PPI network visually

demonstrates the intercorrelations between different proteins,

suggesting the underlying mechanisms by which proteins

function. The assessment and analysis of PPI networks can help

to obtain key proteins that influence the biological functions of

cells and systems (45). Based on the online analysis website,
Frontiers in Immunology 07
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STRING, the PPI network of proteins derived from shared

DEGs was constructed to portray functional and physical

interactions between COVID-19 and sepsis. The PPI network of

common DEGs included 151 nodes and 322 edges and was

depicted in Figure 4C, with the PPI enrichment p-value < 0.001.

As shown in the figure, the size and color depth of the circles

indicated the degree of intercorrelation of the proteins, and the

more connections to the central proteins, the stronger

the relationship, suggesting its importance. By using cytoHubba

package of Cytoscape, the top 30 (19.87%) DEGs were considered

as the most influential genes. The top 30 influential genes included

ITGAM, FCGR3A, S100A12, FCER1G, FCGR1A, LY86, IL1RN,

C3AR1, LCN2, BCL6, CAMP, RGS18, CXCR4, CLEC5A, SOCS3,

CD1D, FGL2, GPR29, AQP9, CLEC4D, CD74, TNFSF13B, CD24,

LTF, HCST, MPEG, CR1, MMP8, MS4A4A and FCGR1B, with

specific information showing in Table S2. The identification of

hub genes from common DEGs facilitates us to obtain more

critical signatures in order to discover potential biomarkers. Since

hub genes were potential, a submodule network was constructed

by the Cytohubba plugin’s aid to deeper understand their near

connectivity and proximity (Figure 4B).

From the sub-module network of hub genes, ITGAM was

shown to have the most edges, that is, the most proteins
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FIGURE 3

Bubble graphs indicate the results for (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) and (C) Gene Ontology (GO) analysis based on
the common differentially expressed genes (DEGs). Loop graphs show the correlation between the five most important (B) pathways or (D) GO
terms and the enriched DEGs.
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associated with it, so in further studies, the biological role of

ITGAM in COVID-19 was focused to explore its potential

mechanism in the development and progression of the disease.

ITGAM encodes integrin-aM (CD11b +), molecule that

combines with integrin-b2 to form a leucocyte-specific

integrin, which associated with multiple immune disorders

(46). The expression difference analysis indicated that the

expression level of ITGAM was significantly different between

COVID-19 and normal samples, with p-value < 0.01

(Figure 5A), suggesting that this signature may have an

important role in COVID-19. In addition, a co-expression

network of ITGAM with other genes was constructed by Gene

Co-expression Network Analysis (GCNA) (Figure 5B). The

GCNA results showed that ITGAM had a significant

correlation with 156 genes (p-value < 0.05), and Figure 4B

showed only the top 11 important genes, including TGFBR3,

NMNAT1, RHOU, PLEKHG5, MAP3K8, ZCCHC17, DCAF6,

CTNNBIP1, SRP9, F5, and S100A2. Among them, TGFBR3,
Frontiers in Immunology 08
52
RHOU, MAP3K8, SRP9 and F5 were positively correlated with

ITGAM expression, and the remaining six genes were negatively

correlated with ITGAM. As a result of GCNA, the co-expressed

genes mediated the expression and function of ITGAM through

different pathways, and ITGAM played multiple biological roles

in vivo. Furthermore, GASE enrichment analysis was

implemented to interrogate the function and pathway of

ITGAM. Among the GO terms, the GSEA analysis in the

GSE147507 dataset revealed that the samples of highly

expressed ITGAM were mainly enriched in an important

immune-related biological process, adaptive immune response.

Other GO terms involved included cornification, epidermal cell

differentiation, epidermis development and keratinization

(Figure 5C). Among the KEGG pathways, the top 5 signaling

pathways influenced by highly expressed ITGAM were cytokine-

cytokine receptor interaction, graft versus host disease,

leishmania infection, systemic lupus erythematosus and type I

diabetes mellitus (Figure 5D). In addition, based on the average
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FIGURE 4

(A) The Venn diagram depicts the shared differentially expressed genes (DEGs) between COVID-19 and sepsis. (B) The top 30 hub gene was
identified from the protein–protein interaction (PPI) network, and the hexagonal nodes represent DEGs and edges represent the interactions
between nodes. (C) The (PPI) network of common DEGs among COVID-19 and RA, and the circle nodes represent DEGs and edges represent
the interactions between nodes.
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expression level of ITGAM, the COVID-19 samples from the

GSE14750 dataset were divided into high- expressed and low-

expressed groups. In order to explore the degree of immune cell

infiltration between the high and low ITGAM expression groups

to understand the potential immune mechanism, the infiltration

levels of 22 immune cells were analyzed between the two groups

using the “CIBERSORT” R package. The results of
Frontiers in Immunology 09
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“CIBERSORT” analysis showed that there were significant

differences in resting NK cells, activated NK cells and

Eosinophils between the ITGAM high-expressed and the low-

expressed groups (Figure 5E). Interestingly, our results showed

that ITGAM was positively correlated with activated NK cells,

but negatively correlated with resting NK cells, with a p-value <

0.01 (Figure 5F). Finally, the expression levels of immune
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FIGURE 5

(A) The differential expression levels of ITGAM between COVID-19 and healthy controls. (B) The construction of a co-expression network for
ITGAM with other genes in COVID-19. Gene set enrichment analysis (GSEA) for ITGAM in COVID-19, including (C) gene ontology analysis and
(D) pathway analysis. (E) The difference for immune cell infiltration between ITGAM high- and low-expressed groups in COVID-19. *p < 0.05;
**p < 0.01. (F) Plots of immune cells associated with ITGAM in COVID-19. (G) The clustering analysis for differentially expressed immune
checkpoints between ITGAM high- and low-expressed groups in COVID-19. (H) Heatmap of immune checkpoints associated with ITGAM in
COVID-19.
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checkpoints were analyzed between the ITGAM high-expressed

and the low-expressed groups and found that a total of 16

immune checkpoint genes were differentially expressed,

including ICOS, PDCD1, CD28, TNFRSF4, CD48, LAIR1,

LGALS9, CTLA4, HHLA2, TNFSF15, TNFRSF18, LAG3,

ADORA2A, ICOSLG, TNFRSF9 and CD200R1 (Figure 5G).

Among them, the study results suggested that 14 immune

checkpoints (TNFRSF4, CD48, TNFRSF18, CD70, HHLA2,

BTLA , ICOSLG , TNFRSF9 , CTLA4 , LGALS9 , PDCD1 ,

TNFSF15, LAIR1, ADORA2A) were positively correlated with

ITGAM, while CD276 and TNFRSF25 were negatively correlated

with ITGAM (Figure 5H). The results of the above analysis help

us to preliminarily understand the immune mechanism of

ITGAM in COVID-19, which in turn taps its potential

biological functions.
Construction of disease diagnosis and
risk model based on common DEGs

Through the above analysis, it was found that the common

DEGs of COVID-19 and sepsis may affect the disease process of

COVID-19 through different functions and pathways, therefore,

based on 151 common DEGs, we screened and constructed a

diagnostic model and risk model of COVID-19 using machine

learning algorithms. Specifically, the RF analysis was implemented

to select key DEGs, and selected the top eight important DEGs for

model construction according to the variable importance ranking,

with a Gini index > 1.0 (Figures 6A, B). Figure 6C visually showed

the expression levels of these eight key genes in COVID-19 and

normal samples. Next, based on eight key signatures, a disease

diagnostic model for COVID-19 was constructed in the training

set, with an AUC = 0.998 (Figures 6D, E). In addition, the

GSE196822 dataset was used as a validation cohort to further

assess the performance of this ANN model and found that it

performed well in the validation set (Figure 6F). The above

diagnostic model has a good discriminatory ability for COVID-

19 and hopes to be applied in clinical practice to assist the clinical

diagnosis of COVID-19. Furthermore, a nomogram for COVID-

19 disease risk assessment was successfully established by using

the above eight key signatures for easier use (Figure 6G). Then, the

accuracy of this nomogram was preliminarily assessed using the

calibration curve, and the results showed that the Bias-corrected

curve coincided well with the Ideal curve (Figure 6H).

Furthermore, both the DCA curve and clinical impact curve

(Figures 6I, J) indicated that the risk model had good

performance ability. Specifically, it can be seen from the above

figure that the model can achieve a higher net benefit rate at a

threshold around 0.6.
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Construction of regulatory networks at
transcriptional level

To identify substantial changes happening at the

transcriptional level and get insights into the common

DEGs, a network-based approach was employed to decode

the regulatory TFs and miRNAs. The DEG–TFs interactions

network was identified by using TarBase and miRTarBase

bases and displayed in Figure 7. Circles represented common

DEGs, while diamonds were TFs. The size of the circular or

rhombus node depends on the degree of the node. The degree

of a node is the number of connections the node has with

other nodes in the network. Nodes with a higher degree are

considered as important hubs of the network. From the

Figure 7, FCGR1B, BCL6, CD1D, MS4A4A and LTF were

more among more highly expressed DEGs as these genes have

a higher degree in the TF–gene interactions network. TFs

such as FOXC1, YY1, GATA2, PPARG and FOXL1 were more

significant than others as presented in the same figure. Again,

the Figure 8 represented the interactions of miRNAs

regulators with common DEGs. In the Figure 8, red squares

represented miRNA s, while blue circles represented DEGs.

Our results showed that SOCS3 , BCL6 , CXCR4 , and

TNFSF13B were the hub genes of this network, with the five

genes most involved in miRNAs. Besides, the significant hub

miRNAs were detected from the miRNAs-gene interaction

network, namely hsa-mir-27a-3p, hsa-mir-26a-5p, hsa-mir-

124-3p, hsa-mir-146a-5p and hsa-mir-20a-5p.
Identification of disease association

The circumstances in which different diseases can be

correlated or associated are that they must usually have one

or more similar genes (21). Therapeutic design strategies for

disorders begin with deciphering the relationship between

genes and disease (40). From the analysis of the gene-disease

association base on the DisGeNET platform, it was noticed

that liver Cirrhosis, rheumatoid arthritis, hypertensive

disease, allergic contact dermatitis, lupus erythematosus

systemic, anemia, hypersensitivity and Influenza were most

coordinated to our reported hub genes, and even in COVID-

19 (Figure 9). Interestingly, the study results suggested that

most of the diseases mentioned above were related to

inflammation or immune response in the body. The gene-

disease association suggests that certain diseases may have the

same molecular mechanism in progression, which has

implications for our development of new therapeutic

strategies for COVID-19.
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Identification of candidate drugs and
target–chemical interaction in COVID-19

A chemical–protein interaction network is an important

research tool for understanding the function of proteins,

which is helpful for advancing drug discovery (29). In the

aspects of common DEGs as potential drug targets in COVID-
Frontiers in Immunology 11
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19 and sepsis, the candidate drugs were identified by using

Enrichr based on transcriptome signatures from the DSigDB

database. The top 10 drug molecules selected based on p-value

were considered as potential compounds that could be used for

COVID-19 treatment and subsequent analysis. These 10

possible drug molecules included cephaeline, mebendazole,

tretinoin, progesterone, emetine, digitoxigenin, trichostatin A,
A B
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E F
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IH J
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FIGURE 6

Screening feature genes from common differentially expressed genes (DEGs) using random forest (RF): (A) The random forest trees; (B) The
importance rankings of features. (C) Heatmap shows the clustering analysis results for feature genes in COVID-19. Red represented up-
regulated genes and blue represented down-regulated genes. (D) Graph represents the disease diagnosis model constructed by artificial neural
network (ANN). Receiver operating characteristic (ROC) curve analysis of the model’s performance for (E) training set and (F) validation set,
respectively. (G) A constructed nomogram for risk prediction of COVID-19. (H) The calibration curve, (I) decision curve analysis (DCA) curve and
(J) clinical impact curve for assessing the nomogram’ performance.
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piperlongumine, terfenadine and strophanthidin (Table 1).

These potential drugs were recommended for use in the

common DEGs, which was a common compound for the

treatment of two diseases.

Furthermore, molecular docking was implemented to

predict the binding mode of these 10 potential compounds
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with five different targets from COVID-19, including ACE2,

3CLpro, Mpro, PLpro and RdRp. It is generally believed that the

lower the stabilization energy of ligand binding to the receptor,

the greater the possibility of action, and the binding energy in

screening criteria was changed to ≤−5.0 kcal/mol (-20 kJ/mol) in

this study. The results of molecular docking analysis were shown
FIGURE 7

The construction of an interconnected regulatory interaction network for DEG-TFs. In this figure, circles represent common differentially
expressed genes (DEGs), while diamonds are transcription factors (TFs).
FIGURE 8

The construction of an interconnected regulatory interaction network for DEGs-miRNAs. In this figure, square nodes indicate miRNAs and circle
nodes represent common differentially expressed genes (DEGs).
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in Table 2, and the binding energy of most compounds met the

criteria. Figure 10 demonstrated the binding differences of the

top 3 potential compounds that bind to these 5 COVID-19

targets. The bioactive compounds, progesterone, emetine, and

digitoxigenin, were the most promising compounds on ACE2,

and emetine, progesterone and cephaeline were the most active

on 3CLpro. For the main protease (Mpro), the most promising

compounds included progesterone, cephaeline and emetine.

Besides, the most potential compounds binding to PLpro were

progesterone, cephaeline and terfenadine, while progesterone,

emetine and tretinoin were the most active on RdRp.

Interestingly, emetine was found to have lower stabilization

energy at binding sites to four targets (ACE2, 3CLpro, Mpro,

and RdRp), while progesterone could stably bind to all COVID-

19 targets, with all binding energy ≤−6.5 kcal/mol. Therefore,
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these two drugs may be the most potential compounds for the

treatment of COVID-19, and further studies on the

pharmacological effects of these two compounds are needed.
Discussion

From the COVID-19 pandemic to the present, research on

COVID-19 has become more and more in-depth, and it has been

found that COVID-19 has many unique characteristics, and

many manifestations are very similar to sepsis (47). For example,

both cytokines and chemokines are elevated in the serum of

severe COVID-19 patients, and similar manifestations are seen

in sepsis patients. Severely ill COVID-19 patients have clinical

manifestations of shock without hypotension. At the same time,

a hypercoagulable state is present in both diseases. At present,

many pathological studies believe that sepsis is caused by the

imbalance between the body’s pro-inflammatory response and

anti-inflammatory response (48). According to some scholars,

treating COVID-19 as viral sepsis, using effective antiviral

therapy for patients, regulating innate and adaptive immune

responses, and limiting their damage to tissues will help improve

the treatment outcome (7). The focus of this study is to explore

the correlation between COVID-19 and sepsis, and to explore

the common mechanisms that may be involved between the two,

so as to provide a theoretical basis for the classification and

treatment of COVID-19.

The enrichment analysis of pathways and functions helps us

to understand the regulatory effects and specific mechanisms of
FIGURE 9

The gene-disease association network represents diseases associated with common differentially expressed genes (DEGs). The disorder is
depicted by the square node and also its subsequent DEGs are defined by the circle node.
TABLE 1 Candidate drugs (top ten) identified from gene–drug
interaction enrichment analysis.

Name Adjusted P-value Chemical Formula

cephaeline
mebendazole
tretinoin
progesterone
emetine
digitoxigenin
trichostatin A
piperlongumine
terfenadine
strophanthidin

4.94E-10
9.95E-10
1.64E-09
8.06E-09
8.28E-09
2.71E-06
2.71E-06
3.62E-06
7.43E-06
1.67E-05

C28H38N2O4

C16H13N3O3

C20H28O2

C21H30O2

C29H40N2O4

C23H34O4

C17H22N2O3

C17H19NO5

C32H41NO2

C23H32O6
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genes on the body. In this study, firstly, the 151 common DEGs

were obtained by expression profile differential analysis and

VENN analysis, then functional enrichment analysis was

performed on them. The results of enrichment analysis

showed that these DEGs were mainly enriched in infection

and inflammation-related pathways and functions, such as

Cytokine-cytokine receptor interaction pathway and NF-kappa

B signaling pathway. Cytokines play critical roles in the

pathogenesis of COVID-19 and sepsis. Much evidence

suggests that cytokine storm is associated with the severity of

COVID-19 patients and is a key factor in the death of COVID-

19 patients (49). Studies have shown that bacteria-related

molecules are recognized by Toll-like receptors of body cells

and will cause a series of intracellular signaling pathways, which

together activate nuclear factor k-light-chain-enhancer of

activated B cell (NF-kB), eventually leading to the expression

of pro-inflammatory mediators (cytokines, chemokines, oxygen

free radicals) (50). In the bioinformatics analysis of COVID-19,

studies have also shown that the genes related to COVID-19 and

herpes zoster are also involved in the Cytokine-cytokine receptor

interaction pathway and the IL-17 signaling pathway (51). The

pathway analysis results presented that these common DEGs

were enriched in pathway associated with bacterial infections,

staphylococcus aureus infection. Studies have shown that

Staphylococcus aureus bacteremia is associated with high

mortality in hospitalized patients with COVID-19 (52). In

addition, these common DEGs may also be involved in certain

chronic inflammatory diseases, such as Inflammatory bowel

disease (IBD). Interestingly, some studies have also found that

ACE2 is up-regulated in the inflamed intestinal mucosa of IBD

patients, indicating that IBD patients are theoretically more

susceptible to COVID-19 infection (53). However, in clinical

studies, there is no data showing that the IBD population is more

susceptible to COVID-19 infection, so further research is needed

to determine the correlation between the two (54).

In this study, GO terms of CC indicate that these common

DEGs also involve a variety of intracellular granule formation-

and secretion-related pathways, including example, tertiary
TABLE 2 The binding sites and energies for key drug targets of
COVID-19 were evaluated through AutoDock calculations.

Drug
targets

Amino acid Binding
energy

ACE2

cephaeline ALA-348, ASP-350 -7.40

mebendazole TYR-158, SER-254 -4.52

tretinoin UNK-914, UNK-915, UNK-916, UNK-
917

-5.90

progesterone TYR-158 -8.08

emetine GLU-140, GLU-150 -7.97

digitoxigenin UNK-920, UNK-922 -7.48

trichostatin A ASP-350, ARG-393, LYS-562 -4.51

piperlongumine ASN-210 -5.28

terfenadine GLU-564 -6.43

strophanthidin SER-170, UNK-951 -5.13

3CLpro

cephaeline PRO-108, ASP-245 -6.59

mebendazole GLU-166, PRO-168 -3.80

tretinoin LYS-97 -6.01

progesterone LYS-236, LEU-287 -7.00

emetine PRO-108, ASP-245 -7.02

digitoxigenin LYS-137, LEU-272, LEU-287 -6.55

trichostatin A LYS-97, ASN-119, GLY-120 -3.79

piperlongumine GLU-166, PRO-168 -5.45

terfenadine ASP-33 -5.41

strophanthidin LYS-137, LEU-287 -5.06

Mpro

cephaeline ALA-115, GLU-49, ASP-241 -7.15

mebendazole ALA-189, ASP-191 -4.86

tretinoin SER-253 -6.60

progesterone ARG-251 -7.52

emetine GLU-20 -7.05

digitoxigenin ALA-115 -6.17

trichostatin A GLY-215, GLN-224 -3.38

piperlongumine ASP-241 -4.90

terfenadine GLU-20 -5.87

strophanthidin GLY-93 -5.58

PLpro

cephaeline HIS-163, GLU-166, GLN-189 -7.22

mebendazole TYR-239, MET-276, GLY-278, ALA-285 -4.94

tretinoin LYS-97 -5.87

progesterone GLU-166 -7.57

emetine GLY-120 -6.45

digitoxigenin ASN-142, GLU-166 -6.96

trichostatin A ARG-298, GLN-299 -4.24

piperlongumine THR-26, GLY-143 -4.93

terfenadine GLU-166, LEU-141, SER-144 -7.03

strophanthidin GLU-240, HIS-246 -5.71

RdRp

cephaeline ASP-284, ASP-291 -6.06

(Continued)
TABLE 2 Continued

Drug
targets

Amino acid Binding
energy

mebendazole THR-141 -3.69

tretinoin LYS-391 -6.56

progesterone SER-709 -7.36

emetine LYS-288, ASP-291 -7.20

digitoxigenin ILE-266, THR-319 -6.42

trichostatin A ASP-336 -3.05

piperlongumine LYS-603 -3.56

terfenadine SER-709 -4.24

strophanthidin ASP-284, ASP-291, GLN-292, TYR-294 -3.05
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granule, specific granule, cytoplasmic granule lumen and

cytoplasmic vesicle lumen, which have all been shown to be

closely related to the function of neutrophils. It has been shown

that neutrophils also play an important role in COVID-19, and

their main function is phagocytosis of pathogens and debris

(55). Barnes found extensive neutrophil infiltration in the

pulmonary capillaries of a COVID-19 patient (56). In

addition, the neutrophil-to-lymphocyte ratio (NLR) is

increased in patients with COVID-19, and the neutrophil

count and NLR are also the highest in critically ill patients

admitted to the ICU (57). Importantly, the number and

activation of neutrophils correlates with the severity of the

disease (58). Furthermore, current evidence suggests that

immunopathology resulting from neutrophil dysfunction is

one of the important mechanisms in the pathogenesis of

COVID-19 (58, 59). Typically, neutrophils can suppress and

inactivate viruses through specific immune effects (release of

NETs) (60, 61). Specifically, neutrophils can construct a

complex network of DNA and proteins, neutrophil

extracellular traps (NETs), which is a release of histone-

encapsulated nucleic acid networks that retain viral particles

(62). Granules, in addition to being associated with neutrophil

differentiation and maturation, can also be released upon cell

death and is associated with NETs (63, 64). Notably, granules

embedded in NETs has been reported to have a critical

pathological role in atherosclerosis, thrombosis, or tumor

development (43). Data showed that circulating neutrophils

exhibited an activated phenotype in COVID-19 cases and

molecules associated with NETs were significantly

upregulated in severe COVID-19 cases (58). In addition,

Skendros discovered that complement activation enhances

the platelet/NET/tissue factor/thrombin axis in COVID-19

patients (65). Nicolai noted that fibrin- and platelet-related

NETs are contained in inflammatory microvascular thrombi in

the kidneys, lungs, and hearts of COVID-19 patients (66).

These suggest that we can disrupt the vicious cycle of

thrombosis/thrombotic inflammation in COVID-19 patients

by activating neutrophils and promoting the formation

of NETs.

Based on the results of PPI network and hub gene

extraction, ITGAM interacts with other genes to the

strongest extent, and is probably the most important gene

between COVID-19 and sepsis. In studies on COVID-19 and

Guillain‐Barré syndrome, it was also found that ITGAM is an

important factor in the gene regulatory network associated

with the two diseases (67). ITGAM is a protective factor

expressed during inflammatory injury. Some studies have

found that in patients with COVID-19, the expression of

ITGAM in females is lower than that in males, indicating

that different genders have different mechanisms for

regulating inflammation (68). The integrin CD11b encoded

by ITGAM is expressed on the surface of macrophages and is

involved in adhesion, migration and cel l-mediated
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cytotoxicity (69). Studies have found that CD11b can

mediate thrombus formation in COVID-19, so ITGAM plays

an important role in thrombus formation in COVID-19

patients (70). Another study found that ITGAM also plays

an important role in methicillin-resistant Staphylococcus

aureus (MRSA)-induced sepsis. After mice were infected

with MRSA, the mortality rate of ITGAM knockout mice

was significantly higher than that of control mice (69). In a

scoring system established with ITGAM and two other

immune genes, patients with low- risk scores showed better

response to immune checkpoint therapy (71). Our analysis

also found significant differences in the degree of certain

immune cell infiltration and immune checkpoint expression

levels between COVID-19 patients with high and low ITGAM

expression. Furthermore, our study suggested that ITGAM

was significantly associated with some immune cells (NK cells,

activated NK cells and Eosinophils) and many immune

checkpoints. This also suggests that we can genotype

patients with COVID-19 or patients with sepsis secondary to

COVID-19 to explore which type of patients is more effective

for immune checkpoint therapy.

In order to understand how common DEGs regulate

COVID-19 (or sepsis) at the transcriptional level, the

interact ions among TFs , miRNAs and genes were

investigated via web tools. Our results showed that the

regulatory relationship between TFs (FOXC1, YY1, GATA2,

PPARG and FOXL1) and genes (FCGR1B, BCL6, CD1D,

MS4A4A and LTF), as well as miRNAs (hsa-mir-27a-3p,

hsa-mir-26a-5p, hsa-mir-124-3p, hsa-mir-146a-5p and hsa-

mir-20a-5p) and genes (SOCS3 , BCL6 , CXCR4 , and

TNFSF13B) that may play important roles in COVID-19

and sepsis. In previous bioinformatics analysis, Ahmed (72)

and Islam et al. (73) both found that FOXC1, YY1, GATA2,

and FOXL1 are important TFs for COVID-19. Some network

pharmacology studies (74, 75) also found that PPARG may be

a key therapeutic target for COVID-19. In addition, hsa-mir-

27a-3p may be related to the malignant biological behavior of

glioma cells (76), and may also be an important molecular

feature in esophageal cancer (77). In the serum of lactating

mothers with type 1 diabetes , hsa-mir-26a-5p was

upregulated and was shown to be significantly associated

with inflammatory responses and cytokine- and chemokine-

mediated signaling pathways (78). Hsa-mir-124-3p and hsa-

mir-20a-5p were also considered as potential therapeutic

targets for COVID-19 in previous bioinformatics analysis

(79–82). Although many previous studies have suggested

that these TFs and miRNAs may have important

therapeutic effects, these analytical results require further

experiments to confirm their validity and authenticity.

Based on common DEGs, a gene-disease relationship

network was established to understand the correlation

between these genes and diseases, and these results can

inspire us to develop potential drugs to treat COVID-19
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FIGURE 10

Molecular docking patterns for (A) progesterone, (B) emetine, (C) digitoxigenin with the ACE2, respectively. Molecular docking patterns for (D)
emetine, (E) progesterone, (F) cephaeline with the 3CLpro, respectively. Molecular docking patterns for (G) progesterone, (H) cephaeline, (I)
emetine with the Mpro, respectively. Molecular docking patterns for (J) progesterone, (K) cephaeline, (L) terfenadine with the PLpro, respectively.
Molecular docking patterns for (M) progesterone, (N) emetine, (O) tretinoin with the RdRp respectively.
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with reference to the occurrence, development and treatment

of these diseases. Diseases enriched by these DEGs include:

liver Cirrhosis, rheumatoid arthritis, lupus erythematosus

systemic and other immune and inflammation-related

diseases. Recent studies have found that approximately one-

third of patients with cirrhosis die within 10 days of being

diagnosed with COVID-19, and two-thirds of patients with

cirrhosis die before admission to the intensive care unit due to

pulmonary insufficiency (83). In patients with rheumatoid

arthritis, older age and comorbidities are risk factors for severe

COVID-19. Glucocorticoids, appear to increase the worsening

of COVID-19 outcomes (84). COVID-19 shares similarities

with autoimmune diseases in clinical manifestations, immune

responses, and pathogenic mechanisms. Both cause organ

damage due t o an ex c e s s i v e immune r e spon s e .

Autoantibodies that are hallmarks of autoimmune disease

can also be detected in COVID-19 patients. Meanwhile,

some COVID-19 patients have been reported to have

secondary autoimmune diseases, such as Guillain-Barré

syndrome or systemic lupus erythematosus (85). It appears

that there are some similarities between these two diseases in

terms of pathogenesis, which means that COVID-19 can be

studied from this perspective.

Our drug prediction and molecular docking results

suggest that emetine and progesterone can bind to multiple

key targets of COVID-19 and may become new potential

therapeutic drugs. Emetine is an isoquinoline alkaloid that is

highly enriched in the lungs, and it has been found to have a

certain inhibitory effect on the novel coronavirus in the in

vitro environment. A real-world study showed that low-dose

emetine combined with conventional antiviral drugs

improved symptoms in patients with COVID-19 (86).

There are also studies showing that the synergy between

remdesivir and emetine can inhibit viral growth (87).

Studies have found that emetine not only has a certain

antiviral effect, but also can reduce the inflammatory

response of patients by inhibiting the activity of NF-kB
through IkBa phosphorylation, and can also reduce

pulmonary hypertension by regulating various cellular

processes (88). Progesterone is a sex hormone, and it also

has some anti-inflammatory properties. When the novel

coronavirus is infected, it can help the body control blood

pressure, inhibit the formation of blood clots, and inhibit the

growth of the virus. It can also regulate the body’s immune

response (89).
Conclusions

The transcriptome data of COVID-19 and sepsis versus

normal controls was downloaded from public databases and

then used to find DEGs for both diseases, respectively. The top

30 hub genes were screened from 151 shared DEGs. Based on
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these 151 DEGs, KEGG pathways and GO functions commonly

involved in both diseases were explored. The results showed that

they were mainly involved in infection and immune-related

pathways and functions. To understand the interactions

between common genes, the PPI network was delineated to

show how these 151 DEGs interacted. Based on the results of

hub gene extraction, ITGAM is considered to have the highest

degree of interaction with other genes, and it may be potentially

the most critical gene in both diseases. In order to verify our

conjecture, the functional annotation and immune analysis were

performed of ITGAM-related genes, and results showed that it

does play a key role in immune regulation. The related genes are

involved in immune-related pathways such as cytokines, anti-host

transplantation disease, and infection. At the same time, it is also

related to the infiltration degree of NK cells and eosinophils. In

addition, there are 16 immune checkpoints associated with them,

which are potential targets for the treatment of novel coronavirus

and sepsis. Then these DEGs were used for screening out 8 key

genes to establish an artificial neural network prediction model for

COVID-19, and its AUC was as high as 0.998, indicating that the

model performed very well. At the same time, a nomogram was

built to predict the risk of COVID-19. To understand the role of

these DEGs at the transcriptional level, TF-gene interaction

network and miRNA-gene interaction network for DEGs were

established to discover key TFs and miRNAs. Then the diseases

most related to these DEGs were learned, mainly immune-related

diseases, which suggests that we can mine effective information

related to the treatment of novel coronavirus from the perspective

of the development of these diseases.
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A GABA-receptor agonist
reduces pneumonitis severity,
viral load, and death rate in
SARS-CoV-2-infected mice

Jide Tian1*, Barbara J. Dillion2, Jill Henley3, Lucio Comai3

and Daniel L. Kaufman1*

1Department of Molecular and Medical Pharmacology, University of California, Los Angeles,
CA, United States, 2High Containment Program, University of California, Los Angeles, CA, United
States, 3Department of Molecular Microbiology and Immunology, Keck School of Medicine of the
University of Southern California, Los Angeles, CA, United States
Gamma-aminobutyric acid (GABA) and GABA-receptors (GABA-Rs) form a

major neurotransmitter system in the brain. GABA-Rs are also expressed by

1) cells of the innate and adaptive immune system and act to inhibit their

inflammatory activities, and 2) lung epithelial cells and GABA-R agonists/

potentiators have been observed to limit acute lung injuries. These biological

properties suggest that GABA-R agonists may have potential for treating

COVID-19. We previously reported that GABA-R agonist treatments

protected mice from severe disease induced by infection with a lethal mouse

coronavirus (MHV-1). Because MHV-1 targets different cellular receptors and is

biologically distinct from SARS-CoV-2, we sought to test GABA therapy in K18-

hACE2 mice which develop severe pneumonitis with high lethality following

SARS-CoV-2 infection. We observed that GABA treatment initiated

immediately after SARS-CoV-2 infection, or 2 days later near the peak of

lung viral load, reduced pneumonitis severity and death rates in K18-hACE2

mice. GABA-treated mice had reduced lung viral loads and displayed shifts in

their serum cytokine/chemokine levels that are associated with better

outcomes in COVID-19 patients. Thus, GABA-R activation had multiple

effects that are also desirable for the treatment of COVID-19. The protective

effects of GABA against two very different beta coronaviruses (SARS-CoV-2 and

MHV-1) suggest that it may provide a generalizable off-the-shelf therapy to

help treat diseases induced by new SARS-CoV-2 variants and novel

coronaviruses that evade immune responses and antiviral medications. GABA

is inexpensive, safe for human use, and stable at room temperature, making it

an attractive candidate for testing in clinical trials. We also discuss the potential

of GABA-R agonists for limiting COVID-19-associated neuroinflammation.

KEYWORDS

GABA, GABA-receptors, COVID-19, SARS-CoV-2, antiviral, long-covid,
neuroinflammation, homotaurine
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Introduction

Despite the great success of vaccines to reduce serious illness

due to COVID-19, this approach has limitations due to break-

through infections, vaccine hesitancy, viral variants, and novel

coronaviruses. Antiviral drugs can greatly help reduce the risk

for severe disease and mortality due to COVID-19, however,

these drugs may not become readily available in developing

countries and they may be less effective against coronaviruses

that emerge in the future. The identification of additional

therapeutics that have established safety records, are inexpensive,

and do not have special storage requirements could be especially

helpful for reducing COVID-19-associated morbidity and

mortality worldwide.

Gamma-aminobutyric acid type A receptors (GABAA-Rs)

are a family of ligand-gated chloride channels which play key

roles in neurodevelopment and neurotransmission in the central

nervous system (CNS) (1–3). GABAA-Rs are also expressed by

cells of the human and murine immune systems [e.g (4–9)]. The

activation of GABAA-Rs on innate immune system cells such as

macrophages, dendritic, and natural killer (NK) cells reduces

their inflammatory activities and shifts them toward anti-

inflammatory phenotypes (7, 8, 10–17). Moreover, GABAA-R

agonists inhibit the inflammatory activities of human and rodent

Th17 and Th1 CD4+ T cells and cytotoxic CD8+ T cells (7, 18–

22) while also promoting CD4+ and CD8+ Treg responses (18,

20, 23, 24). These properties have enabled treatments with

GABA-R agonists to inhibit the progression of a diverse array

of autoimmune diseases that occur in mice with different genetic

backgrounds, including models of type 1 diabetes (T1D),

multiple sclerosis (MS), rheumatoid arthritis, Sjogren’s

syndrome, as well as inflammation in type 2 diabetes (11, 12,

15, 19, 20, 23–26). Relevant to the treatment of COVID-19,

GABA inhibits human immune cell secretion of many pro-

inflammatory cytokines and chemokines associated with

cytokine storms in individuals with COVID-19 (5, 7, 27–31).

Airway epithelial cells, including type II alveolar epithelial

cells, also express GABAA-Rs which modulate the intracellular

ionic milieu and help maintain alveolar fluid homeostasis (32–

35). GABA and GABAA-R positive allosteric modulators

(PAMs) reduce inflammation and improve alveolar fluid

clearance and lung functional recovery in different rodent

models of acute lung injury (36–43), and limit pulmonary

inflammatory responses and improve clinical outcomes in

ventilated human patients (44–46). GABA decreases the

secretion of inflammatory factors by human bronchial

epithelial cells in vitro (37) and GABAA-R PAMs reduce

macrophage infiltration and inflammatory cytokine levels in

bronchoalveolar lavage fluid and reduce rodent and human

macrophage inflammatory responses (10, 13, 33, 42, 47–49).

Moreover, GABAA-R ligands inhibit human neutrophil

activation (50) and platelet aggregation (51), which are
Frontiers in Immunology 02
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potentially important because pulmonary thrombosis often

occurs in critically ill COVID-19 patients. Finally, lower levels

of plasma GABA are detected in hospitalized COVID-19

patients and associated with the pathogenesis of COVID-19

(52, 53), although the basis for this observation is not

understood. Together, the multiple actions of GABAA-R

modulators on various immune cells and lung epithelial cells,

along with their safety for clinical use, make them candidates for

limiting dysregulated immune responses, severe pneumonia,

and lung damage due to coronavirus infection.

In a previous study, we began to assess whether GABA-R

agonists had therapeutic potential for treating coronavirus

infections by studying A/J mice that were inoculated with mouse

hepatitis virus (MHV-1) (54). MHV-1 is a pneumotropic beta-

coronavirus that induces a highly lethal pneumonitis in A/J mice

(55–60). We observed that oral administration of GABA or the

GABAA-R-specific agonist homotaurine, but not a GABAB-R-

specific agonist, effectively inhibited MHV-1-induced

pneumonitis, and reduced disease severity, and death rates when

given before or after the onset of symptoms (54). GABA treatment

also modestly reduced MHV-1 viral load in their lungs.

WhileMHV-1 and SARS-CoV-2 are both beta coronaviruses,

they bind different cellular receptors (CEACAM1 vs. ACE2,

respectively), differ antigenically, and are quite biologically

distinct. Moreover, the host’s response to respiratory infections

varies greatly between different virus strains and mouse strains

(60). To more stringently test the therapeutic potential of GABA

as a therapy for COVID-19, we assessed the ability of GABA

treatment to limit the disease process in SARS-CoV-2-infected

human ACE2 transgenic K18-hACE2 mice, which provide a

widely used acute and lethal model of COVID-19 (61–66). We

found that GABA-Rs are a new druggable target for limiting

disease severity, lung viral load, pneumonitis, and death in SARS-

CoV-2 infected mice. We also discuss the potential of GABAA-R

agonists for limiting COVID-19-associated neuroinflammation.
Results

GABA treatment protects SARS-CoV-2-infected K18-

hACE2 transgenic mice from severe illness and death. K18-

ACE2 mice were inoculated with SARS-CoV-2 intranasally and

placed in cages with water bottles containing 0, 0.2, or 2.0 mg/

mL GABA, as described in Methods. The mice were maintained

on these treatments for the entire study. Their body weights,

behavior, and activity were monitored and scored for the onset

and severity of the disease twice daily. There was no statistically

significant difference in longitudinal body weights or the

amounts of water consumed among the different groups of

mice (Supplementary Figure 1). The SARS-CoV-2 infected

control mice that received plain water developed overt signs of

illness beginning around day 5 post-infection, which increased
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in severity and often necessitated humane euthanasia prior to

the end of the study (Figures 1A, B), similar to previous

observations in this model (64). In contrast, the mice receiving

GABA displayed significantly reduced illness scores compared to

the control mice (Figure 1A). Only 20% of control mice survived

until the pre-determined end of the studies 7-8 days post-

infection. In contrast, 80% of the mice that received GABA at

0.2 or 2 mg/mL were surviving on days 7-8 post-infection

(Figure 1B, p=0.004 and p=0.018, respectively vs. the control).

At the time of euthanasia, each animal’s lungs were excised and

weighed. The ratio of lungweight to total body weight (i.e., the lung

coefficient index) reflects the extent of inflammation in the lung.

We observed a significant reduction in the lung coefficient index

scores in the group treated with 2.0 mg/mL GABA (Figure 1C),

indicating reduced lung inflammation. Together, these studies

demonstrate that GABA treatment reduces disease severity,

inflammation, and death rates in SARS-CoV-2 infected mice.
Frontiers in Immunology 03
67
GABA treatment reduces SARS-CoV-2
titers in the lungs of infected K18-
hACE2 mice

We next asked whether GABA’s protective mechanism

could be due in part to reducing viral replication in their

lungs. K18-hACE2 mice were infected with SARS-CoV-2

(2,000 TCID50 intranasally) and placed on plain water

(control) or water containing GABA (2 mg/mL) for the rest of

the study. Three days post-infection, which should be near to the

peak of viral load in the lungs (64), we harvested their lung

tissues to determine viral load by TCID50 assay using Vero E6

cells. We found that SARS-CoV-2 titers in the lungs of GABA-

treated mice were on average a 1.36 log10 (23-fold) lower than

that in the lungs of mice that received plain water (p<0.0001,

Figure 2). Thus, GABA treatment inhibited the replication of

SARS-CoV-2 in the lungs of K18-hACE2 mice.
A B

C

FIGURE 1

GABA treatment limits disease severity and mortality in SARS-CoV-2 infected K18-hACE2 mice. Following SARS-CoV-2 inoculation the mice
were placed on plain water (blue line with squares), 0.2 mg/mL GABA (red line with triangles), or 2.0 mg/mL GABA (black dotted line with
circles). (A) Longitudinal mean illness scores. Disease severity was scored in one of the studies and compared between groups by fitting mixed-
effect linear regression models with group and time as fixed effects (to compare means), and with group, time and group by time interaction as
fixed effects (to compare slopes). Mouse ID was used as a random effect. N=5 mice/group. (B) Combined percent surviving mice from two
independent studies with 5 mice/group which followed the mice for 7 or 8 days post-infection (n=10 mice/group total). Survival curves were
estimated using the Kaplan-Meier method and statistically analyzed by the log-rank test. (C) Mice that reached an illness score of 5 or survived
to the end of the observation period were euthanized. Their lungs were dissected and weighed to calculate the lung coefficient index (the ratio
of lung weight to body weight). The data shown are the mean lung coefficient index ± SEM/N=5 mice/group. The p-value was determined by
Student’s t-test.
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GABA treatment modulates early
cytokine and chemokine responses to
SARS-CoV-2 infection

We next asked whether GABA treatment could modulate

serum cytokine and chemokine levels in SARS-CoV-2 infected

mice. Serum samples were collected three days post-infection

from the same mice that were used to study lung viral load and

were analyzed using a multiplex bead kit designed to detect 13

cytokines and chemokines. We did not detect any statistically

significant difference in the levels of serum IFNa, IFNb, IFNg,
IL-12, or GM-CSF between SARS-CoV-2 infected mice that did

or did not receive GABA treatment (Figure 3). There was,

however, some suggestion that GABA treatment elevated type

I interferons in some mice because only 1/10 mice in the healthy

control (HC) and in the SARS-CoV-2-infected control (SC)

group had a detectable level of IFNß, while 3/10 of the infected

mice which received GABA (G) had detectable IFNß levels and

these were greater in magnitude than that found in the other

groups (Figure 3). The median and the mean levels of IFNa were

also slightly elevated in the GABA treated vs. untreated SARS-

CoV-2 infected group (Figure 3). Conversely, 3/10 mice in the

SC group displayed high levels of IFNg vs 1/10 mice in the G

group and the median and mean IFNg levels were reduced in the

GABA-treated vs. untreated SARS-CoV-2 infected mice

(Figure 3, p=0.25)

Analysis of pro-inflammatory and anti-inflammatory

cytokines revealed that SARS-CoV-2 infection significantly
Frontiers in Immunology 04
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increased the levels of serum TNFa in the SC group (p<0.001,

Figure 3) as in previous studies of SARS-CoV-2-infected K18-

hACE2 mice (64, 66–68). GABA treatment significantly

mitigated TNFa production following infection (p<0.001).

There was no statistically significant difference in the levels of

serum IL-1b and IL-6 although the levels of serum IL-1b and IL-

6 in the GABA-treated group were slightly reduced compared

with the SC group (Figure 3). SARS-CoV-2 infection

significantly increased the levels of serum IL-10, as in past

studies of K-18-hACE2 mice (64, 66, 68). GABA treatment

further significantly elevated the serum IL-10 levels above that

in untreated SARS-CoV-2 infected mice (p<0.001).

Analysis of serum chemokines revealed that untreated

SARS-CoV-2 infected mice, but not the GABA-treated SARS-

CoV-2 infected mice, displayed significantly higher levels of

CCL2 relative to healthy controls (p<0.05), with the levels of

CCL2 tending to be lower in GABA-treated vs. untreated-

infected mice (p=0.07). Moreover, GABA treatment led to

significantly reduced levels of IP-10 (CXCL10) compared to

that in untreated SARS-CoV-2 infected mice (p<0.001, Figure 3).

We observed no statistically significant difference in the levels of

serum CXCL1 and CCL5 among these groups of mice. Thus,

GABA treatment shifted systemic cytokine and chemokine

responses towards those associated with less risk for

developing severe COVID-19 by increasing early type I IFN

responses in some mice, significantly reducing the levels of

TNFa and IP-10, tending to reduce CCL2 levels, but

enhancing IL-10 production in SARS-CoV-2 infected mice.
FIGURE 2

GABA treatment reduces SARS-CoV-2 titers in the lungs. Three days post-infection the right lung was harvested from each mouse and
homogenized. The viral titer in lung tissue (100 mg) were determined by TCID50 assay using Vero E6 cells. Black dots show viral titers for
individual mice (determined in quadruplicate). The data shown are the mean virus titer (Log10 TCID50/100 mg lung tissue) ± SD in mice given
plain water (control) or GABA. N=10 mice/group. The p-value was determined by Student’s t-test.
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GABA treatment protects SARS-CoV-2-
infected mice from severe illness and
pneumonitis when treatment is initiated
near the peak of viral load in the lungs

We next examined whether GABA treatment could be also

beneficial when treatment was initiated at a later stage of the

disease process. K18-hACE2 mice were infected with SARS-

CoV-2 as above and GABA treatment (2 mg/mL) was initiated at

2 days post-infection, near the peak of viral load in the lungs.

Compared to untreated control mice, GABA-treated mice

displayed reduced longitudinal mean illness scores (overall

p=0.002, Figure 4A). At the end of the study on day 7, only

22% of control mice survived, while 88% of GABA-treated mice

had survived (p=0.004, Figure 4B). GABA-treated mice also had

a reduced lung coefficient index (p<0.001, Figure 4C).

Consistent with the reduced lung coefficient index,

histological evaluation of lung sections from these mice

revealed that while many inflammatory infiltrates, several

hyaline-like membranes, severe diffused hemorrhage, and large

areas of inflammatory consolidation were observed in the lungs

of GABA-untreated mice, these pathological changes were

obviously mitigated in the lungs of GABA-treated mice

(Figures 5A, B). Quantitative analysis revealed that the

pneumonitis scores in the mice which received GABA at 2

days post-infection were significantly less than that in the

control mice (Figure 5C, p=0.027). Thus, GABA treatment

limited SARS-CoV-2-induced pneumonitis and lung damages

in mice.
Frontiers in Immunology 05
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Discussion

Our studies demonstrated that GABA administration

initiated immediately, or two-day post-SARS-CoV-2 infection,

reduced the lung coefficient index, lung viral load, pneumonitis,

and death rate in SARS-CoV-2-infected K18-hACE2 mice.

These results, along with our previous findings in the MHV-1

infected A/J mice, are the first reports of GABA administration

modulating the outcome of viral infections. The ability of GABA

treatment to limit the disease severity following infection with

two biologically distinct and lethal coronaviruses in different

mouse strains suggests that GABA-R activation may be a

generalizable therapeutic strategy to help reduce the severity of

coronavirus infections, at least in mice.

Our observations are surprising in a number of ways. First,

based on GABA’s anti-inflammatory actions in models of

autoimmune disease, cancer, and parasitic infection, it was

highly possible that early GABA treatment could have

exacerbated the disease in SARS-CoV-2 infected mice by

limiting or delaying the innate immune responses to the viral

infection. However, SARS-CoV-2-infected mice that received

GABA treatment at the time of infection, or 2-days post-

infection, fared much better than their untreated SARS-CoV-

2-infected counterparts.

Second, GABA’s ability to modestly reduce viral load in the

lungs was surprising. This indicates that GABA-R mediated

changes in the intracellular ionic milieu modulate processes

involved in SARS-Cov-2 entry, replication, and/or egress. We

know from large-scale screens of drug libraries that GABA-R
FIGURE 3

GABA treatment modulates circulating cytokines and chemokines in SARS-CoV-2-infected K18-hAC2 mice. Three days post-infection sera from
individual SARS-CoV-2 infected control (SC) mice that were untreated, or were GABA treated (G), were collected and frozen at -80°C until
analysis by a multiplex assay as described in Methods. In addition, sera from age-matched healthy control (HC) B6 mice were studied. The non-
normally distributed data are shown in boxplots with the borders of the box indicating 1st and 3rd quartile of each group (n=10), the bolded line
indicating the median. The data were analyzed by Wilcoxon rank-sum tests. *p<0.05, ***p<0.001.
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FIGURE 5

GABA treatment initiated 2-days post-infection reduces pneumonitis in SARS-CoV-2-infected mice. At the time of euthanasia, the lungs of mice
studied in Figure 4 were removed and processed for histological examination as described in Methods. Representative images of H&E-stained
lung sections (magnification × 200) from (A) untreated mice and (B) GABA-treated mice. Red arrows point to hyaline-like membranes and black
arrows indicate local consolidation. The scale bar is 50 µm; (C) Quantitative analysis of the degrees of pneumonitis in the lungs. Data are
expressed as the mean pneumonitis score ± SD of each group. The data were analyzed by Student t-test. N=9 mice per group.
A B

C

FIGURE 4

GABA treatment initiated near the peak of lung viral load has protective effects in SARS-CoV-2 infected K18-hACE2 mice. Mice were infected
with SARS-CoV-2 and two days later mice received GABA through their drinking water (2 mg/mL), or were maintained on plain water for the
remainder of the study. (A) Longitudinal mean illness scores. The data were analyzed by fitting mixed-effect linear regression models with group
and time as fixed effects (to compare means), and with group, time and group by time interaction as fixed effects (to compare slopes). Mouse ID
was used as a random effect. (B) Percent surviving mice. The data were analyzed by Kaplan-Meier survival curves and the log-rank test. (C) Lung
coefficient index. The data were analyzed by Student t-test. N=9 mice/group.
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agonists do not interfere with SARS-CoV-2 binding to ACE2 or

its internalization into cultured Vero E6 cells (69). Notably,

GABAA-Rs are expressed by lung bronchial and alveolar cells

(32, 33, 70) and it is possible that GABAA-R activation led to

changes in intracellular ion levels that made the environment

less favorable for viral replication. While the activation of

neuronal GABAA-Rs leads to Cl- influx and hyperpolarization,

the activation of GABAA-Rs on other types of cells, such as

alveolar ATII cells, causes Cl- efflux and depolarization (32, 33).

Many viruses, including some coronaviruses, can promote Ca2+

influx into their host cell to enhance their replication (71, 72).

The activation of GABAA-Rs on infected cells could promote Cl-

efflux which would oppose Ca2+ influx and reduce Ca2+

contents, limiting SARS-CoV-2 replication. Indeed, calcium

blockers have been shown to reduce SARS-CoV-2 replication

in vitro, but whether they confer beneficial effects to COVID-19

patients has been controversial (73–75). The activation of

GABAA-Rs on alveolar and large airway epithelial cells may

also have altered 1) the secretion of inflammatory signaling

molecules from infected cells, 2) alveolar surfactant production/

absorption, and/or 3) altered inflammatory responses and

autophagy processes (17) in ways that limited virus infection

and replication.

Third, while there has been some characterization of

GABA’s effects on immune cell cytokine and chemokine

secretion in models of autoimmune disease and cancer, little is

known about GABA’s effects on anti-viral responses. We

observed that GABA treatment shifted some cytokine and

chemokine levels in directions that are expected to be

beneficial if extended to COVID-19 treatment. Early GABA

treatment elevated type 1 interferons in some mice. Since

delayed or reduced type I interferon responses are a risk factor

for developing severe COVID-19 (76), such tendencies could be

beneficial. GABA treatment significantly reduced circulating

TNFa levels in infected mice, extending previous observations

that GABA inhibits the NF-kB activation in mouse and human

immune cells (7, 21). As a result, GABA treatment slightly

decreased mean serum IL-6 from 10.7 to 6.3 pg/mL. Since

TNFa and IL-6 are important pro-inflammatory mediators,

the decreased levels of circulating TNFa and IL-6 indicated

that GABA treatment suppressed innate immune responses,

which is likely to have contributed to its protective effects.

GABA-treated mice also had reduced levels of serum IP-10,

a pro-inflammatory chemokine that attracts the migration of

CXCR3+ macrophages/monocytes, T cells, and NK cells (77).

Elevated levels of IP-10 are consistently detected in severely ill

COVID-19 patients and may provide a predictive marker of

patient outcome (78–81). IP-10 production is induced by IFNg,
NF-kB activation and other stimulators in several types of cells

(82). Consistent with the reduced IP-10 levels, we also found that

the serum mean IFNg level in the GABA-treated mice was about
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half that in the untreated SARS-CoV-2 infected mice (4.0 vs. 9.8

pg/mL). These data suggest that early GABA treatment reduced

IFNg production and together with its inhibition of NF-kB
activation, led to decreased IP-10 secretion. Given that IP-10

functions to recruit inflammatory cell infiltration into lesions

and modulates cell survival, the lower levels of circulating IP-10

in GABA-treated mice are likely to have limited the migration of

macrophages, monocytes, and NK cells into the pulmonary

lesions and helped to protect the mice from death. Similarly,

we also observed that GABA treatment slightly reduced the

levels of serum CCL2 which may have contributed to protecting

mice from death since high levels of CCL2 are associated with

high mortality in COVID-19 patients (83).

GABA treatment also enhanced IL-10 levels in SARS-CoV-2

infected mice. IL-10 is generally regarded as an anti-

inflammatory cytokine, however, it can be immunostimulatory

in certain contexts and elevated levels of IL-10 are associated

with the development of severe COVID-19 (84, 85). If the

elevation of IL-10 levels in GABA-treated SARS-CoV-2

infected mice had counter-therapeutic effects, it is evident that

GABA’s beneficial actions were functionally dominant leading to

improved outcomes. Conceivably, the enhanced levels of IL-10

levels due to GABA treatment may have been therapeutic by 1)

its classical anti-inflammatory actions, 2) exhausting immune

cells, 3) reducing tissue damage in the lungs, or 4) other yet to be

identified actions.

Initiating GABA treatment 2-days after SARS-CoV-2

infection, near the peak of viral loads in the lungs, was

essentially just as effective as initiating the treatment

immediately post-infection in terms of limiting disease severity

and death rates during the observation period. Coinciding with

those observations, the lungs of mice treated with GABA 2 days-

post infection displayed reduced histopathological damage

relative to untreated controls. It will be of interest to further

test the efficacy of GABA when initiated at even later time points

post-infection–however, the current findings clearly indicate

GABA to be an excellent candidate therapeutic for COVD-19

and due to the inherent imperfections of any animal model, the

ultimate test of this treatment will require human clinical trials.

Besides expressing the hACE2 transgene in lung cell

epithelial cells, K18-hACE2 mice express hACE2 ectopically in

their CNS leading to the spreading of SARS-CoV-2 infection to

their CNS at late stages of the disease process (64, 66, 67).

Because GABA does not pass through the blood-brain barrier

(BBB), it is unlikely that GABA treatment directly exerted

beneficial effects in the CNS. However, the decreased levels of

circulating proinflammatory cytokines and chemokines in

GABA-treated mice may have also reduced their entry into the

CNS. While SARS-CoV-2 is thought not to efficiently replicate in

the human CNS (86), some COVID-19 patients experience

cognitive impairments (or “brain fog”). Histological studies of
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the brains from COVID-19 patients have observed immune cell

infiltrates and increased frequencies of glial cells with

inflammatory phenotypes which are indicat ive of

neuroinflammatory responses (86–93). In previous studies, we

have shown that treatment with homotaurine, a GABAA-R-

specific agonist that can pass through the BBB, reduced the

spreading of inflammatory T cell responses within the CNS,

limited the pro-inflammatory activity of antigen-presenting

cells, and ameliorated disease in mouse models of multiple

sclerosis (15, 20). Since microglia and astrocytes express

GABAA-Rs which act to down-regulate their inflammatory

activities (94), homotaurine treatment may have also limited

glial inflammation. Homotaurine was as effective as GABA in

protecting MHV-1-infected A/J mice from severe illness,

pointing to GABAA-Rs as the major mediators of GABA’s

beneficial effects in this model (54). These observations suggest

that homotaurine treatment may provide a new strategy to both

reduce the deleterious effects of coronavirus infection in the

periphery and limit inflammation in the CNS. Homotaurine

(also known as Tramiprosate) was found to physically interfere

with amyloid aggregation in vitro, leading to its testing as a

treatment for Alzheimer’s disease in a large long-term phase III

clinical study (95–97). While this treatment failed to meet

primary endpoints, the treatment appeared to be very safe and

follow-up studies suggested some disease-modifying effect

(98, 99).

Finally, it is worth noting that circulating GABA levels are

significantly reduced in hospitalized patients with COVID-19

(52, 53). This clinical finding, independent of our results

presented here, raises the question of whether GABA therapy

could be beneficial for COVID-19 patients.

It is likely that SARS-CoV-2 variants and novel coronaviruses

will constantly arise that will be insufficiently controlled by

available vaccines and antiviral medications. Developing new

vaccines against these new viruses will be much slower than the

spread of these new viruses among the world population. Our

findings suggest that GABA-R agonists may provide inexpensive

off-the-shelf agents to help lessen the severity of disease caused by

these new viruses. Because GABA’s mechanisms of action are

unlike that of other coronavirus treatments, combination

treatments could have enhanced benefits.

GABA is regarded as safe for human use and is available as a

dietary supplement in the USA, China, Japan, and much of

Europe (100). In other countries, because GABA is a non-

protein amino acid, it is regulated as a medicinal agent or

drug (e.g., in the UK, Canada, and Australia). In our studies,

GABA at 2.0 and 0.2 mg/mL were equally effective at protecting

SARS-CoV-2 infected mice from death (Figure 1B). The human

equivalent dose of GABA at 0.2 mg/mL [assuming consumption

of 3.5 mL/day water, see Supplemental Figure 1 and calculated as
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per (101)] is 0.68 g/day for a 70 kg person, which is well within

the level known to be safe (100). While our preclinical

observations indicate that GABA-R agonists are promising

candidates to help treat coronavirus infections, information on

their dosing and the time window during which their effects

might be beneficial or deleterious during a coronavirus infection

in humans are lacking and clinical trials are needed to assess

their therapeutic potential.
Limitations of this study

There are a number of major limitations of this study. First,

the K18-hACE2 mouse model imperfectly models SARS-CoV-2

infection and immune responses in humans. Second, GABA’s

impact on immune cells and lung cells may differ in important

ways between mice and humans. Third, GABA treatment may

only be beneficial during a specific time window of the disease

process and at other times may be deleterious. Accordingly,

careful clinical trials are needed to determine the time window

and dosage, if any, that GABA-R agonist treatment has a

beneficial effect in COVID-19 patients.
Materials and methods

Virus

SARS-CoV-2 (USA-WA1/2020) was obtained from the

Biodefense and Emerging Infections Resources of the National

Institute of Allergy and Infectious Diseases. All in vivo studies of

SARS-CoV-2 infection were conducted within a Biosafety Level 3

facility at UCLA or USC. SARS-CoV-2 stocks were generated by

infection of Vero-E6 cells (American Type Culture Collection

(ATCC CRL1586)) cultured in DMEM growth media containing

10%fetalbovineserum,2mML-glutamine,penicillin(100units/ml),

streptomycin (100 units/ml), and 10 mM HEPES. The cells were

incubated at 37°C with 5% CO2 and virus titers were determined as

described below for tittering virus in lung homogenates.

Mice and GABA treatments
Female K18-hACE2 mice (8 weeks in age) were purchased

from the Jackson Laboratory. The first survival study was

conducted within USC’s BSL3 Core facility and all following

studies were conducted in the UCLA ABSL3 Core Facility. One

week after arrival, they were inoculated with SARS-Cov-2 (2,000

PFU or 2,000 TCID50 (as per (64) at USC and UCLA,

respectively) in 20 ml Dulbecco’s modified Eagle’s medium.

The mice were randomized into groups of 5-9 mice and were

placed on water bottles containing 0, 0.2, or 2.0 mg/mL GABA
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(Millipore-Sigma (stock #A2129), St. Louis, MO, USA)

immediately, or 2 days post-infection (as indicated) and

maintained on those treatments for the remainder of each

study. These studies were carried out in accordance with the

recommendations of the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocols for all experiments using vertebrate animals were

approved by the Animal Research Committee at UCLA

(Protocol ID: ARC #2020-122; 8/25/20-8/24/2023) or USC

(IACUC protocol # 21258; 1/28/2021-1/27/2024) and were

carried out in compliance with the ARRIVE guidelines.
Illness scoring and lung index score

Individual mice were monitored by two observers twice daily

for their illness development and progression which were scored

on the following scale: 0) no symptoms, 1) slightly ruffled fur and

altered hind limb posture; 2) ruffled fur and mildly labored

breathing; 3) ruffled fur, inactive, moderately labored breathing;

4) ruffled fur, inactive, obviously labored breathing, hunched

posture; 5) moribund or dead.

The percent survival of each group of mice was determined

longitudinally. Mice with a disease score of 5 were weighed,

euthanized, and their lungs removed and weighed for calculation

of lung coefficient index (the ratio of lung weight to total body

weight, which reflects the extent of edema and inflammation in

the lungs). On day 7 or 8 post-infection, the surviving animals

were weighed, euthanized, and their lungs were removed and

weighed for determination of the lung coefficient index.
Histology

Individual mice were infected intranasally with SARS-CoV-2

virus and two days later, they were randomized to receive plain

water, or water containing GABA (2 mg/mL) for the remainder

of the study. On days 5-7 post infection, those mice which met

euthanasia criteria or survived until the end of the study on day 7,

were euthanized and their lungs were dissected. The left lung

from each mouse was fixed in 10% neutral buffered formalin and

embedded in paraffin. The lung tissue sections (4 µm) were

routine-stained with hematoxylin and eosin. Five images from

each mouse were captured under a light microscope at 200 ×

magnification. The degrees of pathological changes were scored,

as in our previous report (54). Briefly, the degrees of pathological

changes were scored, based on the number of hyaline-like

membranes, % of pulmonary areas with obvious inflammatory

infiltrates in lung parenchyma, and the % of area with

inflammatory consolidation within the total area of the section.

The total numbers of hyaline-like membranes with, or without,

cell debris or hyaline-like deposition in alveoli of the lung tissue
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section were scored as 0: none detectable; 1: 1–5; 2: 6–10; 3: >10.

The areas of lung inflammation and hemorrhage in one lung

section were estimated and the severity of inflammation and

hemorrhage in the section was scored as 1: mild; 2: moderate; 3:

marked; 4: severe. Accordingly, an inflammatory score in each

mouse was obtained by% of lung areas × severity score. The areas

of lung inflammatory consolidation were estimated in the lung

section and scored as 1: ≤10%; 2: 11–25%; 3: 26–50%; 4; >50%.

Finally, the pneumonitis score of individual mice = inflammation

score + lung consolidation score + hyaline membrane score with

a maximum score of 11.
Viral titers in lungs

Female K18-ACE2 mice (9 weeks in age) were intranasally

inoculated with 2,000 TCID50 SARS-Cov-2 and placed on plain

water or water containing GABA (2 mg/mL) for the rest of the

study. Three days post-infection, the mice were euthanized

and individual blood samples were collected for preparing

serum samples. A portion of their lower right lung was

weighed and about 100 mg of wet lung tissue from each

mouse was homogenized into 1 mL of ice-cold DMEM with

10% fetal calf serum (FBS) with 1 mm glass beads using a

Minilys homogenizer at 50 Hz for 90 seconds, followed by

centrifugation. Their supernatants were collected for virus

tittering. Vero E6 cells (1x104 cells/well) were cultured in

DMEM medium supplemented with 10% FBS in 96-well plates

overnight to reach 80% of confluency and infected in

quintuplicate with a series of diluted mouse lung homogenates

in 100 µl of FBS-free DMEMmedium at 37° C for four days. The

percentages of viral cytopathic effect areas were determined. The

SARS-CoV-2 titers were calculated by the Reed and Muench

method (102).
Simultaneous detection of
multiple cytokines and chemokines
by flow cytometry

Blood samples were collected from the same mice that were

used to study viral loads in the lungs at three days post-infection.

Sera from individual mice were prepared and stored at -80°C. The

levels of serum cytokines and chemokines were determined by a

bead-based multiplex assay using the LEGENDplex mouse anti-

virus response panel (13-plex) kit (#740622, Biolegend, San Diego,

USA), according to the manufacturer’s instructions. Briefly, the

control and experimental groups of serum samples were diluted at

1:2 and tested in duplicate simultaneously. After being washed, the

fluorescent signals in each well were analyzed by flow cytometry in

an ATTUNE NxT flow cytometer (Thermofisher). The data were

analyzed using the LEGENDplex™ Data Analysis Software Suite

(Biolegend) and the levels of each cytokine or chemokine in serum
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samples were calculated, according to the standard curves

established using the standards provided.
Statistics

Statistical methods are described in each figure legend. A p-

value of <0.05 was considered statistically significant.
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Coronavirus disease 2019 (COVID-19), an infectious acute respiratory disease

caused by a newly emerging RNA virus, is a still-growing pandemic that has

caused more than 6 million deaths globally and has seriously threatened the

lives and health of people across the world. Currently, several drugs have been

used in the clinical treatment of COVID-19, such as small molecules,

neutralizing antibodies, and monoclonal antibodies. In addition, several

vaccines have been used to prevent the spread of the pandemic, such as

adenovirus vector vaccines, inactivated vaccines, recombinant subunit

vaccines, and nucleic acid vaccines. However, the efficacy of vaccines and

the onset of adverse reactions vary among individuals. Accumulating evidence

has demonstrated that circular RNAs (circRNAs) are crucial regulators of viral

infections and antiviral immune responses and are heavily involved in COVID-

19 pathologies. During novel coronavirus infection, circRNAs not only directly

affect the transcription process and interfere with viral replication but also

indirectly regulate biological processes, including virus-host receptor binding

and the immune response. Consequently, understanding the expression and

function of circRNAs during severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) infection will provide novel insights into the development of

circRNA-based methods. In this review, we summarize recent progress on the

roles and underlying mechanisms of circRNAs that regulate the inflammatory

response, viral replication, immune evasion, and cytokines induced by SARS-

CoV-2 infection, and thus highlighting the diagnostic and therapeutic

challenges in the treatment of COVID-19 and future research directions.
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Introduction

Coronavirus disease 2019 (COVID-19) is an infectious

acute respiratory disease caused by severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) (1). As of 18 July 2022,

the cumulative number of cases reported globally is now over

500 million, and the cumulative number of deaths exceeds 6

million. The rapid spread of the provirus strain of SARS-CoV-2

has seriously threatened the lives and health of people across

the world, and it certainly caught most of the population

completely off-guard and forever changed their lives (2). In

times of global pandemic, there is an urgent need for

prophylactic vaccines and therapeutic drugs to protect

individuals from COVID-19 and to help abate the growing

epidemic (1). Currently, several drugs have been used in the

clinical treatment of COVID-19, including small molecules

(SARS-CoV-2 Mpro inhibitors), neutralizing antibodies

(casirivimab and imdevimab), and monoclonal antibodies

(tocilizumab) (3–6). In addition, some vaccines have been

used to prevent the spread of the pandemic, such as

adenovirus vector vaccines (VAXZEVRIA, COVISHIELD™),

inactivated vaccines (inactivated COVID-19 vaccine (Vero

Cel l ) , CoronaVac) , recombinant subuni t vacc ines

(COVOVAX™), and nucleic acid vaccines (COMIRNATY®).

However, the efficacy of vaccines and the onset of adverse

reactions vary among individuals (7). Therefore, it is

desperately important to develop safe and effective drugs and

vaccines to prevent, diagnose and treat COVID-19.

Circular RNAs (circRNAs) are a large class of abundant,

stable and ubiquitous noncoding RNA molecules having a

covalently closed loop structure generated from back-splicing
Frontiers in Immunology 02
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of pre-mRNA transcripts. By acting as microRNA (miRNA)

sponges, RNA-binding protein sponges, regulating transcription

and translating to proteins, circRNAs have recently shown huge

capabilities as gene regulators at transcriptional or post-

transcriptional levels in the pathogenesis of various diseases,

such as viral infections. Accumulating evidence indicates that

circRNAs are crucial regulators of viral infections and antiviral

immune responses and are heavily involved in COVID-19

pathologies (8–20). During novel coronavirus infection,

circRNAs not only directly affect the transcription process and

interfere with viral replication but also indirectly regulate

biological processes, such as virus-host receptor binding and

the immune response (21). However, the characteristics and

functional mechanisms of circRNAs in COVID-19 remain

unclear. This review focuses on the roles of circRNAs in

regulation of the inflammatory response, viral replication,

immune evasion, and cytokines induced by SARS-CoV-2

infection, exploring the underlying regulatory mechanisms,

and thus highlighting the prospects and challenges in

circRNA applications.
Pathogenesis of SARS-CoV-2 and
regulation of related circRNAs

Structure and pathogenesis of
SARS-CoV-2

Coronaviruses (CoVs) are the largest, enveloped, single-

stranded positive-sense RNA virus belonging to the

Coronaviridae family (22, 23) and have been divided into four
GRAPHICAL ABSTRACT
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genera: a-coronavirus, b-coronavirus, g-coronavirus, and d-
coronavirus. Additionally, b-coronavirus is further subdivided

into four different lineages: A, B, C, and D (24, 25). Genetic

sequence analysis has revealed that SARS-CoV-2 and SARS-CoV-1

can be classified into the B lineage, while the Middle East

respiratory syndrome coronavirus (MERS-CoV) with lower

homology belongs to the C lineage (26, 27). Furthermore, these

CoVs possess cis-acting secondary RNA structures flanked by 5’

and 3’ untranslated regions, which are essential for RNA synthesis

(28). At the 5’-terminal region, two-thirds of the genomic RNA

constitutes two open reading frames (ORF1a and ORF1b), which

are involved in encoding nonstructural proteins (nsps) in the viral

life cycle. One-third of the genomeRNAs of the 3’-end are involved

in encoding structural proteins, including spike (S), envelope (E),

membrane (M), and nucleocapsid (N) proteins, as well as eight

accessory proteins (28–30). Although SARS-CoV-1, MERS-CoV,

and SARS-CoV-2 share a large number of similarities in cytopathic

effects on host cells, there are fundamental differences in their

structures and modes of replication due to sequence divergence.

The S protein mediates attachment of the virus to host cell surface

receptors and is the first and essential step in CoV infection.

However, both SARS-CoV-1 and SARS-CoV-2 enter host cells by

using membrane-bound angiotensin-converting enzyme 2 (ACE2)

as a primary receptor, while MERS-CoV enters host cells by

binding to the dipeptidyl peptidase 4 (DPP4) receptor (31).

Furthermore, in addition to relying on cell-surface

transmembrane serine protease 2 (TMPRSS2), SARS-CoV-1

entry into host cells also relies on the assistance of cysteine

cathepsin B (CatB) and cysteine cathepsin L (CatL), while the

invasion of SARS-CoV-2 depends only on TMPRSS2 (32, 33).

Moreover, several studies have found that SARS-CoV-1 mainly

enters cells by binding to the ACE2 receptor in the lower

respiratory tract tissue of the host, whereas SARS-CoV-2 mainly

replicates in the upper respiratory tract epithelium (34, 35).

Recent studies have shown that ciliated bronchial epithelial

cells and type II alveolar cells are the primary targets of SARS-

CoV-2 (36). As shown in Figure 1, when SARS-CoV-2 attaches to

host cells, its S1 protein binds to the ACE2 receptor on the surface

of the host cells. At the same time, the master regulator of

endocytosis, AP2-associated kinase 1 (AAK1), triggers

endocytosis for smooth virus entry into host cells. However, loss

of AAK1 leads to interruption of virus particle assembly and entry

of the virus into susceptible host cells (36). After entering cells,

SARS-CoV-2 hijacks the endogenous transcriptional machinery

of host cells to replicate and disseminate within the host. First, the

RNA of SARS-CoV-2 encodes 2 long polyproteins and 4

structural proteins, of which the polyproteins are hydrolysed by

proteases to generate short nsps, which promote viral replication

and induce rapid cellular decay (37, 50). The major

histocompatibility complex (MHC) class I-mediated antigen

presentation is an ubiquitous process by which cells present

endogenous proteins to CD8+ T lymphocytes during immune

surveillance and response and plays a critical role in antiviral
Frontiers in Immunology 03
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immunity. A recent study by Yoo J et al. showed that the MHC

class I pathway is targeted by SARS-CoV-2 (39). Moreover, the

induction of the MHC class I pathway is inhibited by SARS-CoV-

2 infection. MHC class I contributes towards antiviral immunity

by facilitating the presentation of viral antigens to CD8 cytotoxic

T cells. Consequently, activated CD8 cytotoxic T cells specifically

eliminate virus-infected cells (40–43). In addition, the ability of B

lymphocytes to capture external antigens and present them as

peptide fragments, loaded on MHC class II molecules, to CD4+ T

cells is a crucial part of the adaptive immune response. The ability

to activate CD4+ T cells is restricted to antigen-presenting cells

that are endocytosed and processed in lysosomes for presentation

on MHC class II molecules, which can transduce signals required

for B-cell activation. Moreover, MHC class II antigen presentation

by B lymphocytes is a multistep process involving in the

presentation of MHC II-peptide complexes to CD4+ T cells

(44–47). Although the host’s innate immune system works

against the virus particles in this process, a small number of

viruses still escape, and the RNAs released by these viruses are

captured and identified by toll-like receptors (TLRs).

