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Katriina Aalto-Setala

University of Tampere

FINLAND

Sections: Developmental biology - Cell differentiation; Cell fate determination; Stem cells; Embryology; Fertilization

Keywords: Biology and life sciences, Cellular types, Stem cells, Induced pluripotent stem cells, Embryonic stem cells, Developmental biology, Cell differentiation,
Genetics, Genetics of disease, Genetic testing, Human genetics, Genetic association studies, Molecular genetics, Cardiovascular anatomy, Electrophysiology, Medicine
and health sciences, Cardiology, Arrhythmia, Clinical genetics, Personalized medicine, Animal models, Mouse models, Model organisms

Mohd Nadhir Ab Wahab
orcid.org/0000-0002-3549-6443
Universiti Sains Malaysia
MALAYSIA
Sections: Computer and information sciences - Artificial intelligence, machine learning and data science, Engineering and technology - Aerospace and automotive
engineering, Robotics
Keywords: Computer and information sciences, Artificial intelligence, Real time computing, Engineering and technology, Mechanical engineering, Robotics, Robotics
systems, Nanorobotics, Navigation, Optimization

Nurul Hidayah Ab Rahman

Universiti Tun Hussein Onn Malaysia

MALAYSIA

Sections: Computer and information sciences - Cryptography and computer security

Keywords: Computer and information sciences, Computing systems, Digital computing, Information technology, Computer security, Computing methods, Cloud
computing

Nidaa Ababneh
orcid.org/0000-0002-2155-3013
University of Jordan
JORDAN
Sections: Genetics - Mutation; Genetics of disease; Heredity, Stem cells and regenerative medicine, Neuroscience - Neurodegenerative diseases and dementia
Keywords: Medicine and health sciences, Neurology

Ukachukwu Okoroafor Abaraogu
orcid.org/0000-0002-1967-1459
Glasgow Caledonian University
UNITED KINGDOM
Sections: Physiotherapy, Health care - Health services research, Cardiovascular science and medicine - Vascular diseases
Keywords: Medicine and health sciences, Health care, Cardiology, Cardiovascular medicine, Rehabilitation medicine, Vascular medicine, Complementary and alternative
medicine

Francisco Martinez-Abarca
Estacion Experimental del Zaidin - CSIC
SPAIN
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Sections: Agriculture - General
Keywords: Biology and life sciences, Genome evolution, Comparative genomics, Microbial ecology, Evolutionary biology, Transposable elements, Genomics,
Metagenomics, Microbiology, Plant microbiology, Genome sequencing, Biochemistry, Nucleic acids, Biotechnology, Applied microbiology

Behnam Abasht
orcid.org/0000-0003-2374-8145
University of Delaware
UNITED STATES
Sections: Agriculture - Animals, Genetics - Gene function, Genomics
Keywords: Biology and life sciences, Agriculture, Livestock, Genetics

Abdul Qader Abbady

orcid.org/0000-0002-3898-5269
Atomic Energy Commission of Syria
SYRIAN ARAB REPUBLIC
Sections: Biotechnology - Genetic engineering, Immunology - General, Infectious diseases - General
Keywords: Biology and life sciences, Immunology, Microbiology, Virology, Molecular biology, Molecular biology techniques, Molecular biology assays and analysis
techniques, Molecular biology display techniques, Phage display, DNA construction, DNA manipulations, Recombinant DNA technology, Organisms, Eukaryota,
Protozoans, Parasitic protozoans, Leishmania, Biochemistry, Hormones, Peptide hormones, Growth hormone, Proteins, Conjugated proteins, Immune system proteins,
Antibodies, Antigens, Protein interactions, Protein-lipid interactions, Protein-protein interactions, Protein structure, Protein folding, Recombinant proteins,
Biomacromolecule-ligand interactions, Medicine and health sciences, Medical conditions, Infectious diseases, Zoonoses, Infectious disease control, Vaccines,
Recombinant vaccines, Parasitic diseases, Protozoan infections, Leishmaniasis, Research and analysis methods, Molecular biology techniques, Precipitation techniques,
Purification techniques, Protein purification

Cristiana Abbafati
orcid.org/0000-0003-2811-6251
Sapienza University of Rome
ITALY
Sections: Economics - Health economics, Health care - General, Public health and epidemiology - Health policies, systems and management
Keywords: Social sciences, Economics, Health education and awareness

Faisal Abbas
orcid.org/0000-0002-9312-5659
National University of Sciences and Technology
PAKISTAN
Sections: Economics - Health economics, Public health and epidemiology - Global health, Public health and epidemiology - Health policies, systems and management
Keywords: Nutrition, Malnutrition, Social sciences, Economics, Economic history, Development economics, Economic development, Economic analysis

Qaiser Abbas

Ghazi University

PAKISTAN

Sections: Agriculture - General, Economics - General, Economics - Health economics

Keywords: Agricultural economics, Ecology, Ecological economics, Neuroeconomics, Behavioral economics, Social sciences, Economics, Economic history, Economic
models, Experimental economics, Labor economics, Resource management, Development economics, Economic analysis, Soil science, Ecology and environmental
sciences, Environmental impacts, Environmental management, Natural resources, Environmental protection, Environmental economics, Health economics

Mahdieh Abbasalizad Farhangi
orcid.org/0000-0002-7036-6900
Tabriz University of Medical Sciences
IRAN, ISLAMIC REPUBLIC OF
Sections: Nutrition, Cardiovascular science and medicine - Arrhythmias and cardiac electrophysiology, Health care - Health education
Keywords: Biology and life sciences, Genetics, Immunology, Neuroscience, Nutrition, Diet, Malnutrition, Nutrients, Nutritional deficiencies, Nutritional diseases, Nutritione
disorders, Physiology, Medicine and health sciences, Endocrinology, Epidemiology, Cardiovascular medicine, Pharmacology, Drug research and development, Women's
health, Clinical trials, Complementary and alternative medicine

Alireza Abbasi
orcid.org/0000-0001-9136-1837
UNSW
AUSTRALIA
Sections: Computer and information sciences - Artificial intelligence, machine learning and data science, Complexity and networks
Keywords: Computer and information sciences, Library science, Network analysis, Social networks, Social media

Mahdi Abbasi

orcid.org/0000-0002-5373-5778
Bu-Ali Sina University: Bu Ali Sina University
IRAN, ISLAMIC REPUBLIC OF
Sections: Computer and information sciences - Artificial intelligence, machine learning and data science, Computer and information sciences - Computer Hardware,
Computer and information sciences - General
Keywords: Computer and information sciences, Atrtificial intelligence, Atrtificial neural networks, Expert systems, Genetic programming, Machine learning, Computing
systems, Digital computing, Digital imaging, Network analysis, Network theory, Signaling networks, Network control, Neural networks, Feedforward neural networks,
Recurrent neural networks, Random number generators, Real time computing, Computer applications, Computer architecture, Computer hardware, Microprocessors,
Computer networks, Internet, Internet of Things, Computer vision, Computers, Computing methods

A. M. Abd EI-Aty
orcid.org/0000-0001-6596-7907
Cairo University
EGYPT
Sections: Veterinary science, Pharmacology, Food science and technology
Keywords: Antimicrobials, Phytochemicals, Environmental chemistry, Medicine and health sciences, Pharmacology, Drugs, Pharmacodynamics, Pharmacogenetics,
Pharmacokinetics, Pharmacologic analysis, Pharmacokinetic analysis, Drug interactions, Drug-food interactions, Physical sciences, Chemistry, Analytical chemistry,
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Chemical analysis, Water analysis, Liquid chromatography-tandem mass spectrometry, Phytochemistry, Phytopharmacology, Research and analysis methods, Extraction
techniques, Supercritical fluid extraction, Liquid-liquid extraction, Solid-phase extraction, Chromatographic techniques, Liquid chromatography

Yasmina Abd-Elhakim
orcid.org/0000-0002-3646-6385
Zagazig University
EGYPT
Sections: Pharmacology, Pollution research and control, Toxicology
Keywords: Biology and life sciences, Agriculture, Toxicology, Veterinary science, Aquatic environments, Ecology and environmental sciences, Medicine and health
sciences, Immunology, Pharmaceutics, Pharmacology, Research and analysis methods, Animal studies, Chromatographic techniques

Ashraf B. Abdel-Naim

King Abdulaziz University

SAUDI ARABIA

Sections: Pharmacology, Toxicology, Biochemistry - General

Keywords: Biology and life sciences, Rheumatoid arthritis, Toxicology, Oxidative damage, Medicine and health sciences, Basic cancer research, Cancer treatment,
Cardiovascular pharmacology, Clinical pharmacology, Drug research and development, Clinical medicine, Complementary and alternative medicine, Animal models,
Mouse models

Ahmed S. Abdel-Moneim
orcid.org/0000-0002-3148-6782
Taif University
SAUDI ARABIA
Sections: Virology, Infectious di - Viral di Microbiology - Virology
Keywords: Biology and life sciences, Viral evolution, Viral genetics, Microbiology, Virology, Emerging viral diseases, Viral disease diagnosis, Medical microbiology,
Microbial pathogens, Viral pathogens, Orthomyxoviruses, Influenza viruses, Coronaviruses, SARS coronavirus, Avian influenza, Medicine and health sciences, Infectious
diseases, Respiratory infections, Viral diseases, Influenza, SARS, Zoonoses, Pathology and laboratory medicine, Pathogens, Pulmonology

Muhammad Tarek Abdel Ghafar

orcid.org/0000-0002-0621-4291
Tanta University Faculty of Medicine
EGYPT
Sections: Cancer - Biomarkers, molecular diagnostics and screening, Cancer - Immunotherapy and tumor immunology, Genetics - Gene expression; Epigenetics;
Alternative splicing; RNA splicing; Molecular genetics
Keywords: Medicine and health sciences, Endocrinology, Epidemiology, Biomarker epidemiology, Genetic epidemiology, Molecular epidemiology, Cancer epidemiology,
Hematology, Immunology, Autoimmunity, Clinical immunology, Genetics of the immune system, Oncology, Cancer risk factors, Genetic causes of cancer, Pathology and
laboratory medicine, Clinical genetics, Clinical medicine, Diagnostic medicine

