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Due to the rapid transmission of the Coronavirus Disease 2019 (COVID-

19) causing serious public health problems and economic burden, the development 

of effective therapeutic interventions is urgently needed for controlling the ongoing 

pandemic disease. In this study, we have transiently produced recombinant SARS-

CoV-2 RBD and human ACE2 fused with the Fc region of human IgG1 
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therapeutic against SARS-CoV-2. The recombinant SARS-CoV-2 RBD-Fc subunit 
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aluminium hydroxide gel (Alum), AddaVaxTM (MF59), monophosphoryl lipid A 

from Salmonella Minnesota R595 (mPLA-SM), and polyinosinic-polycytidylic acid 

(poly(I:C)) and intramuscularly immunized in mice to appraise the immunogenicity 

as well as potent anti-SARS-CoV-2 activity of recombinant ACE2-Fc protein was 

assessed in vitro using Vero E6 cells. Importantly, the plant-produced recombinant 

SARS-CoV-2 RBD-Fc could exhibit effective immunogenicity profiles in terms of 

and specific potent antibodies vaccine-specific T-lymphocyte responses in mice. 

Additionally, plant-produced ACE2-Fc proteins could efficiently inhibit SARS-

CoV-2 infection in vitro. Altogether, our results demonstrated that the plant-

produced recombinant SARS-CoV-2 RBD-Fc and ACE2-Fc proteins have the 

potential to be used as an alternative subunit vaccine and therapeutic for COVID-

19, which are possibly presented in the clinical trials for human uses in the near 

future. 

 

Field of Study: Pharmaceutical Sciences 

and Technology 

Student's Signature 

............................... 

Academic 

Year: 

2021 Advisor's Signature 

.............................. 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 v 

ACKNOWLEDGEMENT S 
 

ACKNOWLEDGEMENTS 

  

I would like to express my sincere gratitude and appreciation to my advisor, 

Associate Professor WARANYOO PHOOLCHAROEN, Ph.D., from the Department of 

Pharmacognosy and Pharmaceutical Botany, Faculty of Pharmaceutical Sciences, 

Chulalongkorn University, for providing the opportunities to study in Ph.D. program 

and continuing in the interesting research field. Her guidance and encouragement 

supported of my Ph.D. study and research and carried me through all stages of my 

project and writing of this thesis. Besides my advisor, I would also like to thank to 

KAEWTA RATTANAPISIT, Ph.D. and BALAMURUGAN SHANMUGARAJ, Ph.D., 

postdoctoral researchers, and members of the Research Unit for Plant-Produced 

Pharmaceuticals (RU-PPP), Chulalongkorn University for valuable suggestions and 

supports in every steps of this thesis. 

I would like to thank my committee members including Associate Professor 

ANCHANEE KUBERA, Ph.D., Assist. Prof. CHATCHAI CHAOTHAM, Ph.D., 

WANATCHAPORN ARUNMANEE, Ph.D., and KANNIKA KHANTASUP, Ph.D. for 

letting my thesis defense be a delightful moment and for your insightful comments and 

suggestions. 

I greatly appreciate to PHARMACEUTICAL SCIENCES AND 

TECHNOLOGY (PST) PROGRAM, Faculty of Pharmaceutical Sciences, 

Chulalongkorn University for contribution of attractive courses as well as the good 

times during my three years as a Ph.D. student. 

I am thankful to the Department of Disease Control, Ministry of Public Health, 

Thailand for providing clinical specimens for the viral isolate and sera from a COVID- 

19 survivor, 100th anniversary Chulalongkorn University for doctoral scholarship and 

Baiya Phytopharm Co., Ltd. for a financial support in this research. 

Finally, my sincere thanks also go to my friends, my family, and my parents for 

their continuous and unparalleled love, help and support. 

  

  

Konlavat  Siriwattananon 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE OF CONTENTS 

 Page 

...................................................................................................................................... iii 

ABSTRACT (THAI) ................................................................................................... iii 

....................................................................................................................................... iv 

ABSTRACT (ENGLISH) ............................................................................................. iv 

ACKNOWLEDGEMENTS ........................................................................................... v 

TABLE OF CONTENTS .............................................................................................. vi 

LIST OF TABLES ..................................................................................................... xiii 

LIST OF FIGURES .................................................................................................... xiv 

CHAPTER 1 .................................................................................................................. 1 

Rationale and Significance ........................................................................................ 1 

Research Hypotheses ................................................................................................. 3 

Literature Reviews ..................................................................................................... 4 

COVID-19 pandemic disease .............................................................................. 4 

Epidemiological characteristics of COVID-19 disease .............................. 4 

Pathophysiology of SARS-CoV-2 .............................................................. 5 

• Classification and origin of SARS-CoV-2 ....................... 5 

• Structural biology of SARS-CoV-2 ................................. 8 

• Entry of SARS-CoV-2 and pathogenesis ....................... 11 

• Role of ACE2 in COVID-19 .......................................... 13 

Potential anti-SARS-CoV-2 interventions for COVID-19 treatment ................ 15 

Anti-inflammatory agents ......................................................................... 16 

Systemic anticoagulants ........................................................................... 16 

Chloroquine and hydroxychloroquine ...................................................... 17 

Renin-angiotensin system inhibitors ........................................................ 17 

Serine protease inhibitors ......................................................................... 18 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 vii 

Non-steroidal anti-inflammatory drugs .................................................... 18 

Repurposed anti-viral drugs ..................................................................... 18 

• Lopinavir and ritonavir .................................................. 18 

• Nelfinavir ....................................................................... 19 

• Remdesivir ..................................................................... 19 

• Favipiravir ...................................................................... 19 

Antibody-based therapy ........................................................................... 20 

ACE2 protein as the potential therapeutic agent for COVID-19 ............. 23 

Development of vaccine candidates for COVID-19 prevention ....................... 26 

Vaccine platforms ..................................................................................... 26 

• Live-attenuated platform ................................................ 28 

• Inactivated platform ....................................................... 29 

• Viral RNA platform ....................................................... 31 

• Viral DNA-based platform ............................................. 34 

• Viral vector platform ...................................................... 35 

• Protein-based subunit platform ...................................... 38 

Selection of SARS-CoV-2 antigen ........................................................... 42 

Selection of efficient immunoadjuvants ................................................... 44 

• Aluminum-based adjuvant (Alum) ................................ 45 

• Oil in water emulsion ..................................................... 46 

• Monophosphoryl lipid A (MPL) .................................... 47 

• Toll-like receptor (TLR) agonists .................................. 48 

- TLR9 agonists ............................................... 49 

- TLR7/8 agonists............................................ 49 

- TLR3 agonists ............................................... 50 

Plants as alternative protein production factories .............................................. 50 

Plant-based expression system ................................................................. 50 

Transient expression technologies ............................................................ 52 

Protein processing and localization in plant cells .................................... 55 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 viii 

Plant-produced biopharmaceuticals in several clinical applications ........ 57 

Fc-based therapeutic candidates ........................................................................ 59 

CHAPTER 2 ................................................................................................................ 61 

Materials and Equipment ......................................................................................... 61 

Genetic materials ............................................................................................... 61 

Biological materials ........................................................................................... 62 

Equipment ......................................................................................................... 62 

Materials ............................................................................................................ 63 

Proteins and antibodies ...................................................................................... 64 

Immunoadjuvants .............................................................................................. 65 

Chemical reagents ............................................................................................. 66 

Software and database ....................................................................................... 69 

Facilities ............................................................................................................ 70 

Experimental Procedures ......................................................................................... 70 

Gene Design and Synthesis ............................................................................... 70 

Cloning and Construction of Expression Vectors ............................................. 71 

Preparation of Escherichia coli Competent Cells .............................................. 73 

Plasmid Propagation in E. coli .......................................................................... 74 

Preparation of Agrobacterium tumefaciens Electrocompetent Cells ................ 75 

Gene Transformation into A. tumefaciens by Electroporation ......................... 76 

Transient Expression and Optimization of SARS-CoV-2 RBD-Fc and ACE2-Fc

 .................................................................................................................. 76 

Large-Scale Productions of SARS-CoV-2 RBD-Fc and ACE2-Fc ................... 77 

Protein Extraction and Purification ................................................................... 77 

Protein Characterization by Sodium Dodecyl Sulfate Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) and Western Blotting ............................... 78 

Protein Quantification by Enzyme-linked Immunoassay (ELISA) Assay ........ 79 

In vitro Binding Activity of Plant-Produced SARS-CoV-2 RBD-Fc ............... 80 

In vitro Binding Activity of Plant-Produced ACE2-Fc ..................................... 81 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ix 

Vaccine Preparation and Formulation for Mice Immunization ......................... 81 

Ethics Statement ................................................................................................ 82 

Mice Immunogenicity Studies ........................................................................... 82 

Evaluation of SARS-CoV-2 RBD-Specific Antibody Responses by ELISA 
Assay ........................................................................................................ 83 

Cell culture ........................................................................................................ 84 

Virus preparation ............................................................................................... 85 

In Vitro Microneutralization Assay ................................................................... 85 

Quantification of Mouse IFN-γ by ELISpot Assay ........................................... 87 

In Vitro Antiviral Activity of Plant-Produced ACE2-Fc .................................. 88 

Statistical analysis ............................................................................................. 90 

CHAPTER 3 ................................................................................................................ 91 

Construction of SARS-CoV-2 RBD-Fc and ACE2-Fc for Plant Expression .......... 93 

Transient Expression of SARS-CoV-2 RBD-Fc and ACE2-Fc in N. benthamiana 

via., Agroinfiltration .......................................................................................... 97 

Purification and Characterization of SARS-CoV-2 RBD-Fc and ACE2-Fc Fusion 

Protein from N. benthamiana Leaves .............................................................. 100 

In vitro Binding Activity of Plant-Produced RBD-Fc and ACE2-Fc Fusion Proteins

 ......................................................................................................................... 104 

Identification of Immunoadjuvants and Mice Immunogenicity ............................ 109 

SARS-CoV-2 RBD-specific IgG responses elicited in mice immunized by 

several plant-produced SARS-CoV-2 subunit vaccine formulations ..... 112 

SARS-CoV-2 RBD-specific IgG1 and IgG2a subtype responses elicited in mice 

immunized by several plant-produced SARS-CoV-2 subunit vaccine 

formulations ............................................................................................ 114 

Protective efficacy against live SARS-CoV-2 in vitro .................................... 116 

IFN-γ-expressing T cells induced by several plant-produced SARS-CoV-2 

subunit vaccine formulations .................................................................. 118 

Anti-SARS-CoV-2 Activity of the Plant-Produced ACE2-Fc Fusion Protein ...... 121 

CHAPTER 4 .............................................................................................................. 124 

REFERENCES .......................................................................................................... 126 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 x 

APPENDICES ........................................................................................................... 152 

APPENDIX 1 ......................................................................................................... 153 

Synthesized Sequence of Signal Peptide-SARS-CoV-2 RBD-Peptide Linker

 ................................................................................................................ 153 

Synthesized Sequence of Human Fc of Immunoglobulin G1-SEKDEL 

Retention Signal ..................................................................................... 154 

Sequence of SARS-CoV-2 RBD-Fc construct ................................................ 155 

APPENDIX 2 ......................................................................................................... 157 

Synthesized Sequence of Signal Peptide-ACE2-Peptide Linker .................... 157 

Sequence of ACE2-Fc construct ..................................................................... 159 

APPENDIX 3 ......................................................................................................... 162 

XbaI Restriction Enzyme ................................................................................. 162 

BamHI Restriction Enzyme ............................................................................. 162 

SacI Restriction Enzyme ................................................................................. 162 

APPENDIX 4 ......................................................................................................... 163 

APPENDIX 5 ......................................................................................................... 164 

LB Broth (Miller) ............................................................................................ 164 

LB Agar (Miller) ............................................................................................. 164 

1xPBS Buffer (pH7.4) ..................................................................................... 164 

1xInfiltration Buffer (pH 5.5) .......................................................................... 165 

1xRunning Buffer for SDS-PAGE .................................................................. 165 

1xTransfer Buffer for Western Blotting .......................................................... 165 

Coomassie Staining Solution........................................................................... 165 

De-staining Solution ........................................................................................ 166 

Z-buffer for Reducing Protein Loading Dye ................................................... 166 

Z-buffer for Non-Reducing Protein Loading Dye ........................................... 166 

Complete DMEM Medium ............................................................................. 166 

Blocking Solution for Microneutralization Assay ........................................... 167 

Diluent Solution for Antibody ......................................................................... 167 

R5 Medium ...................................................................................................... 167 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 xi 

R10 Medium .................................................................................................... 167 

1xACK Lysis Buffer ....................................................................................... 168 

APPENDIX 6 ......................................................................................................... 169 

Commercial HEK-Produced ACE2-Fc Protein Standard ............................... 169 

Expression Levels of Plant-Produced ACE2-Fc Proteins ............................... 170 

APPENDIX 7 ......................................................................................................... 171 

Absorbance at 450 nm of Sample in the Various Concentrations Tested by 

Using HEK293-Produced ACE2 Protein. .............................................. 171 

Absorbance at 450 nm of Sample in the Various Concentrations Tested by 

Using CHO-Produced ACE2 Protein. .................................................... 172 

Absorbance at 450 nm of Sample in the Various Concentrations Tested by 

Using 1xPBS Buffer (Negative Control) ................................................ 173 

APPENDIX 8 ......................................................................................................... 174 

Absorbance at 450 nm of Sample in the Various Concentrations Tested by 

Using Sf9-Produced SARS-CoV-2 RBD-His Protein. ........................... 174 

Absorbance at 450 nm of Sample in the Various Concentrations Tested by 

Using Plant-Produced S1 of PEDV-His Protein (Negative Control). .... 175 

Absorbance at 450 nm of Sample in the Various Concentrations Tested by 

Using 1xPBS Buffer (Negative Control). ............................................... 176 

APPENDIX 9 ......................................................................................................... 177 

Total IgG Titers ............................................................................................... 177 

IgG1 subtype Titers ......................................................................................... 179 

IgG2a subtype Titers ....................................................................................... 181 

APPENDIX 10 ....................................................................................................... 183 

APPENDIX 11 ....................................................................................................... 185 

APPENDIX 12 ....................................................................................................... 190 

APPENDIX 13 ....................................................................................................... 192 

APPENDIX 14 ....................................................................................................... 194 

Alum Adjuvant ................................................................................................ 194 

AddaVaxTM (MF59) Adjuvant ........................................................................ 195 

mPLA-SM Adjuvant ....................................................................................... 196 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 xii 

Poly (I:C)-High Molecular Weight Adjuvant ................................................. 197 

VITA .......................................................................................................................... 199 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LIST OF TABLES 

 Page 

Table  1 List of monoclonal antibodies developed for COVID-19 treatment ............. 21 

Table  2 Overview of available vaccine platforms developed for infectious diseases 

prevention .................................................................................................................... 27 

Table  3 List of clinical inactivated vaccine candidates for SARS-CoV-2.................. 31 

Table  4 List of clinical viral RNA-based vaccine candidates for SARS-CoV-2 ........ 33 

Table  5 List of clinical viral DNA-based vaccine candidates for SARS-CoV-2 ........ 35 

Table  6 List of clinical viral-vectored vaccine candidates for SARS-CoV-2 ............. 37 

Table  7 List of clinical protein-based vaccine candidates for SARS-CoV-2 ............. 39 

Table  8 Comparison of clinical efficacy of commercial vaccine candidates, which are 

approved for emergency use ........................................................................................ 41 

Table  9 Strengths and limitations of heterologous protein-based expression systems

...................................................................................................................................... 51 

Table  10 Overview of expression strategies for production of plant-derived 

biopharmaceuticals ...................................................................................................... 54 

Table  11 Examples of plant-produced biopharmaceuticals, which are available in 

clinical studies or approved for therapeutic use ........................................................... 58 

Table  12 Examples of plant-produced vaccines, which are available in clinical studies 

or approved for therapeutic use .................................................................................... 58 

Table  13 Fc-fusion proteins approved for clinical use ................................................ 60 

Table  14 Components for restriction enzyme digestion ............................................. 72 

Table  15 Components for in vitro ligation .................................................................. 72 

Table  16 Components for polymerase chain reaction................................................. 74 

Table  17 Conditions for polymerase chain reaction ................................................... 75 

Table  18 Primers for polymerase chain reaction ........................................................ 75 

Table  19 Experiment groups for immunogenicity study in mice ............................... 82 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LIST OF FIGURES 

 Page 

Figure  1 Timeline of the emergences of seven human coronaviruses consisting of 

human coronavirus 229E (HCoV-229E), HCoV-OC43, HCoV-NL63, HCoV-HKU1, 

Severe acute respiratory syndrome coronavirus (SARS-CoV), Middle-East respiratory 

syndrome coronavirus (MERS-CoV), and severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) ........................................................................................ 7 

Figure  2 Genome and viral structure of SARS-CoV-2. including 5’-untranslated 

region (5’-UTR), Open reading frame (ORF) 1a/b, non-structural proteins (papain-

like protease; 3CL-protease; RNA-dependent RND polymerase (RdRp); Helicase; and 

endoribonuclease), structural proteins (spike (S); membrane (M); envelope (E); and 

nucleocapsid (N) proteins), accessory proteins (ORF3a, 6, 7a, 7b, 8, 9b, and 10), and 

3’-UTR ........................................................................................................................... 9 

Figure  3 Schematic illustration of SARS-CoV-2 spike protein, which is cleaved by 

specific protease into subunit S1 and S2. The S1 subunit consists of N-terminal 

domain (NTD), receptor-binding motif (RBM), and receptor-binding domain (RBD), 

receptor-binding motif (RBM). The S2 subunit consists of fusion peptide (FP), heptad 

repeat 1 and 2 (HR 1/2), and transmembrane anchor (TM) ......................................... 11 

Figure  4 Renin-angiotensin-aldosterone system (RAAS) and ACE/ACE2 balance .. 15 

Figure  5 Diagrammatic representation showing the mechanism of soluble ACE2 

protein in anti-SARS-CoV-2 activity........................................................................... 26 

Figure  6 Schematic representation of TLR agonists activated various TLRs on 

conventional and plasmacytoid dendritic cells (DCs) ................................................. 49 

Figure  7 Schematic representation of gene design for cloning with Fc region to 

construct A. SARS-CoV-2 RBD-Fc and B. ACE2-Fc sequences ............................... 71 

Figure  8 Schematic representation of constructed protein expression vectors for 

expression in N. benthamiana including A. pBYR2e-SARS-CoV-2 RBD-Fc and B. 

pBYR2e-ACE2-Fc ....................................................................................................... 73 

Figure  9 Experimental design of plant-produced SARS-CoV-2 RBD-Fc 

immunization and sample collection in mice immunogenicity studies ....................... 83 

Figure  10 Experimental design of in vitro anti-SARS-CoV-2 assay including A. post-

infection phase; plant-produced ACE2-Fc added to SARS-CoV-2-infected Vero E6 

cells (at 25TCID50) and B. pre-infection phase; plant-produced ACE2-Fc and SARS-

CoV-2 (at 25TCID50) mixture added to Vero E6 cells ............................................... 90 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 xv 

Figure  11 Digestion of commercially synthesized genes including A. pUC57-SARS-

CoV-2 and B. pUC57-ACE2 by XbaI and BamHI restriction enzymes...................... 94 

Figure  12 Digestion of A. Fc fragment and B. pBYR2e vector by using its specific 

restriction enzymes including BamHI and SacI and XbaI and SacI restriction 

enzymes, respectively for preparation of expression constructs in plants ................... 95 

Figure  13 0.8% agarose gel of transformant E. coli colony PCR containing A. 

pBYR2e-SARS-CoV-2 RBD-Fc and B. pBYR2e-ACE2-Fc ...................................... 96 

Figure  14 0.8% agarose gel of transformant A. tumefaciens colony PCR containing 

A. pBYR2e-SARS-CoV-2 RBD-Fc and B. pBYR2e-ACE2-Fc ................................. 97 

Figure  15 Phenotypic expression of infiltrated N. benthamiana leaves. A. leaf 

infiltrated with 1; Agrobacterium control and 2; Agrobacterium containing pBYR2e-

SARS-CoV-2 RBD-Fc after 4 dpi. B. leaf infiltrated with Agrobacterium containing 

pBYR2e-ACE2-Fc after 6 dpi ..................................................................................... 98 

Figure  16 Expression levels of plant-produced ACE2-Fc in each time course. The 

infiltrated leaves were collected from 3 individual plants in each day post infiltration. 

Data were analyzed by indirect ELISA assay using ACE2-specific antibody and 

presented as mean ± SD of triplicates .......................................................................... 99 

Figure  17 SDS-PAGE analysis of plant-produced A. SARS-CoV-2 RBD-Fc and B. 

ACE2-Fc fusion proteins stained with Coomassie staining. 1; SDS gel under reducing 

condition, 2; SDS gel under non-reducing condition................................................. 101 

Figure  18 Western blotting analysis of A. plant-produced SARS-CoV-2 RBD-Fc and 

B. plant-produced ACE2-Fc fusion proteins probed with its specific antibody 

including a rabbit anti-SARS-CoV-2 RBD antibody and rabbit anti-human ACE2 

antibody. 1; SDS gel under reducing condition, 2; SDS gel under non-reducing 

condition .................................................................................................................... 103 

Figure  19 Western blotting analysis of A. plant-produced SARS-CoV-2 RBD-Fc and 

B. plant-produced ACE2-Fc fusion proteins probed with Fc-specific antibody 1; SDS 

gel under reducing condition, 2; SDS gel under non-reducing condition.................. 104 

Figure  20 Binding activity of the plant-produced SARS-CoV-2 RBD-Fc using the 

commercial angiotensin-converting enzyme 2 (ACE2 proteins) derived from HEK293 

and CHO cells and analyzed by ELISA. 1xPBS was used as negative control. Data are 

presented as mean ± standard deviation (SD) of triplicates in each sample dilution 105 

Figure  21 Expression of S1 protein of porcine epidemic diarrhea virus (PEDV) in N. 

benthamiana. A. Schematic representation showing the plant expression construct 

pBYR2e PEDV S1-His used. B. Diagrammatic representation showing the overview 

of transient expression of PEDV S1 protein in N. benthamiana. C. Western blotting of 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 xvi 

plant-produced PEDV S1 under reducing conditions. SARS-CoV-2 RBD-His from 

Sf9 cells (Genscript Biotech, USA) (lane 1; positive control) and lane 2; purified 

plant-produced PEDV S1-His probed with anti-His-HRP conjugate antibody. The red 

and black arrows indicate the presence of S1-His of PEDV and SARS-CoV-2 RBD-

His, respectively ......................................................................................................... 107 

Figure  22 Binding activity of the plant-produced ACE2-Fc using the commercial Sf9-

produced SARS-CoV-2 RBD protein and analyzed by ELISA. PBS buffer and S1 

protein of PEDV were used as negative controls. Data are presented as mean ± 

standard deviation (SD) of triplicates in each sample dilution .................................. 108 

Figure  23 The SARS-CoV-2 RBD-specific total IgG antibody response elicited by 

mice immunized with different plant-produced SARS-CoV-2 RBD-Fc vaccine 

formulations. The titers were expressed as endpoint titers, which were analyzed by 

indirect ELISA using commercial SARS-CoV-2 RBD produced from Sf9 cells as a 

capture antigen and detected with goat-anti mouse IgG-HRP conjugated antibody. 