Subsequently, activated TLRs further induce cellular

autoimmunity, resulting in a series of immune response

processes, such as protein complex formation, transcription

factor (TF) migration to the nucleus, and proinflammatory

cytokine expression (48, 49, 51). Furthermore, several recent

studies have demonstrated that SARS-CoV-2 not only directly

damages lung tissue but also triggers a cytokine storm, which leads

to a sharp increase in cytokines and hyperactivation of immune

cells, causing diffuse alveolar damage and exacerbating respiratory

failure in patients and even potentially causing uncontrollable

systemic inflammatory responses (SIRS) (52).
Differential expression of
related circRNAs

Increasing studies have shown that circRNAs can be used as

biomarkers and therapeutic targets in multiple viral diseases, as

their abnormal levels may be considered to indicate the stage of

pathology and prognosis (53, 54). CircRNAs encoded by viruses

might play an important role in host-virus interactions by

regulating viral and host gene expression. The study of changes

in the expression levels of circRNAs will help us to further

understand the mechanism of CoV entry into host cells and

how to prevent and treat any secondary symptoms. CircRNAs

encoded by CoVs are essential components of the CoV

transcriptome and have the potential ability to encode circRNAs

exerting different functions in host cells. The dynamic expression

of these circRNAs may regulate host gene expression at different

times to influence virus pathogenicity. For example, Cai Z et al.

(15) identified 28754, 720, and 3437 virus-encoded circRNAs

from Calu-3 cells infected with MERS-CoV, SARS-CoV-1, and

SARS-CoV-2, respectively. Moreover, the expression levels of
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MERS-CoV-encoded circRNAs were significantly higher than

those encoded by SARS-CoV-1 and SARS-CoV-2 circRNAs.

The results revealed that the expression level of certain

circRNAs was increased in the late stage of viral infection

compared to the early stage. Interestingly, another study came

to a different conclusion. Yang S et al. (17) predicted 351, 224, and

2764 circRNAs derived from SARS-CoV-2, SARS-CoV, and

Middle East respiratory syndrome coronavirus, respectively.

Moreover, 75 potential SARS-CoV-2 circRNAs were identified

from RNA samples extracted from SARS-CoV-2-infected Vero E6

cells. These results suggest that virus-encoded circRNAs have

strong cell and tissue specificity and play critical roles in

autoimmune diseases and viral pathogenesis.

Currently, multiple studies based on bioanalysis have found a

variety of dynamically expressed host-encoded circRNAs

associated with SARS-CoV-2 infection. Yang M et al. (16)
Frontiers in Immunology 04
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found 42 host-encoded circRNAs that were significantly

dysregulated, of which 17 were upregulated and 25 were

downregulated in SARS-CoV-2-infected human lung epithelial

cells. Dysregulated circRNAs can regulate mRNA stability,

immunity, and cell death by binding specific proteins and

indirectly regulate gene expression by absorbing their targeted

miRNAs. Notably, this result is consistent with that obtained by

Zhang X et al. (18) who demonstrated that the proportion of

differentially expressed (DE) circRNAs was very low (4/35056,

0.01%) at 6 hpi and was significantly increased (1567/46569, 3.4%)

at 24 hpi in MERS-CoV-infected vs. mock-infected Calu-3 cells.

Moreover, 1267 DE circRNAs were identified when comparing

MERS-CoV-infected samples at 6 and 24 hpi. These results

suggest that the DE circRNAs have potential biological

functions during CoV infection, especially in the late stage of

CoV infection. Additionally, Wu Y et al. (11) identified 570 DE
FIGURE 1

Cell entry mechanism and life cycle of SARS-CoV-2. SARS-CoV-2 virions consist of structural proteins, including spike (S), envelope (E),
membrane (M), and nucleocapsid (N) proteins. When in contact with host cells, the S protein of SARS-CoV-2 specifically interacts with cellular
receptors [such as angiotensin-converting enzyme 2 (ACE2)] and host factors [such as the cell surface serine protease TMPRSS2 and major
endocytosis regulator AP2-related protein kinase 1 (AAK1)] to promote viral uptake and fusion at the cellular or endosomal membranes (37, 38).
Following entry, viral genomic RNA is released into the cytoplasm and translated into polypeptides, which are subsequently hydrolysed and
cotranslationally cleaved by proteases to generate nonstructural proteins (nsps). nsps further form RNA-dependent RNA polymerase (RdRP)
complexes in the endoplasmic reticulum. Subsequently, the RdRP complex is involved in the transcription and RNA replication of the - sense
subgenome and the + sense subgenome. Translation of the −sense and +sense subgenomes further enables the synthesis of structural and
accessory proteins at the endoplasmic reticulum membrane. At the same time, the nucleocapsid buds into an ER-Golgi intermediate
compartment (ERGIC) filled with S, E, and M proteins. Finally, virions are secreted from infected cells via exocytosis. As a result, MHC class I
contributes towards antiviral immunity by facilitating the presentation of viral antigens to CD8 cytotoxic T cells. Moreover, the ability of antigen-
presenting cells to capture external antigens and present them as peptide fragments, loaded on MHC class II molecules, which can transduce
signals required for B-cell activation, to CD4+ T cells is a crucial part of the adaptive immune response (39–47). In addition, the RNA released
by the virus is captured and recognized by the pattern recognition receptor Toll-like receptor (TLR) located on the endosomal membrane.
Subsequently, TLR activates and induces further self-immunity of cells, resulting in the formation of protein complexes, the migration of
transcription factors (TFs) to the nucleus, and the expression of proinflammatory cytokines (48, 49).
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circRNAs, of which 155 were upregulated and 415 were

downregulated, in the peripheral blood of COVID-19 patients.

Further analysis showed that these circRNAs could negatively

affect the normal physiological activities of the body by regulating

host cell immunity and inflammation, substance and energy

metabolism, cell cycle progression and apoptosis. Collectively,

both virus-encoded circRNAs and host-encoded circRNAs are

progressively expressed during virus infection, thereby affecting

the infection process, but the specific roles and mechanisms

remain unclear. As shown in Supplementary Table 1, we

summarize the key viral and host cell circRNAs and role in

COVID-19, SARS and MERS pathogenesis to provide a

theoretical basis for further understanding the changes in the

expression level of CoV-associated circRNAs and their roles in

pathogenesis and virus replication.
Potential mechanisms of circRNAs in
SARS-COV-2 infection

Sponging of miRNAs by circRNAs affects
viral replication

CircRNAs are highly evolutionarily conserved across species

with cell-specific and tissue-specific characteristics (57–60). As
Frontiers in Immunology 05
82
an integral part of the competing endogenous RNA (ceRNA)

network, circRNAs containing miRNA-responsive elements can

regulate downstream target gene expression by acting as

microRNA (miRNA) sponges to quickly bind the respective

miRNAs and release the inhibitory effect of miRNAs on

messenger RNA (mRNA) translation. Remarkably, circRNAs

containing miRNA-responsive elements can act as miRNA

sponges through the ceRNA network to prevent miRNA-

mediated regulation of target genes (61, 62). Moreover, the

sponge functions of circRNAs have been confirmed to be

more efficient than those of linear miRNAs and long

noncoding RNA (lncRNA) transcripts (63, 64). A recent study

by Arora S et al. (65) identified a ceRNA network consisting of

one miRNA (MMU-miR-124-3p), one lncRNA (Gm26917), one

TF (Stat2), one mRNA (Ddx58), and two circRNAs (Ppp1r10,

C330019G07Rik) in SARS-CoV-1-infected cells. As shown in

Figure 2A, the RIG-I/Ddx58 receptor in the ceRNA network has

a helicase domain that interacts with SARS-CoV-1 nsp13 and

initiates the viral life cycle. In addition, Ddx58 is involved in the

mRNA splicing process and miRNA biogenesis, and its

upregulation leads to reprogramming of miRNA splicing

events, thereby downregulating the miRNA expression.

Overexpression of miR-124-3p leads to the degradation of

Ddx58, resulting in a reduction in viral replication.

Furthermore, miR-124-3p has been shown to modulate TLR-
BA

FIGURE 2

CircRNAs function as miRNA sponges to influence viral replication. (A) A quintuple ceRNA network exists in SARS-CoV-1 infection that includes
one miRNA (MMU-miR-124-3p), one lncRNA (Gm26917), one TF (Stat2), one mRNA (Ddx58) and two circRNAs (Ppp1r10, C330019G07Rik). They
form a closed 3-node miRNA feed-forward loop and a 4-node ceRNA network, respectively. Upregulation of Ddx58 leads to reprogramming of
miRNA splicing events, resulting in downregulation of miRNA expression. Meanwhile, the helicase domain of the RIG-I/Ddx58 receptor can
interact with SARS-CoV-1 nonstructural protein 13 (NSP13) to initiate the viral life cycle. Furthermore, Ppp1r10 and C330019G07Rik act as
sponges for miR-124-3p, inhibiting miR-124-3p expression, which in turn impedes Ddx58 degradation and further inhibits SARS-CoV-1
replication (65). (B) circ_0067985 derived from the FNDC3B gene and circ_0006275 derived from the CNOT1 gene serve as miR-127 and miR-
2392 sponges, respectively, to regulate the downstream expression of MAP3K9, MYO15B, SPOCK1, MEF2C, USP15 and ZBTB11. Of these, the
upstream regulator of the MAPK pathway, MAP3K9, further regulates the downstream ERK/MAPK pathway to inhibit MERS-CoV replication (18).
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mediated innate immune responses by targeting Stat3 and

reducing IL-6 and TNF-a expression (66). These results

suggest that miR-124-3p may also play a similar role in

regulating Stat2 to affect the viral life cycle. Importantly, in

this ceRNA regulatory network, two circRNAs (Ppp1r10 and

C330019G07Rik) play vital regulatory roles as sponges of miR-

124-3p to hinder the degradation of Ddx58, which in turn affects

the replication of SARS-CoV-1. In addition, Zhang X et al. (18)

found that host circRNAs mainly function as sponges of

miRNAs to affect MERS-CoV replication. As shown in

Figure 2B, hsa_circ_0067985 is derived from the gene

FNDC3B and acts as a sponge of hsa-miR-1275, and

hsa_circ_0006275 is derived from the gene CNOT1 and serves

as a sponge of hsa-miR-2392, both of which are significantly

upregulated in MERS-CoV infection and thus regulate the

expression of representative downstream targets, including

MAP3K9, MYO15B, SPOCK1, MEF2C, USP15, and ZBTB11.

Collectively, these results provide new insights into the

regulation of circRNAs and their related signalling pathways

as host-targeted antiviral strategies against SARS-CoV-

2 infection.
CircRNAs in regulation of the immune
response in SARS-CoV-2 infection by
affecting cytokines

CircRNAs can effectively prevent the virus from damaging

the body by mediating the immune response process of the host-

virus interaction (67). A study by Li X et al. (9) found that NF90/

NF110 produced from human interleukin-enhanced binding

factor 3 (ILF3) directly regulate back-splicing and coordinate

with circRNA production in response to viral infection. The

nuclear export of NF90/NF110 upon viral infection contributed

in part to a decrease in circRNA production. Moreover, NF90/

NF110-circRNP accumulation in the cytoplasm may influence

the host immune response. The findings also indicated that

circRNAs compete with viral mRNAs for binding to NF90/

NF110, and circRNAs may act as a molecular reservoir of NF90/

NF110 for a prompt immune response upon viral infection (9,

68). In addition, Chen YG et al. (69) found that circRNAs

composed of self-splicing introns can bind to the receptor

retinoic acid-inducible gene I (RIG-I) to effectively activate

immune signal transduction in the context of viral infection. A

recent study also indicated that the overexpressed

hsa_circ_0000479 in COVID-19 patients may regulate the

expression of IL-6 and RIG-I by sponging hsa-miR-149-5p

(55). Additionally, regulation of immune responses by

circRNAs generally involves the transduction of signalling

pathways and the production of cytokines. A recent

comprehensive protein transcription analysis indicated that

epidermal growth factor receptor (ErbB), hypoxia-inducible

factor-1 (HIF-1), mammalian leukaemia target of rapamycin
Frontiers in Immunology 06
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(mTOR) and tumour necrosis factor (TNF) signalling pathways,

among others, were markedly modulated during the course of

SARS-CoV-2 infection (70). The parental genes of DE circRNAs

enriched in these pathways are associated with numerous

antiviral signalling pathways, such as interferon (IFN),

chemokines, mitogen-activated protein kinases (MAPKs), and

RIG-I-like receptors (58), indicating that circRNAs play

regulatory roles in cell signal transduction and immune-

inflammatory response during SARS-CoV-2 infection.

Cytokines are small molecular polypeptides or glycoproteins

synthesized and secreted by a variety of cell types, participating

in many physiological processes including the regulation of

immune and inflammatory responses. Cytokines have been

shown to act as immunomodulators involved in autocrine,

paracrine and endocrine signaling, and play important roles in

the immune response to host-viral infection (71, 72). Moreover,

viral infection can lead to the production of cytokines that have a

crucial role in control of the immune response and anti-viral

defence, as well as in the capacity of target cells to support virus

replication (73). Several recent studies have found that SARS-

CoV-2 infection triggers an autoimmune response by activating

certain immune factors, such as 2’-5’ oligoadenylate synthase

(OAS1-3), interferon-inducible protein (Ifit1-3), and the T

helper cell type 1 (Th1) chemokines CXCL9/10/11, and

reducing the transcription of ribosomal proteins (74). A

previous study showed that the activation of OAS requires the

participation of viral genome dsRNA, which combines to

generate 2’-5’ oligoadenylate (2’-5’A). Furthermore, 2’-5’A

exerts antiviral effects by significantly increasing the activity of

RNase L to degrade viral RNA and interfere with viral protein

synthesis (75). Liu CX et al. (76) found that endogenous circRNAs

tend to form imperfect short (16–26 bp) RNA duplexes and act as

inhibitors of dsRNA-activated Protein Kinase R (PKR) associated

with innate immunity.Moreover, circRNAscanbegloballydegraded

by the endonuclease RNase L to activate the PKR antiviral pathway.

As shown in Figure 3, these results indicate that circRNAs may

modulate the immune circRNAs may modulate the immune

response in SARS-CoV-2 infection by affecting cytokines.
Potential mechanism of action of
circRNAs in inflammation

Inflammation involves a set of biologic mechanisms that

evolved in multicellular organisms to contain invasive

pathogens and resolve injuries by activating innate and

adaptive immune responses, which require a balance between

sufficient cytokine production to eliminate pathogens and

avoidance of a hyperinflammatory response that causes

collateral damage (77). Remarkably, cytokine storm is closely

associated with overproduction of a series of proinflammatory

cytokines and poor prognosis, which is related to inflammatory

signalling in the pathway regulated by circRNAs, as shown in
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Figure 3. A study by Yang J et al. (83) demonstrated that the

expression of circ_09505 in arthritic (RA) mice was positively

correlated with the life cycle of macrophages. Circ_09505

sponges miR-6089 to promote the expression of AKT1 and

activate nuclear factor-kB (NF-kB) in macrophages through

the IkBa/NFkB signalling pathway, thereby promoting

macrophage inflammation. Furthermore, circ_09505

functions as a sponge of miR-6089 in macrophages to

promote the production of proinflammatory cytokines, such

as TNF-a , IL-6, and IL-12. Numerous studies have

demonstrated that activation of the NF-kB pathway plays a

pivotal regulatory role in the development of SARS-CoV-2-

induced inflammation (84–88). Collectively, these findings

may provide novel insights into the mechanism underlying

circRNAs in the regulation of the IkBa/NFkB signalling
Frontiers in Immunology 07
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pathway as a potential therapeutic target for the initial

symptoms of inflammation in COVID-19 patients.

Additionally, a study by Shen L et al. (79) found that

circ_0044073 was upregulated in chronic inflammation of the

arterial vessel wall and promoted the proliferation of human

vascular cells by acting as a sponge for miR-107. The study

further found that overexpressed circ_0044073 in vascular cells

reduced the expression levels of miR-107 target mRNAs and

activated the JAK/STAT signalling pathway, thereby enhancing

the expression of downstream proteins, such as Bcl2 and c-

myc. The JAK/STAT pathway has been shown to be activated

downstream of various cytokines during cytokine storms and

that is involved in promoting inflammation, proliferation,

migration, and adhesion of vascular cells (80). Furthermore,

circ_0044073 can significantly increase the levels of
FIGURE 3

Immune response involving circRNAs in SARS-CoV-2 infection and the potential mechanism of circRNAs in inflammation. During virus infection,
nuclear factor 90 (NF90) and its 110 (NF110) isoform produced by interleukin-enhanced binding factor 3 (ILF3) bind to viral mRNA to inhibit virus
replication through two pathways: transport from the nucleus to the cytoplasm and decoupling from the circRNA-protein complex (CircRNPs)
in the cytoplasm. Among them, the transport of NF90/NF110 from the nucleus to the cytoplasm can reduce the expression of circRNAs. In
contrast, the binding of NF90/NF110 to dsRNA formed during pre-mRNA processing can not only stabilize the RNA duplex but also promote
reverse splicing to form circRNA (57). 2’-5’ Oligoadenylate (2’-5’A) is generated by the combination of 2’-5’ oligoadenylate synthase (OAS) and
viral genome dsRNA and plays an antiviral effect by significantly increasing the activity of RNase L to degrade viral RNA and interfere with viral
protein synthesis. Endogenous circRNAs often form incomplete RNA duplexes and act as inhibitors of PKR activation by dsRNAs associated with
innate immunity. Meanwhile, circRNAs can be globally degraded by the endonuclease RNase L to activate the PKR antiviral pathway (77). In
addition, parental genes enriched for differentially expressed circRNAs in signalling pathways that are significantly regulated upon SARS-CoV-2
infection are associated with multiple antiviral signalling pathways (16, 74, 78). The generation of a cytokine storm is related to the
overproduction of proinflammatory cytokines mediated by circRNAs. In macrophages, circ_09505 acts as a sponge of miR-6089 through the
IkBa/NFkB signalling pathway, on the one hand, promoting the expression of AKT1 in macrophages and the activation of NF-kB, and on the
other hand, promoting the production of the proinflammatory cytokines TNF-a, IL-6 and IL-12 (79). Furthermore, circ_0044073 in HUVSMCs
and HUVECs functions as a miR-107 sponge to downregulate the expression levels of target mRNAs, while activation of the JAK/STAT signalling
pathway enhanced the expression of the downstream proteins Bcl2 and c-myc. Moreover, circ_0044073 significantly upregulated the levels of
the proinflammatory cytokines IL-1b, IL-6 and TNF-a (80). In addition, the occurrence of a cytokine storm disrupts the balance of
proinflammatory and anti-inflammatory mechanisms, thereby invading the patient’s nervous system (81, 82).
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proinflammatory cytokines, such as IL-1b, IL-6, and TNF-a.
These findings suggested that SARS-CoV-2 disrupts the

balance between proinflammatory and anti-inflammatory

mechanisms by promoting the occurrence of a cytokine

storm via the specific regulations of circRNAs pathways,

which in turn leads to cardiovascular inflammation in

patients with COVID-19.
Regulatory roles of circRNAs in
immune evasion

The innate immune response can effectively prevent the

virus from invading the host. However, the virus has evolved the

ability to evade the host immune response. As shown in Figure 4,

viral nucleic acid intermediates and released genomic RNAs

during the proliferation of SARS-CoV-2 can be recognized by

TLRs and RIG-I-like receptors (RLRs), thereby activating the

body’s immune pathways to produce immune factors, such as

IFN-I, IFN-III, and numerous ISGs. ISGs have general antiviral

effects, however, the proviral effects of ISG15 may lead to the

generation of autocrine loops that ultimately induce viral drug

resistance by amplifying and prolonging their secretion (89, 94).
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In addition, a study by Arora S et al. (65) demonstrated that

SARS-CoV-1 may reprogram splicing events by inducing the

cytoplasmic translocation of DROSHA (an enzyme involved in

miRNA biogenesis) to generate another circRNA that can act as

a sponge for miR-124-3p and hinder its degradation of Ddx58,

thereby evading ISG-mediated antiviral effects (90).

Furthermore, SARS-CoV-1 can enhance viral replication by

confiscating the helicase in Ddx58 independent of interferon-

related pathways.

Several recent studies have found that SARS-CoV-2 can

further evade immune responses by mutating its S protein on the

basis of its S protein shielding immune factor clearance, which

can greatly promote the spread of SARS-CoV-2 in the

population (91, 95). Recent studies have shown that circRNAs

play a key role in the immune evasion and replication of SARS-

CoV-2. For example, Zaffagni M et al. (92, 96) found that SARS-

CoV-2 Nsp14 mediates the effects of viral infection on the host

cell transcriptome. Nsp14 altered the splicing of more than 1000

genes and resulted in a dramatic increase in the number of

circRNAs that were linked to innate immunity. Furthermore, a

recent study by Hassanin A et al. (97) indicated that viral

circRNAs are involved in the mechanism of genome

recombination, which may cause virion mutation leading to
FIGURE 4

CircRNAs regulate immune evasion of SARS-CoV-2. During SARS-CoV-2 proliferation, genomic RNAs are recognized by TLR receptors and
pattern recognition receptors (RLRs) and subsequently activate immune responses. The proviral action of the immune factor ISG15 leads to the
generation of an autocrine loop, which amplifies and prolongs autocrine signalling and ultimately induces viral drug resistance (89, 90).
Furthermore, the S protein of SARS-CoV-2 can prevent the virus from being cleared by immune factors, and mutation of the S protein will
further enhance the ability of the virus to evade immune responses (91, 92). In addition, the expression of viral nsp14 can upregulate the levels
of circRNAs related to innate immunity, thereby inhibiting viral replication and immune evasion (93). Likewise, viral circRNAs may be involved in
the mechanism of genome recombination, resulting in mutation of virions leading to immune evasion. There are various types of gene fusions
in the circRNA genome of SARS-CoV-2, which may cause the virus to mutate and evade immunity.
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immune evasion. In addition, a study by Yang S et al. (17, 98)

found that abundant and diverse circRNAs are generated by

SARS-CoV-2, SARS-CoV and MERS-CoV and represent a novel

type of circRNA that differs from circRNAs encoded by DNA

genomes, and forward splice junctions (FSJs) representing

noncanonical “splicing” events were detected in these circRNA

genome sequences. Furthermore, the study also reported the

existence of alternative back-splicing events in SARS-CoV-2

circRNAs that share either 5’ or 3’ breakpoints. Several studies

have reported that gene fusion is closely related to the

occurrence and development of various diseases, and thus,

fused genes may be potential drug targets. Accordingly,

atypical fusions in the SARS-CoV-2 transcriptome may

provide conditions for the generation of viral mutation as well

as viral survival and immune evasion in infected tissues.
Prospects of the clinical application
of circRNAs in COVID-19

CircRNAs as diagnostic biomarkers for
COVID-19 detection

CircRNAs are resistant to RNase R degradation and have a

longer half-life, and their expression patterns are affected by viral

infection. Several studies have demonstrated that circRNAs are

abundant in the circulatory system of COVID-19 patients and

may be reliable biomarkers of disease progression or prognosis

(15–17). A study by Wu Y et al. (11) found that 114 DE

circRNAs in SARS-CoV-2-infected peripheral blood were

associated with exosomes, which could not only promote

infection but also activate the body’s immune response (99,

100). Moreover, recent studies have demonstrated that exosomes

may be a key factor in the recurrence of COVID-19 (101).

Importantly, since exosomes can reflect the pathological state of

the cells from which they originate, they can be used as

diagnostic markers of various diseases. Thus, identification and

isolation of exosome-related circRNAs may be helpful for the

diagnosis of COVID-19.

In addition, a recent study found that virus-encoded

circRNAs in SARS-CoV-2 infection downregulated genes

related to cholesterol, alcohol, sterol, and fatty acid metabolic

processes and upregulated genes associated with cellular

responses to oxidative stress at the later stage of virus infection

(15). Barbagallo D et al. (56) found that circ_3205 encoded by

SARS-CoV-2 serves as a sponge of hsa-miR-298, thereby

targeting downstream KCNMB4 and PRKCE mRNAs to

promote the development of COVID-19. Furthermore,

circ_3205 was only expressed in positive samples, and its

expression was positively correlated with S protein mRNA and

SARS-CoV-2 viral load, suggesting that circ_3205 could be used

as a diagnostic marker for COVID-19. More importantly, the
Frontiers in Immunology 09
86
dysregulation of circRNAs may reflect physiological and

pathological changes in each human body. For example, host

circRNAs formed by nonsequential back-splicing in SARS-CoV-

2-infected Calu-3 cells are widely and abundantly expressed in

human lung epithelial cells compared to normal Calu-3 cells (16,

102). Zhang X et al. (18) found that differential expression of

circRNAs in the circRNA-miRNA–mRNA network leads to the

disturbance of a series of biological processes in MERS-CoV-

infected Calu-3 and HFL cells. Overall, it is suggested that

monitoring the expression level of circRNAs may provide a

new reference index for diagnosis and prognosis determination

in COVID-19 patients (103).
CircRNAs as potential therapeutic targets
for COVID-19

Since the outbreak of COVID-19, a wealth of studies have

shown that angiotensin-converting enzyme 2 (ACE2) is a

recognized receptor for SARS-CoV-2 entry into host cells.

Therefore, regulating the ACE2 gene promoter to interfere with

the transcription and production of ACE2may be a new approach

to preventing the virus from binding to host cells to prevent

COVID-19. Previous studies have shown that sex-determining

region Y (SRY) can inhibit ACE2 promoter activity, thus

increasing angiotensinogen, renin, and ACE gene promoter

activity (104). Furthermore, a recent study by Wang D et al.

(105) indicated that there are 24 common transcription factor

binding sites in the conserved region of the ACE2 gene promoter,

including SRY, HNF-1, IRF, AP-1, YY1, and c-Jun. Previous

studies have revealed that SRY transcripts mainly exist in the

form of circRNA molecules, which account for more than 90% of

all SRY transcripts (106, 107). Moreover, recent studies have also

demonstrated that circRNAs can participate in the regulation of

SRY-box transcription factors through the ceRNA network

thereby regulating the expression of downstream target genes

(108–110). Remarkably, several studies have found significant

gender differences in the incidence of COVID-19, with males

having significantly higher rates than females. Consequently,

circRNAs may affect the transcription process of ACE2 by

regulating SRY-related genes, thus mediating the infection of

SARS-CoV-2 to the host. However, no research has focused on

circRNAs involved in the regulation of ACE2 through modulation

of the SRY gene. In addition, recent studies have revealed that

AXL receptor tyrosine kinase (AXL), a founding member of the

TAM family of receptor tyrosine kinases (RTKs), is a novel

candidate receptor for SARS-CoV-2 to invade host cells. AXL

can specifically interact with the N-terminal domain of the SARS-

CoV-2 genome to mediate its entry into host cells without the

involvement of ACE2, suggesting that AXL may be a potential

target for future treatment of COVID-19 (111). Notably, a recent

study has found that hsa_circ_0006689 regulates the
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transmembrane receptor protein tyrosine kinase signal

transduction pathway by targeting hsa-miR-1255a (112),

indicating that hsa_circ_0006689 may participate in the

invasion of SARS-CoV-2 by mediating the expression of AXL.

Taken together, circRNAs may be therapeutic targets against

COVID-19 by regulating the binding of SARS-CoV-2 to

relevant host receptors.

Immunity induced by a viral infection can protect cellular

functions, resist viral invasion, clear viruses, and clear infections.

However, excessive activation of immune responses may cause

serious damage to the host (113). For example, over-recruitment

of immune cells and uncontrolled proinflammatory cytokines

can lead to systemic inflammation that can cause extensive

damage to tissues and organs. Numerous studies have shown

that TNF and IL-1b can stimulate the production of IL-6, which

can serve as a biomarker of disease severity and a prognostic

indicator of cytokine storm (114, 115). Interestingly, IL-6 is

involved in the activation of the NF-kB pathway, and

subsequently, NF-kB positively regulates HIF-1a, which in

turn enhances the regulatory effect of HIF-1a on the

expression of downstream proinflammatory factors.

Meanwhile, HIF-1a plays a key role in the synthesis of IL-1b
(116–120). A recent study by Tian M et al. (121) found that the

ORF3a protein of SARS-CoV-2 in patients with COVID-19 can

promote the production of HIF-1a, which regulates the

expression of inflammatory cytokines, such as IFN-b, IL-6,
and IL-1b, to promote virus replication and infection.

Noticeably, Yang YW et al. (122) found that two circRNAs

(circ_2909 and circ_0323) could promote the expression of HIF-

1a and inducible nitric oxide synthase (NOS2) by acting as

sponges for miRNAs. Furthermore, Demirci YM et al. (123)

reported DE miRNAs during SARS-CoV-2 infection and

found that ORF3a protein is a viral target of human miRNAs.

The study further found that among 2498 miRNAs with

predicted targets, 2448 had more targets in circRNAs.

Therefore, regulatory network of circRNA-miRNA-mRNA

contributes to regulating the expression of downstream HIF-1

pathway genes and that may become a new approach to treating

COVID-19.

Currently, CoVs have evolved to the point where they can

evade a complex system of sensors and signalling molecules to

suppress host immunity. Papain-like protease (PLpro) is an

enzyme in CoVs that regulates viral spread and innate

immune responses (124, 125). Several recent studies have

demonstrated that SARS-CoV-2-PLpro is a multifunctional

enzyme with deubiquitination and de-ISG activities via

regulating multiple signalling pathways, such as STING, NF-

kB, and TGF-b, to block immune responses (126), suggesting

that PLpro can serve as an important therapeutic target against

COVID-19. Remarkably, previous studies have indicated that

MERS-CoV-PLpro has deubiquitination activity and

participates in the proteolysis of viral polyproteins during viral

replication (127, 128). A study by Zhang X et al. (18) found that
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ubiquitin-mediated proteolysis was significantly disturbed after

MERS-CoV infection, and DE circRNAs related to ubiquitin-

mediated proteolysis could affect MERS-CoV replication by

regulating downstream target genes. For example, knockout of

hsa_circ_0067985 or hsa_circ_0006275 significantly reduced the

expression of MAP3K9, thereby regulating the extracellular

signal-regulated kinase (ERK)/MAPK pathway associated with

MERS-CoV replication (129). In addition, heterogeneous

nuclear ribonucleoprotein C (hnRNP C) is an upstream

regulator of multiple proviral circRNAs and can bind and

obscure Alu on pre-mRNA and protect against Alu exonation

to regulate circRNA biogenesis (130, 131). A recent study by

Zhang X et al. (19) found that hnRNP C was able to regulate

MERS-CoV replication by targeting the CRK-mTOR signalling

pathway. Furthermore, this study also confirmed that hnRNP C

is a key modulator of the expression of MERS-CoV-perturbed

circRNAs, such as hsa_circ_0002846, hsa_circ_0002061 and

hsa_circ_0004445, and the data further demonstrated that

hnRNP C regulates the expression of these circRNAs through

direct physical binding. The correlation analysis of circRNAs

and their parental genes as potential biomarkers and therapeutic

targets for the diagnosis of SARS-CoV-2 is summarized in

Supplementary Table 2, which suggests that circRNAs play a

key role in the occurrence of COVID-19.
Discussion

In summary, circRNAs are emerging as important players in

regulating virus-mediated infection and subsequent disease

status. With the rapid development of high-throughput

sequencing technology and bioinformatics, it has been

demonstrated that a large number of circRNAs are DE in

COVID-19 patients and that circRNAs play a key role in the

process of virus-host interaction. On the one hand, the host

directly regulates immune response factors during virus

infection via circRNAs and indirectly regulates the expression

of downstream target genes through the ceRNA network to

inhibit virus replication. On the other hand, viruses trigger

molecular expression through host-encoded and self-encoded

circRNAs, generating new circRNAs that interfere with the

host’s innate immune response and that may create a suitable

microenvironment for the virus to replicate or mutate in cells.

Moreover, conserved circRNAs are widely involved in cell

proliferation, differentiation, and apoptosis. Furthermore, these

circRNAs act as key targeted therapies for SARS-CoV-2-infected

cells, including blocking the binding of the virus to host

receptors, inducing host-specific immune responses,

interfering with gene transcription, and hindering protein

translation. Current studies clearly show that circRNAs are

evolutionarily conserved and closely involved in the process of

SARS-CoV-2 infection, which paves the way for further studies

on how circRNAs regulate host-virus dynamics in CoV-involved
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TABLE 1 Status of COVID-19 vaccines within WHO Emergency Use Listing (EUL)/Prequalification (PQ).

Vaccine WHO EUL
Holder

National
Regulatory
System
(NRA) of
record

Recommendation
issued

Suitable
age

Type of
vaccine

Working
principle

Disadvantages Reference

COMIRNATY® BioNTech
Manufacturing
GmbH

European
Medicines
Agency

aged 5
years and
older

Nucleic acid
vaccine

mRNA
encoding
SARS-CoV-2
spike protein

broken down shortly
after vaccination
myocarditis
pericarditiserythema
multiformeAllergic
reactions

(132)

Food and Drug
Administration

16-Jul-21

VAXZEVRIA AstraZeneca AB /
SK Bioscience Co.
Ltd

European
Medicines
Agency

15-Feb-21 aged 18
years and
older

Adenovirus
vector
vaccine

Adenovirus
recombinantly
containing a
gene for the
production of
SARS-CoV-2
spike-in
protein

Thrombosis in
combination with
thrombocytopenia
(TTS),Guillain-Barré
syndromeangioedema,
capillary leak
syndrome,Allergic
reactions

(133)

European
Medicines
Agency

15-Apr-21

Ministry of
Health, Labour
and Welfare

09-Jul-21

AstraZeneca AB Therapeutic
Goods
Administration

09-Jul-21

Health Canada

COFEPRIS
(DP) ANMAT
(DS)

COVISHIELD™ Serum Institute of
India Pvt. Ltd

Central Drugs
Standard
Control
Organization

15-Feb-21 aged 18
years and
older

Adenovirus
vector
vaccine

Adenovirus
recombinantly
containing a
gene for the
production of
SARS-CoV-2
spike-in
protein

Thrombosis in
combination with
thrombocytopenia
TTS),Allergic
reactions

(134)

Ad26.COV2-S
[recombinant]

Janssen–Cilag
International NV

European
Medicines
Agency

12-Mar-21 aged 18
years and
older

Adenovirus
vector
vaccine

encoding a
full-length and
stabilized
SARS-CoV-2
spike protein

thrombosis with
thrombocytopenia
syndrome [TTS],
capillary leak
syndrome, and
Guillain-Barré
syndrome

(135)

SPIKEVAX Moderna Biotech European
Medicines
Agency

30-Apr-21 aged 12
years and
older

Nucleic acid
vaccine

mRNA
encoding
SARS-CoV-2
spike protein

broken down shortly
after vaccination,
erythema multiforme,
Allergic reactions

(136)

ModernaTX, Inc Ministry of
Food and Drug
Safety (MFDS)

Food and Drug
Administration

Inactivated
COVID-19
Vaccine (Vero
Cell)

Beijing Institute of
Biological Products
Co., Ltd. (BIBP)

National
Medicinal
Products
Association

18 to 59
years of
age

Inactivated
vaccine

The antibodies
against the
SARS-CoV-2
can be
produced after
vaccination

local injection site
reactions

(137)

CoronaVac Sinovac Life
Sciences Co., Ltd

National
Medical
Products
Administration

01-Jun-21 18 to 59
years of
age

Inactivated
vaccine

The antibodies
against the
SARS-CoV-2
can be

local injection site
reactions

(138)

(Continued)
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TABLE 1 Continued

Vaccine WHO EUL
Holder

National
Regulatory
System
(NRA) of
record

Recommendation
issued

Suitable
age

Type of
vaccine

Working
principle

Disadvantages Reference

produced after
vaccination

COVAXIN® Bharat Biotech
International Ltd

Central Drugs
Standard
Control
Organization

03-Nov-21 aged 18
years and
older

Inactivated
vaccine

The antibodies
against the
SARS-CoV-2
can be
produced after
vaccination

Headaches,Fever (139)

COVOVAX™ Serum Institute of
India Pvt. Ltd

Central Drugs
Standard
Control
Organization

aged 18
years and
older

Recombinant
subunit
vaccine

The antibodies
against the
SARS-CoV-2
can be
produced after
vaccination

local injection site
reactions

(140)

NUVAXOVID™ Novavax CZ a.s. European
Medicines
Agency

aged 18
years and
older

Recombinant
subunit
vaccine

The antibodies
against the
SARS-CoV-2
can be
produced after
vaccination

local injection site
reactions

(140)

Sputnik V Russian Direct
Investment Fund

Russian NRA / aged 18
years and
older

Adenovirus
vector
vaccine

The antibodies
against the
SARS-CoV-2
can be
produced after
vaccination

Localised pain,
weakness, headaches
and joint pain

(141)

Inactivated
SARS-CoV-2
Vaccine (Vero
Cell)

Wuhan Institute of
Biological Products
Co Ltd

National
Medicinal
Products
Association

/ 18 to 59
years of
age

Inactivated
vaccine

The antibodies
against the
SARS-CoV-2
can be
produced after
vaccination

local injection site
reactions

(142)

Ad5-nCoV CanSinoBIO National
Medicinal
Products
Association

/ / Recombinant
subunit
vaccine

Adenovirus
recombinantly
containing a
gene for the
production of
SARS-CoV-2
spike-in
protein

local injection site
reactions,Headache,
Drowsiness and
Muscle aches

(143)

CoV2 preS dTM-
AS03 vaccine

SANOFI European
Medicines
Agency

/ / Adjuvanted
soluble
protein
vaccines

robust
induction of
antibody
responses

local injection site
reactions,Headaches,
Fever

(144)

SCB-2019 Clover
Biopharmaceuticals

National
Medicinal
Products
Association

/ / Recombinant
subunit
vaccine

The antibodies
against the
SARS-CoV-2
can be
produced after
vaccination

local injection site
reactions

(145)

Recombinant
Novel
Coronavirus
Vaccine (CHO
Cell)

Zhifei Longcom,
China

National
Medicinal
Products
Association

/ / Recombinant
subunit
vaccine

The antibodies
against the
SARS-CoV-2
can be
produced after
vaccination

local injection site
reactions

(146)
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diseases. However, the lack of research on clinical effectiveness

has greatly increased the challenges in the clinical application

of circRNAs.

By far, the new mutated strain of SARS-CoV-2, Omicron, has

once again caused a global panic. At this stage, vaccination is the

most promising way to end the COVID-19 pandemic. However, the

efficacy of vaccines and the onset of adverse reactions vary among

individuals. Information on COVID-19 vaccines that have been

certified for emergency use by the WHO and are in the process of

being evaluated is summarized in Table 1 (132–149). Traditional

vaccines and nucleic acid vaccines against SARS-CoV-2 have been

extensively developed. Among them, an mRNA vaccine was the

first to be officially approved by the FDA for use in the COVID-19

pandemic due to its advantages of rapid production, low cost, and

rapid response to SARS-CoV-2 infection. However, in the face of

rapidly mutating virus strains, alternative vaccines with high

efficacy, high design flexibility, and fast production have not yet

been developed. With the development of RNA vaccines,

improving RNA stability has become a huge challenge.
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Fortunately, prior to this challenge, circRNAs showed great

potential. Unlike linear mRNA, circRNA is highly stable and has

a long half-life because its covalently closed-loop structure protects

it from exonuclease-mediated degradation (150–152). However,

only a few endogenous circRNAs have been demonstrated to

serve as templates for protein translation, but several studies have

shown that m6Amodifications introduced into the ribosomal entry

site (IRES) or 5’-untranslated region via artificial engineering can

promote the extensive translation of circRNAs (110, 153–155).

Recently, Liang Qu et al. (10) rapidly synthesized a highly stable

circRNA-RBD vaccine (a circRNA vaccine that encodes the

receptor-binding domain (RBD) of the SARS-CoV-2 S protein

trimer) through in vitro transcription and found that the vaccine

was capable of inducing potent and sustained anti-SARS-CoV-2-

RBD neutralizing antibodies and Th1-biased T-cell responses in

mice. Furthermore, the production of highly active neutralizing

antibodies of the corresponding Beta variant was successfully

induced in mice by using the circRNA vaccine encoding the RBD

variant (K417N-E484K-501Y). Moreover, the latest research results
TABLE 1 Continued

Vaccine WHO EUL
Holder

National
Regulatory
System
(NRA) of
record

Recommendation
issued

Suitable
age

Type of
vaccine

Working
principle

Disadvantages Reference

Zorecimeran
(INN)
concentrate and
solvent for
dispersion for
injection;
Company code:
CVnCoV/
CV07050101

Curevac European
Medicines
Agency

/ / Nucleic acid
vaccine

mRNA-based
vaccine
encapsulated in
lipid
nanoparticle
(LNP)

Headache, fatigue,
chills and pain at the
injection site

(147)

EpiVacCorona Vector State
Research Centre of
Viralogy and
Biotechnology

Russian NRA / / Adenovirus
vector
vaccine

The immune
system is
stimulated to
neutralize the
virus by
peptides-short
fragments of
viral protein

/ (148)

SARS-CoV-2
Vaccine,
Inactivated (Vero
Cell)

IMBCAMS, China National
Medicinal
Products
Association

/ 18 to 59
years of
age

Inactivated
vaccine

The antibodies
against the
SARS-CoV-2
can be
produced after
vaccination

Redness and swelling
at the injection site,
induration and fever
at the injection site

(142)

Soberana 01,
Soberana 02
Soberana Plus
Abdala

BioCubaFarma -
Cuba

CECMED / / Conjugate
protein
vaccines

SARS-CoV-2
spike protein
conjugated
chemically to
meningococcal
B or tetanus
toxoid or
Aluminum

/ (149)
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have revealed that circRNA-RBD-Delta can elicit high levels of

neutralizing antibodies against the Delta and Omicron variants

compared to the circRNA-RBD-Omicron vaccine, which only

induces effective neutralizing antibodies against Omicron. In

addition, Seephetdee C et al. (20) found that SARS-CoV-2

circRNA vaccine VFLIP-X induces humoral and cellular immune

responses that provide broad immune responses against emerging

SARS-CoV-2 variants in mice. The results showed that circRNA

vaccines can not only effectively prevent SARS-CoV-2 infection but

can also quickly adapt to emerging SARS-CoV-2 mutant strains.

Additionally, compared with the preparation method for

conventional inactivated vaccines, which requires obtaining virus

strains and then expanding and culturing live viruses, circRNA

technology allows rapid development of new vaccines by only

obtaining virus sequences or mutated sequences. CircRNA

vaccines have the advantages of strong stability, immunogen

coding ability, self-adjuvant, rapid mass production in vitro, and

no needed nucleotide modification. CircRNAs can also be used to

express nanobodies or ACE2 decoys to neutralize SARS-CoV-2

pseudovirus (10). Recently, Breuer J et al. (156) found that artificial

circRNAs can bypass the cellular RNA sensors and that are not

recognized by the innate immune system. Moreover, the antisense

circRNAs 1–65 and 1–75 designed by Pfafenrot C et al. (14)

significantly inhibited viral replication by specifically targeting

specific 5’-UTR regions and sgRNAs of the SARS-CoV-2

genome. The potential applications of circRNAs for the
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diagnosis, treatment and prognosis of COVID-19 are shown in

Figure 5, which indicates that circRNAs have very good application

prospects in the fight against SARS-CoV-2 variant viruses, and

circRNA vaccines and artificial circRNAs can be used as new

vaccines and therapeutic platforms in the COVID-19 pandemic.

In general, circRNAs are highly resistant to RNAse R due to

their unique ring structure and are more conservative and stable

than lncRNAs and miRNAs. CircRNAs can exist stably in cells or

tissues and have become the star molecules in the field of ncRNA.

Furthermore, circRNAs have the potential to be molecular markers

of viral infectious diseases, which can provide a scientific basis for

early diagnosis of diseases and the search for potential therapeutic

targets. Taking circRNAs as an entry point to study the interaction

between viral infection and the host will help clarify the function of

circRNAs and thus the pathogenic mechanism of coronaviruses.

Therefore, circRNAs may prove to be helpful as diagnostic markers

and therapeutic agents against COVID-19.
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FIGURE 5

Potential application of circRNAs in the treatment of COVID-19. CircRNAs are a new class of regulatory factors that mediate host–virus
interactions. The identification and isolation of exosome-associated circRNAs, virus-encoded circRNAs, and significantly DE circRNAs after
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COVID-19 by indirectly regulating the expression of host receptors, such as ACE2 and AXL, that bind to SARS-CoV-2; HIF-1a and other
signalling pathways related to the immune response; and multiple signalling pathways related to SARS-CoV-2 replication. Additionally, vaccines
based on circRNAs and antisense circRNAs have shown initial effectiveness in preventing and inhibiting SARS-CoV-2. The coloured arrows in the
figure are only for the convenience of differentiation and have no special meaning.
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95. Guan H, Wang Y, Perčulija V, Saeed A, Liu Y, Li J, et al. Cryo-electron
microscopy structure of the swine acute diarrhea syndrome coronavirus spike
glycoprotein provides insights into evolution of unique coronavirus spike proteins.
J Virol (2020) 94(22):e01301–20. doi: 10.1128/jvi.01301-20

96. Zaffagni M, Harris JM, Patop IL, Pamudurti NR, Nguyen S, Kadener S.
SARS-CoV-2 Nsp14 mediates the effects of viral infection on the host cell
transcriptome. (2022) 11:e71945. doi: 10.7554/eLife.71945

97. Hassanin A, Rambaud O, Klein D. Genomic bootstrap barcodes and their
application to study the evolution of sarbecoviruses. Viruses (2022) 14(2):440.
doi: 10.3390/v14020440

98. Yang S, Zhou H. Circular RNA profiling reveals abundant and diverse
circRNAs of SARS-CoV-2, SARS-CoV and MERS-CoV origin. bioRxiv [Preprint]
(2020) 2020.12.07.415422. doi: 10.1101/2020.12.07.415422

99. Liu Z, Zhang X, Yu Q, He JJ. Exosome-associated hepatitis c virus in cell
cultures and patient plasma. Biochem Biophys Res Commun (2014) 455(3-4):218–
22. doi: 10.1016/j.bbrc.2014.10.146

100. Kerr CH, Dalwadi U, Scott NE. Transmission of cricket paralysis virus via
exosome-like vesicles during infection of drosophila cells. Sci Rep (2018) 8
(1):17353. doi: 10.1038/s41598-018-35717-5

101. Elrashdy F, Aljaddawi AA, Redwan EM. On the potential role of exosomes
in the COVID-19 reinfection/reactivation opportunity. J Biomol Struct Dyn (2021)
39(15):5831–42. doi: 10.1080/07391102.2020.1790426

102. Sun J, Ye F, Wu A, Yang R, Pan M, Sheng J, et al. Comparative
transcriptome analysis reveals the intensive early stage responses of host cells to
SARS-CoV-2 infection. Front Microbiol (2020) 11:593857. doi: 10.3389/
fmicb.2020.593857

103. Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, et al. Pathological
findings of COVID-19 associated with acute respiratory distress syndrome. Lancet
Respir Med (2020) 8(4):420–2. doi: 10.1016/s2213-2600(20)30076-x

104. Milsted A, Underwood AC, Dunmire J, DelPuerto HL, Martins AS, Ely DL,
et al. Regulation of multiple renin-angiotensin system genes by sry. J Hypertens
(2010) 28(1):59–64. doi: 10.1097/HJH.0b013e328332b88d

105. Wang D LD. Bioinformatics analysis of ACE2 gene promoter Region,
SARS-CoV-2 key receptor. J Natural Sci Hunan Normal Univ (2020) 43(5):30.
doi: 10.7612/j.issn.2096-5281.2020.05.005

106. Capel B, Swain A, Nicolis S, Hacker A, Walter M, Koopman P, et al.
Circular transcripts of the testis-determining gene sry in adult mouse testis. Cell
(1993) 73(5):1019–30. doi: 10.1016/0092-8674(93)90279-y

107. Granados-Riveron JT, Aquino-Jarquin G. Does the linear sry transcript
function as a ceRNA for miR-138? the sense of antisense. F1000Research (2014)
3:90. doi: 10.12688/f1000research.3872.2

108. Li S, Liu J, Liu S, Jiao W, Wang X. Mesenchymal stem cell-derived
extracellular vesicles prevent the development of osteoarthritis via the
circHIPK3/miR-124-3p/MYH9 axis. J Nanobiotechnol (2021) 19(1):194.
doi: 10.1186/s12951-021-00940-2

109. Zhang W, Zhang H, Zhao X. circ_0005273 promotes thyroid carcinoma
progression by SOX2 expression. Endocr-related Cancer (2020) 27(1):11–21.
doi: 10.1530/erc-19-0381

110. Zhang P, Li J. Down-regulation of circular RNA hsa_circ_0007534
suppresses cell growth by regulating miR-219a-5p/SOX5 axis in osteosarcoma. J
Bone Oncol (2021) 27:100349. doi: 10.1016/j.jbo.2021.100349

111. Bohan D, Van Ert H. Phosphatidylserine receptors enhance SARS-CoV-2
infection. PLoS Pathog (2021) 17(11):e1009743. doi: 10.1371/journal.ppat.1009743

112. Wei Y LWY, Fan RG, Hou W, Wen SJ, Lin YK. Preliminary study on the
molecular mechanism of circRNA hsa-circ-0006689 in systemic lu-pus
erythematosus. J Guangxi Med Univ (2021) 38(3):486–92. doi: 10.16190/
j.cnki.45-1211/r.2021.03.011

113. Getts DR, Chastain EM, Terry RL, Miller SD. Virus infection, antiviral
immunity, and autoimmunity. Immunol Rev (2013) 255(1):197–209. doi: 10.1111/
imr.12091

114. Xue M, Del Bigio MR. Intracortical hemorrhage injury in rats : relationship
between blood fractions and brain cell death. Stroke (2000) 31(7):1721–7.
doi: 10.1161/01.str.31.7.1721

115. TanakaT,NarazakiM,MasudaK,KishimotoT. Regulation of IL-6 in immunity
and diseases. Adv Exp Med Biol (2016) 941:79–88. doi: 10.1007/978-94-024-0921-5_4

116. van den Berg DF, Te Velde AA. Severe COVID-19: NLRP3 inflammasome
dysregulated. Front Immunol (2020) 11:1580. doi: 10.3389/fimmu.2020.01580

117. Hariharan A, Hakeem AR. The role and therapeutic potential of NF-
kappa-B pathway in severe COVID-19 patients. Inflammopharmacology (2021) 29
(1):91–100. doi: 10.1007/s10787-020-00773-9
frontiersin.org

https://doi.org/10.1016/j.cytogfr.2020.05.003
https://doi.org/10.1016/j.cytogfr.2020.05.003
https://doi.org/10.1038/nri980
https://doi.org/10.1371/journal.pbio.3000849
https://doi.org/10.1038/icb.2012.15
https://doi.org/10.1016/j.cell.2019.03.046
https://doi.org/10.1007/s00281-017-0639-8
https://doi.org/10.1007/s00281-017-0639-8
https://doi.org/10.1016/j.autrev.2020.102571
https://doi.org/10.3892/mmr.2019.10011
https://doi.org/10.3892/mmr.2019.10011
https://doi.org/10.1038/srep36790
https://doi.org/10.3389/fped.2020.00507
https://doi.org/10.1016/j.neulet.2011.02.032
https://doi.org/10.1038/s41419-020-03038-z
https://doi.org/10.1038/s41419-020-03038-z
https://doi.org/10.7554/eLife.68563
https://doi.org/10.1038/s41392-021-00575-7
https://doi.org/10.1038/s41392-021-00575-7
https://doi.org/10.1016/j.phymed.2020.153296
https://doi.org/10.1038/s42003-021-02983-5
https://doi.org/10.1038/s42003-021-02983-5
https://doi.org/10.1172/jci.insight.160989
https://doi.org/10.1172/jci.insight.160989
https://doi.org/10.1002/jmv.25685
https://doi.org/10.1073/pnas.1319635111
https://doi.org/10.7554/eLife.61312
https://doi.org/10.1101/2021.07.02.450964
https://doi.org/10.1128/jvi.01246-20
https://doi.org/10.1038/35100529
https://doi.org/10.1128/jvi.01301-20
https://doi.org/10.7554/eLife.71945
https://doi.org/10.3390/v14020440
https://doi.org/10.1101/2020.12.07.415422
https://doi.org/10.1016/j.bbrc.2014.10.146
https://doi.org/10.1038/s41598-018-35717-5
https://doi.org/10.1080/07391102.2020.1790426
https://doi.org/10.3389/fmicb.2020.593857
https://doi.org/10.3389/fmicb.2020.593857
https://doi.org/10.1016/s2213-2600(20)30076-x
https://doi.org/10.1097/HJH.0b013e328332b88d
https://doi.org/10.7612/j.issn.2096-5281.2020.05.005
https://doi.org/10.1016/0092-8674(93)90279-y
https://doi.org/10.12688/f1000research.3872.2
https://doi.org/10.1186/s12951-021-00940-2
https://doi.org/10.1530/erc-19-0381
https://doi.org/10.1016/j.jbo.2021.100349
https://doi.org/10.1371/journal.ppat.1009743
https://doi.org/10.16190/j.cnki.45-1211/r.2021.03.011
https://doi.org/10.16190/j.cnki.45-1211/r.2021.03.011
https://doi.org/10.1111/imr.12091
https://doi.org/10.1111/imr.12091
https://doi.org/10.1161/01.str.31.7.1721
https://doi.org/10.1007/978-94-024-0921-5_4
https://doi.org/10.3389/fimmu.2020.01580
https://doi.org/10.1007/s10787-020-00773-9
https://doi.org/10.3389/fimmu.2022.980231
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gao et al. 10.3389/fimmu.2022.980231
118. Kircheis R, Haasbach E, Lueftenegger D, Heyken WT, Ocker M, Planz O.
NF-kB pathway as a potential target for treatment of critical stage COVID-19
patients. Front Immunol (2020) 11:598444. doi: 10.3389/fimmu.2020.598444

119. Cai X, Huang Y, Zhang X, Wang S, Zou Z, Wang G, et al. Cloning,
characterization, hypoxia and heat shock response of hypoxia inducible factor-1
(HIF-1) from the small abalone haliotis diversicolor. Gene (2014) 534(2):256–64.
doi: 10.1016/j.gene.2013.10.048

120. Sheu SY, Hong YW, Sun JS, Liu MH, Chen CY, Ke CJ. Radix scrophulariae
extracts (harpagoside) suppresses hypoxia-induced microglial activation and
neurotoxicity. BMC complement Altern Med (2015) 15:324. doi: 10.1186/s12906-
015-0842-x

121. Tian M, Liu W, Li X, Zhao P, Shereen MA, Zhu C, et al. HIF-1a promotes
SARS-CoV-2 infection and aggravates inflammatory responses to COVID-19.
Signal Transduct Target Ther (2021) 6(1):308. doi: 10.1038/s41392-021-00726-w

122. Yang YW, Meng X, Meng YY, Tang HK, Cheng MH, Zhang ZQ, et al.
ceRNA regulatory network of FIH inhibitor as a radioprotector for gastrointestinal
toxicity by activating the HIF-1 pathway.Mol Ther Nucleic Acids (2021) 25:173–85.
doi: 10.1016/j.omtn.2021.05.008
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Glossary

COVID-19 coronavirus disease 2019

RNAse R ribonuclease R

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2

CoVs coronaviruses

PKR Protein Kinase R

RNase L ribonuclease L

NF90 nuclear factor 90

NF110 nuclear factor 110

Calu-3 human lung adenocarcinoma cells

SARS-CoV-1 severe acute respiratory syndrome coronavirus 1

MERS-CoV middle east respiratory syndrome coronavirus

ORF open reading frame

nsps nonstructural proteins

S spike

E envelope

M membrane

N nucleocapsid

ACE2 angiotensin-converting enzyme 2

DPP4 dipeptidyl peptidase 4

TMPRSS2 transmembrane serine protease 2

CatB cathepsin B

CatL cathepsin L

AAK1 AP2-associated kinase 1

TLRs toll-like receptors

TF transcription factor

SIRs systemic inflammatory responses

IL-6 interleukin-6

ncRNAs non-coding RNAs

hpi hours post-infection

ecircRNA exonic circRNA

ciRNA intronic circRNA

(Continued)
Frontiers in Immunology
 19
96
Continued

EIciRNA exon-intronic circRNA

ceRNA competing endogenouse RNA

miRNA microRNA

lncRNA long noncoding RNA

mRNA messenger RNA

HFL-I human embryonic lung fibroblast cell

ILF3 human interleukin-enhanced binding factor 3

dsRNA double-stranded RNA

CircRNPs circRNA-protein complexes

RIG-I retinoic acid inducible gene-I

HIF-1 hypoxia-inducible factor-1

mTOR mammalian leukemia target of pamycin

TNF tumor necrosis factor

MAPK mitogen-activated protein kinase

ISG interferon-stimulated gene

IFN interferon

OAS1-3 2'-5' oligoadenylate synthase

Ifit1-3 interferon-inducible protein

Th1 T helper cell type 1

2'-5'A 2'-5' oligoadenylate

PKR Protein Kinase R

RA arthritic

HUVSMCs human vascular smooth muscle cells

HUVECs human vascular endothelial cells

RLRs RIG-I-like receptors

FSJs forward splicing junctions

SRY sex-determining region Y

AXL AXL receptor tyrosine kinase

RTK receptor tyrosine kinase

NF-kB nuclear factor-kB

NOS2 inducible nitric oxide synthase

PLpro papain-like protease

ERK extracellular signal-regulated kinase

RBD receptor-binding domain
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Cellular stress modulates
severity of the inflammatory
response in lungs via cell
surface BiP

Gustavo Rico-Llanos1,2, Óscar Porras-Perales2,3,
Sandra Escalante2,4, Daniel B. Vázquez-Calero2,5,
Lucı́a Valiente2,3, Marı́a I. Castillo2,
José Miguel Pérez-Tejeiro2,4, David Baglietto-Vargas4,6,7,
José Becerra1,2,4, José Marı́a Reguera2,3, Ivan Duran1,2,4,8*†

and Fabiana Csukasi1,2,4†

1Networking Biomedical Research Center in Bioengineering, Biomaterials, and Nanomedicine
(CIBER-BBN), Andalusian Centre for Nanomedicine and Biotechnology, Málaga, Spain, 2Laboratory
of Precision Medicine in Musculoskeletal and Inflammatory Diseases, IBIMA-Bionand Platform,
Malaga, Spain, 3Infectious Disease Unit, Hospital Regional de Malaga, Malaga, Spain, 4Department of
Cell Biology, Genetics, and Physiology, Faculty of Sciences, University of Málaga, Málaga, Spain,
5Veterinary clinic of exotic pets ARACAVIA, Málaga, Spain, 6Networking Biomedical Research Center
in Neurodegenerative Disease (CIBER-NED), Madrid, Spain, 7Institute for Memory Impairments and
Neurological Disorders, University of California, Irvine, Irvine, CA, United States, 8Department of
Orthopaedic Surgery, University of California-Los Angeles, Los Angeles, CA, United States
Inflammation is a central pathogenic feature of the acute respiratory distress

syndrome (ARDS) in COVID-19. Previous pathologies such as diabetes,

autoimmune or cardiovascular diseases become risk factors for the severe

hyperinflammatory syndrome. A common feature among these risk factors is the

subclinical presence of cellular stress, a finding that has gained attention after the

discovery that BiP (GRP78), a master regulator of stress, participates in the SARS-

CoV-2 recognition. Here, we show that BiP serum levels are higher in COVID-19

patients who present certain risk factors. Moreover, early during the infection, BiP

levels predict severe pneumonia, supporting the use of BiP as a prognosis biomarker.

Using a mouse model of pulmonary inflammation, we observed increased levels of

cell surface BiP (cs-BiP) in leukocytes during inflammation. This corresponds with a

higher number of neutrophiles, which show naturally high levels of cs-BiP, whereas

alveolar macrophages show a higher than usual exposure of BiP in their cell surface.

The modulation of cellular stress with the use of a clinically approved drug, 4-PBA,

resulted in the amelioration of the lung hyperinflammatory response, supporting the

anti-stress therapy as a valid therapeutic strategy for patients developing ARDS.

Finally, we identified stress-modulated proteins that shed light into the mechanism

underlying the cellular stress-inflammation network in lungs.

KEYWORDS

COVID-19, acute respiratory distress syndrome, binding-immunoglobulinprotein
(BiP/GRP78/HSPA5), cytokine storm, cell surface GRP78 (csGRP78), cellular stress,
4-PBA, TNFa
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Introduction

The COVID-19 pandemic has challenged our understanding

of the inflammatory response. COVID-19 is an infectious disease

that becomes severe and lethal through a poorly known

mechanism whose output is barely prognosed by risk factors

and comorbidities (1, 2). Since the first wave in 2020, we have

learned that the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) is able to induce a hyperinflammatory response

commonly known as cytokine storm, with consequences that are

very similar to other diseases with a cytokine release syndrome

(CRS). Although COVID-19 is considered a systemic disease, the

respiratory system is the most affected, where the CRS is better

defined as acute respiratory distress syndrome (ARDS).

A major problem with COVID-19 has been the inability to

predict which patients could develop a severe disease and the most

accurate method to predict the outcome of the infection has been

the measurement of interleukin-6 (IL-6) (1, 3–5). However, IL-6

can only be detected after the development of acute symptoms,

leaving clinical risk factors as our only way of prognosis (6, 7).

Risk factors correlated with COVID-19 include age (median > 62),

sex (with increased tendency in men), and chronic pathologies

such as diabetes, chronic liver disease, hypertension,

immunodeficiency, chronic obstructive pulmonary disease

(COPD), smoking history, among others (8–11), and while they

have been useful for early follow-up of symptoms, they are not

accurate predicting severity and they do not include subclinical

manifestations that also cause severe CRS.

The cytokine profile of COVID-19 has been studied since the

beginning of the pandemic concluding that it does not differ

much from other forms of ARDS and sepsis (1). There is plenty

of evidence that elevated levels of different cytokines like IFN-g,
IL-6, IL-1b, IL-10 and MCP-1 are higher in COVID-19 patients.

There is also a clear association between others such as IP-10,

MCP-1, MIP-1a, TNF-a and IL-6 and COVID-19 severity when

comparing ICU-patients with non-ICU patients (1, 3–5).

However, they do not predict the severity outcome of the

disease and they cannot be used reliably to explain why some

patients develop a severe response to the infection.

The binding-immunoglobulin protein (BiP), also called Grp78,

and encoded by the gene Hspa5, is an endoplasmic reticulum (ER)

chaperone that acts as a master regulator of the unfolded protein

response (UPR) and ER-stress signaling pathways (12, 13).

Increased levels of BiP have been found in several pathological

conditions such as liver disease (14), metabolic disorders and

atherosclerosis (15, 16), cardiovascular diseases (17), diabetes (18),

cancer (19, 20), acute lung injury (ALI) (21), autoimmune disorders

(22, 23), different forms of subclinical inflammation (24, 25), aging

(26) and neurodegenerative diseases (27). Many of these pathologies

are risk factors for COVID-19. Although the main fraction of BiP in

the cell is dedicated to regulate the UPR and the secretory pathway,

BiP has also been found to translocate to other compartments upon

stress stimulus (cytoplasm, mitochondria, extracellular matrix and
Frontiers in Immunology 02
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cell surface) (28, 29). Cellular surface BiP (csBIP or csGRP78) acts

as a co-receptor for different signaling pathways (PI3K, CD109,

Cripto, CD44v, alpha2M, caspases 7 and 8 and clathrin dependent

pathways) modulating cell proliferation, differentiation, survival and

apoptosis (30, 31). It is therefore considered a key protein in the

crosstalk between multiple signaling pathways, working as a sensor

of various cellular stresses to maintain homeostasis (20). Moreover,

BiP has been found to participate in many viral infections including

COVID-19 (32, 33), Ebola, Zika, Dengue, Japanese Encephalitis

Virus, Coxsackievirus A9, Borna Disease Virus and theMiddle-East

Respiratory Syndrome coronavirus (MERS) (33–39). However,

even when there is solid evidence that dysregulated levels of both

intracellular and csBiP are linked to these diseases, much work is

needed to fully understand the mechanism by which this protein

modulates inflammation in response to the stress signals that

increase its expression or promote its localization to the cell

membrane. Nonetheless, BiP is a multifunctional chaperone that

goes beyond the ER compartment when the cell is under any type of

cellular stress (infection, hypoxia, heat shock, ER and oxidative

stress) (40–44).

After BiP was found to act as a co-receptor of Angiotensin

converting enzyme-2 (ACE2) for SARS-CoV-2 virus (33) BiP has

been hypothesized to favor virus entry into the cell, however,

evidence from other pathologies in which BiP acts as co-receptor

indicate that this role goes beyond virus recognition or replication.

For example, BiP has been related as an immunomodulatory factor

interacting with the Jak/STAT system and possibly with other

cytokine intracellular signaling components, including IL-6 (45,

46). From all this evidence, our group and others have suggested

that BiP and the cellular stress must have a modulatory effect on the

hyper-inflammatory response produced after infection with SARS-

CoV-2 and its clinical outcome (47, 48).

Here, we investigated the role of cellular stress and BiP in the

modulation of the ARDS inflammatory response in samples

from COVID-19 patients and a mouse model of ARDS. We

demonstrate that BiP levels correlate with the severity of ARDS.

Furthermore, we show that the localization of BiP on the cell

surface is increased in the immune cell lineages during ARDS

proportionally to the severity of the inflammatory response and

identify a network of proteins that mediate this pathological

process. Our results support the use of BiP as a prognosis

biomarker of severe pneumonia and offer a new therapeutic

strategy for diseases with ARDS such as COVID-19.
Results

BiP levels in blood serum correlate with
COVID-19 comorbidities and severity

Besides being a SARS-CoV-2 coreceptor, BiP is increased in

several pathologies identified as risk factors of COVID-19,

however, no study has investigated the connection of BiP with
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the risk factors of severe COVID-19. To correlate BiP with

COVID-19 severity we measured BiP levels in blood serum from

194 patients of the first wave of the pandemic (March-June

2020), obtained at the beginning of the SARS-CoV-2 infection

during the first medical evaluation. All patients were confirmed

PCR-positive. This cohort included patients with different

degree of clinical severity, from asymptomatic to lethal

COVID-19. Thirty healthy blood donors, without infection or

any detectable pathology, were used as a control of BiP levels (see

Supplementary document 1 about blood donor selection/

exclusion criteria). We established that 95% of the healthy

control population has levels of BiP in serum below 181 pg/

ml. Thus, we considered high levels of BiP those above 181 pg/

ml. The average BiP level was higher in patients compared to

control although it did not reach significance (P value = 0.0789).

We detected high levels of BiP in the blood serum of 35 out of

the 194 COVID-19 patients (18.04%) (Figure 1A). To determine

which risk factors and comorbidities were present in patients

with increased BiP, we analyzed how BiP levels correlated with

43 clinical parameters (Figure 1 and S1). BiP levels were higher

in male patients and individuals above 60 years old, a group

particularly vulnerable to suffer severe COVID-19 disease

(Figures 1B, C). Among previous conditions, BiP was also

elevated in patients with a history of hypertension, diabetes,

immunosuppression and previous respiratory pathologies

(Figures 1D–G). Within previous respiratory pathologies we

were able to determine that increased BiP levels in blood

correlated specifically with previous history of chronic

obstructive pulmonary disease (COPD) (Figure 1H). These

results indicate that increased BiP levels correlate to several

risk factors of COVID-19 patients with a strong significance with

the presence of previous respiratory pathologies.

To determine the predictive potential of circulating BiP we

analyzed the relationship between BiP serum levels and

respiratory parameters corresponding with a severe COVID-19

like development of pneumonia. To categorize severity in

pneumonia, patients were clinically classified into 5 groups

according with the need for oxygen saturation, tachypnea and

mechanic ventilation (Table S1). We observed a solid correlation

between BiP and pneumonia severity groups “high” and “very

high” (Figure 1I), which includes patients with oxygen

saturation below 90%, possible tachypnea and in need for

mechanical ventilation. Supporting this correlation, BiP levels

were also significantly elevated in patients presenting pulmonary

consolidations, a radiological finding typical of severe

pneumonia (Figure 1J). From this data, we determined the

distinctive threshold of BiP levels above which all patients

developed severe pneumonia under these two categories. Thus,

any patient with BiP levels 300pg/ml or higher during the initial

stages of the infection developed severe pneumonia and needed

high flow mechanical ventilation (Figure 1K). These results

suggest that serum levels of BiP are a useful biomarker of the

severe pneumonia output.
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Next, we studied the correlation between BiP and IL-6 levels,

the most widely used inflammation and severity marker for

COVID-19. Our data showed a significant correlation between

systemic BiP and IL-6 (Figure 1L), which confirms not only the

association between BiP and COVID-19 severity but also

suggests a connection between cellular stress and inflammation

in the COVID-19 mechanism of disease. No other relevant

changes were observed in blood values in correlation with BiP

serum levels (Figure S2).

To further evaluate the predictive character of BiP in serum,

we compared BiP levels with severity indexes for COVID-19.

Systemic BiP was correlated with COVID-19 severity measured

by its specific scale: Brescia-COVID-19 Respiratory Severity

Scale (49) that scored respiratory fatigue, respiratory rate >22,

PaO2 <65 mmHg, SpO2 <90% and significantly worsening

Chest X-Ray. More precisely, BiP levels were significantly

elevated in patients with a Brescia index ≥2 (Figure 1M).

Interestingly, above this score, patients in our cohort were

considered for Tocilizumab (Anti IL-6) treatment which

accordingly correlated the selection criteria of high IL-6 with

high levels of BiP in serum (Figure 1N). Given the association

between BiP levels and respiratory parameters, we also analyzed

other pneumonia scores such as Pneumonia Outcomes Research

Team (PORT) or the Pneumonia Severity Score CURB65.

However, while PORT showed a weak association to BiP

levels, CURB65 showed no change regarding to the stress

marker (Figure S2).

Altogether, these results indicate that the levels of BiP in

serum, measured at the time of hospital admission, correlate

with a variety of general pre-existing comorbidities and could be

used as a biomarker of the severity output that is especially

relevant in relation with respiratory pathologies.
Treatment with 4-PBA ameliorates the
severity of the hyperinflammatory
response in ARDS

Given the association between the stress marker BiP and the

cytokine IL-6, we next studied the connection between this UPR

regulator and other markers of the inflammatory response to

determine which factors could be modulated by cellular stress.

As the respiratory conditions are among the most relevant

correlations with the levels of BiP in serum, we used an

inflammation mouse model of acute respiratory distress

syndrome (ARDS) that consists on the intranasal

administration of lipopolysaccharide (LPS) from E. Coli. To

determine whether cellular stress is involved in the inflammatory

response, we also studied the effect of the application of the

molecular chaperone 4-PBA after LPS challenge, an approved

drug for several pathologies (50–54) that reduces cellular stress

and inflammation (55–57). Hemograms performed after

administration of LPS revealed a systemic neutrophilia,
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lymphopenia and monocytosis, mimicking the human response

to SARS-CoV-2 infection. 4-PBA treatment seemed to partially

rescue the blood parameters, however, these changes where not

statistically significant at the systemic level except for the

monocyte numbers that increased with LPS and were

significantly rescued with 4-PBA (Figure S3).
Frontiers in Immunology 04
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To study in depth the inflammatory response in lungs we

measured 14 cytokines in the broncoalveolar lavage fluid

(BALF), selected by its relevance in lung tissues during the

COVID-19 and/or cytokine storm syndrome. Among these,

changes in IL-6, IL-1b and TNF-a levels were the best

documented in the hyperinflammatory response associated to
A B D

E F G

I

H

J K

L M N

C

FIGURE 1

Serum BiP levels are increased in certain groups of COVID-19 patients. (A–L) Serum BiP levels classified by group of patients/donors. Black lines
and whiskers denote the mean ± SEM of every data set. Green areas represent normal BiP levels in serum (0 and 181 pg/mL, respectively)
defined between 5th and 95th percentiles of healthy donor’s data set. General BiP levels in total cohort: healthy control patients (n=30) versus
COVID-19 patients (n=194) (A); BiP levels classified by Sex (B), Age (C), and previous comorbidities (D–H). (I) Serum BiP in patients classified by
pneumonia severity in 5 levels depending on oxygen saturation, Tachypnea and need for mechanic ventilation. (J) BiP levels analyzed by
radiological presence of pneumonia pulmonary consolidations developed during COVID-19. (K) Stacked bar plot showing percentage of
patients with BiP levels below or above the selected critical threshold (300 pg/mL) who developed severe pneumonia (denoted by color code in
legend). (L) Scatter plot showing a positive correlation between BiP levels versus IL-6 levels in blood serum tested by Pearson’s correlation
coefficient. (M) BiP levels analyzed by Brescia-COVID Respiratory Severity Scale. (N) BiP levels analyzed by application of Tozilizumab treatment.
*P < 0.05, **P < 0.01, ***P < 0.001 indicate statistical significant differences between indicated samples for a Two-Tailed unpaired t-Test (A–H,
J, N), One-Way ANOVA with a Tukey’s multiple comparisons test (I, M) and Chi-square test (K).
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COVID-19 and ARDS. LPS challenge induced a significant

increase in all the cytokines included in this study (IL-1b,
TNF-a, IL-6, IFN-g, IL-17a, MIP-1a, MCP-3, GM-CSF, IP-10,

RANTES, MIG, IL-18 and MCP-3) except for IL-12p70 whose

increase was not statistically significant (Figures 2A–N). Nor

PBS instillation (C-) neither 4-PBA alone induced any changes

in the cytokine levels. These data validated our mouse model

induced by LPS instillation and established a well-characterized

response of acute lung inflammation (ALI) at the cytokine level.