Muhammad Abdel-Gawad

orcid.org/0000-0002-0204-4715
Al-Azhar University
EGYPT
Sections: Gastroenterology and hepatology, Infectious diseases - Hepatitis
Keywords: Medicine and health sciences, Gastroenterology and hepatology, Enteropathies, Gastroesophageal reflux disease, Gastrointestinal cancers, Gastrointestinal
infections, Dysentery, Hepatomegaly, Hepatosplenomegaly, Inflammatory bowel disease, Colitis, Crohn's disease, Liver diseases, Acute liver failure, Liver disease and
pregnancy, Liver fibrosis, Nonalcoholic steatohepatitis, Portal hypertension, Wilson's disease, Alcoholic liver disease, Autoimmune hepatitis, Chronic liver disease,
Cirrhosis, Fatty liver, Hemochromatosis, Hepatocellular carcinoma, Infectious hepatitis, Liver function tests, Megacolon, Pancreatitis, Peptic ulcer disease, Splenomegaly,
Zollinger-Ellison syndrome, Ascites, Barrett's esophagus, Biliary disorders, Cholecystitis and biliary colic, Cholelithiasis, Primary biliary cirrhosis, Primary sclerosing
cholangitis, Celiac disease, Constipation, Diarrhea

Walid Kamal Abdelbasset
orcid.org/0000-0003-4703-661X
Prince Sattam Bin Abdulaziz University, College of Applied Medical Sciences
SAUDI ARABIA
Sections: Physiotherapy
Keywords: Sports and exercise medicine, Medicine and health sciences, Geriatrics, Health care, Metabolic disorders, Cardiology, Pain management, Pediatrics,
Pulmonology, Rehabilitation medicine

Fadia Ahmed Abdelkader Reshia
orcid.org/0000-0003-1838-595X
College of Applied Medical Sciences, Jouf University
SAUDI ARABIA
Sections: Cancer - Basic cancer research, Nursing, Psychology - General
Keywords: Birth weight, Educational attainment, Human families, Psychological stress, Fear, Nursing science, Patients, COVID 19, Depression, Critical care and
emergency medicine, Triage, Nurses

Elsayed Abdelkreem

orcid.org/0000-0002-8976-2989
Sohag University Faculty of Medicine
EGYPT
Sections: Pediatrics, Genetics - Mutation; Genetics of disease; Heredity, Clinical trials
Keywords: Cystic fibrosis, Medicine and health sciences, Child abuse, Neonatal care, Pediatric critical care, Metabolic disorders, Inborn errors of metabolism, Congenital
disorders, Developmental and pediatric neurology, Pediatrics, Neonatology, Clinical genetics, Chromosomal disorders, Genetic diseases, Autosomal recessive diseases,
Phenylketonuria, Sickle cell disease, Tay-Sachs disease, Wilson's disease, Congenital adrenal hyperplasia, Galactosemia, Gaucher's disease, Glycogen storage
diseases, Mucopolysaccharidoses, Niemann-Pick disease

Zaid Abdo
orcid.org/0000-0002-8272-7734
Colorado State University
UNITED STATES
Sections: Computational biology - Proteomics; Systems biology



https://orcid.org/0000-0002-3646-6385
https://orcid.org/0000-0002-3148-6782
https://orcid.org/0000-0002-0621-4291
https://orcid.org/0000-0002-0204-4715
https://orcid.org/0000-0003-4703-661X
https://orcid.org/0000-0003-1838-595X
https://orcid.org/0000-0002-8976-2989
https://orcid.org/0000-0002-8272-7734

Keywords: Biology and life sciences, Computational biology, Ecosystem modeling, Evolutionary modeling, Ecosystems, Ecosystem functioning, Microbial ecology, Spatic
and landscape ecology, Systems ecology, Biota, Coastal ecology, Community ecology, Community assembly, Community structure, Evolutionary biology, Evolutionary
genetics, Evolutionary processes, Parallel evolution, Evolutionary adaptation, Evolutionary systematics, Phylogenetics, Mutation, Marine biology, Microbiology,
Bacteriology, Bacterial taxonomy, Biotechnology, Applied microbiology, Environmental biotechnology, Computer and information sciences, Software engineering, Software
design, Computer modeling, Marine environments, Ecology and environmental sciences, Mathematics, Probability theory, Bayes theorem, Statistics, Biostatistics,
Statistical methods

Mohammed S. Abdo

Hodeidah University

YEMEN

Sections: Mathematics - Applied mathematics

Keywords: COVID 19, Tuberculosis, Nonlinear systems, System stability, Fractional calculus, Integrals, Differential equations, Fractals, Mathematical and statistical
techniques, Forecasting, Mathematical models, Mathematical modeling

Tahirou Abdoulaye
orcid.org/0000-0002-8072-1363
International Institute of Tropical Agriculture
NIGERIA
Sections: Agriculture - Plants, Economics - Econometrics, Economics - General
Keywords: Biology and life sciences, Agriculture, Agricultural economics, Social sciences, Economics

Roswanira Abdul Wahab
orcid.org/0000-0002-9982-6587
Universiti Teknologi Malaysia
MALAYSIA
Sections: Biotechnology - General, Chemistry - Multidisciplinary, Materials science - Nanomaterials and nanotechnology
Keywords: Biology and life sciences, Biochemistry, Biotechnology, Engineering and technology, Nanotechnology, Chemical engineering, Physical sciences, Chemistry,
Materials science

Albiruni Abdul Razak

Princess Margaret Cancer Centre

CANADA

Sections: Cancer - Immunotherapy and tumor immunology, Clinical trials, Drug discovery

Keywords: Cancer immunotherapy, Antibody therapy, Medicine and health sciences, Oncology, Cancer treatment, Antiangiogenesis therapy, Oncolytic viruses, Cancers
and neoplasms, Sarcoma, Clinical oncology, Cancer chemotherapy, Clinical trials (cancer treatment)

Syed Sharizman Syed Abdul Rahim

orcid.org/0000-0002-9090-2563
Universiti Malaysia Sabah
MALAYSIA
Sections: Public health and epidemiology - General, Public health and epidemiology - Chronic diseases, Infectious diseases - Epidemiology and prevention
Keywords: Vaccination and immunization, Disease vectors, Medicine and health sciences, Epidemiology, Infectious disease epidemiology, Molecular epidemiology,
Cancer epidemiology, Natural history of disease, Spatial epidemiology, Disease dynamics, Disease surveillance, Socioeconomic aspects of health, Infectious diseases,
Bacterial diseases, Tuberculosis, Vector-borne diseases, Viral diseases, Zoonoses, Emerging infectious diseases, Foodborne di Infectious di control,
Parasitic diseases, Malaria, Elephantiasis, Helminth infections, Tropical diseases, Neglected tropical diseases, Public and occupational health, Preventive medicine

Anwar P.P. Abdul Majeed
orcid.org/0000-0002-3094-5596
Universiti Malaysia Pahang
MALAYSIA
Sections: Computer and information sciences - Artificial intelligence, machine learning and data science, Engineering and technology - Systems science and
computational engineering, Robotics
Keywords: Computer and information sciences, Artificial intelligence, Neural networks, Engineering and technology, Mechanical engineering, Robotics

Afnizanfaizal Abdullah

orcid.org/0000-0002-0280-565X
University of Technology Malaysia: Universiti Teknologi Malaysia
MALAYSIA
Sections: Computational biology - Proteomics; Systems biology, Computer and information sciences - Artificial intelligence, machine learning and data science, Synthetic
biology
Keywords: Biology and life sciences, Computational biology, Genome analysis, Genome expression analysis, Synthetic biology, Systems biology, Biochemical
simulations, Computer and information sciences, Artificial intelligence, Machine learning, Machine learning algorithms, Signaling networks, Metabolic networks, Nonlinear
dynamics, Computer modeling, Computerized simulations, Computing methods, Mathematical computing, Mathematics, Algorithms, Research and analysis methods,
Microarrays, Simulation and modeling

Khatijah Lim Abdullah
orcid.org/0000-0002-7185-6004
Sunway University
MALAYSIA
Sections: Health care - Health education, Health care - Health services research, Health care - General
Keywords: Medicine and health sciences, Health care, Health care policy, Palliative care

Bawadi Abdullah
orcid.org/0000-0002-5908-5876
Universiti Teknologi Petronas
MALAYSIA
Sections: Engineering and technology - General
Keywords: Engineering and technology, Nanotechnology, Quantum dots, Nanomaterials, Chemical engineering, Energy and power, Bioenergy, Biofuels, Fuels, Hydroger
storage, Environmental engineering, Carbon sequestration
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Mohammad Farris Iman Leong Bin Abdullah
orcid.org/0000-0002-7762-4052
USM Advanced Medical and Dental Institute: Universiti Sains Malaysia Institut Perubatan dan Pengigian Termaju
MALAYSIA
Sections: Mental health and psychiatry - General, Psychology - Clinical psychology, Psychology - General
Keywords: Psychological stress, Medicine and health sciences, Metabolic disorders, Dyslipidemia, Mental health and psychiatry, Mood disorders, Neuropsychiatric
disorders, Neuroses, Substance-related disorders, Cardiovascular medicine, Cardiovascular diseases

Johari Yap Abdullah
orcid.org/0000-0002-6147-4192
Universiti Sains Malaysia
MALAYSIA
Sections: Computational biology - General, Dentistry and oral health, Neuroscience - Neuroimaging; Brain mapping
Keywords: Computer and information sciences, Artificial intelligence, Digital imaging, Computer vision, Medicine and health sciences, Radiology and imaging

Keiko Abe

The University of Tokyo

JAPAN

Sections: Cell biology - Cell signalling; Signal transduction

Keywords: Biology and life sciences, Signal transduction, Mechanisms of signal transduction, Signal termination, Cell signaling, Signaling cascades, Calcium signaling
cascade, Calcium signaling, Computational biology, Genome analysis, Transcriptome analysis, Gene expression, Nervous system, Neural pathways, Neuroscience,
Behavioral neuroscience, Sensory systems, Gustatory system, Sensory perception, Biochemistry, Neurochemistry, Neurochemicals, Proteins, Recombinant proteins,
Biomacromolecule-ligand interactions, Genetic engineering, Transgenic engineering, Animal models, Mouse models, Model organisms, Microarrays

Takeru Abe
orcid.org/0000-0003-3496-1953
Yokohama City University
JAPAN
Sections: Critical care and emergency medicine
Keywords: Medicine and health sciences, Epidemiology, Social epidemiology, Mental health and psychiatry