The immunological data were presented as mean ± SD of the endpoint titers from five 

mice in each vaccination group (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 

0.0001......................................................................................................................... 113 

Figure  24 The endpoint titers of SARS-CoV-2 RBD-specific IgG1 detected in the 

immunized sera, which were collected on day 0, 14, and 35 and analyzed by indirect 

ELISA using commercial SARS-CoV-2 RBD produced from Sf9 cells as a capture 

antigen and the mouse-specific detection antibodies including goat-anti mouse IgG1-

HRP and goat anti-mouse IgG2a-HRP antibody, respectively. The immunological 

data were presented as mean ± SD of the endpoint titers from five mice in each 

vaccination group (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 ... 115 

Figure  25 The endpoint titers of SARS-CoV-2 RBD-specific IgG2a detected in the 

immunized sera, which were collected on day 0, 14, and 35 and analyzed by indirect 

ELISA using commercial SARS-CoV-2 RBD produced from Sf9 cells as a capture 

antigen and the mouse-specific detection antibodies including goat-anti mouse IgG1-

HRP and goat anti-mouse IgG2a-HRP antibody, respectively. The immunological 

data were presented as mean ± SD of the endpoint titers from five mice in each 

vaccination group (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 ... 116 

Figure  26 The neutralizing titers detected in mouse sera, which were elicited by mice 

immunized with several plant-produced SARS-CoV-2 RBD-Fc vaccine formulations 

against SARS-CoV-2. The in vitro neutralizing responses were assessed by 

microneutralization assay using Vero E6 cells. The infected cells were detected by 

anti-SARS-CoV-2 nucleocapsid mAb and goat anti-rabbit IgG-HRP antibody. The 

immunological data were presented as mean ± SD of the endpoint titers from five 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 xvii 

mice in each vaccination group (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 

0.0001......................................................................................................................... 117 

Figure  27 The levels of SARS-CoV-2 RBD-specific IFN-γ-producing T cells 

expressing from mouse splenocytes immunized with different plant-produced SARS-

CoV-2 RBD-Fc vaccine formulations. The IFN-γ expression levels were quantified by 

mouse ELISpot assay. Data are expressed as mean ± SD of the spot-forming cells 

(SFCs)/106 splenocytes from five mice in each vaccination group (n = 5). * p < 0.05; 

** p < 0.01; *** p < 0.001; **** p < 0.0001............................................................. 120 

Figure  28 Dose-dependent effect of plant-produced ACE2-Fc on live SARS-CoV-2 

inhibition in vitro at the pre-infection phase. A. SARS-CoV-2 infection profiles in 

Vero E6 cells which were treated with eight concentrations of plant-produced ACE2-

Fc. B. Percentage of SARS-CoV-2 inhibition in Vero E6 cells, which were treated 

with eight concentrations of plant-produced ACE2-Fc starting with 200 μg/ml. C. 

Efficacy of SARS-CoV-2 inhibition in Vero E6 cells, which were treated by eight 

concentrations of plant-produced ACE2-Fc. The data were showed as mean ± SD of 

triplicates in individual concentrations ...................................................................... 122 

Figure  29 Dose-dependent effect of plant-produced ACE2-Fc on live SARS-CoV-2 

inhibition in vitro at the post-infection phase. A. SARS-CoV-2 infection profiles in 

Vero E6 cells which were treated with eight concentrations of plant-produced ACE2-

Fc. B. Percentage of SARS-CoV-2 inhibition in Vero E6 cells, which were treated 

with eight concentrations of plant-produced ACE2-Fc starting with 200 μg/ml. C. 

Efficacy of SARS-CoV-2 inhibition in Vero E6 cells, which were treated by eight 

concentrations of plant-produced ACE2-Fc. The data were showed as mean ± SD of 

triplicates in individual concentrations ...................................................................... 123 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 1 

INTRODUCTION 

 

Rationale and Significance 

In December 2019, the outbreak of pneumonia has been first reported in 

Wuhan, Hubei Province, China, which was initially reported to be caused by novel 

coronavirus (nCoV-2019) and later named as severe acute respiratory syndrome virus 

2 (SARS-CoV-2) (1). On January 30, 2020, World Health Organization (WHO) 

officially named the disease condition associated with current coronavirus as 

Coronavirus Disease 2019 (COVID-19) (2, 3). The virus outbreak has become the 

pandemic disease and rapidly spread to more than 200 countries and territories. As of 

16 November, 2021, more than 252 million of cumulative confirmed cases with a toll 

of more than 5.1 million of cumulative deaths were globally reported (4). The number 

of infected patients and deaths have still been exponentially increasing daily with the 

ongoing pandemic, which directly affects national health care and global economy. 

Thus, the development of specific vaccines or therapeutics would be significant 

approaches to control and prevent the pandemic disease. 

SARS-CoV-2 belongs to the family of Coronaviridae with the genus 

Betacoronavirus, which is known to infect mammals. Coronaviruses (CoVs) are 

enveloped and single-stranded positive sense RNA viruses (+ssRNA). The genome of 

CoVs contains several open reading frames encoding for non-structural and structural 

proteins with size of 27-32 kb (5). The structural proteins consist of nucleocapsid 

protein (N), which located outside the genome and viral genome is packed by three 
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structural proteins including spike (S), membrane (M), and envelope (E) proteins. The 

S, M, and E proteins are essential for viral assembly and infection (6). The spike (S) 

glycoprotein of SARS-CoV-2 contains a receptor-binding domain (RBD), which 

plays an important role in viral entry into the target cells by interacting to angiotensin-

converting enzyme 2 (ACE2) receptor on the host cell membrane (7, 8). Hence, S 

glycoprotein and ACE2 receptor are attractive antiviral targets and can be considered 

for developing as either vaccines or therapeutics against SARS-CoV-2 infection (9-

11). 

Plants have received considerable attention due to several advantages in 

comparison to the competing available expression systems in terms of low-cost 

production, scalability, speed and lack of animal and human pathogens (12-14). 

Several potential biologics can be transiently expressed in plants, which is likely to 

continue with the increasing demand for cheaper medicines produced in the 

manufacturing scale (15, 16). Interestingly, plants provide the protein post-

translational modification mechanisms, which are suitable for production of complex 

proteins, especially Fc-based therapeutic proteins as describes here (17-20). Hence, 

plants can be considered as an alternative platform for economical production of 

commercially viable biopharmaceuticals and vaccines especially for developing 

countries during pandemic situation. 

Fc-based therapeutic proteins show the ability to provide several benefits in 

terms of increasing protein expression and secretion without unfolding and 

aggregation and enable to easy and cost-effective purification of recombinant protein 

by protein A chromatography (13, 21-23). Additionally, the Fc domain can also 

prolong the half-life of the proteins due to pH-dependent binding to the neonatal Fc 
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receptor that can prevent the protein degradation in endosomes (13, 24-26). Therefore, 

the construction of Fc fragment can help to overcome the negative aspects in the 

development of antibody and Fc-containing fusion therapeutics.  

In this study, we aim to develop plant-produced recombinant SARS-CoV-2 

RBD-based subunit vaccine candidate, which can act as a promising 

immunopotentiator to elicit the potent neutralizing antibody in mice. As well, we aim 

to demonstrate the biological activity and inhibitory efficacy of plant-produced 

recombinant ACE2 protein in inhibition of SARS-CoV-2 infection in vitro using Vero 

E6 cells. Both SARS-CoV-2 RBD and ACE2 proteins were developed by fusing Fc 

domain of human immunoglobulin G1 (IgG1) at the C-terminus providing SARS-

CoV-2 RBD-Fc and ACE2-Fc and constructed by cloning into geminiviral vector for 

expression in Nicotiana benthamiana plants. The plant-produced recombinant SARS-

CoV-2 RBD-Fc and ACE2-Fc could show high potential to be alternative therapeutic 

interventions for combating the SARS-CoV-2 pandemic. 

Research Hypotheses 

1. Plant-produced SARS-CoV-2 RBD-Fc apparently shows the effective binding 

activity to the commercial HEK-produced and CHO-produced ACE2 proteins 

and it can induce SARS-CoV-2 RBD-specific antibodies in mice with highly 

potent activity with two doses of immunizations. 

2. Plant-produced ACE2-Fc allows binding activity to commercial HEK-

produced SARS-CoV-2 RBD protein with high affinity and show the 

inhibitory activity to effectively protect Vero E6 cells against SARS-CoV-2 

infection. 
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Literature Reviews 

COVID-19 pandemic disease 

Epidemiological characteristics of COVID-19 disease 

The coronavirus disease 2019 (COVID-19) outbreak was first reported in 

Huanan Seafood Wholesale market located in Wuhan City, Hubei Province, China in 

December 2019, which was initially confirmed to be caused by a novel coronavirus 

(termed 2019-nCoV) from genomic analysis from the clinical specimens of viral 

pneumonia patients (1). Later, the International committee on Taxonomy of Viruses 

(ICTV) officially renamed the causative virus as severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) (2, 3). The World Health Organization declared the 

current outbreak termed COVID-19 has become a pandemic disease, which rapidly 

spreads around the globe with 216 countries and territories within a short time period 

and causes the large-scale outbreak, especially in the United State, India, and Brazil 

(27). The main COVID-19 transmission route is human-human transmission via., 

virus-containing respiratory droplets or direct contact with the infected patients. In 

addition, COVID-19 has also been found to be exposure by airborne transmission 

through aerosols (28). The incubation period of COVID-19 is 2-14 days (mean 

incubation time of approximately 6 days) after the viral exposure (29, 30). The 

COVID-19 disease has pleomorphic clinical manifestations including asymptomatic 

individuals and symptomatic patients ranged from mild to severe involvements (4, 10, 

31-34). The clinical presentations can be divided into 2 main stages including upper 

respiratory tract infections (URTIs) with fever, dry cough, shortness of breath, 
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fatigue, nausea, vomiting and diarrhea and lower respiratory tract infections (LRTIs) 

with common complications consisting of pneumonia, acute respiratory syndrome, 

liver injury, myocarditis, acute kidney injury, neurological complication, 

cardiopulmonary failure, acute cerebrovascular disease, and shock, which can 

increase mortality and disability rates among hospitalized patients (34-40). Some 

COVID-19 carriers may not express any symptoms, which can increase the 

transmissibility rate of COVID-19 epidemic (41). Currently, the viral respiratory 

pathogen, referred to SARS-CoV-2 has globally infected at least 252 million 

individuals and killed more than 5.1 million people (4 ). In Thailand, more than 2.07 

million cumulative confirmed cases with more than 20 thousands deaths, which was 

reported by Department of Disease Control, Ministry of Public Health on November 

22, 2021 (42). Moreover, the numbers of COVID-19-infected patients and deaths 

have still exponentially risen daily in many countries. The COVID-19 have been 

included in the list of Public Health Emergency of International Concern (PHEIC) and 

provides international crises and negative effects on national health care, global 

economy, and education (43). 

Pathophysiology of SARS-CoV-2 

• Classification and origin of SARS-CoV-2  

Coronaviruses (CoVs) belong to the family of Coronaviridae with the 

subfamily of Orthocoronavirinae, consisting of four genera including 

alphacoronavirus (α-CoVs), betacoronavirus (β-CoVs), gammacoronavirus (γ-CoVs), 

and deltacoronavirus (δ-CoVs). The genera of α-CoVs and β-CoVs generally infect 

human and mammalian species, whereas γ-CoVs and δ-CoVs genera are specific to a 
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wide range of avian species (5). CoVs are known to be enveloped and positive-sense 

single-stranded RNA viruses and they are found to be pathogenic agents in humans, 

other mammals, and avian species that typically cause a wide range of respiratory, 

gastrointestinal, renal, and neurological diseases (44-47). There are seven types of 

coronaviruses, which are found to be causative agents in humans including human 

coronavirus 229E (HCoV-229E), HCoV-OC43, HCoV-NL63, HCoV-HKU1, Severe 

acute respiratory syndrome coronavirus (SARS-CoV), Middle-East respiratory 

syndrome coronavirus (MERS-CoV), and most recent SARS-CoV-2 virus (Figure 1). 

The human coronaviruses such as HCoV-229E, HCoV-OC43, HCoV-NL63, and 

HCoV-HKU1 have circulated in the population for a long time and usually cause mild 

respiratory tract infections with common cold symptoms (5, 32, 45, 48). The lethal 

coronaviruses containing of SARS-CoV, MERS-CoV, and SARS-CoV-2, are highly 

pathogenic viruses, which emerged in the human population over 20 years, and 

caused severe and life-threatening respiratory diseases and lung pathologies by 

infecting the upper respiratory tract cells, bronchial epithelial cells, and pneumocytes 

in humans (5, 49-51).  
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Figure  1 Timeline of the emergences of seven human coronaviruses consisting of 

human coronavirus 229E (HCoV-229E), HCoV-OC43, HCoV-NL63, HCoV-HKU1, 

Severe acute respiratory syndrome coronavirus (SARS-CoV), Middle-East respiratory 

syndrome coronavirus (MERS-CoV), and severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2)  

SARS-CoV-2 is the third highly zoonotic coronavirus, which emerged and 

globally spread in human in the past two decades containing SARS-CoV, which 

originated in Guangdong Province, China in November 2002 causing 8,098 

documented cases and 774 deaths (lethal consequences of 10%) (52), MERS-CoV, 

which originated from the Arabian Peninsula resulting to 2,468 cumulative infected 

patients and 851 deaths with 35% case fatality rate (53), and most recent emerged 

SARS-CoV-2. Firstly, bats are believed to be natural reservoirs for progenitors of 
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zoonotic SARS-CoV-2, while the civets and camels are known to be the intermediate 

hosts for SARS-CoV and MERS-CoV infections. According to metagenomic 

sequencing results, it has been suggested that pangolins (Manis javanica) in Guangxi 

and Guangdong, China are considered as possible intermediary hosts between bats 

and humans due to closely related genetic profile with 91.02% genome identity (54-

56). 

• Structural biology of SARS-CoV-2 

A novel betacoronavirus SARS-CoV-2 has spherical shape with a diameter of 

60-140 nm and distinctive spikes 9-12 nm with the club-shaped projections (34, 44). 

The complete genomic material has been reported to be 29.9 kb (Figure 2). At the 5’ 

end, the viral genomic RNA contains two main open reading frames (ORFs; ORF1a 

and ORF1b), which occupy two-thirds of the coding capped and polyadenylated 

genome. The ORF1a/b frame encodes 15-16 non-structural proteins (nsp), especially 

RNA-dependent RNA polymerase enzyme (RdRp), helicase enzyme, and 

endoribonuclease proofreading enzyme involving in viral replication and transcription 

(57, 58). The ORFs on one-third of viral RNA at 3′-terminus encode four major 

structural proteins including spike (S), envelope (E), membrane (M) proteins, which 

cooperatively create the viral envelop, and nucleocapsid (N) protein, holding the viral 

RNA genome (Figure 2) (2, 6, 10). Between the structural protein ORFs include 

accessory proteins including ORF3a, ORF6, ORF7a, ORF7b and ORF8 as well as 

ORF9b and 10, which are assumed to be located in the N gene (59, 60). The accessory 

genes are high variability among coronavirus groups and usually contain no similarity 
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with other viral sequences. The accessory proteins have an important role in viral 

pathogenicity during natural host infection (Figure 2) (46, 61). 

 

Figure  2 Genome and viral structure of SARS-CoV-2. including 5’-untranslated 

region (5’-UTR), Open reading frame (ORF) 1a/b, non-structural proteins (papain-

like protease; 3CL-protease; RNA-dependent RND polymerase (RdRp); Helicase; and 

endoribonuclease), structural proteins (spike (S); membrane (M); envelope (E); and 

nucleocapsid (N) proteins), accessory proteins (ORF3a, 6, 7a, 7b, 8, 9b, and 10), and 

3’-UTR  

The S glycoprotein, which has the molecular weight of 150 kDa, forms into 

trimeric protein and expresses on the viral surface, providing crown-like shape of 

CoVs. S protein is classified into class-I viral fusion protein providing a metastable 

prefusion protein conformation for fusing the viral membrane with the target cells 
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(62). During the virus infection, S protein is cleaved by host proteases, especially 

furin, which cleaves at monobasic cleavage at the S1/S2 protease cleavage site into 

two functionally distinct parts consisting of N-terminus S1 subunit and C-terminus S2 

subunit proteins, and another protease is transmembrane serine protease 2 

(TMPRSS2), which cleaves at polybasic motifs (5, 7, 63-65). S1 subunit comprises of 

N-terminal domain (NTD) and receptor-binding domain (RBD), which is utilized to 

specifically interact with the host receptor named angiotensin-converting enzyme 2 

resulting to virus cell tropism and viral pathogenicity (Figure 3). The transmembrane 

S2 subunit contains important parts, especially heptad repeat regions, transmembrane 

domain (TM), and fusion peptide (FP), which are used for fusion between virus and 

target cell enabling irreversible conformational rearrangements and allowing viral 

materials entering to the host cells (Figure 3) (2, 5, 8, 66). The M and E proteins allow 

the shape of viral envelop and facilitate virus-like protein (VLP) assembly release of 

new virions. N protein binds to viral genetic materials providing nucleocapsid protein 

involving in viral RNA replication and supporting the replication-transcription 

complex (6). The coronavirus structural proteins are assembled and proceeded into the 

new virions in the endoplasmic reticulum (ER) and followed by the secretory 

pathway, named as the endoplasmic reticulum-Golgi intermediate compartment 

complex (ERGIC), Subsequently the virions are secreted from infected cells by 

exocytosis (67-69).  
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Figure  3 Schematic illustration of SARS-CoV-2 spike protein, which is cleaved by 

specific protease into subunit S1 and S2. The S1 subunit consists of N-terminal 

domain (NTD), receptor-binding motif (RBM), and receptor-binding domain (RBD), 

receptor-binding motif (RBM). The S2 subunit consists of fusion peptide (FP), heptad 

repeat 1 and 2 (HR 1/2), and transmembrane anchor (TM) 

• Entry of SARS-CoV-2 and pathogenesis 

The angiotensin-converting enzyme 2 (ACE2) has been reported to be a 

functional receptor for viruses in member of the species severe acute respiratory 

syndrome-related coronavirus, especially SARS-CoV and SARS-CoV-2 (7, 48, 70). 

The RBD of surface-exposed S1 subunit specifically interacts with cellular ACE2 

receptor resulting to the priming of S1 at S1/S2 cleavage site by cellular furin protease 
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and other endosomal proteases. Fusion protein (FP) of transmembrane S2 subunit is 

exposed by cleavage of host cellular serine protease TMPRSS2 at S2’ site allowing 

irreversible S protein formation and insertion of S2 subunit into host membrane (7, 8, 

71). TMPRSS2 also plays an essential role on cellular entry of SARS-CoV-2 as well 

as SARS-CoV and MERS-CoV (72). According to previous study, the inhibition of 

serine TMPRSS2 protease by camostat mesylate can efficiently block the SARS-

CoV-2 entry in vitro (7). CD147 is a transmembrane glycoprotein and extracellular 

matrix metalloproteinase inducer (EMMPRIN) involving in production of several 

matrix metalloproteinase for tissue modeling. CD147 is expressed on surface of 

erythrocytes, lymphocytes, macrophages, dendritic cells, and several organs such as 

lungs, heart, epithelial cells, intestines, and kidneys (73, 74). Meplazumab, a 

humanized anti-CD147, can block the interaction of SARS-CoV-2 S protein and 

cellular CD147 and decrease the replication SARS-CoV-2 in vitro (75). SARS-CoV 

and SARS-CoV-2 share the similarity in the use of receptor-mediated endocytosis 

through cellular ACE2 during its infection. Interestingly, SARS-CoV-2 RBD is able 

to bind ACE2 receptor with greater efficiency with 10-20-fold than the affinity of 

SARS-CoV RBD and ACE2 interaction (76). Following the entry, the viral RNA is 

released and uncoated for translation of ORF1a/b providing non-structural proteins 

(nsps), particularly viral proteases and RNA-dependent RNA polymerase (RdRp). 

The expression of nsps creates the protective environment for viral RNA replication 

and subgenomic mRNAs (sg mRNAs) transcription. The expression of structural 

proteins occurs in rough endoplasmic reticulum and all viral proteins are transited to 

the endoplasmic reticulum-Golgi intermediate compartment complex (ERGIC) of host 
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cell resulting in budding and viral assembly. Finally, the complete virions are released 

by exocytosis from the host cell (5, 77).  

• Role of ACE2 in COVID-19 

The renin-angiotensin-aldosterone system (RAAS) is complex signaling 

pathway involving in controlling the blood pressure, electrolyte and fluid 

homeostasis, natriuresis, and trophic responses to the stimuli (78-82). The RAAS also 

affects the function of several organs, especially heart, blood vessels, and kidneys. 

Commonly, renin converts the angiotensinogen into angiotensin I (Ang I) in the liver. 

Subsequently, angiotensin-converting enzyme (ACE) converts the Ang I into Ang II 

in the lungs by removing two amino acids at the carboxyl terminus. Ang II can 

promote different effects in accordance with different angiotensin receptor. 

Interaction of Ang II and angiotensin type 1 receptor (AT1R) results deleterious 

effects including vasoconstriction, oxidative stress, cell proliferation, fibrosis, 

apoptosis, and inflammation, whereas AT1R binding causes the opposite effects 

(Figure 4) (83-85).  

In 2000, the ACE2, which is the homolog of ACE, was discovered. ACE2 is 

catalytic enzyme that also cleaves two amino acids at the carboxyl terminal 

phenylalanine in Ang II providing heptapeptide Ang (1-7) and hydrolytes the Ang I to 

Ang (1-9) (Figure 4). ACE2 plays a fundamental role in local and systemic 

haemodynamics by cleaving the Ang II into Ang (1-7), which can bind to the G-

protein-coupled receptor MAS. The interaction of Ang (1-7) and MAS promotes 

vasodilation and anti-proliferation activities, which counterbalances the ACE or Ang 
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II and AT1R axis. Additionally, ACE2 regulates the RAAS pathway and ACE action 

by reducing Ang II and increasing the Ang (1-7) (83, 85, 86).  

ACE2 is dominantly expressed on surface of alveolar endothelial cells and 

type I pneumocytes in lung tissues (87, 88). The alveolar epithelial type II cells in 

lungs have a potential to be viral reservoir, which can be damaged by SARS-CoV-2 

infection. SARS-CoV-2 spike protein, particularly RBD domain binds to ACE2 

competing with Ang II in viral internalization. The interaction of ACE2 and SARS-

CoV-2 RBD can inhibit the ACE2 activities resulting to RAAS imbalance. The 

downregulation of ACE2 increases activities in ACE or Ang II and AT1R axis, 

especially tissue inflammation, which can result to epithelial cell death with apoptosis 

and pro-inflammatory program cell death or pyroptosis. The cell death induces release 

of pro-inflammatory cytokines such as interleukin-1β (IL-1β), IL-18, IL-6, IL-8, 

Tumor necrosis factor-α (TNF-α), Interferon gamma- induced protein 10 (IP-10), and 

monocyte chemoattractant protein 1 (MCP1), allowing pulmonary inflammation and 

lung damage (89-91). Dendritic cells (DCs) present the viral antigens to T-

lymphocytes following activation of T-mediated immune responses. Helper CD4+ T 

cells and B cells elicit the virus-specific antibodies, whereas Cytotoxic CD8+ T cells 

kill the infected cells, resulting in increasing of pro-inflammatory cytokines (cytokine 

storm), particularly IL-6 and TNF-α (91-94). The high level of TNF-α promotes the 

overexpression of tissue factor (TF) in platelets and macrophage and may result in 

coagulation responses in severe COVID-19 patients (95). 
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Figure  4 Renin-angiotensin-aldosterone system (RAAS) and ACE/ACE2 balance 

Potential anti-SARS-CoV-2 interventions for COVID-19 treatment 

Due to the lack of specific antiviral treatments for SARS-CoV-2, the 

development of public health interventions such as anti-virals, antibodies, or vaccines 

is high essential strategy to control the transmission of the ongoing pandemic. 

Currently, there are several pharmacotherapeutic agents, which are repurposed from 
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experienced infectious disease treatments and possibly used as promising 

interventions for COVID-19 therapy. 

Anti-inflammatory agents 

During SARS-CoV-2 infection, the virus binds to ACE2 receptor on the target 

cells leading to activation of inflammatory cascade and cytokine release syndrome, 

especially IL-1, IL-6, IL-12, IL-18, or inflammatory mediators (91, 96). Tissue 

necrosis, lymphocyte infiltrations, cytokine storm, and hyperactivated pro-

inflammatory T cells in gastrointestinal, heart, and lung mucosa are commonly seen in 

SARS-CoV-2-infected patients suggesting the use of anti-inflammatory agents for 

controlling the tissue damage from viral pathogenesis (97). Tocilizumab can bind to 

cell-related IL-6 eliciting or soluble IL-6 receptors providing the inhibition of 

immunosignal in significant pneumonia patients. The single dose of 400 mg 

tocilizumab can improve the lung function with 91% of hospitalized pneumonia 

patients (98) and show the benefits in the use of tocilizumab with the repeated doses 

in severe pneumonia cases (99). The systemic steroids are also used in COVID-19 

patients due to the evidenced efficacy in treatment of systemic inflammatory response 

syndrome. The steroids can reduce the mortality rate in ventilated patients as observed 

as a trial study at the University of Oxford (100).  