When animals challenged with LPS were treated with 4-PBA

to reduce cellular stress we observed a significant rescue of

several cytokine values. Among these, we observed a significant

decrease in the three best documented general pro-inflammatory

markers in COVID-19: IL-6, IL-1b and TNF-a (Figure 2A–C).

These cytokines have been extensively related with bad

prognosis in COVID-19 patients, being IL-6, as we

aforementioned, one of the most important markers of

deterioration of clinical profile and even associated with higher

mortality rates (1, 58). Other rescued cytokine values were

detected in the macrophagic inducer IFN-g (Figure 2D) and

IL-17a, synthetized predominantly by CD4+ lymphocytes,

strongly related with ARDS and responsible for neutrophil

chemotaxis (Figure 2E). MIP-1a and MCP-3, produced

initially by lung endothelial and epithelial cells at the

beginning of the infection and by Mj in later stages, also

showed a reduction after treatment with 4-PBA (Figures 2F,

G). Only one cytokine, GM-CSF, a myeloid growth factor

associated with alveolar Mj maturation, showed an increase

after application of LPS and 4-PBA combined (Figure 2H). The

remaining cytokines analyzed showed a slight decrease with LPS

+ 4-PBA compared to LPS alone without reaching statistical

significance (Figures 2I–N).

In summary, the modulation of cellular stress with the use of

4-PBA showed changes in the levels of several cytokines associated

with monocytic/macrophagic activation and neutrophilia (IL-

17a), suggesting a connection between cellular stress and certain

immune lineages through the inflammatory response.
The severity of the inflammatory
response in ARDS is correlated with
increased BiP in the alveolar space

As patient-derived data showed that increased BiP levels are

correlated to risk factors and comorbidities of severe COVID-19,

we next analyzed this stress marker in our ARDS mouse model.

Results showed that LPS treatment increased BiP levels in the

secretions of the alveolar space, and that this increase was

ameliorated by 4-PBA treatment (Figure 3A). Furthermore,

BiP levels had a significant and positive correlation with 12 of

the 14 cytokines measured, including MCP-3, TNF-a, MIP-1a,
IL-6 and IL-1b, all the cytokines that were modulated by

treatment with 4-PBA (Figure 2), further supporting that the
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hyper-inflammatory lung milieu is associated with the ER stress

response with participation of BiP.

To study how BiP could be linked with the severity of the

ARDS, we analyzed cytokines levels from each animal

individually to detect which mice suffered a stronger response

to the LPS challenge and to determine responsiveness to the 4-

PBA treatment. From this analysis, we created a Severity Index,

calculated from the average value from the cytokines in each

animal (Figures 3B–D). This severity index is, therefore, an

indicative score of how strong the overall inflammatory response

was by individual animals. Figure 3B shows how the majority of

the cytokine highest values were found in LPS-treated mice, a

group that included 13 of the 14 cytokine maximum levels in this

experimental group. These qualitative observations were

confirmed by the calculated Severity Index which was

significantly higher in LPS challenged animals while

significantly ameliorated by 4-PBA treatment (Figure 3C).

Finally, we found a statistically significant correlation between

increased levels of BiP in BALF with the Severity Index

(Figure 3C and Table S1). Together, our data suggest a link

between the severity of the inflammatory response and the ER

stress state evidenced by increased BiP levels in BALF which can

be modulated by the treatment with 4-PBA.
Cell surface exposure of BiP is promoted
in cell lineages responsible for the
hyperinflammatory response

After we established that BiP is linked to inflammation and

the severity of ARDS, we further studied the role of this

chaperone in the immune cell environment responsible for the

hyperinflammatory response. As previously mentioned,

although BiP mostly resides in the ER, stress factors induce a

translocation of BiP to the cell surface (59). Furthermore, csBiP

was shown to act as a coreceptor of several virus infections,

including SARS-CoV-2 (32, 33). Therefore, we decided to

evaluate the participation of pan-BiP or csBiP in ARDS. We

first evaluated the mRNA expression and the protein levels of

pan-BiP in lung tissues from our ARDS mouse model. Although

we had detected an increase of available BiP in the alveolar space

in response to LPS (Figure 3B), neither Hspa5 gene expression

(Figure S4A) nor whole protein abundance was significantly

altered (Figures S4B, C), which suggests that the changes

obse rved in B iP human serum and in the mice

bronchoalveolar space are not correlated to changes in

canonical ER stress.

Then, we looked into the cell surface BiP from lung tissue

and since BiP-correlated cytokines pattern during inflammatory

response in lungs is mainly orchestrated by neutrophils and

monocytic lineages, we analyzed these cell populations from

whole lung tissues (Figures 4A–L and Figure S5) and measured

the levels of csBiP in all of them. At first glance, whole leukocyte
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FIGURE 2

Bronchoalveolar cytokine profile after LPS challenge and 4-PBA treatment in ARDS model. (A–N) Levels of cytokines IL-6, IL-1b, TNF-a, IFN-g,
IL-17A, MIP-1a, MCP-3, GM-CSF, IP-10, RANTES, MIG, IL-12p70, IL-18 and MCP-1 in BALF from mice challenged with LPS without 4-PBA
treatment (LPS, n=14, graphed in red) and with 4-PBA treatment (LPS + 4-PBA, n=15, graphed in blue). Groups of unchallenged mice without 4-
PBA (C-, n=6, graphed in black) and with 4-PBA treatment (4-PBA, n=9; graphed in green) were also evaluated. Colored lines and whiskers
denote mean ± SEM for every data set. Hash marks indicate significant difference versus non-LPS challenge conditions (#P < 0.05, ##P < 0.01,
###P < 0.001) and a straight line between LPS and LPS + 4-PBA (*P < 0.05, **P < 0.01, ***P < 0.001) by Two-way ANOVA followed by Tukey’s
post-hoc test.
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population (CD45+ cells) did not change in number during the

inflammatory process (Figure 4M Top), however, they showed a

significant increase of csBiP (Figure 4M Bottom).

When we analyzed each population independently, we found

that neutrophil lung population (CD45+ Ly6G+) increased upon

LPS stimulation, rising from 11.51% to 65.74% of the leukocyte

population (Figure 4N Top). Interestingly, neutrophils showed the

highest expression of csBiP amongst all the studied hematopoietic

populations, although these levels of csBiP were not responsive to

LPS stimulation (Figure 4N Bottom), indicating that they are

naturally elevated in this cell population.

On the other hand, the non-neutrophilic population (Ly6G-

cells) showed lower basal levels of csBiP but a significant
Frontiers in Immunology 07
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responsiveness to LPS stimulation, which increased 3 to 4 times

compared to non-stimulated cells (Figure 4O). Within this non-

neutrophilic population, we analyzed the monocyte subset

identified as CD11b+ CD11c-/low, formed mainly by interstitial

Mj and residential monocytes (60) (Figure 4I-L; purple square),

whose population increased upon stimulation with LPS (Figure 4P

Top). More importantly, this population showed increased levels of

csBiP, when treated with LPS (Figure 4P Bottom). Finally, we

analyzed the CD11c+ population formed by alveolar Mj and

dendritic cells (DCs). These cells did not increase in numbers

with LPS treatment (Figures 4I–L, green squares, and Q Top) but

similarly tomonocytes, alveolarMj showed a significant increase in

csBiP after LPS challenge (Figure 4Q Bottom).
A

B

DC

FIGURE 3

BiP levels correlate with ARDS severity. (A) BiP levels in BALF from control mice, 4-PBA treatment, challenged with LPS with and without 4-PBA
treatment. Colored lines and whiskers denote mean ± SEM for every data set. Hash marks indicate significant difference versus non-LPS
challenge conditions (#P < 0.05) and a straight line between LPS and LPS + 4-PBA (*P < 0.05, **P < 0.01) by Two-way ANOVA followed by
Tukey’s post-hoc test. (B) Heatmap showing levels for all measured cytokines for every single mouse (In the X axis: C = C-; P = 4-PBA; L = LPS
and LP = LPS + 4- PBA with numbers indicating replicate number). Normalized cytokine values are depicted on a low-to-high scale (green-
black-red). (C) Severity Index calculated as an average of normalized values for all cytokine by every single animal. Values near to 1 indicate
more severe outcome whereas values tendent to zero a milder response. Colored lines and whiskers denote mean ± SEM for every data set.
Hash marks indicate significant difference versus non-LPS challenge conditions (###P < 0.001) and a straight line between LPS and LPS + 4-PBA
by Two-way ANOVA followed by Tukey’s post-hoc test. (D) Scatter plot showing a positive correlation between BiP levels in mice BALF and the
calculated Severity Index tested by Pearson’s correlation coefficient.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1054962
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rico-Llanos et al. 10.3389/fimmu.2022.1054962
A B D

E F G

I

H

J K L

M N

C

O P Q

R S

FIGURE 4

Cell surface BiP levels in immune lineages during the hyperinflammatory response. (A–D) Representative flow cytometry plots for CD45+ cells in
blue squares. (E–H) Neutrophils are defined as CD45+ Ly6G+ in red squares. (I–L) Among the CD45+ Ly6G- population in yellow squares, we
defined alveolar macrophages and DCs (CD45+ Ly6G- CD11c+) in green squares and monocytes as well as other myeloid phenotypes (CD45+

Ly6G- CD11b+ CD11c-/low) in purple squares (n=3 mice per group, n=2 for “4-PBA” group). (M–Q) Percentage of gated cells and cell surface BiP
levels measured by Median Fluorescence Intensity (MFI) of tagged csBiP antibody are represented in bar plots for every defined population.
(R, S) Histogram graph show the intensity distribution of CD11b marker among Alveolar Mj population (R) also represented as the average of its
correspondent MFI in a bar plot (S). All bar plots show mean ± SD for every treatment into the defined population. *P < 0.05, **P < 0.01, ***P <
0.001 indicate statistically significant differences versus C- samples for a One-Way ANOVA with a Tukey’s multiple comparisons test.
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Regarding LPS + 4-PBA treatments, even though we

registered certain changes, there was no significant

amelioration in the number of cells or csBiP translocation.

Then, we wondered if 4-PBA modulated the immune

activation state in any of these myeloid populations. For this,

we analyzed CD11b expression levels, which is known to

increase upon alveolar Mj activation (61) and we observed

that this alveolar Mj population was highly activated by LPS

challenge while 4-PBA treatment rescued values of CD11b to

normal levels (Figures 4R, S).

These results suggest that csBiP is associated to the

modulation of the inflammatory response and that the two

elevated immune cell populations increased in COVID-19 and

ARSD, neutrophil and macrophages, are naturally elevated or

have the ability to increase csBiP, further supporting their

importance in the mediation of cellular stress during the

hyperinflammatory response.
A network of ER stress related proteins is
altered during ARDS and crosstalk with
pro-inflammatory factors

After establishing that BiP is involved in the ARDS

mechanism of disease, we next analyzed the proteomic profile

of lung tissue challenged with LPS and/or treated with 4-PBA to

identify pathways and components that link BiP and cellular

stress with the hyperinflammatory response. In LPS challenged

lungs, we detected significant changes (p < 0.05 and Fold change

> 1.5) in 159 proteins of the 3628 detected compared to negative

control mice. String protein clustering identified four major

clusters defined by GO term association (Figure S6A). Three

of the four clusters identified were relatively expected: the first

cluster contained proteins related to inflammation GO terms (37

proteins, Figure S6B); the second cluster included proteins

related to interferon response (22 proteins, Figure S6C) and a

third cluster included proteins from a more heterogeneous

group related to cell metabolism and mitochondrial oxidative

response (15 proteins, Figure S6D). More interestingly, the

unsupervised algorithm also grouped a fourth cluster with 11

proteins classified under UPR and cellular stress GO-terms

(Figure S6E). The existence of this differentially expressed

cluster in the ARDS model suggests a solid participation of

UPR-stress signaling in the mechanism of disease. Within this

cluster, we did not find BiP, which showed no significant change

in the proteomic analysis (Figure S7), consistent with our

previous findings on the levels of pan-BiP in lung tissue

(Figure S4). However, knowing that it is not pan- but cs-BiP

the one involved in the modulation of ARDS and anti-stress

treatment with 4-PBA, we studied interactions of proteins from

this cluster with BiP (Hspa5) (Figures 5A, B). Among the

proteins from the UPR/stress cluster, we found that BiP

interacted with Hsph1, Hspa1a, Hspa1b, Bag3 (all molecular
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chaperones with a role in protein refolding and UPR signaling),

Nup85 (a nucleoporin involved in CCR2-mediated chemotaxis

of monocytes), Ripk1 (the Receptor-interacting serine/

threonine-protein kinase 1, a key regulator of TNF-mediated

apoptosis, necroptosis and inflammatory pathways, S100a11 (a

calcium binding protein inducible by ER stress) and H2-Q6 or

HLA-G (a component of the Major Histocompatibility Complex

I,G related to diseases like asthma, pre-eclampsia and to the

antigen recognition of SARS-CoV-2 (62). Interestingly, when cs-

BiP was incorporated to the analysis, RIPK1, which was

previously included in the inflammatory cluster (Figure S6A),

was then included within the UPR/ER stress cluster (Figure 5A)

as interactors of Hspa1b and Hspa5 (BiP), highlighting the blur

boundary between inflammation and stress. These interactions

suggested a network of proteins that connect a major stress

pathway, the UPR signaling, to inflammation and infection.

As anti-stress treatments demonstrated to immunomodulate

ARDS inflammatory response we next studied the proteomic

changes between lungs challenged with LPS and LPS + 4-PBA

to identify proteins involved in the amelioration of the

inflammatory response. We found a group of 51 proteins with

significant changes between LPS and LPS+4-PBA treated

lungs (Figure 5C). We focused our attention in the ones whose

levels changed upon LPS challenge and were then restored after 4-

PBA treatment, and we identified 12 proteins that followed this

pattern (Figures 5–O). Levels of six of these proteins dropped with

LPS and returned to normal values after 4-PBA treatment

(Figures 5D–I): Pin1 (a peptidyl isomerase with a role in

regulation of TP53, stress and cytokine signaling in immune

system) (63), Gpm6a, Ephx2, L2hgdh, Dhdh (general metabolic

modulators) and Tmed5 (Transmembrane P24 Trafficking

protein 5 involved in ER-Golgi trafficking and WNT signaling)

(64). The other six proteins had elevated levels upon LPS challenge

and returned to low levels with 4-PBA (Figures 5J–O): Ripk1 (the

previously described key TNF regulator) (65, 66), Wdr5 (WD

Repeat Domain 5, a Cilia associated protein with GO-term related

to histone modification and also present in cluster 4 in Figure

S6E), Nup85 (the previously described nucleoporin involved in

monocyte chemiotaxis) (67), Zc3h4 (A Zinc Finger CCHtype

Containing 4 protein involved in transcriptional regulation),

Lpgat1 (the metabolic enzyme Lysophosphatidylglycerol

Acyltransferase 1) and Gng5 (the G protein Subunit Gamma 5

related to immune response through CCR3 signaling) (68). It is

interesting to note that within this small group of proteins, three

belong to the previously described UPR/Stress cluster (Ripk1,

Wdr5, Nup85) and two to the inflammation cluster (Gng5,

Lpgat1) (Figure 5), further suggesting the existence of a network

of proteins that connect stress and inflammation. Particularly

interesting is Ripk1, a kinase activated by SARS-CoV-2 infection

in lungs that when inhibited reduces the viral load and mortality

in COVID-19 humanized mouse model (69). As observed in our

proteomic studies, Ripk1 is the main link between ER stress and

inflammation clusters and a direct interactor of BiP.
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FIGURE 5

Differentially expressed proteins group as UPR/ER stress and inflammatory clusters linked by BiP and Ripk1. (A) StringDB network showing the
associations between proteins differentially expressed in response to LPS challenge in mice lungs forming a cluster detected by an unsupervised
Markov Cluster Algorithm (MCL). (B) Bar plots showing the Top-10 enriched Biological Processes associated with this cluster ordered by False
Discovery Rate. Every single bar indicates the number of proteins associated with every GO-term. (C) Hierarchical clustered heatmap showing
relative quantities of the 51 proteins expressed differentially in “LPS” group versus “LPS + 4-PBA” group. (D–O) Proteins with decreased (D-I,
yellow squares) or increased (J–O, purple squares) levels after LPS challenge and that were rescued to normal levels after 4-PBA treatment. Bar
plots show in detail the mean ± SD by treatment for every one of those highlighted proteins. *P < 0.05, **P < 0.01, ***P < 0.001 indicate
statistically significant differences between samples linked with a straight line for a One-Way ANOVA with a Tukey’s multiple comparisons test
(n=4 for C-, 4-PBA and LPS + 4-PBA groups; n=3 for LPS group).
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Overall, our work uncovers a connection between cellular

stress represented by BiP and the hyper-inflammatory response

induced in ARDS. It defines csBiP as a key modulator of immune

lineages and as a biomarker of severity for respiratory infectious

diseases such as COVID-19. We also establish a network of

proteins that crosstalk between UPR/stress signaling and

inflammation and demonstrate the potential of anti-stress

therapies with chemical chaperones such as 4-PBA to treat

ARDS related diseases.
Discussion

Our research demonstrates a connection between

inflammation and cellular stress through the UPR regulator

BiP. Until recently, BiP has been defined as a chaperone

assisting protein folding and UPR signaling within the ER

compartment, however, this multifunctional protein has also

been found to translocate to other cell locations expanding its

role from an ER stress regulator to a general cellular stress

transducer in the cytoplasm, mitochondria, and cell surface (28,

29). Evidence that cell surface BiP influences ligand and antigen

recognition is well documented (30, 70), especially in COVID19,

where BiP recognition by SARS-CoV-2 has been recently

demonstrated (32, 71, 72). This role, together with the fact

that BiP reaches the cell surface upon stress stimulus, makes it

a strong candidate to link inflammatory extracellular signals and

stress in immune cells. This is supported by several studies that

show that stress and inflammation pathways influence each

other (21, 22, 45, 73–76). Our results further support this

connection by uncovering an inflammation-infection feedback

system mediated by the ER stress regulator BiP. Initial infection-

inflammatory process induces cellular stress, increasing cell

surface BiP in immune lineages responsible for cytokine

release and favoring virus entry through overexposed BiP,

feeding the inflammatory process into a cytokine storm.

ER or cellular stress have also been related to the mechanism

of disease of multiple pathologies (17, 23, 27, 73, 77, 78),

including clinical and subclinical manifestations classified as

risk factors of COVID-19 (hypertension, diabetes ,

cardiovascular disease, obesity, autoimmune and respiratory

diseases, among others). All these pathologies have been

demonstrated to rise BiP levels and show signs of cellular

stress, some of them even to be treatable by molecular

chaperones (79, 80). As a pre-existing state of cellular stress

means abnormal levels of BiP, and BiP is able to feedback the

inflammatory response (22, 75, 81), it is no surprise that these

risk factors push cells and tissues closer towards the molecular

stress threshold that facilitates the hyperinflammatory response

during ARDS.

Our results strongly support that BiP levels in blood or in

bronchoalveolar fluid can be used as an early severity biomarker

of risk of pneumonia in COVID-19 and other respiratory
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inflammatory diseases. Statistically, our study of almost 200

patients suggests that any SARS-CoV-2 positive patient that

shows BiP values of 300pg/ml or higher in serum at the

beginning of the infection has a 100% probability of

developing pneumonia. This translates into a powerful

prognosis tool, easy to apply in the clinic, however, it is

important to note that it does not predict all patients that end

up with a severe pneumonia, but a 19,48% (15 of the 77 patients

with severe pneumonia in our cohort). Still, this 19,48%

represents a risk group of patients where prognosis of

development of severe pneumonia could have been applied

with absolute certainty. We did not find any indication that

BiP performs better as a biomarker of severity compared to IL-6.

We believe that the importance of BiP as biomarker lies on its

e a r l y de t e c t i on , b e f o r e the deve l opmen t o f the

hyperinflammatory response, when IL-6 is elevated, so patients

with one of the pulmonary risk factors found in this study (for

example EPOC) can be tested with this biomarker to assess the

possibility of having a prophylactic treatment (for example 4-

PBA) before developing pneumonia.

Experiments with the anti-stress agent 4-PBA indicate that

stress does not act as a switch but as a modulator of the

inflammatory response with a major significance in the

transition from a moderate to severe respiratory disease. Most

importantly, 4-PBA experiments suggest that ARDS and the

hyperinflammatory response in lungs can be ameliorated by

anti-stress drugs through small changes in the cytokine signaling

pathways without blocking whole pathways that intervene in the

immune response. At this point, it is important to acknowledge

the heterogeneity of the inflammatory response, in both the

animal model and human patients, replicating a system where

small and slightly variable cytokine levels lead to different

pathological outputs. Other than that, it remains to be tested is

its efficiency in avoiding the development of a severe pneumonia

in patients with high levels of BiP in blood, but it is clear that 4-

PBA is a strong candidate for the treatment of ARDS and that it

seems like a viable option due to the fact that it is an

approved drug.

There is still a certain gap in the knowledge about how the

localization of BiP at the cell surface translates into changes in

the cellular cascades that modulate cytokine pathways. From our

proteomic studies, a potential candidate is RIPK1, an

intermediary kinase between the UPR/stress proteins and the

inflammation and the interferon response. Ripk1 interacts with

both Hpsa5 (BiP) and Hpsa1a within this cluster, but it also

interacts with Nfkb2 (Nuclear factor NF-kappa-B 2), which is

present in many inflammatory and immune pathways (82, 83).

RIPK1 seems to act as a bridge between stress and the immune

response also through its interactions with CD14 (Monocyte

differentiation antigen CD14 (Cd14) that mediates the immune

response to bacterial LPS), MAP2K3 (which is activated by

cytokines and environmental stress processes), STAT1 (Signal

transducer and activator of transcription 1 (Stat1) which
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modulates responses to many cytokines and interferons (84))

and IFIH1 (Interferon-induced helicase C domain-containing

protein 1 (Ifih1) that acts as a viral sensor and plays a major role

in the activation of the antiviral response through an increase in

pro-inflammatory cytokines and type I interferons (85)) from

clusters 1 and 2 (Figure 5 and S6). This points RIPK1 as a strong

candidate to mediate BiP signal transduction in the cell surface

of neutrophils and alveolar macrophages while acting as a co-

receptor of NFKB/TNF signals (86, 87). Recently, RIPK1

activation was described in human COVID-19 lung samples;

inhibition of RIPK1 with the use of small molecules reduced

lung viral load and mortality in ACE2 transgenic mice (69, 88).

This further supports that the reduction of BiP levels could result

beneficial for the treatment of patients with severe COVID-19.

Another interesting interactor of BiP during inflammation of

ARDS is H2-Q6, a histocompatibility factor that has been related

to SARS-CoV-2 recognition (62, 89). This suggests that BiP and

H2-Q6 could be favoring virus recognition.

In summary, our research connects stress and inflammation

during ARDS in diseases such as COVID-19, it finds a valuable

early biomarker of severe pneumonia, suggests a mechanism of

severity by csBiP exposure in immune lineages and offers proof-

of-concept for a new therapeutic approach through the use of

anti-stress drugs.
Methods

Patients

Human serum was obtained from 194 confirmed positive

patients for SARS-CoV-2 by clinical qPCR test (108 male and 86

females with a mean age of 64.85 ± 16.25 years; ranging between

0 and 94 years). The whole blood samples were collected at the

time just after hospital admission at the beginning of the SARS-

CoV-2 infection. This cohort included patients with different

degree of clinical severity, from asymptomatic to lethal COVID-

19 from the first wave of the pandemic (March-June 2020).

We also enrolled 30 healthy patients without any known

comorbidities in order to determine the normal range of BiP in

blood to compare with COVID-19 patients.

More detailed information about blood donor selection/

exclusion criteria can be found in supplementary document 1.
LPS challenge and 4-PBA treatment

Male wild-type C57BL/6J mice between 8-12 weeks old were

used in this study (Charles River laboratories). Mice were kept

on a 12h light/dark cycle with free access to food and water. All

procedures and animal care follow the guide for the care and use

of laboratory and all experimental protocols were approved by
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safety and ethics committees of the IBIMA-Bionand Platform

Institute for the Animal Research Facility.

Before the challenge, mice were anesthetized with a mixture

of ketamine and xylazine (50 and 4 mg/Kg, respectively). Then, 2

mg/Kg of Lipopolysaccharides (LPS) from E. coli O111:B4

(L2630, Sigma) diluted in PBS were intranasally administered

in 50 µL of total volume (≈ 50 µg by animal). Procedure for

control mice was identical but instillation was performed with

PBS. Then, 200 mg/Kg of Sodium 4-phenylbutirate (4-PBA)

(kindly provided by Scandinavian Formulas) diluted in PBS were

administered intraperitoneally at 0, 6 and 8 hours after LPS

challenge. Animals that did not receive 4-PBA were treated with

the corresponding PBS volume in the same way.

Mice samples were harvested 24 hours after LPS

instillation. Mice were euthanized by inhaled isoflurane

overdose. Abdominal cavity was opened, blood was collected

from the abdominal vena cava and transferred to EDTA

pretreated tubes (BD Vacutainer®). Then, the trachea was

exposed to perform a bronchoalveolar lavage (BAL) with 800

µL of chilled PBS which was carefully infused into the lungs

and withdrawn three times. The collected fluid was then

centrifuged at 800 xg during 10 minutes at 4 °C. Supernatant

(BALF) was stored at -20 °C until posterior measurements.

After that, washed lungs were extracted, snap-freeze in liquid

nitrogen and stored at -80 °C for posterior molecular and

proteomic analyses. Hematological analyses were immediately

performed in a DF50 DYMIND hematology analyzer following

the manufacturer instructions.
Cytokines content in BALF

Cytokines content in mice BALF were measured by a custom

designed ProcartaPlex multiplex immunoassay (Invitrogen)

including the mice analytes: IL-1b, TNF-a, IL-6, IFN-g, IL-
17A, MIP-1a, MCP-3, GM-CSF, IP-10, RANTES, MIG, IL-

12p70, IL-18 and MCP-1. Assays were performed following

manufacturer instructions using undiluted BALF samples.

Measurements were done in the Bio-Plex 200 system and

calculations of cytokine content were performed in Bio-Plex

Manager 6.0 software (Bio-Rad).
ELISA

Human circulating BiP from serum samples and BiP

content in mice BALF samples were evaluated with

commercially available ELISA kits (LS-F11578 and LS-

F17959 respectively, from LSBio). Human samples were

diluted 1:5 in the supplied buffer whereas mice BALF were

performed undiluted. Every single sample and standard were

measured in duplicate.
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RT-qPCR

RNA was extracted from lung tissue previously broken up

with a mortar and pestle using TRIzol™ Reagent (catalog no.

15596026, Thermofisher). Complementary DNA (cDNA) was

prepared from 1 mg of RNA using PrimeScript™ RTMaster Mix

(catalog no. RR036A, Takara). qPCR was performed using TB

Green Premix Ex Taq™ (catalog no. RR420L, Takara). Gene

expression was calculated using the 2DDCT method of analysis

against the stable housekeeping gene TBP. Five biological

replicates were performed with three technical replicates each.

qPCR primers were: BiP, 5’-TGAAACTGTGGGAGGAGTCA-

3’ (forward), 5’-TTCAGCTGTCACTCGGAGAA-3’ (reverse),

TBP, 5’-AGAACAATCCAGACTAGCAGCA-3’ (forward), 5’-

GGGAACTTCACATCACAGCTC-3’ (reverse).
Western blot

For protein analyses, lung tissue was mechanically broken up

with a mortar and pestle and collected in IP lysis buffer (catalog

no. 87787, Thermo Fisher Scientific) supplemented with

proteinase inhibitors. Concentrations were determined using

the Pierce™ BCA Prote in Assay Kit (cata log no.

23227, Thermofisher).

For Western blot analyses, protein lysates were separated by

electrophoresis on 10% SDS–polyacrylamide gels, transferred to

polyvinylidene difluoride membranes, blocked in 5% milk, and

probed with primary antibodies: anti-BiP antibody (1:1000;

catalog no. 3177, CST), anti-GAPDH (1:2000; catalog no.

2118). Peroxidase-conjugated secondary antibodies (catalog

nos. 7071 and 7072, CST) were used, and immunocomplexes

were identified using the ECL (enhanced chemiluminescence)

Detection Reagent (catalog no. 322009, Thermofisher). Fiji was

used to quantify bands after gel analysis recommendations from

ImageJ and (http : / /rsb . info .nih .gov/ i j /docs/menus/

analyze.html#gels).
Proteomic analysis by label-free
quantification-based mass spectrometry

Mice lungs (n=4 for every treatment group) were

mechanically broken up with a mortar and pestle and

sonicated for 30 minutes in RIPA buffer to obtain protein

extracts. After quantification by BCA method, volumes were

adjusted to equalize all concentrations (One sample of the group

“LPS” was excluded at this level by abnormally low values). The

carried-out protocol was previously described in detail (90) and

adapted for lung tissue. Briefly, proteins were stacked in an

acrylamide gel, bands were cut and further treated to be reduced

with DTT, carbamidomethylated and digested with trypsin

overnight. Then, resulting peptides were extracted, purified
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and concentrated for next steps and posterior mass

spectrometric analysis.

Peptides samples were separated by liquid chromatography

in Easy nLC 1200 UHPLC system coupled to a spectrometer

coupled to a hybrid quadrupole-linear trap-Orbitrap Q-

Exactive HF-X mass spectrometer for the analysis. Protein

identification was performed, against the Mus musculus

protein database of the SwissProt. Raw acquired data were

analyzed on the Proteome Discoverer 2.4 platform (all by

Thermo Fisher Scientific). Label-free quantification was

implemented using the Minora function, setting the

following parameters: maximum alignment retention time of

10 min with a minimum signal/noise of 5 for feature linkage

mapping. The calculation of the abundances was based on the

intensities of the precursor ions. Protein abundance ratios were

calculated directly from the pooled abundances. p-Values were

calculated by ANOVA based on the abundances of individual

proteins or peptides. Only proteins with changes higher than

1.5-fold and with p-Values < 0.05 were considered significantly

affected by the different treatments.

Protein-protein interaction of those significantly changed by

LPS treatment against the control samples were analyzed and

visualized using the online STRING database in order to

establish a representative protein network associated with the

response to endotoxin insult. Clustering was performed in the

same website using the unsupervised MCL clustering tool with

an inflation parameter = 1.4 (91). The resultant GO-terms list for

the enriched biological processes in every single cluster were

ascendent ordered by false discovery rate (FDR) and processed

in the Revigo website tool in order to summarize it and removing

redundant GO terms (92).
Flow cytometry

For flow cytometry, independent groups of mice were

treated and euthanized following the same aforementioned

procedure. In this case, they were bled cutting the inferior

vena cava and both lungs were dissected. In these lungs the

BAL was not performed in order to maintain the whole

interstitial and alveolar populations to be processed for

flow cytometry.

Harvested tissues were minced by scissors and digested in

DMEM Low glucose (Sigma) + collagenase A (1 mg/mL)

(Sigma) + DNase (0.05 mg/mL) (Roche) for 30 minutes at 37 °

C in constant orbital agitation. Then, samples were vortexed for

10 seconds and passed through a 70 µm cell strainer to be

disaggregated and erythrocytes were removed by incubation

with ACK lysis Buffer (Sigma).

After extensive washing in Cell Staining Buffer (BioLegend),

obtained single cell suspensions were stained with the fixable

viability Zombie Aqua™ dye according with the manufacturer

instructions (#423101; BioLegend, 1:500).
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Then, all samples were treated with anti-CD16/32 (#14-

0161-82; 0.5 µg/test, 10 min at 4°C) for Fc-receptor blockage

prior to staining procedure. Cells were incubated at 4 °C in the

dark for 20 minutes with the following antibodies: Alexa Fluor

488 conjugated anti-GRP78 (#PA1-014A-A488, 1:50), eFluor™

450 conjugated anti-CD45 (#48-0451-80, 1:100), Alexa Fluor

700 con juga ted ant i -CD11c (#56-0114-80 , 1 :50 ) ,

Allophycocyanin (APC) conjugated Ly6G (#17-9668-80, 1:200)

and phycoerythrin (PE) conjugated CD11b (#12-0112-81,

1:100). All the antibodies in this section were purchased from

Thermo Fisher Scientific.

Finally, cells were fixed with 4% fresh formaldehyde at RT

for 15 minutes, washed extensively and resuspended in Cell

Staining Buffer to be evaluated on a BD FACS Aria Fusion flow

cytometer (BD Biosciences). Results were analyzed with the

software Kaluza (Beckman Coulter). Single stained and FMOs

controls were included for every single antibody and for the

viability marker in order to make the correspondent

compensations and to determine all the cell population gates.

Gating strategies are shown in Supplementary Figure S5.
Statistical analysis

All statistical analyses were performed using GraphPad

Prism and SigmaPlot 11.0. Unless stated different, all data are

presented as mean ± SEM. Two tailed Student’s t-test, two-way

ANOVA or ordinary one-way ANOVA with Tukey multiple-

comparison test were performed for statistically significant

differences among samples. Scatter plot were analyzed by

Pearson’s correlation coefficient (r and its related P-value).

Bold line shows the linear regression between the two

variables and dotted lines denote the 95% confidence interval.

Data sets from mice experiments of cytokines and BiP

measurements were evaluated with the ROUT method (Q =

1%) to identify and exclude outlier values from nonlinear

regressions (93).

For proteomic analyses, results for Label Free protein

quantification were generated by the Central Research Support

Services from the University of Malaga. From that data,

abundance ratio between samples from every treatment

(calculated as a pairwise ratio) and their associated p-Values

(from ANOVA Background-Basedmethod) were used to classify

proteins that significantly change in response to different

treatments (Fold change > 1.5 and p-Value < 0.05). Volcano

plots, hierarchical clustered heatmaps and correlation plots were

performed in RStudio software.
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SUPPLEMENTARY FIGURE 1

(A–P) Serum BiP levels classified by group of patients/donors. Black lines
and whiskers denote the mean ± SEM of every data set. Green areas were

defined between 5th and 95th percentiles of healthy donor’s data set as
normal BiP levels in serum (0 and 181 pg/mL, respectively). *P < 0.05, **P <

0.01, ***P < 0.001 indicate statistical significant differences between

samples for a Two-Tailed unpaired t-Test (A–C, E–L, O,P) and One-
Way ANOVA with a Tukey’s multiple comparisons test (D, M, N).

SUPPLEMENTARY FIGURE 2

(A–N) Scatter plots showing the correlation between BiP levels versus
different hematological and biochemical parameter levels in COVID-19

patient’s blood serum tested by Pearson’s correlation coefficient (r and its

related P-value). Bold line shows the linear regression between the two
variables and dotted lines denote the 95% confidence interval.

SUPPLEMENTARY FIGURE 3

(A–H) Hematological analyses: percentages of neutrophils (A),
lymphocytes (B) and monocytes (C), total numbers of white blood cells

(WBC) (D), total numbers of neutrophils (E) and total numbers of

lymphocytes (F), hematocrit (HCT) (G) and mean corpuscular
hemoglobin concentration (MCHC) (H) in total blood obtained from

mice challenged with LPS without 4-PBA treatment (LPS, n=10, graphed
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in red) and with 4-PBA treatment (LPS + 4-PBA, n=10, graphed in blue).
Groups of unchallenged mice without 4-PBA (C-, n=3, graphed in black)

and with 4-PBA treatment (4-PBA, n=6; graphed in green) were also
evaluated. (I) Animal’s weight for every experimental group. Colored lines

and whiskers denote mean ± SEM for every data set. Hash marks indicate
significant difference versus C- (#P < 0.05, ##P < 0.01, ###P < 0.001) and

asterisks between samples linked by a line (*P < 0.05, **P < 0.01, ***P <
0.001) for a Two-way ANOVA followed by Tukey’s post-hoc test.

SUPPLEMENTARY FIGURE 4

(A) Quantitative gene expression of Hspa5 (BIP) measured by RT-qPCR.

(B, C) Total (pan) levels of BiP protein in lung tissues; western blot (B) and
corresponding quantification of protein levels representation (C). No

statistical significance was found among the represented conditions.

SUPPLEMENTARY FIGURE 5

Flow cytometry gating strategy. (A) Representative scatter plots showing
FSC-A x SSC-A gating to exclude debris based on size and granularity; (B)
FSC-A x FSC-H to exclude doublets. (C) Zombie Aqua™ fixable viability
marker to identify live cells (negative for the marker. (D) Staining with

CD45 to identify hematopoietic cell linages. (E) Ly6G was used to identify
neutrophils (as Ly6G+). (F) Among the Ly6G- cells, CD11b x CD11c was

used to identify alveolar macrophages and dendritic cells population (as

CD11c+ with variable levels of CD11b) and monocytes as long as other
myeloid subsets (as CD11b+ CD11c-/low). Gates for all viability marker and

all antibodies were determined using respective fluorescence minus one
(FMO) control.

SUPPLEMENTARY FIGURE 6

(A) StringDB network (without inclusion of Hspa5) showing the

associations between proteins differentially expressed in response to
LPS challenge in mice lungs forming 4 principal clusters detected by an

unsupervised Markov Cluster Algorithm (MCL). (B–E) Bar plots showing
the Top-10 enriched Biological Processes associated with every cluster

ordered by False Discovery Rate. Single bars indicate the number of
proteins associated with every GOterm.

SUPPLEMENTARY FIGURE 7

BiP Levels measured by proteomic analysis in lung tissues showing the

mean ± SD of the scaled abundances. There were no statistically
significant differences between samples for a One-Way ANOVA with a

Tukey’s multiple comparisons test (n=4 for C-, 4-PBA and LPS + 4-PBA
groups; n=3 for LPS group).
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GS-441524, an RNA‐dependent RNA polymerase (RdRp) inhibitor, is a 1′-CN-
substituted adenine C-nucleoside analog with broad-spectrum antiviral activity.

However, the low oral bioavailability of GS‐441524 poses a challenge to its anti-

SARS-CoV-2 efficacy. Remdesivir, the intravenously administered version

(version 1.0) of GS-441524, is the first FDA-approved agent for SARS-CoV-2

treatment. However, clinical trials have presented conflicting evidence on the

value of remdesivir in COVID-19. Therefore, oral GS-441524 derivatives (VV116,

ATV006, and GS-621763; version 2.0, targeting highly conserved viral RdRp)

could be considered as game-changers in treating COVID-19 because oral

administration has the potential to maximize clinical benefits, including

decreased duration of COVID-19 and reduced post-acute sequelae of SARS-

CoV-2 infection, as well as limited side effects such as hepatic accumulation. This

review summarizes the current research related to the oral derivatives of GS-

441524, and provides important insights into the potential factors underlying the

controversial observations regarding the clinical efficacy of remdesivir; overall, it

offers an effective launching pad for developing an oral version of GS-441524.

KEYWORDS

SARS‐CoV‐2, GS‐441524, remdesivir, oral version, VV116, ATV006, GS-621763,
COVID‐19
Introduction

Withmore than6.5milliondeathsworldwide, the coronavirusdisease2019 (COVID-19)

pandemic, first identified in late 2019, continues to be the most extraordinary public health

burden in 2022 (1). Severe acute respiratory syndromecoronavirus 2 (SARS-CoV-2) causes a

wide range of post-acute infection syndromes, including cognitive impairment, dyspnea,
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fatigue, headache, and loss of taste or smell (2–5). The scientific

community has made significant progress in mitigating the threat

of COVID-19 through the discovery and development of myriad

vaccines, monoclonal antibodies, traditional medicines, and small‐

molecule agents (6–9). However, the efficacy of antibodies or

vaccines has been affected by the development of SARS-CoV-2

variants (i.e., their drug resistance), global access, sub-optimal

administration routes, and heterogenous responses (10, 11).

Briefly, resistant SARS-CoV-2 variants have led to waves of

resurgence, exacerbated global anxiety, and challenged global

health efforts.

As an acute infectious disease, use of orally bioavailable

antivirals at the early stage of SARS-CoV-2 infection would be

more beneficial in facilitating early administration to non-

hospitalized patients to prevent progression to severe disease;

however, antiviral treatment does not provide the best benefits in

the late stage in hospitalized patients (12, 13). Therefore, oral

antivirals suitable for outpatient treatment are superior to

injectable therapies for hospitalized patients. Currently, oral

antivirals are critical as pre- and post-exposure prophylaxis.

Notably, several orally bioavailable anti-SARS-CoV-2 agents

have been approved. Among these, Paxlovid (nirmatrelvir plus

ritonavir) from Pfizer and molnupiravir (MK-4482, EIDD‐2801)

from Merck can effectively reduce the risk of severe COVID-19

or death in patients with mild-to-moderate COVID-19 (14–16).

Although these results are appealing, some concerns remain.

First, despite a high cure rate with initial therapy, patients

treated with Paxlovid and molnupiravir have experienced

rebound COVID-19 infections (17, 18). Second, mutations are

challenging the efficiency of these small‐molecule antivirals.

Third, commercialized antivirals remain expensive (around US

$530 for each 5-day course of Paxlovid), particularly, for low and

middle-income countries (19, 20). Fourth, the widening use of

antivirals can increase the development of drug resistance. Fifth,

molnupiravir has mutagenic potential in human cells (21, 22).

Based on these concerns, efforts are needed to achieve the

desired clinical effects (e.g., tissue-specific localization and

enhanced oral bioavailability) of antivirals.

RNA‐dependent RNA polymerase (RdRp) is essential in

viral RNA synthesis (23–25). Both remdesivir and monapivir

are FDA-approved SARS-CoV-2 inhibitors that target RdRp.

Notably, remdesivir exhibited conflicting impact in clinical trials

(26); rebound of COVID-19 infection and mutagenicity may

occur in patients receiving molnupiravir (27). In such cases, oral

GS-441524 derivatives, with enhanced bioavailability and

sufficient safety profile, may be another alternative to consider.

GS-441524, a potent RdRp inhibitor, is a 1′-CN-substituted
adenine C-nucleoside ribose analogue that demonstrates in vitro

broad‐spectrum activity against various viruses, including SARS‐

CoV (half-maximum effective concentration [EC50] = 0.18 mM),

Middle East respiratory syndrome coronavirus (EC50 = 0.86 mM),

and feline infectious peritonitis virus (EC50 = 0.78 mM), SARS‐

CoV‐2 (EC50 = 0.48 mM) (28–31). Cellular uptake dependents on
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membrane-bound transporters, and GS-441524 is hydrophilic,

resulting in a limited ability to transmembrane by diffusion (32).

Notably, GS-441524 displayed low oral bioavailability in

cynomolgus monkeys (F < 8.0%), in rats (F = 16%) and humans

(F= 13%) (33).Other detailed pharmacokinetic properties (such as

maximum plasma concentration, terminal half-life, and oral

bioavailability) of GS-441524 are shown in Table 1. Also, GS-

441524 is stable in vitro in liver microsomes, cytoplasm, and

hepatocytes across studied species (including rats, monkeys, dogs,

and humans) (37). Further, clinical trials have shown that GS-

441524 is the major circulating metabolite of remdesivir after IV

administration (44). GS-441524 displays a good safety profile

without serious adverse effects (45). Therefore, GS-441524 and its

prodrugs or analogues provide an excellent option for oral SARS-

CoV-2 drug design.

However, the low oral bioavailability of GS‐441524 hinders

its promising anti-SARS-CoV-2 efficacy (33, 34, 46, 47). As

depicted in Figure 1, further optimization of GS‐441524 has

resulted in the development of the more potent intravenously

administered remdesivir (version 1.0 of GS-441524) and orally

administered GS-441524 derivatives (version 2.0 of GS-441524).

This review summarizes the potential factors underlying

controversial observations regarding the clinical efficacy of

remdesivir, the intravenously administered version (version

1.0) of GS-441524 and the current research related to the oral

versions of GS-441524.
Inhibitors of SARS-CoV-2 RNA-
dependent RNA polymerase

The SARS-CoV-2 genome encodes 29 proteins, including 4

structural proteins, 16 non-structural proteins (replicase proteins;

nsp1-nsp16), and 9 accessory proteins (48, 49). These 29 proteins

participate in sequential viral adsorption, entry into the target cell,

uncoating, replication and transcription, protein synthesis, SARS-

CoV-2 assembly and release (50, 51). Among these, nsp constitutes

the viral replication and transcription complex (RTC), which plays

an essential role in the synthesis of (-)-strand template, (+)-strand

genomic RNA and subgenomic mRNAs (52, 53). Nsp12 (RdRp),

the core component of RTC, is one of the most conserved catalytic

subunits responsible for RNA synthesis (54). In addition, the co-

factors nsp7 and nsp8 enhance the enzymatic activity of nsp12 to

catalyze viral RNA synthesis (55). Thus, the core polymerase

complex nsp12-nsp7-nsp8 could be called the minimal core

component of RNA synthesis (56). A schematic diagram of the

core RdRp complex shows in Figure 2A. nsp12 contains a right-

hand C-terminal RdRp domain with a catalytic cavity (the finger,

palm, and thumb subdomains), an N-terminal NiRAN domain

(including a novel b-hairpin domain), and an interface domain. In

addition, seven conserved motifs (A–G) that mediat template-

directed RNA synthesis have been identified in the core RdRp

domain (57–59).
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TABLE 1 Pharmacokinetic properties of GS-441524, VV116, and related compounds.

Compound In vivo
model

Route of administration Dose(mg/kg) Pharmacokinetic parameters

AUClast T1/2

(h)
Tmax

(h)
Cmax F

(%)

GS-441524 rat (34, 35) i.v. 5 11.0 (mM*h) 1.2 10.7 mM

p.o. 25 11.7 (mM*h) 1.4 1.0 3.4 mM 21.7

i.v. 30 591.9 (mg/mL*h) 4.8 0.1 163.6 (mg/
mL)

p.o. 30 28.7 (mg/mL*h) 20.6 0.9 2.7 (mg/mL) 4.8

CD-1 mice (36) i.v. 5 14.8 (mM*h) 2.5 0.08 11.6 mM

p.o. 10 16.8 (mM*h) 2.9 1.0 3.3 mM 57.0

mic (37) p.o. 10 <2540 (ng/
mL*h)

3.9 1.5 582 (ng/mL) 39.0

rat (37) p.o. 10 <2170 (ng/
mL*h)

3.4 3.8 193 (ng/mL) 33.0

30 <4220 (ng/
mL*h)

3.4 3.8 326 (ng/mL) 21.0

100 <9560 (ng/
mL*h)

4.2 2.3 825 (ng/mL) 15.0

monkey (37) p.o. 5 <734 (ng/mL*h) 7.7 2.0 59.4 (ng/mL) 8.3

dog (37) p.o. 5 < 19000 (ng/
mL*h)

4.1 0.3 6010 (ng/
mL)

85.0

dog (38) i.v. 2 26.6 (mM*h) 3.6 0.5 1897 (ng/
mL)

p.o. (solution) 5 61.5 (mM*h) 4.0 0.5 5060 (ng/
mL)

92.0

p.o. (capsule) 6.5 65.6 (mM*h) 3.4 1.0 4580 (ng/
mL)

76.0

patients (39) p.o. (normal renal function) 100 mg 1582 (ng/mL*h) 25.5 0.5 102 (ng/mL) –

1905 (ng/mL*h) 13.3 0.5 157 (ng/mL) –

p.o. (impaired renal function) 100 mg 7728 (ng/mL*h) 43.7 12 356 (ng/mL) –

11060 (ng/mL*h) 26.2 0.5 563 (ng/mL) –

p.o. (impaired renal function receiving
CRRT)

100 mg 9203 (ng/mL*h) 48.6 0.5 436 (ng/mL) –

8213 (ng/mL*h) 37.8 0.5 421 (ng/mL) –

p.o. (impaired renal function receiving
IHD)

100 mg 25615 (ng/mL*h) 70.4 2.5 1653 (ng/
mL)

–

26950 (ng/mL*h) – – 1280 (ng/
mL)

–

9785 (ng/mL*h) 82.5 0.5 706 (ng/mL) –

ATV006 rat (35) i.v. 5 5.6 (mM*h) 1.5 8.7 mM

p.o. 25 22.8 (mM*h) 1.2 0.5 8.2 mM 81.5

monkey (35) i.v. 5 20.5 (mM*h) 1.8 0.08 12.8 mM

p.o. 10 12.2 (mM*h) 4.1 1.5 3.7 mM 30.1

GS-621763 ferrets (40) p.o. 30 80.8 (mM*h) 2.7 4.0 15.8 mM 115.0

GS-621763
·HBr

mice (31) i.v. 25 3603 (ng/mL*h) 2.5 – –

p.o. 50 7112 (ng/mL*h) 2.7 0.3 3613 (ng/
mL)

98.7

X1 rat (41) i.v. 2 1724 (ng/mL*h) 6.7 1630 (ng/
mL)

p.o. 10 1869 (ng/mL*h) 4.5 2.0 246 (ng/mL) 21.7

X2 rat (41) i.v. 2 1611 (ng/mL*h) 5.0 1570 (ng/
mL)

p.o. 10 2556 (ng/mL*h) 4.1 2.0 246 (ng/mL) 32.6

(Continued)
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TABLE 1 Continued

Compound In vivo
model

Route of administration Dose(mg/kg) Pharmacokinetic parameters

AUClast T1/2

(h)
Tmax

(h)
Cmax F

(%)

monkey (41) i.v. 5 6814 (ng/mL*h) 1.3 3322 (ng/
mL)

p.o. 10 1939 (ng/mL*h) 2.0 1.0 941 (ng/mL) 14.2

X2-H mice (31) i.v. 25 7981 (ng/mL*h) 4.8 –

p.o. 50 13817 (ng/mL*h) 2.5 0.4 6677 (ng/
mL)

86.6

X3 rat (41) i.v. 2 1915 (ng/mL*h) 6.7 2520 (ng/
mL)

p.o. 10 4455 (ng/mL*h) 4.0 0.3 801 (ng/mL) 46.5

monkey (41) i.v. 5 6780 (ng/mL*h) 1.4 7766 (ng/
mL)

p.o. 10 2497 (ng/mL*h) 2.3 1.0 1064 (ng/
mL)

18.4

X3-H mice (31) i.v. 25 10174 (ng/mL*h) 0.8 –

p.o. 50 14565 (ng/mL*h) 1.1 0.3 7879 (ng/
mL)

71.6

X6 rat (41) i.v. 2 1820 (ng/mL*h) 1.3 1693 (ng/
mL)

p.o. 10 4539 (ng/mL*h) 2.0 0.3 1370 (ng/
mL)

49.9

VV116 rat (41) i.v. 10 4582 (ng/mL*h) 1.4 –

p.o. 10 3960 (ng/mL*h) 1.4 1.0 785 (ng/mL) 86.4

30 10883 (ng/mL*h) 2.1 0.8 2068 (ng/
mL)

79.2

90 32807 (ng/mL*h) 3.6 0.8 6040 (ng/
mL)

79.6

p.o. (multiple) 7*30 7743 (ng/mL*h) 3.9 2.0 1740 (ng/
mL)

–

dogs (41) i.v. 10 15835 (ng/mL*h) 3.9 –

p.o. 10 13845 (ng/mL*h) 4.5 1.0 3218 (ng/
mL)

87.4

20 32206 (ng/mL*h) 4.2 1.1 6633 (ng/
mL)

101.7

40 63289 (ng/mL*h) 4.3 1.1 11058 (ng/
mL)

99.9

p.o. (multiple) 7*20 27372 (ng/mL*h) 4.3 1.2 6317 (ng/
mL)

–

ICR mice (42) i.v. 5 2341 (ng/mL*h) 1.6 2995 (ng/
mL)

p.o. 25 12868 (ng/mL*h) 4.5 0.3 6500 (ng/
mL)

110.2

Balb/c mice (42) p.o. 25 11461 (ng/mL*h) 2.3 0.4 5360 (ng/
mL)

-

50 24594 (ng/mL*h) 3.3 0.4 11617 (ng/
mL)

-

100 47799 (ng/mL*h) 4.3 0.4 24017 (ng/
mL)

-

Rat (42) i.v. 5 1774 (ng/mL*h) 0.7 1923 (ng/
mL)

p.o. 30 9259 (ng/mL*h) 5.2 0.3 2710 (ng/
mL)

87.0
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Frontiers in Im
munology
 04
117
frontiers
in.org

https://doi.org/10.3389/fimmu.2022.1015355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.1015355
Blocking initial SARS-CoV-2 attachment or entry into the target

cell andpreventing viral replication by suppressing gene transcription

are two optimal therapeutic strategies for drug design (Figure 2B) (60,

61). That is, RdRp is a key target for antiviral inhibitors. Themodel of

remdesivir (the first approved RdRp inhibitor to treat SARS-CoV-2)

binding to nsp12 indicates that remdesivir covalently binds to the 1+

position of the template chain at the central channel, thereby

terminating chain extension (62, 63). Based on structural

similarities (e.g., remdesivir, molnupiravir, sofosbuvir, and AT-527),

nucleoside analogs (Figure 2C) are suggested optimal candidates in

the search for agents against SARS-CoV-2 (64–70). In brief, the high-

resolution crystal structure of SARS-CoV-2 RdRp (PDB ID: 7BTF)

has been deciphered, which provides a rational basis for drug design.

RdRp plays an essential role in viral RNA synthesis; it is an excellent

target in the development of anti-SARS-CoV-2 drugs due to high

sequence and structural conservation.

To date, remdesivir, molnupiravir, and paxlovid have been

approved for COVID-19 treatment (71). Remdesivir, the first
Frontiers in Immunology 05
118
intravenously administered drug targeting RdRp for SARS-CoV-

2 treatment, has yielded contradictory clinical results (26).

Concerns over renal toxicity, liver injury, and cardiac safety

challenge the safety of remdesivir (72–75). Molnupiravir,

developed by Merck and Ridgeback Biotherapeutics, is the first

approved oral anti-SARS-CoV-2 therapy, which also targets

RdRp (15). Concerningly, molnupiravir can induce mutations

in mammalian cells and drive new variants (76–78). The use of

molnupiravir has been cautioned by the World Health

Organization (79). Paxlovid, a main protease inhibitor, is

recognized as having a reasonable safety profile (80–82).

However, later studies showed that symptoms might reappear

after paxlovid treatment, and are often more severe than the

initial bout (83). Consequently, there is still a need for safe and

effective oral agents. In such cases, oral GS-441524 derivatives

(oral version of remdesivir), with sufficient safety and resistance

profile, may be more potent SARS-CoV-2 inhibitors against an

expansive range of variants.
TABLE 1 Continued

Compound In vivo
model

Route of administration Dose(mg/kg) Pharmacokinetic parameters

AUClast T1/2

(h)
Tmax

(h)
Cmax F

(%)

healthy subjects
(43)

p.o. 20 mg 744 (ng/mL*h) 4.8 1.0 165 (ng/mL) -

200 mg 6631 (ng/mL*h) 5.5 1.0 1096 (ng/
mL)

-

400 mg 12759 (ng/mL*h) 6.2 1.5 1898 (ng/
mL)

-

800 mg 25886 (ng/mL*h) 6.8 2.5 2796 (ng/
mL)

-

1200 mg 28057 (ng/mL*h) 7.0 2.0 3086 (ng/
mL)

-

p.o. (multiple) 1*200 mg 4610 (ng/mL*h) 4.7 1.5 858 (ng/mL) -

6*200 mg 9384 (ng/mL*h) 7.6 1.0 1131 (ng/
mL)

-

1*400 mg 10351 (ng/mL*h) 4.9 1.5 1968 (ng/
mL)

-

6*400 mg 20774 (ng/mL*h) 8.1 1.0 2304 (ng/
mL)

-

1*600 mg 12871 (ng/mL*h) 5.4 1.5 2418 (ng/
mL)

-

6*400 mg 25077 (ng/mL*h) 7.9 1.5 2842 (ng/
mL)

-

p.o. 400 mg (Fasting) 10443 (ng/mL*h) 5.7 1.5 1523 (ng/
mL)

-

400 mg (Standard
meal)

12405 (ng/mL*h) 5.3 3.0 1583 (ng/
mL)

-

400 mg (High-fat
meal)

13107 (ng/mL*h) 5.5 2.5 1602 (ng/
mL)

-

VV116-H rat (42) i.v. 5 1689 (ng/mL*h) 0.7 1997 (ng/
mL)

p.o. 30 7664 (ng/mL*h) 4.6 1.0 2060 (ng/
mL)

75.6
frontiers
t1/2, terminal half-life; Cmax, maximum plasma concentration; Tmax, time to reach Cmax; AUClast, area under the concentration−time curve from the time of dosing to the last quantifiable
time point; i.v., intravenous administration; p.o., per os; CRRT, continuous renal replacement therapy; IHD, intermittent hemodialysis.
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Remdesivir: The intravenously
administered version of GS-441524

Remdesivir (Veklury®, GS-5734), the first FDA-approved

intravenously administered drug for SARS-CoV-2 treatment,

has exhibited broad-spectrum antiviral activity in studies on in

vitro models, animal models, and preliminary clinical trials (84–

86). Remdesivir, having melting point 89.4-90.4° C and

molecular formula C27H35N6O8P, has generated widespread

interest as a anti-COVID-19 drug (87). However, clinical trials
Frontiers in Immunology 06
119
on the value of remdesivir in the treatment of COVID-19 have

yielded contradictory results, which have raised several concerns

and provided insights.
Conflicting evidences from clinical trials
of remdesivir

To date, several trials have demonstrated promising results

with remdesivir. For example, Boglione et al. (88) conducted a
B

A

FIGURE 1

Optimization of GS-441524 for intravenous remdesivir and the oral version, VV116. (A) Bioconversion pathway of the phosphoramidate prodrug remdesivir
following intravenous administration. Low oral bioavailability renders GS-441524 unsuitable as an oral drug. The first phosphorylation is the rate-limiting
step of GS-441524, which renders it less efficient as an intravenous drug. GS‐441524-based lead optimization resulted in the development of the more
potent intravenously administered remdesivir (version 1.0). Following intravenous administration, remdesivir distributes to the lung, where it is rapidly
converted into its monophosphate metabolite and efficiently anabolized to the bioactive triphosphate form (GS‐443902). However, humanmicrosomal
hepatic cytochrome P450 (CYP)-mediatedmetabolism in the liver and the short plasma half-life of remdesivir renders it unsuitable as an oral drug. (B)
Chemical structures of promising oral GS-441524 derivatives (VV116, ATV006, and GS-621763). GS-441524 does not undergo humanmicrosomal hepatic
cytochrome P450 (CYPs 1A1, 1A2, 3A4, 3A5, 2B6, 2C8, 2C9, 2C19, and 2D6) metabolism and exhibits a long plasma half-life. Further optimization of GS‐
441524 has resulted in the development of promising orally administered VV116, ATV006, and GS-621763 (version 2.0).
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single-centre retrospective observational study (time bias and

seroprevalence not discussed) in Italy to evaluate the survival,

efficacy, and safety of remdesivir treatment in hospitalized

patients with COVID-19. In total, 566 participants with

similar baseline characteristics underwent randomization:163

patients were assigned to receive remdesivir (200 mg on day 1,

followed by 100 mg per day on days 2–5) and 403 patients in the

control group were randomly assigned to receive lopinavir/

ritonavir, darunavir/cobicistat, or hydroxychloroquine. The

COVID-19-related mortality rate was significantly lower in

the remdesivir group (4 of 163 participants [2.4%]) than in the

control group (100 of 403 [24.8%]) (p < 0.001). Furthermore, the

percentage of patients hospitalised in the intensive care unit was

lower in the remdesivir group than in the control group (9.8%

[16 of 163] vs. 17.8% [72 of 403], p = 0.008). Overall, remdesivir-

treated patients had a significantly shorter mean hospitalization

time than that of the control group (9.5 vs. 12.5 days, p < 0.001).

No significant adverse drug events were observed in the

remdesivir group. Several other studies have produced results

consistent with the findings of the Boglione group (89, 90). For

example, Gottlieb et al. (89) showed that the percentage of

unvaccinated outpatients with COVID-19 who were

hospitalized or died was significantly lower in the remdesivir-

treated group (200 mg on day 1, followed by 100 mg on days 2

and 3; 2 of 279 participants [0.7%]) than in the placebo group

(15 of 283 [5.3%]; 87% lower).

Notably, the anti-SARS-CoV-2 efficacy of remdesivir has

also been questioned, as several other studies have found that it

adds no value to COVID-19 treatment (91–94). One large-scale,

open-label, randomized trial including 11,330 hospitalized

adults with COVID-19 (81% aged ≤ 70 years, 38% female) at

405 hospitals in 30 countries was conducted by the World

Health Organization to estimate mortality rates. This study

indicated that remdesivir did not reduce the mortality rate

(remdesivir, 301 of 2743 [11.0%] vs. control, 303 of 2708

[11.2%]) or hospitalisation duration (91). Further, Wang et al.

(94) conducted a small-scale, double-blind, multicentre, and

randomized placebo controlled trial (ClinicalTrials.gov:

NCT04257656) to evaluate the efficacy and safety of

remdesivir in adults with severe COVID-19 at 10 hospitals in

Hubei, China; however, treatment with the drug was not

associated with statistically significant benefits. Considering

the available clinical evidence, new strategies (such as optimal

delivery of the parent nucleoside into systemic circulation) and

further investigations may be required to respond to public

concerns and to define how remdesivir is best used.
Practical limitations and
countermeasures of remdesivir

Overall, remdesivir has several practical limitations, which

need to be addressed to reinforce the value of antivirals. This
Frontiers in Immunology 07
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section addresses the other limitations and concerns regarding

remdesivir. First, remdesivir shows strong liver-targeting

properties. Remdesivir, the McGuigan (ProTide) prodrug, was

initially designed for treating hepatitis C virus infection by

overcoming the rate-limiting initial phosphorylation step and

sustaining a high concentration of biologically active nucleotide

triphosphates (NTP) in the liver (95). However, remdesivir

(preferential hepatic extraction) may not be suitable for

treating COVID-19 because the lungs are the primary site

(type II alveolar cells) of SARS-CoV-2 infection and the most

affected organs (96, 97).

Second, remdesivir is not suitable for oral or buccal delivery.

Remdesivir shows rapid clearance (plasma half-life < 1 h) owing

to its intrinsic hepatic first-pass metabolism and plasma esterase

hydrolysis (98, 99). Short exposure is insufficient to achieve the

desired anti-SARS-CoV-2 activity. Therefore, remdesivir is

highly recommended for only for intravenous therapy in

hospitals, which severely limits its application. Although

buccal administration is a potential approach to avoid hepatic

first-pass metabolism and enzymatic degradation (100),

experimental data indicate that cyclodextrin-enabled buccal

administration of remdesivir shows only 10% bioavailability

(47), suggesting this strategy faces many challenges.

Third, solid preclinical data (overemphasizing low EC50)

do not reflect the clinical efficacy of remdesivir. For example,

Chiu et al. (101) screened a 5676-compound repurposing

library of drugs that have passed Phase I clinical trials to

identify anti-SARS-CoV-2 candidates; remdesivir alone (EC50

values of 5.4 and 1.3 mM in VeroE6-eGFP and Caco-2 cell lines,

respectively) was identified as an optimal drug candidate owing

to its excellent pharmacodynamic and safety data. However,

cell culture studies do not predict the clinical utility of a drug,

and it is inappropriate to overrate the clinical efficacy of

remdesivir based on in vitro cell culture data regarding its

efficacy. Thus, additional models and data on remdesivir

antiviral therapy are needed.

Finally, the long-term safety of remdesivir remains

incompletely examined. Current data indicate that non-

uniform distribution of remdesivir could result in high drug

accumulation and long-term toxicity; for example, remdesivir

potently increases liver transaminases (102) and diminishes the

viability of human embryonic stem cells (103) compared to its

metabolite, GS-441524. Further, the widespread use of

remdesivir in clinical practice raises several concerns regarding

the development of drug resistance.

However, the underwhelming clinical performance of

remdesivir does not mean that its significance can be

disregarded. In contrast, the described limitations provides

important insights (such as tissue-specific localization,

enhanced oral bioavailability, excellent safety and activity

against Omicron variant) to be considered when developing

version 2.0 of GS-441524 (targeting highly conserved viral

RdRp) for clinical advancement.
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B

C

A

FIGURE 2

The mechanistic diagram of SARS-CoV-2 RNA-dependent RNA polymerase. (A) The schematic diagram for the components of the RdRp
complex, containing nsp12, nsp8 and nsp7. The polymerase motif (A to G) and the b hairpin are highlighted. (B) The life cycle of SARS-CoV-2 via
RdRp. The life cycle of SARS-CoV-2 involves sequential viral entry into the target cell, uncoating, replication and transcription, protein synthesis,
and viral assembly and release. The RdRp is involved in SARS-CoV-2 genomic and subgenomic mRNA synthesis. (C) Chemical structures of
selected SARS-CoV-2 RdRp inhibitors (AT-527, Molnupiravir, Sofosbuvir, Tenofovir disoproxil fumarate, Favipiravir, Cyanorona-20, Tenofovir
alafenamide, Remdesivir, and VV116) for COVID-19 treatment.
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The orally administered versions of
GS-441524

Viral RdRp is as a valuable target for treating COVID-19

because it is highly conserved in SARS-CoV-2 variants (104,

105). Use of orally administered versions of GS-441524 at the

early stage of the acute infection would be more beneficial in

facilitating early administration to non-hospitalized patients to

prevent progression to severe disease. Research has shown that

oral GS-441524 derivatives (ATV006, VV116, and GS-621763)

obtained through individual alterations could be considered

game changers for COVID-19 treatment to maximize clinical

benefits, including decreased duration of COVID-19 and

reduced post-acute sequelae of SARS-CoV-2 infection, as well

as limited side effects such as hepatic accumulation. In the

following sections, we describe the currently developed orally

administered versions of GS-441524.
ATV006

GS-441524 has its own advantages, further esterification at

the 5′-position yielded mono-isobutyrate ester ATV006 with

improved oral bioavailability. Xie et al. (36) showed that GS-

441524, a promising RdRp inhibitor, demonstrated adequate

intracellular conversion into active triphosphate (GS-443902,

42.7–100 nmol/L) in the lungs of CD-1 mice upon oral

administration. Furthermore, GS-441524 does not exhibit

preferential hepatic metabolism because it is not a substrate

for human microsomal hepatic cytochrome P450 (CYPs 1A1,

1A2, 3A4, 3A5, 2B6, 2C8, 2C9, 2C19, and 2D6) (106). Li et al.

(34) demonstrated that GS-441524 potently alleviated lung

inflammation and injury in AAV-hACE2 mice infected with

SARS-CoV-2. However, further development of GS-441524 as

an oral drug was hindered by its poor oral bioavailability (F =

4.84% in rats) (34).

To develop orally bioavailable anti-SARS-CoV-2 inhibitors,

Cao et al. (35) synthesised and evaluated a series of GS-441524

derivatives. Among the designs, mono-isobutyryl esterification

of the hydroxyl groups on the C5′ position (ATV006) showed

improved activities against the Delta (EC50 = 0.349 mM,

therapeutic index = 366.76) and Omicron (EC50 = 0.106 mM,

therapeutic index = 1207.55) variants of SARS-CoV-2 in a Vero

E6 cell model (35). In addition, ATV006 displayed excellent oral

bioavailability (F = 81.5%), effective blood concentration (Cmax =

8.2 mM), extensive target distribution (plasma, liver, kidneys,

and lung), and potent anti-SARS-CoV-2 efficacy (reduced viral

load, inflammatory cytokines, and lung damage) in mouse

models (35). Notably, ATV006 and remdesivir could be

metabolized to the same active triphosphate form (GS‐443902)

via different bioconversion pathways (35, 36). ATV006 can be

rapidly metabolized to GS-441524 after oral absorption, which is
Frontiers in Immunology 09
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then intracellularly converted to monophosphate GS-441524-

MP through cellular kinases and further metabolized to the

bioactive triphosphate GS‐443902. In contrast, remdesivir is a

monophosphorylated prodrug that does not require the first

phosphorylation, which is a rate-limiting step (107). In the

context of developing orally bioavailable anti-SARS-CoV-2

inhibitors, ATV006 is still in the experimental stage and has

not entered clinical trials. Additional studies are thus required to

demonstrate its safety, efficacy, and tolerability.
VV116

Deuterated GS-441524 derivatives (Figure 3, such as X1-X6,

VV116) provide a beneficial strategy for the development and

selection of oral antiviral drugs. In medicinal chemistry,

deuterium (D) substitution represents a valuable direction

because of its potential pharmacokinetic and pharmacodynamic

benefits attributed to the kinetic isotope effect (108–110). GS-

441524 possesses an electron-rich pyrrolotriazine moiety that is

easily oxidized by enzymes. The carbon-deuterium bond is shorter

(~ 0.005 Å) than the C−H bond and is more stable under oxidative

clearance processes (111, 112). Strategic deuteration could impede

metabolic transformations by inhibiting oxidation or ring opening

of the pyrrolotriazine moiety, leading to an increase in anti-SARS-

CoV-2 activity.

As depicted in Figure 3, lead compound X1 was produced by

deuteration and could significantly inhibit viral replication, with

an EC50 of 0.39 mM and no observable cytotoxicity (selectivity

index [SI] > 1282) (41). However, the oral bioavailability of X1

(F = ~ 21.7% in rats) was low because of poor solubility and

liposolubility. Further esterification yielded tri-isobutyrate ester

X6 (F = ~ 50% in rats). The detailed pharmacokinetic properties

(such as maximum plasma concentration, terminal half-life, and

oral bioavailability) of the related compounds are shown

in Table 1.

To better control solubility and oral bioavailability,

salification of X6 with hydrobromide proved to be a winning

strategy that enhanced the oral bioavailability of VV116 (JT001,

renmindevir, on a 10.8 g scale) up to 60% with respect to that of

X6 in rats (41). VV116 also displayed excellent oral

bioavailability in beagle dogs (F = 90%) and in ICR mice (F =

110.2%). In the mouse model, VV116 showed a dose-dependent

anti-SARS-CoV-2 effect (with reduced lung injury), and high

doses of VV116 markedly reduced the viral RNA copy number

and improved lung histopathology (41). Overall, VV116 displays

a good safety profile (high tolerated single doses: > 2.0 g/kg in

rats, 1.0 g/kg in Beagle dogs) without adverse effects (14 days,

200 mg/kg in rats, 30 mg/kg in dogs), and indicates no

mutagenic effects (41). Further, oral administration of VV116

showed pharmacokinetic advantages relative to its non-

deuterated form VV116-H in Sprague Dawley (SD) rats (30.0

mg/kg/day, N = 3, F = 87.0% vs. F = 75.6%) (42).
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Fast-spreading SARS‐CoV‐2 variants cause resurgence of

infections raise several concerns (113). However, VV116 was

found to retain its anti-viral capacity against the Alpha, Beta,

Gamma, Delta, as well as Omicron (EC90 = 0.30 mM) variants of

SARS-CoV-2 (114). In terms of the molecular mechanism,

VV116 functioned by targeting the highly conserved viral

RdRp to block SARS-CoV-2 replication through evading

“proofreading” of viral RNA sequences (41). Specifically, the

postulated activation pathway of VV116 is divided into four

steps : ora l absorpt ion, hydrolys is of es ter group,

phosphorylation (VV116-NTP), and incorporation into the

growing SARS-CoV-2 RNA strand. Further, the preference of

remdesivir for hepatic extraction can result in high drug
Frontiers in Immunology 10
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accumulation and long-term toxicity (e.g., elevated liver

transaminases) (114), however, the excellent tissue distribution

(e.g., single oral administration in rats at 30 mg/kg) of oral

VV116 can avoid these liver-targeting problems (Figure 4) (115).

Specifically, in male SD rats and long Evans rats groups, the

liver-to-plasma concentration ratios of [14C]GS-441524 (the

major metabolite of [14C]remdesivir) were higher than the

lungs-to-plasma concentration ratios by approximately 23

times (SD rats, 1 h), 37 times (SD rats, 4 h), 34 times (Long

Evans rats, 1 h), and 58 times (Long Evans rats, 4 h) (116). In

contrast, the liver-to-plasma concentration ratios of 116-N1 (the

major metabolite of VV116) were higher than the lungs-to-

plasma concentration ratios by only 1.8 times (Balb/c mice, 0.25
B

A

FIGURE 3

(A) GS-441524-based discovery of the promising oral inhibitor VV116. GS-441524 presents a promising drug candidate for further drug development.
Several previous failed attempts are summarized: (i) introduction of frequently-used halogen (F, Cl, Br, I), hydroxyl, or cyano groups at the C7-position,
resulting in less potent or no anti-SARS-CoV-2 activity, (ii) removal of the cyano group at C1′-position, results in high cytotoxicity, (iii) changing the 6-
amino to a hydroxyl, methylation of the 2’-a-hydroxyl, or changing the 2’-a-hydroxyl to fluorine, results in loss of anti-SARS-CoV-2 activity. Promising
attempts: deuteration at the C7 position results in strong antiviral activity; induces mono-, di- and tri-esters at the 2′-, 3′-, and 5′-positions, and
improves oral bioavailability (tri-isobutyrate ester X6 [F ~ 50% in rats] was superior to the others in rats]); and induces hydrobromide in X6, yielding the
promising oral candidate VV116 (white solid, with improved oral bioavailability, good chemical stability; no observed adverse effect, and no mutagenicity).
(B) Structural requirement of VV116 for improved anti-SARS-CoV-2 potency.
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h), 1.9 times (Balb/c mice, 2 h), 2.1 times (SD rats, 0.25 h), and

2.4 times (SD rats, 2 h) (116). This indicates that in contrast to

the high liver-targeting capability of remdesivir, VV116 can

effectively circumvent this issue.