Woldaregay Erku Abegaz

College of Health Sciences, School of Medicine, Abibas Ababa University

ETHIOPIA

Sections: Microbiology - Bacteriology, Microbiology - Virology, Microbiology - Host-pathogen interactions

Keywords: Antibodies, Nosocomial infections, Chikungunya infection, Bacterial pathogens, Staphylococcus aureus, HIV, Chikungunya virus, Antibiotics, Antimicrobial
resistance, Vaccination and immunization, Ethiopia, Enzyme-linked immunoassays

Steven M. Abel
orcid.org/0000-0003-0491-8647
University of Tennessee
UNITED STATES
Sections: Computational biology - Proteomics; Systems biology, Immunology - General
Keywords: Biology and life sciences, Biophysics, Biophysical simulations, Cell biology, Signal transduction, Immune cells, Computational biology, Gene regulatory
networks, Immunology, Immune response, Lymphocyte activation, Theoretical biology, Immune receptors, Biochemical simulations, Cell mechanics, Physical sciences,
Physics, Statistical mechanics

Pasquale Abete

Universita degli Studi di Napoli Federico Il

ITALY

Sections: Geriatrics

Keywords: Cognitive impairment, Medicine and health sciences, Frailty, Cardiology, Arrhythmia, Atrial fibrillation, Heart failure, Cardiovascular diseases, Coronary heart
disease, Vascular medicine, Hypertension, People and places, Population groupings, Age groups, Young adults

Javier Abian-Vicén
orcid.org/0000-0001-9635-3289
University of Castilla-La Mancha
SPAIN
Sections: Sport and exercise science, Biomechanics
Keywords: Biology and life sciences, Sports science

Syed Hani Hassan Abidi
orcid.org/0000-0001-9497-0902
Nazarbayev University School of Medicine
PAKISTAN
Sections: Microbiology - Host-pathogen interactions, Microbiology - Virology, Infectious diseases - Viral diseases
Keywords: Biology and life sciences, Computational biology, Genome evolution, Evolutionary modeling, Microbial evolution, Viral evolution, Immunology, Immune
evasion, Antigen processing and recognition, Major histocompatibility complex, Microbiology, Microbial mutation, Virology, Emerging viral diseases, Medicine and health
sciences, Co-infections, Oncology, Basic cancer research, Urology, Prostate diseases, Prostate cancer

Mohammad Reza Abidian

University of Houston

UNITED STATES

Sections: Biotechnology - Bioengineering

Keywords: Bioengineering, Biological systems engineering, Biomedical engineering, Biomimetics, Bionics, Tissue engineering, Engineering and technology

Shawky M Aboelhadid
orcid.org/0000-0002-1403-2527
Beni Suef University Faculty of Veterinary Medicine
EGYPT
Sections: Veterinary science, Agriculture - Animals, Biotechnology - General
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Keywords: Biology and life sciences, Molecular biology techniques, Artificial gene amplification and extension, Polymerase chain reaction, Ticks, Parasitology, Veterinary
parasitology, Disease vectors, Veterinary science, Zoology, Animal diseases, Biotechnology, Medicine and health sciences, Infectious diseases, Foodborne diseases

Raymond Akawire Aborigo

orcid.org/0000-0003-0642-9265
Navrongo Health Research Centre
GHANA
Sections: Public health and epidemiology - Global health, Public health and epidemiology - Health behavior, health promotion and society, Mental health and psychiatry -
Biological
Keywords: Social sciences, Anthropology, Sociology, Sexual and gender issues, Female genital mutilation, Veteran care, Public and occupational health, Behavioral and
social aspects of health, Global health, Women's health, Research and analysis methods, Research design, Case-control studies, Observational studies, Qualitative
studies, Retrospective studies, Survey research, Census, Questionnaires, Survey methods, Surveys, Health surveys, Cohort studies

Wassim Abou-Kheir
orcid.org/0000-0001-9719-9324
American University of Beirut
LEBANON
Sections: Cancer - Biomarkers, molecular diagnostics and screening, Cell biology - General
Keywords: Biology and life sciences, Cell biology, Molecular biology, Medicine and health sciences, Oncology

Abdelilah Aboussekhra

King Faisal Specialist Hospital and Research Center

SAUDI ARABIA

Sections: Cancer - Basic cancer research

Keywords: Biology and life sciences, Signal transduction, Cell signaling, Beta-catenin signaling, Signaling cascades, Protein kinase signaling cascade, AKT signaling
cascade, Cell cycle and cell division, Cell death, Genetics, Gene expression, Gene regulation, Molecular genetics, Biochemistry, Nucleic acids, DNA, DNA repair, DNA
modification, Medicine and health sciences, Oncology, Basic cancer research, Cancer treatment, Breast cancer, Obstetrics and gynecology, Model organisms, Yeast and
fungal models

Thomas Abraham

orcid.org/0000-0003-0750-8774
Pennsylvania State Hershey College of Medicine
UNITED STATES
Sections: Cell biology - Cell membranes; Vesicles; Cellular structures and organelles, Physics and astronomy - Optics and photonics
Keywords: Cell motility, Cell migration, Cancer cell migration, Directed cell migration, Cellular structures and organelles, Extracellular matrix, Pulmonary fibrosis, Optical
imaging of intrinsic signals, Biomaterials, Cell mechanics, Tissue mechanics, Pulmonary imaging, Research and analysis methods, Microscopy, Scanning probe
microscopy, Atomic force microscopy, Inverted microscopy, Light microscopy, Bright field microscopy, Polarized light microscopy, Two-photon excitation microscopy,
Confocal microscopy, Confocal laser microscopy, Scanning confocal microscopy, Dark field microscopy, Fluorescence microscopy, Epifluorescence microscopy,
Immunofluorescence microscopy, Optical microscopy

Lihi Adler-Abramovich

Tel-Aviv University

ISRAEL

Sections: Materials science - General

Keywords: Antibacterials, Peptide libraries, Biomimetics, Bionanotechnology, Nanomaterials, Drug delivery, Mechanical properties, Crystals, Gels, Surfactants, Crystal
structure, Peptide synthesis

Yael Abreu-Villaga
orcid.org/0000-0002-9801-6179
Universidade do Estado do Rio de Janeiro
BRAZIL
Sections: Neuroscience - Behavioral and cognitive, Neuroscience - Neural development and plasticity, Neuroscience - Neural systems and circuits
Keywords: Cell signaling, Developmental biology, Nervous system, Motor system, Neuroscience, Behavioral neuroscience, Synaptic plasticity, Developmental
neuroscience, Learning and memory, Molecular neuroscience, Toxicology, Neurotoxicology, Biochemistry, Neurochemistry, Neuroendocrinology, Neurotransmitters, Mood
disorders, Anxiety disorders, Animal models, Mouse models



https://orcid.org/0000-0003-0642-9265
https://orcid.org/0000-0001-9719-9324
https://orcid.org/0000-0003-0750-8774
https://orcid.org/0000-0002-9801-6179

— JUMP TO SECTION

PLOS ONE

Predictors of severity and mortality among patients hospi-
talized with COVID-19 in Rhode Island

June 18, 2021
Aakriti Pandita, Fizza S. Gillani, Yiyun Shi, Anna Hardesty, Meghan McCarthy, Jad Aridi,
Dimitrios Farmakiotis, Silvia S. Chiang, Curt G. Beckwith

Image credit

Background: In order for healthcare systems to prepare for future waves of COVID-
19, an in-depth understanding of clinical predictors is...
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A potent therapy for the infectious coronavirus disease COVID-19 is urgently
required with, at the time of writing, research in this area...
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Abstract

A potent therapy for the infectious coronavirus disease COVID-19 is urgently required with,
at the time of writing, research in this area still ongoing. This study aims to evaluate the in
vitro anti-viral activities of combinations of certain commercially available drugs that have
recently formed part of COVID-19 therapy. Dual combinatory drugs, namely; Lopinavir-
Ritonavir (LOPIRITO)-Clarithromycin (CLA), LOPIRITO-Azithromycin (AZI), LOPIRITO-
Doxycycline (DOXY), Hydroxychloroquine (HCQ)-AZI, HCQ-DOXY, Favipiravir (FAVI)-AZI,
HCQ-FAVI, and HCQ-LOPIRITO, were prepared. These drugs were mixed at specific ratios
and evaluated for their safe use based on the cytotoxicity concentration (CCsp) values of
human umbilical cord mesenchymal stem cells. The anti-viral efficacy of these combinations
in relation to Vero cells infected with SARS-CoV-2 virus isolated from a patient in Universitas
Airlangga hospital, Surabaya, Indonesia and evaluated for ICsq 24, 48, and 72 hours after
viral inoculation was subsequently determined. Observation of the viral load in qRT-PCR
was undertaken, the results of which indicated the absence of high levels of cytotoxicity in
any samples and that dual combinatory drugs produced lower cytotoxicity than single drugs.
In addition, these combinations demonstrated considerable effectiveness in reducing the
copy number of the virus at 48 and 72 hours, while even at 24 hours, post-drug incubation
resulted in low IC5q values. Most combination drugs reduced pro-inflammatory markers, i.e.
IL-6 and TNF-a, while increasing the anti-inflammatory response of IL-10. According to
these results, the descending order of effective dual combinatory drugs is one of
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LOPIRITO-AZI>LOPIRITO-DOXY>HCQ-AZI>HCQ-FAVI>LOPIRITO-CLA>HCQ-DOX. It
can be suggested that dual combinatory drugs, e.g. LOPIRITO-AZI, can potentially be used
in the treatment of COVID-19 infectious diseases.

Introduction

At the end 0f 2019, a case of pneumonia was diagnosed on the basis of a viral infection in
Wuhan, China [1]. The pathogen was identified as a novel enveloped RNA betacoronavirus2,
currently referred to as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),
which has a phylogenetic similar to SARS-CoV. Since that time, it has developed into a global
pandemic due to Coronavirus SARS-CoV-2, also referred to as COVID-19 [2, 3]. On March
2"4 2020, the Indonesian Ministry of Health reported the first confirmed domestic positive
case of SARS-CoV-2. By September 2020, more than 262,000 individuals had been infected
with 10,105 cases culminating in death [4].