Systemic anticoagulants 

Severe COVID-19 patients show the activation of coagulation cascade 

resulting to intravascular coagulation. In addition, lung inflammation may lead a 

microthrombotic phenomenon providing pulmonary embolism, venous thrombosis, 

and thrombotic arterial complications, especially ischemic stroke and myocardial 
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infarction among severe cases (101). Anticoagulants, especially heparin, can treat 

intravascular coagulation and venous thromboembolism, which are found in COVID-

19 patients and it also reduces mortality rate compared to non-heparin users. 

Nevertheless, heparin is not the drug of choice for COVID-19 patients with atrial 

fibrillation due to various unpredicted side effects such as tachyarrhythmias, 

bradycardia, and severe bleeding (102, 103). 

Chloroquine and hydroxychloroquine 

Chloroquine (CQ) and hydroxychloroquine (HCQ) are anti-malaria drugs that 

are approved by US Food and Drug Administration (US-FDA) for emergency use for 

COVID-19 treatment. CQ and HCQ block fusion of viral and cellular membrane by 

interfering glycosylation of viral entry receptors and preventing endosomal 

acidification, which results to conformational changes of viral spike protein. The use 

of CQ in clinical trials can decrease the pneumonia symptoms and promote a virus-

negative conversion. Additionally, CQ can inhibit Th1 immunity preventing a 

cytokine storm in COVID-19 patients. However, CQ and HCQ show toxic effects in 

human especially, promoting the development of irregular heart rhythm. Hence, these 

drugs have been warned against using outside of hospitalized applications or clinical 

trials (104-106). 

Renin-angiotensin system inhibitors 

Generally, SARS-CoV-2 utilizes RBD domain for viral infection through 

cellular ACE2 receptor. The use of ACE2 blocking agents, particularly renin-

angiotensin system inhibitors or angiotensin II type 1 receptor blockers (ACEIs), is 

expected to allow prophylactic activity for preventing SARS-CoV-2 infection. ACEIs 
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allow effective activities in COVID-19 treatment terms of increasing immune cells, 

especially CD3 and CD8T, which are involved in viral clearance. ACEIs can decrease 

viral load in comparison to other antihypertensive drugs that can be used for treating 

the patients with hypertension, diabetes, and cardiovascular disorders (102, 107, 108). 

Serine protease inhibitors 

The serine protease inhibitors, consisting of camostat mesylate (NI-03), 

gabexate mesylate (Factor X inhibitor), and nafamostat mesylate (futhan), can inhibit 

viral entry by blocking the cellular enzyme transmembrane protease serine 2 

(TMPRSS2), which leads to inactivation of SARS-CoV-2 S protein. These protease 

inhibitors were approved for using in treatment of unrelated coronavirus diseases. 

Thus, they have to be evaluated in the clinical studies (102, 109). 

Non-steroidal anti-inflammatory drugs 

Indomethacin, which is the one of NSAID drugs are widely used as anti-

inflammatory and analgesic drugs. Additionally, it also shows anti-viral activities 

against canine coronavirus and SARS-CoV epidemic in 2003. Surprisingly, 

indomethacin has been found to inhibit SARS-CoV-2 pseudovirus in vitro that can be 

applied in further clinical study as an alternative strategy for COVID-19 treatment 

(102, 110).  

Repurposed anti-viral drugs 

• Lopinavir and ritonavir 

The combination of lopinavir and ritonavir (LPV/RTV), which are intensively 

used for the treatment of HIV, has been suggested for treating COVID-19-infected 
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patients. LPV and RTV are FDA-approved protease inhibitors that disrupts viral 

replication by inhibition of 3CLPro activity in vitro. However, LPV/RTV did not 

show effective anti-viral efficacy in COVID-19 patients in comparison to the other 

standard cares terms of clinical improvement, mortality rate, and viral detection in 

each timepoint (34, 111-113).  

• Nelfinavir 

Protease inhibitor-based anti-viral drug, nelfinavir is approved antiviral drug 

for HIV treatment. Nelfinavir was also showed the benefits in anti-SARS-CoV-2 

actions in vitro. Due to the anti-CoV activities, the nelfinavir was also chosen to be a 

potential inhibitor of SARS-CoV-2 in clinical studies (114, 115).  

• Remdesivir 

Remdesivir is used as an anti-viral drug against various viral infectious 

diseases including filoviruses, paramyxoviruses, pneumoviruses, SARS-CoV, MERS-

CoV, mouse hepatitis virus (MHV), and porcine and bat-strained CoVs. Remdesivir 

blocks the viral replication by interfering viral RNA polymerase that leads to 

decreasing viral RNA replication. The anti-viral drug was reported to be active 

against SARS-CoV-2 infection with the success rate of 68% and provided higher 

potential than the use of LPV/RTV (34, 116-118).  

• Favipiravir 

Favipiravir was initially designed for treating throat and nose inflammatory 

symptoms. It can inhibit viral replication by blocking the RNA-dependent RNA 

polymerase (RdRp). Favipiravir was firstly approved for using as treatment strategy 
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of COVID-19 in China and also applied in phase III-clinical trial in India with high 

anti-viral efficacy and minimal unwanted side effects (34, 119).  

Antibody-based therapy 

However, many vaccines need a long period of time to activate immune 

response. Number of antibodies, which are usually present in antiserum, may not be 

effective for viral neutralization and infectious pathogen clearance depending on the 

host’s ability (120, 121). Moreover, some diseases do not require the time for the 

body to develop its own immune responses due to a high risk of infection. Passive 

immunotherapy is regarded as an alternative method for clinical treatment of SARS-

CoV-2 infectious disease.  

Intravenous immunoglobulin (IVIg) is one of the passive antibody strategies 

that is prepared from blood samples of patients who recovered from viral infection. It 

transfers the active antibodies, which recognize the neutralizing epitopes on 

pathogenic virus surface leading to effective reduction of viral replication and severity 

(10, 44, 121). Based on the prior experiences, passive antibody was successfully used 

for treating various viral-infected diseases including influenza, Ebola, SARS-CoV, 

and MERS-CoV that could show high anti-viral efficacy and significantly reduce viral 

load and mortality rate among infected patients (122-124). However, passive 

immunization still has several limitations in terms of low potency of antiviral effect, 

safety due to high risk of human pathogen contamination, antibody demanding and 

several side effects consisting hypersensitivity and anaphylactic reactions and renal 

complications in glomerulonephritis patients (123, 125).  
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The use of monoclonal antibodies (mAbs) overcomes the drawbacks of 

passive immunizations with serum immunotherapy or intravenous immunoglobulin 

(IVIg) including specificity, safety due to low risk of human pathogen contamination, 

functionality, and purity. Monoclonal antibodies have become dominant class of 

pharmaceutical products, which are developed in recent years. Currently, therapeutic 

mAbs have been approved by FDA and successfully used in clinical application for 

treating several human diseases including cancers, autoimmune diseases, metabolic 

and infectious diseases (126-129). Generally, SARS-CoV-2 S protein of its RBD 

domain are used for interaction of cellular ACE2 receptor during viral entry. The 

development of either SARS-CoV-2 S or RBD-specific antibodies is an effective way 

against SARS-CoV-2 by blocking the binding of S protein and ACE2 receptor that 

results to prevention of viral penetration and infection (129-133). A list of antibody-

based interventions developed for treatment against SARS-CoV-2 infection is shown 

in the Table 1. 

Table  1 List of monoclonal antibodies developed for COVID-19 treatment 

mAb Source Specific site Potency (IC50) Status Reference 

REGN-

10987 

SARS-CoV-2 

immunized hu-

mice and 

COVID-19 

patients 

SARS-CoV-2 

RBD 

< 10 ng/ml Clinical trial 

phase III 

(134-136) 

P2C-1F11 COVID-19 

patients 

SARS-CoV-2 

RBD 

30 ng/ml Clinical trial 

phase I 

(137) 

CB6-LALA 

(CA1) 

 SARS-CoV-2 

RBD 

36 ng/ml Clinical trial 

phase I 

(138) 

C105  SARS-CoV-2 

RBD 

26 ng/ml N/A (139) 
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C002 

(C121) 

 SARS-CoV-2 

RBD 

10 ng/ml N/A (140) 

nAB cc12.1  SARS-CoV-2 

RBD 

19 ng/ml Pre-clinical 

(Syrian 

hamsters) 

(141) 

B38/H4  SARS-CoV-2 

RBD 

200 ng/ml Pre-clinical 

(hACE2 in 

transgenic 

mice) 

(142) 

311 mAb-

31B5 

(32D4) 

 SARS-CoV-2 

RBD 

50 ng/ml N/A (143) 

COVA1-18 

(COVA2-

15, 

COVA2-

17) 

COVID-19 

patients 

SARS-CoV-2 

RBD 

7 ng/ml N/A (144) 

CV30/CV1  SARS-CoV-2 

RBD 

30 ng/ml 

15,000 ng/ml 

N/A (145) 

COV2-2196 

(COV2-

2130) 

COVID-19 

patients 

SARS-CoV-2 

RBD 

1-10 ng/ml Pre-clinical 

(hACE2-

expressing 

mice) 

(146) 

BD-368-2  SARS-CoV-2 

RBD 

15 ng/ml Pre-clinical 

(hACE2 in 

transgenic 

mice) 

(147) 

4A8 COVID-19 

patients 

SARS-CoV-2 

S1 

500 ng/ml N/A (148) 

 CR3022 SAR-CoV 

patients 

Cross-

reactivity of 

SARS1/SARS2 

RBD 

114 ng/ml N/A (149-151) 

47D11-

H2L2 

SAR-CoV 

hybridoma 

Cross-

reactivity of 

SARS1/SARS2 

570 ng/ml N/A (152) 
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RBD 

S309 SAR-CoV 

patients 

Cross-

reactivity of 

SARS1/SARS2 

RBD 

79 ng/ml N/A (133) 

H014 Mice immunized 

SARS-CoV RBD 

Cross-

reactivity of 

SARS1/SARS2 

RBD 

38 ng/ml Clinical trial 

phase I 

(153) 

ADI55689 

(ADI56046) 

SAR-CoV 

patients 

Cross-

reactivity of 

SARS1/SARS2 

RBD 

50-1400 ng/ml N/A (154) 

VHH72-Fc Llama immunized 

CoV S 

Cross-

reactivity of 

SARS1/SARS2 

RBD 

N/A N/A (155) 

**N/A: not available 

ACE2 protein as the potential therapeutic agent for COVID-19   

The development of neutralizing mAbs is facing several drawbacks that limit 

their uses as therapeutics for COVID-19. The SARS-CoV-2-specific mAbs are 

difficult to quickly validate a broadly neutralizing activity and confirm the 

neutralizing efficacy for protecting the escape of mutating viruses. Furthermore, the 

cocktail antibodies, which are used for treating the Ebola pandemic, provides more 

complicate validation and higher costs to the manufacturing process (26). Hence, the 

antibody-like molecule, which can bind to CoVs itself, would be a promising strategy 

and it overcomes the challenges in therapeutic development during the ongoing 

COVID-19 pandemic. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 24 

The recombinant ACE2 protein is purposed to interact with RBD, resulting to 

blocking and neutralizing the SARS-CoV-2 (Figure 5) (156-158). Interestingly, 

ACE2-based therapeutic was used to treat respiratory virus infections such as SARS-

CoV and human coronavirus (HCoV)-NL63 coronaviruses (159, 160). Administration 

of soluble ACE2 proteins is able to effectively block the interactions of SARS-CoV 

and ACE2 receptor on cellular membrane, preventing the viral infection in vitro. 

Moreover, the affinity of soluble ACE2 in SARS-CoV inhibition was 1.70 nM, which 

is comparable to the uses of SARS-CoV-specific monoclonal antibodies (161, 162). 

According to Moore MJ. et al., (2020) study, the extracellular ACE2 domain 

engineered by fusing Fc of immunoglobulin G could also effectively neutralize 

SARS-CoV in vitro with IC50 of 2 nM, while soluble ACE2 protein was not tested in 

animal model (163). Similar to SARS-CoV and SARS-CoV-2, utilize the same 

binding site on cellular ACE2 receptor for its attachment and binding. It could 

similarly apply the ACE2 blocking strategy in SARS-CoV-2 protection in vitro and 

COVID-19 therapy. Furthermore, no mutating SARS-CoV-2 strains are able to 

change the receptor for viral infection in the time frame of their pandemic. It has no 

concern about viral evasion form binding to ACE2 therapeutic agent (26, 164). The 

Apeiron biologics company developed APN01, which is a recombinant human ACE2 

protein, for using as a therapeutic drug candidate for COVID-19 treatment. The 

APN01 was found to be safe in healthy volunteers during a pilot human trial in China. 

Currently, APN01 is currently running in phase II clinical trials to investigate the drug 

potency in Europe (88, 156). APN01, ACE2-based therapeutic, has potential to 

prevent the interaction of SARS-CoV-2 RBD to cellular receptor and reduce the organ 

injury and pathology by increase of Ang (1-7) resulting to reduction of injuries in 
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blood vessels, lungs, kidneys, and heart. It can also reduce the pro-inflammatory 

cytokines that involves in lung injury. APN01 was initially applied clinical phase II 

studies in April 2020 and completed in December 2020. The clinical results showed 

that APN01 could successfully protect severe respiratory diseases like acute lung 

injury (ALI), acute respiratory distress syndrome (ARDS) and pulmonary arterial 

hypertension (PAH) in the patient treated (165). Moreover, the recombinant ACE2 

protein was also used in other clinical applications, especially, treatment of acute 

respiratory distress syndrome (ARDS). It could reduce ARDS effects caused by 

respiratory syncytial virus (RSV) and H5N1 influenza virus. Recombinant ACE2 was 

applied in phase I and II in clinical trials to treat the ARDS in critical patients. The 

results demonstrated that ACE2 provided higher tolerance of ARDS with no 

cardiovascular effects (166-168).  Hence, the extracellular ACE2 protein has therefore 

the high potential to be regarded as the alternative therapeutic intervention for 

treatment of COVID-19 (156). 
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Figure  5 Diagrammatic representation showing the mechanism of soluble ACE2 

protein in anti-SARS-CoV-2 activity 

Development of vaccine candidates for COVID-19 prevention 

Vaccine platforms 

Vaccination is one of effective strategies in prevention of infectious diseases, 

which provides active specific immune responses against pathogen-associated 

diseases and reduces morbidity and mortality from infection. Currently, there are 

several vaccine platforms, which are developed for prevention of infectious diseases. 

The commercially available vaccines can be classified into six platforms including 

live-attenuated, inactivated, RNA, DNA, viral vector, and recombinant protein 

vaccines (Table 2) 
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Table  2 Overview of available vaccine platforms developed for infectious diseases 

prevention 

Platform Advantage Disadvantage Licensed vaccine 

Live-attenuated 

vaccine 

- Mimicking of natural 

infection 

- Efficient activation of 

cellular and humoral 

immune responses 

within one dose.  

- Providing long-lasting 

immune responses  

- Not suitable for 

immunosuppressed 

people. 

- Virulent inversion 

Oral Polio, Yellow fever, 

Chickenpox, Mumps, 

Measles, Rotavirus, 

Rubella, Vaccinia, 

Bacillus Calmette-Guerin 

 

 

Inactivated 

vaccine 

- Safer than live-

attenuated vaccine due 

to the dead pathogen 

- Easy to handle termed 

of transportation and 

storage. 

- Scalability 

- Low immunogenicity 

profiles due to the 

inactivation process. 

- Requirement of 

several booster doses. 

Rabies, Polio, Hepatitis 

A virus 

 

Nucleic acid 

vaccine (DNA 

and RNA 

vaccines) 

- Fast and scalability 

- Safe due to no 

infectious agent  

- Efficient induction of 

humoral and cellular 

responses. 

- No nucleic acid 

vaccine approved. 

Requirement of a 

special delivery 

platform. 

- Instability 

- Requirement of 

efficient cold chain for 

transportation 

- 

Viral-vectored 

vaccine 

- Efficient activation of 

cellular and humoral 

immune responses 

within one dose.  

- Safe immunogenicity 

profile. 

- Pre-existing immunity 

against a human viral 

vector  

- Requirement of 

storage at < −20 °C. 

- Requirement of 

Complicated 

manufacturing process 

- High risk of genomic 

Ebola 
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integration genome  

- Adverse effects e.g., 

inflammatory 

responses 

Protein subunit 

vaccine 

- Safe for 

immunosuppressed 

people. 

- No infectious agent  

- Low immunogenicity.  

- Requirement of 

several booster dose 

- Requirement of 

immunoadjuvants. 

- Inefficient activation 

of cellular responses. 

- Limited antigen 

production scalability 

Hepatitis B virus, 

Hepatitis C virus, 

Influenza, Acellular 

pertussis vaccine, human 

papilloma virus 

 

 

• Live-attenuated platform 

The live-attenuated vaccines are made from laboratory-weakened version of 

the native pathogens. These vaccines preserve the viral native antigens that mimics 

the natural infection allowing strong immune responses and long-term immunity. The 

pathogens in live-attenuated vaccine can replicate in the host cells providing antigenic 

stimulation and induction of humoral and cell-mediated immune responses with high 

efficacy (169). However, vaccines still contain living microorganisms, which carry 

higher risk than other types of vaccine, especially inversion to the original virulent 

form. Consequently, live vaccines cannot be given to immunodeficient patients (170-

173).  The live-attenuated vaccines have been developed for using in treatment of 

several infectious diseases, especially measles, mumps, tuberculosis, rubella, 

varicella, influenza, and yellow fever (174).  

The SARS-CoV-2 live-attenuated vaccines were developed by several either 

biotech companies or universities such as Indian Immunologicals company, Griffith 

University, and Mehmet Ali Aydinlar University. All live-attenuated vaccines are 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 29 

recruiting in the pre-clinical studies. In addition, COVI-VAC, which was developed 

by Codagenix company, is the one of SARS-CoV-2 live-attenuated vaccines that can 

be applied in clinical phase I trial in UK (77, 175). 

• Inactivated platform 

The inactivated viral vaccines are produced from killed or inactivated whole 

virus by heat, radiation, chemical reagents, particularly formaldehyde and β-

propriolactone. The inactivated vaccines are scalable to produce at a large scale 

without the several requirements compared to other types of viral vaccines. These 

vaccines are safer than live-attenuated platform but they still provide less 

immunogenic profile and weaker immunity. Therefore, additional booster adjuvants 

are required for effective immune activation (170-173).  

CoronaVac is a SARS-CoV-2 inactivated vaccine formulated with alum 

adjuvant developed by Sinovac Research and Development Company. The Coronavac 

vaccine was produced from β-propriolactone-inactivated SARS-CoV-2 strain CN2, 

which is isolated from COVID-19 hospitalized patients. The vaccine showed highly 

immunogenic in animal studies, especially BALB/c mice, Wistar rats, and rhesus 

macaques (Macaca mulatta) with high titers of S- and RBD-specific antibodies and 

neutralizing antibodies as well as the protective efficacy in animal challenge (176). 

The CoronaVac was applied for testing the vaccine efficacy in clinical studies phase 

II in 600 healthy volunteers between 18 and 59 years old. It was found to be 

immunogenic by promoting the immunogenicity and neutralizing antibodies eliciting 

against SARS-CoV-2 in human. The neutralizing titers ranged from 23.8-65.4 after 28 

days post second immunization and the titers were dropped in elderly participants 
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(177). However, the CoronaVac vaccine allows some unwanted side effects in clinical 

studies such as fever and pain at the injection site among vaccinated subjects (178). 

Currently, the CoronaVac vaccine is evaluating in clinical trials phase III with a two-

dose injection regimen (14 days interval) using 8870 participants from Brazil, 

Indonesia, and Turkey.  

The BBIBP-CorV vaccine is a β-propiolactone-mediated inactivation of 

SARS-CoV-2 strain HB02, which propagate in Vero E6 cells. The inactivated SARS-

CoV-2 adjuvanted with alum hydroxide, which can activate pro-inflammatory 

molecules and promote the secretion of IL-1β and IL-18. BBIBP-CorV vaccine could 

induce high levels of neutralizing antibodies and protect rhesus macaques from 

SARS-CoV-2 infection within 7 days post vaccination as evidenced as viral loads in 

lung tissue and pathological analysis results (179). In phase I clinical study, BBIBP-

CorV was tested in 192 participants and showed the safety profiles with mild or 

moderate and no serious adverse effects. The vaccine was found to be immunogenic 

by induction of immunity on day 42 after vaccination in adults with the neutralizing 

antibody titer of approximately 256 (180). 448 volunteers were participated for testing 

the vaccine efficacy in phase II trials. The vaccine was also showed the safety profiles 

with mild to moderate adverse reactions of less than 4%. BBIBP-CorV is being 

applied in phase III clinical trials in Argentina, Bahrain, Jordan, Egypt, and U.A.E. 

The other current inactivated vaccine candidates, recruiting in pre-clinical 

studies and human clinical trials are shown in the Table 3. 
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Table  3 List of clinical inactivated vaccine candidates for SARS-CoV-2 

Vaccine Developer Status 
Clinical trial 

registration 
Reference 

CoronaVac Sinovac Phase III NCT04456595 

NCT04582344 

669/UN6.KEP/EC/2020 

(177) 

Inactivated SARS-

CoV-2 vaccine 

(Vero cell) 

Wuhan Institute of 

Biological Products/ 

Sinopharm 

Phase III ChiCTR2000034780 

ChiCTR2000039000 

(181) 

BBIBP-CorV Beijing Institute of 

Biological Products/ 

Sinopharm 

Phase III ChiCTR2000034780 

NCT04466085 

(180) 

BBV152A 

BBV152B 

BBV152C 

Bharat Biotech Phase I/II NCT04471519 

CTRI/2020/09/027674 

- 

Inactivated SARS-

CoV-2 vaccine 

Institute Medical Biology, 

Chinese 

Phase I/II NCT04470609 - 

QazCovid-in Research institute for 

Biological Safety 

Problems, Rep of 

Kazakhstan 

Phase I/II NCT04530357 - 

Inactivated SARS-

CoV-2 Vaccine 

Beijing Minhai 

Biotechnology 

Phase I ChiCTR2000038804 - 

 

• Viral RNA platform  

The viral RNA platform is a new generation platform that can effectively 

activate immune responses similar to native viral infection. Viral RNA vaccines are 

made from synthetic viral mRNAs encoding the target antigenic agents in the cytosol 

of host cell. This platform allows low-cost, rapid, and ease manufacturing that is able 

to adapt to new pathogens. Nevertheless, mRNA vaccines are instability affecting 

their immunogenic profiles. Moreover, they require low temperature for storage and 
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transportation and provide high risk of RNA-induced interferon responses resulting to 

off-targets and unwanted side effects (170-173, 182).  

There are several viral mRNA-based vaccine candidates, which are currently 

applying in clinical studies (Table 4). The mRNA-1273 vaccine, which is developed 

by Massachusetts-based biotechnology company (Moderna), is non-replicating viral 

mRNA encoding prefusion domain located in spike (S) protein of SARS-CoV-2 

encapsulated in a lipid nanoparticle (LNP) vector for enhancing its immunogenicity. 

mRNA-1273 vaccine was designed for stabilizing pre-fusion form of the SARS-CoV-

2 S protein. mRNA-1273 could induce immune responses in several animal such as 

BALB/cJ, C57BL/6J, and B6C3F1/J mice after receiving the two intramuscularly 

immunized doses. mRNA-1273 could elicit neutralizing antibodies and show 

neutralization activity against SARS-CoV-2 pseudovirus in vitro. mRNA-1273 was 

applied the phase I clinical trials in 45 healthy volunteers ranging from 18 to 55 years 

old with 2 doses of 28-day interval vaccine. The vaccine elicited strong immune 

responses, particularly CD4+ T cell responses with a minimum expression of T helper 

2 (Th2) responses (183). mRNA-1273 vaccine entered a phase III trials July 27th 2020 

with the enrollment of 30,000 participants in the U.S. The vaccine could prevent 

symptomatic and hospitalization for SARS-CoV-2 infection with no serious adverse 

effects among participants (178, 184).  