Considering the promising therapeutic usage of VV116

against SARS-CoV-2 infection in preclinical studies, Qian

et al. (43) further launched three phase I studies of VV16 in

Shanghai, China (ClinicalTrials .gov: NCT05227768,

NCT05201690, and NCT05221138; Table 2). The result found

that VV116 exhibited satisfactory safety, tolerability, and

pharmacokinetic properties in 86 healthy subjects (aged 18–45

years, 38 in single ascending-dose study, 36 in multiple

ascending-dose study, and 12 in food-effect study). As

depicted in Figure 5, VV116 can be efficiently converted to its

active triphosphate form following oral administration.

Moreover, the area under the curve (AUC) demonstrates that

VV116 is quickly absorbed after the first dose with a median

Tmax of 1.00–2.50 h, and that 116-N1 is eliminated with a

median t1/2 of 4.80–6.95 h (43).

Furthermore, Shen et al. (114) conducted an open,

prospective cohort study in China, including 136 hospitalised

patients with non-severe COVID-19 caused by the Omicron
Frontiers in Immunology 11
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variant, 60 of whom patients received VV116 (300 mg, twice

daily for 5 days), and found that the viral shedding time of the

VV116 group was significantly shorter than that of the control

group (8.56 vs. 11.13 days). Nine mild adverse events occurred in

the VV116 group, and all resolved without required intervention

(114). VV116 targets highly conserved RdRp (only one mutation

in nsp12, distant from the RdRp active site), which may explain

why it maintains high potency against the Omicron variant

(117). Moreover, VV116 has been further investigated in five

clinical trials (ClinicalTrials.gov: NCT05242042, NCT05279235,

NCT05341609, NCT05355077, and NCT05582629; As depicted

in Table 2), and their findings will be disclosed shortly.
GS-621763

Cox et al. (40) demonstrated that GS-621763 (X6-H; white

solid), which is generated by tri-isobutyryl esterification of the

hydroxyl groups of GS-441524 at the C5′, C2′, and C3′ positions,
represents another example of a GS-441524 prodrug with

enhanced oral bioavailability, which could significantly reduce

the SARS-CoV-2 burden to near-undetectable levels in ferrets
B

C D

A

FIGURE 4

The concentration distribution of the key metabolites, GS-441524 and X1, in the liver, lungs, and blood in rats or mice. Oral VV116
administration can circumvent liver-targeting issues. (A) The concentration of [14C]GS-441524 in the liver, lungs, and blood following intravenous
administration of [14C]remdesivir at a single dose of 10 mg/kg in male SD rats. (B) The concentration of [14C]GS-441524 in the liver, lungs, and
blood following intravenous administration of [14C]remdesivir at a single dose of 10 mg/kg in male Long Evans rats. (C) The concentration of X1
in the liver, lungs, and blood following oral administration of VV116 at a single dose of 100 mg/kg in Balb/c mice. (D) The concentration of X1 in
the liver, lungs, and blood following oral administration of VV116 at a single dose of 30 mg/kg in SD rats.
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infected with the gamma variant. SARS-CoV-2 infection can

have long-term effects on pulmonary and multiple

extrapulmonary tissues and organs (118). Schäfer et al. (119)

showed that oral delivery of GS-621763 could diminish SARS-

CoV-2 replication, improve pulmonary function, and prevent

COVID-19 progression in BALB/c model mice. The potential

anti-SARS-CoV-2 had been preliminarily revealed, while the

safety, efficacy, and pharmacokinetic properties of GS-621763

are still an open question and require additional studies.

Although the potential anti-SARS-CoV-2 had been

preliminarily revealed, at the same time, we must understand

that oral GS-441524 derivatives (VV116, ATV006, and GS-

621763) have not been deeply investigated yet. The clinical data

are still limited (only VV116 has entered in clinical development,

as shown in (Table 2), we call for more comprehensive studies.
Conclusion and discussion

Viral RdRp is a valuable target for COVID-19 therapeutic

interventions because it is highly conserved among SARS-CoV-2

variants. Oral administration has the potential to maximize

clinical benefits, including decreased duration of COVID-19

and reduced post-acute sequelae of SARS-CoV-2 infection,

whereas remdesivir (version 1.0 of GS-441524) is only suitable

for injection. The currently available data support the

exploration of next-generation oral inhibitors of SARS-CoV-2

polymerase (version 2.0, GS-441524) for treating COVID-19.
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This exploration could enhance preparedness for future

outbreaks of SARS-CoV-2 and improve therapeutic efficacy

during the current pandemic. Oral GS-441524 derivatives,

including VV116, ATV006, and GS-621763, have potential as

the cornerstone of first-line defence against COVID-19.

Specifically, a promising oral version of GS-441524 should

have the following key characteristics: (i) enhanced oral

bioavailability, tissue-specific localization, and plasma half-life;

(ii) sufficient safety (excellent CC50) and resistance profile; (iii)

significantly reduced viral loads and dramatically decreased lung

injury; (iv) maximally maintained antiviral activity against

SARS-CoV-2 variants; and (v) large-scale manufacturing

ability for increased accessibility and affordability to

outpatients (VV116 is easier to synthesize than remdesivir).

Although the potential oral anti-SARS-CoV-2 agents have

been preliminarily revealed, the relevant data remain limited,

because only VV116 has reached the clinical stage (Table 2).

Considering the positive effects of oral GS-441524 derivatives on

COVID-19 and the urgent need to explore possible SARS-CoV-2

treatments, it is crucial to systematically elucidate their safety,

efficacy, tolerability, and pharmacokinetic properties through

large-scale preclinical and clinical studies. Notably, GS-441524

showed high interpatient variability towing to differences in

renal function (Table 1) (39), implying that the related

pharmacokinetics (including potential efficacy and toxicity) of

oral GS-441524 derivatives need to be investigated further to

rationally evaluate the possibility of its clinical application and to

further guide drug development.
TABLE 2 VV116 in clinical development based on a systematic search of ClinicalTrials.gov (https://clinicaltrials.gov/, accessed 31 October, 2022).

Interventions Principal Investigator Identifier
(year)

Participants Progress

VV116 Shanghai Xuhui Central Hospital,
Shanghai, China

NCT05221138
(2021)

12 Phase I trial exhibited satisfactory safety and tolerability in
Chinese healthy subjects after fasting, standard diet or high-
fat diet.

VV116 (25 mg Group, 200 mg
Group, 400 mg Group, 800 mg
Group, 1200 mg Group)

Shanghai Xuhui Central Hospital,
Shanghai, China

NCT05227768
(2021)

38 Phase I trial exhibited satisfactory safety and tolerability in
Chinese healthy subjects at five dose levels.

VV116 (200 mg Group, 400 mg
Group, 600 mg Group)

Shanghai Xuhui Central Hospital,
Shanghai, China

NCT05201690
(2021)

36 Phase I trial exhibited satisfactory safety and tolerability in
Chinese healthy subjects after multiple ascending doses.

VV116 (200 mg Group, Bid; 400
mg Group, Bid; 600 mg Group,
Bid)

Nucleus Network Pty Ltd, Victoria,
Australia

NCT05355077
(2022)

27 Phase I trial is in progress for Caucasian healthy subjects.

VV116 Chongqing Public Health Medical
Center, Chongqing, China

NCT05242042
(2022)

1310 Phase II/III trial is in progress for the early treatment of
patients with mild/moderate COVID-19, at high risk for
progression to severe COVID-19, including death.

VV116
Paxlovid

Ruijin Hospital Affiliated to
Shanghai Jiao Tong University
School of Medicine, Shanghai,
China

NCT05341609
(2022)

822 Phase III trial is in progress for the early treatment of
patients with mild/moderate COVID-19.

VV116
Favipiravir

Shanghai Public Health Clinical
Center, Shanghai, China

NCT05279235
(2022)

640 Phase III trial is in progress for patients with moderate/
severe COVID-19.

VV116 Shanghai Vinnerna Biosciences Co.,
Ltd., Shanghai, China

NCT05582629
(2022)

1200 Phase III trial is in progress for patients with mild/moderate
COVID-19
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Meanwhile, multiple measures can be considered.

Deuterated GS-441524 derivatives provide a beneficial strategy

for the development and selection of oral antiviral drugs.

Deuteration has gained overwhelming popularity (120).

However, owing to synthetic difficulties, only 7-deuterated

derivatives of GS-441524 (pyrrolotriazine moiety) have been

obtained. Additional site-specific deuterium substitution

derivatives need to be synthesized through novel efficient

synthetic reactions to exert kinetic isotope effects, enhance oral

bioavailability, and exploit SARS-CoV-2-specific antiviral drugs

with clinical advantages. Further, optimized drug combinations

(such as VV116 + PF‐07321332, VV116 + EIDD-2801, VV116 +

masitinib, and VV116 + F0213) that target multiple routes can

both enhance synergistic efficacy and reduce drug resistance and
Frontiers in Immunology 13
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toxicity (121–125). However, any potential combination must

verify the anticipated synergistic/additive effects and drug-drug

interactions through systematic studies. Further, a VV116-based

nano delivery system (with enhanced bioavailability, precision,

and sustained drug release) can be a good therapeutic alternative

for SARS-CoV-2 infection. However, as the relevant studies are

limited, this approach should considered and elucidated further.

With continuing advances, more effective oral GS-441524

derivatives can be developed. However, to date, VV116 is the top

contender for clinical development owing to its large-scale

manufacturing ability, excellent oral bioavailability and safety

profile, reduced viralRNAcopies, and improved lunghistopathology.
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20. Dal-Ré R, Becker SL, Bottieau E, Holm S. Availability of oral antivirals
against SARS-CoV-2 infection and the requirement for an ethical prescribing
approach. Lancet Infect Dis (2022) 22(8):e231–8. doi: 10.1016/S1473-3099(22)
00119-0

21. Zhang X, Horby P, Cao B. COVID-19 can be called a treatable disease only
after we have antivirals. Sci Bull (2022) 67:999–1002. doi: 10.1016/
j.scib.2022.02.011

22. Extance A. Covid-19: What is the evidence for the antiviral molnupiravir?
BMJ (2022) 377:o926. doi: 10.1136/bmj.o926

23. Bai X, Sun H, Wu S, Li Y, Wang L, Hong B. Identifying small-molecule
inhibitors of SARS-CoV-2 RNA-dependent RNA polymerase by establishing a
fluorometric assay. Front Immunol (2022) 13:844749. doi: 10.3389/
fimmu.2022.844749

24. Wang Y, Anirudhan V, Du R, Cui Q, Rong L. RNA-Dependent RNA
polymerase of SARS-CoV-2 as a therapeutic target. J Med Virol (2021) 93(1):300–
10. doi: 10.1002/jmv.26264

25. Wang Z, Yang L, Zhao XE. Co-Crystallization and structure determination:
An effective direction for anti-SARS-CoV-2 drug discovery. Comput Struct Biotec J
(2021) 19:4684–701. doi: 10.1016/j.csbj.2021.08.029
Frontiers in Immunology 14
127
26. Wu Z, Han Z, Liu B, Shen N. Remdesivir in treating hospitalized patients
with COVID-19: A renewed review of clinical trials. Front Pharmacol (2022)
13:971890. doi: 10.3389/fphar.2022.971890

27. Parums DV. Editorial: Rebound COVID-19 and cessation of antiviral
treatment for SARS-CoV-2 with paxlovid and molnupiravir. Med Sci Monit
(2022) 28:e938532. doi: 10.12659/MSM.938532

28. Cho A, Saunders OL, Butler T, Zhang L, Xu J, Vela JE, et al. Synthesis and
antiviral activity of a series of 1′-substituted 4-aza-7,9-dideazaadenosine c-
nucleosides. Bioorg Med Chem Lett (2012) 22(8):2705–7. doi: 10.1016/
j.bmcl.2012.02.105

29. Agostini ML, Andres EL, Sims AC, Graham RL, Sheahan TP, Lu X, et al.
Coronavirus susceptibility to the antiviral remdesivir (GS-5734) is mediated by the
viral polymerase and the proofreading exoribonuclease. mBio (2018) 9(2):e00221–
18. doi: 10.1128/mBio.00221-18

30. Murphy BG, Perron M, Murakami E, Bauer K, Park Y, Eckstrand C, et al.
The nucleoside analog GS-441524 strongly inhibits feline infectious peritonitis
(FIP) virus in tissue culture and experimental cat infection studies. Vet Microbiol
(2018) 219:226–33. doi: 10.1016/j.vetmic.2018.04.026

31. Wei D, Hu T, Zhang Y, Zheng W, Xue H, Shen J, et al. Potency and
pharmacokinetics of GS-441524 derivatives against SARS-CoV-2. Bioorg Med
Chem (2021) 46:116364. doi: 10.1016/j.bmc.2021.116364

32. Rasmussen HB, Jürgens G, Thomsen R, Taboureau O, Zeth K, Hansen PE,
Hansen PR. Cellular uptake and intracellular phosphorylation of GS-441524:
Implications for its effectiveness against COVID-19. Viruses (2021) 13(7):1369.
doi: 10.3390/v13071369

33. Rasmussen HB, Thomsen R, Hansen PR. Nucleoside analog GS-441524:
pharmacokinetics in different species, safety, and potential effectiveness against
covid-19. Pharmacol Res Perspe. (2022) 10(2):e00945. doi: 10.1002/prp2.945

34. Li Y, Cao L, Li G, Cong F, Li Y, Sun J, et al. Remdesivir metabolite GS-
441524 effectively inhibits SARS-CoV-2 infection in mouse models. J Med Chem
(2021) 65(4):2785–93. doi: 10.1021/acs.jmedchem.0c01929

35. Cao L, Li Y, Yang S, Li G, Zhou Q, Sun J, et al. The adenosine analog
prodrug ATV006 is orally bioavailable and has preclinical efficacy against parental
SARS-CoV-2 and variants. Sci Transl Med (2022) 14(661):eabm7621. doi: 10.1126/
scitranslmed.abm7621

36. Xie J, Wang Z. Can remdesivir and its parent nucleoside GS-441524 be
potential oral drugs? an in vitro and in vivo DMPK assessment. Acta Pharm Sin B
(2021) 11(6):1607–16. doi: 10.1016/j.apsb.2021.03.028

37. Wang AQ, Hagen NR, Padilha EC, Yang M, Shah P, Chen CZ, et al.
Preclinical pharmacokinetics and in vitro properties of GS-441524, a potential oral
drug candidate for COVID-19 treatment. Front Pharmacol (2022) 13:918083. doi:
10.3389/fphar.2022.918083

38. Yan VC, Pham CD, Yan MJ, Yan AJ, Khadka S, Arthur K, et al.
Pharmacokinetics of orally administered GS-441524 in dogs. bioRxiv (2021).
doi: 10.1101/2021.02.04.429674

39. Choe PG, Jeong SI, Kang CK, Yang L, Lee S, Cho JY, et al. Exploration for
the effect of renal function and renal replacement therapy on pharmacokinetics of
remdesivir and GS-441524 in patients with COVID-19: A limited case series. CTS-
Clin Transl Sci (2022) 15(3):732–40. doi: 10.1111/cts.13194

40. Cox RM, Wolf JD, Lieber CM, Sourimant J, Lin MJ, Babusis D, et al. Oral
prodrug of remdesivir parent GS-441524 is efficacious against SARS-CoV-2 in
ferrets. Nat Commun (2021) 12:6415. doi: 10.1038/s41467-021-26760-4

41. Xie Y, Yin W, Zhang Y, Shang W, Wang Z, Luan X, et al. Design and
development of an oral remdesivir derivative VV116 against SARS-CoV-2. Cell Res
(2021) 31(11):1212–4. doi: 10.1038/s41422-021-00570-1

42. Zhang R, Zhang Y, Zheng W, Shang W, Wu Y, Li N, et al. Oral remdesivir
derivative VV116 is a potent inhibitor of respiratory syncytial virus with efficacy in
mouse model. Signal Transduct Tar Ther (2022) 7:123. doi: 10.1038/s41392-022-
00963-7

43. Qian HJ, Wang Y, Zhang MQ, Xie YC, Wu QQ, Liang LY, et al. Safety,
tolerability, and pharmacokinetics of VV116, an oral nucleoside analog against
SARS-CoV-2, in Chinese healthy subjects. Acta Pharmacol Sin (2022).
doi: 10.1038/s41401-022-00895-6

44. Tempestilli M, Caputi P, Avataneo V, Notari S, Forini O, Scorzolini L, et al.
Pharmacokinetics of remdesivir and GS-441524 in two critically III patients who
recovered from COVID-19. J Antimicrob Chemother (2020) 75(10):2977–80. doi:
10.1093/jac/dkaa239

45. Krentz D, Zenger K, Alberer M, Felten S, Bergmann M, Dorsch R, et al.
Curing cats with feline infectious peritonitis with an oral multi-component drug
containing GS-441524. Viruses (2021) 13(11):2228. doi: 10.3390/v13112228

46. Mackman RL, Hui HC, Perron M, Murakami E, Palmiotti C, Lee G, et al.
Prodrugs of a 1′-CN-4-aza-7, 9-dideazaadenosine c-nucleoside leading to the
discovery of remdesivir (GS-5734) as a potent inhibitor of respiratory syncytial
frontiersin.org

https://doi.org/10.1002/jmv.27627
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.1016/j.cell.2022.01.014
https://doi.org/10.1016/j.cell.2022.01.014
https://doi.org/10.1016/j.cell.2022.06.005
https://doi.org/10.1002/jmv.27517
https://doi.org/10.1002/jmv.27517
https://doi.org/10.1016/j.jep.2021.113869
https://doi.org/10.1038/s41586-020-2577-1
https://doi.org/10.1038/s41591-021-01678-y
https://doi.org/10.1038/s41591-021-01678-y
https://doi.org/10.1038/s41590-022-01130-4
https://doi.org/10.1128/Spectrum.01537-21
https://doi.org/10.1128/Spectrum.01537-21
https://doi.org/10.1021/acs.jmedchem.2c00117
https://doi.org/10.1016/S1473-3099(22)00430-3
https://doi.org/10.1002/jmv.27540
https://doi.org/10.1056/NEJMoa2116044
https://doi.org/10.1056/NEJMoa2116044
https://doi.org/10.1001/jama.2022.9925
https://doi.org/10.1101/2022.06.21.22276724
https://doi.org/10.1016/S2213-2600(22)00192-8
https://doi.org/10.1016/S1473-3099(22)00119-0
https://doi.org/10.1016/S1473-3099(22)00119-0
https://doi.org/10.1016/j.scib.2022.02.011
https://doi.org/10.1016/j.scib.2022.02.011
https://doi.org/10.1136/bmj.o926
https://doi.org/10.3389/fimmu.2022.844749
https://doi.org/10.3389/fimmu.2022.844749
https://doi.org/10.1002/jmv.26264
https://doi.org/10.1016/j.csbj.2021.08.029
https://doi.org/10.3389/fphar.2022.971890
https://doi.org/10.12659/MSM.938532
https://doi.org/10.1016/j.bmcl.2012.02.105
https://doi.org/10.1016/j.bmcl.2012.02.105
https://doi.org/10.1128/mBio.00221-18
https://doi.org/10.1016/j.vetmic.2018.04.026
https://doi.org/10.1016/j.bmc.2021.116364
https://doi.org/10.3390/v13071369
https://doi.org/10.1002/prp2.945
https://doi.org/10.1021/acs.jmedchem.0c01929
https://doi.org/10.1126/scitranslmed.abm7621
https://doi.org/10.1126/scitranslmed.abm7621
https://doi.org/10.1016/j.apsb.2021.03.028
https://doi.org/10.3389/fphar.2022.918083
https://doi.org/10.1101/2021.02.04.429674
https://doi.org/10.1111/cts.13194
https://doi.org/10.1038/s41467-021-26760-4
https://doi.org/10.1038/s41422-021-00570-1
https://doi.org/10.1038/s41392-022-00963-7
https://doi.org/10.1038/s41392-022-00963-7
https://doi.org/10.1038/s41401-022-00895-6
https://doi.org/10.1093/jac/dkaa239
https://doi.org/10.3390/v13112228
https://doi.org/10.3389/fimmu.2022.1015355
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.1015355
virus with efficacy in the African green monkey model of RSV. J Med Chem (2021)
64(8):5001–17. doi: 10.1021/acs.jmedchem.1c00071
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Computer-aided drug design
combined network
pharmacology to explore anti-
SARS-CoV-2 or anti-
inflammatory targets and
mechanisms of Qingfei Paidu
Decoction for COVID-19

Zixuan Wang, Jiuyu Zhan and Hongwei Gao*

School of Life Science, Ludong University, Yantai, Shandong, China
Introduction: Coronavirus Disease-2019 (COVID-19) is an infectious disease

caused by SARS-CoV-2. Severe cases of COVID-19 are characterized by an

intense inflammatory process that may ultimately lead to organ failure and

patient death. Qingfei Paidu Decoction (QFPD), a traditional Chines e medicine

(TCM) formula, is widely used in China as anti-SARS-CoV-2 and anti-

inflammatory. However, the potential targets and mechanisms for QFPD to

exert anti-SARS-CoV-2 or anti-inflammatory effects remain unclear.

Methods: In this study, Computer-Aided Drug Design was performed to

identify the antiviral or anti-inflammatory components in QFPD and their

targets using Discovery Studio 2020 software. We then investigated the

mechanisms associated with QFPD for treating COVID-19 with the help of

multiple network pharmacology approaches.

Results and discussion: By overlapping the targets of QFPD and COVID-19, we

discovered 8 common targets (RBP4, IL1RN, TTR, FYN, SFTPD, TP53, SRPK1,

and AKT1) of 62 active components in QFPD. These may represent potential

targets for QFPD to exert anti-SARS-CoV-2 or anti-inflammatory effects. The

result showed that QFPD might have therapeutic effects on COVID-19 by

regulating viral infection, immune and inflammation-related pathways. Our

work will promote the development of new drugs for COVID-19.

KEYWORDS

COVID-19, herb, target, active component, anti-inflammatory, anti-SARS-CoV-2
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1 Introduction

The pandemic of Coronavirus Disease-2019 (COVID-19) has

posed an unprecedented crisis to global public health (1–3). The

main symptoms of COVID-19 infection are fever, coughing,

shortness of breathing and also death (4). Traditional Chinese

medicine (TCM) formulas was widely used in China against

COVID-19, especially in 2020, in the absence of specific drugs

and vaccines (5–7). Based on the current clinical investigation, the

treatment of inflammatory storms has been proposed as a critical

part of rescuing severe COVID-19 (8–11). Qingfei Paidu Decoction

(QFPD) has become one of the most used compounds due to its

potential role in the treatment of COVID-19 (12–14). QFPD is

composed of 20 herbs (15), namely Agaric (Zhuling), Oriental

waterplantain tuber (Zexie), Largehead atractylodes rhizome

(Baizhu), Cassia twig (Guizhi), Chinese ephedra herb (Mahuang),

Semen armeniacae amarum (Xingren), Poria cocos (Fuling),

Chinese thorowax root (Chaihu), Baikal skullcap root (Huangqin),

Pinellinae rhizoma praeparatum (Jiangbanxia), Common ginger

rhizome (Shengjiang), Tatarian aster root and rhizomes (Ziwan),

Common coltsfoot flower (Kuandonghua), Blackberrglily rhizome

(Shegan), Manchurian wildginger herb (Xixin), Common yam

rhizome (Shanyao), Immature bitter orange (Zhishi), Wrinkled

gianthyssop herb (Huoxiang), Dried tangerine peel (Chenpi), and

Baked radix glycyrrhizae (Zhigancao). The combination of these

herbs is used to reduce mortality and improve cure rates in patients

with COVID-19 (16).

Computer-Aided Drug Design (CADD) is a method for

developing lead compounds by theoretical calculation,

simulation, and prediction of the relationship between drugs

and receptors (17). Network pharmacology is a powerful tool to

reflect the pharmacological effects and mechanisms of TCM

(18–20). The concept of holism for TCM has much in common

with the major points of network pharmacology, in which the

general “one target, one drug” mode is shifted to a new “multi-

target, multi-component” mode (21). The research method of

CADD combined with network pharmacology can be used to

reveal the mystery of the “multi-target, multi-component and

multi-path” of TCM formulas. This method greatly improves

the success rate of drug research and saves the cost of

drug development.

QFPD has the potential therapeutic effects for COVID-19

intervention in China, but how to take advantage of its anti-

SARS-CoV-2 and anti-inflammatory effects deserves further

exploration. Therefore, we aim to screen the antiviral or anti-

inflammatory components in QFPD and their targets using

Discovery Studio 2020 (DS2020) software. We compared the

targets regulated by the active components in QFPD with the

COVID-19 targets recorded in the Genecards database (https://

www.genecards.org) and obtained their common targets. With

the help of network pharmacology, we investigated how QFPD

regulates the body from various aspects through multiple targets

and multiple pathways. The results provided some vital
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information for the precise clinical medication and improved

the therapeutic ability of TCM for COVID-19.
2 Experimental section

2.1 Screening the active components in
QFPD from the database

Most active components of 20 herbs in QFPD were collected

through the Traditional Chinese Medicines Database (TCMdb). It

was a new tool with 23033 active components to support the

modernization of TCM (22–24). In addition, the Traditional

Chinese Medicine Systems Pharmacology Database (TCMSP

database; http://tcmspw.com/tcmsp.php) was used to supplement

active components. The TCMSP database integrated active

components, relevant diseases, targets, and pharmacokinetic data

of drugs, providing a new platform for studying the mechanism of

drug action systematically (25). Only components with antiviral or

anti-inflammatory effects were retained for later studies.
2.2 Ligand preparation and the
prediction of absorption, distribution,
metabolism, excretion, and
toxicity properties

The Prepare Ligands protocol helped to prepare ligands for

input components, performing tasks such as removing

duplicates, enumerating isomers and tautomers. This study

performed the following steps to complete this operation:

changing ionization, generating tautomers, generating isomers,

and fixing bad valencies. Then, the ligands of active components

needed to be minimized in batches by Minimize Ligands

protocol before ADMET properties’ prediction. ADMET refers

to the Absorption, Distribution, Metabolism, Excretion, and

Toxicity properties of a molecule within an organism (26, 27).

The ADMET properties predicted in this study were

hepatotoxicity, Blood-brain barrier penetration (BBB) and

Human intestinal absorption (HIA) (28, 29). Optimizing these

two properties during early drug discovery was crucial for

reducing ADMET problems later in development.

2.3 The prediction of toxicological properties
and druggability screening

Toxicity Prediction by Komputer Assisted Technology

(TOPKAT) accurately and rapidly assessed the toxicity of

chemicals based solely on their 2D molecular structure. It could

assess the toxicological properties of candidate active components

with a range of robust, cross-validated, and Quantitative

Structure-Toxicity Relationship (QSTR) models (30). The

toxicological properties we predicted in this study were the

Ames test, Rodent Carcinogenicity, Aerobic Biodegradability,
frontiersin.org
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and oral LD50 in rats. After the predicted results were obtained, all

active components that exceed these four properties’ optimal

prediction space (OPS) needed to be deleted manually. In order

to exclude active components with poor absorption, permeation,

and oral bioavailability, it was necessary to ensure that the

screened active components comply with Lipinski’s rule of five

(31) and Veber’s rules (32, 33). The active components that did

not meet these rules will be automatically deleted at the end of the

calculation. The reserved active components had better

pharmacokinetic properties and higher bioavailability in the

metabolism of organisms.
2.4 Performing reverse finding target

The technique of reverse finding target was the core of this

study. Reverse finding target process was to match the

pharmacophore models with active components which had

high credibility after a series of screening. In addition, the

matching degree of pharmacophore models and active

components can be distinguished by different colors in the

“Heat map of Ligand profiler”. Generally, the higher the

matching between the pharmacophore models and the active

components, the higher the confidence of the targets

corresponding to the pharmacophore models. Based on these

pharmacophore models, we can identify the target proteins

regulated by the active components of QFPD. We then used

the search function in the Protein Data Bank (PDB) database to

convert the target protein names to standard gene names.

COVID-19 targets recorded in the Genecards database and

QFPD targets regulated by active ingredients in QFPD were

compared to get common targets. These common targets

represented potential targets for QFPD to exert anti-SARS-

CoV-2 or anti-inflammatory effects.
2.5 Construction of protein-protein
interaction network

The interaction between the targets was illustrated as a PPI

network. The construction of the PPI network was realized via

the Search Tool for the Retrieval of Interacting Genes (STRING;

https://string-db.org/). It gathered a large number of information

resources, mainly for storing PPI data identified by experiments,

calculating predicted data, and collecting public text (34).
2.6 Construction of “herb-active
component-target” interaction
network diagram

The “herb-active component-target” interaction network

was plotted by the major constituents of QFPD and their
Frontiers in Immunology 03
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targets using Cytoscape 3.8.0. The network constructed by this

information was represented as nodes and edges with related

data attributes, which revealed the close relationship between

diseases, targets, and drugs, and provided ideas for further study

of multi-target and multi-component TCM formula.
2.7 Pathway analysis of QFPD

Gene set enrichment analysis (GSEA) was performed on

transcriptome sequencing data of COVID-19 from Gene

Expression Omnibus (GEO) database using GSEA 4.1.0. The

COVID-19 group consisted of 30 samples, which were organized

into gene expression matrix. Based on the expression of the

target, they were divided into target high expression and low

expression groups for GSEA analysis.

The potential targets of QFPD were submitted to DAVID

(https://david.ncifcrf.gov/) to analyze Gene Ontology (GO)

function enrichment and Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway enrichment. GO analysis was

involved in terms of cellular component (CC), molecular

function (MF), as well as biological process (BP) (35). CC was

defined as the active sites of gene products in cells. MF was

considered as the biochemical activity. BP involved the

contribution of genes or genetic products to biological

objectives. KEGG was a highly integrated database for

biological interpretation of wholly sequenced genomes through

pathway mapping (36).
3 Results and discussion

3.1 Screening the active components in
QFPD from the database

A total of 108 active components in QFPD were selected

from TCMdb and TCMSP database based on the above criteria

about antiviral or anti-inflammatory effects. The basic

information of 108 active components was showed in Table 1.
3.2 Ligand preparation and prediction of
ADMET properties

Prepare Ligands and Minimize Ligands protocols in DS2020

were used to prepare and minimize the structures of 108 active

components, respectively. The results showed that 107 tautomers

were produced during the preparation process, so the number of

active components reached 215. After minimization, the number

of active components remained unchanged. Favorable ADMET

properties can be considered as essential nature for a candidate

drug. As shown in Figure 1, the green ellipse represents 99% of the

absorption confidence interval, and the blue ellipse represents 99%
frontiersin.org
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TABLE 1 Active components in QFPD.

Herb Active components Effect References

Huangqin Isoscutellarein antiviral

(37, 38)

Baicalein anti-inflammatory

Baicalin anti-inflammatory

Eriodictyol anti-inflammatory

Oroxylin A anti-inflammatory

beta-Sitosterol anti-inflammatory

Wogonin anti-inflammatory

Wogonoside anti-inflammatory

Chrysin
anti-inflammatory,
antiviral

Jiangbanxia beta-Sitosterol anti-inflammatory (39)

Kuandonghua Gallic acid anti-inflammatory

(40–42)
Hyperin anti-inflammatory

Rutin
anti-inflammatory,
antiviral

Shegan Tectoridin anti-inflammatory

(43, 44)
Tectorigenin anti-inflammatory

Mangiferin
anti-inflammatory,
antiviral

Xixin Sesamin antiviral

(45–47)
Aristolochic acid antiviral

(+)-Eudesma-4(15),7(11)-dien-8-one anti-inflammatory

Terpinen-4-ol anti-inflammatory

Shanyao beta-Sitosterol anti-inflammatory (39)

Zhishi Tangeretin antiviral

(48, 49)

5,7,4'-Trimethoxyflavone antiviral

Hesperidin antiviral

Apigenin-7-O-neohesperidoside antiviral

Lonicerin anti-inflammatory

Naringin
anti-inflammatory,
antiviral

Chenpi Hesperidin antiviral

(49, 50)
Naringin

anti-inflammatory,
antiviral

Huoxiang Linalool antiviral

(51–53)

Pachypodol antiviral

Acacetin anti-inflammatory

Friedelan-3-one anti-inflammatory

beta-Pinene anti-inflammatory

(Continued)
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TABLE 1 Continued

Herb Active components Effect References

beta-Sitosterol anti-inflammatory

Cinnamaldehyde anti-inflammatory

Mahuang Kaempferol antiviral

(54, 55)
(4S,5R) Ephedroxane anti-inflammatory

Isoquercitrin anti-inflammatory

N-Methylephedrine anti-inflammatory

Shengjiang Linalool antiviral

(45, 51, 56)

6-Dehydrogingerdione anti-inflammatory

10-Dehydrogingerdione anti-inflammatory

Geraniol anti-inflammatory

D-Isoborneol anti-inflammatory

L-Isoborneol anti-inflammatory

Terpinen-4-ol anti-inflammatory

Xingren Linalool antiviral

(51, 57)Dihydroquercetin anti-inflammatory

Eriodictyol anti-inflammatory

Ziwan Quercetin antiviral

(58, 59)Friedelan-3-one anti-inflammatory

Anethole anti-inflammatory

Baizhu Atractylenolide I anti-inflammatory

(60)Atractylone anti-inflammatory

(+)-Eudesma-4(15),7(11)-dien-8-one anti-inflammatory

Fuling Dihydroquercetin anti-inflammatory

(61, 62)
Astilbin

anti-inflammatory,
antiviral

Guizhi 2-Methoxycinnamaldehyde anti-inflammatory

(39, 63)
beta-Sitosterol anti-inflammatory

Cinnamaldehyde
anti-inflammatory,
antiviral

Zhuling MAN
anti-inflammatory,
antiviral

(64)

GLA
anti-inflammatory,
antiviral

Zexie Emodin
anti-inflammatory,
antiviral

(65–67)
HMF

anti-inflammatory,
antiviral

alpha-D-fructofuranose
anti-inflammatory,
antiviral

EA-fructofuranoside

(Continued)
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TABLE 1 Continued

Herb Active components Effect References

anti-inflammatory,
antiviral

stachyose
anti-inflammatory,
antiviral

NCA
anti-inflammatory,
antiviral

1-Monolinolein
anti-inflammatory,
antiviral

stearic acid
anti-inflammatory,
antiviral

orientalolf
anti-inflammatory,
antiviral

Sulfoorientalol C
anti-inflammatory,
antiviral

raffinose
anti-inflammatory,
antiviral

(2R,3S,4S,5R)-2-ethoxy-2,5-bis(hydroxymethyl)oxolane-3,4-diol
anti-inflammatory,
antiviral

Zhigancao 3,3'-Dimethylquercetin antiviral

(11, 39, 41, 68–
70)

Glycycoumarin antiviral

Glepidotin D antiviral

Glycyrrhisoflavone antiviral

Glycyrrhizic acid antiviral

Isolicoflavonol antiviral

Licopyranocoumarin antiviral

6,8-Bis(C-beta-glucosyl)-apigenin anti-inflammatory

Isoliquiritin anti-inflammatory

Isoquercitrin anti-inflammatory

Liquiritic acid anti-inflammatory

Pinocembrin anti-inflammatory

beta-Sitosterol anti-inflammatory

Glycyrrhetinic acid anti-inflammatory

Licochalcone A
anti-inflammatory,
antiviral

Glycyrrhizic acid
anti-inflammatory,
antiviral

Rutin
anti-inflammatory,
antiviral

Chaihu Linalool antiviral

(51, 56, 71–73)
Saikosaponin C antiviral

Geraniol anti-inflammatory

Isoquercitrin anti-inflammatory

(Continued)
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of the BBB confidence interval. In general, the absorption outside

the 99% ellipse tends to drop relatively quickly. If the active

component is outside the 99% confidence interval of the BBB

model, the prediction of the molecule is considered unreliable. In

order to reduce the risk of late-stage attrition, we excluded active
Frontiers in Immunology 07
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components outside the 99% confidence interval of the BBB

model and HIA model. In this process, all the active

components from the 5 herbs (Jiangbanxia, Chenpi, Fuling,

Shanyao, Zhuling) were excluded. In the end, only 97

compounds from 15 herbs were left.
TABLE 1 Continued

Herb Active components Effect References

Kaempferitrin anti-inflammatory

Oroxylin A anti-inflammatory

Propapyriogenin A2 anti-inflammatory

Pulegone anti-inflammatory

Saikosaponin B2 anti-inflammatory

Scoparone anti-inflammatory

alpha-Spinasterol anti-inflammatory

Wogonin anti-inflammatory

Saikosaponin D
anti-inflammatory,
antiviral

Saikosaponin A
anti-inflammatory,
antiviral

(E)-3-(3,4-Dimethoxyphenyl)-2-propen-1-yl (Z)-2-[(Z)-2-methyl-2-butenoyloxymethyl]
butenoate

anti-inflammatory

1-(3,4,5-Trimethoxyphenyl)-2-propenyl 2-(2-methyl-2Z-butenoyloxymethyl)-2Z-butenoate anti-inflammatory
FIGURE 1

ADMET property prediction results of QFPD.
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3.3 TOPKAT and druggability screening

We checked whether the 97 active components were in the OPS

of four toxicological properties (Ames test, Rodent Carcinogenicity,

Aerobic Biodegradability, and oral LD50). It can be seen from Table

S1 that the number of candidate active components became 68 after

excluding active components that did not meet the OPS. Due to the

unsatisfactory results of the active components of Kuandonghua

and Ziwan, they should not be further studied. In the process of

druggability screening, the program automatically eliminated 2

unqualified active components according to Lipinski’s rule of five

and Veber’s rules. Therefore, 66 active components from 13 herbs

may become oral drugs.
3.4 Reverse finding target

The results showed that the corresponding targets of active

components in Guizhi did not have antiviral or anti-

inflammatory effects. Therefore, 64 active components from 12

herbs were retained in the reverse finding target process. The

structures of 64 active components are shown in Figure S1. It can

be seen from Figure 2 that the horizontal axis and the

longitudinal axis represent the pharmacophore models and the

active components, respectively. The color gradient trend is red,

yellow, green, and blue on the Heat map. The pharmacophore

models with high and low Fit Value are represented by red and

blue, respectively. Red means that the matching degree is good.

Based on these pharmacophore models, we found that the

possible targets of the 64 active components in QFPD were
Frontiers in Immunology 08
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Antigen peptide transporter 1 (TAP1), Retinol-binding protein 4

(RBP4), Interleukin 1 receptor antagonist (IL1RN), Centromere-

associated protein E (CENPE), Beta-secretase 1 (BACE1),

Transthyretin (TTR), Tyrosine-protein kinase Fyn (FYN),

Thyroid hormone receptor alpha (THRA), Pulmonary

surfactant-associated protein D (SFTPD), Nuclear receptor

subfamily 0 group B member 2 (NR0B2), Cellular tumor

antigen p53 (TP53), SRSF protein kinase 1 (SRPK1), RAC-

alpha serine/threonine-protein kinase (AKT1) and Protein

Mdm4 (MDM4). We compared 14 targets regulated by 64

active components in QFPD with the COVID-19 targets

recorded in Genecards databases and found the common

targets RBP4 (74), IL1RN (8), TTR (75), FYN (76), SFTPD

(77), TP53 (78), SRPK1 (79), and AKT1 (80). The information of

8 potential targets is shown in Table 2. FYN, AKT1, SFTPD,

SRPK1, and TP53 were SARS-CoV-2 specific targets.
3.5 Construction of protein-protein
interaction network

PPI network was constructed by String with the potential

targets of the 62 active components in QFPD. It can be seen

from Figure 3A that the network contained 8 nodes and 6 edges.

The nodes represented the targets, and the edges represented the

interactions between the targets. The more edges the node had, the

more critical it was in the network. TP53 and AKT1, with a high

degree of connectivity, were core genes that may play an essential

role in treating COVID-19 with QFPD. The network in Figure 3B

contained 5 nodes and 5 edges. If medium confidence≧0.4 was
FIGURE 2

Reverse finding target results of QFPD. The horizontal axis represents the pharmacophore models, and the longitudinal axis represents the
active components. Due to the limited size of the picture, we only show more promising pharmacophore models and active components.
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selected as the screening criteria, the candidate targets were TP53,

AKT1, FYN, and SRPK1. If the highest confidence≧0.9 was selected
as the screening criteria, the candidate targets were TP53, AKT1.

The network in Figure 3C contained 7 nodes and 4 edges. If

medium confidence≧0.4 was selected as the screening criteria, the

candidate targets were TP53, AKT1, RBP4, TTR, and FYN. If

the highest confidence≧0.9 was selected as the screening criteria, the
candidate targets were TP53, AKT1, RBP4, and TTR.
3.6 Construction of “herb-active
component-target” interaction
network diagram

As shown in Figure 4, 62 active components from 12 herbs

(Mahuang, Zhishi, Huoxiang, Zexie, Shegan, Shengjiang,

Chaihu, Huangqin, Xingren, Baizhu, Xixin, and Zhigancao)

have anti-SARS-CoV-2 or anti-inflammatory effects. Among
Frontiers in Immunology 09
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them, Eriodictyol was common in Xixin and Huangqin.

Wogonin was common in Chaihu and Huangqin. Geraniol

was common in Chaihu and Shengjiang. (+)-Eudesma-4(15),7

(11)-dien-8-one was common in Xixin and Baizhu. It can be

seen from Table 3 that, Kaempferol2, Kaempferol3, Emodin7,

and Isolicoflavonol3 only had anti-SARS-CoV-2 effects, (4S_5R)

Ephedroxane and Pulegone only had anti-inflammatory effects.

The other 56 components were both anti-inflammatory and

anti-SARS-CoV-2. Among these components, Quercetin,

Wogonin, and Emodin were able to interfere with various

stages of the coronavirus entry and replication cycle (59, 81,

82). Kaempferol could be used as an antiviral drug against the 3a

Channel Protein of Coronavirus (55). Baicalein had a high

affinity for SARS-CoV-2 3CLpro (83). They were identified as

candidate active components for COVID-19. In addition, each

target was bound to two or more active components, indicating

that these targets could be affected by multiple active

components simultaneously to exert different effects.
TABLE 2 All pharmacophores and their possible corresponding targets obtained by reverse finding target.

Pharmacophore Possible target
(gene name) Effect References

1rbp-02,1rbp-02-s,1rbp-03,1rbp-03-s,1rbp-04,1rbp-04-s,1rbp-05,1rbp-06,1rbp-07-s,1rbp-08,1rbp-08-
s,1rbp-09,1rbp-10,1rbp-10-s

1rbp(RBP4)
anti-
inflammatory

(74)

1sri-01-s, 1sri-02-s, 1sri-03-s, 1sri-04-s, 1sri-05-s, 1sri-06-s, 1sri-07-s, 1sri-08-s, 1sri-09-s, 1sri-10-s 1sri(IL1RN)
anti-
inflammatory

(8)

1tyr-01,1tyr-01-s,1tyr-02,1tyr-02-s,1tyr-03,1tyr-03-s,1tyr-04,1tyr-04-s,1tyr-05,1tyr-05-s,1tyr-06,1tyr-
07,1tyr-07-s,1tyr-08,1tyr-08-s,1tyr-09,1tyr-09-s,1tyr-10,1tyr-10-s

1tyr(TTR)
anti-
inflammatory

(75)

2dq7-01,2dq7-02,2dq7-02-s,2dq7-03,2dq7-03-s,2dq7-04,2dq7-05,2dq7-05-s,2dq7-06,2dq7-06-s,2dq7-
07,2dq7-07-s,2dq7-08,2dq7-09,2dq7-09-s,2dq7-10

2dq7(FYN)

anti-SARS-
CoV-2
anti-
inflammatory

(76)

3cqu-01,3cqu-01-s,3cqu-02,3cqu-02-s,3cqu-03,3cqu-03-s,3cqu-04,3cqu-04-s,3cqu-05,3cqu-05-s,3cqu-
06,3cqu-06-s,3cqu-07,3cqu-07-s,3cqu-08,3cqu-08-s,3cqu-09,3cqu-09-s,3cqu-10,3cqu-10-s

3cqu(AKT1)

anti-SARS-
CoV-2
anti-
inflammatory

(80)

3cqw-01,3cqw-01-s,3cqw-02,3cqw-03, 3cqw-04, 3cqw-04-s, 3cqw-05, 3cqw-05-s, 3cqw-06, 3cqw-06-s,
3cqw-07, 3cqw-07-s, 3cqw-08, 3cqw-09, 3cqw-10, 3cqw-10-s

3cqw(AKT1)

anti-SARS-
CoV-2
anti-
inflammatory

(80)

2orj-01,2orj-02,2orj-03,2orj-04 2orj(SFTPD)

anti-SARS-
CoV-2
anti-
inflammatory

(77)

2x0u-01,2x0u-01-s 2x0u(TP53)

anti-SARS-
CoV-2
anti-
inflammatory

(78)

2x0v-01,2x0v-01-s 2x0v(TP53)

anti-SARS-
CoV-2
anti-
inflammatory

(78)

3beg-01,3beg-02 3beg(SRPK1)
anti-SARS-
CoV-2

(79)
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3.7 Pathway analysis of QFPD

We identified TP53 and AKT1 as core targets based on the

PPI network. Therefore, according to the expression of TP53 or

AKT1, we divided them into high and low expression groups for

GSEA analysis. P-value<0.05 was considered statistically

significant. Figure 5A showed that 6 significant pathways were

enriched in the TP53 high expression group: RNA polymerase,

primary immunodeficiency, intestinal immune network for IGA
Frontiers in Immunology 10
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production, systemic lupus erythematosus, allograft rejection,

and autoimmune thyroid disease. 3 pathways were enriched in

the TP53 low expression group: O glycan biosynthesis,

regulation of autophagy, and long-term potentiation. 20

meaningful pathways were enriched in the AKT1 high

expression group. We showed the first six significant

enrichments in Figure 5B, which were taste transduction, ECM

receptor interaction, focal adhesion, ABC transporters, long

term depression, and linoleic acid metabolism. 3 pathways
A B C

FIGURE 3

(A) PPI network of 8 potential targets. (B) PPI network of the SARS-CoV-2 specific targets. (C) PPI network of the inflammatory targets.
Associations are meant to be specific and meaningful, i.e. proteins jointly contribute to a shared function; this does not necessarily mean they
are physically binding to each other. The light-blue edges denote known interactions from curated databases. The pink edges show that the
known interactions were determined by experimental methods. The yellow edges demonstrate that the predicted interactions arose from text-
mining. The black edges denote that the predicted interactions arose from co-expression. The lavender edges show that the predicted
interactions arose from protein homology. The dark-blue edges denote that the predicted interactions arose from gene co-occurrence.
FIGURE 4

The “herb-active component-target” interaction network diagram for the treatment of COVID-19. 12 herbs (Mahuang, Zhishi, Huoxiang, Zexie,
Shegan, Shengjiang, Chaihu, Huangqin, Xingren, Baizhu, Xixin, Zhigancao) in QFPD are marked in orange; 62 active components screened from
12 herbs with anti-SARS-CoV-2 or anti-inflammatory effects are marked in purple; 8 potential targets of QFPD are marked in green, and the
properties of the targets are marked in pink. The black line represents that a certain active component comes from a certain herb; the yellow
line represents the interaction between the active component and the target, and the red line represents a certain target is against inflammation
or SARS-CoV-2.
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TABLE 3 62 components determined by multiple computational processes in QFPD.

Active components Effect

Kaempferol3 anti-SARS-CoV-2

Emodin7 anti-SARS-CoV-2

Kaempferol2 anti-SARS-CoV-2

Isolicoflavonol3 anti-SARS-CoV-2

(4S_5R)_Ephedroxane anti-inflammatory

Pulegone anti-inflammatory

Pachypodol anti-SARS-CoV-2, anti-inflammatory

3_3_-Dimethylquercetin1 anti-SARS-CoV-2, anti-inflammatory

Glycyrrhisoflavone anti-SARS-CoV-2, anti-inflammatory

Oroxylin_A2 anti-SARS-CoV-2, anti-inflammatory

Wogonin1 anti-SARS-CoV-2, anti-inflammatory

Isolicoflavonol2 anti-SARS-CoV-2, anti-inflammatory

6-Dehydrogingerdione anti-SARS-CoV-2, anti-inflammatory

Isolicoflavonol1 anti-SARS-CoV-2, anti-inflammatory

3_3_-Dimethylquercetin3 anti-SARS-CoV-2, anti-inflammatory

Baicalein2 anti-SARS-CoV-2, anti-inflammatory

3_3_-Dimethylquercetin4 anti-SARS-CoV-2, anti-inflammatory

Emodin3 anti-SARS-CoV-2, anti-inflammatory

Emodin1 anti-SARS-CoV-2, anti-inflammatory

Wogonin2 anti-SARS-CoV-2, anti-inflammatory

Pinocembrin3 anti-SARS-CoV-2, anti-inflammatory

Glycycoumarin2 anti-SARS-CoV-2, anti-inflammatory

3_3_-Dimethylquercetin2 anti-SARS-CoV-2, anti-inflammatory

Eriodictyol2 anti-SARS-CoV-2, anti-inflammatory

Tangeretin anti-SARS-CoV-2 anti-inflammatory

Aristolochic_acid anti-SARS-CoV-2, anti-inflammatory

(+)-Eudesma-4(15)_7(11)-dien-8-one anti-SARS-CoV-2, anti-inflammatory

Glycycoumarin1 anti-SARS-CoV-2, anti-inflammatory

5_7_4_-Trimethoxyflavone anti-SARS-CoV-2, anti-inflammatory

Glycyrrhetinic_acid anti-SARS-CoV-2, anti-inflammatory

Geraniol anti-SARS-CoV-2, anti-inflammatory

Licopyranocoumarin anti-SARS-CoV-2, anti-inflammatory

Propapyriogenin_A2 anti-SARS-CoV-2, anti-inflammatory

Pinocembrin2 anti-SARS-CoV-2, anti-inflammatory

Isoscutellarein3 anti-SARS-CoV-2, anti-inflammatory

Liquiritic_acid anti-SARS-CoV-2, anti-inflammatory

Sulfoorientalol_C anti-SARS-CoV-2 anti-inflammatory

(Continued)
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TABLE 3 Continued

Active components Effect

Eriodictyol1 anti-SARS-CoV-2, anti-inflammatory

Emodin2 anti-SARS-CoV-2, anti-inflammatory

Tectorigenin2 anti-SARS-CoV-2, anti-inflammatory

Emodin4 anti-SARS-CoV-2, anti-inflammatory

Pinocembrin5 anti-SARS-CoV-2, anti-inflammatory

Chrysin3 anti-SARS-CoV-2, anti-inflammatory

Eriodictyol4 anti-SARS-CoV-2, anti-inflammatory

Baicalein1 anti-SARS-CoV-2, anti-inflammatory

Isoscutellarein1 anti-SARS-CoV-2, anti-inflammatory

Isoscutellarein2 anti-SARS-CoV-2, anti-inflammatory

Eriodictyol3 anti-SARS-CoV-2, anti-inflammatory

Kaempferol1 anti-SARS-CoV-2 anti-inflammatory

Chrysin1 anti-SARS-CoV-2, anti-inflammatory

Chrysin2 anti-SARS-CoV-2, anti-inflammatory

Pinocembrin1 anti-SARS-CoV-2, anti-inflammatory

Pinocembrin4 anti-SARS-CoV-2, anti-inflammatory

3_3_-Dimethylquercetin5 anti-SARS-CoV-2, anti-inflammatory

HMF anti-SARS-CoV-2, anti-inflammatory

Oroxylin_A1 anti-SARS-CoV-2, anti-inflammatory

Tectorigenin3 anti-SARS-CoV-2, anti-inflammatory

Tectorigenin1 anti-SARS-CoV-2, anti-inflammatory

NCA anti-SARS-CoV-2, anti-inflammatory

Emodin5 anti-SARS-CoV-2, anti-inflammatory

Emodin6 anti-SARS-CoV-2, anti-inflammatory

Scoparone anti-SARS-CoV-2, anti-inflammatory
F
rontiers in Immunology 12
141
A B

FIGURE 5

(A) GSEA analysis for TP53. (B) GSEA analysis for AKT1.
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were enriched in the AKT1 low expression group, namely other

glycan degradation, glycosylphosphatidylinositol GPI anchor

biosynthesis, peroxisome, and hematopoietic cell lineage.

It can be seen from Table 4 that 8 potential targets of

QFPD (RBP4, IL1RN, TTR, FYN, SFTPD, TP53, SRPK1,

and AKT1) were mainly enriched in 21 BP entries. 17 BP

entries were determined with P-value<0.05 (Figure 6). The core
Frontiers in Immunology 13
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BP entries mainly included the viral process, intracellular signal

transduction, innate immune response, protein phosphorylation,

and cell differentiation. During SARS-CoV-2 infection, the innate

immune system experienced substantial disturbance (84). Several

of the cytokines involved in the reaction employ a distinct

intracellular signaling pathway mediated by Janus kinases (85).

Researchers studied the perturbation in protein phosphorylation
TABLE 4 BP, MF and CC entries of GO analysis.

Item Count P-value Genes

BP

viral process 3 0.0063 FYN, TP53, SRPK1

intracellular signal transduction 3 0.0111 AKT1, FYN, SRPK1

innate immune response 3 0.0126 SFTPD, FYN, SRPK1

protein phosphorylation 3 0.0141 AKT1, FYN, SRPK1

cell differentiation 3 0.0145 AKT1, FYN, TP53

positive regulation of protein localization to nucleus 2 0.0087 AKT1, FYN

retinol metabolic process 2 0.0124 RBP4, TTR

negative regulation of extrinsic apoptotic signaling pathway in absence of
ligand

2 0.0153 AKT1, FYN

retinoid metabolic process 2 0.0252 RBP4, TTR

regulation of phosphatidylinositol 3-kinase signaling 2 0.0321 AKT1, FYN

T cell costimulation 2 0.0321 AKT1, FYN

cellular response to hypoxia 2 0.0393 AKT1, TP53

glucose homeostasis 2 0.0414 RBP4, AKT1

response to ethanol 2 0.0430 RBP4, FYN

phosphatidylinositol-mediated signaling 2 0.0434 AKT1, FYN

platelet activation 2 0.0470 AKT1, FYN

cellular protein metabolic process 2 0.0482 TTR, SFTPD

regulation of signal transduction by p53 class mediator 2 0.0506 AKT1, TP53

negative regulation of gene expression 2 0.0557 AKT1, FYN

cellular response to DNA damage stimulus 2 0.0836 AKT1, TP53

regulation of apoptotic process 2 0.0855 FYN, TP53

MF

protein binding 8 0.0103
IL1RN, RBP4, TTR, SFTPD, AKT1, FYN, TP53,
SRPK1

identical protein binding 4 0.0027 TTR, AKT1, FYN, TP53

ATP binding 4 0.0185 AKT1, FYN, TP53, SRPK1

enzyme binding 3 0.0076 AKT1, FYN, TP53

protein heterodimerization activity 3 0.0145 RBP4, TTR, TP53

protein phosphatase 2A binding 2 0.0111 AKT1, TP53

CC

protein complex 4 0.0004 RBP4, TTR, AKT1, TP53

extracellular space 4 0.0112 IL1RN, RBP4, TTR, SFTPD

mitochondrion 3 0.0875 AKT1, FYN, TP53

nuclear matrix 2 0.0367 TP53, SRPK1
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during SARS-CoV-2 infection by mass spectrometry, and the

results showed that large changes were observed in protein

phosphorylation (86). This evidences verified that QFPD

regulates diseases through a variety of biological processes. The

coreMF entries mainly included protein binding, identical protein

binding, enzyme binding, and ATP binding. A recent study

reported that SARS-CoV-2 enters the host cells through the

binding of its spike protein to the cell surface-expressing

angiotensin-converting enzyme 2 (ACE2) (87). Therefore,

inhibiting the binding of some specific proteins or enzymes may

attenuate the progression of COVID-19. The core CC entries

mainly included protein complex and extracellular space. The GO

analysis results showed that AKT1, FYN, TP53, TTR, and RBP4
Frontiers in Immunology 14
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were key targets involved in regulation. The KEGG analysis results

showed that AKT1, FYN, and TP53 were key targets involved in

regulation (Table 5). The top 13 KEGG pathways are shown in

Figure 7. The core pathways mainly included Sphingolipid

signaling pathway, Fc epsilon RI signaling pathway, Apoptosis,

and Measles. Sphingolipids play a vital role in protecting the lung

from damages (88). The Fc epsilon RI signaling pathway is

associated with cytokine secretion and inflammatory responses

(89). Based on previous data, SARS-CoV-2 may have the ability to

induce endogenous and exogenous apoptotic pathways and

stimulate T cell apoptosis (90). Therefore, we speculate that the

active components in QFPD may play an important role in the

therapeutic of COVID-19 by multiple pathways.
FIGURE 6

BP entries for the potential targets of active components in QFPD.
TABLE 5 13 KEGG pathways.

Pathway Count P-value Genes

Sphingolipid signaling pathway 3 0.0018 AKT1, FYN, TP53

Measles 3 0.0022 AKT1, FYN, TP53

Endometrial cancer 2 0.0299 AKT1, TP53

Non-small cell lung cancer 2 0.0322 AKT1, TP53

Colorectal cancer 2 0.0356 AKT1, TP53

Apoptosis 2 0.0356 AKT1, TP53

Central carbon metabolism in cancer 2 0.0367 AKT1, TP53

Glioma 2 0.0373 AKT1, TP53

Pancreatic cancer 2 0.0373 AKT1, TP53

Fc epsilon RI signaling pathway 2 0.0390 AKT1, FYN

Melanoma 2 0.0407 AKT1, TP53

Chronic myeloid leukemia 2 0.0412 AKT1, TP53

Small cell lung cancer 2 0.0485 AKT1, TP53
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Conclusion

In this study, we used various network pharmacology methods

combined with CADD techniques to reveal the diversity of

potential targets and therapeutic pathways for QFPD against

COVID-19. We found that RBP4, IL1RN, TTR, FYN, SFTPD,

TP53, SRPK1, and AKT1 are highly related to COVID-19. QFPD

could act on multiple pathways, including viral process,

immunodeficiency, RNA polymerase, Sphingolipid signaling

pathway, and taste transduction. The results showed that QFPD

has “multi-component, multi-target, and multi-pathway”

characteristics in regulating inflammation, viral infection, cellular

damage, and immune responses. Our work helps to establish the

basic theory of TCM for the treatment of COVID-19.
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Gutiérrez-Ibanes E, Del Valle R, et al. Ramipril in high-risk patients with
COVID-19. J Am Coll Cardiol (2020) 76:268–76. doi: 10.1016/j.jacc.2020.05.040

5. Li Y, Liu X, Guo L, Li J, Zhong D, Zhang Y, et al. Traditional Chinese herbal
medicine for treating novel coronavirus (COVID-19) pneumonia: protocol for a
systematic review and meta-analysis. Systematic Rev (2020) 9:75–5. doi: 10.1186/
s13643-020-01343-4

6. Constantinos G, Anna H, Dimitrios K, Taxiarchis P, Vasiliki T. Status of
traditional Chinese medicine in Greece and its approach on COVID-19 pandemic.
Chin Med Culture (2021) 4:78–85. doi: 10.4103/CMAC.CMAC_16_21

7. Li M, Yang Y, Liu Y, Zheng M, Li J, Chen L, et al. Progress of traditional
Chinese medicine treating COVID-19. World J Traditional Chin Med (2021)
7:167–83. doi: 10.4103/wjtcm.wjtcm_68_20

8. Fricke-Galindo I, Falfan-Valencia R. Genetics insight for COVID-19
susceptibility and severity: a review. Front Immunol (2021) 12:1057–8. doi:
10.3389/fimmu.2021.622176

9. Huan−Huan T, Qi L, Pan−Hong J, Xiang−Dong Z. Clinical value of related
inflammatory factors in COVID⁃19. J Hainan Med Univ (2021) 27:647–50.
doi: 10.13210/j.cnki.jhmu.20210329.001

10. Vannucchi AM, Sordi B, Morettini A, Nozzoli C, Poggesi L, Pieralli F, et al.
Compassionate use of JAK1/2 inhibitor ruxolitinib for severe COVID-19: a
prospective observational study. Leukemia (2021) 35:1121–33. doi: 10.1038/
s41375-020-01018-y

11. Wang Z, Zhang J, Zhan J, Gao H. Screening out anti-inflammatory or anti-
viral targets in xuanfei baidu tang through a new technique of reverse finding
target. Bioorganic Chem (2021) 116:105274–4. doi: 10.1016/j.bioorg.2021.105274

12. Shi N, Liu B, Liang N, Ma Y, Ge Y, Yi H, et al. Association between early
treatment with qingfei paidu decoction and favorable clinical outcomes in patients
with COVID-19: a retrospective multicenter cohort study. Pharmacol Res (2020)
161:105290–0. doi: 10.1016/j.phrs.2020.105290

13. Xin S, Cheng X, Zhu B, Liao X, Yang F, Song L, et al. Clinical retrospective
study on the efficacy of qingfei paidu decoction combined with Western medicine
for COVID-19 treatment. Biomed Pharmacother (2020) 129:110500–0. doi:
10.1016/j.biopha.2020.110500

14. Ren W, Ma Y, Wang R, Liang P, Sun Q, Pu Q, et al. Research advance on
qingfei paidu decoction in prescription principle, mechanism analysis and clinical
application. Front Pharmacol (2021) 11:2046–6. doi: 10.3389/fphar.2020.589714

15. Gao K, Song YP, Chen H, Zhao LT, Ma L. Therapeutic efficacy of qingfei
paidu decoction combined with antiviral drugs in the treatment of corona virus
disease 2019: A protocol for systematic review and meta analysis. Medicine (2020)
99:20489–9. doi: 10.1097/MD.0000000000020489

16. Junhua M, Yang H, Qian C, Qiang G, Yonggang C, Jing A. A retrospective
study on the treatment of COVID-19 type common/type severe with qingfei paidu
decoction. Chin J Hosp Pharm (2020) 40:2152–7. doi: 10.3969/j.issn.2097-
0005.2021.12.009

17. Silva C.H.T.D.P.D., Silva V, Resende J, Rodrigues PF, Bononi FC,
Benevenuto CG, et al. Computer-aided drug design and ADMET predictions for
identification and evaluation of novel potential farnesyltransferase inhibitors in
cancer therapy. J Mol Graphics Model (2010) 28:513–23. doi: 10.1016/
j.jmgm.2009.11.011

18. Zhang A, Hui S, Yang B, Wang X. Predicting newmolecular targets for rhein
using network pharmacology. BMC Syst Biol (2012) 6:20–0. doi: 10.1186/1752-
0509-6-20

19. Shao L, Zhang B. Traditional Chinese medicine network pharmacology:
theory, methodology and application. Chin J Natural Medicines (2013) 11:110–20.
doi: 10.1016/S1875-5364(13)60037-0

20. Chang-Xiao L, Liu R, Fan H-R, Ng X-F, Xiao X-P, Chen. Network
pharmacology bridges traditional application and modern development of
traditional Chinese medicine. Chin Herbal Medicines (2015) 7:3–17. doi:
10.1016/S1674-6384(15)60014-4
Frontiers in Immunology 16
145
21. Yang Y, Ding Z, Wang Y, Zhong R, Feng Y, Xia T, et al. Systems
pharmacology reveals the mechanism of activity of physalis alkekengi l. var.
franchetii against lipopolysaccharide-induced acute lung injury. J Cell Mol Med
(2020) 24:5039–56. doi: 10.1111/jcmm.15126

22. Liu Y, Sun Y. China Traditional Chinese medicine (TCM) patent database.
World Patent Inf (2004) 26:91–6. doi: 10.1016/S0172-2190(03)00110-8

23. Hsin-Yi C. Discovery of novel insomnia leads from screening traditional
Chinese medicine database. J Biomolecular Structure Dynamics (2013) 32:776–91.
doi: 10.1080/07391102.2013.790849

24. Arya H, Coumar MS. Virtual screening of traditional Chinese medicine
(TCM) database: identification of fragment-like lead molecules for filariasis target
asparaginyl-tRNA synthetase. J Mol Modeling (2014) 20:2266–7. doi: 10.1007/
s00894-014-2266-9

25. Ru J, Li P, Wang J, Zhou W, Li B, Huang C, et al. TCMSP: a database of
systems pharmacology for drug discovery from herbal medicines. J Cheminform
(2014) 6:13–4. doi: 10.1186/1758-2946-6-13

26. Ma LY, Zhou QL, Yang XB, Wang HP, Yang XW. Metabolism of 20(S)-
ginsenoside Rg2 by rat liver microsomes: Bioactivation to SIRT1-activating
metabolites. Molecules (2016) 21:757–8. doi: 10.3390/molecules21060757

27. Tailong L, Youyong Li, Yunlong S, Dan Li, Huiyong, Sun. ADMET
evaluation in drug discovery: 15. accurate prediction of rat oral acute toxicity
using relevance vector machine and consensus modeling. J Cheminformatics (2016)
8:6–8. doi: 10.1186/s13321-016-0117-7

28. Qidwai T. QSAR modeling, docking and ADMET studies for exploration of
potential anti-malarial compounds against plasmodium falciparum. In Silico
Pharmacol (2017) 5:6–7. doi: 10.1007/s40203-017-0026-0

29. Alam S, Khan F. Virtual screening, docking, ADMET and system
pharmacology studies on garcinia caged xanthone derivatives for anticancer
activity. Sci Rep (2018) 8:5524–5. doi: 10.1038/s41598-018-23768-7

30. Ruiz P, Begluitti G, Tincher T, Wheeler J, Mumtaz M. Prediction of acute
mammalian toxicity using QSAR methods: a case study of sulfur mustard and its
breakdown products. Molecules (Basel Switzerland) (2012) 17:8982–9001. doi:
10.3390/molecules17088982

31. Bahadur Gurung A, Ajmal Ali M, Lee J, Abul Farah M, Mashay Al-Anazi K.
Structure-based virtual screening of phytochemicals and repurposing of FDA
approved antiviral drugs unravels lead molecules as potential inhibitors of
coronavirus 3C-like protease enzyme. J King Saud University. Sci (2020)
32:2845–53. doi: 10.1016/j.jksus.2020.07.007

32. Alam S, Khan F. 3D-QSAR, docking, ADME/Tox studies on flavone analogs
reveal anticancer activity through tankyrase inhibition. Sci Rep (2019) 9:5414–4.
doi: 10.1038/s41598-019-41984-7

33. Zhou Y, Lu X, Yang H, Chen Y, Wang F, Li J, et al. Discovery of selective
butyrylcholinesterase (BChE) inhibitors through a combination of computational
studies and biological evaluations.Molecules (Basel Switzerland) (2019) 24:4217–7.
doi: 10.3390/molecules24234217

34. Damian S, Andrea F, Stefan W, Kristoffer F, Davide H, Jaime HC, et al.
STRING v10: protein–protein interaction networks, integrated over the tree of life.
Nucleic Acids Res (2015) 43:447–52. doi: 10.1093/nar/gku1003

35. Grindrod P, Kibble M. Review of uses of network and graph theory concepts
within proteomics. Expert Rev Proteomics (2004) 1:229–38. doi: 10.1586/
14789450.1.2.229

36. Kanehisa M, Goto S, Sato Y, Furumichi M, Tanabe M. KEGG for integration
and interpretation of large-scale molecular data sets. Nucleic Acids Res (2012) 40:
D109–14. doi: 10.1093/nar/gkr988

37. Shen Y-C, Chiou W-F, Chou Y-C, Chen C-F. Mechanisms in mediating the
anti-inflammatory effects of baicalin and baicalein in human leukocytes. Eur J
Pharmacol (2003) 465:171–81. doi: 10.1016/S0014-2999(03)01378-5

38. Lee JY, Park W. Anti-inflammatory effects of oroxylin a on RAW 264.7
mouse macrophages induced with polyinosinic-polycytidylic acid. Exp Ther Med
(2016) 12:151–6. doi: 10.3892/etm.2016.3320
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79. Savastano A, Ibáñez De Opakua A, Rankovic M, Zweckstetter M.
Nucleocapsid protein of SARS-CoV-2 phase separates into RNA-rich
polymerase-containing condensates. Nat Commun (2020) 11:1–10. doi: 10.1038/
s41467-020-19843-1

80. Xia QD, Xun Y, Lu JL, Lu YC, Yang YY, Zhou P, et al. Network
pharmacology and molecular docking analyses on lianhua qingwen capsule
indicate Akt1 is a potential target to treat and prevent COVID-19. Cell
proliferation (2020) 53:12949–9. doi: 10.1111/cpr.12949

81. Shah T, Shah Z, Xia K-Y, Baloch Z. Therapeutic mechanisms and impact of
traditional Chinese medicine on COVID-19 and other influenza diseases.
Pharmacol Research-Modern Chin Med (2021) 2:100029–9. doi: 10.1016/
j.prmcm.2021.100029

82. Zhang X, Gao R, Zhou Z, Tang X, Lin J, Wang L, et al. A network
pharmacology based approach for predicting active ingredients and potential
mechanism of lianhuaqingwen capsule in treating COVID-19. Int J Med Sci
(2021) 18:1866–7. doi: 10.7150/ijms.53685

83. Tao Q, Du J, Li X, Zeng J, Tan B, Xu J, et al. Network pharmacology and
molecular docking analysis on molecular targets and mechanisms of huashi baidu
formula in the treatment of COVID-19. Drug Dev Ind Pharm (2020) 46:1345–53.
doi: 10.1080/03639045.2020.1788070
frontiersin.org

https://doi.org/10.1007/BF02980162
https://doi.org/10.1007/s12272-001-2129-7
https://doi.org/10.1002/biof.1292
https://doi.org/10.1007/s000110050639
https://doi.org/10.2165/00002018-200326010-00004
https://doi.org/10.1007/s11626-015-9950-7
https://doi.org/10.1021/acs.jafc.5b03482
https://doi.org/10.1021/acs.jafc.5b03482
https://doi.org/10.1016/j.mehy.2020.109957
https://doi.org/10.1002/ptr.6781
https://doi.org/10.1002/ptr.6781
https://doi.org/10.1111/j.1440-1681.2005.04270.x
https://doi.org/10.7314/APJCP.2013.14.6.3735
https://doi.org/10.7314/APJCP.2013.14.6.3735
https://doi.org/10.1002/j.1532-2149.2013.00378.x
https://doi.org/10.1007/s00011-007-7005-6
https://doi.org/10.1007/s00011-007-7005-6
https://doi.org/10.1055/s-0033-1360277
https://doi.org/10.1111/jphp.12278
https://doi.org/10.1007/s12272-011-0418-3
https://doi.org/10.1007/s12272-011-0418-3
https://doi.org/10.1016/j.bmc.2005.03.058
https://doi.org/10.1016/j.bmc.2005.03.058
https://doi.org/10.1177/1934578X20976293
https://doi.org/10.1007/BF02911051
https://doi.org/10.1021/jf2002969
https://doi.org/10.1134/S1068162012030028
https://doi.org/10.1016/j.jep.2011.12.001
https://doi.org/10.3349/ymj.2012.53.6.1165
https://doi.org/10.1016/j.bbrc.2009.12.119
https://doi.org/10.1007/s10753-019-01077-z
https://doi.org/10.1002/star.201900073
https://doi.org/10.1039/C6FO01503D
https://doi.org/10.1007/s11030-021-10230-6
https://doi.org/10.1155/2021/6699560
https://doi.org/10.3390/molecules20046888
https://doi.org/10.20307/nps.2018.24.1.28
https://doi.org/10.1016/j.phrs.2020.105170
https://doi.org/10.1016/j.phrs.2020.105170
https://doi.org/10.1038/s41392-021-00612-5
https://doi.org/10.1016/j.dscb.2021.100022
https://doi.org/10.1016/j.imu.2020.100443
https://doi.org/10.3390/v14040739
https://doi.org/10.3390/v14040739
https://doi.org/10.1038/s41467-020-19843-1
https://doi.org/10.1038/s41467-020-19843-1
https://doi.org/10.1111/cpr.12949
https://doi.org/10.1016/j.prmcm.2021.100029
https://doi.org/10.1016/j.prmcm.2021.100029
https://doi.org/10.7150/ijms.53685
https://doi.org/10.1080/03639045.2020.1788070
https://doi.org/10.3389/fimmu.2022.1015271
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.1015271
84. Kuri-Cervantes L, Pampena MB, Meng W, Rosenfeld AM, Ittner CA,
Weisman AR, et al. Comprehensive mapping of immune perturbations
associated with severe COVID-19. Sci Immunol (2020) 5:eabd7114. doi: 10.1126/
sciimmunol.abd7114

85. Luo W, Li Y-X, Jiang L-J, Chen Q, Wang T, Ye D-W. Targeting JAK-
STAT signaling to control cytokine release syndrome in COVID-19. Trends
Pharmacol Sci (2020) 41:531–43. doi: 10.1016/j.tips.2020.06.007

86. Bouhaddou M, Memon D, Meyer B, White KM, Rezelj VV, Marrero MC,
et al. The global phosphorylation landscape of SARS-CoV-2 infection. Cell (2020)
182:685–712.e619. doi: 10.1016/j.cell.2020.06.034

87. Kiew L-V, Chang C-Y, Huang S-Y, Wang P-W, Heh C-H, Liu C-T, et al.
Development of flexible electrochemical impedance spectroscopy-based
biosensing platform for rapid screening of SARS-CoV-2 inhibitors.
Frontiers in Immunology 18
147
Biosensors Bioelectronics (2021) 183:113213–3. doi: 10.1016/j.bios.2021.
113213

88. Abu-Farha M, Thanaraj TA, Qaddoumi MG, Hashem A, Abubaker J, Al-
Mulla F. The role of lipid metabolism in COVID-19 virus infection and as a drug
target. Int J Mol Sci (2020) 21:3544–5. doi: 10.3390/ijms21103544

89. Barh D, Aljabali AA, Tambuwala MM, Tiwari S, Serrano-Aroca Á.,
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Background: The reasons of variability of clinical presentation of coronavirus 
disease-19 (COVID-19) across different pandemic waves are not fully understood, 
and may include individual risk profile, SARS-CoV-2 lineage and seasonal variations 
of viral spread. The objective of this retrospective study was to compare the 
characteristics and outcomes of patients admitted with confirmed coronavirus 
disease-19 (COVID-19) in the same season during the first (March 2020) and the 
third pandemic wave (March 2021, dominance of SARS-CoV-2 B.1.1.7 lineage) in an 
internal medicine ward of a large teaching hospital in Italy.