COVID-19 infection causes severe pneumonia with symptoms such as fever, a persistent
cough, and progressive breathing failure associated with respiratory complications. The high
hospitalization rate, risk of mortality and lack of a specific established treatment rendered
urgent the need for an effective therapy for COVID-19 to be developed. The main viral pro-
teinase has recently been considered positively as a suitable target for drug design against
COVID-19 infection due to its vital role in the poly-protein processing necessary for coronavi-
rus reproduction [5].

The term ‘antiviral agents’ refers to the medications prescribed to combat Middle East
Respiratory Syndrome (MERS) and SARS pandemics. Interferon o (IFN-o), lopinavir-ritonavir,
chloroquine phosphate, ribavirin, and Arbidol have been highlighted in the latest version of the
Guidelines for the Prevention, Diagnosis, and Treatment of Novel Coronavirus-induced Pneumo-
nia issued by the Republic of China’s National Health Commission (NHC) as potential treatments
for COVID-19 [6]. In addition to antiviral agents, antibiotics such as amoxicillin, azithromycin or
fluoroquinolones are also being employed [7] in an attempt to eradicate the SARS-CoV-2 virus.
However, given the continuing lack of data regarding their efficacy as a form of COVID-19 ther-
apy, this study aims to evaluate the use of dual combinatory drugs as an antiviral therapy against
the SARS-CoV-2 virus, specifically COVID-19, within the Indonesian context.

During the present research, the respective in vitro antiviral activities of Lopinavir-Ritona-
vir (LOPIRITO), Favipiravir (FAVI), Azithromycin (AZI), Clarithromycin (CLA), Doxycy-
cline (DOXY), and Hydroxychloroquine (HCQ) as dual combinatory drugs at determined
ratios were analyzed. These ratios were established based on the plasma concentration of drugs
administered at the usual dose during clinical therapy, (see Table 1). However, in many cases,

Table 1. Peak plasma concentration of Lopinavir/Ritonavir (LOPIRITO), Azithromycin (AZI), Clarithromycin (CLA), Doxycycline (DOXY), Hydroxychloroquine
(HCQ), and Favipiravir (FAVI) after a single oral administration of the drug.

Drugs

Lopinavir/Ritonavir

Azithromycin
Clarithromycin

Doxycycline

Hydroxychloroquine

Favipiravir

https://doi.org/10.1371/journal.pone.0252302.t001

Dosage Peak Plasma Concentration Reference

Oral administration of Aluvia® tablet containing 400/100 mg Lopinavir/Ritonavir twice a | Lopinavir: 6.9 to 17.7 ug/mL [8]

day

Single oral administration of 500 mg Azithromycin 0.35-0.45 mg/L after [9]

oral administration of 250 and 500 mg Clarithromycin twice a day 1 and 2.41 pg/mL, respectively [10]
Single oral administration of 200 mg doxycycline 1.5 to 7.0 ug/ml after oral [11]

administration

Single oral administration of 400 mg HCQ sulfate 0.28 to 0.54 ug/mL [12]
1600/600 mg twice a day 64.56 pug/mL [13]
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there were limited or even no reports regarding the pharmacokinetic profiles in dual drug
combinations.

Lopinavir, Ritonavir, and Favipiravir have all been used as antiviral agents which act as
virus protease inhibitors [8, 9]. Azithromycin is classified as a macrolide antibiotic which has
been used extensively in the treatment of severe respiratory lower tract infections such as
pneumonia. It can be employed for preventing secondary infection often resulting from viral
infection, thereby avoiding a severe prognosis. Azithromycin has been reported to be an
immune modulator and anti-inflammatory agent [10, 11], while also inhibiting virus replica-
tion and the cytopathic effect mediated by the Zika virus in Glial cell lines and astrocytes [14].
Moreover, the use of clarithromycin has been regarded in the same manner as that of Azithro-
mycin. Clarithromycin demonstrates a high affinity with the protein target of HIV-1 protease
in the molecular docking study which is superior to that of doxycycline due to high hydropho-
bicity and partition co-efficiency [15]. The combined application of Clarithromycin and anti-
viral agents, i.e. Oseltamivir or Zanamivir, increased systemic immunity while reducing rates
of infection-related relapse in children infected with the influenza virus [16]. Doxycyline, a tet-
racycline-derived drug, has an inhibitory effect on dengue fever viral replication and reduces
the proinflammatory marker IL-6 during viral infections [17]. Consequently, it may prove
effective as a form of COVID-19 therapy [18, 19]. Hydroxychloroquine is an aminoquinoline-
derivate compound producing fewer severe side effects than chloroquine [20]. It has been
employed as an antiviral agent [21, 22] which impedes the viral pre-entry stage, inhibits both
viral replication mediated by acidic endocytosis and viral replication through modification of
post-translation virus protein, hinders virus maturation via pH modulation, and produces
anti-inflammatory effects by reducing IL-6 levels in serum [23].

In this present work, the efficacy of these drugs as a form of COVID-19 therapy was evalu-
ated on Vero cells as viral hosts cultured with SARS-CoV-2 virus isolated from hospitalized
patients in Universitas Airlangga Hospital, Surabaya, Indonesia. Furthermore, an analysis of
the structure-based computational modelling of ligand-receptor interactions evaluated their
potential use as the main protease of SARS-CoV-2 inhibitor [24].

Material and methods
Materials

Lopinavir-Ritonavir (LOPIRITO) was produced by Abbott Laboratories (Aluvia®), Chicago,
USA); Favipiravir (FAVI) by Toyama Chemical (Fujifilm Group) (Avigan®), Japan); Azithro-
mycin (AZI) tablets by Gentec Pharmaceutical Group (Spain); Clarithromycin (CLA) by Ind
Swift Laboratories Limited (India); Doxycycline (DOXY) by Genero Pharmaceuticals (Doxi-
cor@®), Indonesia); Hydroxychloroquine (HCQ) by Imedco Djaja (Hyloquin®), Indonesia);
and dimethyl sulfoxide by Sigma Aldrich (Singapore). All other reagents and solvents
employed in this study were of the highest quality available. Milli-Q water was used in all
experiments.

Virus and cell collection

Vero cells were used for virus inoculation against SARS-CoV-2 isolates in Indonesia. Cells
were seeded in a 12-well microplate at a cell density of 5x10* cells/well cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Gibco, USA) containing 10% foetal bovine serum
(Gibco, USA), 1% penicillin-streptomycin (Gibco, USA) and 1% amphotericin-B (Gibco,
USA). Cells were incubated in a CO, incubator at 37°C in a humidified atmosphere of 5% CO,
for 24 hours and cultured to reach 80-90% confluence.
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SARS-CoV-2 virus isolates were collected from PCR-positive confirmed patients in Univer-
sitas Airlangga Hospital, Surabaya. Patient sputum sampling and clinical procedures were per-
formed in accordance with the ethical clearance issued by The Ethics Commission of
Universitas Airlangga Hospital (Certificate number 136/KEP/2020 dated April 20, 2020).

The sputum of conscious patients was collected in viral transport medium (VTM) containing
Gentamycin sulphate (100pg/ml) and Amphotericin B (0.5pug/ml). Further experiments were
conducted in the Biosafety Level (BSL)-3 Laboratory at The Institute of Tropical Disease, Uni-
versitas Airlangga, Surabaya, Indonesia. In order to isolate the virus, the sputum samples were
inserted into a new conical tube, subsequently vortexed for five minutes, and centrifuged at
13,000 rpm for ten minutes. After centrifugation, the supernatant of each sample was extracted
for the purposes of further experiments.

Preparation of drugs solution

Each tablet containing drugs was triturated and mixed until homogenous. Approximately 50
mg equivalent mass of drugs were weighed and added to dimethyl sulfoxide in order to solubi-
lize the drugs. The suspension was sonicated in a water bath for 15 minutes before being
added to Rosewell Park Memorial Institute (RPMI) media, sonicated again and vortexed to
mix it until homogenous. The suspension was then filtered through a polycarbonate mem-
brane with a pore size of 0.45 um and then a pore size of 0.22 um under aseptic conditions.
The filtrate was mixed with 10% foetal bovine serum and penicillin streptomycin before being
vortexed to produce a homogenous mixture to be used as a stock solution. The samples were
prepared by diluting the stock solution of each drug with RPMI complete media at an appro-
priate level of dilution to produce a determined concentration. The dual combinatory drugs
mixtures were prepared by mixing appropriate amounts of two drug stock solutions in order
to produce a final concentration at the required level. The combinatory drugs were evaluated
at both constant and non-constant ratios to evaluate their effects on the cytotoxicity, including;
antagonistic, synergistic, or additive. A constant ratio of the mixture was achieved by adding
drug solutions at the same ratio, thereby increasing each drug concentration, to produce dose
escalation. In contrast, at a non-constant ratio, a fixed determined concentration of drug was
added to increased doses of other drug solution in order to produce different levels of drug
concentration.

Cytotoxicity assay for dual combinatory drugs

The cytotoxic concentration (CCsg) of drugs was performed by means of MTT assay at the
Stem Cell Research and Development Center, Universitas Airlangga using human umbilical
cord mesenchymal stem cells which had been obtained from human placenta tissue as
approved by the Ethical Committee of Universitas Airlangga Hospital (Certificate number
101/KEH/2019 dated January 10, 2019). The cells were prepared as the primary cell culture
and used for the cytotoxicity assay because of their sensitivity to chemicals. Cells were seeded
into 96-well microplates at a concentration of 1x10> cells/well in 100 uL Alpha Minimum
Essentials Medium (o.-MEM, Gibco, USA) supplemented with 10% foetal bovine serum, 1%
penicillin-streptomycin and 1% amphotericin-B. The plates were then incubated in a CO,
incubator at 37°C with 5% CO, for 24 hours, at which point, the supernatant was replaced
with o-MEM containing drugs at each concentration and incubated for a further 48 hours.
Approximately 25uL of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium-bromide
(MTT) reagent at a concentration of 5mg/mL was subsequently added to each well and incu-
bated for four hours at 37°C with 5% CO,. Purple formazan crystals were formed and observed
under an inverted microscope. Dimethyl sulfoxide was added to each well with the complete
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solubilisation of formazan crystals subsequently being observed. The greater the number of
formazan crystals formed, the lower the toxicity of the samples which were read for optical
density of formazan using a multi reader at a measurement wavelength of 595 nm (Promega
Glomax, USA). The CCs, value was analyzed by CompuSyn software (the ComboSyn Inc.,
accessed from www.combosyn.com).