BioNTech/ Pfizer launched two viral vaccines including BNT162b1, encoding 

SARS-CoV-2 RBD, and BNT162b2, which is translated into full-length spike protein 

of SARS-CoV-2, administered for two vaccinations with 3-week interval. BNT162b2 

could induce strong immune responses in BALB/c mice and Rhesus macaques with 

high titers of neutralizing antibodies as well as T-mediated responses. BNT162b2 also 
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induced Th1-biased immunity, which is desired immune responses against 

coronaviruses, especially SARS-CoV and MERS-CoV. The vaccine could show the 

protective activities against USA-WA1/2020 strain of SARS-CoV-2 infection during 

viral challenge as judged by no viral RNA detection in their lungs and nasal swabs. In 

addition, the vaccinated animal did not show the clinical symptomatic induced from 

SARS-CoV-2 infection (185). The clinical data from phase I trials of BNT162b2 

vaccine were collected from 2 groups of participants including younger (18–55 years 

old) and older adults (65–85 years old). The vaccine could induce minimum side 

effects in participants and elicit high neutralizing antibody titers as compared to 

SARS-CoV-2 convalescent sera (186). BNT162b2 vaccine also showed less systemic 

reactogenicity in older adults (187, 188). After completing a Phase I trials, BNT162b2 

vaccine entered to phase II/III for evaluating safety and efficacy in 43,488 volunteers 

with chronic conditions and different genetic backgrounds. The vaccine also showed 

significant activation of SARS-CoV-2 specific CD8+ T cell and CD4+ as well as 

neutralizing antibodies against SARS-CoV-2 (189).  

Table  4 List of clinical viral RNA-based vaccine candidates for SARS-CoV-2 

Vaccine Developer Status Clinical 

registration 

Reference 

mRNA‐1273  Moderna/NIAID  Phase III NCT04470427  (183, 184) 

BNT162b1 

BNT162b2 

BioNTech/Fosun Pharma/Pfizer  Phase III NCT04368728  (186, 188, 

189) 

CVnCoV  Curevac  Phase II NCT04515147  - 

ARCT‐021 Arcturus/Duke‐NUS  Phase I/II NCT04480957  - 

LNP‐

nCoVsaRNA  

Imperial College London  Phase I ISRCTN1707269

2  

- 

SARS‐CoV‐2 

mRNA vaccine  

People’s Liberation Army (PLA) 

Academy of Military Sciences/ 

Phase I ChiCTR2000034

112  

- 
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Walvax Biotech  

 

• Viral DNA-based platform 

DNA-based vaccines work by injection of engineered plasmid containing 

specific viral antigen-coding DNA sequence that results to viral antigen expression 

and immunological responses onto the cells. Although DNA vaccination has 

theoretical advantages over viral-vectored and live-attenuated vaccines including 

specificity due to encoding antigenic epitopes known to activate immune cells, 

stability, and ease of manufacturing. This platform is still suffering from several 

limitations such as low immunogenicity, and high risk of genomic integration into 

human genome causing unpredictable abnormalities (170-173).  

During COVID-19 pandemic, various viral DNA-based vaccine candidates 

were developed and tested in clinical trials (Table 5). INO-4800 is one of SARS-CoV-

2 DNA-based vaccine candidates recruiting in the clinical trials. INO-4800, which 

was developed by Pennsylvania-based company, Inovio, are DNA sequence of SARS-

CoV-2 S protein with a portable device named ‘Cellectra 2000’. Cellectra 2000 is 

small electric pulse, which can facilitate the DNA uptake by nucleus through an 

electroporation method. The DNA vaccine could elicit neutralizing antibodies 

detected in lungs of immunized porcine and mice. The detected antibodies in lung 

could be important for SARS-CoV-2 protection (178, 190). Phase I clinical trials of 

INO-4800 were conducts in 36 volunteers with age ranged from 18–50 years old. The 

results showed that there were no serious adverse effects in participants. The vaccine 

could generate the protective antibodies against SARS-CoV-2/Australia/VIC01/2020 
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strain in vitro neutralization assay and showed strong Th1 and CD8+ T cell responses 

(191). 

GX-19 is another DNA-based vaccine in clinical trials which are developed by 

Genexine consortium. GX-19 was initially tested the vaccine efficacy in mice and 

non-human primate models and it was found to induce a robust production of 

neutralizing antibodies against novel SARS-CoV-2 in animal models (178, 192).  

Table  5 List of clinical viral DNA-based vaccine candidates for SARS-CoV-2 

Vaccine Developer Status 
Clinical trial 

registration 
Reference 

INO-4800 Inovio 

Pharmaceuticals/International 

Vaccine Institute  

Phase II/III NCT04447781 

NCT04336410  

(191) 

AG0301‐

COVID19  

Osaka University/ AnGes/Takara 

Bio  

Phase I/II NCT04463472 

NCT04527081 

- 

nCov 

Vaccine  

Cadila Healthcare Limited  Phase I/II CTRI/2020/07/026352  - 

GX-19 Genexine Consortium  Phase I/II NCT04445389  - 

 

• Viral vector platform  

The viral-vectored platform is prepared from microbial DNA, which can be 

expressed in the recipients. These vaccines are able to induce stronger immune 

responses due to preservation of native antigenic agents and mimicking natural 

infection. Viral-vectored vaccines allow several limitations including more 

complicated manufacturing process, high risk of genomic integration into host 

genome, and induction of inflammatory responses. Additionally, the vectors might 
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negatively affect the vaccine efficacy and they are possibly damaged by pre-existing 

immunity (170-173).  

CanSino Biologics and the Institute of Biology of China’s Academy of 

Military Medical Sciences developed Adenovirus type-5-vectored coronavirus (Ad5-

nCoV), which uses adenovirus serotype 5 vector (Ad5) for delivery of SARS-CoV-2 

full-length S protein genome into host cells. Ad5-nCoV vaccine was found to be 

immunogenic in BALB/c mice within first immunization by induction strong humoral 

responses, especially SARS-CoV-2 S-specific IgA. Ad5-nCoV vaccine also protected 

mice-adapted SARS-CoV-2 (HRB26M) and ferrets from wild-type SARS-CoV-2 

infection in animal challenge studies. The immunized animals shown no viral 

replication in their lungs and any clinical symptoms (193). Ad5-nCoV was evaluated 

in phase I clinical trials for dose escalation obtained from 108 participants between 18 

and 60 years old with low, medium, and high doses of Ad5-nCoV vaccine (194). For 

phase II clinical trials, the Ad5-nCoV vaccine was applied to 508 volunteers with the 

ages of 18-83 years. Ad5-nCoV vaccine showed the benefits in participants termed of 

RBD-specific antibodies eliciting and neutralizing antibody against live SARS-CoV-2 

in vitro as well as activation of specific T cell responses within 28 days post-

immunization. Severe adverse effects were reported with less than 10% of participants 

per each vaccination group (195). The data in phase III efficacy trials of Ad5-nCoV 

vaccine is collecting from 40,000 volunteers in Saudi Arabia, Russia, and Pakistan. 

ChAdOx1 nCoV-19 (AZD1222) is non-replicating viral vaccine developed by 

Oxford University and AstraZeneca using a chimpanzee adenovirus (ChAdOx1) 

platform. ChAdOx1 nCoV-19 contains full-length of wild-type SARS-CoV-2 S 

protein and plasminogen activator leader sequence. AZD1222 induced strong humoral 
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and cellular SARS-CoV-2-specific responses with Th1-biased responses in pre-

clinical studies containing BALB/c and CD1 mice, pigs, rhesus macaques. The 

vaccine could reduce the viral load in lower respiratory tract from infection of SARS-

CoV-2 strain nCoV-WA1-2020 (196). The phase I/II single-blinded, randomized, 

multicenter control study was evaluated in 1,090 healthy adult participants aged 18–

55 years (197) and Phase III efficacy and safety trials was tested with more than 

30,000 individuals from the U.S., India, Brazil, Russia, and South Africa (198). This 

vaccine is found to be immunogenic, which can induce high titer of neutralizing 

antibodies in the participants. However, the trials showed some serious adverse 

effects, particularly severe neurological symptoms. Later, it was concluded that 

serious adverse events were not related to the vaccine (199). Additionally, there are 

several viral-vectored vaccines that are developed and investigated in the clinical 

trials are reviewed in the Table 6.  

Table  6 List of clinical viral-vectored vaccine candidates for SARS-CoV-2 

Vaccine Developer Status 
Clinical trial 

registration 
Reference 

AZD1222  University of Oxford/ 

AstraZeneca  

Phase III NCT04516746  

NCT04540393  

ISRCTN89951424 

CTRI/2020/08/027170  

(197, 198) 

Ad5‐nCoV  CanSino Biological Inc./ Beijing 

Institute of Biotechnology  

Phase III NCT04526990  

NCT04540419  

(194, 195) 

Gam‐COVID‐

Vac  

Gamaleya Research Institute  Phase III NCT04530396  

NCT04564716  

(200) 

Ad26.COV2.S  Janssen Pharmaceutical 

Companies  

Phase III NCT04505722  (201) 

hAd5‐S‐ 

Fusion + N‐

ImmunityBio, Inc. & NantKwest 

Inc  

Phase I NCT04591717  - 
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ETSD vaccine  

GRAd‐COV2  ReiThera/LEUKOCARE/ 

Univercells  

Phase I NCT04528641  - 

Ad5‐nCoV  CanSino Biological Inc/ Institute 

of Biotechnology, Academy of 

Military Medical Sciences, PLA 

of China  

Phase I NCT04552366  - 

VXA‐CoV2‐1  Vaxart  Phase I NCT04563702  - 

MVA‐SARS‐2‐

S  

Ludwig‐Maximilians University 

of Munich 

Phase I NCT04569383  - 

V590  Merck Sharp & Dohme/ IAVI  Phase I NCT04569786  - 

TMV‐083  Institute Pasteur/ 

Themis/University of Pittsburg 

CVR/Merck Sharp & Dohme  

Phase I NCT04497298  - 

DelNS1‐2019‐

nCoV‐ RBD‐

OPT1  

Beijing Wantai Biological 

Pharmacy/Xiamen University  

Phase I ChiCTR2000037782  - 

 

• Protein-based subunit platform  

The protein-based vaccines carry viral antigenic agents produced by 

recombinant protein techniques. Protein subunit vaccines do not contain live 

component of the virion that are safe relative to whole virus and viral-vectored 

vaccines. Moreover, subunit vaccines readily stimulate the immune responses with the 

reduction of adverse reactions due to specific epitopes. Hence, these vaccines can be 

used in immunocompromised patients. The significant drawbacks of these vaccines 

are low immunogenic profile and requires either adjuvants or immunostimulatory 

molecules to improve the vaccine efficacy. In addition, antigenic epitopes need to be 

determined to increase vaccine specificity (170-173).  

NVX-CoV2373 vaccine is recombinant protein-based subunit vaccine (Table 

7) developed by Maryland-based Novavax company. NVX-CoV2373 is prepared 
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form baculovirus-Sf9-based full-length S protein of SARS-CoV-2 formulated with a 

saponin-based (Matrix-M1) adjuvant to improve its immunogenicity profiles by 

activation of cell-mediated immune responses. In addition, Matrix M-adjuvanted 

NVX-CoV2373 vaccine significantly increased the levels of SARS-CoV-2-specific 

neutralizing antibodies compared with antigen alone and induced strong T-cell 

mediated responses with Th1-biased immunity in immunized animals. The sera of 

immunized mice showed efficient neutralization by reducing the cytopathic effects of 

SARS-CoV-2 on Vero E6 cells in vitro and also protected the human ACE2-

expressed mice and cynomolgus macaques from infection SARS-CoV-2 strain 2019-

nCoV/USA-WA1/2020 as observed by protection of SARS-CoV-2 infection in upper 

and lower respiratory tract and pulmonary disease in immunized animals (202, 203). 

Saponin-based NVX-CoV2373 vaccine was launched in clinical trials phase I with 

131 healthy adults. The results showed that the vaccine induced mild and short 

duration of adverse effects and enhanced Anti-S IgG and neutralizing antibodies 

eliciting with Th1-biased phenotype in the participants (204). NVX-CoV2373 was 

subsequently launched in phase III clinical trials with 9,000 subjects in the U.K., U.S., 

India, South Africa, and other countries. 

Table  7 List of clinical protein-based vaccine candidates for SARS-CoV-2 

Vaccine Developer Status 
Clinical trial 

registration 
Reference 

NVX‐CoV2373  Novavax  Phase III 2020‐004123‐16  

NCT04533399  

(204) 

KBP‐COVID‐19  Kentucky Bioprocessing, 

Inc  

Phase I/II NCT04473690  - 

SARS‐CoV‐2 

vaccine  

Sanofi Pasteur/GSK  Phase I/II NCT04537208  - 
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RBD SARS‐CoV‐

2 HBsAg VLP  

SpyBiotech/Serum Institute 

of India  

Phase I/II ACTRN126200008179

43  

- 

SCB‐2019  Clover Biopharmaceuticals 

Inc./GSK/ Dynavax  

Phase I NCT04405908  - 

COVAX‐19  Vaxine Pty Ltd/Medytox  Phase I NCT04453852  - 

SARS‐CoV‐2 

Sclamp vaccine  

University of 

Queensland/CSL/Seqirus  

Phase I ACTRN126200006749

32p ISRCTN51232965  

- 

MVC‐COV1901  Medigen Vaccine 

Biologics Corporation/ 

NIAID/Dynavax  

Phase I NCT04487210  - 

Soberana 01  Instituto Finlay de 

Vacunas, Cuba  

Phase I IFV/COR/04  - 

EpiVacCorona  FBRI SRC VB VECTOR, 

Rospotrebnadzor, Koltsovo 

Phase I NCT04527575  - 

Recombinant 

SARS‐ CoV‐2 

vaccine  

West China Hospital, 

Sichuan University  

Phase I ChiCTR2000037518  - 

IMP (CoVac‐1)  University Hospital 

Tuebingen  

Phase I NCT04546841  - 

UB‐612  COVAXX  Phase I NCT04545749  - 

Recombinant 

Coronavirus‐Like 

Particle COVID 

19 Vaccine (VLP) 

Medicago Inc  Phase I NCT04450004  (205) 

 

Several COVID-19 vaccine candidates have been tested in the clinical trials to 

assess their immunogenic profiles and vaccine efficacies that are reviewed in the 

Table 8.  
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Table  8 Comparison of clinical efficacy of commercial vaccine candidates, which are 

approved for emergency use 

Vaccine 
Immunization 

regimen 

Efficacy Strains 

Prevention 

of severe 

disease 

Prevention 

of death 

B 1.1.7 B.1.351 P.1 B.1.617 B.1427 

B.1429 

BNT162b2 30 µg IM with 2 

doses (0, 21) 
95% 100% 93% 100% N/A 96% N/A 

mRNA-1273 30 µg IM with 2 

doses (0, 28) 
95% 100% 

1.25-

fold 

reducti

on 

6-fold 

reduction 
N/A N/A N/A 

Ad26.COV2.S 0.5×1011 vp IM 

with 1 dose (0) 
72% 66% N/A 81% N/A N/A N/A 

AZD1222 0.5×1011 vp IM 

with 2 doses (0, 

28) 

100% N/A 66% N/A N/A 60% N/A 

Ad5-nCoV 0.5×1011 vp IM 

with 1 dose (0) 
N/A N/A N/A N/A N/A N/A N/A 

Gam-COVID-

Vac/ Sputnik 

V 

0.5×1011 vp IM 

with 2 doses (0, 

21) 

 

N/A N/A N/A N/A N/A N/A N/A 

NVX-

CoV2373 

5 µg SARS-

CoV-2+ 50 µg 

Matrix-M1 

adjuvant IM 

with 2 doses (0, 

21) 

N/A N/A 86.3% 48.6% N/A N/A N/A 

ZF2001 25 µg protein 

IM with 2-3 

doses 

N/A N/A N/A N/A N/A N/A N/A 

CoVLP 3.75 µg 

CoVLP+ 0.5 ml 

of AS03 IM 

with 2 doses (0, 

21) 

N/A N/A N/A N/A N/A N/A N/A 
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CoronaVac 3 µg IM with 2 

doses (0, 14) 
N/A N/A N/A N/A N/A N/A N/A 

BBiBP-CorV 4 µg IM with 2 

doses (0, 21) 
N/A N/A N/A N/A N/A N/A N/A 

BBV152/Cova

xin 

3 µg IM with 2 

doses (0, 28) 
N/A N/A N/A N/A N/A N/A N/A 

**N/A: not available  

Selection of SARS-CoV-2 antigen 

SARS-CoV-2 S protein is required for cellular entry by interaction with the 

host cells and viruses through ACE2 receptor. Additionally, S protein also induces 

pathogenicity and elicits the robust immune responses during the disease progression 

(206). The trimeric S protein contains S1 and S2 subunits. S1 subunit can be divided 

into two domains consisting of N-terminal domain (NTD) and C-terminal domain 

(CTD), which includes RBD domain. SARS-CoV-2 RBD is specifically binds to 

cellular ACE2 as an initial step during viral entry, triggering the conformational 

change of S protein for membrane fusion by elements in S2 subunit, particularly 

internal membrane fusion peptide (FP), two 7-peptide repeats (HR1/2), and 

transmembrane domain (TM) (207). According to previous studies, S protein-based 

vaccine could elicit potent immune responses, which showed SARS-CoV and MERS-

CoV neutralization and protective activities in non-clinical and clinical studies (208-

210). Similarly, S protein is regarded as a key target for development of possible 

vaccines with effective induction of neutralizing antibodies and protective immunity 

against SARS-CoV-2. The S protein, especially RBD domain could induce the 

neutralizing antibodies and T cell-mediated responses in animals (9, 11). Intriguingly, 

SARS-CoV-2 RBD was found to be strong neutralizing epitopes which are accounted 

for half of SARS-CoV-2 S-induced IgG antibody responses and can neutralize the 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 43 

virus by inhibiting the interaction of RBD with ACE2 receptor as proved by a 

surrogate of neutralization assay. RBD also successfully elicited the potent 

neutralizing antibodies without adverse effects in vaccine-induced immunity, 

particularly antibody-independent enhancement (ADE), which caused by antigen-

induced suboptimal antibody responses, facilitating the viral infectivity in rodents 

(211). Moreover, SARS-CoV-2 RBD-specific immune responses were detected in the 

sera of COVID-19 patients (212, 213). Hence, SARS-CoV-2 RBD-based vaccines are 

promising candidates for protection of COVID-19. 

Aside from SARS-CoV-2 S protein, other structures, particularly M protein, E 

protein, N protein, and accessory proteins may also be served as vaccine antigens. 

Full-length SARS-CoV M protein has the potential in induction of neutralizing 

antibodies in infected patients and triggers a robust cytotoxic T-lymphocyte responses 

(214). E protein has found to be an inducer of inflammatory molecules and ultimately 

activates IL-1β production and inflammatory responses leading to cytokine storm 

(215). Therefore, the E protein-induced immunity is difficult to control in recipients. 

N protein showed strong antigenicity, which could induce high titers of SARS-CoV 

N-specific IgG responses in C57BL/6 mice immunized with DNA vaccine encoding 

SARS-CoV N protein (216). N protein-mediated cellular responses showed benefits 

in protection of avian contagious bronchitis virus infection, which decreased the 

clinical signs and viral load in lungs (217). However, immunization of N protein 

inefficiently elicited neutralizing antibodies and did not protect SARS-CoV infection 

in hamsters during animal challenge (218). Consequently, the efficacy of N protein 

immunization could not be guaranteed for SARS-CoV protection. Accessory proteins 

of CoV also elicit the host immune responses such as ORF8 activated the cytotoxic T 
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lymphocytes (CTLs)-mediated killing of virus-infected cells (219), and ORF9b 

targeted the mitochondrial antiviral signaling (MAVS) protein (220).  

Selection of efficient immunoadjuvants 

The recombinant protein-based subunit vaccines allow more secure and well-

defined antigenic epitopes in comparison to other types of vaccines, especially live-

attenuated vaccines, resulting to reduction of pathogenicity. Moreover, the protein-

based vaccines are scalable and cost-effective (221-224). Unfortunately, the protein 

subunit vaccines inefficiently induce immunity with poor immunogenic profiles and 

activate only partial protective immune responses (225-229). To improve the 

immunogenicity of SARS-CoV-2 protein-based vaccines, the addition and selection 

of immunoadjuvants or delivery vehicles should be included in development of 

protein-based subunit vaccine. Immunoadjuvants are compounds, which are used for 

various purposes including enhancement of immunogenicity, reducing the amount of 

antigenic agent, improvement of vaccine efficacy in newborns, elderly and 

immunocompromised patients, and acting as the antigen delivery systems to specific 

target (230-233). Hence, the formulation of protein-based vaccines with the 

appropriate adjuvants has become high potential strategy to elicit the robust protective 

and long-lasting immune responses in recipients (230, 234). Several protein-based 

subunit vaccines for COVID-19 are adjuvanted with immunostimulatory molecules to 

enhance their immunogenicity profiles. NVX-CoV2373 developed by Novavax 

(USA) includes full-length of SARS-CoV-2 S protein along with saponin-based 

Matrix-M (202, 203, 235). Squalene-based AS03 immunoadjuvant is applied in 

numerous vaccines developed by Sanofi and Xiamen Innovax Biotech (235, 236). 
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Plant-produced SARS-CoV-2 virus-like particles (VLPs) vaccine developed from 

iBio (USA) is adjuvanted with glucopyranosyl lipid adjuvant and MPL (235, 237, 

238). CoVaccine HT, an oil-in-water emulsion adjuvant (235, 239), was developed by 

Soligenix, Inc. (USA) for their vaccine formulation (240, 241). To date, very few 

immunoadjuvants have been licensed for clinical uses in human such as aluminum 

salts (alum), oil in water emulsions, particularly MF59 and AS03, and 

monophosphoryl lipid A (MPL). 

• Aluminum-based adjuvant (Alum)  

Alum were firstly used as a vaccine adjuvant over 70 years in several human 

vaccines such as HAV, HPV, HBV, Diptheria and Tetanus (DT), Haemophilus 

influenza type B (HIB), and pneumococcal-associated vaccines (242). Alum enhances 

the vaccine efficacy by trapping of the soluble antigen resulting to expansion the 

circulation and duration of immune cell-antigen interaction. Alum salt allows 

complement and macrophage activations, which increases antigen uptake by the 

antigen presenting cells (APCs) to the immune cells. It also promotes interleukin-4 

(IL-4) cytokine secretion involved in stimulation of Th2 immune responses and 

induce the high titer of immunoglobulin G1, E, and eosinophils resulting to anti-

bacterial and anti-parasitic activities (243-246). Additionally, alum is inexpensive 

adjuvant with safety profile approved by the United States Food and Drug 

Administration for using in several available licensed human vaccines for Newcastle 

disease and foot-and-mouth disease (247-249). However, aluminum compound 

provides inefficient activation of Th1-type of cellular and humoral immunities, which 

are important to combat the viral infection and intracellular pathogens. Therefore, the 
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co-administration of other adjuvants stimulating Th-1 cell responses is required (234, 

242).  