Materials and methods: Data of 769 unvaccinated patients (399 from the first and 
370 from the third wave) were collected from clinical records, including symptom 
type and duration, extension of lung abnormalities on chest computed tomography 
(CT) and PaO2/FiO2 ratio on admission arterial blood gas analysis.

Results: Third wave patients were in average younger (median 65, interquartile range 
[IQR] 55–75, vs. 72, IQR 61–81 years old, p < 0.001), with less comorbidities and better 
pulmonary (CT visual score median 25, IQR 15–40, vs. 30, IQR 15–50, age- and sex-
adjusted p = 0.017) and respiratory involvement (PaO2/FiO2 median 288, IQR 237–
338, vs. 233, IQR 121–326 mmHg, age- and sex-adjusted p < 0.001) than first wave 
patients. Hospital mortality was lower (19% vs. 36%, p < 0.001), but not for subjects 
over 75 years old (46 vs. 49%). Age, number of chronic illnesses, PCT levels, CT visual 
score [Odds Ratio (OR) 1.022, 95% confidence interval (CI) 1.009–1.036, p < 0.001] and 
PaO2/FiO2 (OR 0.991, 95% CI 0.988–0.994, p < 0.001), but not the pandemic wave, 
were associated with mortality on stepwise multivariate logistic regression analysis.

Conclusion: Despite the higher virulence of B.1.1.7 lineage, we  detected milder 
clinical presentation and improved mortality in patients hospitalized during the 
third COVID-19 wave, with involvement of younger subjects. The reasons of this 
discrepancy are unclear, but could involve the population effect of vaccination 
campaigns, that were being conducted primarily in older frail subjects during the 
third wave.
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1. Introduction

From February 2020 to May 2021, Italy was strike by three major 
waves of the coronavirus disease-19 (COVID-19) pandemic, causing 
peaks of hospital admissions and putting the National Healthcare system 
under extreme pressure (1). A similar epidemic trend was also observed 
in other Western countries, especially of the European region, although 
the magnitude of waves and the response of healthcare systems showed 
significant differences (1).

Patients who required hospital admission during the first wave were 
overall characterized by severe respiratory failure, high prevalence of 
abnormalities on chest imaging and high hospital mortality (2–6). Some 
reports, however, highlighted differences in the clinical presentation of 
patients hospitalized for COVID-19 between the earliest and the late 
phases of the first wave (6, 7). These differences were probably due to 
improvements in the pre-hospital management and seasonal variations 
of SARS-CoV-2 transmission and virulence (8). The reduced mortality 
rates observed in the late phases of the first wave could also depend on 
improved treatments, particularly the use of intravenous steroids, 
non-invasive mechanical ventilation and high-flow nasal oxygen 
delivery devices (9, 10).

Small, but detectable, differences in clinical presentation of 
COVID-19 cases requiring hospital admission were observed during the 
second wave in autumn 2020, in comparison with cases from the first 
wave (11–16). Reduced mortality was also observed, as a result of 
improved treatment protocols, but not in all studies (17). However, from 
January 2021 onwards, a novel pandemic wave, sustained by the B.1.1.7 
SARS-CoV-2 lineage (alpha variant) rapidly arise. This variant was 
largely dominant in Italy in March 2021 (18). In other countries, this 
variant was reported to be associated with increased disease severity and 
mortality (19, 20). To date, few studies have been focused on the clinical 
characteristics and outcomes of patients infected during the third 
pandemic wave in Italy.

Therefore, the aim of this retrospective single-center study was to 
compare the clinical presentation and outcomes of patients hospitalized 
with COVID-19 during the same period (March 1–31) of the year 2020 
(first wave) and 2021 (third wave) in an internal medicine ward of a 
teaching hospital in Italy, identifying factors associated with mortality.

2. Materials and methods

2.1. Patient characteristics and data 
collection

This study was conducted in an Internal Medicine unit of a large 
teaching hospital in Northern Italy (Parma University-Hospital), that 
has been appointed as the main hub for the care of COVID-19 patients 
of the whole Parma province (approximately 450,000 inhabitants) since 
the earliest phases of the first wave (21). Two groups of patients 
hospitalized with COVID-19  in March 2020 and March 2021 were 
retrospectively enrolled after check for inclusion and exclusion criteria 
and availability of data on clinical records. The periods of observation 
were chosen because they corresponded to the first and third wave peaks 
of the COVID-19 pandemic, respectively, and to avoid confounding by 
seasonal variations of SARS-CoV-2 virulence and transmission 
in comparisons.

Only patients aged ≥ 18 years old with SARS-CoV-2 infection 
confirmed by reverse transcriptase polymerase-chain reaction (RT-PCR) 

on nasopharyngeal swab performed upon urgent admission were 
included in the study. Additional inclusion criteria were chest computed 
tomography (CT) and lab tests including serum C-reactive protein 
(CRP) performed on the day of admission. Conversely, subjects with 
missing data on these variables and subjects who were transferred to 
other wards (i.e., with missing data on outcome) were excluded from the 
study. The 2021 patients who contracted SARS-CoV-2 infection after 
having received one or more doses of anti-SARS-CoV-2 vaccine were 
also excluded.

The records of each participant were reviewed in order to collect 
demographic data (age and sex), number and types of comorbidities 
(including hypertension, diabetes, obesity, dyslipidemia, heart diseases, 
cancer, chronic kidney disease), number of drugs, clinical presentation 
of COVID-19 (i.e., symptoms and their duration, chest CT 
abnormalities, vital signs), and the results of lab tests performed on 
admission, including arterial blood gas analysis, blood cell count, serum 
creatinine and predicted glomerular filtration rate, D-dimer, CRP and 
procalcitonin (PCT). The extension of pulmonary infiltrates and 
abnormalities on chest CT was estimated through calculation of the 
chest CT visual score, detailed elsewhere (22). Arterial blood oxygen 
partial pressure and the administered oxygen flow were used to calculate 
the fractional inspired oxygen saturation (P/F). Data on treatments 
administered during hospital stay and outcome (survival vs. death) were 
also collected for all participants.

Ethics Committee approval was obtained (Comitato Etico dell’Area 
Vasta Emilia Nord, Emilia-Romagna region) under the ID 399/2021/
OSS/AOUPR as part of a larger project on clinical and radiological 
factors associated with mortality in hospitalized COVID-19 patients. All 
participants, who were contactable by phone or for follow-up reasons, 
provided written informed consent for participations. For all other 
cases, the Ethics Committee waived written informed consent collection 
due to retrospective design of the study.

2.2. Statistical analyses

Variables were expressed as median and interquartile range (IQR) 
or percentages, as appropriate. The characteristics of participants were 
compared between the 2020 and 2021 groups with the Mann–Whitney 
or chi-square tests, with adjustment for age and sex with Quade 
non-parametric ANCOVA (continuous variables) or binary logistic 
regression (dichotomous variables). The factors independently 
associated with mortality in both groups were investigated with stepwise 
multivariate logistic regression models considering participants 
altogether and after partition by pandemic wave. Age, sex, period of 
admission, symptom duration, type of symptoms, number of chronic 
illnesses, obesity, diabetes, hypertension, chronic kidney disease, chronic 
heart disease, cancer, systolic and diastolic blood pressure, chest CT 
visual score, P/F on admission arterial blood gas analysis, hemoglobin 
levels, neutrophil and lymphocyte count, serum creatinine, CRP and 
PCT were considered as entries in these multivariate models. PCT was 
either considered as a continuous variable or as classes (class 1: < 0.05 ng/
ml; class 2: ≥ 0.05 and < 0.5 ng/ml; class 3: ≥ 0.5 and ≤ 2 ng/ml; class 4: 
> 2 ng/ml). This partition was applied because, in a study conducted on 
patients from the first pandemic wave, we demonstrated that admission 
PCT classes were predictive of survival in oldest old COVID-19 
patients (23).

Additional analyses were also made after categorization of 
participants of both waves by age (< 75 years old vs. ≥ 75 years old), for 
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the known association between age, age-related conditions such as 
frailty and multimorbidity, and COVID-19 related mortality (6). Finally, 
the factors independently associated with P/F on admission blood gas 
analysis were investigated with stepwise multivariate linear regression, 
for the known prognostic importance of P/F ratio in COVID-19 
pneumonia (24).

Analyses were performed with the SPSS statistical package (v. 28, 
IMB, Armonk, US), considering p values < 0.05 as statistically significant.

3. Results

We included in this study 399 patients from the first wave and 370 
patients from the third wave. Their clinical characteristics are compared 
in Table 1. Patients from the third wave were younger, and with less 
comorbidities than those admitted in the first wave. The clinical 
presentation of COVID-19 was also different, with increased prevalence 
of diarrhea (17% vs. 6%) and fatigue (34% vs. 11%) as main symptoms, 
reduced extension of pulmonary involvement on chest CT (visual score 
median 25, IQR 15–40, vs. 30, IQR 15–50, age- and sex-adjusted 
p = 0.017), improved P/F ratio on blood gas analysis (median 288, IQR 
237–338, vs. 233, IQR 121–326 mmHg, age- and sex-adjusted p < 0.001). 
These differences were also mirrored by lower levels of CRP and PCT 
(Table 1).

In spite of this, patients admitted during the third wave experienced 
significantly higher rates of non-invasive ventilation (NIV) support 
(28% vs. 14%) and intensive-care unit (ICU) transferal (13% vs. 5%). 
However, mortality was significantly lower (19% vs. 36%, age- and 
sex-adjusted p < 0.001).

On a stepwise multivariate logistic regression model (Table 2), age, 
the number of chronic illnesses, symptom duration, P/F ratio, chest CT 
visual score and PCT classes were independently associated with 
hospital mortality. The period of admission (first or third wave) was 
included in the multivariate model, but was not independently 
associated with mortality (Table 2).

In the first wave, age and P/F ratio on admission were the only 
independent predictors of mortality (Table 3). In the third wave, instead, 
other factors were involved in addition to age and P/F ratio (Table 3).

Supplementary Tables 1 and 2 show a comparison between patients 
of the two study periods aged < 75 and ≥ 75 years old, respectively. While 
most differences between the 2020 and 2021 groups, shown in Table 1, 
were confirmed after stratification by age, mortality showed significant 
improvement in the 2021 group only in patients < 75 years old (10% vs. 
27%, age- and sex-adjusted p < 0.001), but not in patients ≥ 75 years old 
(46% vs. 49%, age- and sex-adjusted p = 0.666).

The association between P/F values on admission arterial blood 
gas analysis and mortality, according to study period and age range, 
is depicted in Figure 1. In the 2020 group, increasing P/F values were 
associated with reduced mortality, although mortality remained 
higher in subjects ≥ 75 years old than in subjects < 75 years old for 
each P/F class (Figure 1). Conversely, in the 2021 group, mortality in 
subjects ≥ 75 years old seemed unrelated with P/F values, while a 
steep decline was observed in patients < 75 years old with 
P/F > 200 mmHg (Figure 1). Table 4 shows the factors independently 
associated with P/F values in each age class on stepwise multivariate 
linear regression models. Admission during the third wave was 
positively associated with P/F in both subjects aged < 75 (standardized 
β = 0.105, p = 0.014) and subjects aged 75 or older (standardized 
β = 0.217, p < 0.001).

4. Discussion

In this retrospective study, we showed that patients admitted for 
COVID-19 during the third wave in March 2021 had less severe clinical 
presentation of the disease and reduced mortality, in comparison with 
patients admitted during the first wave. Patients from the third wave, 
however, were younger and had less chronic comorbidities.

These findings are apparently in contrast with experimental and 
epidemiological data suggesting an increased virulence of the B.1.1.7 
SARS-CoV-2 lineage (19, 20, 25), that was responsible for the third 
COVID-19 wave in Italy (18). COVID-19 severity, however, is 
significantly influenced by age and multimorbidity (3, 6, 26), and an 
overwhelming majority of older patients dead with COVID-19 had 
multimorbidity in their personal history (27). Thus, the involvement of 
a younger and less comorbid population in the COVID-19 pandemic 
during the third wave could have masked the increased virulence of the 
B.1.1.7 lineage.

We can hypothesize that this circumstance may have been the result 
of the anti-SARS-CoV-2 vaccination campaign, that in Italy was started 
at the end of December 2020 and was initially focused on healthcare 
professionals and older subjects with frailty (28). By March 2021, when 
the third wave arise, a significant rate of the older population had been 
administered anti-SARS-CoV-2 vaccines, though with significant 
barriers including social disadvantage (29). These vaccines exhibit the 
maximum effectiveness against SARS-CoV-2 transmission and 
protection against severe illness for an interval of 6 months after 
completion of the primary cycle (30), so that we can assume that a 
significant portion of the frail older population was protected against 
COVID-19 by March 2021. A recent study conducted in patients with 
chronic kidney disease undergoing hemodialysis highlighted that 
vaccination against SARS-CoV-2 was able to modify COVID-19 severity 
and reduce hospitalization need even in the presence of a condition of 
extreme vulnerability (31). The different epidemiological characteristics 
of patients admitted during the third wave could therefore reflect 
this phenomenon.

Improvements in hospital management of patients could be also 
responsible for better outcomes in the third wave. In the 2021 group, 
96% of patients had received intravenous steroids during hospital 
stay, in comparison with just 16% in the first wave (Table  1). 
Intravenous dexamethasone treatment has rapidly gained the role of 
cornerstone treatment of COVID-19 related interstitial pneumonia, 
for its capacity of reducing mortality, oxygen supplementation and 
ventilatory support need (32). Intravenous remdesivir was also 
commonly used during the third wave, but not in the first one (33). 
Interestingly, the higher frequencies of NIV support and ICU 
treatment detected in the third wave (Table 1) could reflect improved 
management protocols and better understanding of indications and 
timing of ventilatory escalation in patients with severe respiratory 
failure. Better supportive care and evidence-based treatment 
protocols were recognized as the main factors influencing improved 
outcomes during the third wave also in another study from 
Italy (34).

Patients admitted during the third wave, however, had not only 
better outcomes, but also different clinical pictures on hospital 
admission. During the third wave, the organization of pre-hospital care 
was improved in comparison with the abrupt emergence of the 
pandemic. At a community level, medical teams dedicated to home care 
of COVID-19 patients were formed, prompting early diagnosis and 
rationalizing pathways of hospital referral for more severe cases (35, 36). 
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TABLE 1 Comparison of the main characteristics of COVID-19 presentation and outcomes between patients admitted during the first wave (March 2020, 
n = 399) and the third wave (March 2021, n = 370).

First wave March 
2020 (n = 399)

Third wave March 
2021 (n = 370)

p p*

Demography and personal history

Age, years 72 (61–81) 65 (55–75) <0.001 –

Females, % 40 40 0.861 –

Chronic illnesses, number 2 (1–4) 2 (1–3) <0.001 0.023

Hypertension, % 61 52 0.011 0.630

Diabetes, % 22 18 0.139 0.479

Obesity, % 13 15 0.302 0.833

Dyslipidemia, % 21 19 0.624 0.813

Chronic heart disease, % 24 10 <0.001 <0.001

Chronic kidney disease, % 6 2 0.004 0.010

Cancer, % 12 6 0.006 0.021

Drugs, number 3 (1–6) 2 (0–4) <0.001 <0.001

Clinical presentation upon admission

Duration of symptoms, days 7 (4–10) 6 (3–9) 0.192 0.017

Fever, % 89 81 0.001 <0.001

Cough, % 53 50 0.421 0.095

Dyspnea,% 49 52 0.291 0.165

Fatigue, % 11 34 <0.001 <0.001

Diarrhea, % 6 17 <0.001 <0.001

Systolic blood pressure, mmHg 130 (120–140) 130 (120–140) 0.948 0.467

Diastolic blood pressure, mmHg 80 (70–80) 80 (70–80) 0.204 0.151

Chest CT visual score, % 30 (15–50) 25 (15–40) 0.009 0.017

P/F ratio, mmHg 233 (121–326) 288 (237–338) <0.001 <0.001

P/F ratio ≤ 100 mmHg, % 20 5 <0.001 <0.001

Blood tests on admission

Hemoglobin, g/dl 13.8 (12.5–14.9) 13.9 (12.8–15.0) 0.499 0.984

Platelet count, 1,000/mm3 195 (152–243) 189 (147–244) 0.716 0.278

Neutrophil count, n/mm3 4,721 (3338–7,284) 4,871 (3281–6,824) 0.966 0.680

Lymphocyte count, n/mm3 893 (630–1,205) 852 (588–1,130) 0.163 0.032

Creatinine, mg/dl 0.9 (0.7–1.2) 0.9 (0.7–1.1) 0.018 0.377

eGFR, ml/min 80 (57–105) 89 (68–113) <0.001 0.275

D-dimer, ng/ml 922 (600–1,376) 709 (436–1,258) <0.001 0.022

CRP, mg/L 106 (50–168) 52 (26–96) <0.001 <0.001

PCT, ng/ml 0.17 (0.09–0.50) 0.09 (0.05–0.23) <0.001 <0.001

PCT class 1 (<0.05 ng/ml), % 9 22 <0.001 <0.001

PCT class 4 (>2 ng/ml), % 11 3 <0.001 <0.001

Treatments and outcomes

NIV, % 14 28 <0.001 <0.001

ICU, % 5 13 <0.001 0.002

Intravenous steroids, % 16 96 <0.001 <0.001

Hospital death, % 36 19 <0.001 <0.001

Hospital stay, days 7 (3–12) 14 (9–21) <0.001 <0.001

Data expressed as median and interquartile range or percentage. p values calculated with Mann–Whitney or Chi-square test.  
*p adjusted for age and sex with Quade non-parametric ANCOVA or binary logistic regression. p values < 0.05 are indicated in bold. 
CT = computed tomography; P/F=PaO2/FiO2; eGFR = estimated glomerular filtration rate; CRP=C-reactive protein; PCT = procalcitonin; NIV=non-invasive ventilation; ICU=intensive care unit.
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Home treatment protocols could include administration of anti-
inflammatory agents, antivirals or, in selected cases, even corticosteroids 
(37). These aspects could have influenced the clinical presentation of 
COVID-19 on admission, with less severe pulmonary involvement and 
better respiratory exchanges. Similar findings were also observed in 

studies comparing the second (autumn 2020) with the first wave 
(11–16).

The heterogeneity of clinical presentation of SARS-CoV-2 infection, 
especially with the emergence of novel lineages, should be  also 
considered (38). This characteristic is particularly emphasized in older 

A B

FIGURE 1

Association between P/F values on admission arterial blood gas analysis and mortality in the 2020 group (panel A) and 2021 group (panel B), stratified by 
age (< 75 vs. ≥ 75 years old).

TABLE 2 Factors associated with hospital mortality on stepwise multivariate logistic regression analysis, considering patients from the first and the third 
wave altogether.

Odds ratio 95% Confidence interval p

Age, years 1.061 1.036–1.087 <0.001

Chronic illnesses, number 1.348 1.168–1.555 <0.001

Duration of symptoms, days 0.939 0.889–0.992 0.025

P/F ratio, mmHg 0.991 0.988–0.994 <0.001

Chest CT visual score, % 1.022 1.009–1.036 <0.001

PCT classes, for each incremental class 1.842 1.300–2.610 <0.001

Other variables considered in the model: sex (F vs M), period of admission (third wave vs first wave), fever, cough, dyspnea, fatigue, diarrhea, obesity, diabetes, hypertension, chronic kidney disease, 
chronic heart disease, cancer, systolic and diastolic blood pressure, hemoglobin, neutrophil count, lymphocyte count, creatinine, C-reactive protein. p values < 0.05 are indicated in bold. 
P/F=PaO2/FiO2; CT = computed tomography; PCT = procalcitonin.

TABLE 3 Factors associated with hospital mortality on stepwise multivariate logistic regression analysis, after stratification of participants by COVID-19 
wave.

Odds ratio
95% Confidence 

interval
WALD p

First wave, March 2020

Age, years 1.052 1.022–1.083 12.004 <0.001

P/F ratio, mmHg 0.988 0.984–0.991 53.351 <0.001

Third wave, March 2021

Age, years 1.094 1.050–1.141 18.176 <0.001

Chronic illnesses, number 1.601 1.275–2.010 16.455 <0.001

Duration of symptoms, days 0.916 0.843–0.996 4.235 0.040

P/F ratio, mmHg 0.991 0.986–0.997 10.509 0.001

Chest CT visual score, % 1.036 1.014–1.059 10.088 0.001

PCT classes, for each incremental class 2.664 1.431–4.961 9.542 0.002

Other variables considered in the model: sex (F vs M), period of admission (third wave vs first wave), fever, cough, dyspnea, fatigue, diarrhea, obesity, diabetes, hypertension, chronic kidney disease, 
chronic heart disease, cancer, systolic and diastolic blood pressure, hemoglobin, neutrophil count, lymphocyte count, creatinine, C-reactive protein. p values <0.05 are indicated in bold. 
P/F=PaO2/FiO2; CT = computed tomography; PCT = procalcitonin.
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patients, where the classical association of fever, cough and dyspnea is 
found less frequently than in younger subjects (39) and extra-pulmonary 
involvement is more common (40). The demographical differences 
between the two groups considered in our study could thus contribute 
to explain also differences in clinical presentation, and not just 
in outcomes.

Another remarkable finding of our study concerns the outcomes of 
patients over 75 years old, that were similar between the two considered 
waves despite significant differences in clinical presentation and 
improvements in treatment regimens. Namely, in the 2021 group 
prognosis of subjects over 75 years old was less dependent on respiratory 
parameters on admission (Figure  1). We  can speculate that this 
phenomenon may be  the effect of an increased burden of frailty, 
influencing weaker response to treatments during the acute phase of the 
disease (41). Frailty syndrome is in fact one of the main factors 
influencing adverse outcomes in older subjects with COVID-19 (42).

Unfortunately, frailty was not systematically assessed in all the 
participants to our study, preventing to include this variable in the 
analyses. Further limitations include the retrospective design, the 
exclusion of a large number of patients hospitalized during the first wave 
for lack of relevant data, and the absence of SARS-CoV-2 genotypization 
for identification of lineages on nasopharyngeal swabs.

In spite of this, our study provides important insight on the clinical 
and epidemiological differences of patients hospitalized during the first 
and third pandemic waves in Italy, eliminating the possible confounding 
factor of seasonality in SARS-CoV-2 transmission. Although the 
differences in clinical presentation and outcomes between the third and 
the first wave allow to advance several epidemiological hypotheses on 
the evolution of the COVID-19 pandemic, the circumstance that this is 
a single-center hospital-based study should be  also remarked as a 
limitation. No data were in fact available on the management of patients 
in the community setting before hospital arrival and on the clinical 
characteristics of subjects with COVID-19 who did not require  
hospitalization.

5. Conclusion

Patients hospitalized for COVID-19 during the third pandemic 
wave were younger and had less comorbidities than patients hospitalized 
during the first wave. Their clinical presentation was also different, with 
improved P/F ratio on admission and different symptom distribution. 
Mortality was also improved, but not in patients older than 75 years old. 
The reasons of these differences, apparently in contrast with the 
increased reported severity of the SARS-CoV-2 B.1.1.7 lineage, are 
unclear. They could be related to the effect of vaccination campaigns in 
older frail subjects, granting protection against severe disease and 
favoring the spread of the infection among younger unvaccinated 
subjects, and improvements in pre-hospital and hospital care.
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TABLE 4 Stepwise multivariate linear regression models exploring factors 
independently associated with P/F values in each age class in the studied 
population of patients from the first and third pandemic wave.

Standardized 
beta

T p

Model 1, patients < 75 years old

Age, years −0.127 −2.788 0.006

Chronic illnesses, number −0.097 −2.091 0.037

Presence of dyspnea −0.120 −2.817 0.005

Period of admission (2021 vs. 2020) 0.105 2.479 0.014

Chest CT visual score, % −0.463 −10.441 <0.001

Neutrophil count, n/mm3 −0.098 −2.287 0.023

Model 2, patients ≥ 75 years old

Presence of dyspnea −0.234 −3.742 <0.001

Period of admission (2021 vs. 2020) 0.217 3.532 <0.001

Chest CT visual score, % −0.353 −5.212 <0.001

Neutrophil count, n/mm3 −0.136 −2.039 0.043

Other variables considered in the model: sex (F vs M), duration of symptoms, fever, cough, 
fatigue, diarrhea, obesity, diabetes, hypertension, chronic kidney disease, chronic heart disease, 
cancer, systolic and diastolic blood pressure, hemoglobin, lymphocyte count, creatinine, 
C-reactive protein, procalcitonin classes. p values < 0.05 are indicated in bold. P/F=PaO2/FiO2.
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Pharmacological potential
of Withania somnifera (L.) Dunal
and Tinospora cordifolia (Willd.)
Miers on the experimental
models of COVID-19,
T cell differentiation, and
neutrophil functions

Zaigham Abbas Rizvi1,2*, Prabhakar Babele3, Upasna Madan1,2,
Srikanth Sadhu1,2, Manas Ranjan Tripathy1,2,
Sandeep Goswami1,2, Shailendra Mani3, Madhu Dikshit3,4*

and Amit Awasthi1,2*

1Immuno-biology Lab, Translational Health Science and Technology Institute, NCR-Biotech Science
Cluster, Faridabad, Haryana, India, 2Immunology-Core Lab, Translational Health Science and
Technology Institute, NCR-Biotech Science Cluster, Faridabad, Haryana, India, 3NCD, Translational
Health Science and Technology Institute (THSTI), NCR Biotech Science Cluster, Faridabad,
Haryana, India, 4Pharmacology, CSIR-Central Drug Research Institute, Lucknow, Uttar Pradesh, India
Cytokine release syndrome (CRS) due to severe acute respiratory coronavirus-2

(SARS-CoV-2) infection leads to life-threatening pneumonia which has been

associated with coronavirus disease (COVID-19) pathologies. Centuries-old

Asian traditional medicines such as Withania somnifera (L.) Dunal (WS) and

Tinospora cordifolia (Willd.) Miers (TC) possess potent immunomodulatory

effects and were used by the AYUSH ministry, in India during the COVID-19

pandemic. In the present study, we investigated WS and TC’s anti-viral and

immunomodulatory efficacy at the human equivalent doses using suitable in

vitro and in vivo models. While both WS and TC showed immuno-modulatory

potential, WS showed robust protection against loss in body weight, viral load,

and pulmonary pathology in the hamster model of SARS-CoV2. In vitro

pretreatment of mice and human neutrophils with WS and TC had no adverse

effect on PMA, calcium ionophore, and TRLM-induced ROS generation,

phagocytosis, bactericidal activity, and NETs formation. Interestingly, WS

significantly suppressed the pro-inflammatory cytokines-induced Th1, Th2,

and Th17 differentiation. We also used hACE2 transgenic mice to further

investigate the efficacy of WS against acute SARS-CoV2 infection. Prophylactic

treatment of WS in the hACE2 mice model showed significant protection against

body weight loss, inflammation, and the lung viral load. The results obtained

indicate that WS promoted the immunosuppressive environment in the hamster

and hACE2 transgenic mice models and limited the worsening of the disease by
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reducing inflammation, suggesting that WS might be useful against other acute

viral infections. The present study thus provides pre-clinical efficacy data to

demonstrate a robust protective effect of WS against COVID-19 through its

broader immunomodulatory activity
KEYWORDS

Withania somnifera (Ashwagandha), Tinospora cordifolia, SARS-CoV-2, hamster model,
T cells, neutrophils, and hACE2 transgenic mice, COVID-19
Introduction

The first reported case of SARS-CoV-2 was in 2019 and has

since then become a predominant cause of global morbidity and

mortality (1). COVID-19 was declared a pandemic by the World

Health Organization (WHO) in March 2020 demanding the

development of therapeutic interventions and vaccine candidates

to mitigate COVID-19-related pathology and mortality (2–5). One

of the hallmarks of severe COVID-19 is cytokine release syndrome

(CRS) which is responsible for elevated pro-inflammatory cytokines

in the pulmonary region leading to respiratory distress (6–9).

Moreover, attenuated functionality in other major organs or

multiple organ failure has also been manifested in a significant

number of COVID-19 cases (10–12). Active vaccination strategy

helped in alleviating the COVID-19 severity and related death,

however, the continuous evolution of the ancestral virus using

acquiring mutations led to immune evasion and poorer

protection against variants of concern (VoC) and emerging

variants of SARS-CoV-2 (13, 14). In addition, COVID-19

vaccines may not be sufficient to confer protection in

immunocompromised individuals or the individuals with co-

morbid conditions. Therapeutic antiviral drugs such as

Remdesivir (RDV) and immunosuppression by Dexamethasone

(DXM) were the most acceptable therapeutic options against

SARS-CoV-2 infection. While DXM was effective in reducing the

overall morbidity and mortality arising due to COVID-19 and

showed success in clinical trials, a randomized clinical trial of

RDV did not show any significant protection in COVID-19

deaths and was marginally successful in giving relief from clinical

symptoms (15, 16).

In addition, a major issue with synthetic drugs is also their off-

target reactivity limiting their usage in clinical cases. DXM, for

example, is a broad immuno-suppressant drug and is known to

suppress the overall immune response which may lead to a rise in

opportunistic pathogenic infections and other life-threatening

complications (17). The alternate strategy of COVID-19

management includes prophylaxis or preventative strategies with

immunomodulators to improve immunity against SARS-CoV-2

infection. In this regard, plant-derived immunomodulators have

gained considerable interest owing to their prolonged human use

and better safety. The emerging line of evidence has shown that the

use of herbal extracts from traditional medicine systems might help

in mitigating the COVID-19 pathology (18–20). In the current
02156
study, we investigated the efficacy of WS (Ashwagandha), TC

(Guduchi), and Piper longum L. (Thippali), in the in vitro cell-

based systems and animal models. WS, a shrub traditionally used in

India and other Asian countries, is known to possess

immunomodulatory properties. Previous in-vitro and in-vivo

studies have shown that WS could play a role in the regulation of

inflammation by suppressing pro-inflammatory cytokines (21–24).

More recently, in-silico docking studies showed the potent

inhibitory potential of Withanone, an active ingredient of WS,

against SARS-CoV-2 virulence proteins such as spike protein (22,

25). Other reports have shown Withaferin A, a bioactive steroidal

lactone derived from WS, to be anti-inflammatory by reducing the

levels of inflammatory cytokines such as IL-6 and TNFa which is

desirable in COVID-19 patients to alleviate pulmonary pathology

(26, 27). More recently, we have also characterized the anti-viral

component of WS which was found to exhibit potent anti-viral

property in-vitro (28). Similarly, TC and PL have also been shown

to modulate inflammatory responses in various disease conditions.

TC, particularly, was found to exert anti-viral activity against SARS-

CoV-2 in in-silico and in-vitro studies (25). However, there is still a

lack of evidence on the protective efficacy and immunomodulatory

potential of these herbal extracts in the in-vivo models of

COVID-19.

To address these questions, we used hamster (chronic model)

and hACE2.Tg mice (acute model) to evaluate the protective

efficacy of WS, TC, and PL and the immunological correlates of

protection in COVID-19. Our data from the hamster challenge

study showed that prophylactic dosing of WS, but not TC or TC in

combination with PL (TC+PL), was able to significantly reduce

body weight loss. In line with this, WS dosing showed significantly

decreased lung viral load, pulmonary pathology, and suppression of

inflammatory cytokine mRNA expression. In contrast, the TC

group showed robust anti-inflammatory potential but no viral

load and pathology alleviation. Next, we used cellular T-cell assay

to show potent inhibition of Th1, Th2, and Th17 differentiation in

presence of WS, while TC was found to inhibit Th1, Th2, and Th17

differentiation only at higher doses. To understand the effector

immune population, we used hACE2.Tg model and show that WS

administration results in boosting the immunosuppressive

environment in SARS-CoV-2 infected mice which leads to

amelioration of pulmonary pathology and significant protection

against COVID-19 morbidity and mortality. Together, we provide

data from moderate and acute SARS-CoV-2 animal challenge
frontiersin.org
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studies suggesting robust protective efficacy by prophylactic WS

and determining the immune correlates of protection. Our in-vitro

and in-vivo results support the translational value of WS against

COVID-19 and provide the basis for further clinical evaluations.
Materials and methods

WS, TC, and PL extract was provided by National Medicinal

Plant Board and was used as per pharmacopeial standards in the

current study for both in-vitro and in-vivo evaluations.
Animal ethics and biosafety statement

6-8 weeks of K18-humanized ACE2 transgenic mice (hACE2.

Tg mice) were initially procured from Jackson’s laboratory and then

bred and maintained at the small animal facility (SAF), THST.

Golden Syrian hamsters (6-9 weeks) were procured from the

Central drug research institute (CDRI) and were used for

experimentation post-quarantine. The animals were randomly

divided into 5 groups based on their body weight viz uninfected

(UI), Infected (I), Infected treated with remdesivir (I+RDV),

Infected treated with WS (I+WS), Infected treated with TC (I

+TC) and infected treated with TC+PL (I+TC+PL). The hamster

prophylactic WS, TC or TC+PL group started receiving twice-daily

oral doses of 130 mg/kg (0.5% CMC preparation) 5 days before the

challenge and continued till the endpoint. The hACE2 transgenic

mice group started receiving prophylactic WS, TC or TC+PL group

started receiving twice-daily oral doses of 78 mg/kg (0.5% CMC

preparation) 5 days before the challenge and continued till the

endpoint. The hamster remdesivir control group received 15mpk

(subcutaneous: sc) on 1 day before and 1 day after the challenge

while hACE2 transgenic mice received 25mpk (intraperitoneal: ip)

injections of remdesivir started on the same day of infection and

continued till the end point. The animals were shifted to ABSL3 1

day prior to the challenge. Live intranasal infection of SARS-CoV-2

SARS-Related Coronavirus 2, Isolate USA-WA1/2020) 105PFU/

100ml (for hamster) and 105PFU/50ml (for mice) or with DMEM

mock control was established with the help of catheter under mild

anesthetized by using ketamine (150mg/kg) and xylazine (10mg/kg)

intraperitoneal injection inside ABSL3 facility (29–34).

Experimental protocols related to handling and experimentation

was approved by RCGM, institutional biosafety, and IAEC (IAEC/

THSTI/105) animal ethics committee.
Preparation and characterization of WS,
TC, PL extract

1g of dry powder of WS (roots), TC (stem), and PL (seeds) were

dissolved in 100 ml of water at 37°C overnight in a shaker incubator

to obtain the herbal extracts. The following day, the suspended

extract was centrifuged at high speed 10000 x g for 30 min. The

supernatant thus obtained was filtrated by using a 0.45 filter. The

filtrate obtained was assumed to be 100% aqueous extract which was
Frontiers in Immunology 03157
further diluted in water to achieve a dosing concentration. The

filtrate was further used for evaluating the composition and was

previously published (28).
Virus culture and titration

Dulbecco’s Modified Eagle Medium (DMEM) complete media

containing 4.5 g/L D-glucose, 100,000 U/L Penicillin-Streptomycin,

100 mg/L sodium pyruvate, 25mM HEPES and 2% FBS was used to

propagate and titrate SARS-Related Coronavirus 2, Isolate USA-

WA1/2020 virus in Vero E6 cell line. The plaque-purified stocks of

virus were prepared and used inside at ABSL3 facility at IDRF,

THSTI in accordance with the IBSC and RCGM protocols.
Gross clinical parameters of
SARS-CoV2 infection

For mice experiment the endpoint of the study was day 6

post-challenge, while for hamster study the endpoint was 4 days

post-challenge. The animal body weight was recorded for

everyday post challenge. At the end point all the animals were

sacrificed and a necropsy was performed to investigate lungs and

spleen. Gross morphological changes were recorded and imaging

was performed for excised lungs and spleen. For histological

analysis, left lower lobe of the lung was excised and fixed in 10%

formalin (31, 33, 35). Lungs were homogenized in Trizol for RNA

isolation while spleen was either homogenized (hamster) or used

for flow cytometry (hACE2 transgenic mice) (30). The

homogenized samples were immediately stored at -80 °C till

further use. Serum samples isolated from blood w immediately

stored at -80 °C till further use.
Viral load

Isolated lung was homogenized in 2ml Trizol reagent

(Invitrogen) and RNA was isolated by Trizol-Choloform method.

Yield of RNA was quantitated by nano-drop and 1 µg of RNA was

use to reverse-transcribed to cDNA using the iScript cDNA

synthesis kit (BIORAD; #1708891) (Roche). 1:5 diluted cDNAs

was used for qPCR by using KAPA SYBR® FAST qPCRMaster Mix

(5X) Universal Kit (KK4600) on Fast 7500 Dx real-time PCR system

(Applied Biosystems) and the results were analyzed with SDS2.1

software (30, 33). Briefly, 200 ng of RNA was used as a template for

reverse transcription-polymerase chain reaction (RT-PCR). The

CDC-approved commercial kit was used for of SARS-CoV-2 N

gene: 5′-GACCCCAAAATCAGCGAAAT-3′ (Forward), 5′-TCTG
GTTACTGCCAGTTGAATCTG-3′ (Reverse). Hypoxanthine-

guanine phosphoribosyl transferase (HGPRT) gene was used as

an endogenous control for normalization through quantitative RT-

PCR. The relative expression of each gene was expressed as fold

change and was calculated by subtracting the cycling threshold (Ct)

value of hypoxanthine-guanine phosphoribosyl transferase

(HGPRT-endogenous control gene) from the Ct value of the
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target gene (DCT). Fold change was then calculated according to the
formula POWER(2,-DCT)*10,000 (36, 37).
qPCR from splenocytes

RNA isolated from spleen samples were converted into cDNA

as described above. Thereafter, the relative expression of each gene

was expressed as fold change and was calculated by subtracting the

cycling threshold (Ct) value of hypoxanthine-guanine

phosphoribosyl transferase (HGPRT-endogenous control gene)

from the Ct value of target gene (DCT). Fold change was then

calculated according to the formula POWER (2, -DCT)*10,000 (36–
38). The list of the primers is provided in Table 1 as follows.
Histology

Formalin-fixed samples of lungs were embedded in paraffin

blocks, sectioned and stained with hematoxylin and eosin dye as

previously described (35, 36). Strained lung samples were then

analysed and imaged at 40X. Histological assessment for

pathological features was done by professional histologist in a

blinded manner and scoring was carried out on a scale of 0-5

(where 0 indicated the absence of histological feature while 5
Frontiers in Immunology 04158
indicated the highest score). Disease index score was calculated by

the addition of all the individual histological scores.
In vitro differentiation of T cells

The single cell suspension was prepared from spleen and lymph

nodes of 6–8 weeks old C57BL/6 mice. The cells were activated

using soluble anti-CD3 (2ug/ml) and differentiated into Th1

conditions by adding recombinant mouse IL-12 (15ng/ml)

cytokine or Th2 conditions by adding recombinant mouse IL-4

(15ng/ml) cytokine or Th17 conditions by adding TGF-beta (2ng/

ml) plus IL-6 cytokine (25ng/ml) (37, 39). WS or TC was added in

concentrations ranging from 10ug/ml to 1000ug/ml at the start of

culture. Cells were harvested after 72 hours of culture. Intracellular

cytokine staining was performed to check the expression of IFN-

gamma, IL-4 and IL-17 cytokine for Th1, Th2 and Th17

cells respectively.
Intracellular cytokine staining

Surface markers were stained for 15–20 min in room

temperature in PBS with 1% FBS, then were fixed in Cytofix and

permeabilized with Perm/Wash Buffer using Fixation

Permeabilization solution kit and stained anti-IL-17A; anti-IFN-

gamma, anti-IL-4 diluted in Perm/Wash buffer. All antibodies were

used in 1:500 dilution. The cells were then taken for flow cytometry

using BD FACS-CantoII and data was analyzed with FlowJo

software (32, 36, 37).
Isolation of murine BMDNs and human
peripheral neutrophils

Murine BMDNs were isolated according to the method

described by Rizvi et al., 2022 from long bones of C57BL/6 wild-

type male mice (12–16 weeks, 20–25 g) (31). After flushing the long

bones with HBSS + 0.1% BSA, BMDNs were collected between the

81% and 62% layers of the Percoll (Sigma GE17-0891-02) density

gradient. Cell viability and purity were checked by Trypan blue and

anti-Ly6G (Thermo 14-5931-82) and anti-CD11b (Thermo 14-

0112-82) antibodies, respectively. Similarly, human PMNs were

also isolated from the peripheral blood of healthy individuals, after

sedimenting the RBCs with 6% dextran at 37°C. Isolated

neutrophils were assessed by CD15 (Thermo 14-0159-82) labeling

for their purity. All the studies on mice were approved by the

institutional animal (THSTI/105) and human (THS1.8.1/100)

ethical committees, DBT-THSTI, Faridabad.
Cell viability assay

Different concentrations of the extracts, ranging from 100-

1000 µg/ml were used to determine, if any, cytotoxicity on
TABLE 1 Mouse qPCR primers.

Gene Forward Reverse

HGPRT GATAGATCCACTCCC
ATAACTG

TACCTTCAACAATCAAGA
CATTC

tryptase
b2

TCGCCACTGTATCCCC
TGAA

CTAGGCACCCTTGACTT
TGC

chymase ATGAACCACCCTCGG
ACACT

AGAAGGGGGCTTTGCAT
TCC

muc1 CGGAAGAACTATGGG
CAGCT

GCCACTACTGGGTTGGTG
TAAG

Sftp-D TGAGCATGACAGACG
TGGAC

GGCTTAGAACTCGCAGA
CGA

Eotaxin ATGTGCTCTCAGGTC
ATCGC

TCCTCAGTTGTCCCCAT
CCT

PAI-1 CCGTGGAACCAGAAC
GAGAT

ACCAGAATGAGGCGTGT
CAG

IFNg TGTTGCTCTGCCTCA
CTCAGG

AAGACGAGGTCCCCTCCA
TTC

TNFa AGAATCCGGGCAGG
TCTACT

TATCCCGGCAGCTTGTG
TTT

IL13 AAATGGCGGGTTCT
GTGC

AATATCCTCTGGGTCTTGTAG
ATGG

IL17A ATGTCCAAACACTGAG
GCCAA

GCGAAGTGGATCTGTTGA
GGT

IL10 GGTTGCCAAACCTTATC
AGAA ATG

TTCACCTGTTCCACAGCC
TTG

IL6 GGACAATGACTATGTGT
TGTTAGAA

AGGCAAATTTCCCAATTGTATC
CAG
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neutrophils up to 240 min (40). 1.0x106 per ml cells were

incubated with propidium iodide (PI, 50 mg/ml, Sigma P4170)

for 15 min and analyzed on BD FACS Canto cell analyzer (BD

Biosciences, USA).
Intracellular ROS and mtROS analysis

Both cytosolic and mitochondrial ROS were measured with

DCFH-DA (10 mM, Sigma D6883) and MitoSOX (10 mM,

Thermo M36008), respectively as previously reported (40).

Extract pre-incubated cells (1.0 x 106 cells/ml) were treated

with different interventions such as TRLM (10 mM, MedChem

HY-109104), PMA (10-100 nM, Sigma P1585), A23187 (1-5

mM, Sigma C5149), ionomycin (1-4 mM, Sigma I9657), NAC (10

mM, Sigma A9165), and MitoTEMPO (10 mM, Sigma

SML0737). DMSO (0.1%) was used as a control. A minimum

of 10,000 events were acquired for each sample using BD FACS

Canto II.
NETosis assay

5.0 x 104 cells were incubated with both the extract for 60 min at

37°C, followed by treatment with TRLM (10 uM), PMA (10 uM),

A23187 (1 uM), ionomycin (1 uM), or vehicle (DMSO 0.1%).

SYTOX Green (100 nM, Thermo S7020) was used to monitor the

fluorescence at different time periods up to 240 min in a plate reader

at 37°C (Synergy 2; BioTek) as described earlier (Rizvi et al., 2022).

Additionally, immunofluorescence images were also developed

using anti-MPO (Santa Cruz Sc390109) and anti-H4Cit3 (Sigma

07-596) antibodies by confocal microscope (Olympus FV3000) at

100X resolution.
Phagocytosis and bactericidal assay

Phagocytosis was accessed by adding PE-labelled latex beads

(Sigma L2778) to extract pre-treated PMNs (1.0 x 104) at a 1:50

ratio using FACS (41). The bactericidal activity of neutrophils was

accessed by first incubating the cells with extracts and then treating

them with kanamycin-resistant E. coli for 30 min at 37°C.

Internalized bacteria were plated on LB agar after the lysis of

PMNs. The killing activity is expressed as a percent of CFU in

the presence/absence of PMNs.
Statistical analysis

All the experiments have been carried out independently in

triplicate. Results are being expressed as mean ± SEM. Multiple

group comparisons have been performed using one-way ANOVA

followed by the Bonferroni test using GraphPad Prism 8. The

differences have been considered as statistically significant when

the p-value was < 0.05.
Frontiers in Immunology 05159
Results

Prophylactic use of WS, but not TC, limits
SARS-CoV-2-induced pulmonary
pathology in hamsters

To determine and evaluate the therapeutic potential of WS and

TC (two commonly used traditional herbs) against COVID-19, we

used a previously established hamster model for SARS-CoV-2

infection which has been shown to mimic moderate COVID-19

pathology (30, 31, 33, 42, 43). The dosing regimen involved

prophylactic intra-gastric administration of WS, TC, or TC+PL

for 5 days before intranasal SARS-CoV-2 challenge in hamsters

which was continued till the end point of the study (4 days post-

infection, dpi). RDV was used as a prototypic anti-viral as a positive

control to compare the in vivo results. Though, RDV in clinical

trials results in marginal protection against morbidity, in animal

studies RDV has been shown to provide robust protection against

COVID-19. The schematic summary of the dosing regimen and

study design is shown in Figure 1A. Our hamster challenge data

indicated that prophylactic dosing of WS was able to significantly

reduce the body mass loss following SARS-CoV-2 infection as

compared to the (I+WS). This protection against mass loss was

found to be similar to that of the RDV-treated group (Figure 1B).

However, both TC and TC+PL treated groups showed 4-8% body

mass loss at 4 dpi when compared to the uninfected group (UI)

(Figure 1B). Since protection in body mass loss is correlated with

the decreased lung viral load and pathology, we next examined the

gross morphological manifestation in excised lungs post necropsy

and the corresponding lung viral load. Our data show significantly

reduced pathological features and relative N gene expression in the

lungs in the WS treatment group, as compared to the infected

group, which was similar to the reduction seen in the RDV group.

The TC and TC+PL group showed no significant reduction in the

pathology and viral load in the lungs (Figures 1C, D).

In a significant percentage of clinical cases, COVID-19 is

characterized by inflammation in the lungs leading to

pneumonitis and cellular injury (44). We, therefore, set out to

understand the degree of protection in pulmonary pathology by

WS, TC, and TC+PL groups. Blinded-random histopathological

assessment of the lung sections by a trained pathologist showed

robust overall protection in the hamsters receiving WS in terms of

overall mitigation in pneumonitis, bronchitis, epithelial injury, lung

injury, and inflammation score which was Together, we provide

pre-clinical data from mild and severe infection models suggesting

robust protection by WS against COVID-19 through its broader

immunomodulatory activity. Our study supports the evaluation of

WS alone or as a formulation for therapeutic intervention against

acute viral infections.

Similar to the degree of protection in the RDV-treated group.

TC and TC+PL groups, however, failed to alleviate the overall

pathological score of the lungs (Figures 1E, F). Next, to understand

the mechanism we evaluated the expression of genes involved in

lung injury. Chymase and tryptase are effector enzymes secreted by

mast cells that have been implicated in COVID-19 pulmonary
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pathology (45, 46). On the other hand, secretion of mucin-1 (muc1)

and surfactant protein D (sftp-D) are important defense

mechanisms in the lungs against pathogenic infection, while

elevated plasminogen activator inhibitor-I (PAI-1) is a risk factor

for thrombosis and has been shown to be correlated with COVID-

19 severity (30). Eotaxin is a lung injury-associated gene whose lung

expression is upregulated in the case of severe COVID-19 (30, 47).

Our data showed that both WS and TC were able to significantly

decrease the mRNA expression of chymase, tryptase, sftpD, and
Frontiers in Immunology 06160
muc1, though the fold change inhibition observed in the WS group

was dramatically more prominent than that observed in the TC

group. Notably, WS, but not TC, group showed a decrease in

exotoxin and PA1 as well (Figure 1G). However, the

combinatorial effect of TC with PL showed no alleviation in the

gene expression markers for lung injury. In conclusion, we show

that hamsters receiving prophylactic dosing of WS but not TC or

TC in combination with PL alleviates the pulmonary pathology

induced by COVID-19.
A B

D
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FIGURE 1

Prophylactic efficacy of selected herbal extract on the SARS-CoV-2 infected hamsters. (A) Schematic representation of dosing regimen for
prophylactic treatment of WS, TC or TC in combination with PL, positive control remdesivir (RDV), infection control (I) or uninfected hamster group.
All the animals except the uninfected control was intranasally challenged with 105 pfu SARS-CoV-2 on day 0 and sacrificed on 4-day post infection
(dpi). (B) Body mass of the animals were monitored post challenge and was plotted as %age change as compared to its day 0 body mass. (C)
Representative images of harvested lungs post necropsy. (D) Relative viral load by N gene expression by qPCR shown as bar graph mean ± SEM.
Histological analysis of left lung lower lobe was carried out post necropsy. The samples were fixed in 10% neutral formalin solution, paraffin
embedded, sectioned and hematoxylin (H) & eosin (E) stained. Stained sections were then imaged at 10X and assessed by trained pathologist for
histological features. (E) Representative images of HE stained lungs showing pneumonitis (blue), bronchitis (red), epithelial injury (green) and
inflammation (yellow). (F) Blinded pathological score for pneumonitis, bronchitis, lung injury, epithelial injury and inflammation as assessed by trained
pathologist. (G) mRNA expression of key genes involved in cellular injury of lungs. For each experiment N=5. One way-Anova using non-parametric
Kruskal-Wallis test for multiple comparison. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Prophylactic WS promotes the anti-
inflammatory response to COVID-19

During the active phase of SARS-CoV-2 infection, immune cells

are recruited in the lungs leading to an aggressive inflammatory

response that is correlated to morbidity and mortality (44). Previous

studies have shown that the inflammatory profile of the lungs

corroborates well with the inflammatory profile of the spleen in

COVID-19 animal models (30, 31). Furthermore, splenomegaly has

been shown to be one of the crucial COVID-19 severity indicators

in the hamster model (30). In line with the previously published

reports, we found a significant increase in the spleen length and

mass in the infected hamsters while the hamsters receiving WS and

RDV showed a significant reduction in the body spleen length and

mass increase as compared to the infected control (Figures 2A, B).

Severe COVID-19 patients have elevated pro-inflammatory

cytokines and diminished anti-inflammatory cytokines levels.

Therapeutic drugs such as DXM which were successful in

decreasing the pro-inflammatory cytokines were found to be

effective in clinical trials. Therefore, we tested the immune-

modulatory potential of WS, TC, and TC+PL in SARS-CoV-2-

infected hamsters. Our mRNA expression data from the spleen

shows that both WS and TC showed potent anti-inflammatory

potential in lowering the expression of IL-6, IL4, IL13, and TNF-a.
Notably, WS showed inhibitory potential for IL-17 cytokine which

is pathogenic for pulmonary injury, and significantly boosted the

expression of IL-10 cytokine and foxp3 transcription factor which

are crucial for the induction of regulatory T cells (Tregs)

(Figures 2C, D). There were no significant changes observed in

the expression of IFN-g cytokine and t-bet transcription factor

which is responsible for the induction of Th1 response. The TC

+PL group also showed non-significant modulations compared to

the I group. Together, we found both WS and TC to show

immunomodulatory potential in COVID-19 hamsters. WS was

more potent in the induction of anti-inflammatory response.
Effect on TRLM-PMA/ionophore-stimulated
ROS and mtROS production in human
PMNs and murine BMDNs

Neutrophils engage the pathogens by TLRs via recognizing

PAMPs: among the discovered TLRs, endosomal TLR 7/8 binds

viral single-stranded RNA as in SARS-CoV-2. Various TLR7/8

agonists induce neutrophil activation (48) however, little is

known about a putative link between TLR7/8 signaling and

neutrophil responses. In the present study, we found a significant

increase in different neutrophil functions against priming of TLR7/8

by TRLM prior induction with PMA and/or ionophores.

WS and TC have been extensively characterized elsewhere as an

alternative or complementary remedy for oxidative and

inflammatory diseases owing to the presence of a range of

alkaloids, polyphenols, terpenes, flavonoids, coumarins and other

phytochemicals. Therefore, to determine the effect of WS and TC

on ROS and mtROS production, DCF-DA and mitoTEMPO were

added respectively, to the cells followed by priming with TRLM and
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induction with PMA and ionophores. A marked decrease in ROS

production in TC-treated PMNs, from 43% (50 mg/ml) to 52% (100

mg/ml, p<0.05) was observed when stimulated with TRLM-PMA

whereas TRLM-ionomycin led to a decrease of 35% at 50 mg/ml and

49% at 100 mg/ml, p<0.05 (Figures 3A, B). WS also had similar

effects in limiting the formation of superoxide anions elicited by

TRLM-PMA (19% at 50 mg/ml and 30% at 100 mg/ml, p<0.05) or

TRLM-ionomycin (maximum decrease of 21% at 100 mg/ml,

p<0.05) (Figures 3C, D). A similar trend was also seen in murine

datasets (Figures S1A–D). Further, the ability of TC, 100 mg/ml to

inhibit mtROS production in PMNs revealed a 40% and 23%

reduction with TRLM-PMA and TRLM-ionomycin respectively

(Figures 3E–F). A somewhat lower percent reduction was seen in

WS- exposed cells with TRLM-PMA (19%), and TRLM-ionomycin

(12%) at 100 mg/ml of WS (Figures 3G, H). Similar to the TC and

WS effect on PMNs, murine cells also showed more potent

inhibition on TRLM-PMA mediated cytosolic and mitochondrial

radical production (Figures S1E–H). Notably, WS and TC both

were comparatively more efficient in reducing PMA-mediated ROS

and mtROS production in neutrophils from humans or mice.
Effect on NETosis in human PMNs and
murine BMDNs

Since sera and postmortem lung biopsies from COVID-19

patients have a high concentration of NET components especially

in the inflammatory interstitial lesions and airways (49), elucidating

their detailed mechanism could be highly useful. Although NETs

formation has been considered a defensive microbicidal

phenomenon to exterminate the invading foreign pathogens (50)

but a loss of its control and their persistent presence in

inflammation results in host tissue damage.

A steep rise in NETosis of more than 50% was observed in PMNs

primed with TRLM before exposing PMA or ionophores.

Supplementing the cells with TC but not WS could inhibit double-

stranded DNA release, a hallmark for NETs formation. TC exhibited

an inhibitory effect on NETs in a concentration-dependentmanner. A

low concentration of TC has no significant effect on the inhibition of

NETs in neutrophils, however, higher concentrations exerted an

inhibitory effect on the release of dsDNA. PMA-induced NETosis

in human PMNs was reduced from 13% to 25% after treatment with

100 and 300 µg/ml, p<0.05 of TC respectively (Figure 4A). In contrast,

with TRLM-ionomycin stimulation TC did not exert a noticeable

reduction in DNA release; a maximum of 15% inhibition was seen at

300 mg/ml (Figure 4B). Treatment of cells with WS did not reveal a

significant down-regulation of NETosis (Figures 4C, D). Further,

similar effects were replicated in the mouse model also using murine

BMDNs as shown in Figures S1I–L. Our immunofluorescence images

further corroborated the fluorimetry data. Figures 4E, F showed that

the pre-treatment of PMNs with 300 mg/ml TC prevented the diffused

and web-like state of TRLM-PMA treated cells as evidenced by the

reduction of percent NETs forming cells, MPO, and H4Cit3

expression. Incubation of TC with the TRLM-ionomycin group did

not result in much elimination of characteristic DNA fibers extrusion,

except with shrinkage of nuclear diameter. Results obtained thus
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indicate that TC might contribute to the regulation of neutrophil

NETs formation via modulating the PMA-mediated signaling

pathways involved in NETosis.
Effect of WS on phagocytosis by
human PMNs

In addition to degranulation and NETs, phagocytosis is another

critical anti-microbial function of neutrophils. The measurable effect of

WS and TC on neutrophils led us to study the role of these extracts on

the phagocytic potential of these immune first responders. TC andWS

showed a modest reduction of 17% and 13% (p<0.05), respectively only

at the high concentration (300 µg/ml, Figures S2A, B), while 1-100 µg/
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ml of both the herbal extracts did not elicit any noticeable change. Also,

pre-treatment of human peripheral neutrophils with TC and WS did

not impart any significant effect on the killing activities of phagocytes;

approximately 74% and 41% reduction in E. coli growth was observed

when bacteria were incubated with TC and WS-treated PMNs,

respectively (Figures S2C, D).
Effect of WS, and TC on Th1, Th2,
and Th17 polarization

T helper cell subset responses determine the clinical outcome of

SARS-CoV-2 infection (51, 52). An appropriate Th1 cell response is

required to clear the virus when the infection is initially established.
A B

D

C

FIGURE 2

Immunomodulatory effects of WS or TC on the infected hamsters. Immunomodulatory activity of prophylactic treatment of WS or TC on infected vs
uninfected hamsters were studied. (A) representative spleen images harvested post necropsy. (B) changes in spleen mass to body mass ratio for
different groups (C) modulation in the mRNA expression of pro-inflammatory cytokines and (D) transcription factors. For each experiment N=5. One
way-Anova using non-parametric Kruskal-Wallis test for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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However, prolonged Th1 cell activation precedes cytokine storm

and priming of Th2 responses, leading to a poor prognosis (51, 53).

Patients with severe Covid infection show high levels of IL-17 and

GM-CSF (44, 54). Th17 cells lead to the recruitment of neutrophils

and increase vascular permeability and leakage, causing lung

damage (55). Thus, preventing the hyperactivation of pro-

inflammatory T cells (Th1, Th2, and Th17) will help reduce the

disease’s severity. To study the immunomodulatory role of WS, we

studied the effect on in vitro differentiation of different Th cell

subsets like Th1, Th2, and Th17 cells (Figure 1). WS showed

effective inhibition in the differentiation of Th1, Th2, and Th17

cells with an increase in doses (Figures 5A–I). IC50 values were

calculated to compare its efficacy in inhibiting different Th cell

subsets. The IC50 value of WS for Th1, Th2, and Th17 cells

inhibition were 490.9ug/ml, 185.8 ug/ml, and 488.7ug/ml

respectively (Figures 5C, F, I). These observations show that WS
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is a more potent inhibitor of Th2 cells, followed by Th17 and Th1

cells. We also studied the effect of TC on in vitro differentiation of

helper T cell subsets Th1, Th2, and Th17 cells (Supplementary

Figures S3A–I). It showed a marginal inhibition of Th1, Th2, and

Th17 cells with an increase in doses. The IC50 value of TC for Th1,

Th2, and Th17 cells inhibition was 1294 ug/ml, 1330 ug/ml, and

1679 ug/ml (Supplementary Figures S3A–I). These observations

show that TC is not as good an inhibitor of pro-inflammatory T-cell

differentiation as compared to WS. DXM was used as a positive

control since it is a well-known immunosuppressive drug

(Supplementary Figures S4A–I). IC50 values of DXM were

517.6nM, 1364pM, and 3162pM for Th1, Th2, and Th17 cells

respectively (Supplementary Figures S4A–I). Together, through our

in-vitro assay, we show that WS exhibits immune-suppressive

potential and could inhibit the differentiation of Th1, Th2, and

Th17 cells similar to the DXM-mediated inhibition.
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FIGURE 3

Effect of WS and TC on TRLM primed-PMA/ionomycin induced NETs formation in human PMNs. After pre-incubation with different concentrations
TC and WS, PMNs were treated with TRLM (10 µg/ml) for 30 min and stimulated with sub-maximal concentration of PMA (12.5 nM) and ionomycin
(2 µM) for 30 min. SYTOX Green (100 nM) was used to monitor extracellular DNA release using a plate reader (A, B: TC; C, D: WS). Total MFI in each
experimental condition is expressed as Mean ± SEM of min 3 experiments. NETosis in human PMNs was also monitored using immunofluorescence
imaging with DAPI (blue), anti-MPO antibody (green), and anti-H4Cit3 antibody (red, E–H). Representative fields are shown at 100X with a scale bar
of 10 µm. Bar diagram represents quantification of percent NETs forming cells as calculated from five transects from three independent
experiments. Statistical analysis consisted of one-way ANOVA followed by Bonferroni’s test (*p < 0.05, **p < 0.01, vs respective control groups;
C, control; V, VAS2870; D, Diltiazem; WS100, WS 100 mg/ml; WS300, WS 300 mg/ml; TC100, TC 100 mg/ml; TC300, TC 300 mg/ml.
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WS mitigates COVID-19 pathology and
improves overall survival in hACE2.Tg mice

Screening of anti-viral or immunomodulatory drugs against

COVID-19 has so far relied on two in vivo models viz hamster and

hACE2.Tg mice model both of which mimic clinical symptoms of

COVID-19 yet significantly differ in the disease pathology (30, 31,

43, 56). While hamsters have been shown to develop mild to

moderate COVID-19 pathology following intranasal infection and

mimic the majority of the clinical cases, hACE2.Tg mice, on the

other hand, are a lethal model for SARS-CoV-2 infection and result

in severe respiratory distress leading to 100% mortality by 6-8 days

post-infection (dpi). In order to understand the protective efficacy

of WS during acute infection, which is known to occur in a less but a

significant number of clinical cases, we used hACE2.Tg mice model

(Figure 6A). TC and TC+PL were not evaluated in hACE2.Tg mice,

since they did not show significant protection in the hamster model
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previously. Our data from hACE2.Tg mice challenge study showed

about 8-10% recovery in the body mass in the WS-treated group as

compared to the I control (Figure 6B). The overall survival of the

hACE2.Tg mice improved by 2 days in WS treated group which was

marginal yet significant as compared to the I control (Figure 6C).

We next examined the gross morphological changes, viral load and

pathological features in the excised lungs post necropsy on 6 dpi.

Our data show that the WS group showed significant alleviation in

gross morphological changes and lung viral load in the WS group as

compared to the I control (Figures 6D, E). The H & E

histopathological assessment results showed robust protection in

the overall pathological scores in the WS group as compared to the I

control (Figures 6F, G). RDV group showed log10 2-fold decreased

lung viral load, however, the pathological disease index score of

RDV and WS was found to be similar. Taken together, we found

significant mitigation in COVID-19 pathology and lung viral load

in the WS group which is reminiscent of robust protective efficacy.
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FIGURE 4

Effect of WS and TC on TRLM primed-PMA/ionomycin induced cytosolic ROS and mtROS production in human PMNs. PMNs pre-incubated at
different concentrations of TC and WS were treated with TRLM (10 µg/ml) for 30 min and stimulated with sub-maximal concentration of PMA (12.5
nM) and ionomycin (2 µM) for 30 min. DCF-DA (10 µM) and MitoSOX (10 µM) were used for cytosolic ROS and mtROS detection, respectively using
flow cytometry. All the data are represented as Mean ± SEM, n = min 3 per group, and statistical analysis consisted of one-way ANOVA followed by
Bonferroni’s test (A–F) (**p < 0.01, vs respective control groups;. C, control; N, N-acetyl cysteine; MT, MitoTEMPO; WS50, WS 50 mg/ml; WS100, WS
100 mg/ml; TC50, TC 50 mg/ml; TC100, TC 100 mg/ml.
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WS treatment results in the boosting of
MDSCs in hACE2.Tg mice

COVID-19 is characterized by lymphopenia resulting in

dysregulation of immune profile and function (57). To test the

immunomodulatory potential of WS in mice infected with SARS-

CoV-2, we carried out flow cytometry-based immunophenotyping of

the major immune population in WS treated vs non-treated group. In

line with the previously published reports, our data from lymph-node

cells shows that intranasal SARS-CoV-2 infection causes severe

lymphopenia in hACE2.Tg mice were characterized by a significant

decrease in lymphocytes (CD45+), total T cells (CD3+) cells, T helper

cells (CD4+), and cytotoxic T (CD8+) cells (Figures 7A–C). This
Frontiers in Immunology 11165
skewed immune profile was rescued in the RDV group.WS group also

showed recovery in depleted CD45+ cells but failed to show any

significant recovery in T cell frequency. In addition to T cell depletion,

COVID-19 is also characterized by a high frequency of inflammatory

monocytes and myeloid-derived suppressor cells (MDSCs) in clinical

cases (58). In line with this, we found a high frequency of monocytes

in the lymph nodes in I control which was significantly reduced inWS

or RDV-treated group. Moreover, the high levels of MDSCs were

significantly suppressed in both WS and RDV groups. However, we

did not find any observable difference in the percentage frequency of

NK, NKT, macrophages, or neutrophils (Figures 7D–E). Taken

together, we found that WS-treated mice show a rescuing effect in

the dysregulated immune profile following SARS-CoV-2 infection.
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FIGURE 5

Dose kinetics of WS response on in vitro differentiation of Th1, Th2 and Th17 cells from naïve CD4+ T cells. Sorted naïve CD4+ T cells from mouse
spleen and lymph nodes were activated using soluble anti-CD3 antibody and differentiated into helper T (Th)2 (A, B), Th17 cells (D, E) and Th1
subtypes (G, H) by using different cytokines viz recombinant mouse IL-4; TGF-b + IL-6 and IL-12 cytokines respectively. WS was added in
concentrations ranging from 10ug/ml to 1000ug/ml initially at the time of cell seeding. After 72 h of incubation IL-4, Il-17 and IFN-gamma
production was measured respectively for Th2, Th17 and Th1 cells by intracellular cytokine staining. IC50 values were calculated using Graph pad
prism software (C, F, I). ****P < 0.0001 by one-way ANOVA.
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WS effectively inhibits inflammatory
cytokine in hACE2.Tg mice

In order to understand the immunomodulatory potential of WS

in the in-vivo settings, we performed intracellular cytokine staining

(ICS) of phorbol myristate acetate (PMA), Ionomycin-activated

lymph-node cells isolated from challenged hACE2.Tg mice. Based

on the results obtained from ICS, we did not find any difference in

Th1 (CD4+IFNg+) and Th2 (CD4+IL-4+) response in the WS

group, however, there was 2-3-folds inhibition of Th17 cells (CD4
Frontiers in Immunology 12166
+IL17A+) and TNFa secreting CD4+ T cells in WS group as

compared to the I control (Figures 8A–D). We also studied the

effector cytokine response in CD8+ T cells and NK cells

compartment. Effector cytotoxic response is correlated with

improved survival and morbidity in COVID-19 cases, while NK

cell activity is crucial for early viral clearance and immunity. Our

data shows WS did not significantly modulate the cytokine profile

of CD8+ and NK cells, when compared to the I control profile

(Supplementary Figures S5A–G). However, we did see significant

inhibition in the CD8+IFNg+ T cell response in presence of WS in-
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FIGURE 6

Assessment of protective efficacy of WS in acute SARS-CoV-2 infection model of hACE2 transgenic mice. To evaluate the effect of prophylactic treatment of
WS on severe SARS-CoV-2 infection, we used hACE2 mice model for acute infection and compared it with RDV control. (A) Schematic representation
showing treatment regimen for WS and RDV. Mice were intranasally infected with SARS-CoV-2 and (B) %age changes in body mass and (C) mortality was
monitored and plotted. (D) Representative excised lung images 6 days post infection (E) Lung viral load presented as Log10 N copy number (F) Lower lung
lobe was used for HE staining (G) and assessed for pathological features by blinded scoring by trained pathologist. For each experiment N=5. One way-
Anova using non-parametric Kruskal-Wallis test for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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vivo. Taken together, CD4+ T cell-specific inhibition was mediated

by WS in-vivo, while cytokine response in the cytotoxic T cell

compartment was relatively unaltered.
WS mitigates COVID-19 pathology
in the animal model by
anti-inflammatory response

In summary, we show by using two animal models viz hamster

and hACE2.Tg mice that animals receiving prophylactic treatment

of WS were broadly protected against COVID-19 both in terms of

pulmonary pathology and lung viral load. This protection was

further shown to be associated with immunosuppressive activity
Frontiers in Immunology 13167
byWS, especially in the CD4+ T cells effector response both in-vitro

and in-vivo (Figure 9).
Discussion

Since its first reported case, COVID-19 has led to an

unprecedented number of clinical cases and mortality warranting

urgent prophylactic and therapeutic interventions. The vaccination

strategy was found to be largely useful against the SARS-CoV-2

ancestral strain, however, the subsequent rise in mutant strains led

to immune evasion and decreased efficacy of vaccines (13, 14). So

far only a few therapeutic drugs have been approved by FDA for

COVID-19, while new drugs based on chemical entities require
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FIGURE 7

Changes in the major immune populations of infected hACE2 mice with or without treatment. Flow cytometry-based quantitation was done to
evaluate changes in the major immune population in the lymph nodes of sacrificed animals at 6 dpi. The % age frequency was plotted as bar graph
along with the representative contour plot (A) CD45+ population (B) CD3+ T lymphocytes, NK cells and NKT cells (C) CD4+ T helper cells and CD8
+ T cytotoxic cells (D) Macrophages (E) Monocytes, neutrophils and MDSCs population. For each experiment N=5. One way-Anova using non-
parametric Kruskal-Wallis test for multiple comparisons. *P < 0.05, **P < 0.01.
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relatively more time for development and are also associated with

off-target or safety concerns (5). Interventions based on time-tested

herbal extracts have offered an exciting alternate strategy due to

their prolonged human use, acceptance, and safety as well as

efficacy against infectious diseases (19, 59).

In the current study, we used well-characterized extracts of WS

and TC two commonly used Asian traditional medicines to

investigate their protective effect against COVID-19 by using

hamster and hACE2.Tg mice model. WS contains a large number

of phytoconstituents including steroids, alkaloids, saponins,

glycosides, volatile oils, sitoindosides, and others with various

pharmacological activities (60). Various chemical constituents

such as diterpenoid lactones, glycosides, steroids, sesquiterpenoid,

phenolics, aliphatic compounds, essential oils, fatty acids, and

polysaccharides are present in TC with known biological

activities (61)

Various groups have shown that WS constituents could act as a

potent inhibitor of SARS-CoV-2. In silico studies have shown that

Withanone interacts and blocks the activity of both spike
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glycoprotein and 3CLpro protease which are crucial for virus

entry and replication (62). Furthermore, the detailed interactive

sites of Withanone and its non-covalent interactions were also

elucidated suggesting that Withanone/WS could exhibit protective

efficacy in-vivo (26). Withaferin A, which is another Withanolide

derived from WS, has also been shown to possess anti-viral and

immunomodulatory activity as per the in-silico studies (26). A

detailed characterization of the active ingredients of WS along

with other herbal extracts was reported recently by our group, in

which the in-vitro anti-viral activity of WS extract components was

shown for the first time (28). On the other hand, TC, another

important herbal extract, has also been previously used and shown

to have anti-viral potential through docking studies (25). Though

there existed in-silico evidence supporting the rationale that WS and

TC may be helpful drug candidates for anti-viral activity against

SARS-CoV-2, these observations lacked experimental animal model

efficacy studies. Moreover, a recently published report by Kataria S

et al, 2022 found that Ayurvedic formulation containing TC and PL

in addition to the first line of treatment for COVID-19 was
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FIGURE 8

Changes in the effector cytokines of CD4+ T cells of infected hACE2 mice with or without treatment. Flow cytometry-based quantitation was done
to evaluate changes in the major immune population in the lymph nodes of sacrificed animals at 6 dpi. The % age frequency was plotted as bar
graph along with the representative contour plot (A) CD4+IFNg+ cells (B) CD4+IL4+ cells (C) CD4+IL17A+ cells (D) CD4+TNFa+ cells for each
experiment N=5. One way-Anova using non-parametric Kruskal-Wallis test for multiple comparison. *P < 0.05, **P < 0.01.
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beneficial in reducing the duration of hospitalization and time of

recovery for COVID-19 patients warranting studies aimed at

evaluating the combinatorial effect of TC and PL in the in-vivo

model. However, the immunological correlates of protection

elicited by WS or TC, if any, against COVID-19 have also

been investigated.