Virus inoculation and antiviral assay for dual combinatory drugs

Vero cells obtained from Elabscience® (Catalog No. EP-CL-0242, USA) were seeded in a
12-well plate and confirmed as reaching 80-90% confluence on the day of virus inoculation.
The culture medium was removed and the cells were then added to RPMI media containing
SARS-CoV-2 isolates, previously diluted with RPMI media at a ratio of 1:2. In this study, about
2,000 virus copies were added to 50,000 cells of Vero cells, with a multiplicity of infection
(Mol) degree of 0.04. The plate was gently agitated for 30 minutes and incubated at 37°C, 5%
CO, for 24 hours. About 3 mL of complete culture medium were subsequently added to the
plate and incubated at 5% CO, 37°C for 24 hours, at which point 3 mL of RPMI media con-
taining a drug combination were introduced and incubated at 5% CO, 37°C for 24, 48, and 72
hours. The drug mixtures were prepared at appropriate weight constant ratios selected on the
basis of the optimum safety profiles in the cytotoxicity study. The Vero cells were observed
post-treatment to observe the cytopathic effects, including; the rounding and detachment of
cells. Moreover, the ICs, values were determined in order to quantify antiviral activity by mea-
suring the proviral load in each well. The determination of the proviral load was performed by
means of a Seegene COVID-19 detection Kit (Beijing, China) which detected three target
genes, i.e. N-gene, E-gene and RdRP-gene. Amplification and data acquisition were carried
out using the ABI Prism 7500 Sequence detector system (Applied Biosystems, USA). The ICs5,
value was further analyzed using CompuSyn software (The ComboSyn Inc., accessed from
www.combosyn.com).

Measurement of IL-6, IL-10 and TNF-a levels of virus-infected Vero cells
incubated with dual combinatory drugs

To enable measurement of IL-6, IL-10 and TNF-a levels, the culture medium of the treated
cells was collected in sterile micro-tubes and centrifuged at 3,500 rpm for 20 minutes. The
supernatants were carefully collected and diluted with aquadest at a 1:5 volume ratio and vor-
texed until homogenous. The samples were deposited onto a well-plate, added to ELISA
reagents (Bioassay Technology Laboratory, Shanghai, China), and incubated at 37°C for 60
minutes. Reagent substrate solution was then added to the well and incubated for ten minutes
at 37°C. The samples were measured for antigen concentration using the optical density (OD)
plotted into the standard curves of IL-6, IL-10, and TNF-c.

Molecular docking study of drugs against main protease of SARS-CoV-2
virus

The molecular docking study was carried out by using Schrodinger Maestro 2019-2 Maestro
software including protein preparation, ligand preparation, grid generation and receptor-
ligand docking. The Linux operating system was used for the computational study. Ligands
(Lopinavir, Ritonavir, Favipiravir, Azithromycin, Clarithromycin, Doxycycline, and Hydroxy-
chloroquine) were downloaded from the NCBI (http://www.ncbi.nlm.nih.gov/pccompound).
The crystal Structure of SARS-CoV-2 main protease, PDB ID: ALU6 was retrieved from the
Protein Data Bank (PDB) (https://www.rcsb.org/).
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The main protease protein was prepared for a docking study by using in Schrodinger 2019-
2 Maestro software. All ligand compounds were prepared using LigPrep, which can produce
low energy isomer of the ligand in optimization by using the OPLS_2005 force field. The
OPLS_2005 force field was used for generating Grid on protein receptors. Schrodinger 2019-2
version was used to predict the binding affinity, ligand competence, and inhibitory candidate
to the protein by performing rigid, flexible docking. The ligands were docked with generated
Grid of receptor protein PDB ID: ALU6 The optimal ligand selection for the receptor was
done based on the docking score.

Preparation of ligands and receptors. Ligand-receptor complex. The complex in the form
of a crystal structure consisting of native ligands and receptors was downloaded from the Pro-
tein Data Bank (PDB) server at the web address https://www.rcsb.org with ID 6LU7 [25]. 6LU7
protein structure consists of two chains (A and C). The Main protease (Mpro) is in the A chain
(shown in brown), while the native ligand appears as blue in the C chain, as presented in Fig 1.

The receptors and ligands from the resulting crystalline structure did not undergo geomet-
ric optimization treatment because they were obtained from the actual structure. For the pur-
poses of the docking procedure, the ligands of this crystal were given a partial charge of the
atom using the Austin Model 1 semi-empirical method with Bond Charge Correction
(AM1-BCC) [26], while the receptor partial charge was calculated by means of a molecular
mechanics approach with a force field of ff14SB [27].

Preparation of candidates as ligands. A sketch of the molecular structure of the ligand was
produced using the ChemDraw Professional version 17 program. This structural sketch was
still 2-dimensional with the result that a 3-dimensional structure had to be made. This struc-
ture was formed by calculations using the MM + molecular mechanics method to quickly
obtain a 3-dimensional structure. The calculations were performed using a HyperChem 6 pro-
gram. The structure of the calculation using the molecular mechanics method was then refined
using a semi-empirical Parametric Model number 3 (PM3) quantum mechanics calculation.
The calculations were completed using Gaussian 16 software. The partial atomic charge of
each ligand was calculated through application of the AM1-BCC semi-empirical method.

Construction surface and receptor spheres. The receptor surface (molecular surface,
ms) consisting of a number of cluster spheres was created and calculated using the dms mod-
ule which is part of the Dock 6 program [28]. The active side of the MP'® was determined
based on the native ligand position in the cluster. This active side location was used as the
basis for the construction of the simulation box. The degree of margin for the formation of the
simulation box was 10 A.

Creating a simulation box. Depending on the position of the native ligand, a simulation
box was built around it in the shape of a cube. The position of the simulation box, native
ligand, and cluster of spheres relative to the receptor can be seen in the Fig 2.

Validation of docking parameters. The parameters to be employed in docking the candi-
date to the receptor were validated by redocking the native ligand to the receptor. An effective
docking parameter must be able to return the native ligand to its original position with a maxi-
mum root mean square deviation (rmsd] tolerance of 2 A [26]. The docking parameter valida-
tion resulted in an rmsd of 1.725 A, indicating that use of the docking parameters at the
docking stage for candidate ligands was feasible.

Results
Characterization of human umbilical cord mesenchymal stem cells

For the cytotoxicity assay of combinatory drugs, the primary cell cultures of human umbilical
cord mesenchymal stem cells were used as the experimental cells. From the contents of Fig 3, it
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Fig 1. Image representation of ligand-receptor complex.

https://doi.org/10.1371/journal.pone.0252302.9001

is clear that, as previously reported [28-31], the stem cells were well differentiated as indicated
by immunocytochemistry assays conducted using CD45, CD90, and CD105 antibodies.

Cytotoxicities of dual drug combination of LOPIRITO-AZI in
mesenchymal stem cells

In this study, the cytotoxicity assay was evaluated for single and dual combinatory drugs dur-
ing a period of 48 hours of drug incubation. This assay was intended to evaluate the toxicity of
dual combinatory drugs on normal cells. The combination ratios were calculated taking into
consideration the usual therapeutic doses and plasma peak concentrations of the drugs. To
determine this cytotoxicity, the drugs were mixed at both constant and non-constant ratios.
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Fig 2. The position of the simulation box, native ligand, and cluster of spheres relative to the receptor.

https://doi.org/10.1371/journal.pone.0252302.9002

The evaluation of LOPIRITO and AZI in the stem cells showed that AZI had relatively
non-toxic properties compared to those of LOPIRITO, while the CCs, values were 1.3x10°°
ug/mL for AZI and 4.29x10> pug/mL for LOPIRITO, as shown in Fig 4. The combination of
LOPIRITO and AZI at constant weight ratios of 1:1 and 1:2 respectively, and non-constant
ratios resulted in decreases in the degree of cytotoxicity. These were much safer than LOPIR-
ITO as indicated by their higher CCs, values. These results indicate that a combination of
both drugs negates the side effects of each single one, possibly producing an antagonist
effect.
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Phase
Contrast

Fluores-
cence

CD45 CD90 CD105

Fig 3. Phase contrast and fluorescence images of human umbilical cord stem cells stained with anti-CD45, CD90, and CD105 antibody and CF555-labelled
secondary antibody observed under a fluorescence microscope at a magnification of 100x.

https://doi.org/10.1371/journal.pone.0252302.9003

Cytotoxicities of dual drug combination of LOPIRITO-CLA in
mesenchymal stem cells

The results of a cytotoxicity assay indicated that LOPIRITO was relatively more toxic to the
cells than CLA as indicated by their CCs, values as a single drug which were 7.46x10* pg/mL
and 2.28x10” pg/mL respectively, as shown in Fig 5. Moreover, the dual drug combination of
LOPIRITO:CLA at the weight ratio of 1:1 had a high CCs value of 1.22x10* pg/mL, indicating
that this combination reduced the toxicity of both drugs in the stem cells.

Cytotoxicities of dual drug combination of LOPIRITO-DOXY in
mesenchymal stem cells

Further evaluation was conducted for the dual combination of LOPIRITO and DOXY. The
results showed that LOPIRITO has higher cytotoxicity than DOXY, as shown in Fig 6. The
dual combination of LOPIRITO and DOXY, at both constant and non-constant ratios,
resulted in significantly higher CCs, values (until undetected) than those of single drugs which
were 3.45x10° ug/mL and 1.65x10* pg/mL respectively for LOPIRITO and DOXY. This indi-
cated that these combinations reduced drug toxicity in the stem cells.