• Oil in water emulsion 

MF59 is an oil-in-water emulsion consisting of squalene in acid buffer and 

other stabilizer reagents, particularly Tween 80 and Span 85. Squalene is a naturally 

synthesized product found in plants and animals. Squalene is presented to be an 

intermediate in the pathway of human steroid hormones, cholesterol in skin, adipose 

tissue, muscles, and lymph nodes. Tween 80 and Span 85 surfactants are produced 

from plants. Hence, all components in MF59 are biodegradable, and safe, which can 

be used in the wide range of biopharmaceutical products (250, 251). MF59 and AS03 

have been licensed in Europe for adjuvating with pandemic flu vaccines and widely 

used in H1N1 flu vaccine in 2009 to increase flu immunogenicity in the elderly (242, 

252, 253). Oil-in-water adjuvants work through recruitment and activation of APCs 

enhancing the immune cells at the administration site that leads to induction of 

cytokine and chemokine secretions by macrophages and granulocytes and up-

regulation of innate immunity genes, which promote CD11b+ and MHCII+ cell 

recruitment in the muscle (254-256). Additionally, MF59 and AS03 enhance dendritic 

cell differentiation resulting to more efficient antigen trafficking to lymph nodes (257, 

258). This class of adjuvant elicits both Th1 and Th2 immunities, but prefers 

induction of Th2-biased immune response. The addition of TLR4 or TLR9 agonists is 

required to improve the adjuvant efficacy by inducing of Th1-type immunity to 

increase IgG2a antibody titer, which is effective isotype for viral clearance (251). 

Currently, MF59 has been approved to be used in a board spectrum of alternative 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 47 

vaccines, especially influenza virus, herpes simplex virus (HSV-2), human 

immunodeficiency virus (HIV), hepatitis B virus (HBV), and hepatitis C virus (HCV) 

in US. and other 30 countries (251, 257, 259). 

• Monophosphoryl lipid A (MPL) 

MPL is made from lipopolysaccharide of Gram-negative Salmonella 

Minnesota strain R595. MPL enhances immunity by activating Toll-like receptor-4 

(TLR4), which plays a role in the induction of innate and adaptive immunities through 

interactions with B-lymphocyte cells. MPL allows the preferential recruitment of 

TIR-domain-containing adapter-inducing interferon-β (TRIF) responding to activation 

of TLR4, which leads to decreasing the induction of inflammatory cytokines (260-

263). According to the studies, MPL adjuvant could induce a strong Th1 cytokines 

and trigger B cell proliferation in mice that are involved in production of IgG1 isotype 

antibody that is able to kill pathogens and pathogen-infected cells (264-266). In 

particular, AS04 is combination of MPL and alum, which induces the nuclear factor 

NF-kB pathway for inflammatory responses and cytokine production resulting to 

optimal activation of APCs. Additionally, alum in AS04 formulation could prolong 

cytokine eliciting at the injection site (266). Alum-MPL adjuvant is licensed in 

Europe (FENDrix) for use in the Hepatitis B virus vaccine and Australia (Cervarix) 

for use in the human papillomavirus vaccine and currently approved by USA’s Food 

and Drug Administration. MPL has become the first generation of TLR-stimulatory 

adjuvant, which is widely used in human vaccines, especially cancer, HBV, malaria, 

and HPV vaccines (225, 260, 261). 
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• Toll-like receptor (TLR) agonists 

Toll-like receptors (TLRs) is pattern recognition receptors (PRRs) in innate 

immune system, which play role in recognition of conserved microbial patterns called 

pathogen associated molecular patterns (PAMPs). TLRs are transmembrane signaling 

proteins located either on cellular surface (TLR1, 2, 3, 4, 5, 6, and 10) or endosomal 

and lysosomal membranes (TLR7, 8, and 9). TLRs are also predominantly expressed 

on phagocytes, particularly dendritic cells (DCs), which contains conventional DC 

(cDC) and plasmacytoid DC (pDC). cDC expresses TLR3, 4, 8 which involves in 

production cytokines such as IL-12, whist pDC expresses TLR7 and 9 resulting to 

IFN-γ production (Figure 6). Consequently, TLR influences the different cytokines 

production, which can be induced by various TLR agonists (Figure 6). Currently, 

several TLR agonists are adapted as high potential immunoadjuvants for improving 

the vaccine efficacy in clinical evaluations. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 49 

Figure  6 Schematic representation of TLR agonists activated various TLRs on 

conventional and plasmacytoid dendritic cells (DCs) 

- TLR9 agonists 

TLR9 is intracellularly expressed in endosomal membrane and pDC, which 

detects the bacterial and viral infection by interacting with repeat sequences of 

cytosine phosphoguanosine (CpG) motifs in pathogenic genome. TLR9 leads to pro-

inflammatory cytokine responses including IFN-γ and activation of Th1 immunity 

through myeloid differentiation primary response 88 (MyD88), which are required for 

bacterial and viral vaccine development (267-269). There are several TLR9 agonists 

are commercially available, especially 1018 ISS adjuvant, which is clinically used in 

hepatitis B vaccine and able to induce rapid production of protective antibodies in 

healthy adults (242, 270). Additional TLR9 agonist, IC31 is currently used in clinical 

vaccine against tuberculosis (TB) due to effective protection against the pathogenic 

bacteria in animal models (271-274). 

- TLR7/8 agonists 

TLR7 and 8 play a significant role in regulation of antiviral immunity, which 

detects PAMPs terms of short hairpin RNA (shRNA) sequences in viral genomes and 

synthetic small molecules such as immidazoquinolines imiquimod (TLR7 agonist) 

and resiquimod (TLR7/8 agonist). TLR 7 and 8 activation is responsible for the 

production of IFN-γ and IL-12, respectively that are considered as an effective 

antiviral mechanisms terms of neutralizing antibody eliciting with effector 

mechanisms for viral clearance. Hence TLR7/8 agonists are considerable to be used 

as high protential vaccine adjuvants (275, 276). Moreover, TLR7 was licensed for 
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topical uses in treating malignant and non-malignant skin cell (242), and 

papillomavirus vaccine (277). 

- TLR3 agonists  

TLR3 agonists are regarded as attractive adjuvant candidates for vaccine 

development against tumors and pathogens. TLR3 agonists including dsRNA, ssRNA 

and DNA in viral genomes activate the signaling through TLR3 and cytosolic sensors 

including melanocyte differentiation-associated 5 (MDA-5) and retinoic acid-

inducible protein I (RIG-I). TLR3 induces the production of IL-12 and type I IFNs 

eliciting anti-viral responses and increases the expression of MHC class II and cross-

presentation of antigen. MDA-5 also induces type I IFNs production leading to 

activation of T and B lymphocyte responses (278-281). Polyinosinic-polycytidylic 

acid (poly(I:C)) and its derivatives, which are TLR3 agonists, are currently 

undergoing in the various clinical trials for influenza, HBV, HIV, and coronavirus 

vaccines (282-286). 

Plants as alternative protein production factories  

Plant-based expression system 

Plants have been practiced and optimized for using as exceptional bioreactors 

in biopharmaceutical production with high yield and low production costs. Plants are 

used for producing several valuable biopharmaceutical products such as therapeutic 

immunoglobulins, human lysosomal enzymes, cytokines, hormones, growth factor 

molecules, and vaccines (19, 20, 287, 288). Plant-based expression system offers 

many strengths over other competing platforms (Table 9). Plants have been 

domesticated to be effective platform to produce useful compounds by using normal 
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greenhouse, inexpensive sources, cheap growth conditions and well-understood 

manufacturing practices that can reduce capital investment costs (17, 18, 287-289). 

The production costs in plant biopharming process are commonly 0.1% of 

mammalian cell expression systems and 2-10% of prokaryotic expression systems 

(287). Plants are able to perform post-translational modifications maintaining protein 

structure and immunogenicity as produced in mammalian-derived counterparts (14, 

288-291). Interestingly, recombinant protein expression can be localized to multiple 

subcellular compartments in plant cells, particularly chloroplast and endoplasmic 

reticulum (ER), for facilitating and accumulating the recombinant proteins (14, 292). 

In addition, plants have several attractive characteristics as therapeutic protein 

expression platform including scalability, rapid production timescales, and low risk of 

animal pathogen and toxin contaminations (289, 293). Plant bioreactor is a promising 

expression system that can be considered as an alternative platform for economic 

production of therapeutic proteins. 

Table  9 Strengths and limitations of heterologous protein-based expression systems 

Expression system Strength Limitation 

Bacteria - Rapid expression rate 

- High expression level 

- Ease of scaling up and manipulate 

- Capacity for continuous 

fermentation  

- Cost-effective process 

- Lack of post-translational 

modification 

- Endotoxin contamination 

- Improper folding 

- Insoluble protein produced in 

inclusion bodies 

- Degradation of proteins 

Yeast - High expression level 

- Cost-effective process 

- Rapid growth in chemical media 

- High productivity 

- No endotoxin contamination 

- Durability 

- Able to post-translational 

modifications 

- Hypermannose glycosylation  

- Inefficient in secreting the 

recombinant proteins in culture 

media 

- Limited glycosylation capacity 
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Insect cells - High expression level 

- Appropriate post-translational 

modifications 

- Suitable for glycoprotein 

production 

- No endotoxin contamination 

- Efficient cleavage of signaling 

peptides 

- Proper protein folding 

- More demanding expensive 

media and culture conditions 

- High production costs 

- Time consuming 

- Not suitable for continuous 

expression 

Mammalian cells 

 

- Appropriate post-translational 

modifications 

- Proper protein folding 

- Full protein assembly 

- Existing regulatory approval 

- Authentic functions of 

recombinant proteins 

- High production costs 

- Expensive media and 

complicated technology 

requirements 

- Time consuming 

- High risk of pathogen and toxin 

contamination 

 

Plants - High level of accumulation of 

recombinant proteins 

- Easy scaling up with low 

investment costs 

- Proper folding and assembly of 

complex proteins 

- Low risk of human pathogen 

contamination 

- Cost-effective process 

- Able to perform post-translational 

modifications 

- Protein localization in different 

organelles 

- Limited glycosylation capacity 

- Regulatory approval 

- GMP conduct in manufacturing 

process 

Transient expression technologies 

Plants have several attractive characteristics as therapeutic protein expression 

platform including, cost-effective production, safety due to low risk of animal 

pathogen and toxin contaminations, and plants are able to perform efficient post-

translational modifications maintaining protein structure and immunogenicity as 

produced in mammalian-derived counterparts (288, 294). The recombinant proteins 

can be expressed in plants by several strategies including stable expression, transient 

expression, and plant cell-based expression (Table 10). Interestingly, plant expression 

system can progress from the competing available expression systems in terms of 
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allowing more rapid production and high yield of recombinant protein via., transient 

expression, which is suitable for the huge production of biopharmaceutical proteins to 

respond the demands of therapeutic uses during the emerging disease crisis (295). 

Transient expression technologies for therapeutic protein production have been 

developed for two decades ago. Transient expression technologies typically require 

Agrobacterium as gene carrier and viral-based expression machinery. Viral-based 

vectors for Agrobacterium-mediated gene transformation contain two major 

components including T-DNA and vector backbone. T-DNA, delimited by border 

sequence consisting of left (LB) and right (RB) border, incorporates multiple cloning 

sites, genes of interest, reporter genes, and selectable marker genes for plant 

transformation (15, 296-299). Viral-vectored backbone involves the replication and 

mobilization functions and antibiotic resistance for selection of bacteria-containing 

expression vector. The transient expression is widely used for production of 

therapeutic proteins in several plant species such as Lactuca sativa, Arabidopsis 

thaliana, Nicotiana tabacum, and Nicotiana benthamiana (15, 300). Agrobacterium-

mediated transient expression provides various advantages termed of ease, speed, low 

cost, and high yield of recombinant proteins due to nonhomologous chromosomal 

integration into host genome and extra-chromosomal transgene, which is dependently 

replicated and expressed in plant cells resulting in unrestricted numbers of 

recombinant proteins (301). Transient expression strategies have been successfully 

used for production of effective vaccines and therapeutic proteins in pre-clinical and 

clinical studies. The VP1 protein of foot-and-mouth disease virus (FMDV) was the 

first viral antigen produced in plants using Tobacco Mosaic virus (TMV)-based 

transient expression vector providing the expression level of approximately 0.5-1 μg 
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per g leaf weight (302). The transient expression platform also used to produce the 

hepatitis B core antigen (HBcAg) (303) and Norwalk virus (NV)-derived virus-like 

particles (VLPs) (304) using the MagnICON-based expression system in N. 

benthamiana plants with the yields of 2.38 and 0.86 mg/g fresh weight, respectively. 

N. benthamiana with geminiviral-based transient expression vector expressed Ebola 

GP-based immune complex with maximum yield of 50 μg antigen per g leaf mass 

within 4 days after agroinfiltration (12). Plant-produced antigens are immunogenic as 

confirmed by their immunogenicity profiles in efficient induction of both humoral and 

cell-mediated immune responses and vial protection of in vivo studies. Plant-based 

transient expression is also used for production monoclonal antibodies such as 

chimeric D5 antibody against Enterovirus 71 (EV71) (305), anti-human PD1 antibody 

(306), and ZMapp antibody cocktail against Ebola virus, which was approved for 

emergency use by FDA (307). 

 

Table  10 Overview of expression strategies for production of plant-derived 

biopharmaceuticals 

Expression 

technique 
Advantages 

Disadvantages 
Example 

Stable 

expression 

- Scalability 

- High protein stability 

- Able to apply in 

many species 

- Unique post-

translational 

modification 

- Able to provide seed 

bank generation 

- Risk of gene 

silencing 

- Transgene 

contamination 

- Random of gene 

integration 

- Time-consuming 

- Anti-HIV 2G12 IgG in 

transgenic tobacco and maize 

(308) 

- Chimeric IgA (CaroRxTM) in 

transgenic tobacco (309) 

- Avicidin in transgenic maize 

and corn (20) 
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Transient 

expression 

- Easy manipulation 

- Rapid expression  

- High yield 

- Time-saving 

upstream process 

- Simple technology in 

gene transformation 

- Unstable yield of 

recombinant 

proteins 

- Limited scalability 

- High risk of gene 

transfer to the 

environment 

- Various effects on 

plant-produced 

biomass 

- Unable to generate 

the seed bank 

- Anti-Ebola ZMapp antibody 

cocktail in tobacco (127) 

- Influenza virus (H5N1)-based 

VLP vaccine in tobacco (310) 

- Idiotype IgG-based cancer 

vaccine in tobacco (311) 

Suspension 

cells 

- Sterility and lack of 

human pathogen 

contamination 

- Well-defined 

downstream process 

- Scalability 

- Improving quality of 

recombinant protein 

- low-yield  

- Instability of 

recombinant 

proteins 

- Complexity in large-

scale production 

- High cost of 

cultivation 

- Glucocerebrosidase enzyme 

(ELELYSOTM) in carrot cells 

(312) 

- Human β-1,4-

galactosyltransferase in BY-2 

tobacco cell lines (313) 

- Alpha-galactosidase-A 

(Fabrazyme) in tobacco cell 

lines (314) 

 

Protein processing and localization in plant cells 

Plants offer several targets for protein expression in several subcellular 

compartments, where the recombinant protein can be accumulated, particularly 

apoplast, cytosol, chloroplast, endoplasmic reticulum (ER), or vacuole. Selection of 

subcellular localization affects the expression level and stability of heterologous 

proteins. Hence, it is an important point to be considered for recombinant protein 

production (315, 316). Most therapeutic proteins require post-translational 

modifications for their maturation and functionality. Glycosylation is a common 

process in posttranslational modification of therapeutic proteins such as monoclonal 
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antibodies and related compounds including bispecific antibodies, antibody-drug 

conjugates and Fc-fusion proteins (317). Protein glycosylation through endoplasmic 

reticulum (ER) pathway is a major traffic of membrane and secretory proteins 

processing in eukaryotic cells. After protein translation in ribosomes, the signaling 

peptide sequences localize the targeting proteins to the ER for protein glycosylation. 

The signaling peptides include the short chains of hydrophobic amino acids and they 

are cleaved from the polypeptide chain during transferring into the ER lumen. Protein 

glycosylation, particularly, asparagine (N)-linked glycosylation (ALG) involves many 

biological processes of proteins in secretory pathway consisting of protein solubility 

due to hydrophilic nature of carbohydrate chains, protein folding, protein stability, 

and protein-protein interaction (318, 319). Additionally, the N-glycans on polypeptide 

chains monitor the folding status of the glycoproteins in ER chaperone cycle (320). 

ER contains high concentration of quality control components, especially chaperones, 

co-chaperones, protein disulfide isomerases, glycosylating enzymes, and the ER-

associated degradation (ERAD) machinery allowing the correct folding and assembly 

of glycoproteins (321). The complete glycosylated proteins are exported from ER to 

Golgi apparatus for protein maturation followed by the secretory vesicles for delivery 

to their final destinations. ER resident proteins require specific mechanism for protein 

retention in the compartment. The consensus tetrapeptides His/Lys-Asp-Glu-Leu 

(H/KDEL) presented at the C-terminus of soluble proteins have been identified as ER 

retention signals in mammals and plants leading to retardation of transport 

downstream in secretory pathway (322, 323). The tetrapeptides involve in quality 

control of the secretory proteins by interacting with chaperone-misfolded protein 

complexes and facilitating the escape of misfolded proteins form ER to lytic vacuole 
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for protein degradation (324). In addition, ER is a favorable subcellular compartment 

for protein storage enhancing protein accumulation levels and increasing the yield of 

recombinant proteins, especially scFVs produced in tobacco plants and rice callus 

(325-327). The production levels of scFV localized in ER found to be 14-fold higher 

than apoplast targeting (328).  

Plant-produced biopharmaceuticals in several clinical applications 

For three decades ago, many plant-based recombinant proteins have been 

developed and manufactured as practicable commercial proteins for several 

applications such as diagnostic, prevention, and therapeutic. Plants are high potential 

natural bioreactors and effective production system for valuable biopharmaceutical 

and medicinal molecules in term of economy, biosafety, purity, flexibility, rapid 

scalability, and consistency over available expression platforms (12, 13, 23, 287, 288, 

295, 305, 315, 329, 330). Plants successfully express various therapeutic proteins, 

particularly antibodies such as IgG, IgA, IgM, IgA, Fab fragments, scFVs and even 

bispecific antibodies with complete biological activities (295, 305, 306, 330-339). 

Plants are also used for producing vaccine candidates for both veterinary and human 

applications. Plant expressing recombinant vaccines have been reported to be highly 

immunogenic, which elicit potent immune responses and protective activities against 

infectious diseases and cancers (12, 288, 331, 339-343). Hence, the concept of plant-

produced biopharmaceuticals and vaccines has been developed and well explored by 

number of research centers, biotech companies and universities worldwide for 

commercialization and usage in the clinical applications. Currently, there are many 
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plant-produced pharmaceuticals (Table 11) and vaccines (Table 12), which are 

available either in clinical trials or approval stages.   

Table  11 Examples of plant-produced biopharmaceuticals, which are available in 

clinical studies or approved for therapeutic use 

Product Target Host Status Reference 

Chimeric mAb (CaroRX) Dental application Tobacco Phase II (309) 

Idiotype IgG Based vaccine Cancer immunotherapy Tobacco Phase I (311) 

Anti-HIV IgG HIV treatment Tobacco Phase I (308) 

Anti-Ebola IgG cocktail 

(ZMApp) 

Infectious disease 

treatment 

Tobacco Phase II/III (127) 

IgG (ICAM1) Infectious disease 

treatment 

Tobacco Phase I - 

Radiolabeled anti-Ep-CAM IgG Cancer immunotherapy Maize Phase II (344) 

Recombinant human insulin Treatment of diabetes Safflower Phase III (345, 346) 

Lacteron (alpha-interferon) Treatment of chronic 

hepatitis C 

Duckweed Phase II (347) 

Glucocerebrosidase enzyme 

(ELELYSO) 

Treatment of Gaucher’s 

disease 

Carrot FDA 

approval 

(312) 

Alpha-galactosidase-A 

(Fabrazyme) 

Treatment of Fabry 

disease 

Tobacco Phase II (314) 

Alpha-galactosidase-A (moss-

aGel) 

Treatment of Fabry 

disease 

Moss 

culture 

Phase I (348) 

Human deoxyribonuclease I 

(Alidornase alfa) 

Treatment of cystic 

fibrosis 

Tobacco Phase II - 

Recombinant human 

Lactoferrin (VEN100) 

Treatment of 

gastrointestinal disorders 

Rice Phase II (345) 

MAPP66 Infectious disease 

treatment  

Tobacco Phase I (345) 

Table  12 Examples of plant-produced vaccines, which are available in clinical 

studies or approved for therapeutic use 

Product Target Host Status Reference 
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LTB Enterotoxigenic E. coli Potato Phase I (349) 

LTB Enterotoxigenic E. coli Maize Phase I (350) 

Capsid protein Norovirus Potato Phase I (351) 

Capsid protein Norwalk virus Potato Phase I - 

Surface protein Hepatitis B virus Lettuce Phase I (352) 

Surface protein Hepatitis B virus Potato Phase I (353) 

Glycoprotein and nucleoprotein fusion Rabies virus Spinach Phase I (354) 

HA Influenza virus (H5N1) Tobacco Phase I (355) 

HA Influenza virus (H1N1) Tobacco Phase I (356) 

CTB Cholera Rice Phase I (357, 358) 

HA (H5: VLP) pandemic flu Influenza virus (H7N9) Tobacco Phase I (359, 360) 

HA (H5: VLP) pandemic flu Influenza virus (H5N1) Tobacco Phase II (310) 

HA (VLP) seasonal flu Influenza virus Tobacco Phase III (361) 

Fc-based therapeutic candidates 

Biological therapeutic products have been successfully produced in various 

available expression systems and they are used in clinical applications. However, 

many biological active proteins have short serum half-life due to rapid renal clearance 

rate from circulation affecting exposure limitation of therapeutic proteins in the target 

tissues and their pharmacodynamic properties (362, 363). The protein engineering by 

Fc fusion is an effective strategy to overcome these problems. Fc-fusion proteins 

consists of a constant region of immunoglobulin (Fc fragment) directly linked to 

protein of interests such as receptors, ligands, enzymes, soluble cytokines, or proteins. 

Fc-fusion protein contributes various additional benefits in biological and 

pharmacological properties. Fc domain increases the serum half-life and prolongs 

therapeutic protein activities due to pH-dependent binding to the neonatal Fc receptor 

(FcRn) leading to preventing protein degradation in endosomes and it also reduces 

renal clearance rate due to larger size molecules (13, 23-25, 362, 364-366). Fc region 

improves the biophysical properties terms of solubility and stability of its partner 
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protein in vitro and in vivo (24, 362, 366). Moreover, Fc portion also improves 

biological activities by interaction with Fc-receptors (FcRs) presented on immune 

cells affecting several effector functions including antigen-dependent cellular 

phagocytosis (ADCP or opsonization), antigen-dependent cellular cytotoxicity 

(ADCC), and complement-mediated cytotoxicity (CDC), which are important for 

using in oncological treatments and vaccines (24, 362, 366). As an additional benefit, 

Fc portion increases higher protein expression and secretion and simplifies 

downstream manufacturing processes by allowing cost-effective purification by 

protein A/G affinity chromatography (13, 21, 23, 24, 362, 367). Currently, Fc-fusion 

proteins has been used as therapeutics in clinical treatment of various diseases, 

particularly infectious diseases, cancers, immune diseases. There are several approval 

and commercial Fc-fusion proteins, which are indicated in Table 13. 

 

 

Table  13 Fc-fusion proteins approved for clinical use 

Product Protein partner Fc portion Status Developer 

Nulojix 

(belatacept) 

CTLA-4 Fc of human 

IgG1 

FDA approved 

(2011) 

Bristol-Meyers Squibb  

Eylea (aflibercept) VEGF1/VEGF2 Fc of human 

IgG1 

FDA approved 

(2011) 

Regeneron 

pharmaceuticals 

Arcalyst 

(rilonacept) 

IL-1R Fc of human 

IgG1 

FDA approved 

(2008) 

Regeneron 

pharmaceuticals 

NPlate 

(romiplostim) 

Thrombopoietin Fc of human 

IgG1 

FDA approved 

(2008) 

Amgen/Pfizer  

Orencia 

(abatacept) 

Mutated CTLA-

4 

Fc of human 

IgG1 

FDA approved 

(2005) 

Bristol-Meyers Squib  
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Amevive 

(alefacept) 

LFA-3 Fc of human 

IgG1 

FDA approved 

(2003) 

Astellas Pharma 

Enbrel 

(etanercept) 

TNFR Fc of human 

IgG1 

FDA approved 

(1998) 

Amgen/Pfizer  

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

MATERIALS AND METHODS 

 

Materials and Equipment 

Genetic materials 

- A geminiviral-based plant expression vector (pBYR2eK2Md; pBYR2e) 

(Chen et al., 2011; Diamos and Mason, 2018) 

https://www.frontiersin.org/articles/10.3389/fpls.2021.682953/full#B10
https://www.frontiersin.org/articles/10.3389/fpls.2021.682953/full#B18
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- The synthesize gene of receptor-binding domain (RBD) of SARS-CoV-2 

(Genbank accession number: YP_009724390.1; F318-C617) from 

Genewiz, Suzhou, China 

- The synthesize gene of human angiotensin-converting enzyme 2 (ACE2) 

(Genbank accession number: 4CDH_A) from Genewiz, Suzhou, China 

Biological materials 

- Agrobacterium tumefaciens strain GV3101 

- Escherichia coli strain DH10B 

- Mice (Mus Musculus) from Nomura Siam International Co., Ltd. (Thailand) 

- Tobacco plants (Nicotiana benthamiana)  

- Vero E6 cell line 

 

 

Equipment 

- Biosafety Cabinet (BSC) (ESCO Lifesciences, Thailand) 

- ELISpot reader (ImmunoSpot Analyzer, USA) 

- GENESYSTM UV-Vis Spectrophotometer (Thermo Fisher Scientific, USA) 

- Hettich® Universal 320/320R centrifuge (Andreas Hettich GmbH & Co. 