In the hamster COVID-19 model, WS showed robust rescuing

in the loss of body weight and pulmonary pathologies which were

comparable to the RDV group validating the protective efficacy of

WS. Notably, the WS group showed a 7-8 folds decrease in the lung

viral load of infected hamsters while no protection was seen in other

groups viz TC and TC+PL. It is, therefore, reasonable to argue that

WS could inhibit the SARS-CoV-2 entry by blocking its interactive

sites as shown previously through in-silico studies. However, in-

vitro validation of the anti-viral potential of WS warrants further

examination. Moreover, the decrease in lung viral load also led to

the overall recovery of the pulmonary pathology in the WS group.

The immunomodulatory potential of Withanolides has been well

documented and has been shown to promote an anti-inflammatory

environment (22). In line with this, we found that WS-treated

hamsters exhibited a significant reduction in the mRNA expression

of pro-inflammatory cytokines and boosted the expression of anti-

inflammatory cytokines and transcription factors in the hamsters

infected with SARS-CoV-2. Since the inflammatory response has

been implicated in pulmonary pathology, increased risk of

hospitalization and mortality, it could be argued that the anti-
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inflammatory potential of WS could be the basis of protection

together with its anti-viral activity. This was an important finding

which showed in parts that WS in COVID-19 led to

immunomodulatory effects beneficial for recovery.

The other major arm of immunity that plays a key role in the

COVID-19 protective response is the adaptive immune response

mediated by T & B cells. Due to a lack of antibody resources for the

hamsters to study cellular immunological response, we used

hACE2.Tg mice to study the immunological response following

infection and the effect of WS (32, 56). Our hACE2.Tg mice data

gave two crucial insights, it showed that the WS group may not be

fully protected in severe COVID-19 cases as infected hACE2.Tg

mice though marginally protected ultimately died following SARS-

CoV-2 infection. It is likely that the WS-mediated SARS-CoV-2

inhibition through spike interaction and other entry protease

inhibition might not be sufficient to prevent the viral entry and

multiplication into the hACE2-expressing lung epithelial cells and

therefore might allow virus entry and replication leading to disease

pathology. However, notably, the overall pulmonary pathology as

examined by histopathological assessment did show significantly

less lung injury. Two, immunophenotyping data from hACE2.Tg

mice showed recovery from the lymphopenia and dysregulated

immune profile in the WS group. Interestingly, we found that the

effector cytokine response specific to Th cells was specifically

inhibited in presence of WS both in-vitro and in-vivo. Though,

WS exhibited inhibition of the differentiation of Th1, Th2, and
FIGURE 9

Summary figure highlighting the study design and novel findings from the study.
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Th17 cells in-vitro, in the infected hACE2.Tg mice WS treated only

showed significant inhibition in Th17 and TNFa secreting CD4+ T

cells. Notably, heightened TNFa levels have been correlated with a

higher risk of mortality in COVID-19 cases and were associated

with cellular injury. Since WS inhibitory potential was specific for

CD4+ T cells and not CD8+ T cells or NK cells it is a possibility that

WS may be interfering with Th cell activation signaling or

downstream signaling involved in the effector response. In

addition, WS was also found to suppress the frequency of MDSCs

and monocytes which have been shown to promote COVID-19

severity. It is a possibility that the immunomodulatory effect of WS

could be acting through both innate and adaptive arm of immunity.

Extensive and meticulously designed studies are needed to

investigate further the molecular basis for this specificity.

In the infected mice, we did not find any modulation in the

neutrophil number. In infected human subjects, however, the

neutrophil number is enhanced and NETosis has been linked

with thrombosis in COVID-19 pathologies. We, therefore,

performed in vitro studies on mice BMDNs and human

neutrophils. To further look into the possible mechanism of

protection, we carried out a detailed investigation of

immunological changes. In one part of the study, TRLM primed

and PMA and calcium ionophores-induced neutrophil functions

were studied in the presence of WS and TC. The ROS generation

pathways in the neutrophils have been classically mediated either by

NOX2-dependent via the activation of protein kinase C (63, 64) or

NOX2-independent by calcium-activated small conductance

potassium channel (SK3) and/or non-selective mitochondrial

permeability transition pore (mPTP) in inducing mtROS

production via intracellular Ca2+ flux (65, 66) Additionally, many

reports had also postulated the crosstalk of NOX2 activation and

mtROS production and thus represents a feed-forward vicious cycle

for ROS generation in oxidative stress (67). By using mitochondrial-

targeted inhibitors of NOX2, Vorobjeva et al. (2020) showed the

involvement of both NOX2-derived ROS and mtROS in NETosis in

human PMNs (66). We also observed a large amount of ROS and

mtROS production induced by PMA and/or ionophores. WS and

TC have been known to contain anti-oxidants with potent free-

radical scavenging abilities. We found a significant reduction in the

oxidative stress in TC and WS pretreated cells as demonstrated by

their ability to suppress both ROS and mtROS. However, the anti-

oxidant properties of both WS and TC were comparatively more

pronounced in the case of PMA than ionophores. This indicates a

putative role of WS and TC primarily as the NOX2-targeted

effector, however, the inhibitory effect of these herbal extracts on

the mtROS – NOX2 feed-forward cycle cannot be omitted.

NETosis is a distinct process of cell death unlike necrosis,

apoptosis, or necroptosis (50); the molecular processes involved in

NETosis are now better understood (66, 68). NETs are characterized

by initial morphological changes and histone modifications followed

by mechanical changes leading to chromatin decondensation and an

irreversible rupture of nuclear and cell envelope (Neubert et al., 2018).

Moreover, Awasthi et al. (2016) had reported the involvement of

TLRs in NETosis; they have found that blocking TLR-2 and -6 with

specific antibodies could significantly inhibit oxLDL induced
Frontiers in Immunology 16170
NETosis (69). In agreement with this, we have also found a notable

reduction in NETs formation in TC pre-treated cells in response to

TRLM primed and PMA/calcium ionophores activation. We found

that TC predominantly inhibited neutrophil NOX-2 activity as

evidenced by immunolabeling of MPO and citrullinated histones.

NOX-2 is the most abundant protein and an important source of

superoxide radicals in neutrophils that mediate PMA-induced

NETosis. Since TC preferentially inhibited ROS, mtROS, and NETs

production largely stimulated by PMA, we postulate that TC

antagonizes an upstream component at the early stage of NOX2-

mediated NETosis.

Neutrophils are the first phagocytic cells to reach the site of

infection or injury (70). WS and TC did not reveal any significant

adversity on phagocytosis by neutrophils when these were pre-

treated with up to 300 µg/ml concentrations of the extracts;

however, a low of 20% was observed with TC. Moreover, the

intracellular bactericidal capacity of neutrophils also did not show

any notable change with the extracts. Together, these results

suggested that modulation of neutrophil functionality could be

one of the contributing factors for WS-mediated protection

against COVID-19.
Future prospects

Our results provide the first direct evidence that prophylactic WS

administration is affecting in mitigating the pathology of COVID-19

which is mediated by the anti-inflammatory potential of WS through

suppression of effector T helper cell response. Though there is pool of

literature available based on computational analysis as well as in-vitro

activity suggesting the active pharmaceutical ingredients ofWSwhich

may be essential for these immunomodulatory potentials, but lacks

data from animal studies. Future experiments should be designed to

investigate and decipher the therapeutically potential of WS

ingredient and to optimize its dosage which could be taken for

randomized clinical trials. Moreover, the pharmacological potential

of WS in combination with COVID-19 anti-viral drug or vaccine

candidates could be exploited to better understand the synergistic

effect of the treatment. In addition, future proof of concept studies

could be designed for other infectious diseases which are known to

cause cytokine release syndrome such as Influenza, to test if it helps

mitigate the disease.
Conclusion

Though ancient knowledge of medicinal potential of herbs

existed in Ayurvedic science since long we did not have much

scientific evidence about its protective/preventative efficacy from

animal studies and more so on COVID19. In this study, by

combining hamster and hACE2 transgenic mice model we

provide direct evidence that prophylactic treatment of WS

mitigates COVID19 through its anti-inflammatory properties.

Our findings are important in the context of a continuously

evolving virus that leads to immune evasion by previous
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vaccination and warrants a more robust therapeutic approach

against emerging variants of SARS-CoV-2. We also defined the

immunological correlates of protection based on in-vitro and in-

vivo studies and believe that the potent anti-inflammatory potential

of WS could be further exploited against other infectious diseases

and inflammatory disorders (one such clinical trial, CTRI/2021/06/

034496, for this is already conducted in India for WS). Finally, our

study supports the use of WS to prevent COVID-19 pathologies and

may also be evaluated for its efficacy against other viral infections.
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SUPPLEMENTARY FIGURE 1

Effect of WS and TC on PMA/A23187 induced cytosolic ROS and mtROS

production in mice BMDNs. BMDNs pre-incubated at different
concentrations of TC and WS were stimulated with optimal concentration

of PMA (100 nM) and A23187 (10 µM) for 30 min. DCF-DA (10 µM) and
MitoSOX (10 µM) were used for cytosolic ROS and mtROS detection,

respectively using flow cytometry. BMDNs pre-incubated at different

concentrations of TC and WS were stimulated with optimal concentration
of PMA (100 nM) and A23187 (10 µM) for 30 min. SYTOX Green (100 nM) was

used to monitor extracellular DNA release using a plate reader (A, B: TC; C, D:
WS). Total MFI in each experimental condition is expressed as Mean ± SEM of

min 3 experiments. All the data are represented as Mean ± SEM, n = min 3 per
group, and statistical analysis consisted of one-way ANOVA followed by

Bonferroni’s test (*p < 0.05, **p < 0.01, ***p < 0.001 vs respective control

groups; #p<0.05, ##p<0.01 vs PMA/A23187 treated groups). C, control; N, N-
acetyl cysteine; MT, MitoTEMPO. C, control; V, VAS2870; D, Diltiazem.

Cytotoxic potential of WS and TC on human PMNs and murine BMDNs.
Percent cell death was obtained by flow cytometry using PI (10 µg/ml).

Doxorubicin (10 µM) was used as a positive control (100%).

SUPPLEMENTARY FIGURE 2

Effect of WS and TC on phagocytosis and bactericidal activity of human
PMNs. (A, B) Human PMNs were incubated with different concentrations of

WS and TC before adding PE-labelled latex beads for phagocytic assay.
Fluorescent signal was quenched using trypan blue (0.4%) before acquiring

in FACS cell analyzer. (C, D) Effect of GG on bactericidal activity of human
PMNs. Cells were pre-treated with 300 µg/ml of WS and TC before incubating

with kanamycin-resistant E. coli. The direct effect of WS and TC on E. coli

growth was also monitored by incubating bacteria with 300 ug/ml
concentration for 30 min. **p < 0.01 vs control groups; ##p<0.01 vs GG

treated groups. All the data are represented as Mean ± SEM, n = min 3 per
group, and statistical analysis consisted of one-way ANOVA followed by

Bonferroni’s test. C, control; WS300, WS 300 mg/ml; TC300, TC 300 mg/ml.

SUPPLEMENTARY FIGURE 3

Immunosuppressive effect of Tinospora cordifolia (Willd.) Miers on in vitro
differentiation of Th1, Th2 and Th17 cells. Naïve CD4+ T cells were sorted

from mice spleen and lymph nodes and were activated by soluble anti-CD3
antibody. Cells were then differentiated into helper T (Th) 2 (A, B), Th17 cells
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(D, E) and Th1 conditions (G, H) using recombinant mouse IL-4; TGF-b + IL-6
and IL-12 cytokines respectively in presence or absence of dexamethasone

(doses ranging from 1pM to 20uM). Differentiated cells at 72 hours were

quantitated by performing intracellular cytokine staining for IL-4, Il-17 and
IFN-gamma production. IC50 values were calculated using Graph pad prism

software (C, F, I). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by one-
way ANOVA.

SUPPLEMENTARY FIGURE 4

Immunosuppressive effect of Dexamethasone on in vitro differentiation of

Th1, Th2 and Th17 cells. Naïve CD4+ T cells were sorted from mice spleen
and lymph nodes and were activated by soluble anti-CD3 antibody. Cells

were then differentiated into helper T (Th) 2 (A, B), Th17 cells (D, E) and Th1
conditions (G, H) using recombinant mouse IL-4; TGF-b + IL-6 and IL-12

cytokines respectively in presence or absence of dexamethasone (doses
ranging from 1pM to 20uM). Differentiated cells at 72 hours were
Frontiers in Immunology 18172
quantitated by performing intracellular cytokine staining for IL-4, Il-17 and
IFN-gamma production. IC50 values were calculated using Graph pad prism

software (C, F, I). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by one-

way ANOVA.

SUPPLEMENTARY FIGURE 5

Changes in the effector cytokines of CD8+ T and NK cells of infected hACE2

mice with or without treatment. Flow cytometry-based quantitation was
done to evaluate changes in the major immune population in the lymph

nodes of sacrificed animals at 6 dpi. The % age frequency was plotted as bar

graph along with the representative contour plot (A) CD8+Gzb+ cells (B)
CD8+Prf-1+ cells (C) CD8+TNFa+ cells (D) CD8+IFNg+ cells (E) CD8+IL4+

cells (F) CD8+IL17A+ cells (G) CD3-NK1.1+ IFNg+ cell population.
Granzyme (Gzb), Perforin (Prf-1). For each experiment N=5. One way-

Anova using non-parametric Kruskal-Wallis test for multiple comparisons.
*P < 0.05, **P < 0.01.
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Glossary

ABSL3 animal biosafety level 3

COVID-
19

coronavirus disease 19, set of clinical pathologies following of
coronavirus infection

CRS cytokine release syndrome

DXM Dexamethasone

FACS floourescence activated cell sorting

hACE2
mice

Transgenic mice developed by knocking in humanized ACE2
receptors under the influence of the K18 promoter

Hamster golden Syrian hamster, the animal model used for COVID-19
study

Herbal
extract

Aqueous Extract of herbs that have been used in the study

I Infected

I+TC infected animals receiving TC

I+TC+PL infected animals receiving TC in combination with PL

I+WS infected animals receiving WS

IFNg interferon gamma

IL6 interleukin 6

mtROS ROS generated in mitochondria

Muc-1 mucin 1 gene

NET neutrophil extracellular traps

Pathology clinical features of the disease that can be used for diagnosis and
examination

Pfu plaque forming unit

PL Piper longum (L.)

qPCR quantitative PCR

RDV remdesivir

ROS reactive oxygen species

SARS-
CoV-2

severe acute respiratory syndrome coronavirus 2, the virus
responsible for COVID-19.

Sftp-D surfactant protein D

T helper
cells

component of cell-mediated immunity which express CD4 marker

TC Tinospora cordifolia (Willd.) Miers

Th1 cells Subset of CD4+ T helper cells which are important for anti-viral
immunity

Th17 cell subset of CD4+ T helper cells which are important of inflammation
and autoimmunity

Th2 cells subset of CD4+ T helper cells which are important for extra
cellular pathogens

TNFa tumor necrosis factor alpha

UI uninfected

WS Withania somnifera (L.) Dunal
F
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Novel ACE2 fusion protein
with adapting activity against
SARS-CoV-2 variants in vitro
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Carolin Walker1,2, Timo Manz1,2, Hans-Georg Rammensee1,2,4,
Helmut R. Salih2,3,4, Michael Schindler5† and Gundram Jung1,2,4†

1Department of Immunology, Institute for Cell Biology, Eberhard Karls Universität Tübingen,
Tübingen, Germany, 2German Cancer Research Center (DKFZ) Partner Site Tübingen, German Cancer
Consortium (DKTK), Tübingen, Germany, 3Clinical Collaboration Unit Translational Immunology,
Department of Internal Medicine, University Hospital Tübingen, Tübingen, Germany, 4Cluster of
Excellence iFIT (EXC 2180) “Image-Guided and Functionally Instructed Tumor Therapies”, University
of Tübingen, Tübingen, Germany, 5Institute for Medical Virology and Epidemiology, University
Hospital Tübingen, Tübingen, Germany, 6School of Life and Environmental Sciences and School of
Life of Medical Sciences, The University of Sydney, Sydney, NSW, Australia
Despite the successful development of vaccines and neutralizing antibodies

to limit the spread of severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), emerging variants prolong the pandemic and emphasize the

persistent need to develop effective antiviral treatment regimens. Recombinant

antibodies directed to the original SARS-CoV-2 have been successfully used to

treat established viral disease. However, emerging viral variants escape the

recognition by those antibodies. Here we report the engineering of an

optimized ACE2 fusion protein, designated ACE2-M, which comprises a

human IgG1 Fc domain with abrogated Fc-receptor binding linked to a

catalytically-inactive ACE2 extracellular domain that displays increased

apparent affinity to the B.1 spike protein. The affinity and neutralization

capacity of ACE2-M is unaffected or even enhanced by mutations present in

the spike protein of viral variants. In contrast, a recombinant neutralizing

reference antibody, as well as antibodies present in the sera of vaccinated

individuals, lose activity against such variants. With its potential to resist viral

immune escape ACE2-M appears to be particularly valuable in the context of

pandemic preparedness towards newly emerging coronaviruses.

KEYWORDS

SARS-CoV-2 therapy, ACE-2, neutralizing antibodies, immune escape, fusion protein
1 Introduction

In the past two years, the Coronavirus disease 2019 (COVID-19) pandemic has claimed

several millions of lives worldwide and has caused enormous -and unprecedented- social

and economic damage (1, 2). Fortunately -and unprecedented as well- efficient vaccines

have been developed and administered to millions of individuals in less than two years, and

currently it appears that vaccination has become the cornerstone for the control of the

pandemic worldwide (1, 3).
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In the face of this truly remarkable success, the development of

reagents for the treatment of established viral infections remains

challenging. A growing understanding and appropriate treatment of

the hyper-inflammatory and -coagulatory states occurring in the

course of moderate and severe disease resulted in a significant

reduction in mortality rates in treated patients. In addition, reagents

with direct antiviral activity have been developed. Such reagents can

be divided into two classes, small molecules with antiviral activity

and neutralizing antiviral antibodies. For the latter, the tools of

modern recombinant antibody technology, i. e., phage display, and

single-cell cloning, have been used to generate optimized

monoclonal antibodies with potent neutralizing capacity, directed

to the receptor-binding domain (RBD) of the viral spike protein (S-

protein) that binds to the ACE2 receptor on target cells (4–8).

Several of these reagents have received approval for use during the

early stages of infection. As of today, however, their activity in more

advanced stages has been limited. Indeed, antibody-dependent

enhancement (ADE), e.g., by non-neutralizing antibodies binding

to viral particles, was reported to promote their Fc-mediated uptake

by cells carrying Fc-receptors (FcRs), such as alveolar macrophages

(9, 10).

However, a major limitation for the therapeutic activity of

antibodies are recent mutations in SARS-CoV-2 variants that not

only confer enhanced affinity to ACE2 and thus increased infectivity

but also prevent the binding of antibodies raised against the B.1 S-

protein (11–13).

A recombinant antibody approved for treatment of limited disease,

REGN 10933 (14) exemplifies this strikingly. It strongly binds to the

RBD of the B.1 S-protein but fails to bind to the S-protein encoded by

known variants of concern (VOCs), such as the Beta and Omicron

variants. The latter escapes effective neutralization by five of seven

mAbs approved for treatment of COVID-19 (15–17). At the same

time, the S-protein of the Omicron variant gained affinity towards the

ACE2 protein (18, 19), resulting in increased infectivity.

In principle, the conceptual weakness of neutralizing antibodies

directed to the RBD domain of the S-protein discussed above might be

overcome by recombinant Fc-based fusion proteins comprising the

“natural” binding partner of the RBD domain, the ACE2 protein. In

contrast to RBD binding antibodies, the neutralizing capacity of such

proteins would not be impaired but rather strengthened by affinity

gaining mutations in the RBD. Moreover, since the RBD ACE2

interaction is mediated by a dimeric form of ACE2, an Fc based

format may promote ACE2 dimerization (20). Despite this conceptual

advantage, the construction of such fusion proteins faces challenges as

well: first, the affinity of recombinant ACE2 to viral S-proteins is lower

than that of most antibodies. Second, the enzymatic activity of

physiologically expressed ACE2 is critical for the proper function of

the renin-angiotensin-aldosterone system (RAAS). This system is of

vital importance, among others, for blood pressure regulation, and high

doses of enzymatically active protein might induce uncontrollable side

effects. Although it has been suggested that ACE2 may function as a

“rescue protein” in the course of the SARS-CoV-2 infection (21), we

share the view expressed in a paper Khodarahmi et al. (22), that

recommend the use of enzymatically inactive ACE2 if blockade of the

S-protein is intended.
Frontiers in Immunology 02176
Based on the considerations outlined above, we have

constructed and characterized an ACE2-Fc fusion protein

designated ACE2-M, that carries mutations to:
i. abrogate FcR binding and complement activation by the

Fc domain

ii. deplete enzymatic activity of the ACE2 protein

iii. enhance the apparent affinity of the ACE2 S-protein

interaction
Here we evaluate the capability of ACE2-M to bind and to

neutralize various virus variants. This activity was benchmarked

against the therapeutic antibody REGN 10933 and the serum of

vaccinated individuals.
2 Materials and methods

2.1 Generation and production of ACE2
fusion proteins and REGN 10933

The human ACE2 extracellular domain (aa 18-740; Gene ID:

59272) and the variable domain sequences of the REGN 10933

antibody (14) were codon-optimized for expression by Chinese

hamster cells using the GeneArt GeneOptimizer tool (Thermo Fisher

Scientific, Regensburg, Germany). VH, VL, and ACE2 sequences

(ACE2 wild-type (ACE2) or the indicated mutants, ACE2-RR,

ACE2-K, ACE2-M) were synthesized de novo at GeneArt (Thermo

Fisher Scientific, Regensburg, Germany). ACE-2 coding sequences

were fused at their C-terminus to a human Igg1 Hinge- Fc domain

via a flexible (GGGGS)3 linker. Modifications in the CH2 domain

consisting of the amino acid substitutions and deletions E233P; L234V;

L235A; DG236; D265G; A327Q; A330S (EU index), which abrogate

FcR binding and complement fixation, were introduced as described

(23). REGN 10933 variable sequences were inserted into a human Igg1
backbone comprising CH1‐CH2‐CH3‐ or CΚ‐constant domain

sequences as described (23). All constructs were transiently

transfected and produced using the ExpiCHO™ Expression System

(Thermo Fisher Scientific, Regensburg, Germany) according to the

manufacturer’s instructions and were then purified by HiTrap™

MabSelect™ SuRe columns (Cytiva, Freiburg, Germany), before

being subjected to preparative and analytical size exclusion

chromatography (SEC) using HiLoad™ 16/600 Superdex 200 pg and

Superdex™ 200 Increase 10/300 GL columns (Cytiva Freiburg,

Germany), respectively. Endotoxin levels of samples, as determined

by a limulus amebocyte lysate assay (Endosafe®Charles River,

Charleston, SC), were < 0.5 EU/ml. Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) was performed as

previously described (23).
2.2 Spike proteins

SARS-CoV-2 full-length trimeric spike proteins corresponding

to the B.1 (B.1.126), Alpha (B.1.1.7), Beta (B1.351), Gamma (P.1),
frontiersin.org
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and Delta (B.1.617.2) were purchased from BioServ, (Sheffield, UK).

The Trimeric S-protein corresponding to Omicron (B.1.1.529) or

Omicron subvariant BA.5 and BQ1.1 were obtained from Sino

Biological (Beijing, China).
2.3 ACE2 catalytic activity assay

Enzymatic activity of ACE2 fusion proteins was measured using

the ACE2 Activity Assay Kit (Fluorometric) (BioVision, Milpitas,

CA) according to the manufacturer’s instructions. The proteins

were diluted in assay buffer to 22.7, 4.54, and 0.91 nM final

concentration. Fluorescence was measured using a Wallac 1420

Victor 2 Multi-Label Counter (Perkin-Elmer, Waltham, MA).
2.4 Competitive ELISA

The indicated S trimeric proteins were coated on 96-well plates

at 1µg/ml, 4°C overnight. After washing, wells were blocked with

PBS containing 3% BSA for 1 hour at room temperature. Next, a

serial dilution of the indicated ACE2 fusion proteins, REGN 10933

or serum antibodies were pre-mixed with 150 nM of His-tagged

ACE2 wild-type protein (BioLegend, San Diego, CA) and added to

the plates. In case of the Omicron variants (Sino Biological), the

His-tagged ACE2 protein was additionally biotinylated using the

One-Step Biotinylation Kit (Miltenyi, Cologne, Germany)

according to the manufacturer’s instructions. For visualization, a

Penta-His HRP conjugate (1:1000) (Qiagen, Hilden, Germany) or

mouse anti-Biotin HRP conjugate (1:1000) (Invitrogen, Waltham,

MA) were used. Unbound HRP-conjugated antibodies were

removed by washing, TMB substrate was added, and absorbance

was measured at 450nm.
2.5 Determination of anti-spike antibodies
in the sera of vaccine recipients

Sera were collected from 8 healthy donors (25-65 years of age). All

donors received a first dose of Vaxzevria vaccine and then a second

dose of Comirnaty or Spikevax. Sera were collected 40-45 days after the

second dose and anti-SARS-CoV-2 antibody concentrations were

measured using the Euroimmun Anti-SARS CoV-2 ELISA IgG kit

(Euroimmun, Luebeck, Germany). Briefly, serum samples were diluted

at 1:100 and 1:1000 and ELISA was performed following

manufacturer’s instructions. A titration of a reference neutralizing

antibody (REGN 10933) was used to calibrate the assay.
2.6 Measurement of fusion- and
spike protein interaction by
biolayer interferometry

Trimeric S-proteins were analyzed for their binding to ACE2-RR

or ACE2-M fusion proteins using an Octet HTX system (Sartorius,

Goettingen, Germany). Assays were run with a sensor offset of 3 mm
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and an acquisition rate of 5 Hz on AHC biosensors in 16-channel

mode. Microplates were loaded with 60 mL per well of assay buffer

consisting of PBS with 0.05% Tween-20 and 0.1% BSA. Sensors were

equilibrated in assay buffer for 10 min. Following a baseline step of 60s,

the analyte S-proteins were loaded for 120 s. Association was measured

for 150s and dissociation for 300s. Regeneration of the sensors was

performed using 10 mM Glycine pH 1.5. Data evaluation was done

using Octet Analysis HT Software. The reference subtraction was

performed to consider the potential dissociation of analyte loaded

onto the biosensor. Data traces were aligned to the baseline, followed by

an inter-step correction for the dissociation step. Savitzky-Golay

filtering was applied to the data and the curves were fitted globally

using a 1:1 binding model (with Rmax unlinked by sensor).
2.7 Viruses

All experiments with SARS-CoV-2 viruses were conducted in a

Biosafety Level 3 laboratory at the University Hospital Tübingen.

The SARS-CoV-2 strain icSARS-CoV-2-mNG (24) was obtained

from the World Center for Emerging Viruses and Arboviruses

(WRCEVA) of the UTMB (University of Texas Medical Branch,

Galveston, TX, USA). SARS-CoV-2 B.1.126 (parental D614G),

referred as B.1, and SARS-CoV-2 B.1.351 (Beta), were isolated

from patient samples and variant identity was confirmed by next-

generation sequencing of the entire viral genome as described

before (25, 26). SARS-CoV-2 B.1.1.529 (Omicron) was isolated

from a throat swab collected in December 2021 at the Institute for

Medical Virology and Epidemiology of Viral Diseases, University

Hospital Tübingen, from a PCR-positive patient. Fifty microliters of

patient material were diluted in medium and used directly to

inoculate 150,000 Caco-2 cells in a six-well plate. 48 hours post-

infection (hpi), the supernatant was collected, centrifuged, and

stored at -80°C. After two consecutive passages, an RNA sample

from the supernatant was prepared, and NGS confirmed that the

clinical isolate belongs to the lineage B.1.1.529. All virus stocks were

generated in Caco-2 cells collecting supernatants 48-72 hpi.

Multiplicity of infection determination (MOI) was conducted by

titration using serial dilutions of both virus stocks. The number of

infectious virus particles per ml was calculated as (MOI × cell

number)/(infection volume), where MOI = -ln (1-infection rate).
2.8 Virus neutralization assay

Caco-2 (Human Colorectal adenocarcinoma, ATCC HTB-37)

cells were cultured at 37°C with 5% CO2 in DMEM containing 10%

FCS, 2 mM L-glutamine, 100 mg/ml penicillin-streptomycin and

1% NEAA. Neutralization assays using clinical isolates were

performed as described in Wagner et al., 2021. Briefly, cells were

co-incubated with the clinical isolate SARS-CoV-2 B.1.126, SARS-

CoV-2 B.1.351 (Beta), or SARS-CoV-2 B.1.1.529 (Omicron), at

MOI of 0.7-4.0, and serial dilutions of the ACE2 protein designs. 48

hpi, cells were fixed with 80% acetone, and immunofluorescence

(IF) staining was performed using an anti-SARS-CoV-2

nucleocapsid antibody (GeneTex, Cat No. GTX135357) and goat
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anti-rabbit Alexa594-conjugated secondary antibody. Cells were

counterstained with DAPI solution and images were taken with

the Cytation3 (BioTek). Infection rates were calculated as the ratio

of Alexa594-positive over DAPI-positive cells, which were

automatically counted by the Gen5 software (BioTek). Inhibitory

concentration 50 (IC50) was calculated as the half-maximal

inhibitory dose using four-parameter nonlinear regression

(GraphPad Prism).
2.9 Binding of ACE2 fusion proteins to
SARS-CoV-2 infected cells

For binding experiments, 3×106 Caco-2 cells were seeded in a

T75 flask the day before infection, in a medium containing 5% FCS.

Cells were infected with SARS-CoV-2-mNG, and 48 hpi cells were

detached from the flask using Accutase, fixed with 2% PFA for 10

minutes at 37°C, and resuspended in FACS buffer (PBS, 1%FCS).

1×106 cells in 100 µL in FACS buffer were distributed in a U-shape

96-well plate. The plate was centrifuged at 600 g for 5 min and the

buffer was removed by a fast decant. Cells were incubated for 1h at

4°C using 50 µl of 3-fold serial dilutions of ACE2 protein or REGN

10933, tested from 40 µg/ml following 12 dilution points. Cells were

washed with 150 µl of FACS buffer/well, centrifuged, and the

supernatant decanted. The washing step was repeated using 200

µl of FACS buffer/well. Subsequently, cells were incubated with 50

µl of a 1:200 dilution of the Secondary AB- R-Phycoerythrin (PE)

conjugated affinity pure F(ab’)2 Fragment Goat-anti Human IgG-Fc

gamma fragment (Jackson-Immuno) for 30 minutes at 4°C. The

two washing steps were repeated, and the cells were resuspended

using 100 µl of FACS buffer/well. Controls included: mock-infected

cells incubated with the highest and lower protein concentrations;

infected cells non-incubated as well as infected cells stained only

with the secondary antibody. Alternatively, Caco-2 cells were

infected with SARS-CoV-2 parental or Omicron variants and the

same protocol described above was followed. After incubation with

PE-secondary antibody, cells were permeabilized with 80% Acetone

for 5 minutes at room temperature, washed as described before and

immunofluorescence (IF) staining was performed using an anti-

SARS-CoV-2 nucleocapsid antibody (GeneTex, Cat No.

GTX135357) (1:1000, 1 h) and goat anti-rabbit Alexa594-

conjugated secondary antibody (1:2000, 1 h). After the final

washing steps, the cells were analyzed using a MACSQuant VYB

(Miltenyi). FACS analysis was performed with MACS Quantify

Software (Miltenyi) and Flowlogic (Miltenyi–Inivai).
3 Results and discussion

3.1 Construction and characterization
of ACE2-M

ACE2 fusion proteins were constructed by fusing the ACE2

extracellular domain to a human IgG1 Fc fragment that was

originally developed to prevent binding to FcRs by T cell
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activating bispecific antibodies. This modification consists of 6

mutations and one deletion in the CH2 domain of the human

IgG1 Fc domain that completely abrogates binding to FcRs and

ablates complement activation (23).

To avoid the introduction of undesired peptidase activity, two

catalytically-inactive forms of ACE2 were generated. The first

mutant, ACE2-RR, contains two substitutions in the catalytic

pocket, H374R, and H378R, that prevent zinc binding within the

active site of the protein (27). The second mutant, ACE2-K, has a

single mutation at position 273 (R273K), which is critical for

enzymatic activity (28). Fc-fusion proteins constructed with either

of the two variants show the size expected for a dimeric molecule as

demonstrated by SDS-PAGE and size exclusion chromatography

(Supplementary Figures 1A–C). In contrast to ACE2-RR, ACE2-K

retained some residual enzymatic activity and showed a slight loss

in binding affinity to recombinant trimeric parental S-protein as

measured by enzyme-linked immunosorbent assay (ELISA)

(Supplementary Figures 1D, E). Thus, the ACE2-RR version of

the fusion protein was selected for further modification.

To enhance binding to the S-protein, we introduced three

additional mutations to the ACE2-RR-Fc fusion protein that are

located at the S-protein binding surface of ACE2: T27Y, L79Y, and

N330Y (Figures 1A, B). These mutations are similar to an ACE2

variant described by Chan and collaborators (29). ACE2-M, was

produced as a stable dimer and had no detectable enzymatic activity

(Figures 1C–E).

We next measured the binding affinity of recombinant trimeric

S-protein and ACE2-M by ELISA, which was benchmarked against

an Fc-fusion protein comprising the wild type ACE2 protein, as well

as against the reference antibody REGN10933. In this assay, ACE2-

M showed a 4-fold higher binding affinity than wild-type ACE2

fusion protein (Figure 1F). Interestingly, the apparent binding

affinity measured by flow cytometry of Caco-2 cells infected with

a recombinant parental virus resulted in a greater than 18-fold

affinity enhancement (Figure 1G). In both assays, the S-protein

apparent binding affinity of ACE2-M and REGN 10933 was similar.

The differences between the affinities of antibodies and fusion

proteins to S-proteins coated to an ELISA plate compared with

those embedded in the membrane of a virus-infected cell are

noteworthy. Obviously, binding to infected cells resembles the

“physiological state” more closely, and may predict different

neutralization capacities of the various fusion proteins more

reliably as demonstrated below.

To test whether ACE2-M retains binding to the globally

spreading SARS-CoV-2 VOCs Alpha (B.1.1.7), Beta (B1.351),

Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529),

structural analysis of ACE2-M and the respective S-RBD variants

was performed (Supplementary Figure 2). This analysis revealed

that the affinity-enhancing mutations introduced into the ACE2-M

protein appear to be spared by the viral escape mechanism,

probably because they form part of the RBD-binding interface.

Those observations were further confirmed by measuring the

binding kinetics of ACE2-M to all variants by biolayer

interferometry technology (BLI). The results depicted in

Supplementary Figure 3 demonstrate a superior apparent binding
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affinity of ACE2-M to spike variants. Again, the differences in

affinities were less pronounced compared to those observed by flow

cytometry of infected cells (Figure 1G).
3.2 ACE2-M resists viral escape, in contrast
to REGN 10933

Next, we tested the ability of ACE2-RR, ACE2-M, and REGN

10933 to inhibit binding of ACE2 to various S-proteins by

competition ELISA. To this end, the fusion proteins and REGN

10933 were mixed with a saturating amount of His-tagged-ACE2

protein before binding to immobilized S-proteins was determined.

In line with the BLI results, we observed an improved inhibition of

binding by ACE2-M to all S-proteins (Figure 2A). In contrast,
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REGN 10933 failed to inhibit ACE2 binding to Beta, Gamma, and

Omicron S-proteins. These results are consistent with previously

published data, suggesting that the reduced binding of REGN 10933

to certain S variants is likely due to mutations in amino acids K417

and E484 of the S-protein (30, 31), found in the Beta, Gamma, and

Omicron variants.

Likewise, binding of ACE2 fusion proteins and REGN 10933

antibody to Caco-2 cells infected with authentic SARS-CoV-2

natural isolates corresponding to the parental strain (D614G) and

Omicron (B.1.1.529) showed similar results (Supplementary

Figure 4). REGN 10933 bound with high affinity to Caco-2 cells

infected with the parental virus, in line with the results obtained

with the recombinant virus in Figure 1G. However, REGN 10933

failed to bind to Caco-2 cells infected with the Omicron virus. In

contrast, ACE2-M retains high-affinity binding to Caco-2 cells
B

C D E

F G

A

FIGURE 1

Design and biochemical characterization of ACE2-M. (A) Schematic representation of the ACE2 molecules used in this study. The ACE2 extracellular
domain, comprising peptidase and collectrin domains, was fused to an IgG1-Hinge-Fc-Ko domain via a flexible linker (GGGGS)3 (ACE2 version). The
H374R-H378R mutations were introduced to abolish ACE2 enzymatic activity (ACE2-RR version). Additional mutations were introduced to increase
binding to the S-protein as indicated in (A, B). (B) Structure of ACE2 in complex with S-RBD (using PDB 6M0J) with residues substituted in ACE2-M
highlighted in gold. (C) Coomassie-stained gel of the three generated fusion proteins. NR, non-reduced; R, reduced. (D) Superposed analytic
chromatography profiles of the ACE2 proteins run on a Superdex S200 Increase 10/300GL column. The table indicates the corresponding retention
times. (E) Enzymatic activity of the ACE2 fusion proteins (4.5 nM) as measured by cleavage of a fluorescent peptide substrate. (F) Binding of the
fusion proteins and REGN 10933 to B.1 trimeric S-protein determined by ELISA. Results represent the standard deviation (SD) of n=3. EC50 as
calculated by the GraphPad software. (G) Binding of the fusion proteins and REGN 10933 to Caco-2 cells infected with the recombinant infectious
clone SARS-CoV-2 that expresses the mNeonGreen as a reporter gene. Binding was assessed by flow cytometry.
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infected with either isolate. Unexpectedly, we observed a 4-fold

lower MFI for binding to cells infected with Omicron vs. parental

virus. This observation could be explained by the reduced

replication capacity recently described for Omicron variant (32–

34). The reduced replication seems to be due to the inefficient use of

the cellular protease TMPRSS2, which promotes cell entry through

plasma membrane fusion (33). We speculate that reduced

replication in Caco-2 cells may result in a decreased expression of

S-proteins on the cell surface.
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To investigate the efficacy of ACE2-M in preventing viral

infection, we performed a neutralization assay in Caco-2 cells

using SARS-CoV-2 natural isolates from the parental B.1 as well

as Beta, and Omicron strains. ACE2-M neutralized all SARS-CoV-2

infected cells at picomolar concentrations (Figure 2B and

Supplementary Figure 5). ACE2-M activity was greater against

Omicron than against the Beta variant or the parental B.1. In

contrast, the activity of REGN 10933 against the Beta and Omicron

variants was reduced and undetectable, respectively. Altogether, our
B

A

FIGURE 2

Competitive binding of fusion proteins and REGN 10933 to ACE2 and their capacity to neutralize parental and SARS-CoV-2 VOCs. (A) Competitive
ELISA was performed by immobilizing the indicated full length S-proteins. The results depicted show the binding of 150 nM of His-tagged ACE2
wild-type protein, that was competed with the indicated concentrations of the ACE2 fusion molecules or REGN 10933 antibody. The error bars
represent the SD of two independent experiments with technical replicates. The IC50 values summarized in the table were calculated using the
GraphPad software. ND: Not detected. (B) Neutralization capacity was determined as described in material and methods. Briefly, Caco-2 cells were
infected with the indicated clinical isolates of SARS-CoV-2. Infection rates, calculated as the number of infected cells (Alexa594+) over the total
number of cells (DAPI+), were normalized to virus-only infection control. Mean and SEM values are calculated from three independent experiments
with technical duplicates. Neutralization assay corresponding IC50 values were calculated using GraphPad software. ND, Not detectable.
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results demonstrate that binding of ACE2-M to S-variants (vs.

parental) is preserved or enhanced (in case of Omicron), while it is

weakened or lost in the case of REGN 10933. Thus, these results

confirm our “founding hypothesis” for the construction of ACE2

fusion proteins, namely that viral variants will mutate “away” from

recognition by antibodies but “towards” recognition by ACE2

fusion proteins and hence to neutralization by such proteins.
3.3 SARS-CoV-2 VOCs are able to
evade vaccine-elicited antibodies but
not ACE2-M

To evaluate the binding efficiency of antibodies generated by

active immunization to parental, Beta, Delta, and Omicron trimeric

S-proteins, sera from 8 healthy fully vaccinated donors were used

and evaluated in a competitive ELISA similar to that described

above in Figure 2A. Similar to REGN 10933, antibodies present in

the post-vaccination sera showed a reduction in binding to Beta,

Delta, and, to a greater extent, to Omicron S-proteins (Figure 3A).

These results suggest that antibodies generated after active

immunization against the parental S-protein are less effective

against new variants in accordance with recent reports (35–40).

Next, we defined the required amount of neutralizing antibodies

and ACE2-M protein, to achieve a complete inhibition of binding to

S-proteins. To this end, SARS-CoV-2 antibody concentrations

present in the sera of vaccinated donors were quantified, adjusted,

and compared in a competitive ELISA to the ACE2-M protein. Our

results, depicted in Figure 3B, show that ACE2-M, at a
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concentration of 1 µg/ml, achieved almost complete binding

inhibition of ACE2 wild type to all S-variants, however, only a

partial binding inhibition could be obtained with antibodies in the

various sera. Of note, a serum concentration of 1 µg/ml is easily

reached during treatment of antiviral disease with suitable

monoclonal antibodies (41, 42).

We have demonstrated that ACE2 fusion proteins are not

subject to immune escape exerted by variants of the S-protein in

line with recent publications (43–46). In fact, variants with

increased affinity such as Omicron variants (BA.1, BA.5 and

BQ1.1), are neutralized more effectively than the parental B.1.

Recently, alternative receptors have been reported to interact with

the SARS-CoV-2 virus (47–51). In cells with low ACE2 expression,

it is thought that SARS-CoV-2 can enter the cells via several

alternative receptors, but the entry mechanism remains to be

defined. Although there is no direct evidence that SARS-CoV-2

escapes ACE2 treatment, the fact that the highly transmissible

variant Omicron BA.1 has evolved to be less dependent on

TMPRSS2, raises the possibility that alternative SARS-CoV-2

mutations may also contribute to viral evolution and may cause

ACE2 immune escape.

To our knowledge, ACE2-M is the first engineered ACE2

fusion molecule combining modifications for Fc-attenuation,

enzymatic depletion, and ACE2 affinity enhancement. Although

animal studies are required to conclusively evaluate the

importance of enzymatic depletion and Fc-attenuation, this

molecule provides an important additional option for treatment

of COVID-19 and other coronaviruses that use the ACE2 protein

as entry receptor.
B

A

FIGURE 3

Competitive binding of antibodies in the sera of vaccinated donors and ACE2-M to various spike proteins. (A) Similar competition ELISA assay to the
one described in Figure 1A was performed with sera from 8 healthy vaccinated individuals. Each serum sample was diluted in a range of 1/25 to 1/
25600 and tested against His-tagged ACE2 for binding to SARS-CoV-2 B.1, Beta, Delta, and Omicron – BA.1 S-protein variants. (B) SARS-CoV-2
antibodies were quantified in donor sera using the Euroimmun ELISA. Equal amounts of antibody or ACE2-M were diluted in SARS-CoV-2 negative
serum and tested in a competition ELISA for their ability to compete with wild-type ACE2-His for S-protein binding. The table summarizes the
percentage binding achieved by a protein concentration of 1µg/ml.
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aleksandra.zielinska@igcz.poznan.pl

Piotr Eder

piotreder@ump.edu.pl

Eliana B. Souto

ebsouto@ff.up.pt

†These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Viral Immunology,
a section of the journal
Frontiers in Immunology

RECEIVED 19 January 2023

ACCEPTED 06 March 2023

PUBLISHED 22 March 2023

CITATION
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Tocilizumab-coated solid lipid
nanoparticles loaded with
cannabidiol as a novel drug
delivery strategy for treating
COVID-19: A review

Aleksandra Zielińska 1*†, Piotr Eder 2*†, Jacek Karczewski 3,
Marlena Szalata 4, Szymon Hryhorowicz 1,
Karolina Wielgus 5, Milena Szalata 6,
Agnieszka Dobrowolska 2, Atanas G. Atanasov 7,8,9,
Ryszard Słomski 1 and Eliana B. Souto 10,11*

1Institute of Human Genetics, Polish Academy of Sciences Poznan, Poznan, Poland, 2Department of
Gastroenterology, Dietetics, and Internal Diseases, Poznan University of Medical Sciences,
Poznan, Poland, 3Department of Environmental Medicine/Department of Gastroenterology, Human
Nutrition and Internal Medicine, Poznan University of Medical Sciences, Poznan, Poland, 4Department
of Biochemistry and Biotechnology, Poznań University of Life Sciences, Poznań, Poland, 5Department
of Pediatric Gastroenterology and Metabolic Diseases, Poznan University of Medical Sciences,
Poznan, Poland, 6Department of Biotechnology, Institute of Natural Fibres and Medicinal Plants
National Research Institute, Poznan, Poland, 7Institute of Genetics and Animal Biotechnology,
Magdalenka, Poland, 8Institute of Neurobiology, Bulgarian Academy of Sciences, Sofia, Bulgaria,
9Department of Pharmacognosy, University of Vienna, Vienna, Austria, 10UCIBIO – Applied Molecular
Biosciences Unit, MEDTECH, Laboratory of Pharmaceutical Technology, Department of Drug
Sciences, Faculty of Pharmacy, University of Porto, Porto, Portugal, 11Associate Laboratory i4HB -
Institute for Health and Bioeconomy, Faculty of Pharmacy, University of Porto, Porto, Portugal
Commonly used clinical strategies against coronavirus disease 19 (COVID-19),

including the potential role of monoclonal antibodies for site-specific targeted

drug delivery, are discussed here. Solid lipid nanoparticles (SLN) tailored with

tocilizumab (TCZ) and loading cannabidiol (CBD) are proposed for the treatment

of COVID-19 by oral route. TCZ, as a humanized IgG1 monoclonal antibody and an

interleukin-6 (IL-6) receptor agonist, can attenuate cytokine storm in patients

infected with SARS-CoV-2. CBD (an anti-inflammatory cannabinoid and TCZ

agonist) alleviates anxiety, schizophrenia, and depression. CBD, obtained from

Cannabis sativa L., is known to modulate gene expression and inflammation and

also shows anti-cancer and anti-inflammatory properties. It has also been

recognized to modulate angiotensin-converting enzyme II (ACE2) expression in

SARS-CoV-2 target tissues. It has already been proven that immunosuppressive

drugs targeting the IL-6 receptor may ameliorate lethal inflammatory responses in

COVID-19 patients. TCZ, as an immunosuppressive drug, is mainly used to treat

rheumatoid arthritis, although several attempts have been made to use it in the

active hyperinflammatory phase of COVID-19, with promising outcomes. TCZ is

currently administered intravenously. It this review, we discuss the potential

advances on the use of SLN for oral administration of TCZ-tailored CBD-loaded

SLN, as an innovative platform for managing SARS-CoV-2 and related infections.

KEYWORDS

COVID-19, solid lipid nanoparticles (SLN), tocilizumab (TCZ), cannabidiol (CBD),
cytokine storm, oral drug therapy
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1 Highlights
Fron
• Tocilizumab (TCZ) attenuates cytokine storm in SARS-

CoV-2-infected patients;

• Cannabidiol (CBD) promotes alleviation of anxiety,

schizophrenia and depression;

• High levels of CBD from Cannabis sativa L. may be used to

modulate angiotensin-converting enzyme II (ACE2)

expression in SARS-CoV-2 target tissues;

• Dual TCZ and CBD-loading in lipid nanoparticles may

ameliorate lethal inflammatory responses in COVID-19

patients;

• Lipid nanoparticles are suitable for orally-administered

TNF-a inhibitors.
2 COVID-19 – Current therapies and
promising drugs

Coronavirus disease-2019 (COVID-19) is caused by the severe

acute respiratory syndrome (SARS) coronavirus-2 (SARS-CoV-2).

It was first reported in Wuhan, China, in November 2019, when the

outbreak was dated. Based on scientific reports, this acute infection

is related to a cytokine storm, causing symptoms such as fever,

cough, and muscle pain. In most severe cases, bilateral interstitial

pneumonia with ground-glass opacity and focal chest infiltrates can

be observed by using computerized tomography scans (1).

Despite the urgent need for specified therapeutic intervention,

there are no effective antiviral drugs or vaccines against SARS-CoV-

2. In October 2020, FDA approved remdesivir as the first promising

antiviral drug to treat COVID-19 patients (2, 3). Previously, this

antiviral drug has been applied to treat hepatitis C and was also used

against Ebola. In the EU, remdesivir is now licensed to treat

COVID-19 in adults and adolescents with pneumonia requiring

supplemental oxygen (4).

Studies demonstrate that hospitalized COVID-19 patients with

a lower respiratory tract infection in the remdesivir group recovered

faster than patients in the placebo group (5). However, the clinical

status of the patients within the 10-day course of remdesivir did not

have any statistical improvement compared to standard care at 11

days after initiation of treatment in the case of moderate COVID-

19. On the other hand, patients randomized to a 5-day treatment

with remdesivir have shown a statistically significant difference

compared to standard care. The obtained clinical importance was

unreliable (6). To sum up, the first randomized trial indicated that

remdesivir has no significant clinical values. In contrast, the

numerical reduction in time to clinical improvement points out

the need for more research investment (7).

Even though hydroxychloroquine, lopinavir/ritonavir, and

interferon were also proposed against SARS-CoV2 (8), research is

still ongoing on more effective treatments. Among available
tiers in Immunology 02185
therapeutic regimens, the most common drugs are those used for

autoimmune diseases, antiviral agents, and antibodies from people

who have recovered from COVID-19. It is worth underlining that

due to the reproduction of viruses, an efficient antiviral drug should

be able to target the specific part of its life cycle necessary.

Moreover, antiviral agents must be able to kill viruses without

killing human cells.

Still, plenty of ongoing clinical trials of COVID-19 treatment

are performed worldwide. In June 2020, the European Medicines

Agency (EMA) announced negotiations with the developers of 132

potential COVID-19 therapies (9). Different drugs listed in Table 1

have been mentioned among possible medications for treating

COVID-19.

The need for drug repurposing has increased to prompt an

efficient way to fight against SARS-CoV-2. Various drug

repurposing screenings have chosen several potential drug

candidates against COVID-19, but no one is fully efficient.

In this review, we discuss the studies that have implemented

tocilizumab (TCZ) as an anti-IL-6 receptor antibody in COVID-19

treatment, proposing a new TCZ-coated platform for the targeted

delivery of CBD. Many already published results indicate that the

combination of dual delivery TCZ and CBDmay aid in the recovery

of patients with COVID-19 and reduce mortality. A novel approach

is therefore discussed here, exploiting opportunities associated with

linking nanocarriers loaded with TCZ and its agonist – CBD. Both

drugs can inhibit IL-6, a major inflammatory cytokine involved in

cytokine release syndrome (CRS) in various inflammatory

conditions (56). Therefore, this dual-drug delivery system may

have a crucial meaning in the mechanism of SARS-CoV-

2 infections.
3 Clinical view of COVID-19

The SARS-CoV-2 virus has already infected millions of people

worldwide and has led to numerous deaths. COVID-19 was firstly

recognized and described in November 2019 in Wuhan (Hubei

Province, China) during a series of cases that initiated the pandemic

of this disease (57). The transmission of infection is primarily by

droplet infection (58). Still, the SARS-CoV-2 virus is also noted in

the stool, suggesting that the gastrointestinal tract is the second -

after the respiratory system - target site for initial viral replication

(59). The natural course of COVID-19 can be split into three stages

of development: early, pulmonary, and hyperinflammatory. Each

phase, presented in Figure 1, has slightly different clinical

characteristics and minor differences in the proposed treatment

algorithms (60). Many infected patients are asymptomatic,

augmenting the spread of the virus (61). When symptomatic,

cough, fever, fatigue, and dyspnoea are the most frequent

manifestations of COVID-19; however, some people develop

serious complications resulting in death. People with reduced

immunity are at the highest risk of more severe side effects

attributed to the infection, such as dysfunction of specific organs

or even respiratory failure (61).
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TABLE 1 Identification of the potential drugs for treating COVID-19.

Drug Name Previous use Evidence of efficacy against COVID-19 Ref.

A
N
T
IV
IR

A
LS

Remdesivir Hepatitis C and Ebola
Remdesivir was higher-efficient than placebo regarding the time shortened to
recovery in hospitalized COVID-19 patients.

(4,
5, 8)

Chloroquine/
hydroxychloroquine

Malaria
Daily hydroxychloroquine is ineffective in protecting exposed hospital-based
healthcare workers from contracting SARS-CoV-2 infection, but the trial has been
suspended.

(10,
11)

Lopinavir/ritonavir
combination

HIV infection, when combined with other
antiretrovirals

Initial results may suggest that the impact of lopinavir/ritonavir has inconsiderable
or no effect on mortality in hospitalized COVID-19 patients.

(12,
13)

Favipiravir Influenza, coronavirus (in vitro)
Favipiravir combined with tocilizumab can effectively reduce the mortality of
COVID-19.

(14,
15)

Umifenovir Influenza (Russia and China)
There is no supporting evidence of use in patients with COVID‐19; no evidence of
improvement. SARS-CoV-2 clearance in non-ICU patients. Need for randomized
control clinical trial for efficacy assessment of umifenovir.

(16,
17)

Ribavirin
Hepatitis C, respiratory syncytial virus

(RSV), and bronchiolitis

Early treatment with triple antiviral therapy, consisting of IFN beta-1b, lopinavir-
ritonavir, and ribavirin, reduces the duration of viral shedding in patients with mild
to moderate COVID-19. Only ribavirin did not lower the mortality rate compared
with the control group.

(18–
20)

Molnupiravir
(also known as

MK-4482 or EIDD-
2801)

RNA viruses (broad spectrum), including
Influenza, coronaviruses (SARS, MERS, and

SARS-CoV-2)

Trials have shown that it may reduce mortality and speed recovery in COVID-19
patients.

(21)

Niclosamide

Antihelminthic drug;
effective agent against various viral

infections, such as SARS-CoV, MERS-CoV,
ZIKV, HCV

Niclosamide has been shown to have inhibitory activity on the replication of SARS-
CoV. It enables the entry of SARS-CoV-2 by altering endosomal pH and
restraining virus replication by inhibiting autophagy.

(22–
24)

Oseltamivir Influenza A and B
Early oseltamivir administration, combined with antibacterial therapy, may lower
the duration of fever in COVID-19-suspected outpatients without hypoxia.

(25)

IM
M
U
N
E
M
O
D
U
LA

T
O
R
S

Dexamethasone
Reduction of inflammation by mimicking
anti-inflammatory hormones produced by

the body

Dexamethasone reduces 28-day mortality among those receiving invasive
mechanical ventilation or oxygen at randomization. However, it is not among
patients not receiving respiratory support.

(26)

Hydrocortisone

Reduction of inflammation by mimicking
anti-inflammatory for adrenocortical
insufficiency, rheumatoid arthritis,

dermatitis, asthma, chronic obstructive
pulmonary disorder

Evidence regarding corticosteroid use against SARS-CoV-2 is limited; low-dose
hydrocortisone has not significantly prevented death or continued respiratory
support for severe COVID-19 patients.

(27,
28)

Azithromycin
Macrolide antibiotic; activity against, e.g.,

influenza A and zika
In patients with severe COVID-19, azithromycin, including caring treatment with
hydroxychloroquine, has not improved clinical outcomes.

(29)

Tocilizumab
Rheumatoid arthritis, Systemic juvenile

idiopathic arthritis

Tocilizumab reduces the need for non-invasive ventilation, improving the clinical
diagnosis of COVID-19 patients and reducing the risk of death by day 14 (although
not mortality by day 28).

(14,
30)

Sarilumab Rheumatoid arthritis
Sarilumab has shown unclear efficacy results in the ongoing trial of hospitalized
patients with severe or critical respiratory illness secondary to COVID-19.

(31,
32)

Canakinumab
Inhibits IL-1; recommended to treat periodic

fever syndromes and gouty arthritis
It has been used to treat cytokine release syndrome in severely ill COVID-19
patients.

(33,
34)

Anakinra
Inhibits IL-1; for the treatment of

rheumatoid arthritis
Using to reduce the cause of acute respiratory distress syndrome (ARDS) in
COVID-19 patients.

(35,
36)

Baricitinib
Janus-associated tyrosine kinase (JAK1 and

JAK2 inhibitor); Rheumatoid arthritis
Baricitinib can reduce the cytokine-release syndrome associated with COVID-19;
It has reduced the COVID-19 mortality rate in a retrospective multicenter trial.

(37,
38)

Ruxolitinib
Inhibitor of JAK 1/JAK 2 and indicated for

specialist treatments, such as in blood
diseases

Using ruxolitinib, a direct block of the SARS-CoV-2 enters the cell has been
noticed. Although there is a risk of adverse effects (opportunistic infections to the
immunosuppression must also be considered), it significantly impacts overcoming
complications due to immune hyperactivation by the JAK/STAT signaling pathway.

(39–
41)

Acalabrutinib Lymphocytic leukemia It decreases inflammation and improves outcomes in severe COVID-19 patients. (42)

(Continued)
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In many cases, COVID-19 can cause some other less typical

clinical manifestations (57). Very often, anxiety is the

accompanying symptom. As the expression of specific receptor

proteins for the SARS-CoV-2 virus is exceptionally high in

intestinal epithelial cells, symptoms at the gastrointestinal level

(e.g., diarrhea, abdominal pain, and nausea) are also commonly

reported, especially in the early stages of the disease (59, 62). The

risk factors for a severe course of the illness with dynamic

progression to the hyperinflammatory phase, the clinical

manifestation of which is acute respiratory distress syndrome,

circulatory failure, and shock, are still not fully understood. The

most crucial pathophysiological phenomenon responsible for these

processes is the cytokine-associated toxicity resulting from SARS-

CoV-2 virus infection (58). One of the critical directions of research

into an effective COVID-19 therapy is the search for drugs that can

inhibit and prevent the uncontrolled production of pro-

inflammatory cytokines, showing significant potential to damage

tissues, including respiratory diseases. Cytokine-associated toxicity

or cytokine release syndrome (CRS) is mainly associated with pro-

inflammatory cytokine IL-6 released in severe COVID-19

infections. Cytokine IL-6 initiates the CRS in the MAPK/NF-kB-
IL-6 or JAK-STAT pathway (63), and as an infection trigger, IL-6
Frontiers in Immunology 04187
has been associated with the symptom progression in this disease

(64). The cytokine-associated toxicity has been regarded as the most

typical marker of the severity of COVID-19 infection and high

mortality risk (65).

As the number of patients infected with the SARS-CoV-2 virus

continues to grow worldwide, there is still a need to introduce an

effective therapy that can provide effective treatment in all phases of

the infection and especially prevent the progression of COVID-19

into clinical forms that constitute a direct threat to the patient’s life.
4 Gene delivery and therapy in
SARS-CoV-2 infection

The genome sequence of SARS-CoV-2, shown in Figure 2, shows a

very high similarity to SARS-CoV-2. Therefore, 3D homology

sequence lines were used to analyze potential antiviral properties

based on databases of over 32 000. Recognized medicinal plants and

substances used in Chinese medicine are listed in Table 2 (67).

The genome of the SARS-CoV-2 virus distinguishes genes

encoding structural proteins that make up the virus particle,

including spike proteins (S protein) essential for infection, as well
TABLE 1 Continued

Drug Name Previous use Evidence of efficacy against COVID-19 Ref.

Ravulizumab
Regularly used in blood diseases where

complement activation destroys red blood
cells.

III-phase of ongoing randomized and controlled trials to assess the safety and
efficacy of ravulizumab in COVID‐19 patients with severe pneumonia or ARDS.

(43,
44)

Infliximab
Rheumatoid arthritis, Inflammatory bowel

disease (IBD)
Under investigation on its use in the management of inflammation associated
with COVID-19.

(45)

Adalimumab
Rheumatoid arthritis, Inflammatory bowel

disease (IBD)
Recent studies have shown that COVID-19 patients were more rarely treated in
hospitals due to taking anti-TNF drugs for other conditions.

(46,
47)

Namilumab
Rheumatoid arthritis; Ankylosing

spondylitis
It has been shown to have already approved the safety profile from its use in
ongoing clinical trials.

(47–
49)

Otilimab Arthritis

IV-phase of ongoing randomized, double-blind, placebo-controlled trials to
determine the safety and efficacy of otilimab in COVID‐19 patients with severe
pneumonia.
It has already shown promising results during the initial developmental phases.

(48,
50)

Lenzilumab

Recombinant monoclonal antibody
targeting human GM-CSF, with a potential
role in the pathogenesis of COVID-19–

related immune hyper-response

III-phase of therapy randomized and controlled trials to determine its use as
sequenced therapy with CAR-T treatments. Obtained results have shown the
higher effectiveness of tocilizumab than lenzilumab in managing this cytokine-
mediated syndrome in treating COVID-19.

(48,
51)

Leronlimab
A promising therapy in the treatment of
triple-negative breast cancer and HIV

infection

Ongoing trials to detect the safety and efficacy of leronlimab in COVID‐19
patients.

(52)

Bamlanivimab
(LY-CoV555)

A potent neutralizing IgG1 monoclonal
antibody to target the spike protein of

SARS-CoV-2

One of three doses (2800 mg) of bamlanivimab can accelerate the natural
decline in viral load over time in mild or moderate COVID-19 patients.

(53–
55)

Etesevimab
(LY-CoV016)

Targeting SARS-CoV-2 spike protein and
blocking the binding of the virus to the

ACE2 host cell surface receptor

Ongoing trials to identify the safety and efficacy of etesevimab in patients with
mild to moderate COVID-19. In vivo studies have shown that it may be efficient
for prophylactic and therapeutic venues against SARS-CoV-2 infection by
reducing viral load, symptoms, and COVID-19-related hospitalization.

(54)
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as envelope proteins (E), nucleocapsid proteins (N) and membrane

proteins (M) (66). The SARS-CoV-2 virus also contains sequences

encoding non-structural proteins (NSP), which inhibit the host’s

innate immune response to infection through the activity of papain-

like protease (PLP) encoded by the NSP3 sequence and 3CL

protease encoded by the NSP5 sequence, located in the gene

designated as ORF1a. The virus has its RNA polymerase (RdRP)

that is RNA-dependent (NSP12) and an RNA helicase (NSP13)

located within the ORF1b gene. One of the tasks of the 16 non-

structural proteins involves the transcription and translation of the

genome (RTC replication-transcription complex).

Substances with an antiviral activity that inhibit the main

proteases of the SARS-CoV-2 virus (Mpro) can be searched

among bioactive compounds from medicinal plants using a

molecular docking strategy. Khaerunnis et al. informed that

nelfinavir and lopinavir can treat SARS-CoV-2 infection. In
Frontiers in Immunology 05188
addition, the main protease activity is inhibited by apigenin-7-

glucoside, curcumin, demethoxycurcumin, catechin, epicatechin-

gallate, and oleuropein, luteolin-7-glucoside has been shown, which

can be used in therapy (68).

Further work has identified other low-risk drugs that can inhibit

the activity of the COVID-19 protease due to its ability to bind to it.

They are also characterized by high affinity, suggesting the potential for

use in treating viral infection. Among the proposed substances,

bilobalide and citral can be distinguished, in addition, to forskolin,

ginkgolide A, menthol, or noscapine, salvinorin A and beta selinene

and thymoquinone (69). An interesting substance of plant origin is

cannabidiol (CDB), which may be used for immunological health

support and possible substance protection from infection. The anti-

inflammatory effect was found in various immune-mediated disorders,

including autoimmune conditions and neurodegeneration. Since

cannabidiol can support the body during infection against pathogens,
FIGURE 2

Viral genome of SARS-CoV-2. Own drawing, based on (66).
FIGURE 1

Phases of the clinical course of COVID-19. Own drawing, based on (60).
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it is assumed that it can play a similar role in COVID-19 disease.

Cannabidiol reduces the secretion of cytokines, leading to a decrease in

the level of chemokines.

Moreover, the anti-inflammatory effect is associated with

limiting cell-mediated immunity with the participation of effector

T cells. Similarly, in the central nervous system, it also modulates

the activity of microglial cells (70, 71). This information is

interesting within the problem of cytokine storm, which strongly

influences the odds ratio of survival of affected COVID-19 patients.

The main conclusion of many papers is the need for proper analysis

of the influence of cannabidiol and tetrahydrocannabinol (THC) as

potential therapeutic substances with antiviral properties (71–73).

Patients infected with SARS-CoV2 are treated with various

drugs that reduce excessive inflammation associated with the

enormous secretion of cytokines. The most commonly used are

interleukin inhibitors, Janus kinase inhibitors, corticosteroids,

convalescent Plasma, interferons, nitric oxide, statins, and

adjunctive nutritional therapies, including zinc and vitamin D

(47, 74, 75).

One of the drugs under investigation is tocilizumab (Actemra).

This IL-6 inhibitor participates in several phase III clinical trials, all

randomized (for participants and investigators) and double-blind.

For example, clinical trials in patients with COVID-19 pneumonia,

COVACTA, and EMPACTA, included an analysis of tocilizumab

and a placebo, and REMDACTA additionally included an analysis

of remdesivir. Preliminary results of clinical trials are encouraging

(76–78).

An essential part of any therapy is the successful delivery of a

drug or new gene construct, for example, based on genome editing,
Frontiers in Immunology 06189
to the destination. Still, the big challenge is how to deliver the

therapeutic protein to the specific compartment of the target cell

(79). Nanocarriers based on lipids, polymers, graphene, or gold have

been proposed. It is assumed that using nanoparticles based on lipids

and polymers does not stimulate the immune system’s response and

does not cause additional problems for cells or tissues (80).

After administration via systemic injection or by oral route,

numerous obstacles must be overcome before reaching specific cell

types or cellular compartments. One possibility is to put a drug,

nucleic acids, or proteins into a nanoparticle shell, preventing

aggregation, immune clearance, kidney removal, or premature

release. It is assumed that the carrier, e.g., non-viral nanoparticle,

and the transferred payload/cargo should be compatible in

electrostatic charge. On the surface of the shell, additional

targeting ligands may improve delivery precision. The next step

will cover crossing the cell membrane of the target cell, which may

be overcome by bombardment, using guiding peptides, or even via

endocytosis. The developed formulations have to escape

endosomes. After that, they may stay in the cytoplasm or journey

to the nucleus. At each point, the risk of degradation has to be

considered. For the delivery of nucleic acids, viral vectors (e.g.,

lentiviruses and adeno-associated viruses), are used. Due to

problems related to their limited loading capacity, the possibility

to increase immune response connected with mutagenesis and

carcinogenesis, and issues with up-scaling, other delivery systems

are being proposed. Nonviral vectors use lipids and/or polymers as

nanocarriers and may deliver large cargo (81, 82). The choice of a

virus-based or a non-viral vector will depend on the load we want to

transfer to the cell rather than on the vector itself.
TABLE 2 Selected plant substances with potential antiviral activity.

Common name Latin name Active compound

Edible amaranth
Chinese amaranth
Amarante Douteuse

Amaranthus tricolor L. Amaranthin

Siebold Ash
Japanese Flowering Ash
Chinese Flowering Ash

Fraxinus sieboldiana Blume Calceolarioside B

Indian gooseberry Phyllanthus emblica L. (2S)-Eriodictyol 7-O-(6″-O-galloyl)-beta-D-glucopyranoside

Common bean Phaseolus vulgaris L. 3,5,7,3′,4′,5′-hexahydroxy flavanone-3-O-beta-D-glucopyranoside

Chinese liquorice
Gan cao

Glycyrrhiza uralensis Fisch. Licoleafol

Wax myrtle
Southern wax myrtle, southern bayberry

Myrica cerifera L. Myricitrin

Tea tree
Tea Plant
Assam tea

Camellia sinensis (L.) Kuntze Myricetin 3-O-beta-D-glucopyranoside

Mojave indigo bush
California Indigobush

Mojave Dalea,
Psorothamnus arborescens (Torr. exA.Gray) Barneby 5,7,3′,4′-Tetrahydroxy-2’-(3,3-dimethylallyl) isoflavone

Marubio oscuro Hyptis atrorubens Poit. Methyl rosmarinate
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For lipid-based nanoparticles, synthetic lipids containing

disulfide bonds, which will break after exposition to the reducing

environment in the cell and release the nanoparticle contents, have

been proposed (81). Another study used a covalently cross-linked

thin polymer carrier that can be removed by glutathione (GSH) to

deliver a Cas9 ribonucleoprotein complex for in vivo genome

editing. The presence on the surface of the additional

nanocapsule peptides may guide the whole structure to the

destination cells. Inside the cell, cytosolic glutathione may disrupt

the shell releasing the cargo (82).

Biocompatible carriers such as lipid and polymeric

nanoparticles, peptide/protein and messenger RNA complexes,

and other biomaterials have recently been used for in vivo

protection and delivery of various loads (83, 84). For the

formulation of lipid-like nanoparticles like cationic lipids, such as

DOTAP and DOTMA, and ionizable lipid derivatives such as TT3,

5A2-SC8, LP-01, cKK-E12, and A18-Iso5-2 DC18 to improve the

efficiency and lowering toxicity in vivo (83).

Polymeric carriers are of great interest due to their ease of

uptake by cells, the ability to combine with proteins, and the ability

to form complex systems with biologically active biodegradable

substances. Carriers often show the ability to bind to the cell surface;

such endocytic uptake is due to their functionalization/

modification. Perfluorocarbon nanoemulsions (PFCs) more and

more often are used in medicine, enabling the response to

emerging stimuli, taking part in the active prevention and control

of hemorrhage, actively participating in the transport of oxygen as

synthetic artificial blood or in tissue ischemia (79). Such substances

are sensitive to ultrasound, which allows them to be tracked and

activate selected proteins at the expected target sites. This strategy

may find application in the tightly controlled delivery of antibodies.

Cell and gene therapies aim to replace a defective gene. New

medicines can be used in the treatment of a whole range of common

diseases of great social importance, often with a complex genetic

background (e.g., cancer, heart disease, or diabetes), conditioned by

single genes (e.g., cystic fibrosis, hemophilia) and infections caused

by viruses (e.g., AIDS). Cell and gene therapies still need to be fully

commercialized and may be available only as part of a clinical trial,

but already some treatments are marketed. Gene therapy possibility

as the replacement of a diseased gene variant was mentioned in

1972. Still, it has taken years since the first gene therapy, Gendicine,

for skin cancer was commercialized in China in 2003. FDA

approved the first gene therapy in 2017. Since the first gene

therapy patient Jesse Gelsinger died in 1999 (the ornithine

transcarbamylase gene using a recombinant adenovirus), gene

therapy may become a reality due to knowledge of the human

genome, availability of precise and efficient tools for genes edition,

and using of better delivery methods. Currently, several gene

therapy products are commercially available, approved by the

relevant agencies (Europe: European Medicines Agency, U.S.:

Food and Drug Administration); advanced therapy medicines

include Kymriah, Luxturna, Tecartus, Yescarta, as well as

Zolgensma. Gene therapy aims to cure diseases caused by defined

single-gene mutations mainly. Cell-specific delivery and

immunogenicity remain challenges in gene therapy. Gene or drug
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transfer can be based on two strategies that enable the introduction

of permanent changes by incorporating them into the genome or

obtaining a transient effect; the first often use modified viruses, and

the second can use lipid nanoparticles. After using adenovirus as a

delivery vector, nowadays mainly for in vivo gene therapy, adeno-

associated viruses (AAVs) are used and in vitro modification

lentiviruses, for example, in chimeric antigen receptor (CAR) T

cells (85, 86). Scientists also focused on decreasing the toxicity of

viral vectors by limiting viral dosage by using capsids with increased

efficiency of cell penetration, or the possibility of modifying virus

expression specific for target tissues, or increasing the purity of the

virus injected.

Gene therapy is not only strictly focused on gene delivery; there

are attempts to cure polygenic disorders by delivering proteins for

disease treatment (87). Another approach involves using a modifier

gene platform and providing a functional copy of the gene encoding

the retina-specific nuclear receptor NR2E3 using the Adeno-

Associated Virus AAV platform for gene therapy instead of

correcting the damaged gene (88), changing disease phenotype.