Cytotoxicities of dual drug combination of HCQ-AZI in mesenchymal stem cells

The cytotoxicity assay was also evaluated for dual combination of HCQ and AZI. As shown in
Fig 7, HCQ produced higher cytotoxicity than AZI. Combining these drugs increased the CCsq
values resulting in a lower toxic effect than that of HCQ. The dual combination drug at a ratio
of 1:2 for HCQ and AZI produced the lowest cytotoxicity in the stem cells in which the CCs
was 2.81x10* ug/mL, thus providing for its potential use in an anti-viral study of COVID-19.
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Fig 4. The cytotoxicity of Lopinavir-Ritonavir (LOPIRITO) and Azithromycin (AZI) as a single drug (left) and dual drug combination at constant and non-
constant ratios (right) analysed by CompuSyn Software (n = 3). At non-constant ratios of LOPIRITO 8 pg/mL + AZI, LOPIRITO was added at a concentration of
8 ug/mL to each increased level of AZL i.e. 0.2, 2, 10, 100, and 400 ug/mL. On the other hand, AZI was then added at a concentration of 50 ug/mL to each increased
level of LOPIRITO, i.e. 0.2, 2, 10, 100, and 400 ug/mL to produce LOPIRITO + AZI 50 ug/mL.

https://doi.org/10.1371/journal.pone.0252302.g004

Cytotoxicities of dual drug combination of HCQ-DOXY in mesenchymal
stem cells

The use of HCQ was combined with DOXY to evaluate its safety when used during antiviral
studies. As can be seen in Fig 8, HCQ had higher cytotoxicity than DOXY. Furthermore, the
results showed that the dual drug combination produced lower toxicity in the stem cells than
that of a single HCQ-based treatment. The CCs, values of a combination of HCQ-DOXY at
respective weight ratios of 1:1 and 1:2 were 4.37x10” pg/mL and 1.77x10° pg/mL, while the
HCQ was 1.50x10° pg/mL.

Cytotoxicities of dual drug combination of FAVI-AZI in mesenchymal
stem cells

The use of FAVI and AZI in an antiviral study of COVID-19 was initially evaluated for cyto-
toxicity against primary cultured stem cells. As shown in Fig 9, the results indicated that both
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https://doi.org/10.1371/journal.pone.0252302.9005

FAVI and AZI, administered either as a single drug or in dual combination, produced very
low cytotoxicity effects. It could be confirmed that FAVI and AZI were considered drugs not
harmful to mesenchymal stem cells.

Cytotoxicities of dual drug combination of HCQ-FAVI in mesenchymal

stem cells

The HCQ was also evaluated for its combination with FAVI. As presented in Fig 10, as a
single drug, HCQ produced more intense cytotoxic effects in the mesenchymal stem cells
than did FAVI whose CCsq value of HCQ was 11.75 pg/mL. Combining HCQ with FAVI
reduced the toxicity resulting in higher CCs, values of the HCQ-FAVI combination
which were 343 ug/mL and 954 pg/mL for HCQ-FAV mixed at the ratios of 1:5 and 1:10

respectively.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252302 June 18, 2021

11/27


https://doi.org/10.1371/journal.pone.0252302.g005
https://doi.org/10.1371/journal.pone.0252302

PLOS ONE An in vitro anti-viral study of dual drug combinations against SARS-CoV-2 virus

O vrorrITO O vLopRITO:DOXY=1:1
] poxy

[] voririTO:DOXY=1:2
/\ LOPIRITO 8 pg/mL+DOXY
¥/ LOPIRITO+DOXY 2 pg/mL

-
¢

Affected Fraction of Cell Viability
=
n

Affected Fraction of Cell Viability
=
n

=
=
g
M

=
o
=
o

1000 2000 1000 2000
Concentration (pg/mL) Concentration (ng/mL)

—
4

Drug CCs, (ng/mL)
LOPIRITO 3.45x103
DOXY 1.65x10%
LOPIRITO:DOXY (1:1, w/w) >800, ND
LOPIRITO:DOXY (1:2, w/w) >1,200, ND
LOPIRITO 8 pg/mL + DOXY >408, ND
LOPIRITO+ DOXY 2 pg/mL >402, ND

Fig 6. The cytotoxicities of Lopinavir-Ritonavir (LOPIRITO) and Doxycycline (DOXY) as a single drug (left) and dual drug combination in constant and non-
constant ratios (right) analysed by using CompuSyn Software (n = 3). At non-constant ratios of LOPIRITO 8 pug/mL + DOXY, LOPIRITO was added at a
concentration of 8 ug/mL to each increased levels of DOXY i.e. 0.2, 2, 10, 100, and 400 ug/mL. On the other hand, DOXY was then added at a concentration of 2 ug/mL
to each increased levels of LOPIRITO i.e. 0.2, 2, 10, 100, and 400 pg/mL to produce LOPIRITO + DOXY 2 pug/mL.

https://doi.org/10.1371/journal.pone.0252302.9006

Cytotoxicities of dual drug combination of HCQ-LOPIRITO in
mesenchymal stem cells

HCQ was dually combined with LOPIRITO and evaluated for its safe use against mesenchynal
stem cells. In this assay, HCQ and LOPIRITO produced relatively low CCs, values of 2.51 and
58.55 ug/mL and were considered potentially toxic drugs and combinations as shown in Fig
11. The dual combination of HCQ and LOPIRITO produced higher CCs, values than single
HCQ, i.e. 9.38 ug/mL and 8.45 pg/mL, for HCQ:LOPIRITO combined at weight ratios of 1:1
and 1:2. respectively. However, they were still more toxic than LOPIRITO.

Antiviral activity in Vero cells infected with SARS-CoV-2-isolated human
virus

After cytotoxic evaluation of dual drug combination in mesenchymal stem cells, the drugs
were subsequently assessed for antiviral activities against the SARS-CoV-2 virus isolated from
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https://doi.org/10.1371/journal.pone.0252302.9007

patients in Universitas Airlangga Hospital. The Vero cells were inoculated with the virus
which led to certain changes in their morphology indicating that the virus had successfully
infected them. Fig 12 contains the typical formations of virus-infected cells observed at 24, 48,
and 72 hours post-inoculation. At 24 hours post-inoculation, the presence of groups or colo-
nies of detached cells indicated that they were dead. Furthermore, the formation of giant cells
was observed in the 48 hours followed by a cytopathic effect clearly evident in the cells at 72
hours after the virus inoculation.

In addition to the photomicrographs of cell morphological changes, pro-viral load determi-
nation indicated that virus copy numbers had increased during the incubation period, as
shown in Table 2.

The single drug and dual drug combination were added to the infected Vero cells and incu-
bated for 24, 48 and 72 hours. The virus challenge test (IC5, in ppm) of single drug and drug
combination against Vero cells infected with SARS-CoV-2 isolate, with a multiplicity of infec-
tion (Mol) value of 0.04, showed that combining drugs resulted in lower ICs, of each single
drug than those of single drug uses. As can be seen in Table 3 and Figs 13 and 14, LOPIRITO +

PLOS ONE | https://doi.org/10.1371/journal.pone.0252302 June 18, 2021 13/27


https://doi.org/10.1371/journal.pone.0252302.g007
https://doi.org/10.1371/journal.pone.0252302

PLOS ONE An in vitro anti-viral study of dual drug combinations against SARS-CoV-2 virus

O wnco O ucQ:poxY-=1:1
] poxy - [] Hco:pOXY=1:2

/\ HCQ+DOXY 2 pg/mL
~\/ HCQ 6 pg/mL+ DOXY

-y

=
)

i3]

Affected Fraction of Cell Viability
=
W

Affected Fraction of Cell Viability
>
9]

&
=

=
=

1000 2000 1000 2000
Concentration (ng/mL) Concentration (ng/mL)

=
o

Drug CCs) (ng/mL)
HCQ 1.50x103
DOXY 7.8x10°4¢
HCQ:DOXY (1:1, w/w) 4.38x103
HCQ:DOXY (1:2, w/w) 1.78x10°
HCQ + DOXY 2 pg/mL >402, ND
HCQ 6 pg/mL + DOXY >406, ND

Fig 8. The cytotoxicities of Hydroxychloroquine (HCQ) and Doxycycline (DOXY) as a single drug (left) and dual drug combination in constant and non-
constant ratios (right) analysed by using CompuSyn Software (n = 3). At non-constant ratios of HCQ + DOXY 2 ug/mL, DOXY was added at a concentration of
2 ug/mL to each increased levels of HCQ i.e. 0.2, 2, 10, 100, and 400 pg/mL. On the other hand, HCQ was then added at a concentration of 6 ug/mL to each increased
levels of DOXY i.e. 0.2, 2, 10, 100, and 400 pg/mL to produce HCQ 6 pg/mL + DOXY.
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AZI (1:2) resulted in an ICs of less than 8.33 ppm for 24-hour incubation which was lower
than those of single use LOPIRITO and AZI which were 12.10 and 51.90 ug/mL respectively.
LOPIRITO + CLA (1:1) also produced a similar result at 24 hours post-incubation with a lower
ICs value, at 6.90 pg/mL, than those of single LOPIRITO and CLA at 12.10 and 4.60 pug/mL. A
drug combination of LOPIRITO + DOXY (1:1) lowered the ICs, of DOXY at 24 hours after
drug incubation, which was reduced from 18 ug/mL as a single drug to 13.94 pg/mL as a dual
drug combination. On the other hand, the combination of HCQ with AZI, DOXY, FAV], and
LOPIRITO increased the ICs, values against their single drug uses, as well as the combination
of FAVI + AZI (2:1).

On the other hand, the evaluation of each concentration of drug combination at a deter-
mined drug incubation period reveals that the use of drug combinations resulted in a lower
drug concentration required for producing undetected virus numbers than the single drug uses,
as evident from Table 4. The combination of LOPIRITO + AZI (1:2) composed of 13.4 pug/mL
LOPIRITO and 33.6 pg/mL AZI had produced undetected virus numbers at 24, 48, and 72
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hours post-incubation at a concentration of 50 pug/mL which were lower than the concentra-
tions of each single drug required for generating a similar result, namely; 37.5 and 125 ug/mL
for LOPIRITO and AZI respectively. This was also observed for a drug combination of LOPIR-
ITO + CLA(1:1), LOPIRITO + DOXY (1:1), and HCQ + LOPIRITO (1:2). However, the combi-
nation of HCQ + AZI (1:2), HCQ + DOXY (1:2), FAVI + AZI (2:1), and HCQ + FAVI (1:10)
produced no higher efficacy in respect of virus eradication than their single drugs.

IL-6, IL-10 and TNF-a levels of virus-infected Vero cells incubated with
dual combinatory drugs

An analysis of pro-inflammatory and anti-inflammatory responses was further conducted
included Interleukin-10 (IL-10), Interleukin-6 (IL-6), and Tumor Necrosis Factor-o (TNF-a).