KG, Germany) 

- High-content imaging system (PerkinElmer, UK) 

- Micropipette 2-1000 μg (Pipetman®, USA)  
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- Microplate incubator (Hercuvan Lab systems, UK)  

- MicroPulser Electroporator (Bio-Rad®, USA)  

- Mini Centrifuge (Bio-Rad®, USA)  

- Mini-PROTEAN® Tetra handcast systems (Bio-Rad®, USA) 

- Mini Trans-Blot® cell (Bio-Rad®, USA) 

- MJ Mini Thermo Cycler Machine (Bio-Rad®, USA) 

- Multichannel pipette (Cleaver scientific, UK)  

- Mupid-EXu Electrophoresis (Mupid Co., Ltd, Japan) 

- Nikon Eclipse TS100-T1-SM Microscope (Nikon, Japan) 

- NUAIRETM DHD Autoflow CO2 Air-Jacketed Incubator (NUAIRE, UK) 

- OTTO® Blender (OTTO, Thailand) 

- SpectraMax® M5 Microplate Reader (Molecular Devices LLC, USA) 

- SunriseTM microplate reader (Tecan, Switzerland) 

- TOMY Autoclave sx series (Amuza Inc., Japan)  

- Waterbath WNB 7 (Memmert GmbH + Co. KG, Germany) 

- WIS-20 Precise Shaking Incubator (WiseCube®, Korea) 

 

Materials 

- 0.22 μm Syringe filter (MilliporeSigma, USA) 

- 0.22 μm Syringe filter (Pall Corporation, USA) 

- 0.45 μm Nitrocellulose Membrane (Bio-Rad®, USA)  

- 96-well microtiter plates (U-shape bottom) (Corning, USA) 
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- Centrifuge tube 0.2-50 mL (Axygen®, USA)  

- Cuvette  

- DNA-spinTM Plasmid DNA Purification Kit (iNtRON Biotechnology, Inc., 

Korea)  

- High binding microplate-96 well (Greiner bio-one, Austria)  

- Hycon Petri dishes  

- IFN-γ ELISpot assay kit (Mabtech, Stockholm, Sweden) 

- MEGA quick-spinTM Plus Total Fragment DNA Purification Kit (iNtRON 

Biotechnology, Inc., Korea)  

- Membrane filter 0.45 μm (MilliporeSigma, USA) 

- NIPROTM Disposable Syringe 1, 10, 20, and 50 mL and needle (Nipro, 

Thailand) 

- Nitrocellulose Membrane plate (96 wells) (Merck, USA) 

- PCR tubes/strips (Axygen ®, USA)  

- Pipet Tip sizes: 10, 200, 1000 μL and 5 mL (Axygen®, USA)  

- Protein-A beads (Expedeon, UK) 

- Purification column  

- T-75 tissue culture flasks, canted neck (Corning, USA) 

Proteins and antibodies 

- Alexa Fluor 488 conjugated goat anti-rabbit IgG (H+L) highly cross-

adsorbed antibody (ThermoFisher Scientific, USA) 

- Anti-human IgG-FITC antibody (Santa Cruz Biotechnology, USA) 

- Anti-human Kappa chain-HRP fusion antibody (SouthernBiotech, USA) 
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- Anti-mouse IFN-γ (AN18) monoclonal antibody (mAb) (Mabtech, Sweden) 

- Anti-mouse IFN--biotinylated mAb (R4-6A2 biotin; Mabtech, Sweden) 

- Anti-rabbit SARS-CoV nucleoprotein (NP) monoclonal antibody 

(SinoBiological, USA) 

- CHO-produced recombinant ACE2 protein (InvivoGen, USA) 

- Goat anti-mouse IgG-HRP conjugated antibody (Jackson ImmunoResearch, 

USA) 

- Goat anti-mouse IgG1-HRP conjugated antibody (Abcam, UK) 

- Goat anti-mouse IgG2a-HRP conjugated antibody (Abcam, UK) 

- HEK-produced recombinant ACE2 protein (Abcam, UK) 

- HRP-conjugated goat anti-rabbit polyclonal antibody (Aligent Dako, USA) 

- Plant-produced anti-SARS-CoV-2 (H4) monoclonal antibody (Shanmugaraj 

et al., 2020) 

- Plant-produced S1 protein of porcine epidemic diarrhea virus (PEDV) 

(Siriwattananon et al., 2021) 

- SARS-CoV/SARS-CoV-2 nucleocapsid (N) monoclonal antibody 

(SinoBiological, China) 

- SARS-CoV-2 peptide pools (BioNet-Asia, Thailand, and Mimotopes, 

Australia) 

- SARS-CoV-2 RBD-His tag from Sf9 cells (Genscript, USA) 

Immunoadjuvants 

- AddaVaxTM (MF59) (InvivoGen, USA) 

- Alhydrogel® 2% (alum) (InvivoGen, USA) 
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- High molecular weight polyinosinic-polycytidylic acid (poly (I:C)) 

(InvivoGen, USA) 

- Monophosphoryl lipid A from Salmonella Minnesota R595 (mPLA-SM) 

(InvivoGen, USA) 

Chemical reagents 

- 1x Dulbecco′s Phosphate Buffered Saline (1x D-PBS) (GIBCO, USA) 

- 1x Phosphate Buffer Saline (PBS) (Sigma-Aldrich, USA) 

- 1x Phosphate Buffer Saline (PBS; pH 7.0-7.2) (GE Healthcare, USA) 

- 2-(N-morpholino) ethanesulfonic acid monohydrate (MES) (Bio Basic Inc., 

Canada)  

- 2-mercaptoethanol (Sigma-Aldrich, USA) 

- 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium; BCIP/NBT 

substrate (Mabtech, Sweden) 

- 50X Tris-Acetate-EDTA (TAE) Buffer, pH8.0, Ultra-Pure Grade (Vivantis, 

Malaysia)  

- β-merceptoethanol (Applichem, Germany)  

- Acetic acid (CH3COOH) (Merck, Germany) 

- Acetone (C3H6O) (Merck, Germany) 

- Acrylamide/Bisacrylamide 40% (HiGenoMB®, India)  

- Agar powder (Titan Biotech Ltd., India) 

- Agarose powder (Vivantis, Malaysia)  

- Amersham ECL prime western blotting detection reagent (GE Healthcare, 

UK)  
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- Ammonium Chloride (NH4Cl) (HIMEDIA®, India) 

- Ammonium Persulfate (APS) (HIMEDIA®, India) 

- Antibiotics  

- Ampicilin (Panreac AppliChem®, USA) 

- Antimycotic (GIBCO, USA) 

- Gentamycin (Panreac AppliChem®, USA)  

- Kanamycin sulfate (Panreac AppliChem®, USA) 

- Penicillin-Streptomycin (Thermo Fisher Scientific, USA) 

- Rifampicin (Bio Basic Inc., Canada)  

- Bovine serum albumin (BSA) powder (Capricorn Scientific, Germany) 

- Bromophenol blue (Honeywell FlukaTM, Finland) 

- Concanavalin A (ConA) Sigma, USA 

- Coomassie Blue blue R-250 (AppliChem®, USA) 

- Deoxynucleoside triphosphate (dNTP): dATP, dCTP, dGTP, dTTP  

- Di-Sodium hydrogen phosphate (Na2HPO4) (EMSURE®, Germany)  

- Dimethyl Sulfoxide (DMSO; C2H6OS) (Sigma-Aldrich, USA) 

- Dulbecco's Modified Eagle Medium (DMEM) powder-High glucose 

(GIBCO, USA) 

- Ethanol (EMSURE®, Germany)  

- Ethylenediaminetetraacetic acid (EDTA) (HIMEDIA®, India) 

- Fetal Bovine Serum (FBS) (GIBCO, USA) 

- Gel Loading Dye-purple 6x (New England Biolabs, USA) 
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- Glycerol (HIMEDIA®, India)  

- Glycine (HIMEDIA®, India)  

- Hoechst dye (Thermo Fisher Scientific, USA) 

- Hydrochloric acid (HCl) (Merck, USA) 

- KPL SureblueTM TMB substrate (SeraCare, USA) 

- Magnesium sulfate (MgSO4) (KEMAUS®, Australia) 

- Methanol (Merck, Germany) 

- Peptone (HIMEDIA®, India) 

- Potassium bicarbonate (KHCO3) (Sigma-Aldrich, USA) 

- Potassium chloride (KCL) (Carloerbareagets, Italy) 

- Potassium dihydrogen phosphate (KH2PO4) (Carloerbareagets, Italy) 

- Protein ladder (Bio-red®, USA) 

- RedSafeTM nucleic acid staining solution (iNtRON Biotechnology, Inc., 

Korea) 

- Restriction enzymes: XbaI, BamHI, SacI (New England Biolabs, UK) 

- RPMI 1640 media with phenol red (GIBCO, USA) 

- Skim milk (BD Difco
TM

, USA)  

- Sodium chloride (NaCl) (Ajax Finechem Pty., Ltd, New Zealand) 

- Sodium dodecyl sulfate (SDS) (Carloerbareagets, Italy) 

- Sodium hydrogen carbonate (NaHCO3) (Sigma-Aldrich, USA) 

- Streptavidin-alkaline phosphatase (ALP) (Mabtech, Sweden) 

- Sulfuric acid (H2SO4) (RCI labscan, Thailand) 

- T4 DNA ligase (New England BioLabs, UK)  
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- Taq DNA polymerase (Vivantis, Malaysia) 

- Tetramethylethylenediamine (TEMED) (Affymetri®, USA) 

- TMB stabilized substrate (Promega, USA) 

- Tris-base (Vivantis®, Malaysia)  

- Tween -20 (Vivantis®, Malaysia)  

- VC 1 kb DNA Ladder (Vivantis®, Malaysia)  

- Yeast Extract (Himedia Laboratories Pvt. Ltd., India)  

Software and database 

- ClustalOmega Multiple Sequence Alignment 

(https://www.ebi.ac.uk/Tools/msa/clustalo/)  

- ExPAsy Bioinformatics Resource Portal 

(https://web.expasy.org/translate/)  

- GenBank NCBI: NIH genetic sequence database 

(https://www.ncbi.nlm.nih.gov/genbank/)  

- GeneArt Gene Synthesis Portal 

(https://www.thermofisher.com/order/geneartgenes/projectmgmt)  

- GraphPad Prism software version 6.0. 

- GraphPad Prism software version 8.0. 

- Harmony High-Content Imaging and Analysis Software (PerkinElmer, UK) 

- National Center for Biotechnology Information (NCBI) 

(https://www.ncbi.nlm.nih.gov/)  

- NEBcutter V2.0 (New England Biolabs, UK) 
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(http://nc2.neb.com/NEBcutter2/)  

Facilities 

- Certified biosafety level III facility, Department of Microbiology, Faculty 

of Science, Mahidol University, Bangkok, Thailand 

- Greenhouse for N. benthamiana, Department of Pharmacognosy and 

Pharmaceutical Botany, Faculty of Pharmaceutical Sciences, 

Chulalongkorn University, Bangkok, Thailand 

- Hygienic conventional mouse housing system, Faculty of Medicine, 

Chulalongkorn University, Bangkok, Thailand 

 

 

 

 

Experimental Procedures 

Gene Design and Synthesis 

The receptor-binding domain of SARS-CoV-2 (SARS-CoV-2 RBD) and 

human angiotensin converting enzyme 2 (hACE2) sequences were obtained from 

NCBI gene database (Genbank accession number: YP_009724390.1; F318-C617 and 

NP_001358344.1, respectively) . The nucleotide sequences were codon optimized for 

expressing in N. benthamiana by using GeneArt Gene Synthesis Portal (Thermo 

Fisher Scientific, USA). The nucleotide sequences of SARS-CoV-2 RBD and ACE2 

were designed to anneal with nucleotide-encoding signaling peptides 
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(MGWSCIILFLVATATGVHS) for protein localization in endoplasmic reticulum 

(ER) at N-terminus. In addition, the nucleotide sequences were added XbaI and 

BamHI restriction sites for cloning with Fc region fragment which contain a peptide 

linker (GGGGS) (N-terminus), human IgG1, and consensus tetrapeptides Lys-Asp-

Glu-Leu (KDEL) for protein retention in ER (C-terminus) with the BamHI and SacI 

restriction sites at the 5’ and 3’ ends, respectively to construct SARS-CoV-2 RBD-Fc 

(Figure 7A) and ACE2-Fc (Figure 7B) sequences. The SARS-CoV-2 RBD and ACE2 

sequences were commercially synthesized by Genewiz, Suzhou, China and shipped in 

the commercial pUC57 vector. 

 

Figure  7 Schematic representation of gene design for cloning with Fc region to 

construct A. SARS-CoV-2 RBD-Fc and B. ACE2-Fc sequences 

Cloning and Construction of Expression Vectors 

The commercial pUC57-SARS-CoV-2 RBD and pUC57-ACE2 plasmids were 

digested by XbaI and BamHI restriction enzymes (New England Biolabs, UK) (Table 
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14). The SARS-CoV-2 RBD and ACE2 fragments were separated by 0.6% agarose 

gel with RedSafeTM DNA staining solution (iNtRON Biotechnology, Inc., Korea) for 

visualization. The target of bands SARS-CoV-2 RBD and ACE2 were sliced from 

agarose gel and extracted the DNA fragments by using MEGA quick-spinTM 

Fragment DNA Purification Kit (iNtRON Biotechnology, Inc., Korea) according to 

the manufacturer’s instructions. The extracted DNA fragments were separately ligated 

with Fc fragment into a geminiviral vector (pBYR2e) using XbaI and SacI restriction 

sites, at the N-terminus and C-terminus (Table 15) to construct the expression vectors 

pBYR2e-SARS-CoV-2 RBD-Fc and pBYR2e-ACE2-Fc, respectively (Figure 8).  

Table  14 Components for restriction enzyme digestion 

Component Final concentration 

Plasmid DNA TBD  

10xCutsmart buffer 1x 

XbaI restriction enzyme 10 units /50 μl reaction 

BamHI restriction enzyme 10 units /50 μl reaction 

Nuclease-free water Adjust into 50 μl 

   **TBD: to be determined 

Table  15 Components for in vitro ligation 

Component Final concentration/amount 

10xT4 DNA ligase buffer 1x 

pBY2e vector (XbaI/SacI) TBD 

ACE2 or SARS-CoV-2 RBD (XbaI/BamHI) TBD 

Fc fragment (BamHI/SacI) TBD 

T4 DNA ligase 1 μl/ 20 μl reaction 

Nuclease-free water Adjust into 20 μl 

   **TBD: to be determined 
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Figure  8 Schematic representation of constructed protein expression vectors for 

expression in N. benthamiana including A. pBYR2e-SARS-CoV-2 RBD-Fc and B. 

pBYR2e-ACE2-Fc 

Preparation of Escherichia coli Competent Cells 

E. coli strain DH10B was cultured in 5 ml Luria Bertani (LB) broth and 

incubated at 37°C overnight at 200 rpm as a bacterial starter culture. 1 ml starter 

culture was added into 100 ml fresh LB broth and incubated at 37 °C 200 rpm into 

OD600 of 0.3-0.4 (approximately 2h). The E. coli was chilled on ice for 10 min and 

collected the bacterial pellets by centrifugation at 4°C for 10 min at 4000g. The 

pellets were resuspended by 20 ml 0.1M MgCl2 and chilled on ice for 10 min. The 

bacterial suspension was centrifuged at 4°C for 10 min at 4000g to collect the pellets 

(repeating the 0.1M MgCl2 resuspension and centrifugation). The bacterial pellets 
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were resuspended by 0.1M CaCl2 with 10% glycerol. The competent cell suspension 

was aliquoted into 1.5 ml microcentrifuge tubes and stored in -80°C 

Plasmid Propagation in E. coli  

The expression pBYR2e-SARS-CoV-2 RBD-Fc and pBYR2e-ACE2-Fc 

vectors were propagated in E. coli strain DH10B competent cells by heat shock 

transformation. 50-100 μl of E. coli competent cells were mixed with 1-5 μl of ligated 

products and incubated on ice for 30 min. After incubation, the competent cell was 

heated at 42 °C for 30 sec and immediately incubated on ice for 2 min. 500 μl of LB 

broth (without antibiotic) was added and incubated at 37 °C for 45 min at 200 rpm for 

recovery the bacterial transformants. Then, the transformants were plated on LB agar 

with 50 μg/ml selective antibiotic kanamycin and incubated overnight at 37°C. The 

transformants were confirmed by polymerase chain reaction (PCR) (Table 16 and 17) 

using vector-specific primers (Table 18). The positive transformants were inoculated 

into 5 ml LB broth containing 50 μg/ml kanamycin and incubated at 37°C for 16h at 

250 rpm. The plasmids were extracted from bacteria by following protocol from 

DNA-spinTM Plasmid DNA Purification Kit (iNtRON Biotechnology, Inc., Korea) and 

stored the plasmids in -20 °C.  

Table  16 Components for polymerase chain reaction 

Component Final concentration 

dNTP (dATP/dTTP/dCTP/dGTP) 0.2 mM 

Forward primer 0.2 mM 

Reverse primer 0.2 mM 

DNA template TBD (0.1-250 ng) 

10xViBuffer A 1X 

MgCl2 2.0 mM 
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Taq DNA polymerase 2 units/ 50 μl PCR 

Nuclease-free water Adjust into 50 μl 

    **TBD: to be determined 

Table  17 Conditions for polymerase chain reaction 

Reaction step Temperature Time 

Initial denaturation 95°C 5 min 

Denaturation 95°C 30 sec 

Annealing TBD 30 sec 

Extension 72°C 30 sec/1kb 

Final extension 72°C 30 sec 

Storage 4°C 10 min 

  **TBD: to be determined 

Table  18 Primers for polymerase chain reaction 

Name Nucleotide sequence  TM 

Primers for SARS-CoV-2 RBD-Fc amplification 

BsaI-W-F 5’ CTGGTGGAGACCAATTCAGGGTTCAGCCTACCG 3’ 68.1°C 

2e-Rev 5’ GCTTTGCATTCTTGACATC 3’ 46.8°C 

Primers for ACE2-Fc amplification 

ACE2-F 5’ GGGTCTAGAACAATGGGCTGGTCCTGCATCATCCTGTTCC 3’ 70.6°C 

2e-Rev 5’ GCTTTGCATTCTTGACATC 3’ 46.8°C 

 

Preparation of Agrobacterium tumefaciens Electrocompetent Cells 

A. tumefaciens strain GV3101 was cultured in 5 ml Luria Bertani (LB) broth 

with 50 μg/ml Rifampicin and 50 μg/ml Gentamicin and incubated at 28°C overnight 

at 200 rpm as a bacterial starter culture. 1 ml starter culture was added into 100 ml 

fresh LB broth containing 50 μg/ml Rifampicin and 50 μg/ml Gentamicin and 

incubated at 37 °C 200 rpm into OD600 of 0.5-1.0. The A. tumefaciens was chilled on 
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ice for 10 min and collected the bacterial pellets by centrifugation at 4°C for 10 min at 

4000g. The pellets were resuspended by 20 ml sterile deionized water. The bacterial 

suspension was centrifuged at 4°C for 10 min at 4000g to collect the pellets (repeating 

the deionized water resuspension and centrifugation). The bacterial pellets were 

resuspended by 10% glycerol. The competent cell suspension was aliquoted into 1.5 

ml microcentrifuge tubes and stored in -80°C 

Gene Transformation into A. tumefaciens by Electroporation 

The expression vectors containing pBYR2e-SARS-CoV-2 RBD-Fc and 

pBYR2e-ACE2-Fc were transformed into Agrobacterium electrocompetent cells 

using MicroPulser (Bio-Rad, USA). The recombinant Agrobacterium clones were 

plated on LB agar with selective antibiotics consisting of 50 μg/ml Kanamycin, 50 

μg/ml Rifampicin, and 50 μg/ml Gentamicin and incubated at 28°C for 48h. The 

transformants were confirmed by PCR using vector-specific primers (Table 18). 

Single positive colony of each vector were inoculated into LB broth with the selective 

antibiotics and incubated at 28°C overnight at 200 rpm. The growth culture was 

inoculated into fresh cultures with the ratio of 1:100 and incubated at 28°C overnight 

at 200 rpm in order to prepare bacterial solutions for agroinfiltration.  

Transient Expression and Optimization of SARS-CoV-2 RBD-Fc and 

ACE2-Fc  

Agrobacterium containing pBYR2e-SARS-CoV-2 RBD-Fc and pBYR2e-

ACE2-Fc pellets were collected by centrifugation at 4000g for 10 min. Cell pellets 

were resuspended and diluted with 1xInfiltration buffer into OD600 of 0.2. The SARS-

CoV-2 RBD-Fc and ACE2-Fc proteins were transiently expressed in N. benthamiana 
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plants by injecting Agrobacterium suspensions into the adaxial side of 6-week-old 

tobacco leaves using a 1 mL syringe without a needle. The infiltrated plants were 

maintained in the optimal 16-h light/8-h dark condition at 28°C. The infiltrated leaves 

were collected from 3 individual plants on days 2, 4, 6, 8, and 10 after agroinfiltration 

to identify the expression levels of fusion proteins in different time courses. 

Large-Scale Productions of SARS-CoV-2 RBD-Fc and ACE2-Fc  

After determining the optimal time-course conditions for SARS-CoV-2 RBD-

Fc and ACE2-Fc expression, the large-scale productions were performed. 

Agrobacterium stocks containing pBYR2e-SARS-CoV-2 RBD-Fc and pBYR2e-

ACE2-Fc were cultured in LB medium with 50 μg/ml Kanamycin, 50 μg/ml 

Rifampicin, and 50 μg/ml Gentamicin and incubated at 28°C for 48h for bacterial 

starter culture. The starter cultures were inoculated into 1L LB medium with selective 

antibiotics and incubated at 28°C for 48h. The Agrobacterium pellets were collected 

by centrifugation and diluted with 1xInfiltration buffer into OD600 of 0.2. The 

Agrobacterium suspensions were infiltrated into tobacco plants by using vacuum 

infiltration. The infiltrated plants were harvested on day 4, and 6 after agroinfiltration 

for SARS-CoV-2 RBD-Fc and ACE2-Fc, respectively. 

Protein Extraction and Purification 

Infiltrated leaves were extracted with 1xPBS pH 7.4 and clarified by 

centrifugation at 4ºC for 45 min at 26,000g. The supernatants were filtered by using 

0. 45 µm filter membrane (MilliporeSigma, USA) for removal of the contaminated 

macromolecules.  The plant-produced SARS-CoV-2 RBD-Fc and ACE2-Fc were 
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purified by affinity chromatography using protein A resin (Expedeon, UK). The 

affinity columns containing protein-A beads were equilibrated by 1xPBS pH 7.4 and 

followed by addition of clarified supernatants. The purified columns were washed by 

1xPBS pH 7.4 for 2 times. The plant-produced proteins were eluted by 0.1M glycine 

buffer pH 3. The eluted solutions were instantly neutralized by addition of Tris-HCl 

pH 8.8 buffer. The purified plant-produced SARS-CoV-2 RBD-Fc and ACE2-Fc were 

concentrated using Amicon® ultracentrifugal filter (Merck, Massachusetts, USA) and 

filtered with 0. 22 µm syringe filter ( Merck, Massachusetts, USA)  for protein 

sterilization. 