It is also interesting to use specific receptors activated only by

dedicated active substances (DREADD) for non-invasive and

longitudinal tracking of neuron activity (89). Gene therapy may

establish resistance to infectious diseases, and fragments of the

SARS-CoV-2 sequence may be delivered within an AAV capsid

(vaccine AAVCOVID). Production of antibodies against the adeno-

associated virus may be prevented by endopeptidase imlifidase

(IdeS) expression without disrupting B lymphocytes (90). The

availability of therapy is limited in price.

Gene therapies are available on the market offer insertion of

correct genes: Gendicine (China), Glybera (EU), and Imlygic

(China, US, and EU); delivery of the DNA for drug production:

Holoclar (EU), Kymriah (US and EU), Luxturna (US and EU),

Strimvelis (EU), Yescarta (US, EU, in China under clinical trials),

Zolgensma (US), Zynteglo (EU); gene interference: Defitelio (US

and EU), Exondys 51 (US), Kynamro (US), Macugen (US) and

Spinraza (US).

Gene therapy strategies include replacing entire genes with

normal genes, repairing a mutated gene fragment, or making

abnormal cells more recognizable by the immune system so they

can be effectively removed from the body. Problematic is the

delivery of genes using a carrier, usually a viral vector, because

viruses can recognize specific cells and introduce genetic material

into the cell. Another vehicle may include using of stem cells or

liposomes. The risk of gene therapy may be associated with the

occurrence of an inappropriate reaction of the immune system, the

impact on non-target cells, the appearance of infection with the

virus used as a carrier, and even the development of cancer.

Liposomal carriers are now very often analyzed. Due to COVID-

19, many clinical trials are delayed, but new challenging options are

concentrated on producing vaccines and finding new drugs against

SARS-CoV-2 using an available portfolio of viral vectors. Usually,

adeno-associated virus (AAV) may be chosen to deliver spike

protein fragments. Using nanolipids as delivery vectors is also

auspicious, not only to transport vaccines but also to deliver

specific drugs.
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WHO reports 42 candidate vaccines under clinical evaluation:

13 working with protein subunit, 10 using Non-Replicating Viral

Vectors, 7 Inactivated, 6 RNA, 4 DNA, and two virus-like particles

(VLP). Other 151 candidate vaccines are in preclinical evaluation

and use mainly protein subunits (54), Non-Replicating Viral

Vectors (18), RNA (18), Replicating Viral Vectors (18), virus-like

particles VLP (14), DNA (13), Inactivated (11), Live weakened

viruses (3), Replication-competent bacterial vector (1) and based on

the use of T cells (1). Only 10 developers/manufacturers of the

COVID-19 vaccine have passed phase 3 clinical trials. Among them,

the following centers can be distinguished: ii) Sinovac, ii) Wuhan

Institute of Biological Products in cooperation with Sinopharm, iii)

Beijing Institute of Biological Products in cooperation with

Sinopharm as well as iv) CanSino Biological Inc. together with

the Beijing Institute of Biotechnology, the following centers can be

distinguished: v) the University of Oxford in cooperation with

AstraZeneca, vi) Gamaleya Research Institute, vii) Janssen

Pharmaceutical Companies, viii) Novavax, ix) Moderna with the

National Institute of Allergy and Infectious Diseases (NIAID), and

v) BioNTech in cooperation with the Chinese company Fosun

Pharma and Pfizer.

The SARS-CoV-2 coronavirus can infect cells with angiotensin-

converting enzyme 2 (ACE2) receptors on their surface. It also uses

type II transmembrane serine protease TMPRSS2, penetrating,

among others, lung epithelial and lung endothelial cells,

macrophages, or monocytes. Additionally, coronavirus may use

antibody-dependent enhancement (ADE) for infection of cells with

a lower level of ACE2 and TMPRSS2 receptors (91). Such a

possibility may be connected with problems finding a good

strategy for producing vaccines against coronavirus (92). The

main aim should be focused on the preparation of specific

therapies against SARS-CoV2, including RNA interference

(RNAi) (93, 94), small interfering RNA (siRNAs) (95), RNA

aptamers, Ribozymes, antisense RNA (ASOs), and oligonucleotide

therapeutics (96–99). The ideal vaccine has to be immunogenic with

minimal side effects. Production of the vaccine should be efficient

and affordable, with the possibility of easy scale-up in full

compliance with the principles of good manufacturing practice

(GMP). Moreover, the vaccine must not lead to adverse post-

vaccination reactions, including antibody-dependent aggravation

of infection (100). Conventional methods of obtaining vaccines

allow for their effective production. Inactivated vaccines can be used

based on attenuated viruses and those using immunogenic subunits.

Still, they are associated with the possibility of problems involving

strain specificity, risks of viral interference, cross-immunity,

allergenicity, or triggering only partially of the immune response.

Using genetic vaccines (naked DNA or RNA) like replication-

defective recombinant adenoviruses may overcome limitations, be

more safely, cost-effective, and quicker, and induce an innate and

adaptive immune response, including activation of T cells and

antibodies. There is also no problem with the derivation of

nucleic acids-based vaccine using antigens sequence and choose

fragment, generating better immunological response (88, 100, 101).

Genetic vaccines based on DNA and RNA still have some

limitations, such as lower immunogenicity. Still , high
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reproducibility, low costs, and relatively short production time are

promising (101, 102).

The nucleic acid-based molecules/drugs may influence viral

infection by regulating transcription or post-transcriptional

processes, leading to the overexpression of protective genes and

silencing damaged genes (103, 104). The main types of nucleic acid-

based vaccines are DNA and RNA vaccines outlining in detail the

mode of action, evidence supporting a therapeutic strategy based on

nucleic acids, the use of new research and development solutions,

emerging patents, vaccines for SARS-CoV-2 based on the use of

DNA and RNA; clinical trials, expenditures related to the

development and production of the vaccine and the pros and

cons of vaccines based on mRNA and DNA against SARS-CoV-

2were presented in the paper prepared by Piyush et al. (2020) (103).
5 Chemical structure, properties, and
medical application of tocilizumab

Tocilizumab (TCZ), also known as atlizumab (RoActemra®), is

known as a humanized IgG1 monoclonal antibody targeting

interleukin-6 (IL-6) receptor (105). The structure of TCZ is

schematically shown in Figure 3. The antibody consists of two

heavy chains (dark violet) containing a variable VH domain and

constant domains CH1, CH2, and CH3. In comparison, two light

chains (light violet) consist of a variable VL domain and constant

CL. Moreover, an antigen-binding fragment (Fab) and a fragment

responsible for antibody effectors’ functions (Fc) are distinguished

in the structure of this immunosuppressive drug (106).

Tocilizumab binds with high affinity with both soluble receptors

for IL-6 (SIL-6R) and membrane-bound IL-6 receptor (mIL-6R), as

well as it inhibits JAK-STAT or MAPK/NF-kB-IL-6 signaling

pathway (107, 108). In addition, TCZ can block cytokine storm

syndrome (63) and inhibit intracellular signaling in cells expressing

soluble gp130 protein (sgp130, Figure 4) (109). Currently, this

FDA-approved drug commonly used so far in treating

rheumatoid arthritis and juvenile idiopathic arthritis is

administered intravenously (107, 110) only in hospital conditions,

which is a great difficulty in its use during a pandemic.
FIGURE 3

Structure of tocilizumab [own drawing].
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5.1 Tocilizumab in the treatment
of cytokine-associated toxicity in
COVID-19 patients

Several attempts have been made to use tocilizumab in the

active hyperinflammatory phase of COVID-19 (63, 111, 112).

Exaggerated immune response to infection with the SARS-CoV-2

virus contributes to respiratory distress and multi-organ failure

(113). It is caused by the elicitation of the so-called cytokine storm

(114) (Figure 4). The results of recent scientific reports have shown

that TCZ therapy in COVID-19 can drive a significant reduction in

the inflammatory process. It can be explained by the induction of

apoptosis of immunocompetent cells in affected tissues and by

inhibiting proinflammatory cytokine release (115–117). Although

the results are promising, previous studies of cytokine storm

associated with other coronavirus and influenza virus infections

and CAR (chimeric antigen receptor)-T cell therapy have also

proven high levels of interleukin (IL)-6 and other cytokines

(113, 114).

The s tudy by Guo et a l . (2020) has shown that

immunosuppressive drugs targeting the IL-6 receptor, such as

TCZ, can ameliorate lethal inflammatory responses in COVID-19

patients (118). The research has proven that the inflammatory

cascade caused by excessive immune responses correlated with

the death rate of COVID-19 (83, 119). As a result of SARS-CoV-

2 infection, an increase in plasma concentrations of several

inflammatory cytokines was observed, besides tumor necrosis

factor a (TNF-a), interleukins (IL-2,-6,-7,-10), granulocyte-

macrophage colony-stimulating factor (GM-CSF), and

granulocyte colony-stimulating factor (G-CSF) (118).
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Since tocilizumab has been considered effective for treating

severe cytokine-release syndrome (120), this immunosuppressive

drug has also been applied to treat selected COVID-19 patients

(121). Other results have shown that pathogenic T cells and

peripheral inflammatory monocytes may induce cytokine-

associated toxicity in patients infected with SARS-CoV-2.

However, the administration of tocilizumab decreased the

patient’s body temperature within 24 hours, and a visible

reduction of oxygen inhalation in COVID-19 patients within less

than a week of treatment (122). Although it was shown that TCZ

might efficiently attenuate the cytokine cascade in COVID-19

patients, no single-cell-level analysis explaining these phenomena

has been performed so far. This study would help to disclose the

tocilizumab mode of action in the context of a characteristic

COVID-19-induced activation of an inflammatory storm (118).

Xu et al. (2020) conducted an uncontrolled study using TCZ as

IL- 6 blocker in 21 COVID-19 patients with the most common

symptoms. All patients required supplemental oxygen (2 were on

ventilators), had worsening ground-glass opacities on chest

computed tomography, and showed deterioration of other clinical

and laboratory measures (122). It is worth underlining that within

24 hours of TCZ therapy beginning, fevers and increased C-reactive

protein levels significantly resolved, while all pro-inflammatory

cytokines (especially IL-6) declined. Furthermore, there was no

urgent need to use oxygen in 15 patients. In all patients, oxygen

saturation levels were improved (122).

One of the most extensive studies regarding the use of

tocilizumab in COVID-19 patients was conducted in Northern

Italy and reported by Guaraldi et al. (2020) (105). SARS-CoV-2-

infected patients were administered 8 mg/kg (up to 800 mg) of TCZ
FIGURE 4

SARS-CoV-2 infection (left) and inhibition of intracellular signaling in cells by TCZ, resulting express of gp130 (right) [own drawing]. (1) Virus entry
and infection of pneumocytes expressing the ACE2 receptor, recruiting antigen-presenting cells (dendritic cells and macrophages) into the lungs; (2)
Activation of the NLRC4 inflammasome, which causes the overproduction of IL1b and IL 18, and causes the secretion of IL6 and ferritin by
macrophages; (3) Upregulation resulting in cytokine release syndrome and macrophage recruitment to the lungs, contributing to ARDS.
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intravenously or 162 mg subcutaneously in two simultaneous doses

(81 mg per thigh). Both amounts were based on pharmacokinetic

data and were intended to mimic peak plasma concentration (111).

Patients who received tocilizumab were compared with a control

group with the same inclusion and exclusion criteria. However, the

main limitation of this study was that patients and controls were not

randomly chosen, thus making it impossible to compare the

obtained results and draw reliable conclusions.

Another study has identified the outcomes among SARS-CoV-

2-infected patients treated with tocilizumab to target cytokine

storms (112). The results helped set specific criteria to define the

cytokine storm in all SARS-CoV-2-RNA-positive patients.

Moreover, it has been shown that early identification and

inhibition of cytokine storms before intubation is much more

significant than any anti-inflammatory treatment. Cytokine storm

duration should be included, while randomized controlled trials

based on targeted anti-cytokine and corticosteroids may also be

considered (109, 112, 123).
6 The impact of the endocannabinoid
system on COVID-19

Emerging reports on the production of endocannabinoids in the

respiratory system and cannabinoid-induced bronchial dilatation

allow conclusions about the potential therapeutic use of

cannabinoids in treating respiratory diseases, including acute

respiratory failure syndrome in severe COVID-19 patients (124).

Despite the identification of the first strains of human coronavirus

in the 1960s and the molecular similarity of SARS-CoV to SARS-

CoV-2, no studies have been conducted to prove the effect of

cannabinoids on this family of single-stranded RNA viruses so

far. There was also no objective evidence of the therapeutic, anti-

inflammatory effects of cannabidiol (CBD) and delta-9-

tetrahydrocannabinol (D9-THC), the two main cannabinoids

would contribute to promote or prevent the application of

cannabinoids as compounds to the fight against the virus.

Nonetheless, it seems that THC, CBD, or other cannabinoids can

act as immune modulators, which could be helpful in the treatment

of viral infections, especially those where we have a pathogenic

host-inflammatory response, as with SARS-CoV-2 (125).

Infection caused by SARS-CoV-2 leads, for reasons not fully

explained, to the overproduction of inflammatory cytokines

(mainly from immune cells) with a wide range of biological

activity, which is caused by various infections and loss of

unfavorable influence on the immune system. On the other hand,

these cytokines positively influence different immune cells, guiding

them to the inflammation sites, which causes an exponential

increase in inflammation, leading to continuous extreme

activation of the autoimmune system. This mechanism is called a

cytokine storm, a significant cause of acute respiratory distress

syndrome, systemic inflammatory response, and multi-organ

failure (126). It is suggested that cannabinoids could be part of

two schemes to treat these acute inflammatory reactions. The first,

with non-steroidal anti-inflammatory drugs (NSAIDs) targeting the
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immune system, which hurt antiviral therapies due to NSAIDs

interactions and weakening the immune response to acute viral

infections leading to disease progression, while the second, with

drugs specifically binding to pro-inflammatory cytokine receptors,

such as tocilizumab that inhibits the transmission of the signals

through IL-6 receptors leading to a weakening of IL-6 activity.
7 Cannabinoids and their influence on
the treatment of COVID-19

Cannabidiol (CBD; C21H30O2) is a phytocannabinoid without

psychoactive activities produced by Cannabis Sativa L and has a

structural similarity to D9- tetrahydrocannabinol (THC; C21H30O2),

the primary psychotropic congener of this cannabis plant. Both

cannabinoids are lipophilic compounds characterized by long half-

life, bioaccumulation, and shared common metabolic pathways

within the cytochrome family, drug carriers, and plasma protein

binding substrates (127). Both of them also have anti-inflammatory

activity and possible antiviral potential. Nonetheless, the majority of

studies indicate the immunosuppressive and anti-inflammatory

effects of cannabidiol in various immunological reactions and

inflammations (70). CBD, unlike THC, is a non-toxic compound

with a high safety margin and drug tolerance, even at doses up to

1500 mg/day. Recently, it was demonstrated that cannabidiol has

anti-inflammatory effects in chronic inflammatory diseases

preclinical models, apoptotic effects on the mammalian cells (70),

or effects that contribute to the host of the viral infection response

(128, 129).

Interleukin-6 is effectively suppressed by cannabidiol in

numerous models of inflammation, including diabetes, asthma,

pancreatitis, and hepatitis. In vivo, cannabidiol use resulted in an

IL-6 decrease in ex vivo lipopolysaccharide-stimulated peritoneal

macrophages in acute pancreatitis and bronchial-alveolar lavage

fluid in lipopolysaccharide-induced pneumonia. Also, in mice with

the induced asthma-like disease, IL-4, IL-5, and IL-13 cytokines and

chemokines caused in the lungs of mice were shown to be

suppressed by CBD (70). Cannabidiol decreased lung

inflammation in asthma and acute pneumonia mouse models by

inhibiting the production of pro-inflammatory cytokines by

immune cells and suppressing the exuberant immune response

(130, 131). Nichols and Kaplan (2020) (70) have shown that CBD

inhibits the production of pro-inflammatory cytokines such as

interleukin IL-1a and b, IL -2, IL-6, Il-17A interferon-g inducible
protein 10, monocyte chemoattractant protein-1, tumor necrosis

factor -a and macrophage inflammatory protein-1a, which

are associated with the occurrence of polyorgan inflammation

and high mortality caused by SARS-CoV-2 (70). The current

research results point out that CBD’s immunotherapeutic and

anti-inflammatory properties may limit the cytokine storm and

reduce the effects of exaggerated inflammation in patients with

severe respiratory tract viral infections and ARDS often associated

with COVID-19 (124).

To date, no studies about interactions between drugs used to

treat SARS-CoV-2 infection and CBD have been published, but
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considering the inhibition of interleukin 6 receptor by Tocilizumab

and the anti-inflammatory role of cannabidiol in the treatment of

severe respiratory viral infections, a synergic, significant effect of

these compounds on the reduction of inflammation in the acute

course of COVID-19 can be expected (Figure 5).

The constant mutations of SARS-CoV-2 make it imperative to

identify an effective medication for patients suffering from COVID

-19. The possibility of using cannabinoids to treat severe cases of

this disease is increasingly being discussed.

The novel coronavirus binds to cellular receptors via

angiotensin-converting enzyme 2 (ACE2), characteristic of

pulmonary tissue, oral and nasal mucosa, kidneys, IG, and

testicles. Furthermore, smokers and patients with chronic

obstructive pulmonary disease have been reported to be more

susceptible to COVID-19 and develop a severe form of the illness,

as they present a high level of ACE2 expression. Therefore, it is

believed that ACE2 expression in the oral, respiratory, and

intestinal epithelium may provide SARS-CoV-2 with a vital entry

point into the host cells, and ACE2 modulation in these tissues may

limit SARS-CoV-2 binding to ACE2 receptors and thus reduce

susceptibility to COVID-19 (57, 132–134). A study by Wang et al.

on artificial human 3D models of the tissues mentioned above

allowed these authors to identify 13 extracts from Cannabis sativa

with a significant amount of CBD, which affects the expression of

the ACE2 gene and the level of the ACE2 protein. Preliminary

experiments also demonstrated that the extracts studied may

decrease the concentration of the transmembrane protease serine

2 (TMPRSS2), a protein essential in the process of the viruses

entering into cells (57).

The cannabinoid system consists of two cannabinoid receptors:

CB1, present in the central nervous system (CNS), and CB2, in the

immune system. Various ligands activate cannabinoid receptors:

endogenous (anandamide, AEA; 2-arachidonoylglycerol, 2-AG),

exogenous (e.g., phytocannabinoids from Cannabis sativa L.), or

synthetic (135). The most critical phytocannabinoids include

psychoactive delta-9-tetrahydrocannabinol (THC) and non-

psychoactive cannabidiol (CBD). In contrast to THC, a partial

antagonist of both CB1 and CB2 receptors, CBD is a partial
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antagonist of CB2 and only a weak antagonist of CB1 (136–138).

Other cannabinoids are found in dried cannabis in much lower

amounts. Cannabigerol and cannabichromene inhibit AEA re-

uptake (139). The MOA of numerous other phytocannabinoids,

such as cannabidivarin, cannabidiol, or cannabielsoin, has not been

fully explored yet (138). When developing an adequate preparation

based on cannabis flower extracts, it must be remembered that

cannabis contains over 100 identified cannabinoids, D9-THC and

CBD being the best-known ones, and other compounds like

terpenes (140, 141). Terpenes and cannabinoids may interact with

each other, affecting a given extract’s overall therapeutic effect. It is

assumed that a quote is more potent than a single compound;

therefore, it is essential to study the impact of a whole extract

obtained from a plant rather than a single compound (142, 143). It

has been known that anandamide (AEA) endocannabinoid, an

endogenous antagonist with a high affinity to CB1, decreases IL-6

production. In contrast, THC, a partial antagonist of CB1 and CB2,

inhibits IL-12 and IFN-g release (144–148). Another

phytocannabinoid (E)-b-caryophyllene [(E)-BCP], as a functional

antagonist of CB2, inhibits both the production of pro-

inflammatory cytokines in the peripheral blood induced by

lipopolysaccharides (LPS) and the LPS-incited phosphorylation of

Erk1/2 and JNK1/2 in monocytes (149–151). CBD impedes the

expression of Il-6, IL-8, and TNF-a in in vitro models of allergic

contact dermatitis and bone and joint inflammation. On the other

hand, delta-9-tetrahydrocannabinol reduces the release of TNF-a,
IL-1b, IL-6, and IL-8 in MG63 cells incited with LPS, which points

to an essential role of the CB2 receptor in the anti-inflammatory

response (152, 153). COVID-19 patients show macrophages,

monocytes, and low levels of lymphocytes accountable for acute

lung injury and leading to acute respiratory distress syndrome or

even death. There are two groups of macrophages involved in the

inflammatory response, cytokine production, phagocytosis, cell

proliferation, and tissue repair: classically activated macrophages

(M1) and alternatively activated macrophages (M2) (154–157). CB2

receptors are known as macrophage polarization regulators in

inflammation. The use of an antagonist reduces the proliferation

of inflammation-stimulating macrophages (M1) and increases the
FIGURE 5

Graphical summary of the influence on COVID-19 treatment of tocilizumab-coated solid lipid nanoparticles [own drawing].
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commonness of the second type of macrophages, which have an

opposite effect (M2) (148, 158).

In SARS-CoV2 infection, there is a change in cytokine

production, very similar to a cytokine storm, accompanied by

excessive release of immune cells. Mesenchymal stromal cells

(MSCs) have an anti-inflammatory effect. Their use may decrease

the production of inflammatory-inducing compounds, which could

improve the condition of the lungs previously damaged by, e.g., the

flu virus (64, 159–161). MSCs raise the level of peripheral

lymphocytes, simultaneously lowering the number of immune

cells producing cytokines. Furthermore, MSCs produce leukemia

inhibitory factor (LIF), which helps counteract the cytokine storm

in viral pneumonia and stimulates CB2 receptors (162–164). The

proposed MSC treatment for COVID-19 patients and proper

stimulation of CB2 receptors will allow for the repair of damaged

stem cells and immune response stimulation. It has been observed

that MSCs do not stimulate the synthesis of ACE2 and TMPRSS2

proteins, which are associated with SARS-CoV-2 infection

(165–167).

It was demonstrated that, in comparison to women, men are

more prone to SARS-CoV-2 infection, which lower estrogen

concentrations could explain. This beneficial property of

estrogens and the immunosuppressive effect, which reduces

excessive inflammation, may be associated with the CB2

cannabinoid receptor, a well-known immune response modulator

(168–172).

Selective stimulation of CB2 may limit inflammation in

COVID-19 patients through inflammatory cascade control in

several checkpoints by reducing cytokine production, limiting

immune cell proliferation, or producing antibodies, thus

eliminating acute immune response (148, 173, 174). Currently,

there are no CB2 antagonists approved for human use. Therefore,

while searching for a commercially available CB2 receptor inhibitor

is ongoing, treatment with CBD may be an alternative solution for

COVID-19 patients (148).

Numerous experimental studies on rodents have shown that

CB1 activation is essential for an effective immune response in

bacterial infections, whereas CB2 activation prevents further

damage caused by inflammation in sepsis due to an

immunosuppressive effect (175). El Biali et al. (2020) (175) report

a few human studies identifying potential relationships between the

endocannabinoid system and the immune response. For instance, it

was found that a genetic polymorphism in CB2 (CBQ63R), which

reduces CB2 responses, can be linked with a higher probability of

hospitalization in small children infected with RSV (n = 83), with

the risk of developing severe ARTI being two times higher in allele

Q carriers (OR = 2.148; 95% CI:1.09–4.22), and three times higher

in the carriers of the QQ genotype (OR = 3.28; 95% CI: 1.22–8.71)

(175, 176).

The FDA approved two forms of delta-9-tetrahydrocannabinol

(dronabinol and nabilone) for treating some of the adverse effects of

chemotherapy (i.e., nausea and vomiting) and for recovery of the

appetite in wasting diseases like AIDS. In 2018, CBD was permitted for
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treating two types of pediatric epilepsy: Dravet syndrome and Lennox-

Gastaut syndrome. Apart from these four indications, the most solid

evidence of using cannabinoids with desired therapeutic outcomes is

observed in chronic pain (including neuropathic pain) and MS-related

muscle spasticity (125). Numerous in vitro and in vivo studies on

animal and human cells suggest that CBD has an immunosuppressive

and anti-inflammatory effect through direct inhibition of microglial

cells and T cells, induction of apoptosis in regulatory T cells, or through

myeloid-derived regulatory T cell induction (70). In vitro studies in

animals suggest that Cannabis sativa extracts have an anti-bacterial and

limited anti-fungal properties (177). A study conducted among healthy

volunteers (n = 10) demonstrated that a dose of 30 mg of water-soluble

or fat-soluble CBD significantly decreased the TNF level in

peripheral blood mononuclear cells stimulated with bacterial

lipopolysaccharide (178).

To date, there have been no studies investigating the effect of

cannabinoids on SARS-CoV-2 infection. Furthermore, there is no

epidemiological data on COVID-19 incidence in people using

cannabinoids for medical or recreational purposes. A paper by

Esposito lists four features of CBD that warrant its use, namely: 1)

Cannabis sativa extracts have been proven to regulate the

expression of two receptors that are of crucial importance for

SARS-CoV-2 in a cellular model, 2) it has been demonstrated

that CBD has an extensive range of immunomodulatory and anti-

inflammatory effects, which may reduce the over-production of that

leads to acute lung injury, 3) as a PPARg antagonist, CBD may

present a direct anti-viral effect, 4) as a PPARg antagonist, CBDmay

inhibit the process of pulmonary fibrosis (179).

The characteristic feature of severe SARS-CoV-2 infection is the

uncontrolled release of cytokines IL-1b, IL-6, and CCL2, and pro-

inflammatory molecules, together with a decrease in the number of

NK (natural killer) cells that may cause the cytokine storm. There is

much to suggest that the severe course of infection does not stem

from the viremia per se but depends on the degree of immune

dysregulation. To limit mortality in severe cases of COVID-19, it is

necessary to develop new therapeutic options to mitigate the

cytokine storm (180). Esposito et al. (2020) indicate that due to

the rapid spread of the pandemic, the ideal drug candidate should

already be used in treating other diseases, have a good safety profile,

and act to mitigate the cytokine storm through immunomodulation

rather than immunosuppression (179). Recently, it was shown that

Cannabis sativa extracts with a high concentration of CBD down-

regulate the activity of ACE2 and TMPRSS2 enzymes, which are

vital for SARS-CoV-2 to enter the human body (181). In recent

years, CBD has been the subject of much research due to its broad

spectrum of therapeutic effects, including anti-seizure, calming,

sleep-inducing, anti-psychotic, anti-cancer, anti-inflammatory,

and neuroprotective effects (182). What has been emphasized is

the lack of adverse psychotropic effects of cannabidiol and its

favorable safety profile in humans (182). The pharmacological

activity of CBD was tested in patients suffering from various

conditions, including respiratory diseases characterized by acute

lung injury (179). CBD effect on adenosine A2A receptors limited
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leukocyte migration to the lungs, which was accompanied by a

significant decrease in pro-inflammatory cytokine (TNF-a and

IL-6) and chemokine (MCP-1/MIP-2/CXCL2) release, thus clearly

improving the compromised lung function (131, 183).

CBD has also been studied as a molecule with a potential anti-viral

effect. CBD acts by interacting with nuclear hormone receptors PPAR.

It was shown that down-regulation of PPARg expression by alveolar

macrophages significantly reduces lung inflammation and enhances

regeneration after viral respiratory tract infections (184). Preventive

and therapeutic administration of PPARg antagonists decreased

morbidity and mortality related to influenza A virus infection (185).

However, the use of full PPARg agonists has several adverse effects,

including the risk of cardiovascular complications, cardiac

insufficiency, and stroke. It needs to be verified whether CBD, as a

weak antagonist of PPARg, could be used without causing such adverse
effects (179). There is no direct proof of the anti-viral activity of

cannabinoids in viral infections. Such products have been described in

vitro studies. Lowe et al. demonstrated an anti-viral effect of CBD

against the hepatitis C virus (HCV), but not against HBV, in cell lines

for producing these viruses (128). Anti-viral activity of CBD was also

confirmed against Kaposi’s sarcoma-associated herpesvirus (KSHV) in

a model of KSHV-infected human dermal microvascular endothelial

cells (HMVECs) (129). In yet another study, CBD mitigated the

effects of neuroinflammation induced by Theiler’s murine

encephalomyelitis virus (TMEV) (186). Respiratory syncytial virus

(RSV) used in the mouse model has indicated that CB2 activation

reduced infection symptoms, and CB1 antagonist administration

alleviated pulmonary complications (176).

Research has shown that CBD is a reasonably safe molecule

(187). In the case of COVID-19 patients, it is essential to establish

the toxicity profile of CBD when administered concomitantly with

other drugs used in the current anti-COVID-19 protocols.

First, pharmacokinetic (PK) and pharmacodynamic (PD)

interactions between cannabinoids and experimental COVID-19

drugs must be determined. Both D9-THC and CBD are lipophilic,

highly protein-bound molecules. They have a long half-life, undergo

bioaccumulation, and share metabolic pathways with cytochrome

P450, drug transporters (e.g., breast cancer resistance protein), and

substrates that bind to plasma proteins (127). Furthermore, PK (e.g.,

warfarin and clobazam) and PD (e.g., valproic acid) interactions were

described for THC and CBD (188). Land et al. (2020) (127) compiled a

table with 16 compounds examined for their potential use in COVID-

19 treatment and their possible pharmacokinetic or pharmacodynamic

interactions with cannabinoids.

They found that most candidate drugs could interact with THC and

CBD. The authors propose that COVID-19 patients should be asked

about their use of substances containing cannabinoids, as these may

significantly affect their reaction to the selected treatment method (127).

Esposito points to the possibility of testing the therapeutic potential

of CBD in COVID-19 patients at the beginning of the disease to

suppress the cytokine storm, prevent the danger of respiratory failure,

or assess the effect of CBD on pulmonary fibrosis. The central aspect of

being clarified is dosing. In the case of HIV and post-Ebola syndrome,

CBD was used as an agent controlling immune activation at doses of

10–20 mg · kg−1 · day−1 and 1.7–10 mg · kg−1 · day−1 (100 mg · day−1

titrating up to 600 mg · day−1) (189, 190).
Frontiers in Immunology 13196
The results of pre-clinical studies are encouraging. However,

evidence is needed to approve cannabidiol as a supportive drug in

COVID-19 treatment.
8 Lipid nanoparticles as carriers for
proteins and monoclonal antibodies

Lipid nanoparticles (LNPs) are composed of biodegradable and

biocompatible lipids (191, 192), and they can be successfully

proposed to encapsulate proteins (193–198). The literature

describes two classical types of lipid nanoparticles, namely:
• solid lipid nanoparticles (SLN), so-called “1st generation”,

• nanostructured lipid carriers (NLC), so-called “2nd

generation”.
SLN and NLC are known to increase the bioavailability of

loaded drugs administered by different routes (199, 200). In contrast

to SLN, the lipid matrix of NLC consists of a mixture of solid and

liquid lipids (that melt above 40°C). The matrix originates a less-

ordered matrix with the capacity to load a higher drug amount than

SLN, preventing its leakage during storage and allowing a more

flexible drug release modulation (201). SLN contains only solid

lipids in its matrix, offering the capacity to modulate the release

profile of loaded drugs. SLN and NLC require surfactants (e.g.,

poloxamers, tweens) to stabilize the lipid matrices in aqueous

dispersion (202, 203). Acylglycerols, waxes, fatty acids, and hard

fats are the most commonly used lipids that should be approved by

the Food and Drug Administration (191, 204).
8.1 Drug release form of SLN

There are three basic types of SLN, defined by the location of the

drug in the lipid matrix (205, 206). Loaded drugs can be placed

between fatty acid chains or between lipid layers. The final drug

location affects its release mechanism from the lipid matrices (198).

The SLN type I is defined as the homogeneous matrix model, in

which the drug is molecularly dispersed in the lipid core or

amorphous clusters. This model is obtained when applying the

hot, high-pressure homogenization (HPH) in an optimized drug

and lipid ratio or when using the cold HPH. Due to their structure,

SLN type I can show controlled release properties.

The SLN type II, or drug-enriched shell model, is obtained

when applying the hot HPH technique and the low drug

concentration in the melted lipid. During the cooling of the

homogenized nanoemulsion, the lipid molecules precipitate first.

Then, they lead to a steadily increasing drug concentration in the

remaining lipid melt with an increased fraction of solidified lipid. A

drug-free (or drug-reduced) lipid core is formed; when the drug

reaches its saturation solubility in the remaining melt, an outer shell

will solidify, containing both drug and lipid. This model is not

suitable for prolonged drug release.

Nonetheless, it may be used to obtain a burst release of medicine

and the occlusive properties of the lipid core. The SLN type III, or
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drug-enriched core model, is formed when the drug concentration

is relatively close to or at its saturation solubility in the lipid melt.

Under the nanoemulsion cooling, the drug’s solubility will decrease

when the saturation solubility is exceeded. This model is also helpful

for prolonged-release purposes (204, 207–209). SLN work as an

absorption enhancer when orally administered (206, 210, 211).

Types of SLN that can be obtained have been shown

schematically in Figure 6.
8.2 TCZ-coated SLN loaded with CBD

The use of CBD-based SLN as potential TCZ carriers for oral

administration is mainly associated with the safety of LNPs and their

ability to faster enteral administration with the increased bioavailability

of both hydrophilic and lipophilic active substances. On the other

hand, understanding the impact of the size and shape of LNPs on their

distribution in the intestine can be used in developing improved drug

delivery systems to treat COVID-19. The biodegradable lipid matrix of

SLN undergoes enzymatic decomposition into components naturally

occurring in the human body (191). The novel approach proposed by

the authors is the oral form administration of TCZ and CBD

simultaneously, which can significantly improve the comfort of

patients who have previously used regular intravenous injections of

mAb. Moreover, the obtained SLN may be an ideal carrier for TCZ/

CBD because of the ability of LNPs to modify drug release, increase

bioavailability and thus regulate pharmacological activity (212). The

selection of the type of lipids to be used for the production of SLN is

governed by the solubility of CBD in the solid lipid. We have recently

developed a stabilized SLN formulation based on glycerol behenate for

the loading of CBD. The surface tailoring with the mAb is usually

carried out by biotinylating as described by Souto et al. (2019) (213).

Due to the potential of SLN to delay drug release, there is a high

probability of optimizing these nanocarriers for drug release in the

colon, thereby protecting the gastrointestinal tract against the
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destructive influence of COVID-19 at the initial phase. It is worth

underlining that a final enteric formulation would be developed for the

delayed release of the actives into the colon by encapsulating drugs-

loaded LNPs in gastro-resistant capsules to prevent earlier degradation

of nanoparticles in the stomach (214).

The development of surface-modified SLN formulations for

targeted delivery to the colon requires the production of gastro-

resistant capsules in which the TCZ-coated CBD-loaded SLN

dispersions are loaded. Enteric coatings for colonic administration

exploit the pH differences along the gastrointestinal tract to release

the drug only when reaching pH 6.0-7.0 in the colon.

Polymethacrylates (e.g., Eudragit® brands) are typical polymers

that coat tablets and capsules to protect the drugs from gastric and

small intestinal pathways. They are commonly found in

commercially available pharmaceutical formulations for ulcerative

colitis and Crohn’s disease (215).

The combination of SLN and electroporation has been proposed to

enhance drug transport to the colon. Cyanine–type IR 780 and the

flavonoid derivative baicalein were co-loaded into SLN for both

imaging and therapy of colorectal carcinoma (216). The authors

reported that the presence of flavonoids contributed to reducing the

dose and, thus, cytotoxicity in chemotherapy. Electroporation

generates external electric field pulses and increases cell membrane

permeability, which offers the opportunity for intracellular trafficking

of the cargo (217). The p53 and manganese superoxide dismutase

expression was significantly increased by electroporation, with

substantially higher cytotoxicity.
9 Conclusion

In this review, scientific evidence is given about the added value of

using cannabidiol (CBD) for the management SARS-CoV-2 infection.

CBD was found to down-regulate the activity of ACE2 and TMPRSS2

enzymes, both governing the entry of SARS-CoV-2 in the human body.
FIGURE 6

Types of solid lipid nanoparticles. Own drawing based on (206).
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Besides reducing the secretion of cytokines, cannabidiol also promotes

body protection against several pathogenic infections and is also

expected to can play a similar role against COVID-19. On the other

hand, solid lipid nanoparticles (SLN) are ideal carriers for the oral

administration of drugs, provided that lipids are known to be

absorption enhancers in the gastrointestinal tract. Given its lipophilic

character, CBD is an appropriate candidate to be loaded into SLN. A

synergistic effect is expected with the combination of tocilizumab

(TCZ), as this monoclonal antibody is an anti-IL-6 receptor antibody

in COVID-19 treatment. Indeed, cytokine-associated toxicity is linked

to pro-inflammatory cytokine IL-6 released in severe COVID-19

infections. An innovative approach is thus proposed by exploiting

the advantages of coating SLN with mAb for site specific targeting. To

obtain a suitable pharmaceutical dosage form for the oral

administration of TCZ-coated CBD-loaded SLN, further studies are

suggested towards the optimization of gastro-resistant gelatin capsules

in which the lipid nanoparticle formulations can be encapsulated.
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214. Eder P, Zielińska A, Karczewski J, Dobrowolska A, Słomski R, Souto EB. How
could nanobiotechnology improve treatment outcomes of anti-Tnf-A therapy in
inflammatory bowel disease? current knowledge, future directions. J Nanobiotechnol
(2021) 19(1):346. doi: 10.1186/s12951-021-01090-1
Frontiers in Immunology 20203
215. Maroni A, Moutaharrik S, Zema L, Gazzaniga A. Enteric coatings for colonic
drug delivery: State of the art. Expert Opin Drug Deliv (2017) 14(9):1027–9.
doi: 10.1080/17425247.2017.1360864

216. Kulbacka J, Pucek A, Kotulska M, Dubińska-Magiera M, Rossowska J, Rols M-
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Background Severe coronavirus disease 2019 (COVID -19) has led to severe

pneumonia or acute respiratory distress syndrome (ARDS) worldwide. we have

noted that many critically ill patients with COVID-19 present with typical sepsis-

related clinical manifestations, including multiple organ dysfunction syndrome,

coagulopathy, and septic shock. The molecular mechanisms that underlie

COVID-19, ARDS and sepsis are not well understood. The objectives of this

study were to analyze potential molecular mechanisms and identify potential

drugs for the treatment of COVID-19, ARDS and sepsis using bioinformatics and

a systems biology approach. Methods Three RNA-seq datasets (GSE171110,

GSE76293 and GSE137342) from Gene Expression Omnibus (GEO) were

employed to detect mutual differentially expressed genes (DEGs) for the

patients with the COVID-19, ARDS and sepsis for functional enrichment,

pathway analysis, and candidate drugs analysis. Results We obtained 110

common DEGs among COVID-19, ARDS and sepsis. ARG1, FCGR1A, MPO, and

TLR5 are the most influential hub genes. The infection and immune-related

pathways and functions are the main pathways and molecular functions of these

three diseases. FOXC1, YY1, GATA2, FOXL, STAT1 and STAT3 are important TFs

for COVID-19. mir-335-5p, miR-335-5p and hsa-mir-26a-5p were associated

with COVID-19. Finally, the hub genes retrieved from the DSigDB database

indicate multiple drug molecules and drug-targets interaction. Conclusion We

performed a functional analysis under ontology terms and pathway analysis and

found some common associations among COVID-19, ARDS and sepsis.

Transcription factors–genes interaction, protein–drug interactions, and DEGs-

miRNAs coregulatory network with common DEGs were also identified on the

datasets. We believe that the candidate drugs obtained in this study may

contribute to the effective treatment of COVID-19.

KEYWORDS

COVID-19, ARDS, sepsis, differentially expressed genes, gene ontology, protein-protein
interaction, drug molecule
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Introduction

Coronavirus disease 19 (COVID‐19) is a novel infectious

disease caused by severe acute respiratory syndrome coronavirus

2 (SARS‐CoV‐2) (1, 2). The lung is the organ most severely affected

by SARS-CoV-2. Patients with COVID-19 autoimmune diseases (3)

may develop severe pneumonia or acute respiratory distress

syndrome (ARDS). The pathophysiology of those two diseases are

characterized by diffuse alveolar damage, exudation, and

accompanied by extensive immune cell infiltration and

inflammatory cytokine expression (4). If the inflammation is

further aggravated, the extrapulmonary organ damage is serious,

manifested as multiple organ dysfunction and systemic

inflammatory response, its symptoms include cold limbs,

microcirculatory dysfunction, weak peripheral pulse, oxidative

stress injury, and cytokine storm. This is very similar to sepsis

(5). Consideration of severe COVID-19 disease as a sepsis

syndrome has relevance and may assist in terms of determining

treatments (6).

Sepsis, a systemic inflammatory response syndrome (SIRS)

caused by infection, is a common and critical disease with

characteristics of high incidence, complex pathogenesis, severe

illness, and high mortality (7, 8). In 2016, sepsis3.0 was released

(9), which defined sepsis as a clinical syndrome of maladjusted host

immune response triggered by infection and manifested as life-

threatening organ dysfunction resulting from it. Sepsis is

characterized by uncontrolled inflammation and overproduction

of reactive oxygen and nitrogen species (RONS), which in turn leads

to cell and tissue destruction, immune system dysfunction and

pronounced hematopathology, eventually leading to multiple organ

failure syndrome (MODS) (10).

Acute respiratory distress syndrome (ARDS) is a serious

respiratory disease secondary to trauma, shock, infection and

other non-cardiogenic diseases. ARDS is one of the most

common and serious complications in the development of sepsis
Frontiers in Immunology 02205
(11). The mortality rate of ARDS is as high as 30%-40% (11). People

with COVID-19 who have an autoimmune disease may develop

severe pneumonia or ARDS (3).

Given the similarities between COVID-19, ARDS, and sepsis, it

is necessary to understand the biological links and underlying

molecular mechanisms between the three diseases in order to

provide new insights into the pathogenesis of COVID-19 and to

search for potential therapeutic agents for patients with COVID-19

or those with COVID-19 secondary to ARDS and sepsis.

In this study, three datasets were used to discover the biological

relationship among COVID-19, ARDS and sepsis. The three

datasets are GSE171110, GSE76293 and GSE137342. Initially,

DEGs were identified for datasets and then found common DEGs

genes among the three diseases. The enrichment pathways and

biological functions of the common DEGs were analyzed, and the

biological processes involved in them were studied. The central gene

was extracted from common DEGs, which is an important

component of potential drugs. Protein-protein interaction

networks (PPIs) are designed by common DEGs to collect central

genes. Here, we also trace transcriptional regulators against DEGs

similar to GSE171110, GSE76293, and GSE137342. Finally, possible

drugs are predicted. The sequential workflow of our research is

presented in Figure 1.
Materials and methods

Collection of the datasets

To analyze shared genetic interrelations and potential

therapeutic targets among COVID-19, ARDS and sepsis, we

obtained both microarray and RNA-seq datasets from the Gene

Expression Omnibus (GEO) database of the National Center for

Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/

geo/). The GEO accession ID of the COVID-19 dataset was
FIGURE 1

Schematic illustration of the overall general workflow of this study.
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GSE171110, which included transcriptional profiling from 78

samples (44 COVID-19 samples and 10 healthy control samples,

with samples collected from whole blood). GSE171110 was based on

the Illumina HiSeq 2500 (Homo sapiens) (GPL16791) platform for

extracting RNA sequence analysis. The ARDS dataset was (GEO

accession ID: GSE76293) of whole blood containing 12 ARDS

patients and 12 healthy controls, which is based on Affymetrix

Human Genome U133 Plus 2.0 Array (GPL570) platform.

Similarly, the sepsis dataset (GEO accession ID: GSE137342)

included array-based gene expression profiles of whole blood

from 43 sepsis patients and 12 healthy individuals. Table 1 shows

the basic information of the three datasets.
Identification of DEGs and common DEGs
among COVID-19, ARDS and sepsis

Identification of DEGs for GSE171110, GSE76293 and

GSE137342 datasets was the main task of our research. The DEGs

for GSE171110 were identified by using the limma package of R

programming language. Data generated by microarray analysis

were retrieved through DESeq2 and limma package. DEGs for

GSE76293 and GSE137342 datasets were analyzed through

GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/) web tool

which also uses limma package for identifying DEGs. Benjamini–

Hochberg false discovery rate (FDR) method was applied to

discover genes which were statistically significant and limited

false positives. Genes that met the cut-off criteria, adjust P-values

<0.01 and |log2FC|≥1.0, were considered as DEGs. Statistical

analysis were carried out for each dataset, and the common DEGs

of GSE171110, GSE76293 and GSE137342 datasets were obtained

using an online VENN analysis tool called Jvenn (http://

jvenn.toulouse.inra.fr/app/index.html). Volcano plots were drawn

using to show the differential genes in the three datasets.
Gene ontology and pathway enrichment
analysis of DEGs

Gene set enrichment analysis undertakes target gene sets to help

understand the general biological functions and chromosomes’

positions. Gene ontology (GO) analysis is a common useful

method for functional enrichment analysis (12), which can be

classified into biological process (BP), cellular composition (CC)

and molecular function (MF). Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway was used for metabolic pathway

enrichment analysis and contains considerable utility of genomic

analysis (13). GO analysis and KEGG pathway enrichment analysis
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of DEGs in this study was performed using the DAVID database for

annotation, visualization and integrated discovery tools (https://

david.ncifcrf.gov/). The adjusted P value < 0.01 was considered

statistically significant GO terms and pathways.
Protein-protein interaction networks and
hub genes extraction

The evaluation and analysis of PPI network are fundamental

and key to illustrating the molecular mechanisms of key cellular

activities. In our study, the PPI networks on common DEGs were

identified, and associations between different diseases were found

from the perspective of protein interactions. The search tool for the

retrieval of interacting genes database called STRING (https://

www.string-db.org/) was used to construct the PPI network of

proteins derived from shared DEGs among COVID-19, ARDS

and sepsis. STRING aims to integrate all known and predicted

associations between proteins, including both physical interactions

as well as functional associations. This experiment set the medium

confidence score of 0.500 to generate the PPI network of common

DEGs. The confidence score was also used for the current PPIs

network with a medium confidence score of 0.400.

Sebsequently, we consume our PPI network into Cytoscape

(v.3.9, https://cytoscape.org/) for a superior visual representation

and further PPI network studies. Then, Cytohubba, a plugin in

Cytoscape (https://apps.cytoscape.org/apps/cytohubba), was used

to calculate the hub genes in the PPI network. Cytohubba can

sequence and extract the central or target elements of a biological

networks based on different network characteristics. Cytohubba has

11 methods for topological analysis from various viewpoints, and

Maximal Clique Centrality (MCC) is the best of them, and the MCC

function of Cytohubba was carried out to confirm the top 10

hub genes.
Identification of transcription factors and
miRNAs

Transcription factors (TFs) are proteins that attach to particular

genes and control the rate of transcription of genetic information

(14). MicroRNAs (miRNAs) are a class of short, endogenously

initiated and non-coding RNAs that strive to attach with gene

transcripts to affect protein expression; hence, TFs and miRNAs are

essential for molecular insights. We used the NetworkAnalyst

platform (https://www.networkanalyst.ca/) to construct TF–DEG

and DEG–miRNA regulatory networks to analyze relevant TFs and

miRNAs. NetworkAnalyst is an extensive online platform for meta-
TABLE 1 Overview of datasets with their geo-features and their quantitative measurements in this analysis.

Disease name GEO accession GEO platform Total DEGs count Up regulated DEGs count Down regulated DEGs count

SARS-CoV-2 GSE171110 GPL16791 3986 2620 1366

ARDS GSE76293 GPL570 677 346 331

Sepsis GSE137342 GPL10558 3339 3309 30
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analyzing gene expression data and gaining insights into biological

mechanisms, roles, and interpretations. The TF–DEG network was

established using the JASPAR database. JASPAR is a publicly

available resource for TFs of multiple species in six major taxa.

Besides, the DEG–miRNA network was established using the

TarBase database. Tarbase and mirTarbase are the main

experimental validity databases for miRNAs–target interacting

with target genes. We have extracted miRNAs with common

DEGs focused on topological analysis from both Tarbase

and mirTarbase.
Drug prediction analysis

Protein-drug interaction (PDI) prediction and drug molecular

recognition based on target genes are essential. Potential drug

molecules were predicted using the Drug Signatures database

(DSigDB) via gene set enrichment network tool Enrichr based on

the common DEGs of COVID-19, ARDS and sepsis. Enrichr

contains a large number of different gene set collections available

for analysis, which can be used to explore gene-set enrichment

across a genome-wide scale. DSigDB is a web-based resource that

contains relevant information about drugs and their target genes for

enrichment analysis. This database currently has 22,527 gene sets,

including 17,389 drugs and 19,531 genes (15).
Gene-disease association analysis

DisGeNET is a knowledge management database of gene-

disease associations based on various biomedical aspects of

diseases, which synchronizes relationships from several origins. It

provides and highlights new insights into human genetic disorders.

We also examined the gene-disease relationship through

NetworkAnalyst using the DisGeNET database to find related

diseases and their chronic complications with common DEGs.
Result

Identification of DEGs and common DEGs
among COVID-19, ARDS and sepsis

Firstly, 3986 genes were differentially expressed for COVID-19

from GSE171110, including 2620 up-regulated and 1366 down-

regulated genes exposure. In the same way, we identified 677 DEGs

(346 up-regulated and 331 down-regulated) in GSE76293 and 3339

DEGs (3309 up-regulated and 30 down-regulated) in GSE137342. The

three volcano plots in Figure 2 visually demonstrated the overall picture

of transcribed gene expression for COVID-19, ARDS and sepsis, where

red and blue dots indicated up-regulated and down-regulated genes

with significant differences, respectively (Figures 2A–C). we identified

the 110 common DEGs among GSE171110, GSE76293 and

GSE137342 (Figure 2D). There were some mechanistic

commonalities and interaction among COVID-19, ARDS and sepsis,

the results of differential expression analysis suggested.
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Gene ontology and pathway enrichment
analysis

GO analysis included biological process, cell composition, and

molecular function. The GO database was selected as an annotation

source. Table 2 showed the top 10 items in the categories of

biological processes, molecular functions, and cell components.

Figure 3A also showed the top 10 GO terms for molecular

function, biological process, and cell compartment, respectively.

The differentially expressed genes were significantly enriched in

inflammatory response in the subset of BP, enriched in the plasma

membrane in the subset of CC, and enriched in catalytic activity in

the subset of MF, which were all involved into immunotherapy

related functional enrichment.

KEGG pathway analysis revealed the following top 10 pathways:

Hematopoietic cell lineage, Legionellosis, Pantothenate and CoA

biosynthesis, Inflammatory bowel disease, Leishmaniasis, Drug

metabolism-other enzymes, Th1 and Th2 cell differentiation,

Staphylococcus aureus infection, Viral protein interaction with

cytokine and cytokine receptor and Th17 cell differentiation.

Table 3 listed the KEGG enrichment pathways generated from

the selected dataset. For a more detailed illustration, the pathway

enrichment analysis was showed in the bubble graphs (Figure 3B).
Classification of hub proteins
and submodule

The PPI network of common DeGs included 110 nodes and 105

edges, as shown in Figure 4A. Based on PPI network analysis, we

identified the top 10 DEGs as the most influential genes by using the

Cytohubba plugin in Cytoscape. The hub genes were namely LCN2,

HP, ARG1, MPO, CD163, CD4, FCGR1A, CR1, C3AR1, and TLR5.

These hub genes could serve as potential biomarkers and potentially

new therapeutic strategies for studying disease. The expanded

network of hub – gene interactions derived from the PPI network

was shown in Figure 4B.
Construction of regulatory networks

TFs regulators interaction with the common DEGs was pictured

in Figure 5. From the Figure 5, KCNJ15, SMARCD3, LILRA5, GAS7

and HMGB2 were more abundant in the highly expressed DEGs as

these genes have a higher degree in the TF–gene interactions

network. TFs such as FOXC1, GATA2, YY1, FOXL1, FOXO3,

STAT1 and STAT3 were more significant than others as

presented in the same Figure 5.

The interactions of miRNAs regulators with common DEGs

was showed in the Figure 6. In the Figure 6, blue squares

represented miRNAs and red circles represented DEGs. Our

results showed that ACVR1B, MTF1, CD4, MAPK14, DACH1,

KIF1B, GAS7 and CYP1B1 were the hub genes of this network, with

the five genes most involved in miRNAs. Besides, we also detected

the significant hub miRNAs from the miRNAs-gene interaction

network, namely mir-335-5p, hsa-mir-26a-5p, hsa-mir-200b-3p,
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hsa-mir-194-5p, hsa-mir-192-5p, hsa-mir-143-3p and hsa-mir-

520f-3p.
Identification of candidate drugs

Based on transcriptome signatures, we identified 10 possible

drug molecules using Enrichr from the DSigDB database. The top

10 chemical compounds were extracted based on their P-value.

These 10 possible drug molecules included isoflupredone, etynodiol,

fludroxycortide, flunisolide, halcinonide, flumetasone, diflorasone,

ribavirin, gabexate and alclometasone (Table 4).
Identification of disease association

From the analysis of the gene-disease association by Network

Analyst (16), we noticed that major depressive disorder,
Frontiers in Immunology 05208
cardiovascular diseases, mental depression, hypertensive disease,

autosomal recessive predisposition, anemia, liver diseases,

schizophrenia and liver cirrhosis are most coordinated to our

reported hub genes, and even among COVID-19, ARDS and

sepsis. The gene-disease association was shown in Figure 7.
Discussion

Most patients with severely ill COVID-19 eventually develop

typical septic shock manifestations, including cold limbs,

microcirculatory dysfunction, peripheral pulse weak, oxidative

stress injury, and cytokine storm (17). These symptoms and

serological markers are present in both ARDS and sepsis patients

(18). ARDS induced by COVID-19 can progress to sepsis (17).

The results of our GO analysis from the DAVID show that

inflammatory response (14 genes), defense response to bacterium

(11 genes), immune response (12 genes) and innate immune
A

B

C

D

FIGURE 2

Volcano plots exhibit DEGs of (A) COVID-19, (B) ARDS and (C) sepsis. (D) The Venn diagram depicts the common DEGs among COVID-19, ARDS and sepsis.
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TABLE 2 Ontological analysis of common DEGs among COVID-19, ARDS and sepsis.

Category GO ID Term P Value Genes

GO
Biological
Process

GO:0006954 inflammatory
response

3.72E-07 ORM1, SLC11A1, PPBP, NLRC4, LTB4R, TPST1, IL18RAP, AIM2, VNN1, C3AR1, TLR5, IL18R1,
CCR3, NAIP

GO:0042742 defense response
to bacterium

6.19E-07 CLEC4D, ANXA3, SLC11A1, HP, LCN2, PPBP, NLRC4, FCGR1A, TLR5, MPO, NAIP

GO:0006955 immune response 7.58E-05 HLA-DMA, CD4, CLEC4D, IL18RAP, AIM2, SLC11A1, FCGR1A, CST7, CD24, CCR3, IL18R1,
LTB4R

GO:0045087 innate immune
response

1.00E-04 ARG1, DEFA4, HMGB2, NLRC4, SRPK1, LILRA5, AIM2, VNN1, LCN2, FCGR1A, TLR5, NAIP,
CD177

GO:0032731 positive regulation
of interleukin-1
beta production

4.33E-04 ORM1, AIM2, NLRC4, NAIP, LILRA5

GO:0071222 cellular response
to
lipopolysaccharide

6.54E-04 ARG1, DEFA4, HMGB2, LCN2, PPBP, MAPK14, TLR5

GO:0006953 acute-phase
response

0.00153779 CD163, ORM1, HP, LCN2

GO:0032496 response to
lipopolysaccharide

0.001675603 SLC11A1, MGST1, HMGB2, ALPL, IRAK3, MPO

GO:0002221 pattern
recognition
receptor signaling
pathway

0.002197244 AIM2, NLRC4, NAIP

GO:0008584 male gonad
development

0.003271334 KCNE1, HMGB2, CYP1B1, INSL3, TLR5

GO
Cellular
Component

GO:0005886 plasma membrane 7.35E-06 KCNE1, FCMR, MGST1, GPR84, ACVR1B, CACNA1E, CD3D, ETS2, LTB4R, LILRA5, ASGR2,
MUC1, IL18RAP, PSTPIP2, GRB10, C3AR1, FLVCR2, STOM, CLEC1B, FCGR1A, CCR3, ATP9A,
CD177, CD163, CR1, SORT1, ANXA3, SLC11A1, KREMEN1, KCNJ15, AGTRAP, IRAK3,
MCEMP1, OLFM4, BMX, SRPK1, F5, CD4, CLEC4D, VNN1, RAB13, TMEM119, SLC26A8, ALPL,
RGL4, TLR5, IL18R1, GAS7

GO:0035580 specific granule
lumen

1.70E-05 ORM1, ARG1, DEFA4, HP, LCN2, OLFM4

GO:0070821 tertiary granule
membrane

3.76E-05 CLEC4D, SLC11A1, STOM, MCEMP1, GPR84, CD177

GO:0035579 specific granule
membrane

1.08E-04 CLEC4D, C3AR1, STOM, MCEMP1, GPR84, CD177

GO:1904724 tertiary granule
lumen

0.002875622 ORM1, HP, PPBP, OLFM4

GO:0035577 azurophil granule
membrane

0.003344588 VNN1, MGST1, C3AR1, STOM

GO:0016021 integral
component of
membrane

0.006490311 KCNE1, FCMR, MGST1, TMTC1, CD3D, LTB4R, PHTF1, LILRA5, ASGR2, HLA-DMA, MUC1,
ZDHHC19, APMAP, C3AR1, CYP1B1, FLVCR2, FCGR1A, SLC37A3, CCR3, ATP9A, CD163, CR1,
SORT1, SLC11A1, CSGALNACT2, KREMEN1, KCNJ15, KLHL2, AGTRAP, MCEMP1, FRMD3,
CD4, CLEC4D, VNN1, TMEM119, SLC26A8, RGL4, ST6GALNAC3, TLR5, IL18R1, GRINA

GO:0045092 interleukin-18
receptor complex

0.010283955 IL18RAP, IL18R1

GO:0005887 integral
component of
plasma membrane

0.010415288 CD163, CR1, SLC11A1, KCNJ15, GPR84, ACVR1B, LTB4R, MUC1, CD4, C3AR1, SLC26A8,
STOM, FCGR1A, CLEC1B, TLR5, CCR3

GO:0005615 extracellular space 0.020503922 ORM1, CR1, ARG1, DEFA4, HP, HMGB2, PPBP, OLFM4, CST7, MPO, F5, LILRA5, MUC1,
LCN2, STOM, ALPL, FAM20A, INSL3

(Continued)
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response (13 genes) are among the top GO terms. Innate immune

cell hyperactivation plays a critical role in the pathogenesis of severe

COVID-19 (19). Studies have shown that the infection mediated

immuno-compromised state can result in poor clinical morbidity

and a high risk of fatal pneumonia (20). In the molecular function

experiment, catalytic activity, protein homodimerization activity

and transmembrane signaling receptor activity are three top GO

pathways. According to the cellular component, top GO terms are

plasma membrane, specific granule lumen, tertiary granule

membrane and specific granule membrane.

By identifying the KEGG pathways for 110 common DEGs,

similar pathways were identified for COVID-19, ARDS, and sepsis.

Some patients experiencing severe COVID-19, the disease caused

by the SARS-CoV-2 beta coronavirus, develop what is sometimes

described as a “cytokine storm” or “cytokine release syndrome”

(21). These cytokines produce eosinopenia and lymphocytopenia

characterized by low counts of eosinophils, CD8+ T cells, natural

killer (NK) and naïve T-helper cells, simultaneously inducing naive

B-cell activation, increased T-helper cell 17 (Th17) lymphocyte

differentiation and the stimulation of monocyte and neutrophil

recruitment (18, 22).

The top hub proteins indicate different diseases, most risk

factors for the COVID-19, ARDS and sepsis. A total of 10 hub-

proteins (LCN2, HP, ARG1, MPO, CD163, CD4, FCGR1A, CR1,

C3AR1 and TLR5) identified involved in these diseases. ARG1 can

be released to the extracellular microenvironment during

inflammatory conditions, e.g., asthma and infectious diseases
Frontiers in Immunology 07210
(23). FCGRIA has been proposed as an attractive target for

immunotherapy by various workers (24). Research shows that

infiltrating neutrophils, a hallmark of COVID-19, can release

myeloperoxidase (MPO), which can activate several pathways that

lead to elevated cytokines and production of ROS such as

hypochlorous acid (HOCl), superoxide (O2•-), and hydrogen

peroxide (H2O2) (25). Another possible facet of the observed

pathophysiology in critical cases of COVID-19 is a decline in

nitric oxide (NO) and combined with the effect of excessive ROS

on the structure and function of hemoglobin (Hb) could impact

pulmonary and peripheral circulation, possibly eventually leading

to critical or fatal hypoxia (26). Chakraborty recommend the use of

active immunomodulation through TLR5 and activation of the

innate immune to fight against SARS‐CoV‐2 as the main entry

point of this virus is angiotensin‐converting enzyme 2 receptor

respiratory in epithelial cells (27).

To understand how common DEGs regulate COVID-19 (or

ARDS, sepsis) at the transcriptional level, the interactions among

TFs, miRNAs and genes were investigated via web tools. The

identified TFs, such as FOXC1, GATA2, YY1, FOXL1, FOXO3,

STAT1 and STAT3, are associated with COVID-19. In previous

bioinformatics analysis, Ahmed (28) and Islam et al. (29) both

found that FOXC1, YY1, GATA2, and FOXL1 are important TFs

for COVID-19. Coincidentally, Lu Lu also found that FOXC1, YY1,

GATA2 and FOXL1 are important TFs for COVID-19 (30). After a

careful review of the scientific literature, we realized that COVID-19

is a disease caused by a catastrophic cascade of failures stemming
TABLE 2 Continued

Category GO ID Term P Value Genes

GO
Molecular
Function

GO:0003824 catalytic activity 8.57E-04 PFKFB2, DDAH2, ECHDC3, UPP1, OLFM4, BCAT1

GO:0042803 protein
homodimerization
activity

0.002126894 TPST1, CD4, TP53I3, GADD45A, DEFA4, SLC11A1, STOM, IRAK3, NLRC4, CST7, GYG1, UPB1

GO:0004888 transmembrane
signaling receptor
activity

0.004116847 CD4, FCMR, FCGR1A, CLEC1B, TLR5, CD3D

GO:0042008 interleukin-18
receptor activity

0.011098693 IL18RAP, IL18R1

GO:0003873 6-phosphofructo-
2-kinase activity

0.022075366 PFKFB2, PFKFB3

GO:0002020 protease binding 0.024084899 LCN2, INSL3, ATP9A, CD177

GO:0004331 fructose-2,6-
bisphosphate 2-
phosphatase
activity

0.02751836 PFKFB2, PFKFB3

GO:0005524 ATP binding 0.047221652 PFKFB2, PFKFB3, TDRD9, IRAK3, NLRC4, BMX, MAPK14, OPLAH, ACVR1B, SRPK1, PGS1,
MKNK1, KIF1B, NAIP, ATP9A

GO:0042802 identical protein
binding

0.052207838 ARG1, MGST1, KLHL2, AGTRAP, MCEMP1, NLRC4, OPLAH, CD3D, CD4, AIM2, GRB10,
LCN2, STOM, UPP1, BCAT1, GAS7

GO:0061809 NAD+
nucleotidase, cyclic
ADP-ribose
generating

0.085446381 IL18RAP, IL18R1
Top 10 terms of each category are listed.
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FIGURE 3

(A) The bar graphs of the ontological analysis of the common DEGs among COVID-19, ARDS and sepsis. (B) Bubble graphs indicate the results for
KEGG analysis based on the common DEGs among COVID-19, ARDS and sepsis.
TABLE 3 Pathway enrichment analysis of common DEGs among COVID-19, ARDS and sepsis.

Category Pathways P Value Genes

KEGG_PATHWAY Hematopoietic cell lineage 9.55E-04 HLA-DMA, CD4, CR1, FCGR1A, CD24, CD3D

Legionellosis 0.009529899 CR1, NLRC4, TLR5, NAIP

Pantothenate and CoA biosynthesis 0.011199108 VNN1, BCAT1, UPB1

Inflammatory bowel disease 0.013620921 HLA-DMA, IL18RAP, TLR5, IL18R1

Leishmaniasis 0.021374347 HLA-DMA, CR1, FCGR1A, MAPK14

Drug metabolism - other enzymes 0.023620807 MGST1, UPP1, MPO, UPB1

Th1 and Th2 cell differentiation 0.033841345 HLA-DMA, CD4, MAPK14, CD3D

Staphylococcus aureus infection 0.037683794 HLA-DMA, DEFA4, C3AR1, FCGR1A

Viral protein interaction with cytokine and cytokine receptor 0.041740915 IL18RAP, PPBP, CCR3, IL18R1

Th17 cell differentiation 0.050488231 HLA-DMA, CD4, MAPK14, CD3D

(Continued)
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TABLE 3 Continued

Category Pathways P Value Genes

NOD-like receptor signaling pathway 0.053210438 AIM2, DEFA4, NLRC4, MAPK14, NAIP

Transcriptional misregulation in cancer 0.061334532 CCNA1, GADD45A, DEFA4, FCGR1A, MPO

Epstein-Barr virus infection 0.070083846 CCNA1, HLA-DMA, GADD45A, MAPK14, CD3D

Cytokine-cytokine receptor interaction 0.076591926 CD4, IL18RAP, PPBP, ACVR1B, CCR3, IL18R1

Human T-cell leukemia virus 1 infection 0.091699112 CCNA1, HLA-DMA, CD4, CD3D, ETS2

Acute myeloid leukemia 0.094203186 CCNA1, FCGR1A, MPO
F
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FIGURE 4

(A) The PPI network of common DEGs among COVID-19, ARDS and sepsis. In the figure, the octagonal nodes represent DEGs and edges represent the
interactions between nodes. The PPI network was generated using String and visualized in Cytoscape. (B) The hub genes were identified from the PPI network
using the Cytohubba plug in Cytoscape. Here, the colored nodes represent the highlighted top 10 hub genes and their interactions with other molecules.
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FIGURE 5

The Network Analyst created an interconnected regulatory interaction network of DEG-TFs. In it, blue square nodes represent TFs, gene symbols
interact with TFs as yellow circle nodes.
FIGURE 6

The interconnected regulatory interaction network of DEGs-miRNAs. blue squares represented miRNA s, while red circles represented DEGs.
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from the SARS-CoV-2- mediated dysregulation of STATs.

Specifically, the dysfunctions of STAT1 and STAT3 induced by

SARS-CoV-2 proteins may be the foundation of severe COVID-19

pathophysiology (31).

Our results also showed that the regulatory relationship

between miRNAs (mir-335-5p, hsa-mir-26a-5p, hsa-mir-200b-

3p, hsa-mir-194-5p, hsa-mir-192-5p, hsa-mir-143-3p and hsa-

mir-520f-3p) and genes (ACVR1B, MTF1, CD4, MAPK14,
Frontiers in Immunology 11214
DACH1, KIF1B, GAS7 and CYP1B1) that may play important

roles in COVID-19, ARDS and sepsis. It was worth noting that

Huan Hu et al. predicted that mir-335-5p associated with

different genes from COVID-19 (7). Laura Teodori et al.

showed through bioinformatics analysis that miR-335-5p are

regulated by Spike, ACE and histone deacetylation (HDAC)

pathway (32). Upregulation of hsa-mir-26a-5p expression was

significantly associated with inflammatory responses and
TABLE 4 List of the suggested drugs for COVID-19.

Term P-value Chemical Formula Structure

isoflupredone HL60 UP 2.76E-11 C21H27FO5

etynodiol HL60 UP 6.10E-11 C20H28O2

fludroxycortide HL60 UP 1.35E-10 C24H33FO6

flunisolide HL60 UP 5.08E-09 C24H31FO6

halcinonide HL60 UP 6.50E-09 C24H32ClFO5

flumetasone HL60 UP 8.23E-09 C22H28F2O5

diflorasone HL60 UP 1.03E-08 C26H32F2O7

ribavirin HL60 UP 1.03E-08 C8H12N4O5

gabexate HL60 UP 1.29E-08 C16H23N3O4

alclometasone HL60 UP 2.86E-08 C22H29ClO5
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cytokine - and chemokine-mediated signaling pathways in the

sera of lactating mothers with type 1 diabetes (33).

We performed gene-disease (GD) analyses and predicted

significant DEGs associations with different diseases. Diseases

enriched by these DEGs include: major depressive disorder,

mental depression, schizophrenia, cardiovascular diseases,

hypertensive disease, anemia, liver diseases and liver cirrhosis.

Recent studies have proven that people with mental illness,

especially depression and schizophrenia, are at high risk of being

infected by COVID-19 (34). According to the Clinical Bulletin of

the American College of Cardiology (ACC), the mortality rate for

patients with coexisting hypertension or cardiovascular disease

COVID-19 was 6.0% and 10.5%, respectively (35). Besides, 16.7%

of patients face arrhythmia, and 7.2% developed acute cardiac

problems with COVID 19-associated complications (36). A study

reported that 2–11% of COVID-19 patients had primary chronic

liver disease (37). Of those diagnosed with COVID-19, about one-

third of cirrhosis patients die within 10 days, and two-thirds of
Frontiers in Immunology 12215
cirrhosis patients died before admission to the intensive care

unit (38).

The current crisis of the COVID-19 pandemic around the

world has been devastating as many lives have been lost to the

novel SARS CoV-2 virus. Thus, There are bioinformatics studies

that aim to identify promising treatment options for COVID-19

through computational drug reuse. Alfred Olaoluwa Akinlalu’s

study predicted that ethynodiol diacetate exhibited better

binding energy and pharmacokinetic properties than the off-

Wlabel reference drugs (hydroxychloroquine, lopinavir and

remdesivir) which has been currently investigated for the

treatment of COVID-19 (39) . Giuseppe Nunnari has

highl ighted Fluniso l ide , Thal idomide , Lenal idomide ,

Desoximetasone, xylazine, and salmeterol as potential drugs

against SARS-CoV (40). Seyedeh Zahra Mousavi’s research

showed that HDAC inhibitors can be an effective drug against

COVID-19 ( 41 ) . Th e mechan i sm o f a c t i on ne ed s

further investigation.
FIGURE 7

The gene-disease association network represents diseases associated with common DEGs. The disorders depicted by the square node and also its
subsequent gene symbols are defined by the circular node.
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Conclusions

We performed a functional analysis under ontology terms

and pathway analysis and found some common associations

among COVID-19, ARDS and sepsis. Transcription factors–

genes interaction, protein–drug interactions, and DEGs-

miRNAs coregulatory network with common DEGs also

identified on the datasets. We believe that the candidate drugs

obtained in this study may contribute to the effective treatment

of COVID-19. So, our identified genes can be a novel therapeutic

target for COVID-19 vaccine development.
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Background: Prone position ventilation (PPV) can significantly improve oxygenation
index and blood oxygen saturation in most (70%–80%) patients with acute
respiratory distress syndrome. However, although PPV is not an invasive
procedure, there are many potential PPV-related complications, such as nerve
compression, crush injury, venous stasis (e.g., facial oedema), pressure sores, retinal
damage, vomiting, and arrhythmia, with an incidence of up to 56.9%. Nursing
managers have focused on reducing the occurrence of PPV-related complications
and improving safety.

Objective: To construct a prone ventilationmanagement scheme for patients with
severe coronavirus disease 2019 (COVID–19) and analyse its application effect.

Methods: Based on a previous evidence-based study combined with the COVID-
19 Diagnosis and Treatment Protocol (Trial Edition 9), a prone ventilation
management protocol for severe COVID-19 was formulated and applied to
COVID-19 patients in the intensive care unit of a designated hospital. A
prospective self-control study was used to compare changes in the
oxygenation index and other outcome indicators before and after the
intervention.

Results: The oxygenation index of patients after intervention (321.22 ± 19.77mmHg)
was significantly higher (p < 0.05) than before intervention (151.59 ± 35.49mmHg).
The difference in oxygenation index in different prone position ventilation durations
was statistically significant (p<0.05). Nursing quality evaluation indicators showed that
the implementation rate of gastric residual volume assessment was 100% and the
incidence of occupational exposure and cross-infection was 0%; the incidences of
pressure ulcers, drug extravasation, and facial oedema were 13.64% (3/22), 4.54% (1/
22), and 4.54% (1/22), respectively. The incidence of unplanned extubation, aspiration,
and falls/falls was 0%.
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1 Introduction

Prone position ventilation (PPV), in which patients are
mechanically ventilated from the prone position, was first
developed in the 1970s as a way to improve the oxygenation
method for acute respiratory distress syndrome (ARDS) (Petrone
et al., 2021). Multiple randomised controlled studies have shown
that prone ventilation can reduce the pleural pressure gradient of
patients, restore ventilation in the dorsal segment of the lung,
significantly improve the oxygenation index and blood oxygen
saturation of patients, and reduce 28-day mortality (Munshi
et al., 2017a; Douglas et al., 2021). Since the onset of the
coronavirus disease 2019 (COVID-19), the outbreak has spread
rapidly, leading to a global pandemic. In 2022, due to the
characteristics of high infectivity, occultness, and fast
transmission rate, the Omicron variant of the novel coronavirus
circulating in Shanghai is widely susceptible to infection, especially
in the older adults, who are prone to develop into severe and critical
forms with high severity and fatality rates (Cai et al., 2022; Zhang
et al., 2022). Sparing no effort to treat critically ill patients,
improving the treatment rate, and reducing the case fatality rate
has become important. Severe and critically ill patients should be
treated in a standard prone position for no less than 12 h a day,
according to the ninth version of the Diagnosis and Treatment
Protocol for the novel coronavirus pneumonia. Therefore, standard
and scientific PPV is the premise of ensuring the effectiveness of
treatment and patient safety.