As shown in Table 5, the administration of LOPIRITO, AZI, CLA, and HCQ increased IL-10
levels and reduced the efficacy of IL-6 as a pro-inflammatory marker, but had no effects on
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TNF-o levels. However, for the most part, the use of dual drug administration increased IL-10
levels as an anti-inflammatory marker and reduced IL-6 and TNF-o. levels as pro-inflamma-
tory markers, but there were no noticeable effects on these interleukin levels for the FAVI +
AZI (2:1) combination.

Molecular docking study of drugs against main protease of SARS-CoV-2 virus

By using an in silico method as shown in Fig 15, it can be seen that all the ligands including
LOPIRITO, FAVI, AZI, CLA, DOXY, and HCQ can interact with the virus main protease with
high docking scores ranging from -37.46 to -22.01 (see Table 6). DOXY recorded the lowest
docking score, -37.46 kcal/mol and had a potency higher than Ritonavir (RITO). In contrast,
AZI had the highest docking score of approximately -22.01 kcal/mol.

The parameters to validate the docking parameters were employed to perform the docking
of each candidate ligand. From the docking results, the binding energy was obtained in the
form of a grid score (kcal / mol) for each ligand to the receptor as presented in Table 6.
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Discussion

The in vitro antiviral activities of dual combinatory drugs consisting of antiviral agents, i.e.
LOPIRITO, FAV], antibiotics such as AZI, CLA, DOXY, and HCQ against Vero cells infected
with SARS-CoV-2 virus isolated from hospitalized patients in Surabaya, Indonesia were evalu-
ated. These drugs have recently became the subject of interest for use in clinical trials, thereby
providing information about their therapeutic effects as combinatory drugs within a highly
effective strategy of providing pre-clinical evidence supporting their clinical use for combating
pandemic COVID-19.

LOPIRITO is a protease inhibitor commonly employed in the treatment of HIV that, inter-
estingly, has also been shown to have an antiviral effect on SARS-CoV and MERS-CoV by
inhibiting the protease activity of coronavirus [17, 18, 32]. Within this study, its combined use
with other drugs was evaluated. Significantly, most of these drug combinations demonstrated
greater in vitro antiviral potency against the SARS-CoV-2 virus with lower cytotoxicity
observed in mesenchymal stem cells than the single drug itself.
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Fig 12. The photomicrographs of morphology changes of Vero cells before virus inoculation (A), at 24-h (B), 48-h (C), and 72-h (D) after virus inoculation observed

at a magnification of 100x. The black arrow shows a giant cell formation and the white arrow indicates a cytopathic effect.

https://doi.org/10.1371/journal.pone.0252302.9012

The drug combinations were prepared in two ratio types, i.e. constant and non-constant
weight ratios, due to the lack of data regarding the growth inhibition curves of these drugs in
mesenchymal stem cells in addition to their ICs, values. Moreover, there is a paucity of infor-
mation about which drug is more toxic to the cells and drug use in combination as evaluated
in this study. This study aimed to identify the profile of drug interaction, whether synergistic,

Table 2. Virus titer of Vero cells infected with the SARS-CoV-2 virus isolates at a multiplicity of infection (Mol)

of 0.04 at 24, 48, and 72 hours post infection.

Incubation period of viral infection Virus Titer per uL
24 hours 12.10
48 hours 14.29
72 hours 38.19

https://doi.org/10.1371/journal.pone.0252302.t002
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Table 3. The summary of antiviral activity (ICso) of single and combination drugs against Vero cells infected with SARS-CoV-2 at an multiplicity of infection

(Mol) value of 0.04.
Drugs I1Csp (ng/mL)
24h 48h 72h

Lopinavir/Ritonavir (LOPIRITO) 12.10 <1.00 0.90
Azithromycin (AZI) 51.90 19.60 <10.00
Clarithromycin (CLA) 4.60 0.60 0.90
Doxycycline (DOXY) 18.00 4.70 0.40
Hydroxychloroquine (HCQ) 9.50 4.70 1.40
Favipiravir (FAVI) 9.60 18.60 <10.00
Lopinavir/Ritonavir + Azithromycin (LOPIRITO:AZI, 1:2) <8.33 48.09 <8.33
Lopinavir/Ritonavir + Clarithromycin (LOPIRITO:CLA, 1:1) 6.90 3.90 <0.50
Lopinavir/Ritonavir + Doxycycline (LOPIRITO:DOXY, 1:1) 13.94 4.79 <2.50
Hydroxychloroquine + Azithromycin (HCQ:AZI, 1:2) 39.68 39.68 <16.66
Hydroxychloroquine + Doxycycline (HCQ:DOXY, 1:2) 30.80 <6.67 30.80
Favipiravir + Azithromycin (FAVI:AZI, 2:1) 48.46 14.53 86.99
Hydroxychloroquine + Favipiravir (HCQ:FAVTI, 1:10) 57.72 74.77 <31.82
Hydroxychloroquine + Lopinavir/Ritonavir (HCQ:LOPIRITO, 1:2) 24.90 23.49 25.61

https://doi.org/10.1371/journal.pone.0252302.t003

additional, or antagonistic, in order to establish their cytotoxic effect on mesenchymal stem
cells. In principal, to obtain the appropriate ratio for clinical use, drug combinations were pre-
pared at both constant and non-constant ratios, with their IC50 values being subsequently
determined. After the profiles had been obtained, the constant ratio with low cytotoxicity was
selected for further antiviral evaluation, while the non-constant ratio was not considered fur-
ther. This was because the use of commercial products at a largely general dosage represents a
more practical therapeutic application of COVID-19, not involving a customized dose or
Fixed Dose Combination products.

LOPIRITO was combined with AZI, primarily used in the treatment of respiratory, enteric
and genitourinary infection, which had also been recently employed as a therapeutic agent
against COVID-19 infection [33]. In this study, the dual combination of LOPIRITO and AZI
at respective ratios of 1:1 and 1:2 reduced the cytotoxicity of each single drug on mesenchymal
stem cells. Moreover, their combination produced higher efficacy in reducing virus numbers,
while also increasing IL-10 and reducing IL-6 and TNF-a levels.

LOPIRITO was also combined with CLA. Instead of monotherapy using only LOPIRITO,
several hospitalized patients received CLA, a macrolide antibiotic, which inhibits protein syn-
thesis in susceptible organisms (e.g. bacteria) by binding to the 50S ribosomal sub-unit [34].
The same results were also achieved by combining LOPIRITO and CLA at a weight ratio of
1:1. There was a decrease in cytotoxicity in normal cells and an increase of antiviral activity
against SARS-CoV-2 virus compared with each single drug.

FAVI is an antiviral medication used to treat influenza in Japan which is also being evalu-
ated for its effectiveness against other viral infections [35]. However, there is evidence that
FAVT is teratogenic, with the result that considerable care needs to be exercised in avoiding its
extensive use during pregnancy [36, 37]. AZI is a broad-spectrum macrolide antibiotic with a
long half-life, excellent tissue penetration and a large distribution volume [9, 21]. DOXY is a
broad-spectrum tetracycline-class antibiotic used in the treatment of infections caused by bac-
teria and certain parasites. It is used to treat bacterial pneumonia, acne, chlamydia infections,
early-stage Lyme disease, cholera, typhus, and syphilis [38]. HCQ is a medication used to pre-
vent and treat malaria in areas where the disease remains resistant to chloroquine. Other
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Fig 13. The efficacy (ICs) evaluation of Lopinavir-Ritonavir (LOPIRITO), Favipiravir (FAVI), Azithromycin (AZI), Clarithromycin (CLA), Doxycycline (DOXY),
and Hydroxychloroquine (HCQ) as a single drug in Vero cells infected with SARS-CoV-2 virus isolates for 24 hours (A), 48 hours (B), and 72 hours (C) analysed
using CompuSyn Software at a multiplicity of infection (Mol) value of 0.04.

https://doi.org/10.1371/journal.pone.0252302.9013

applications include the treatment of rheumatoid arthritis, lupus, and porphyria cutanea tarda.
HCQ is currently being studied to establish its efficacy in the prevention and treatment of
COVID-19 [39].

The same results are also obtained by use of a combination of LOPIRITO + CLA (Fig 5),
LOPIRITO + DOXY (Fig 6), HCQ + AZI (Fig 7), and HCQ + DOXY (Fig 8). These combina-
tions showed the absence of cytotoxic effect in cells and viability exceeding 90%. The use of
this combination provides a potential opportunity for antiviral testing due to its minimal toxic
effects on mesenchymal cells.

Both FAVI and AZI, when administered as single drugs, and their combination (FAVI +
AZI) produce extremely low cytotoxicity since they are relatively non-toxic to mesenchymal
cells, as indicated by the high CCs, value, (see Fig 9). On the other hand, a drug combination
of FAVI + HCQ has a higher CCs, value than HCQ as a single drug, which is relatively more
toxic than FAVI, as can be seen from the contents of Fig 10. A combination of LOPIRITO +

HCQ also has a higher CCs, value than HCQ as a single drug which is relatively more toxic
than LOPIRITO, (see Fig 11).
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Fig 14. The efficacy (ICs) evaluation of dual combination of Lopinavir-Ritonavir (LOPIRITO), Azithromycin (AZI), Doxycycline (DOXY), Favipiravir (FAVI),
Clarithromycin (CLA), and Hydroxychloroquine (HCQ) as a single drug in Vero cells infected with SARS-CoV-2 virus isolates for 24 hours (A), 48 hours (B), and 72
hours (C) analysed using CompuSyn Software at a multiplicity of infection (Mol) value of 0.04.

https://doi.org/10.1371/journal.pone.0252302.9014

Based on the CCs, value data obtained, the application of a combination of LOPIRITO,
AZI, CLA, DOXY, FAVI, and HCQ has the potential to reduce the degree of toxicity of the
drug administered. Most drug combinations exhibit antagonistic effects which negate the side
effects of other drugs. Thus, when viewed from the perspective of safety and toxicity, the
potential use of a combination of therapeutic drugs, especially the treatment of COVID-19, is
extremely high and can be considered effective. Furthermore, a virus challenge test was per-
formed on a combination of drugs which was declared to be relatively safe.