Protein Characterization by Sodium Dodecyl Sulfate Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) and Western Blotting 

The purified plant-produced SARS-CoV-2 RBD-Fc and ACE2-Fc were 

analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 

The purified samples were prepared by addition of reducing and non-reducing dyes 

and denatured at 95°C for 5 min. The SARS-CoV-2 RBD-Fc and ACE2-Fc samples 

were subjected into 10% and 8% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis, respectively for protein separation and stained by Coomassie staining 

solution for protein visualization.  

For western blot analysis, separated proteins were transferred to nitrocellulose 

membranes (Biorad, USA) at 100 V for 2h. The membranes were blocked by 5% 

skim milk (BD Difco, USA) diluted in 1xPBS for 45 min. The membranes were 

probed with a rabbit anti-SARS-CoV-2 RBD antibody (Thermo Fisher Scientific, 

USA) and a rabbit anti-human ACE2 antibody (SinoBiological, USA) diluted in 
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1xPBS with a dilution of 1:2,500 as primary antibodies for detection of plant-

produced SARS-CoV-2 RBD and ACE2 proteins, respectively at 4ºC overnight. The 

detection antibody, a 1:5,000 dilution of goat anti-rabbit-IgG HRP conjugate antibody 

(BosterBio, USA), were added to membranes and incubated for 1h. Fc portions in 

SARS-CoV-2 RBD and ACE2 proteins were detected by Fc-domain-specific antibody 

using a sheep anti-human Gamma chain-HRP fusion (The Binding Sites, UK) diluted 

with ratio of 1:5,000 in 1xPBS for 2h. The membranes were washed three times by 

1xPBS-T and developed using an enhanced chemiluminescent (ECL) detection 

reagent (Abcam, UK). 

Protein Quantification by Enzyme-linked Immunoassay (ELISA) Assay 

The yields of plant-produced SARS-CoV-2 RBD were measured by sandwich 

ELISA assay starting by addition of a rabbit anti-SARS-CoV-2 RBD antibody diluted 

in 1xPBS with ratio of 1:1000 in 96-well plates (Greiner Bio-One GmbH, Austria) 

and incubated at 4°C overnight. The plates were blocked by 5% skim milk in 1xPBS 

at 37°C for 2h. Subsequently, the plant-produced SARS-CoV-2 RBD-Fc samples and 

HEK-produced SARS-CoV-2 Spike RBD-Fc chimera (R&D Systems, USA) as a 

protein standard diluted in 1xPBS were loaded on the wells and incubated at 37°C for 

2h. The SARS-CoV-2 RBD-Fc proteins were detected by a 1:1,000 anti-human 

Gamma chain-HRP fusion in 1xPBS, at 37 °C for 1h.  

Plant-produced ACE2-Fc was quantified by indirect ELISA assay. The ELISA 

well plates were coated with plant-produced ACE2-Fc and commercial HEK-

produced ACE2-Fc proteins (Abcam, UK) as a protein standard in 1xPBS at 4°C 

overnight. Then, the plates were blocked by 5% skim milk in 1xPBS at 37 °C for 2h 
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and incubated with a 1:2,000 rabbit anti-human ACE2 at 37 °C for 2h and a 1:1,000 

goat-anti-rabbit-IgG HRP fusion antibody as detection antibody at 37 °C for 1h, 

respectively. A 3,3’,5,5’-Tetramethylbenzidine (TMB) solution (Promega, USA) was 

added to the plates as colorimetric developer followed by 1M H2SO4 for termination 

of enzymatic reactions. The absorbance was read at 450 nm in a 96-well plate reader 

(BMG Labtech, Germany). Between each step, the plates were washed three times by 

1xPBS-T. 

In vitro Binding Activity of Plant-Produced SARS-CoV-2 RBD-Fc 

The binding activity of plant-produced RBD-Fc fusion protein to ACE2 

receptor was performed by ELISA assay. A 96-well ELISA plate was coated by 100 

ng of two commercial proteins including HEK-produced ACE2 (Abcam, UK) and 

CHO-produced ACE2 (InvivoGen, USA) proteins incubated at 4°C overnight.  For 

blocking, 5% skim milk in 1xPBS was added into the wells and incubated at 37ºC for 

2h.  The plate was washed three times with 1xPBS-T and incubated with various 

concentrations of plant-produced SARS-CoV-2 RBD-Fc diluted in 1xPBS starting 

with the protein concentration of 1,000 μg/ml at 37ºC for 2h. A 1:100 plant-produced 

anti-SARS-CoV-2 (H4) mAb (368) was incubated into the wells at 37ºC for 2h. 

Subsequently, the 96-well plate was incubated with a 1:1,000 dilution of anti-human 

Kappa chain-HRP fusion (SouthernBiotech, USA) in 1xPBS for 1h at 37ºC.  For 

colorimetric development, a TMB solution ( Promega, USA)  will be added into the 

wells and followed by 1M H2SO4 for terminating the enzymatic reactions.  The 

absorbance at 450 nm will be measured using a microplate reader.  
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In vitro Binding Activity of Plant-Produced ACE2-Fc 

A 96-well plate was coated with 100 ng of plant-produced ACE2-Fc and 

incubated at 4ºC overnight. The plate was blocked by 5% skim milk in 1xPBS at 37ºC 

for 2h. The wells were washed three times by 1xPBS-T and incubated with various 

dilutions of proteins including the commercial Sf9-produced SARS-CoV-2 RBD 

(Genscript Biotech, USA), an unrelated S1 protein of porcine epidemic diarrhea virus 

(PEDV) (13) starting with the protein concentration of 100 μg/ml and 1xPBS as 

negative controls at 37ºC for 2h. After washing, a 1:1,000 anti-6X His tag-HRP fusion 

(Abcam, UK) in 1xPBS was incubated into the wells for 2h at 37ºC. For detection, a 

TMB solution was added into the plate. The reactions were stopped by adding 1M 

H2SO4. The absorbance at 450 nm was read using a 96-well microplate reader. 

Vaccine Preparation and Formulation for Mice Immunization 

Purified plant-produced SARS-CoV-2 RBD-Fc was dialyzed for supplanting 

the buffer into 1xPBS at pH 7.0-7.2 (GE Healthcare, USA) and concentrated by using 

Amicon® ultracentrifugal filter. The protein was sterilized by using 0.22 µm syringe 

filter and conducted in biosafety cabinet class II. Sterile plant-produced SARS-CoV-2 

RBD-Fc was formulated with various commercial immunoadjuvants consisting of 

aluminium hydroxide gel (alum), AddaVaxTM (MF59 adjuvant), mPLA from 

Salmonella Minnesota R595 (mPLA-SM), and high molecular weight poly (I:C) (poly 

(I:C) HMW) (InvivoGen, USA). All the adjuvants were prepared by following 

manufacturer’s protocols in the sterile condition for preparing the vaccine 

formulations for immunogenicity studies in mice (Table 19). 
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Table  19 Experiment groups for immunogenicity study in mice 

Group Antigen content Adjuvant content Immunized volume (μl) Number 

1 PBS control - 50 5 

2 10 μg SARS-CoV-2 RBD-Fc - 50 5 

3 10 μg SARS-CoV-2 RBD-Fc 0.1 mg alum 50 5 

4 10 μg SARS-CoV-2 RBD-Fc 10 μg MF59 50 5 

5 10 μg SARS-CoV-2 RBD-Fc 10 μg mPLA-SM 50 5 

6 10 μg SARS-CoV-2 RBD-Fc 20 μg poly (I:C) 50 5 

 

Ethics Statement 

Seven-week-old female ICR mice were ordered from Nomura Siam 

International Co., Ltd. (Thailand) and were maintained in animal facilities with 

strictly hygienic conventional system in Faculty of Medicine, Chulalongkorn 

University, Bangkok, Thailand. The use of animal protocol was approved by the 

Institutional Animal Care and Use Committee, Faculty of Medicine, Chulalongkorn 

University (permit number: 012/2563). 

Mice Immunogenicity Studies 

The thirty female ICR mice ( n =  5 per group)  were intramuscularly ( IM) 

immunized via. , anterior tibialis by 50 µl of several SARS-CoV-2 RBD-Fc vaccine 

formulations (Table 19) on days 0 and 21. Mice sera was collected prior to the first 

immunization ( pre-bleed, day 0)  and 14 days post-vaccination (days 14 and 35) to 
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investigate SARS-CoV-2 RBD-specific antibody responses. The mice were sacrificed 

on day 35 (14 days after second booster) to collect the spleen for quantitative 

measurement of SARS-CoV-2 RBD-specific T-cells (Figure 9). Health status was 

monitored by clinical signs and body weight changes among vaccinated mice. 

 

Figure  9 Experimental design of plant-produced SARS-CoV-2 RBD-Fc immunization 

and sample collection in mice immunogenicity studies 

Evaluation of SARS-CoV-2 RBD-Specific Antibody Responses by ELISA 

Assay 

96-well plates were captured by SARS-CoV-2 spike protein RBD from Sf9 

insect cells (GenScript, USA) diluted in 1xPBS at the final concentration of 2 µg/ml 

and incubated at 4ºC overnight. Then, the wells were blocked by 5% skim milk in 

1xPBS and incubated at 37ºC for 2h. Subsequently, the animal sera were 10-fold 

serially diluted with 1xPBS starting at 1:100 and loaded on the wells at 37ºC for 2h. A 

goat anti-mouse IgG HRP conjugate antibody (Jackson ImmunoResearch, 

Pennsylvania, USA) diluted 1:2000 in 1xPBS was added into the wells and incubated 

at 37ºC for 1h for detection of SARS-CoV-2 RBD-specific antibodies. TMB substrate 

was added into the plates for colorimetric development. The enzymatic reactions were 

terminated by adding 1M H2SO4.  The absorbance was measured at 450 nm ( A450) 
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using a microplate reader. Between each step, the plates will be washed by 1xPBS-T 

for three times.  

For mouse IgG1 and IgG2a analyses, the mice sera were 10-fold serially 

diluted with 1xPBS starting 1:100 in the same fashion and detected by 1:2000 goat 

anti-mouse IgG1 ( HRP)  and goat anti-mouse IgG2a ( HRP)  ( Abcam, UK) , 

respectively in 1xPBS at 37ºC for 2h.  The endpoint titers of IgG1 and IgG2a were 

also computed for monitoring Th2 and Th1 lymphocyte responses, respectively.  

The endpoint titers were determined as the highest dilution of immunized sera, 

which had A450 more than cut off, which is calculated from A450 of pre-immunized 

sera in the dilution of 1:100 in 1xPBS as following equation (369). 

 

𝑐𝑢𝑡 𝑜𝑓𝑓 = 𝑋 + 𝑆𝐷√1 + (
1

𝑛
)

𝑡

 

Where X is the mean of A450 reading from independent controls of pre-immune sera, 

SD is standard deviation, n is the number of independent controls, t is 1- α, and α is 

significance level. 

Cell culture  

The Vero E6 cells, African green monkey (Cercopithecus aethiops) kidney 

epithelial cells (ATCC, USA) were used for microneutralization assay for 

quantification of neutralizing antibody in animal sera anti-SARS-CoV-2 activities of 

plant-produced ACE2-Fc. The Vero E6 cells were cultured in Dulbecco’s Modified 

Eagle Medium High glucose (DMEM) (Gibco, USA) with 10% fetal bovine serum 

(FBS) (Gibco, USA) and Penicillin-Streptomycin antibiotics.  
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Virus preparation 

Live SARS-CoV-2 virus (SARS-CoV-2/01/human/Jan2020/Thailand), which 

was used in a microneutralization and antiviral assay, was obtained from 

nasopharyngeal swabs isolation of a confirmed COVID-19 case in Thailand. The 

virus was prepared by Vero E6 cells propagation to establish a high-titer stock and 

stored at − 80 °C. Virus titration was performed using the Reed Muench method and 

expressed terms of 50% tissue culture infectious dose (TCID50) per ml of culture 

media (370). 

In Vitro Microneutralization Assay  

A microneutralization assay was conducted in a certified biosafety level III 

facility in Department of Microbiology, Faculty of Science, Mahidol University, 

Bangkok, Thailand. The Vero E6 cells were seeded with the concentration of 1×104 

cells/well in complete DMEM medium in 96-well plates and incubated at 37ºC with 

5%CO2 for overnight.  The immunized sera and positive convalescent serum from 

COVID-19 patient were prepared by heat-inactivation at 56°C for 30 min. The heat-

inactivated sera were 2-fold serially diluted for loading in independent duplicate wells 

and incubated with 100 of 50%  tissue culture infective dose (100TCID50) of the live 

SARS-CoV-2 virus in DMEM medium at 37°C for 1h. Virus control at 100 TCID50 

and uninfected cell control wells were included in all plates.  Subsequently, the 

mixtures of diluted serum and virus were transferred to the monolayer of Vero E6 

cells and incubated at 37°C with 5% CO2 for 2 days. After incubation, the cells were 

washed with 1xPBS and followed by fixing and permeabiling the cells by ice-cold 1:1 

methanol/acetone fixative solution at 4°C for 20 min. The cells were washed 3 times 
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with 1xPBS-T and blocked with blocking solution at room temperature (RT) for 1h. 

After washing, the viral nucleocapsids were detected using a 1: 5,000 of SARS-

CoV/SARS-CoV-2 nucleocapsid (N) monoclonal antibody (SinoBiological, USA) 

and incubated at 37°C for 1h followed by a 1:2,000 HRP-conjugated goat anti-rabbit 

polyclonal antibody (Dako, Denmark) in 1xPBS at 37 °C for 1h. The KPL SureblueTM 

TMB substrate (SeraCare, USA) was added for colorimetric development. 

Afterwards, the reactions were stopped by the addition of 1N HCl.  The absorbance 

was read at 450 nm and 620 nm using a SunriseTM microplate reader (Tecan, 

Switzerland).  The absorbance differences between 450 and 620 nm (A450-A620) of 

diluted samples were computed and compared with the 50% specific signal of the cut 

point, which was calculated by the following equation to determine the potent 

neutralization titers of the immunized sera. 

𝐴𝑐𝑢𝑡 𝑝𝑜𝑖𝑛𝑡 =
𝐴𝑣𝑖𝑟𝑢𝑠 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

2
+ 𝐴𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 

 

Where 𝐴𝑉𝑖𝑟𝑢𝑠 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 and 𝐴𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 are the average of A450-A620 of virus control 

wells and cell control wells, respectively. The neutralizing titers will be defined as the 

reciprocal highest dilution providing the average of A450-A620 of the diluted serum 

well more than the cut point.  The neutralizing antibody titers of each experimental 

group will be compared by using GraphPad Prism. The significant differences will be 

considered when p< 0.05. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 87 

Quantification of Mouse IFN-γ by ELISpot Assay 

Mouse spleen tissues were prepared by removal of surrounding fatty tissue 

and soaking into RPMI1640 medium. Mouse spleens were transferred by using 70 m 

nylon cell strainer and loaded into the petri-dish. Then, the spleen cells were 

dissociated into single-cell suspension using needle #21 for 2-3 times. After cell 

dissociation, R5 medium was added into the cells. The splenocytes were clarified by 

centrifugation at 4°C for 5 min at 1,200 rpm. Then, the cells were washed and lysed 

by 1xACK lysis buffer. The cells were centrifuged for 5 min at 1,200 rpm and 

resuspended by R5 medium into a final concentration of 5x106 cells/ml. The 

nitrocellulose membrane plates (Millipore, Bedford, MA, USA) were coated by anti-

mouse IFN-γ (AN18) monoclonal antibody (mAb) (Mabtech, Sweden) at the 

concentration of 10 µg/mL in 1xPBS at 37°C with 5%CO2 for 3h. Then, the plates 

were washed six times by 1xPBS and blocked with R10 medium at RT for 1h. The 

mouse splenocytes were activated by incubating with SARS-CoV-2 peptide pools 

(BioNet-Asia, Thailand, and Mimotopes, Australia) and incubated at 37°C with 5% 

CO2 for 4h. Then, the activated splenocytes were added in to the wells. Culture 

medium and concanavalin A (ConA) were served as a negative and positive control, 

respectively. The unbound splenocytes were removed by washing with 1xPBS-T for 

six times followed by 1xPBS for three times. The plates were incubated with the 

detection antibody, which is anti-mouse IFN--biotinylated mAb (R4-6A2 biotin; 

Mabtech, Sweden) in 1xPBS, at RT for 3h. The streptavidin-alkaline phosphatase 

(ALP; Mabtech, Stockholm, Sweden) was then added and incubated at RT for 1h. For 

the enzymatic development, the substrate solution (5-bromo-4-chloro-3-indolyl-
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phosphate/nitro blue tetrazolium; BCIP/NBT) was added into the wells after washing 

the plates. The enzymatic reactions were terminated by washing with tap water and 

removed the underdrain by rinsing the tap water underside of the membrane. The 

spots were counted by using ELISpot reader (ImmunoSpot Analyzer, USA). Results 

were expressed term of spot-forming cells (SFCs)/106 splenocytes). The number of 

spots were compared to the controls for determining the positive responses. A positive 

response was defined at more than 50 SFCs/106 splenocytes over the background 

signal.  

In Vitro Antiviral Activity of Plant-Produced ACE2-Fc 

Anti-viral activity of plant-produced ACE2-Fc was also conducted in a 

certified biosafety level III facility in Department of Microbiology, Faculty of 

Science, Mahidol University, Bangkok, Thailand.Vero E6 cells were seeded in a 96-

black well plate (Corning, USA) at 37°C with 5% CO2 overnight. For the post-

treatment condition, 25TCID50 (50% tissue culture infective dose) of live SARS-CoV-

2 was incubated with the cells at 37°C for 2h and then washed the plate by 1xPBS. 

After washing, the fresh culture medium (DMEM with 2% FBS) was added. Various 

10-fold serial dilutions of plant-produced ACE2-Fc were directly added to the wells 

and maintained at 37°C with 5%CO2 for 48h (Figure 10A) (371).  

For pre-treatment condition, a 25TCID50 of live SARS-CoV-2 was incubated 

with the various dilutions of plant-produced ACE2-Fc at 37°C for 1h prior to viral 

adsorption for 2h. The cells were washed two times with 1xPBS followed by the 

addition of fresh culture medium (DMEM with 2% FBS). Vero E6 cells were 
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incubated with the prepared mixtures of live SARS-CoV-2 and plant-produced ACE2-

Fc under standard conditions for 48h (Figure 10B) (371).  

The heat-inactivated Positive convalescent serum from a COVID–19 patient 

and an anti-human IgG-FITC antibody (Santa Cruz Biotechnology, USA) were served 

as positive and negative controls, respectively. The cells in the 96-well plate were 

fixed and permeabilized with 50% (v/v) acetone in methanol on ice for 20 min and 

washed by 1xPBS-T. The plates were blocked by blocking solution. After blocking, 

the plates were incubated with a 1:500 of a rabbit monoclonal primary antibody 

(SinoBiological, USA) at 37°C for 1h for the detection of the SARS-CoV-2 

nucleocapsid. The unbound antibodies were removed by washing with 1xPBS-T for 

three times. Then, the cells were incubated with a 1:500 dilution of an Alexa Fluor 

488 conjugated goat anti-rabbit IgG (H+L) highly cross-adsorbed secondary antibody 

(ThermoFisher Scientific, USA). Nuclei of the cells were stained with Hoechst dye 

(Thermo Fisher Scientific, USA). The fluorescent signals were detected and analyzed 

using a high-content imaging system (PerkinElmer, UK) at 40x magnitude. The 

percentage of infected cells in each well was automatically obtained randomly from 

13 images per well using Harmony software (PerkinElmer, UK). 
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Figure  10 Experimental design of in vitro anti-SARS-CoV-2 assay including A. post-

infection phase; plant-produced ACE2-Fc added to SARS-CoV-2-infected Vero E6 

cells (at 25TCID50) and B. pre-infection phase; plant-produced ACE2-Fc and SARS-

CoV-2 (at 25TCID50) mixture added to Vero E6 cells 

Statistical analysis 

The immunological results were analyzed using Prism 8.0 (GraphPad 

software, USA Data are expressed as mean ± standard deviation (SD). Dunnett’s 

Tests of Multiple Comparison were also carried out. The values of p<0.05 were 

considered as statistically significant. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

 

A newly emerging disease, caused by the novel betacoronavirus SARS-CoV-2 

is responsible for an ongoing COVID-19 pandemic. The SARS-CoV-2 has 

continually spread to more than 200 countries worldwide with millions of cumulative 

infected cases and deaths (372). Moreover, the COVID-19 allows unprecedented 

impacts on humans, especially public health, the global economy and society. The 

effective therapeutic interventions such as specific anti-viral drug, neutralizing 

antibodies, or preventive vaccines are urgently demanded for COVID-19 therapy and 

prophylaxis of lethal SARS-CoV-2 virus (10, 13, 50, 170, 373).  

SARS-CoV-2 utilizes its S glycoprotein, particularly the RBD domain, which 

specifically interacts with the cellular ACE2 receptor for viral entry. Importantly, 

SARS-CoV-2 RBD was found to be dominant conformational epitopes, which 

showed great immunogenicity and effectively elicited potent neutralizing antibodies 

and protective effects against SARS-CoV-2 infection in pre-clinical models 

suggesting a vaccine consisting of RBD is considered to be a promising immunogen 

for possible COVID-19 vaccine development (9, 11, 190, 374). As well, previous 

reports have shown the therapeutic potential of recombinant ACE2 in protection of 

SARS-CoV infection in vitro with high protective efficacy compared with the use of 

virus-specific monoclonal antibodies (161, 162).  Hence, SARS-CoV-2 RBD and 

ACE2 have the potential to be targets for development of therapeutic interventions 

against the disease-associated with SARS-CoV-2. 
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For three decades ago, plants have been utilized to produce recombinant 

biopharmaceuticals and vaccine candidates for several human and veterinary diseases 

(12, 288, 331, 339-343, 375). Many reports have shown the potential of plant 

expression system for production of biopharmaceutical products as effective as the 

mammalian cell-produced counterparts in producing neutralizing antibodies against a 

particular pathogen or infection as judged by generated products, which are recruiting 

in either clinical evaluations or approval stage by FDA (296, 303, 307, 343, 376). 

Additionally, plants are advantageous and can overcome the challenges in 

biopharmaceutical production during the pandemic situation by providing an efficient 

system for bulk production with the rapid-scalable processes to fulfil the demands of 

biopharmaceuticals against infectious diseases (377). Hence, plants expression system 

is fascinating platform and it can be served as an alternative platform for producing 

biologics or therapeutic proteins with economical process during the pandemic 

circumstances. 

Fusion protein based on the immunoglobulin Fc domain offers enable easy 

purification method of recombinant protein by protein A chromatography. 

Additionally, the Fc provide several favorable characteristics consisting of facilitating 

expression and secretion of the recombinant proteins and increasing the protein 

solubility and stability (24, 362, 366). Moreover, Fc portion prolongs the serum half-

life and therapeutic activities by pH-dependent binding to the neonatal Fc receptor 

(FcRn) allowing prevention of protein degradation in endosomes and reduction of 

renal clearance rate due to larger molecular weight (21, 25, 366, 378, 379). Fc region 

have been used as a fusion protein partner for several recombinant proteins such as 
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receptors, ligands, enzymes, and soluble cytokines for therapeutic applications (9, 23, 

24, 380, 381). 