However, although PPV is not an invasive procedure, it is complex
and has many potential complications. Several studies have shown that
PPV can lead to complications such as stress injury, unplanned
extubation, falls, aspiration, and arrhythmia, with an incidence as
high as 56.9% (Malhotra and Kacmarek, 2020; Moore et al., 2020). In
addition, Liu et al. (Liu et al., 2018) pointed out that the prone
ventilation treatment rate of patients with severe ARDS in China
was only 8.7%, and the high complication rate and low compliance
were related to the lack of standardised surgical procedures. In recent
years, clinical studies on PPV have mainly focused on the application
effect of PPV in different populations and diseases and the analysis of
its haemodynamic effect on patients (Huang et al., 2021; Lu et al.,
2021). Nursing studies are mostly fragments of experience or
summary, and there is still a lack of standard preventive measures
and management plans for the whole process, not to say, related
nursing guidelines or expert consensus to standardise the
implementation of clinical PPV. Therefore, this study intended to
develop management plans based on previous evidence-based PPV
studies (Peng et al., 2021) and combined them with the characteristics
of PPV in patients with severe novel coronavirus pneumonia to
provide a basis and empirical reference for clinical nursing.

2 Methods

2.1 Construction of PPV management
scheme for severe COVID-19

2.1.1 Build a research team
The research team consisted of 12 members, including seven

senior titles, three intermediate titles, one junior title, and one

master’s degree student. It consisted of three experts in prone
ventilation medicine, three in critical care medicine, one
respiratory therapist, one evidence-based nursing expert, one
scientific research nurse, two clinical nurses, and one graduate
student. Specialists, respiratory therapists, and research nurses
were primarily responsible for the development of management
plans. Clinical nurses are responsible for personnel training, quality
control, and program implementation. The research nurse was
responsible for the overall project progress control and liaison
consultations. The graduate students were responsible for
collecting clinical data and outcome indicators. The research
team regularly organised group meetings to implement the
project’s progress, and the members worked closely with each other.

2.2 Develop a PPV management plan for
severe COVID-19

This study was based on the previous PPV evidence-based
research (Peng et al., 2021), combined with the Diagnosis and
Treatment Protocol for Novel Coronavirus Pneumonia (Trial
Ninth Edition). The management scheme of PPV was
constructed from the aspects of standard operating flow,
checklist, complication prevention, risk emergency plan, lung
ultrasound-guided nursing flow and quality supervision, etc.

2.2.1 Standard operating procedures
(1) Self-protection: Medical personnel should adopt protective

measures in accordance with secondary protection standards.
(2) Medical evaluation: Evaluation of indications, contraindications,

and informed consent. Indications: Common, severe, and
critically ill patients with high-risk factors for severe COVID-
19 and rapid disease progression. Contraindications: cervical
spine injury, unstable fracture, heart surgery/post-traumatic
thoracotomy within 24 h after heart surgery, severe
haemodynamic instability, increased intracranial pressure,
pregnancy, etc. cannot tolerate the prone position. Prior to
prone ventilation, authorised informed consent was required.

(3) Nursing evaluation: Check the doctor’s orders and evaluate the
patient’s vital signs, pipelines (arterial catheterisation, venous
access, gastric tube, urinary tube, etc.), Richmond Agitation-
Sedation Scale (RASS), gastric residual volume (suspension of
enteral nutrient pumping, gastric residual volume), body
weight, turning direction, and skin integrity.

(4) Materials: Prepare the rescue truck, turning sheet, closed
sputum suction tube, electrode, extension tube, soft pillow,
and pressure-relief tape.

(5) Personnel preparation: Every turn requires at least five teams of
doctors, nurses, and respiratory therapists to work together, the role
that team members introduce themselves and show, respiratory
therapists, standing on the patient’s head to be responsible for the
overall coordination, and patients with both need to have at least
two staff, according to the number of patients with weight gain.

(6) Airway/respiration: The ventilator should be as close to the
patient’s side as possible. A difficult airway intubation cart
(bag) and negative pressure suction were placed in the standby
state, and the results of laryngoscopy and length of endotracheal
intubation were checked again. Fixation or binding of tracheal
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tubes; Oxygenate the patient with 100% oxygen; monitor tidal
volume and inspiratory pressure; perform an arterial blood gas
test, and record the results.

(7) Supine position to prone position: Start a timeout. Timeout refers
to a pause before surgery. Perform a procedural check before the
official turn to ensure that the teammembers are ready; try to stay
away from the patient’s airway to reduce the risk of occupational
exposure; loosen the cover, spread the rollover sheet, stick the
decompression tape, prepare the head soft pillow; remove
electrode sheet; fold the patient’s arm under the buttocks,
palm facing forward, turn over the single wrap; turn over to
the other side and stick the electrode sheet; the patient was turned
over on the anteroposterior side with a single turn; head ring pad
or face pad decompression, so that the patient’s arm in a
swimming position, shoulder abduction 80°, elbow bending
90°; tidy the bed unit, cushion soft pillow, pay attention to

privacy and heat preservation; keep head high and foot low,
the head height of 30°; The length of prone position was recorded
and each shift was handed over to continue treatment and
nursing. The entire turning process was gentle, avoided large
movements, and reduced the risk of aerosol transmission.

(8) Prone to supine position: Adjust the bed to a horizontal position,
undress, and check the length of the catheter. Remove soft
pillows. Turn to your side with your arms in front of you and
wrap the rollover sheet. Subsequently, the electrode sheet was
removed. An electrode sheet was attached to one side of the
electrode. The patient returned to the supine position with a roll
sheet. Clear respiratory tract, tidy bed unit, and record.

2.2.2 Operation check sheet
A checklist for prone ventilation operations was developed and

implemented as shown in Table 1.

TABLE 1 Checklist for prone position ventilation operations.

Project Content of verification Results of verification Signature

1 Evaluate and check doctor’s orders

2 Materials: 3 soft pillows, 1 silicone pillow, 2 nursing pads, 1 medium sheet, 1 set of closed sputum suction
tubes, 5 ECG electrodes, 3 cotton pads, intubation cart (bag) and rescue cart

3 Patient preparation: intravenous access, ECG monitoring, indwelling gastric tube and urinary tube, an
indwelling catheter for measuring pressure, ensure that all tubes are long enough and properly fixed

4 Check catheter position, stop nasal feeding, evacuate gastric residual, determine turning direction,
administer pure oxygen, record ventilator parameters

5 Team members take the position, release the electrodes, cuff, and gown, move the patient to the edge of
the bed (proximal side), extend the distal arm naturally, and press it under the ipsilateral hip

6 Place a soft pillow on the abdomen and chest, cover the chest of the patient with a medium sheet, wrap
the distal arm, and press them together under the patient

7 Put the patient in the lateral decubitus position, pull the medium sheet edge under the distal hand
horizontally, and another team member pulls the proximal side medium sheet edge to turn the patient
over and move the patient to the centre. The member standing on the head protects the patient’s cervical
vertebra and maintains the pipeline unobstructed, and connects the ECG monitoring

8 Maintain the patient’s upper body breaststroke position with the right hand slightly raised and the right
leg slightly bent to promote comfort and protect the skin

9 Adjust the bed to head high and feet low, clean up the secretions from the mouth and nose, arrange the
pipes, and properly fix it

10 Arrange the bed unit, record the vital signs and adjust the parameters of the ventilator

11 Assist the patient to turn his face to the opposite side every 2 h, change the position of hands and feet at
the same time, suction sputum as needed, slow nasal feeding, and close observation

Direction R L R L R L R L R L R L

Time

Signature

12 At the end of the prone position, arrange all the pipes, remove the electrodes, take off the hospital gown,
remove all pillows under the patient, and place both hands and feet on the floor until completely supine

13 The person standing at the head fixed the breathing line and endotracheal tube and maintained the
functional position of each line to prevent slip. The team members moved the patient to face the side of
the bed, put the far arm under the patient, held the opposite medium sheet, supported the shoulder and
hip, and synchronously turned the patient back to a supine position

14 Intimate electrodes put on a gown, record vital signs

15 Clean up the secretions from the mouth and nose, arrange the pipes and fix them properly

Note
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2.2.3 Complication prevention and risk emergency
plan

According to the 6s model (Xie et al., 2021) of evidence-based
resources from the top down to the principle of computer retrieval
PPV-associated complication prevention guidelines, system evaluation,
project, etc., evidence extraction prevents stress damage (Malhotra and
Kacmarek, 2020;Moore et al., 2020; Peng et al., 2021), planned extubation
(Intensive Care Society and Faculty of Intensive Care Medicine, 2019;
Tissue Viability Society, 2020), and facial oedema (Intensive Care Society
and Faculty of Intensive Care Medicine, 2019; Tissue Viability Society,
2020), evidence of common complications such as aspiration (Intensive
Care Society and Faculty of Intensive CareMedicine, 2019) (Table 2), and
the brainstorming method is used to formulate the corresponding risk
contingency plans. Meanwhile, according to the characteristics of the
transmission of the novel coronavirus, an occupational exposure disposal
system and procedures for medical staff in the isolation ward of the novel
coronavirus were formulated.

2.2.4 Nursing process guided by lung ultrasound
Lung re-expansion in the gravity-dependent area was evaluated

using severe ultrasound to guide the treatment time and frequency
of prone ventilation. At the same time, the effectiveness of prone
ventilation was predicted by the semi-quantitative lung ultrasound
score, and in vitro treatment, turning over, back-patting, and
mechanical sputum drainage were also guided. In addition, prone
ventilation often requires deep sedation or muscle relaxation
therapy, which may affect circulation. In this study, the team

used ultrasound to evaluate and monitor the haemodynamics of
patients and selected the appropriate cardiac output for patients,
thus playing a role in protecting pulmonary circulation.

2.2.5 Quality supervision
The Donabedian structure-process outcome model was adopted

as the theoretical framework, and two rounds of the Delphi method
of expert correspondence consultation were used to determine the
evaluation indices of prone ventilation nursing quality in patients
with severe novel coronavirus pneumonia. Quality supervision was
carried out on the entire prone ventilation process of patients with
severe novel coronavirus pneumonia from three dimensions:
structure, process, and result.

3 Clinical application of prone
ventilation management scheme in
patients with severe novel coronavirus
pneumonia

3.1 Sample

In April 2022, under the deployment of the National Health
Commission and Shanghai Municipal Health Commission, the third
batch of medical teams from Hunan Province took over the medical
treatment, nursing, infection prevention, and control work of the
intensive care unit (ICU) of a designated hospital for treating

TABLE 2 Summary of evidence on the prevention of complications related to prone position ventilation.

Complications Content of evidence Recommended
level

Stress-induced injury It is recommended to evaluate the risk of stress-induced injury before prone position ventilation (Moore et al., 2020) A

Regularly assess high-risk areas in the prone position, including cheeks, auricle, clavicle, chest, breast, pubic symphysis,
iliac crest, male genitalia, knees and toes. To assess changes in skin and tissue integrity, colour, temperature, hardness
and humidity, and to assess the grading of pressed red or damaged skin (Malhotra and Kacmarek, 2020; Peng et al., 2021)

A

It is recommended to prophylactically apply transparent film dressing, foam dressing, hydrocolloid dressing, etc., in
high-risk or key compression parts (Malhotra and Kacmarek, 2020; Peng et al., 2021)

A

Unplanned extubation A special person is responsible for tube management during a position change. For patients who receive extracorporeal
membrane oxygenation (ECMO) treatment, it is recommended that an additional person be assigned to manage the
ECMO tube during the process of turning over (Intensive Care Society and Faculty of Intensive Care Medicine, 2019)

B

Ensure that all conduits are reserved for adequate length, and use extension tubing if necessary (Tissue Viability Society,
2020)

A

It is suggested to have double fixation of the tube and reasonably restrain the patient (Intensive Care Society and Faculty
of Intensive Care Medicine, 2019)

B

Oedema of the face The head direction should be changed every 2 h, the head ring pad or facial pad should be used for decompression, and
the protective pad with adsorption function should be placed under the head to reduce the stimulation of oral or nasal
secretions on the skin (Intensive Care Society and Faculty of Intensive Care Medicine, 2019; Tissue Viability Society,
2020)

A

The patient’s eyes are closed and protected with gauze or film to ensure that the eyelashes face outward to avoid direct eye
pressure (Intensive Care Society and Faculty of Intensive Care Medicine, 2019)

A

In the prone position, the head is high and the feet are low, and the head of the bed is kept at 30° to reduce head and face
oedema (Intensive Care Society and Faculty of Intensive Care Medicine, 2019)

A

Aspiration Before the position change, the enteral nutrient solution pumping was suspended, and the gastric residual volume was
evacuated (Intensive Care Society and Faculty of Intensive Care Medicine, 2019)

A

It is recommended to evaluate gastric residual volume in each class (Intensive Care Society and Faculty of Intensive Care
Medicine, 2019)

B
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COVID-19 in Shanghai. This study included patients with severe
novel coronavirus pneumonia who were admitted to the ICU as the
research object. Inclusion criteria were as follows: 1) age >18 years;
2) any of the following:① shortness of breath, RR ≥ 30 times/min;②
in the resting state, the oxygen saturation <93%; ③ partial pressure
of oxygen (PaO2)/concentration of oxygen (FiO2) ≤ 300 mmHg
(1 mmHg = 0.133 kPa); ④progressive aggravation of clinical
symptoms, lung imaging shows an obvious progression of the
lesion >50% within 24–48 h; 3) the time of prone position
ventilation being intubated ≥12 h; 4) patients or family members
signed informed consent. The sample size was calculated using the
method of estimating the sample size of the paired design, n =
[(α+β)σd/δ]̂2, where δ is the required differentiation, σd is the
population standard deviation of each pair difference. Referring
to the previous study (Douglas et al., 2021), where the oxygenation
index σd was 147 and δ was 107, the sample size was calculated to be
16, and a 10% loss of follow-up was considered. Therefore, the
required sample size was 19.

3.2 Research methods

A prospective self before and after the control study was used to
manage the subjects meeting the inclusion criteria strictly in
accordance with the prone position ventilation management
scheme for severe novel coronavirus pneumonia, and the changes
in various outcome indicators before and after intervention were
compared to evaluate the effect. To ensure the homogeneity of
intervention quality, all members of the medical team were trained
by two specialist nurses in the form of Tencent conferences, face-to-
face meetings, and operation demonstrations. The training content
covers management schemes such as the standard operating flow of
prone ventilation, checklist, complication prevention, risk
emergency plan, lung ultrasound-guided nursing flow, and
quality supervision. Nursing personnel could only participate in
the study after they passed the assessment.

3.3 Effect evaluation index and data
collection method

The oxygenation index, also known as the ventilation/perfusion
index, was calculated as arterial oxygen partial pressure (PaO2)/
oxygen absorption concentration (FiO2) ×100%. In this study, the
oxygenation index of patients was obtained by blood gas extraction
before prone position ventilation, 8, 12, and 16 h after treatment to
evaluate the changes in oxygenation before and after prone position
ventilation. At the same time, the incidence of occupational
exposure, incidence of cross-infection, execution rate of gastric
residual volume assessment, incidence of stress injury, incidence
of unplanned extubation, incidence of facial oedema, aspiration,
drug exosmosis, and fall/fall incidence were analysed.

3.4 Statistical methods

SPSS 22.0 software was used for data entry and statistical
analysis. The measurement data were described by mean ± SD

and analysed using the t-test or variance analysis. The data were
described by frequency and percentage and analysed
statistically by chi-square test, Fisher’s exact probability test,
or rank sum test. Statistical inference was performed according
to a test level of α = 0.05. The p-value was a bilateral probability
value, and p < 0.05 meant that the difference was statistically
significant.

4 Results

4.1 General data analysis

A total of 22 severely ill patients with prone ventilation were
included, including nine males and 13 females. There were 2 cases of
the normal type, 15 cases of the severe type, and 5 cases of the critical
type. The patients were aged between 68 and 96 (85.82 ± 8.20) years,
and the RASS score before prone ventilation was −5 to −3 (−4.41 ±
0.59) points. Acute physiology and chronic health evaluation Ⅱ
(APACHE Ⅱ) was 13–23 (19.05 ± 2.34) minutes, the total duration of
prone ventilation was 19.00–52.00 (34.14 ± 8.22) h, an average of
12.67–22.00 (16.83 ± 2.46) h per day. In addition to the novel
coronavirus pneumonia, admission diagnosis also included
hypertension, diabetes, coronary heart disease, sequelae of
cerebral infarction, cirrhosis, epilepsy, sequelae of intracerebral
haemorrhage, intracerebral haemorrhage in the basal ganglia area
breaking into the ventricle, and renal failure (Supplementary
Table S1).

4.2 Trend of oxygenation index before and
after prone ventilation treatment

The oxygenation index of patients with severe novel coronavirus
pneumonia after intervention with the prone ventilation
management scheme (321.22 ± 19.77 mmHg) was significantly
higher than that before intervention (151.59 ± 35.49 mmHg), and
the difference was statistically significant (p < 0.05). A comparison of
the oxygenation index of ventilation duration in different prone
positions is shown in Table 3, and the results show that with an
increase in ventilation duration in the prone position, the
oxygenation index of patients showed a significant linear growth
trend (p < 0.05).

4.3 Analysis of nursing quality evaluation
index

Twenty-two patients were turned from the supine to the
prone position 45 times. The implementation rate of the gastric
residual volume assessment before position conversion was
100%. The incidence of occupational exposure and cross-
infection during the operation for position conversion was
0%. The incidence rates of ventilation-related complications
in the prone position were 13.64% (3/22) for pressure injury,
4.54% (1/22) for drug exosmosis, 4.54% (1/22) for facial
oedema, and 0% for unplanned extubation, aspiration, and
fall/fall.
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5 Discussion

5.1 The oxygenation index of patients with
severe novel coronavirus pneumonia varies
with the time of prone position

The lungs of patients with severe novel coronavirus pneumonia
mainly exhibit bilateral diffuse alveolar injury with fibrous
mucinous exudation. Patients with ARDS experience hypoxia,
which can lead to multiple organ dysfunction and even death.
Therefore, reducing hypoxia is a key factor in the treatment of
COVID-19 patients. Several multi-centre, prospective,
randomised controlled studies (Guérin et al., 2013; Munshi
et al., 2017b) have shown that prone ventilation can not only
improve the oxygenation of patients but also significantly reduce
the mortality of 28 and 90 days for patients with severe ARDS by
extending prone ventilation at an early stage. In this study, prone
ventilation was used as the main measure to “advance the
threshold” in the treatment of severe novel coronavirus
pneumonia. The early intervention significantly improved the
oxygenation index of patients with severe novel coronavirus
pneumonia, and the average oxygenation index was greater
than 300 mmHg, which was highly recognised by experts in the
medical treatment group of the Joint Prevention and Control
Mechanism of The State Council. It was also introduced and
promoted in the training sessions of designated and makeshift
hospitals in Shanghai, which confirmed the importance of prone
ventilation in the treatment of novel coronavirus pneumonia. In
addition, the results of this study showed that there were
significant differences in the oxygenation index of patients with
severe novel coronavirus pneumonia with different prone position
ventilation durations, and with the increase in prone position
ventilation duration, the oxygenation index of patients showed a
significant linear growth trend. Therefore, it is important to
standardise and implement the length of the prone position in
the treatment of prone ventilation. It is recommended that all
designated hospitals strictly comply with the Diagnosis and
Treatment Protocol for Novel Coronavirus Pneumonia (Trial
Version 9) and ensure that the prone position is treated for at
least 12 h per day. The 2019 International Guidelines Official
Guidelines: Management of Acute Respiratory Distress
Syndrome (Papazian et al., 2019) strongly recommends that
ARDS patients with an oxygenation index less than 150 mmHg
should continue prone ventilation for at least 16 h. In this study,
the average duration of prone ventilation for patients with severe
novel coronavirus pneumonia was 16.83 h per day. This also
indicates that the implementation of the management scheme
in this study improves compliance with prone ventilation
therapy to a certain extent.

5.2 The prone position ventilation
management scheme for severe novel
coronavirus pneumonia can standardise the
implementation of clinical PPV

This study, according to the results of prone position ventilation
in patients with gastric residual position prior to the conversion of
quantitative evaluation are enforced is 100%. The incidence of
complications related to aspiration-prone position ventilation was
0%, suggesting that the correct nursing assessment is the
precondition for the implementation of prone position
ventilation, evaluation, and risk assessment in addition to skin
prone position ventilation duct outside the risk assessment which
still needs to focus on assessing gastric residual volume and reducing
the incidence of complications, such as aspiration. Because of the
new coronavirus infectious pneumonia, we have put the severe new
coronavirus pneumonia nursing quality evaluation index in prone
position ventilation and invited fixed-point hospital joint experts to
write to the circuit court sense of experts. This has increased the
incidence of occupational exposure and cross-infection incidence of
outcome indicators, and the results showed that the incidence was
0%, suggesting that the implementation of this program has
strengthened the implementation of infection prevention and
control measures. Second, according to the results of prone
position ventilation duct complications related to the highest
stress injury, has to do with Moore (Moore et al., 2020), such as
the results are consistent, analyse the causes, and possible thinning
and senile patients with skin and associated with basic diseases such
as diabetes; further prompt medical personnel need to be
strengthened in the prone position treatment in patients with
skin protection. It is recommended to use the Braden stress
injury risk scale for daily assessment, and formulate
corresponding nursing measures according to the assessment
results. The Omicron variant of the novel coronavirus circulating
in Shanghai is highly contagious, and most severe novel coronavirus
pneumonia cases occur in older adults patients. The average age of
severe patients included in this study was 85.82 years, and most of
them were complicated with basic diseases such as hypertension,
diabetes, coronary heart disease, and cerebral infarction, most of
whom were physically disabled, which brought great challenges to
treatment and nursing. But this study through the formulation and
application of severe new coronavirus pneumonia patients prone
position ventilation management scheme, to the largest extent,
reduces the prone position ventilation related nursing security
incidents, visible, severe new coronavirus pneumonia patients
prone position ventilation management consultation can
standardise the prone position ventilation operation process,
operation checklist and nursing quality evaluation index. It is
beneficial to improve nursing quality and promote patient safety.

TABLE 3 Trend of oxygenation index before and after prone position ventilation (PPV) treatment (n = 22).

Before PPV
treatment

PPV treatment
for 8 h

PPV treatment
for 12 h

PPV treatment
for 16 h

After PPV
treatment

F P

Oxygenation index
(mmHg)

151.59 ± 35.49 203.72 ± 38.65 264.95 ± 34.13 315.31 ± 21.05 321.22 ± 19.77 206.707 0.000
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Conclusion

This study was based on previous evidence-based research,
combining the Chinese diagnosis and treatment plan for COVID-
19 (Trial Version 9), from the prone position ventilation operation
flow, operation checklist, complications, risk prevention, emergency
plan, lung ultrasound guidance of nursing process, and quality
supervision critical aspects such as building a new coronavirus
pneumonia prone position ventilation management solution. The
application of this scheme can standardise and promote the
implementation of PPV for severe novel coronavirus pneumonia,
improve the quality of care, and improve the prognosis of patients.
The evaluation index of nursing quality can facilitate a more objective
and comprehensive clinical evaluation of the nursing quality of prone
position ventilation for severe novel coronavirus pneumonia, and
achieve continuous quality improvement. However, this study has the
following limitations: 1) small sample size; 2) given ethical reasons, no
control group was set up; only before and after the study subjects
themselves were compared. Because the severity of the disease is not
completely consistent in the comparison, it is difficult to ensure
consistency of the starting points of the two stages, which may
affect the comparability of the two stages. Therefore, the results of
this study need to be further verified.
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Introduction: The COVID-19 pandemic is a major global public health crisis.

More than 2 years into the pandemic, effective therapeutic options remain

limited due to rapid viral evolution. Stemming from the emergence of multiple

variants, several monoclonal antibodies are no longer suitable for clinical use.

This scoping review aimed to summarize the preclinical and clinical evidence for

bebtelovimab in treating newly emerging SARS-CoV-2 variants.

Methods:We systematically searched five electronic databases (PubMed, CENTRAL,

Embase, Global Health, and PsycINFO) from date of inception to September 30,

2022, for studies reporting on the effect of bebtelovimab in SARS-CoV-2 infection,

using a combination of search terms around ―bebtelovimab‖, ―LY-

CoV1404‖, ―LY3853113‖, and ―coronavirus infection‖. All citations were

screened independently by two researchers. Data were extracted and thematically

analyzed based on study design by adhering to the stipulated scoping review

approaches.

Results: Thirty-nine studies were included, thirty-four non-clinical studies were

narratively synthesized, and five clinical studies were meta-analyzed. The non-

clinical studies revealed bebtelovimab not only potently neutralized wide-type

SARS-CoV-2 and existing variants of concern such as B.1.1.7 (Alpha), B.1.351

(Beta), P.1 (Gamma), and B.1.617.2 (Delta), but also retained appreciable activity

against Omicron lineages, including BA.2.75, BA.4, BA.4.6, and BA.5. Unlike other

monoclonal antibodies, bebtelovimab was able to bind to epitope of the SARS-

CoV-2 S protein by exploiting loop mobility or by minimizing side-chain

interactions. Pooled analysis from clinical studies depicted that the rates of

hospitalization, ICU admission, and death were similar between bebtelovimab
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and other COVID-19 therapies. Bebtelovimab was associated with a low

incidence of treatment-emergent adverse events.

Conclusion: Preclinical evidence suggests bebtelovimab be a potential

treatment for COVID-19 amidst viral evolution. Bebtelovimab has comparable

efficacy to other COVID-19 therapies without evident safety concerns.
KEYWORDS

bebtelovimab, monoclonal antibody, SARS-CoV-2, COVID-19, omicron, variant,
neutralization, spike protein
1 Introduction

The COVID-19 pandemic is the most significant global public

health crisis of this generation, resulting in a high estimated excess

mortality rate across the globe (1). Older adults and individuals with

multimorbidity are predominantly vulnerable to the severe clinical

course of COVID-19, in-hospital complications, and death (2).

While several vaccines have been proven to be highly effective in

reducing the incidence of hospitalization and death attributed to

numerous causative SARS-CoV-2 variants (3), there has been

significant hesitancy among the population with vaccine uptake,

thus hampering the attainment of vaccination coverage required for

population immunity (4). Furthermore, given the increased risks of

COVID-19 infection and severe disease associated with inactivated

whole-virus vaccines (5), the widespread use in many countries

worldwide, particularly in crowded low- and middle-income

countries that bear potentially higher risks of emerging SARS-

CoV-2 variants becoming the epicenter for further spread and

health care crisis warrants the need of effective therapeutic

intervent ions to prevent severe disease progress ion,

hospitalization, and mortality.

A growing body of evidence shows that monoclonal antibody

therapies significantly reduce the risk of hospitalization of COVID-

19 when administered early (6). Monoclonal antibodies are the

largest class of biologicals for use in clinical practice, comprising a

myriad of structures, ranging from small fragments to intact,

modified, or unmodified immunoglobulins, all of which possess

an antigen-binding domain (7). The emergence and proliferation of

SARS-CoV-2 variants have been demonstrated to impair the

efficacy of monoclonal antibody therapies due to the occurrence

of mutations in the antigenic supersite of N-terminal domain or the

ACE2-binding site (receptor-binding motif) of SARS-CoV-2, both

major binding targets of the neutralizing monoclonal antibodies (8).

To date, five types of anti-SARS-CoV-2 antibody drugs have been

developed, namely bebtelovimab, bamlanivimab plus etesevimab,

casirivimab plus imdevimab, sotrovimab, and tixagevimab-

cilgavimab (9).

Of note, circulating variants of concern in the communities

affect the effectiveness of each anti-SARS-CoV-2 monoclonal

antibody therapy. The emergence and proliferation of SARS-

CoV-2 B.1.1.529 Omicron virus has rendered specific monoclonal

antibodies ineffective due to a marked reduction in neutralizing
02227
activity (10). A live virus focus reduction neutralization test depicts

that combinations of monoclonal antibodies, including

bamlanivimab plus etesevimab, casirivimab plus imdevimab, as

well as tixagevimab-cilgavimab have neutralizing activity against

early strain and the Alpha and Delta variants. Nonetheless,

etesevimab plus bamlanivimab exhibits dramatically decreased

activity against Gamma variant and exerts no inhibitory effect

against Omicron and Beta variants. On the other hand,

casirivimab plus imdevimab shows efficacy against Beta and

Gamma variants, whilst losing neutralizing activity against

Omicron. Tixagevimab-cilgavimab elicits inhibitory activity

against Beta, Gamma, and Omicron variants, but the titer of

monoclonal antibodies required for a 50% reduction in the

number of infectious foci (FRNT50 or sometimes also referred to

as IC50) is 24.8 to 142.9 higher for Omicron than for Beta or

Gamma. Likewise, sotrovimab remains to have neutralizing activity

against Beta, Gamma, and Omicron variants, but nevertheless, the

FRNT50 value is 3.7 to 198.2 higher for Omicron than for Beta or

Gamma (11).

In another experiment, etesevimab plus bamlanivimab is found

to have no neutralizing activity against Omicron/BA.2. Casirivimab

plus imdevimab can inhibit Omicron/BA.2, but no neutralizing

activity is demonstrated against Omicron/BA.1 or Omicron/BA.1.1.

Tixagevimab-cilgavimab retains activity against Omicron/BA.2.

Sotrovimab has been depicted to have lower neutralizing activity

against Omicron/BA.2 compared to Omicron/BA.1, Omicron/

BA.1.1, and the ancestral strain. The FRNT50 value of each of

these monoclonal antibodies is considerably higher for Omicron/

BA.2 in comparison with the ancestral strain and other variants of

concern (12).

In view of the global dominance of the Omicron variant and the

diminished therapeutic effect against the newly emerged variant, the

United States National Institutes of Health (NIH) COVID-19

Treatment Guidelines Panel no longer recommends the use of

bamlanivimab plus etesevimab, casirivimab plus imdevimab, or

sotrovimab for the treatment of COVID-19. At present,

tixagevimab-cilgavimab is shown to be safe and efficacious as pre-

exposure prophylaxis and potential treatment for mild to moderate

COVID-19 (13). On the other hand, bebtelovimab, being the sole

monoclonal antibody that remains effective in vitro against all

circulating Omicron subvariants (14), is approved by the United

States Food and Drug Administration (FDA) and the NIH COVID-
frontiersin.org
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19 Treatment Guidelines Panel as a therapeutic option in high-risk

patients with COVID-19 (9, 15).

One of the strategies to ascertain the role of bebtelovimab in

mild to moderate COVID-19 infection is evidence synthesis using

existing literature to inform and design studies of this promising

therapy. Recognizing this gap, a scoping review is performed to

identify and delineate of the current state of research evidence on

the effect of bebtelovimab on COVID-19. The findings of the review

will be utilized to inform future research within the theme of human

IgG1 monoclonal SARS-CoV-2 antibody and possibly other

research groups examining biologic drugs and lay a cornerstone

of the foundation for formulating laboratory guidance and clinical

tools for biomedical researchers to work on therapeutic options for

COVID-19 patients.
2 Methods

2.1 Overview

We conducted a systematic search to identify the preclinical and

clinical evidence concerning the therapeutic effects of bebtelovimab

in COVID-19. The scoping review was done in accordance with the

Preferred Reporting Items for Systematic Review and Meta-

Analysis Extension for Scoping Reviews (PRISMA-ScR) (16) and

the Joanna Briggs Institute (JBI) (17). Our aim was to present a

rigorous, comprehensive, systematic approach to synthesize the

current heterogeneous literature to ascertain gaps in knowledge

and provide an effective summary for practitioners and guide

researchers across the disciplines ranging from the laboratory

bench to real-world clinical environment. The synthesis of

evidence focused on in vitro studies, in vivo studies, clinical trials,

and modeling studies that investigated the effect of bebtelovimab on

SARS-CoV-2 infection.
2.2 Search strategy and selection criteria

We searched five electronic bibliographic databases, namely

PubMed, Cochrane Central Register of Controlled Trials

(CENTRAL), Embase, Global Health, and PsycINFO, for articles

published in English from database inception until September 30,

2022 using a combination of search terms relating to bebtelovimab

and COVID-19, as provided in the Appendix. Reference lists and

tracked citations of retrieved articles were scrutinized to locate

relevant publications not detected during the database searches.

Preprint servers of bioRxiv and medRxiv were also searched for

additional studies. Authors were contacted for further information

that was not available in the published material (18).

Publications were deemed eligible for inclusion if they reported

on preclinical or clinical findings regarding the use of bebtelovimab

in SARS-CoV-2 infection. Studies were excluded if they reported

aggregation of outcomes from different monoclonal SARS-CoV-2

antibody therapies but did not evaluate an actual or specific impact

of bebtelovimab.
Frontiers in Immunology 03228
2.3 Article selection

All citations were imported into EndNote (version X9)

reference management software and duplicates were removed.

Study selection was undertaken by two reviewers and occurred in

two stages, comprising initial title and abstract screening, followed

by full-text review. In each stage, two reviewers independently

evaluated each study against a set of pre-specified inclusion and

exclusion criteria to determine whether it should move forward.

Any incongruences were resolved through discussion, or, in the case

of no consensus, a third reviewer was involved.
2.4 Data analysis

A standardized data extraction form was developed and

independently piloted using Microsoft Word. Data from included

studies such as details of therapeutic intervention, study

characteristics and design, data for our focal outcomes, analytical

methods, results, as well as individual study strengths and limitations

were independently extracted by two reviewers. The complete data

extraction was verified by a third reviewer. All findings were

subsequently collated and summarized through the description of

narrative synthesis approach. In light of variability in the study

designs, we did not plan to formally appraise the methodological

quality of the included studies. However, we did provide comments

on the limitations of the studies. We also estimated summary risk

ratio (RR) using pairwise random-effects meta-analysis.
3 Results

The database search yielded 66 records, of which 24 duplicate

records were removed. 23 additional articles were identified by

manual searching. Hence, 65 full-text articles were assessed for

eligibility, of which 39 were included in the review (Figure 1). 34

studies were non-clinical research (19–52), encompassing in vitro

virus neutralization experiments (19–50), immunoinformatic

analysis (51), and deep mutational scanning (52). The remaining

5 studies were clinical research (18, 53–56), comprising randomized

controlled trial (53) and retrospective cohort studies (18, 54–56). 17

studies were conducted in the United States (28, 30, 34, 35, 38, 42,

45, 49, 50, 56), 8 in China (19, 23–26, 31, 48), 7 in Europe (20–22,

29, 36, 37, 41), 4 in Japan (39, 40, 46, 47), 2 in India (32, 51), and 1

across three countries, namely United States, Argentina, and Puerto

Rico (53). A summary of the main characteristics of each individual

study is outlined in Tables 1, 2.
3.1 Non-clinical studies

The in vitro study conducted by Iketani and co-authors

investigated the different therapeutic monoclonal antibodies and

found that 17 out of 19 of them had diminished neutralization

potency against Omicron BA.2 variant (30). Bebtelovimab
frontiersin.org
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FIGURE 1

PRISMA 2020 flow diagram for new systematic review which included searches of databases, registers, and other sources.
TABLE 1 Characteristics and results of included non-clinical studies.

Study
(year),
country

Virus
type a

Cell line Inoculum b Incubation
(hours)

Control Variants Main findings

Ai, et al.
(2022), China
(19)

PV
(VSV)

Vero NA 24 B BA.1, BA.1.1, BA.2, BA.3 Bebtelovimab maintained its neutralization
potency against all Omicron sublineages
tested.

Andreano,
et al. (2022),
Italy (20)

Infectious Vero NR 72 – 96 B BA.1, BA.2, BA.4, BA.5 Bebtelovimab had high neutralization
potency against all Omicron sublineages,
showing an IC100 of 11.1, 15.6, 44.2, and
62.5 ng/ml against Omicron BA.1, BA.2,
BA.4, and BA.5 respectively.

Arora, et al.
(2022),
Germany
(21)

PV
(VSV)

Vero NA 16 – 18 B.1 BA.1, BA.2, BA.2.12.1,
BA.4, BA.5

Bebtelovimab neutralized all emerging
Omicron subvariants tested with similarly
high efficacy.

Bruel, et al.
(2022),
France (22)

Infectious U2OS-
ACE2
GFP1-10
or GFP11

NA 18 B.1.617.2 BA.2, BA.4, BA.5 Bebtelovimab remained fully active against
Omicron BA.2, BA.4, and BA.5.
Bebtelovimab displayed similar levels of
binding and activation of NK-mediated
antibody-dependent cellular cytotoxicity
against all strains.

Cao, et al.
(2022), China
(23–26)

PV
(VSV)

Huh-7 103 24 B.1 BA.1, BA.1.1, BA.2,
BA.2.12.1, BA.2.13,
BA.2.74, BA.2.75,
BA.2.75.2, BA.2.75.4,
BA.2.76, BA.2.77,
BA.2.79, BA.3, BA.2.38,
BA.2.38.1, BA.4, BA.4.6,
BA.5, BA.5.1.12,
BA.5.2.7, BA.5.5.1,
BA.5.6.2, BF.16, BL.1

Bebtelovimab showed potent neutralizing
activity against the majority of assayed
Omicron subvariants, except BA.2.38.1,
BA.5.2.7, and BA.5.6.2.

(Continued)
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TABLE 1 Continued

Study
(year),
country

Virus
type a

Cell line Inoculum b Incubation
(hours)

Control Variants Main findings

Chakraborty,
et al. (2022),
India (51)

NA NA NA NA B BA.1, BA.2, BA.2.12.1,
BA.3, BA.4, BA.5

Immunoinformatics simulation depicted
L452R/Q498R double mutations in Omicron
subvariants caused an approximately 6%
reduction in binding affinities of
bebtelovimab.

Duerr, et al.
(2022), USA
(27)

PV
(HIV)
and
Infectious

293T-
ACE2
Vero/
TMPRSS2

0.2 MOI
100 – 180
PFU

NA B.1 AY.45, BA.1, BA.2,
AY.45-BA.1

Neutralization assays using infectious and
pseudotyped viruses depicted bebtelovimab
retained activity against all variants tested.

Fan, et al.
(2022), USA
(28)

PV
(HIV)

293T-
ACE2

NA 48 B.1 BA.1, BA.2 Bebtelovimab retained at least partial efficacy
against Omicron variants by targeting a
Class 3 receptor-binding domain epitope
adjacent to the BA.1 and BA.2 mutations.

Gruell, et al.
(2022),
Germany
(29)

PV
(HIV)

293T-
ACE2

NA 48 B.1 BA.2, BA.2.12.1,
BA.2.75, BA.4, BA.5

Bebtelovimab demonstrated high BA.2.75
neutralizing potency (IC50 = 7.0 ng/ml),
although the activity was lower than that
against the other variants.

Iketani, et al.
(2022), USA
(30)

PV
(VSV)

Vero NA 12 B.1 BA.1, BA.1.1, BA.2 Bebtelovimab adequately treated all assayed
Omicron sublineages, with IC50 of
approximately 5 ng/ml.

Jian, et al.
(2022), China
(31)

PV
(VSV)

Huh-7 NA 24 B.1 BA.4, BA.4.6, BA.4.7,
BA.5, BA.5.9

Bebtelovimab remained potent against R346-
mutated BA.4 and BA.5 subvariants.

Kumar, et al.
(2022), India
(32)

Infectious Vero/
TMPRSS2

1×102 PFU 16 – 40 WA1
isolate

B.1.1.7, B.1.351, P.1,
B.1.617.2, BA.1, BA.2

Bebtelovimab showed binding and
neutralization potential to Omicron and its
sublineages.

Li, et al.
(2022), China
(33)

Infectious HEK293F NA 60 B BA.1, BA.2, BA.3, BA.4 Bebtelovimab preserved neutralizing activity
against all Omicron sublineages tested. None
of the four Omicron mutations, namely
N440K, G446S, Q498R, and N501Y was
found to disrupt the interaction with
bebtelovimab, thus indicating its broad
neutralizing activity.

Lusvarghi,
et al. (2022),
USA (34)

PV
(HIV)

293T-
ACE2-
TMPRSS2

1×105− 5×105

RLU
48 B.1 BA.1 Bebtelovimab maintained potency against

BA.1 (IC50 = 3.2 ng/ml) comparable to B.1
(IC50 = 1.3 ng/ml), whereas antibody cocktail
containing bebtelovimab, bamlanivimab, and
etesevimab merely retained partial potency
(IC50 = 32.5 ng/ml).

Misasi, et al.
(2022), USA
(35)

PV
(VSV)

293T-
ACE2-
TMPRSS2

NA 72 B.1 B.1.351, B.1.617.2, BA.1,
BA.2, BA.2.12.1, BA.4,
BA.5

Bebtelovimab remained active against all
variants tested. However, it fully escaped
antibody neutralization within two to three
rounds of repeated infection in vitro.

Sheward,
et al. (2022),
Sweden (37)

PV
(HIV)

293T-
ACE2

1×105 RLU 48 B.1 BA.2, BA.2.75, BA.5 Bebtelovimab could neutralize BA.2.75
(IC50 = 15 ng/ml), but the potency was
reduced by 7-fold as compared to B.1
(IC50 = 2 ng/ml).

Sheward,
et al. (2022),
Sweden (36)

PV
(HIV)

293T-
ACE2

1×105 RLU 44 – 48 B.1 BA.2.10.4, BA.2.75.2,
BA.4.6, BA.5

Bebtelovimab potently neutralized all
emerging Omicron sublineages tested.

Starr, et al.
(2022), USA
(52)

NA NA NA NA B BA.1, BA.2 Deep mutational scanning revealed a
broadening of the sites of escape from
bebtelovimab binding BA.1 and BA.2
compared to the ancestral strain ascribable
to mutations at residues K444, V445, P499,
and G446.
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TABLE 1 Continued

Study
(year),
country

Virus
type a

Cell line Inoculum b Incubation
(hours)

Control Variants Main findings

Syed, et al.
(2022), USA
(38)

Infectious 293T-
ACE2/
ACE2-
TMPRSS2
and Vero-
E6

50 PFU 72 WA1
isolate

B.1.617.2, B.1.1.529 Bebtelovimab had potent neutralization
activity against all variants tested, with IC50

of less than 10 ng/ml.

Takashita,
et al. (2022),
Japan (39)

Infectious Vero-
hACE2-
TMPRSS2

1×103 FFU 18 NC002
isolate

BA.1.1, BA.1, BA.2,
BA.2.12.1, BA.4, BA.5

Bebtelovimab efficiently neutralized
BA.2.12.1, BA.4, and BA.5, with similar IC50

values as the ancestral strain.

Takashita,
et al. (2022),
Japan (40)

Infectious Vero-
hACE2-
TMPRSS2

1×103 FFU 18 NC002
isolate

BA.2, BA.2.75, BA.5 Bebtelovimab efficiently neutralized BA.2.75
(IC50 = 6.21 ng/ml), however, this value was
4.4-fold higher compared to the ancestral
strain.

Turelli, et al.
(2022),
Switzerland
(41)

PV
(HIV)
and
Infectious

Vero-E6/
Calu-3

3×103 PFU 48 B.1 B.1.1.7, B.1.351, P.1,
B.1.617.2, BA.1, BA.2,
BA.4, BA.5

Bebtelovimab displayed good action against
BA.4 and BA.5, with IC50 values of 12 ng/ml
and 15 ng/ml respectively. In the Delta
variant, spike mutations K444T, V445G, and
G446V conferred resistance to bebtelovimab.
In the Omicron BA.4 variant, mutations in
the spike protein, namely K444T, V445G,
and P499H suppressed neutralization activity
of bebtelovimab.

Wang, et al.
(2022), USA
(42)

PV
(VSV)

Vero-E6
and
HEK293T

NA 24 B BA.1, BA.1.1, BA.2,
BA.2.12.1, BA.4, BA.5

Bebtelovimab retained exquisite in vitro
potency against BA.2.12.1, BA.4, and BA.5,
with IC50 below 3 ng/ml.

Wang, et al.
(2022), USA
(43)

PV
(VSV)

Vero-E6
and
HEK293T

NA 24 B.1 BA.2, BA.2.12.1,
BA.2.75, BA.4, BA.5

Bebtelovimab retained potent neutralizing
activity against all Omicron subvariants, with
IC50 below
10 ng/ml. BA.2.75 demonstrated slight
resistance to bebtelovimab, albeit modestly at
a 3.7-fold loss in neutralization.

Wang, et al.
(2022), USA
(44)

PV
(VSV)

Vero-E6
and
HEK293T

NA 24 B.1 BA.2, BA.4, BA.4.6,
BA.4.7, BA.5, BA.5.9,
BA.4/5-R346T, BA.4/5-
R346S, BA.4/5-N658S

Bebtelovimab retained potent activity against
all circulating forms of Omicron subvariants.

Westendorf,
et al. (2022),
USA (45)

PV
(VSV)
and
Infectious

293T-
ACE2/
ACE2-
TMPRSS2
and Vero-
E6

NA 72 B.1 B.1.1.7, B.1.351,
P.1, B.1.617.2, B.1.526,
B.1.427/B.1.429, BA.1,
BA.2

Bebtelovimab bound and potently
neutralized all variants tested.

Yamasoba,
et al. (2022),
Japan (46)

PV
(HIV)

HOS-
ACE2-
TMPRSS2

2 × 104 RLU 48 B.1.1 BA.1, BA.2, B.1.617.2,
BA.2.11, BA.2.12.1,
BA.4, BA.5

Bebtelovimab was approximately 2 times
more effective against BA.2 and all Omicron
subvariants tested as compared to wild-type
virus.

Yamasoba,
et al. (2022),
Japan (47)

PV
(HIV)

HOS-
ACE2-
TMPRSS2

2.5 × 104 RLU 48 B.1.1 BA.2, BA.2.75, BA.4,
BA.5

Bebtelovimab demonstrated strong antiviral
effect against BA.2, BA.4, and BA.5. In
comparison, BA.2.75 showed about a 20 to
25-fold resistance to neutralization,
suggesting that bebtelovimab may not be a
good choice to treat BA.2.75 infection.

Zhang, et al.
(2022), China
(48)

Infectious Vero 600 PFU/ml 96 WIV04
isolate

B.1.617.2, BA.1 Bebtelovimab exhibited neutralizing potency
against wild-type (IC50 = 40.9 ng/ml),
B.1.617.2 (IC50 = 50.8 ng/ml), and BA.1
(IC50 = 17.3 ng/ml).
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TABLE 1 Continued

Study
(year),
country

Virus
type a

Cell line Inoculum b Incubation
(hours)

Control Variants Main findings

Zhou, et al.
(2022), USA
(49)

PV
(HIV)

293T-
ACE2-
TMPRSS2

NA 72 B.1 B.1.1.7, B.1.351, P.1,
B.1.617.2, BA.1

Bebtelovimab retained binding and potent
neutralization of all variants assessed,
including BA.1 and BA.2 sublineages
(IC50 = 5.1 and 0.6 ng/ml respectively).

Zhou, et al.
(2022), USA
(50)

PV
(HIV)

293T-
ACE2

0.2 MOI 48 B.1 B.1.617.2, BA.1, BA.2 Bebtelovimab potently neutralized all
variants tested, including BA.1 (IC50 = 26.2
ng/ml), BA.2 (IC50 = 11.5 ng/ml), and
individual point mutated BA.2 viruses (IC50

range = 2.8 – 11.7 ng/ml).
F
rontiers in Imm
unology
 07232
aPV, pseudotyped virus; HIV, human immunodeficiency virus; VSV, vesicular stomatitis virus; MLV, murine leukemia virus.
bThe preclinical studies reported inoculum as 50% tissue culture infectious doses (TCID50), relative light units (RLU), plaque forming units (PFU), focus forming units (FFU), or transducing
units (TU). The clinical study reported inoculum as multiplicity of infection (MOI).
TABLE 2 Characteristics and results of included clinical studies.

Study
(year),
country

Study
design

Study
population

Age
group
(years)

Active
treatment

Control
treatment

Dominant
variant

Main findings

Chen, et al.
(2022),
USA (18)

Retrospective
cohort study

Individuals
with
COVID-19
infection
before
receiving
tixagevimab-
cilgavimab
(n=121)

Individuals
with
breakthrough
COVID-
19 infection
following
receipt of
tixagevimab-
cilgavimab
(n=102)

Median:
54.5
(Range:
18 – 79)

Median:
60.5
(Range:
25 – 99)

Bebtelovimab
(n=34),
sotrovimab
(n=58),
casirivimab-
imdevimab
(n=10),
nirmatrelvir-
ritonavir
(n=46), or
remdesivir
(n=39)

No treatment
(n=36)

BA.1 (prior to
tixagevimab-
cilgavimab
prophylaxis)

BA.5 (after
tixagevimab-
cilgavimab
prophylaxis)

Among patients who developed COVID-19
infection prior to tixagevimab-cilgavimab, 36
(29.8%) were hospitalized, including 8 (6.6%)
required ICU admission. No COVID-related deaths
occurred.
Among patients who developed COVID-19 after
receiving tixagevimab-cilgavimab, 6 (5.9%) were
hospitalized, but none was admitted to ICU. There
was no COVID-related mortality. 34 patients
(33.3%) received bebtelovimab, of whom only one
was hospitalized, with a length of stay of 12 days.

Dougan,
et al.
(2022),
USA,
Argentina,
and Puerto
Rico (53)

Randomized
controlled
trial

Ambulatory
patients
presenting
with mild-to-
moderate
COVID-19
within 3 days
of laboratory-
confirmed
diagnosis
(n=714)

Median:
35 [low-
risk
cohort]

Median:
48.5 –

52.5
[high-
risk
cohort]

Intravenous
bebtelovimab
175 mg over
6.5 minutes
(n=125) [low-
risk cohort]
Intravenous
bebtelovimab
175 mg over
30 seconds
(n=100)
[high-risk
cohort]

Placebo
(n=128) or
intravenous
bebtelovimab
175 mg plus
bamlanivimab
700 mg plus
etesevimab
1400 mg over
6.5 minutes
(n=127) [low-
risk cohort]

Intravenous
bebtelovimab
175 mg plus
bamlanivimab
700 mg plus
etesevimab
1400 mg over

Ancestral
strains of
SARS-CoV-2
(low-risk
cohort)

Alpha,
gamma, delta,
and mu
lineages
(high-risk
cohort)

Among low-risk patients, bebtelovimab
monotherapy resulted in a greater viral clearance, a
reduction in time to sustained symptom resolution,
and a similar rate of treatment-emergent adverse
events compared to placebo or combination therapy
of bebtelovimab plus bamlanivimab plus
etesevimab. The incidence of COVID-19-related
hospitalization or all-cause deaths by day 29 were
similar between treatment groups. 1 death due to
COVID-19 on day 5 was reported in a patient who
received combination therapy of bebtelovimab plus
bamlanivimab plus etesevimab.

Among high-risk patients, there were no treatment
comparisons made. The proportion of patients with
treatment-emergent adverse events was 14.7% in
high-risk patients treated with bebtelovimab or
combination therapy. Serious adverse events were
reported in 2.1% of high-risk patients, including
one death due to cerebrovascular accident.
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demonstrated a consistent and high neutralizing potency against all

Omicron subvariants despite the difference in antigenicity

displayed. A research by Arora and team also yielded results

which echoed the similarly high efficacy of bebtelovimab against

all Omicron subvariants (21). Another finding by Westendorf and

colleagues suggested that bebtelovimab potently neutralized all

documented variants of concern, including the dominant

Omicron variant and its sublineages circulating globally. The

study reported that the bebtelovimab Fab fragment bound to the

S protein of the D614G variant with high affinity, with no loss of

binding potency to variants of concern such as B.1.1.7 (Alpha) and

B.1.351 (Beta), as well as all tested SARS-CoV-2 viruses that had

mutations in the N-terminal domain, receptor-binding domain,

and the receptor-binding motif (45). Pseudotyped virus

neutralization assay confirmed that bebtelovimab retained effect

against Alpha, Beta, Gamma, Delta, Epsilon, Delta-Omicron

recombinant, and Omicron sublineages, including BA.1.1,

BA.2.12.1, BA.2.75, BA.4.6, BA.4.7, and BA.5.9 (19, 21, 23–31,

34–37, 41–47, 49, 50). Likewise, positive results were observed in

live virus neutralization assay (Supplementary Table 1) (20, 22, 27,

32, 33, 38–41, 45, 48). Bebtelovimab was the only monoclonal

antibody that exhibited good potency against most Omicron

variants, except BA.2.38.1, BA.5.2.7, and BA.5.6.2 (23).
Frontiers in Immunology 08233
Structurally, bebtelovimab bound to the receptor-binding

domain epitope on the S protein of SARS-CoV-2 that was less

inclined to mutations (19, 45). Bebtelovimab was minimally

impacted by the mutational changes in Omicron variants (28, 49,

50). Docking of bebtelovimab onto Omicron’s receptor-binding

domain detected four amino acid substitutions at the edge of its

epitope. Bebtelovimab had minimal side-chain interactions with 3

of the residues (i.e. K440, R498, and Y501) and the loop containing

S446 (fourth residue) had conformational flexibility that could

facilitate binding of bebtelovimab to the viral spike protein (49).

Furthermore, mutations in the Omicron (i.e. N440K, G446S,

Q498R, and N501Y) did not affect the interaction with

bebtelovimab. Amino acid residues of BA.2 (i.e. Lys440 and

Arg498) were found to form H-bonds with Tyr35 and Thr96 of

bebtelovimab, whereas a common mutation in BA.1 and BA.3 (i.e.

G446S) might cause interaction between Ser446 and Arg60 of heavy

chain in bebtelovimab (33). Contrariwise, L452R/Q498R double

mutations in Omicron variants could result in an approximately 6%

decrease in binding affinities for bebtelovimab (51). A broadening of

sites of escape from binding by bebtelovimab were also detected in

Omicron BA.1 and BA.2 attributable to mutations at residues K444,

V445, P499 and G446, indicating a lower binding affinity of

bebtelovimab for Omicron (52).
TABLE 2 Continued

Study
(year),
country

Study
design

Study
population

Age
group
(years)

Active
treatment

Control
treatment

Dominant
variant

Main findings

30 seconds or
6.5 minutes
(n=226)
[high-risk
cohort]

Razonable,
et al.
(2022),
USA (54)

Retrospective
cohort study

High-risk
patients with
a positive
SARS-CoV-2
polymerase
chain reaction
or antigen test
(n=3607)

Median:
66.2
(IQR:
52.5 –

74.7)

Intravenous
bebtelovimab
175 mg over
1 minute
(n=2833)

Oral
nirmatrelvir
(150 or 300
mg) plus
ritonavir (100
mg) twice
daily for a.
total of 5 days
(n=774)

BA.2 Rates of progression to severe illness and ICU
admission were similar between bebtelovimab
cohort and nirmatrelvir-ritonavir cohort.

Shertel,
et al.
(2022),
USA (55)

Retrospective
cohort study

Solid organ
transplant
recipients
who were
treated with
Bebtelovimab
after being
tested positive
for COVID-
19 (n=25)

Median:
52
((IQR:
44 – 67)

Bebtelovimab
(n=25)

NA BA.1, BA.2 During 1-month of follow-up period, 2 patients
required hospital admission. No cases of acute
allograft rejection or death were observed.

Yetmar,
et al.
(2022),
USA (56)

Retrospective
cohort study

Solid organ
transplant
recipients
diagnosed
with mild-to-
moderate
COVID-19
(n=361)

Mean:
57.7 ±
14.6

Intravenous
bebtelovimab
175 mg over
1 minute
(n=92)

Intravenous
sotrovimab
500 mg
(n=269)

BA.2 Hospitalization rates for COVID-19 were similar
between bebtelovimab group and sotrovimab group.
3 patients were admitted to ICU, all of whom
received sotrovimab. 4 patients died within 30 days
of COVID-19 diagnosis, 2 from each treatment
group.
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Bebtelovimab antibody cocktail did not result in an increased

potency or synergistic effect against Omicron (49). Complementary

findings from an experiment led by Lusvarghi demonstrated

bebtelovimab’s potency against Omicron BA.1 comparable to B.1,

while antibody cocktail containing bebtelovimab, bamlanivimab,

and etesevimab merely retained partial potency (34).
3.2 Clinical studies

A randomized clinical trial evaluated the safety and efficacy of

bebtelovimab in COVID-19 patients. In the Phase 1 part of the

study, Dougan and co-investigators examined ascending doses and

infusion rates of intravenous administration of bebtelovimab in 40

patients with low risk of developing severe COVID-19.

Pharmacokinetics and pharmacodynamics modeling determined

that target therapeutic doses of bebtelovimab 175 mg,

bamlanivimab 700 mg, and etesevimab 1400 mg would result in a

drug concentration for optimal viral load reduction (53).

Phase 2 of the study examined 380 patients at low risk for severe

COVID-19 randomized 1:1:1 to placebo, bebtelovimab 175 mg, or

combination therapy of bebtelovimab 175 mg, bamlanivimab 700

mg, and etesevimab 1400 mg, with another 150 high-risk patients

randomized 2:1 to bebtelovimab 175 mg or combination therapy of

bebtelovimab, bamlanivimab, and etesevimab. An additional

treatment arm allocated combination therapy to 176 patients

based on the Centers for Disease Control and Prevention (CDC)

updated criteria for high-risk. Viral dynamic modeling depicted no

discernable difference in viral load reduction between bebtelovimab

monotherapy or in combination with bamlanivimab and

etesevimab. A simulation developed from the trial demonstrated

that older patients over 70 years of age benefited more from the

administration of bebtelovimab monotherapy in view of a larger

decline from baseline in the viral load. In terms of efficacy,

bebtelovimab and combination therapy arms had a lower

proportion of patients with persistently high viral load at Day 7

but did not reach statistical significance (p = 0.097 for bebtelovimab

versus placebo; p = 0.132 for bebtelovimab plus bamlanivimab plus

etesevimab versus placebo). A marked reduction in viral load from

baseline to Day 11 was shown in patients in bebtelovimab (p =

0.006) and combination therapy (p = 0.043) groups compared to

placebo. The median time to resolution of symptoms was two days

shorter with bebtelovimab monotherapy than with placebo (p =

0.003). The incidence of COVID-19-related hospitalization and all-

cause mortality by day 29 were similar across treatment groups

(1.6% for bebtelovimab; 2.4% for bebtelovimab plus bamlanivimab

plus etesevimab; 1.6% for placebo). In high-risk patients, there were

no significant differences in viral load, symptom resolution,

COVID-19 hospital admission, and mortality among two groups

of patients treated with bebtelovimab alone or in conjunction with

bamlanivimab and etesevimab (53).

Post-treatment follow-up assessments were carried out in both

parts of the trial. Phase 1 identified no reports of COVID-19-related

hospitalizations or mortality and increasing doses and infusion

rates of bebtelovimab were not correlated with higher rates of
Frontiers in Immunology 09234
treatment-emergent adverse events through at least 24 to 48 hours.

No deaths, severe adverse events, or treatment discontinuations

occurred. In Phase 2, no discontinuations were ascribed to

treatment-emergent adverse events among low-risk patients. The

majority of adverse events were mild or moderate, and there was no

significant between-group difference in the overall rates (8.8% for

bebtelovimab; 12.6% for bebtelovimab plus bamlanivimab plus

etesevimab; 7.8% for placebo). In high-risk patients, only one

serious adverse event (cerebrovascular accident) resulted in death

among recipients of bebtelovimab monotherapy. Similarly, the

majority of adverse events were mild or moderate, with overall

rates that did not differ significantly between groups (20.0% for

bebtelovimab; 16.0% for bebtelovimab plus bamlanivimab plus

etesevimab; 11.4% for bebtelovimab plus bamlanivimab plus

etesevimab in CDC expanded criteria patients). Two patients who

received combination therapy had infusion-related reactions that

resolved upon treatment withdrawal, whereas no anaphylactic

reaction occurred among patients receiving bebtelovimab

alone (53).

A further live virus neutralization assay in the trial depicted

combination therapy of bebtelovimab and bamlanivimab had

negligible or no neutralizing activity against Omicron variant

(IC99 > 10,000 ng/ml), while bebtelovimab monotherapy

neutralized Omicron variant with a IC99 value of less than 2.44

ng/ml, indicating a comparable or greater potency as that of Delta

and WA1 isolates (53).

Two retrospective cohort studies of solid organ transplant

patients showed bebtelovimab maintained activity against

Omicron BA.1 or BA.2 subvariants (55, 56). The rates of

hospitalization, intensive care unit admission, and mortality were

similar between bebtelovimab and sotrovimab cohorts (56). Shertel

and co-workers reported that only 2 of 25 (8.0%) bebtelovimab-

treated patients required hospitalization, of whom one needed

remdesivir plus dexamethasone therapy due to worsening

oxygenation and another experienced obstructive uropathy and

acute kidney injury without any symptoms of upper or lower

respiratory tract infection. No deaths and acute allograft rejection

were observed during the follow-up (55).

Another retrospective cohort study demonstrated that patients

who were given bebtelovimab treatment were significantly older and

had more underlying comorbidities than those receiving nirmatrelvir-

ritonavir. Notwithstanding the increased risk, bebtelovimab cohort

showed similar rates of progression to severe disease, ICU admission,

and mortality compared to nirmatrelvir-ritonavir cohort (54).

Moreover, Chen and colleagues found patients who contracted

COVID-19 following tixagevimab-cilgavimab prophylaxis were less

likely to require hospital admission than those without prophylaxis.

Only 1 of 34 (2.9%) bebtelovimab-treated patients was hospitalized,

and none ended in ICU or death (18).

Pooling of results from the clinical studies depicted no

discernable differences in terms of hospital admissions (RR: 1.00,

95% CI: 0.47 – 2.13, p = 1.00), ICU admissions (RR: 1.08, 95% CI:

0.33 – 3.58, p = 0.90), and death (RR: 3.60, 95% CI: 0.85 – 15.17, p =

0.08) between patients receiving bebtelovimab and patients

receiving other COVID-19 therapies (Figure 2). Inspection of the
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funnel plots noted some degree of asymmetry for the three clinical

outcomes, suggesting the presence of small-study effects and

publication bias (Supplementary Figure 1).
4 Discussion

The rapid evolution of the SARS-CoV-2 virus continues to

challenge our global effort to curb the COVID-19 pandemic. Several

clinically available monoclonal antibodies, such as bamlanivimab

plus etesevimab, casirivimab plus imdevimab, and sotrovimab are

no longer recommended as the treatment for COVID-19 due to a

lack of effectiveness against the widely circulating Omicron

subvariants. Up till November 2022, bebtelovimab is the sole

monoclonal antibody authorized as a treatment for mild to

moderate COVID-19 in non-hospitalized patients (9). Our

evidence synthesis highlights the therapeutic role of bebtelovimab

in COVID-19 infection based on preclinical data depicting its

retained potent neutralization against all currently known

variants of concern (VOC), along with studies that have

demonstrated its clinical safety and efficacy in association with a

greater viral clearance and shorter period for symptom resolution.

The rate and severity of treatment-emergent adverse events
Frontiers in Immunology 10235
resulting from the use of bebtelovimab are evidenced to be

similar to those of placebo and existing monoclonal antibodies in

treating both low-risk and high-risk patients. Meta-analyses of

clinical studies show no significant differences in risks of COVID-

19 hospitalization, ICU admission, or death between patients

treated with bebtelovimab and other COVID-19 therapies.

Bebtelovimab, a fully human immunoglobulin G1 (IgG1)

monoclonal SARS-CoV-2 antibody, works by targeting the SARS-

CoV-2 spike (S) protein’s receptor-binding domain, thereby

hindering the spike protein interaction with ACE2 and

subsequent viral entry into host cells (45). The in vitro efficacy of

bebtelovimab is conferred by its ability to bind to an epitope of the

SARS-CoV-2 S protein with amino acids that are rarely mutated, as

documented in the Global Initiative on Sharing All Influenza Data

(GISAID) EpiCoV database (45, 49). Bebtelovimab overcomes

mutation-induced structural alterations of the COVID-19 variants

by exploiting loop mobility and by minimizing side-chain

interactions (49). Overall, there are also consistent findings from

clinical studies that demonstrate the effectiveness of bebtelovimab

for the treatment of patients infected with SARS-CoV-2 variants

(18, 53–56). The collated significant data of this review, in the

context of laboratory research and clinical trials, indicate that

bebtelovimab is a promising therapeutic option against COVID-
A

B

C

FIGURE 2

Effects of bebtelovimab compared to control on (A) COVID-19-related hospital admission, (B) intensive care unit admission, and (C) mortality.
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19 and newly emerging Omicron sublineages. Our results broadly

concur with a recent prediction analysis that bebtelovimab can

maintain detectable in vitro neutralization against Omicron

subvariants such as BA.1, BA.2, BA.4, and BA.5, as well as have a

70.1% (95% CI: 61.9 – 76.8, p < 0.0001) therapeutic efficacy when

administered to ambulant COVID-19 positive individuals in

preventing illness progression to hospitalization (57).

Monoclonal antibodies have propelled to the forefront in the

investigations of pharmacological approaches to treating COVID-

19 infection as they are the only appropriate options for clinical use

in pediatric patients. Several existing anti-SARS-CoV-2 monoclonal

antibodies have been reported to be well-tolerated and raise no

safety concerns in children of age between 24 days and 18 years old

(58). Whilst bebtelovimab is approved for use in non-hospitalized

patients aged 12 years or older, the therapeutic decision to use it

across all age pediatric groups should be individualized by

incorporating risk factors of progression to severe COVID-19 in

the risk-benefit judgment (59). Its indication for a broad population

of patients across age groups renders it to be a potential therapeutic

strategy to vaccinations and other COVID-19 therapies, especially

among those who have underlying immunocompromising

condition or multimorbidity, have intolerable adverse effects to

COVID-19 vaccination, or are not yet eligible for COVID-

19 vaccination.

In tandem with the appearance of multi-mutational SARS-

CoV-2 variants such as Delta and Omicron lineages, it is

important to enhance the efficacy of bebtelovimab and other

potential monoclonal antibodies to overcome new variants that

evade natural immunity responses (60). During the period of Delta

variant predominance, an existing neutralizing monoclonal

antibody sotrovimab resulted in 89% reduction in all-cause

mortality and 63% in hospitalization at 28 days compared to

untreated patients (61). However, during the period in which

Omicron BA.2 was the dominant variant, individuals receiving

sotrovimab were associated with higher rates of progression to

severe, critical, or fatal COVID-19 (62). Collectively, these real-

world findings stand in concurrence with in vitro evidence that

sotrovimab potently neutralized Omicron B.1.1.529 and BA.1

variants but had low neutralizing activity against Omicron BA.2

and its sublineages (12, 30). Concerning bebtelovimab, the best in

vitro and clinical data available at present highlight its substantial

neutralizing activity against all known SARS-CoV-2 variants,

including the Omicron and its new subvariants such as BA.2.75,

BA.4, and BA.5, and patients administering bebtelovimab have

shown a faster decay in virus titer than placebo. The time frames

for clinical studies included in this review comprise pre-Omicron

era (53) and Omicron variant (BA.1, BA.2, and BA.5)

predominance period (18, 54–56). We could reasonably anticipate

that the data carry prominent clinical implications for curbing

severe COVID-19 illnesses arising from the current sublineages of

the Omicron variant and are likely to resonate with growing

evidence from future large-scale randomized controlled trials and

real-world studies to recommend the use of bebtelovimab in a

broader range of patients. Whilst bebtelovimab appears to be well

tolerated in our review, case reports have documented that a patient

experienced sinus bradycardia-mediated cardiac arrest immediately
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following infusion of bebtelovimab (63) and another patient

developed colitis 10 days after the use of bebtelovimab (64). Post-

marketing surveillance for adverse events and ad hoc safety studies

are henceforth crucial for earlier detection of safety issues and

preventing patients from unnecessary harm (65). Besides,

continued laboratory investigations are critical to develop anti-

SARS-CoV-2 monoclonal antibodies with better efficacy, safety, and

developability features (66). Albeit dedicated wet-lab preclinical

research is warranted, this gap can be addressed more rapidly by

adding a bioengineering and viral molecular evolution lens to

existing lines of research. Instead of just combining different

neutralizing monoclonal antibodies, targeting mutated S protein

with multivalent nanobody conjugates that can precisely display

neutralizing antibodies against SARS-CoV-2 variants has been

suggested to have the potential for enhancing the antiviral efficacy

(67). However, a recent retrospective cohort study revealed

evidence of lack of treatment efficacy among patients infected

with SARS-CoV-2 Omicron BA.2, BA.2.12.1, and BA.5

subvariants (68). Hence, well-designed real-world evidence

observational studies are important to confirm the efficacy and

usage of bebtelovimab. Of note, a next-generation monoclonal

ant ibody may play a pivotal role in inducing rapid

immunomodulation and limiting the course of illness, for

instance, in debilitating multisystem inflammatory syndrome in

children associated with COVID-19 considering the vast potential

for improved outcomes with the use of single or combination

immunotherapies (69, 70).

Key strengths of our study encompass adherence to scoping

review methods, comprehensive search strategy, and inclusion

criteria without restrictions on publication status. Limitations of

our review are the inclusion of articles published in English only.

Supplementary preclinical research is needed to develop

neutralizing monoclonal antibodies with optimized clinical

efficacy against the evolving variants. The evidence synthesized by

this review and the gaps in knowledge reveal that future clinical

studies are necessary to foster a deeper understanding of the safety

and efficacy of bebtelovimab across different age groups or clinical

characteristics, particularly pediatric population and persons with

multiple high-risk conditions or comorbidities, the optimal time to

initiate treatment, the impact of bebtelovimab on clinical outcomes

among patients having previously immunized with different vaccine

types or heterologous vaccination regimens, and how

Immunocompromised individuals would benefit from additional

doses of bebtelovimab in the event of COVID-19 breakthrough

infection. The clinical trial included in our review was limited by the

exclusive geographical enrollment of patients in North and Latin

America, collection of placebo-controlled data among patients at

low risk for severe COVID-19, lack of power to assess

improvements in clinical outcomes among patients with active

treatment before the emergence of Omicron subvariants, use of

viral surrogate markers in low-risk younger or healthier subjects for

efficacy evaluation, and absence of patient-level clinical data to

determine the efficacy of bebtelovimab in patients with

symptomatic Omicron infection (53). The retrospective cohort

studies had inherent limitations, such as inability to account for

sources of residual confounding and selection bias, absence of an
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untreated control group, and the potential of misclassification bias

resulting from administrative data ascertainment, variation in

completeness of documentation, inclusion of patients solely in the

United States, and lack of laboratory values and biomarkers to

better characterize the disease severity. Therefore, further large

multinational clinical studies are warranted to resolve these

limitations, increase generalizability and evaluate the clinical

efficacy and safety of bebtelovimab in diverse patient populations.
5 Conclusion

The currently available evidence supports the clinical use of

bebtelovimab for patients with SARS-CoV-2 infection who are at

increased risk of progression to severe illnesses. With relatively

similar pharmacological properties as other previously approved

anti-SARS-CoV-2 monoclonal antibodies, bebtelovimab possesses

superiority in terms of the ability to neutralize presently circulating

Omicron subvariants and different variants of interest. The

favorable preclinical and clinical results justify its potential to

reserve an active therapeutic role despite the evolutionary

trajectories of SARS-CoV-2.
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Search strategy

PubMed, CENTRAL, Embase, Global Health, and
PsycInfo

(2019 corona virus) OR (2019 coronavirus) OR (2019 CoV) OR

(2019CoV) OR (2019nCoV) OR (2019 -nCoV) OR

(betacoronavirus) OR (betacoronavir*) OR (corona virus disease

2019) OR (corona virus*) OR (coronavir*) OR (coronavirus disease

2019) OR (coronavirus infection) OR (coronavirus infections) OR

(cov 19) OR (CoV 2) OR (Cov19) OR (CoV2) OR (COVID 19) OR

(COVID 2019) OR (COVID19) OR (COVID-19) OR

(COVID2019) OR (COVID-2019) OR (nCoV) OR (new corona

virus) OR (new coronavirus) OR (novel corona virus) OR (novel

coronavir*) OR (novel coronavirus) OR (novel CoV) OR

(respiratory distress syndrome) OR (sars virus) OR (sars-

coronavirus-2) OR (sarscov2) OR (SARSCoV2) OR (SARS-CoV2)

OR (SARS-CoV-2) OR (SARS-CoV-2 variant) OR (SARS-CoV-2

variants) OR (severe acute respiratory syndrome) OR (severe acute

respiratory syndrome coronavirus 2) AND (bebtelovimab) OR (LY-

CoV1404) OR (LY3853113)Preprint servers of bioRxiv and

medRxiv (bebtelovimab) OR (LY-CoV1404) OR (LY3853113).
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