Antiviral activity was assessed using Vero cells previously infected with SARS-CoV-2 iso-
lates obtained from Universitas Airlangga Hospital. A summary of results can be seen in
Table 3. It can be noted that the use of a single drug has the ability to reduce the amount of
virus. The analysis involving the use of software can be seen in Fig 13. With a single drug,
there was a decrease in the number of copies of the virus (Fa = number of copies of virus sam-
ples / positive controls) in accordance with the duration of drug incubation in the sample,
whereby at 72 hours, almost all viruses in the test group had died. The antiviral activities of
drug combinations can be seen in Fig 14 with a summary of the results contained in Table 4.
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Table 4. The concentration of single and combination drugs (at a mass ratio) that produced an undetected virus copy number in the in vitro antiviral study against
Vero cells infected with SARS-CoV-2 at a multiplicity of infection (Mol) value of 0.04 at 24, 48, and/or 72 hours’ incubation.

Drugs Drug concentration (ug/mL) Results

Lopinavir/Ritonavir (LOPIRITO) 37.5 24, 48, 72h virus undetected

Azithromycin (AZI) 125 24, 48, 72h virus undetected

Clarithromycin (CLA) 8 24, 48, 72h virus undetected

Doxycycline (DOXY) 37.5 24, 48, 72h virus undetected

Hydroxychloroquine (HCQ) 37.5 48, 72h virus undetected

Favipiravir (FAVI) 37.5 24, 48, 72h virus still detected with decreasing number
Lopinavir/Ritonavir + Azithromycin (LOPIRITO:AZI, 1:2) 50 24, 48, 72h virus undetected

Lopinavir/Ritonavir + Clarithromycin (LOPIRITO:CLA, 1:1) 30 48, 72h virus undetected

Lopinavir/Ritonavir + Doxycycline (LOPIRITO:DOXY, 1:1) 25 24, 48, 72h virus undetected

Hydroxychloroquine + Azithromycin (HCQ:AZIL, 1:2) 100 24, 48, 72h virus undetected

Hydroxychloroquine + Doxycycline (HCQ:DOXY, 1:2) 25 48, 72h virus undetected

Favipiravir + Azithromycin (FAVI:AZI, 2:1) 200 24, 48, 72h virus still detected with decreasing number
Hydroxychloroquine + Favipiravir (HCQ:FAVTI, 1:10) 150 24, 48, 72h virus undetected

Hydroxychloroquine + Lopinavir/Ritonavir (HCQ:LOPIRITO, 1:2) 50 24, 48, 72h virus still detected with decreasing number

https://doi.org/10.1371/journal.pone.0252302.t1004

The results indicate that drug combinations demonstrated greater effectiveness in reducing
the amount of virus where ICs, values decreased after 24, 48 and 72 hours of the incubating of
cells infected with the drug. As a combination drug, there was a decrease in the number of cop-

ies of the virus in some samples whereas, depending on the incubation time of the drug in the

sample, there was a significant reduction in the amount of virus in the test group.

Table 5. The summary of the cytokine levels of Vero cells infected with SARS-CoV-2 isolates an multiplicity of infection (Mol) value of 0.04 at 24, 48, and 72 hours
incubated with single and drug combinations. The data were in duplicates.

Drugs IL-10 IL-6 TNF-a
Lopinavir/Ritonavir (LOPIRITO) /" /" (37.5 pug/mL; 72h) N\ (15 pg/mL; 24, 48h) No effects
Azithromycin (AZI) /" /" (15 pg/mlL; 24h) N\ (to 125 pg/mlL; 24, 48, 72h) No effects
Clarithromycin (CLA) /" (8 ug/mL; 48h) N\ (1, 4, 8 ug/mlL; 24, 48, 72h) No effects
Doxycycline (DOXY) /" /" (1 ug/mL; 48, 72h) N\ (1 pg/mL; 24h) N\ (1 pg/mL; 24h)
Hydroxychloroquine (HCQ) /" /" (15 pg/mL; 48h) N\ (1 pg/mL; 24h) No effects
Favipiravir (FAVI) /" /" (10, 15 pg/mL; 48, 72h) N\ (to 100 pg/mL; 48h) o\ (10 ppm; 24h)

Lopinavir/Ritonavir + Azithromycin
(LOPIRITO:AZI, 1:2)

/' /" (25,50, 100 pg/mL;
48,72h) — strong

N\ (and IL-2) (25, 50, 100 pug/mL; 24, 48, 72h) —
strong IL-2: \\ (100 pg/mL; 24, 48h)

N\ (25 ppmy; 24h)

Lopinavir/Ritonavir + Clarithromycin
(LOPIRITO:CLA, 1:1)

/(1,10 pg/mlL; 24, 48,
72h)

N\ (1 pg/mlL; 24, 48h)

N\ (30 pg/mL; 24, 48, 72h)

Lopinavir/Ritonavir + Doxycycline
(LOPIRITO:DOXY, 1:1)

/" /" (5,10 ug/mL; 48, 72h)

N\ (and IL-2) (10, 25 pg/mL; 48h) — strong IL-2:

N\ (5, 10 pug/mL; 48, 72 h)

N\ (5, 10, 25 pg/mL; 24, 48,
72h) — strong

Hydroxychloroquine + Azithromycin (HCQ:

/' /(25,50 pg/mL; 48,72h)

N\ (and IL-2) (25, 50, 100 pg/mL; 24, 48, 72h) —

N\ (25 pg/mL; 24h)

AZ1,1:2) strong

Hydroxychloroquine + Doxycycline (HCQ: /" /" (25 pg/mL; 24, 48, 72h) No effects N\ (10, 25, 50 pug/mlL; 24,
DOXY, 1:2) 48, 72h)
Favipiravir + Azithromycin (FAVI:AZI, 2:1) No effects No effects No effects
Hydroxychloroquine + Favipiravir (HCQ: No effects N\ (35, 75 pg/mL; 24h) No effects

FAVI, 1:10)

Hydroxychloroquine + Lopinavir/Ritonavir /" /" (25, 50 ug/mL; 48h) N\ (25, 50 pg/mL; 48h) No effects

(HCQ:LOPIRITO, 1:2)

Note: (25, 50 ug/mL; 48h) means that at concentration of 25 and 50 ug/mL of drug combination, the changes in interleukin levels were observed at48 hours post

incubation. /" increased, \,\: decreased.

https://doi.org/10.1371/journal.pone.0252302.t005
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Fig 15. The molecular structures of native ligand binding to receptor in SARS-CoV-2.

https://doi.org/10.1371/journal.pone.0252302.9015

An analysis of pro-inflammatory and anti-inflammatory responses was conducted, includ-
ing Interleukin-10 (IL-10), Interleukin-6 (IL-6), and Tumor Necrosis Factor-a (TNF-o). From
the results presented in Table 5, the majority of drug administration increased IL-10 levels as
an anti-inflammatory marker and reduced IL-6 and TNF-a levels as pro-inflammatory mark-
ers. Only in the combination of FAVI + AZI (2:1) was the effect negligible. The interactions
observed in this study can be physical or chemical and affect the ability of the drugs to infiltrate
the cell to cause further toxic effects and inhibit or reduce the rate of viral infectivity in host

cells.

Molecular docking was employed to predict interactions between ligands and protein. The
interaction can be seen from the binding site of the macromolecular target. The docking
process consists of two interrelated stages, docking algorithm and scoring function. The

Table 6. The docking scores of potential SARS-CoV-2 main protease inhibitor drug.

No Chemical Name Molecular Weight (g/mol) Docking Score (kcal/mol)

1 Lopinavir (LOPI, Cs;H,gN,Os) 628.8 -28.56

2 Ritonavir (RITO, C3;H,NgO5S;) 720.9 -30.47

3 Favipiravir (FAVI, C;H,FN;0,) 157.1 -23.11

4 Azithromycin (AZI, C33H7,N,01,) 749 -22.01

5 Clarithromycin (CLA, C33HgoNO13) 748 -25.48

6 Doxycycline (DOXY, C,,H,4N,05) 444 .4 -37.46

7 Hydroxychloroquine (HCQ, C;gHCIN;0) 335.9 -29.59
https://doi.org/10.1371/journal.pone.0252302.t006
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docking algorithm obtains the most stable conformation of the ligand-protein complex
formed. Molecular bonds will be formed from functional groups of ligands that interact with
residues of amino acid receptor proteins. The scoring function is intended to evaluate con-
formation by calculating the strength of the affinity between ligand and protein and then
directing the exploration of the ligand conformation to a position with a stronger affinity
[40]. The affinity value obtained was in the form of Gibbs free energy. A low Gibbs free
energy value indicates that the conformation formed is stable, while a high one indicates the
formation of a less stable complex. The more negative the value produced, the stronger the
affinity of the ligand-protein complex, with the result that its activity is expected to be of
even higher quality [41, 42].

The SARS-CoV-2 main protease (PDB ID: ALUS6) is a ~306 amino acid long main protease
whose crystal structure with a resolution of 1.93 A has been elucidated. The main protease
enzyme is the optimum target for inhibiting the SARS-CoV-2 virus. This protease breaks the
spikes and is further established by penetration. This study was undertaken to identify possible
compounds that can bind to the main protease which may be used as a potential drug for
SARS-CoV-2. The results indicated that all the ligands, i.e. LOPI, RITO, FAVI, AZI, CLA,
DOXY, and HCQ, can bind with the main protease with a high docking score of -37.46 to
-22.01 kcal/mol (see Table 6). It is probable that the compounds inhibit the process of viral
replication and translation and may have an extremely significant impact on controlling the
viral load in infected individuals.

Conclusion

Using a combination of drugs would reduce the degree of cytotoxicity compared to a single
drug, increase antiviral activity, and produce a lower effect on pro-inflammatory markers and
intensify anti-inflammatory response. Hence, it can reduce the toxic potency in cells and
increase the effectiveness with regard to reducing the number of copies of the SARS-CoV-2
virus. Based on the degree of therapeutic effectiveness, toxicity in vitro, and response to
inflammatory markers, the activity of a single drug from the highest to the lowest is as follows:
CLA > LOPIRITO > DOXY > AZI > HCQ.

Based on the degree of therapeutic effectiveness, toxicity in vitro, and the response to
inflammatory markers, the activity of a drug combination ranging from the highest to lowest
is the following: LOPIRITO + AZI > LOPIRITO + AZI > HCQ + AZI > HCQ + FAVI >
LOPIRITO + CLA > HCQ + DOXY. However, further studies are required regarding the pos-
sible interactions.
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