Hence, we engineered the SARS-CoV-2 RBD and ACE2 by fusing N-

terminus of the Fc region of human immunoglobulin IgG1 as preventive subunit 

vaccine and therapeutic against SARS-CoV-2 and transiently expressed the construct 

in N. benthamiana using geminiviral vector. The geminiviral-based expression system 

was developed from the genome structure of the Bean yellow dwarf virus (BeYDV), 

a Mastrevirus in the Geminiviridae family, to improve the protein expression in plants 

with higher yields of recombinant proteins by a rolling cycle of its genome 

replication, resulting in high yield of copies (382). Earlier reports applied geminiviral-

based vector in several protein production in plants such as Ebola GP-based immune 

complex was expressed in N. benthamiana using geminiviral-based transient 

expression vector. The maximum expression level of the antigen was on day 4 after 

agroinfiltration with the yield of approximately 50 μg antigen per g leaf mass (12). In 

addition, a geminiviral expression vector was used for producing anti-Enterovirus 71 

(EV71) mAb (305) and anti-human PD1 antibody (306) by co-infiltration of heavy 

chain (HC) and light chain (LC) of antibody protein in N. benthamiana yielded to 50 

and 140 μg/ g FW, respectively and showed complete biological activities in vitro 

studies. 

Construction of SARS-CoV-2 RBD-Fc and ACE2-Fc for Plant Expression 

The RBD of SARS-CoV-2 (Genbank accession number: YP_009724390.1; 

F318-C617) and human ACE2 (GenBank accession number: NP_001358344.1) was 

designed to join with murine leader sequence as a signal peptide for protein 
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localization and protein linker (GGGGs) at the N-terminus and C-terminus, 

respectively. The nucleotide sequences were codon optimized for expression in plants 

and annealed with XbaI and BamHI restriction site at 5’ and 3’ ends, respectively for 

ligating with Fc portion, which includes SEKDEL retention peptide sequence, at the 

C-terminus. The nucleotide sequences were synthesized into commercial pUC57 

vector with ampicillin resistance. The commercial recombinant pUC57 plasmids 

consisting of pUC57-SARS-CoV-2 RBD and pUC57-ACE2 were cut by XbaI and 

BamHI restriction enzymes to provide SARS-CoV-2 RBD and ACE2 fragments. The 

digested products were subjected onto 0.6% agarose gel to visualize the expected 

sizes of DNA with approximately 1,000 bp (Figure 11A) and 1,900 bp (Figure 11B), 

respectively.  

 

 

Figure  11 Digestion of commercially synthesized genes including A. pUC57-SARS-

CoV-2 and B. pUC57-ACE2 by XbaI and BamHI restriction enzymes 
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The Fc fragment and pBYR2e vector were also prepared by digestion using its 

specific restriction enzymes including BamHI and SacI (Figure 12A) and XbaI and 

SacI (Figure 12B) restriction enzymes, respectively for in vitro ligation. The DNA 

fragments including SARS-CoV-2 RBD, and ACE2 fragment were extracted and 

separately ligated with Fc fragment into geminiviral expression vector (pBYR2e) 

provided from Professor Hugh Mason (Arizona State University, USA) to construct 

expression vectors including pBYR2e-SARS-CoV-2 RBD-Fc and pBYR2e-ACE2-Fc.  

 

 

Figure  12 Digestion of A. Fc fragment and B. pBYR2e vector by using its specific 

restriction enzymes including BamHI and SacI and XbaI and SacI restriction 

enzymes, respectively for preparation of expression constructs in plants 
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The expression vectors were propagated in E. coli strain DH10B by heat shock 

transformation and plated on LB agar with kanamycin. The E. coli transformants were 

picked for 4 colonies to confirm by colony PCR using specific primers. The PCR 

products were loaded on 0.8% agarose gel to visualize the positive bands with the 

expected size of approximately 1,700 bp for SARS-CoV-2 RBD-Fc (Figure 13A) and 

2,700 bp for ACE2-Fc (Figure 13B).  

 

 

Figure  13 0.8% agarose gel of transformant E. coli colony PCR containing A. 

pBYR2e-SARS-CoV-2 RBD-Fc and B. pBYR2e-ACE2-Fc 
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The expression vectors were extracted from the positive E. coli clones used for 

gene transformation into A. tumefaciens strain GV3101 by electroporation 

transformation. A. tumefaciens-harboring pBYR2e-SARS-CoV-2 RBD-Fc and 

pBYR2e-ACE2-Fc clones were also confirmed by colony PCR prior to 

agroinfiltration in plants, which were shown in Figure 14A and B, respectively. 

 

 

Figure  14 0.8% agarose gel of transformant A. tumefaciens colony PCR containing 

A. pBYR2e-SARS-CoV-2 RBD-Fc and B. pBYR2e-ACE2-Fc 

Transient Expression of SARS-CoV-2 RBD-Fc and ACE2-Fc in N. benthamiana 

via., Agroinfiltration 

N. benthamiana plants were infiltrated with Agrobacterium-containing 

pBYR2e-SARS-CoV-2 RBD-Fc and pBYR2e-ACE2-Fc through syringe infiltration. 

The expression of the SARS-CoV-2 RBD-Fc (Figure 15A) and ACE2-Fc (Figure 

15B) fusion proteins induced mild necrosis in infiltrated leaves. The infiltrated leaves 

were incubated and harvested from 3 individual the plants on days 2, 4, 6, 8, and 10 
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after agroinfiltration. The yields of recombinant proteins were measured from the 

crude protein by ELISA assay compare with its specific protein standard. The protein 

SARS-CoV-2 RBD-Fc was expressed with the level of 25 μg/g leaf fresh weight on 4 

days post infiltration whereas ACE2-Fc were expressed highest on day 6 post-

infiltration, with the yields up to 100 μg/g leaf fresh weight. (Figure 16). 

 

 

Figure  15 Phenotypic expression of infiltrated N. benthamiana leaves. A. leaf 

infiltrated with 1; Agrobacterium control and 2; Agrobacterium containing pBYR2e-

SARS-CoV-2 RBD-Fc after 4 dpi. B. leaf infiltrated with Agrobacterium containing 

pBYR2e-ACE2-Fc after 6 dpi 
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For rapid production of recombinant SARS-CoV-2 RBD-Fc protein, time-

course optimization of recombinant protein did not include in the study. However, our 

earlier study with viral antigen expression showed that the high protein accumulation 

was observed between 3-5 days (295). Hence, 4 dpi was an optimal time-course, 

which we chose for the present study. Time course study needs to be performed for 

industrial scale manufacturing.  

 

 

Figure  16 Expression levels of plant-produced ACE2-Fc in each time course. The 

infiltrated leaves were collected from 3 individual plants in each day post infiltration. 

Data were analyzed by indirect ELISA assay using ACE2-specific antibody and 

presented as mean ± SD of triplicates 
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Purification and Characterization of SARS-CoV-2 RBD-Fc and ACE2-Fc Fusion 

Protein from N. benthamiana Leaves 

After time-course optimization of Fc fusion proteins, the SARS-CoV-2 RBD-

Fc and ACE2-Fc were performed in large-scale protein production by vacuum 

infiltration, which is used as rapid-scalable production of several therapeutic proteins 

and vaccines in plants such as human Dental Matrix Protein 1 (hDMP1) (383) and 

anti-receptor activator of nuclear factor-kappa B ligand antibody (anti-RANKL) (384) 

for bone and dental application, human epidermal growth factor (hEGF) (385), human 

vascular endothelial growth factor (VEGF) (386), Ebola immune complex vaccine 

(12), and recombinant gp51 (rgp51) (387) and E2 glycoprotein (388) as preventive 

vaccines for Bovine leukemia virus (BLV), and Classical Swine Fever Virus (CSFV), 

respectively. The vacuum infiltration method was also applied in production of 

therapeutic monoclonal antibodies against viral infections including anti-Enterovirus 

71 (D5) mAb (305), anti-SARS-CoV (CR3022) mAb (295), and anti-SARS-CoV-2 

H4 and B38 antibodies (368).  

The plant-produced SARS-CoV-2 RBD-Fc and ACE2-Fc were extracted with 

1x PBS (pH 7.4) and purified from crude extract by single-step protein A affinity 

chromatography. Protein A is an useful and cost-effective purification method for 

immunoglobulins and Fc fusion proteins due to specific binding to Fc portion of IgG 

with high affinity providing the separation of desired IgG-related products from crude 

supernatants (389, 390). The protein A affinity chromatography was successfully used 

for purification of several IgG or IgG-related proteins (23, 295, 305, 306, 368, 384). 

However, additional purification is required in order to meet the quality standards for 

commercial use. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 101 

 

Figure  17 SDS-PAGE analysis of plant-produced A. SARS-CoV-2 RBD-Fc and B. 

ACE2-Fc fusion proteins stained with Coomassie staining. 1; SDS gel under reducing 

condition, 2; SDS gel under non-reducing condition 

 

The purity of the purified plant-produced SARS-CoV-2 RBD-Fc was analyzed 

by SDS-PAGE gel stained with Coomassie blue staining under reducing and non-

reducing condition. The results indicated that plant-produced SARS-CoV-2 RBD-Fc 

and ACE2-Fc fusion proteins were approximately 90% purity based on visual 

inspection of a Coomassie blue stained gel.  
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The protein bands of plant-produced SARS-CoV-2 RBD-Fc corresponding to 

the molecular weights of 65 and 150 kDa were observed in reducing and non-

reducing condition gels (Figure 17A) whereas purified plant-produced ACE2-Fc 

showed two major bands at approximately 100 and 250 kDa under reducing and non-

reducing condition, respectively (Figure 17B). which implies that the SARS-CoV-2 

RBD-Fc and ACE2-Fc fusion proteins could be linked by disulfide bond into dimeric 

form. The folding of plant-produced SARS-CoV-2 RBD-Fc and ACE2-Fc fusion 

proteins was further confirmed by western blot analysis using the specific antibodies 

including a rabbit anti-SARS-CoV-2 RBD antibody and rabbit anti-human ACE2 

antibody, respectively. Both plant-produced SARS-CoV-2 RBD-Fc (Figure 18A) and 

ACE2-Fc (Figure 18B) could be detected by its specific detection antibodies and 

displayed the pattern bands same as the profiles on its Coomassie blue stained gels. 

To confirm the folding of Fc portion in each recombinant protein, the 

membranes were probed by an anti-human Gamma chain HRP conjugate antibody. 

The results indicated that plant-produced SARS-CoV-2 RBD-Fc and ACE2-Fc could 

be detected by Fc-specific antibody as shown in Figure 19. The full-length of plant-

produced SARS-CoV-2 RBD-Fc and ACE2 fusion proteins could be by western 

blotting by using its specific antibody and goat anti-human Gamma chain-HRP 

conjugated antibody, which are specific to protein partner and Fc domain, 

respectively. The results showed that the molecular weight of both plant-produced 

SARS-CoV-2 RBD-Fc and ACE2-Fc fusion proteins in nitrocellulose membranes 

probed by different antibodies were the same molecular weight sizes (Figure 18 and 

19). The plant-produced SARS-CoV-2 RBD-Fc and ACE2-Fc also showed the 
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several degraded bands of protein, which could be detected by its specific antibody 

(Figure 18 and 19).   

 

Figure  18 Western blotting analysis of A. plant-produced SARS-CoV-2 RBD-Fc and 

B. plant-produced ACE2-Fc fusion proteins probed with its specific antibody 

including a rabbit anti-SARS-CoV-2 RBD antibody and rabbit anti-human ACE2 

antibody. 1; SDS gel under reducing condition, 2; SDS gel under non-reducing 

condition 
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Figure  19 Western blotting analysis of A. plant-produced SARS-CoV-2 RBD-Fc and 

B. plant-produced ACE2-Fc fusion proteins probed with Fc-specific antibody 1; SDS 

gel under reducing condition, 2; SDS gel under non-reducing condition 

In vitro Binding Activity of Plant-Produced RBD-Fc and ACE2-Fc Fusion 

Proteins 

Commonly, SARS-CoV-2 RBD is able to interact with ACE2 receptor (5, 10, 

391). Hence, the plant-produced SARS-CoV-2 RBD-Fc could be initially confirmed 

the authenticity of proteins by binding assay using the commercial ACE2-Fc protein. 

The binding of plant-produced SARS-CoV-2 RBD-Fc fusion protein was confirmed 

by ELISA by using commercial HEK293 and CHO-produced ACE2 proteins as the 

capture reagents. The various dilutions of purified plant-produced SARS-CoV-2 

RBD-Fc were incubated with commercial ACE2 proteins with triplicate wells. Anti-
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SARS-CoV-2 (H4) mAb (368) was added into the wells for SARS-CoV-2 RBD 

detection, followed by anti-human kappa chain-HRP conjugate antibody. Plant-

produced SARS-CoV-2 RBD-Fc fusion protein produced saturable binding to both 

commercial ACE2 proteins with substantially high affinity in comparison to PBS 

control used as a negative control which confirms the authenticity of plant-produced 

SARS-CoV-2 RBD-Fc (Figure 20).  

 

 

Figure  20 Binding activity of the plant-produced SARS-CoV-2 RBD-Fc using the 

commercial angiotensin-converting enzyme 2 (ACE2 proteins) derived from HEK293 

and CHO cells and analyzed by ELISA. 1xPBS was used as negative control. Data are 

presented as mean ± standard deviation (SD) of triplicates in each sample dilution 
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As well, the authenticity of plant-produced ACE2-Fc could be confirmed by in 

vitro binding assay using the commercial SARS-CoV-2 RBD protein. The purified 

ACE2-Fc fusion protein was immobilized in the wells of a microtiter plate. Eight 

different dilutions of the commercial Sf9-produced RBD protein of SARS-CoV-2 

were incubated with plant-produced ACE2-Fc with triplicate wells. The S1 protein of 

the porcine epidemic diarrhea virus (PEDV) (Figure 21), and 1xPBS were used as 

negative controls. PEDV belongs to a monophyletic member in the order Nidovirales 

with alphacoronavirus subfamily, which utilizes a zinc peptidase, aminopeptidase N 

(APN) receptor for viral entry. Hence, S1 protein of PEDV could be used as a 

possible negative control in in vitro binding assay of plant-produced ACE2-Fc (392). 

The results showed that the plant-produced ACE2-Fc fusion protein produced 

substantially high OD signals with the RBD of SARS-CoV-2, compared to the 

negative PBS control and the PEDV S1 protein (Figure 22). Our data are consistent 

with the binding of the RBD of SARS-CoV-2 to the plant-produced ACE2-Fc fusion 

protein. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 107 

 

Figure  21 Expression of S1 protein of porcine epidemic diarrhea virus (PEDV) in N. 

benthamiana. A. Schematic representation showing the plant expression construct 

pBYR2e PEDV S1-His used. B. Diagrammatic representation showing the overview of 

transient expression of PEDV S1 protein in N. benthamiana. C. Western blotting of 

plant-produced PEDV S1 under reducing conditions. SARS-CoV-2 RBD-His from Sf9 

cells (Genscript Biotech, USA) (lane 1; positive control) and lane 2; purified plant-
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produced PEDV S1-His probed with anti-His-HRP conjugate antibody. The red and 

black arrows indicate the presence of S1-His of PEDV and SARS-CoV-2 RBD-His, 

respectively 

 

 

Figure  22 Binding activity of the plant-produced ACE2-Fc using the commercial Sf9-

produced SARS-CoV-2 RBD protein and analyzed by ELISA. PBS buffer and S1 

protein of PEDV were used as negative controls. Data are presented as mean ± 

standard deviation (SD) of triplicates in each sample dilution 
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Identification of Immunoadjuvants and Mice Immunogenicity 

Compared with the other commercially available platforms of preventive 

vaccines, recombinant protein-based subunit vaccines provide several advantageous 

features, particularly high safety profiles with no risk of the vaccine-triggering disease 

due to the lack of live pathogen components. Hence, the protein-based subunit 

vaccines are considered as attractive vaccine platform and suitable for the recipients, 

especially immunocompromised patients. Additionally, protein subunit vaccines are 

easy to produce by utilizing recombinant protein techniques and relatively stable in 

comparison to whole virus and viral-vectored vaccines (170-173, 182). However, the 

absence of the immunomodulatory components associated with viral particles provide 

the poor immunogenicity induced by protein subunit immunogens (225, 393-397). 

Formulation of vaccine antigen with the potent immunologicadjuvants or 

immunostimulatory molecules is an attractive strategy for enhancing the 

immunogenicity and improving the quality of specific immune responses induced by 

the vaccine antigens (227, 234, 393, 394, 397, 398). Additionally, immunologic 

adjuvants facilitate the subunit vaccine development by several beneficial 

mechanisms of action such as preventing the rapid degradation of the proteins in vivo, 

enhancing the dose effectiveness of vaccines, and inducing the production of 

cytokines with favor development of T-helper I and II responses to vaccine antigens 

(242, 393, 394, 396, 399-401). Identification and selection of immunologic adjuvants 

are thus important for successful protein-based subunit vaccine development. 

In fact, few adjuvants were approved for use in the licensed human vaccines, 

particularly alum was used in various human vaccines (242, 397), MF59 was used in 

influenza vaccines (242, 397, 402), and combination adjuvant systems such as AS01 
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and AS04 containing mPLA was used in malaria, hepatitis B (HBV) virus, and human 

papilloma virus (HPV) vaccines (242, 397, 403). In addition, there are also several 

experimental adjuvants, which are recruiting in clinical trials, especially poly(I:C), 

which are used for formulation with H5N1 influenza and cancer vaccines currently in 

phase III and I/II clinical stages, respectively (397, 404, 405). Immunologic adjuvants 

induce diverse mechanisms of action, which are critical for adjuvant selection and 

vaccine design to elicit appropriate immune responses against specific viral 

pathogens. Aluminum salts increase the stability and immunogenicity of the vaccine 

antigens by antigen adsorption onto alum particles and facilitate gradual release of 

antigens, resulting in extension of local pro-inflammatory induction at the 

administration site (242, 397, 406). Alum-based vaccines induce innate immunity by 

promoting antigen presentation by human macrophage, leading to upregulation of 

MHC class II and co-stimulatory molecules, especially CD40, CD 80, and CD86. 

Additionally, alum salts act on interleukin-4 (IL-4) secretion involving in stimulation 

of Th2 responses and production of IgG1 and IgE immunoglobulins, and eosinophils 

suggesting alum is strong inducer of Th2 responses in mice and humans (234, 397, 

402, 406-408). However, alum salts suppress the protective Th1 associated immunity, 

which is significant for combating the intracellular pathogens (234, 242, 397). MF59, 

oil-in-water emulsion-based adjuvant, also induces a local immunostimulatory 

molecules at the injection site up-regulating several cytokines and chemokines and 

providing the recruitment of immune cells in the muscle (234, 242, 251, 397, 402). 

MF59 preferentially stimulates Th2-based immunity or a mixed Th1/Th17 and 

Th1/Th2 responses, which are required for intracellular pathogen protection (242, 

251, 398). Interestingly, MF59 showed more effective adjuvanticity in induction of 
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cell-mediated immunity with safety profile against influenza virus in human 

populations compared to the alum salts (225, 234). mPLA allows the preferential 

recruitment of TIR-domain-containing adapter-inducing interferon-β (TRIF) 

responding to activation of TLR4, which leads to decreasing the induction of 

inflammatory cytokines (260-263). MPL promotes monocytes to produce IL-10 and 

induces IFN-γ expression from NK cells and CD8+ T cells in mice (225, 397, 409). 

mPLA is found to be Th1 inducer, which increases Th1 immune responses in 

combination with alum adjuvant in AS04 and results to IgG2a subtype eliciting in 

mice (266, 397). In addition, mPLA also improves cell-mediated immunity against 

hepatitis B antigens in comparison to vaccine-formulated with alum alone (234, 399). 

Poly (I:C) activates immune responses through endosomal TLR3 and cytosolic 

sensors including melanocyte differentiation-associated 5 (MDA-5) and retinoic acid-

inducible protein I (RIG-I), resulting in MHC class I expression and type I IFN 

production. Poly (I:C) promotes cross-presentation of antigens to CD8+ T 

lymphocytes and induces the production of several chemokines and cytokines in 

murine respiratory tissues, which generate the activation of dendritic cells, 

macrophages, and neutrophils (397, 410-413). Poly (I:C) also stimulates a strong type 

I interferon, type III interferon, and Th1 cytokine responses, resulting in IgG2a 

subtype eliciting in mice that is required for the clearance of virus and other 

pathogens (279, 281, 397, 410, 414, 415). 
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SARS-CoV-2 RBD-specific IgG responses elicited in mice immunized by 

several plant-produced SARS-CoV-2 subunit vaccine formulations 

Mice immunogenicity was assessed in female ICR mice by immunizing 

intramuscularly with 2 doses on days 0 and 21 with 10 μg of plant-produced SARS-

CoV-2 RBD-Fc fusion protein with or without several commercial adjuvants 

including alum, MF59, mPLA-SM, and poly (I:C). The mice immunized with PBS 

were served as a negative control group. Mice sera were collected for 3 timepoints on 

days 0, 14, and 35 to investigate the immunological profiles in terms of SARS-CoV-

2-specific IgG and neutralizing antibodies. SARS-CoV-2 RBD-specific antibodies 

were evaluated by ELISA using commercial Sf9-produced SARS-CoV-2 RBD-His 

protein as a capture antigen. The plant-produced SARS-CoV-2 RBD-Fc was found to 

be an immunogenic, which could induce SARS-CoV-2 RBD-specific IgG antibodies 

in mice within second immunization (Figure 23). After second boost, the detection of 

anti-RBD specific IgG were significantly increased in mice immunized with plant-

produced SARS-CoV-2 RBD-Fc along with aforementioned adjuvants over control 

group (Figure 23). Notably, mPLA-SM adjuvanted with plant-produced SARS-CoV-2 

RBD-Fc showed the slight increase in SARS-CoV-2 RBD-specific IgG responses 

after first immunization whereas no statistical differences in total IgG antibody 

response were observed between the different adjuvants tested after the second 

immunization. In addition, mice-immunized with PBS failed to induce specific 

antibody responses (Figure 23).  
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Figure  23 The SARS-CoV-2 RBD-specific total IgG antibody response elicited by 

mice immunized with different plant-produced SARS-CoV-2 RBD-Fc vaccine 

formulations. The titers were expressed as endpoint titers, which were analyzed by 

indirect ELISA using commercial SARS-CoV-2 RBD produced from Sf9 cells as a 

capture antigen and detected with goat-anti mouse IgG-HRP conjugated antibody. 

The immunological data were presented as mean ± SD of the endpoint titers from five 

mice in each vaccination group (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001; ****p 

< 0.0001 
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SARS-CoV-2 RBD-specific IgG1 and IgG2a subtype responses elicited in 

mice immunized by several plant-produced SARS-CoV-2 subunit vaccine 

formulations 

The levels of SARS-CoV-2 RBD-specific IgG1 and IgG2a subtypes were also 

comparatively evaluated, which can refer to Th2 and Th1 cellular responses in mice, 

respectively. The plant-produced SARS-CoV-2 RBD-Fc alone could induce 

detectable IgG1 and IgG2a responses in mice after the second immunization. 

Specifically, all of tested adjuvants enhance significant level of IgG1 responses in 

mice (Figure 24), whereas both mPLA-SM and poly (I:C) showed significant increase 

in IgG2a subtype responses in mice immunized with two doses of plant-produced 

SARS-CoV-2 RBD-Fc protein compared to control. (Figure 25). 
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Figure  24 The endpoint titers of SARS-CoV-2 RBD-specific IgG1 detected in the 

immunized sera, which were collected on day 0, 14, and 35 and analyzed by indirect 

ELISA using commercial SARS-CoV-2 RBD produced from Sf9 cells as a capture 

antigen and the mouse-specific detection antibodies including goat-anti mouse IgG1-

HRP and goat anti-mouse IgG2a-HRP antibody, respectively. The immunological 

data were presented as mean ± SD of the endpoint titers from five mice in each 

vaccination group (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 

Interestingly, mPLA-SM and poly (I:C) induce significant levels of IgG2a 

subtype, which can refer to Th1-biased responses in plant-produced SARS-CoV-2 

RBD-Fc vaccination as confirmed by IgG2a titers with more than 51,200-fold dilution 

of immunized sera after second immunization whereas alum and MF59 provided the 

Th2-biased immune responses (Figure 22). IgG2a subtype antibody plays a dominant 

role in viral clearance with high-affinity interaction of activatory Fc receptors 

providing effective Fc receptor-mediated immune responses (225, 416, 417). The 

activation of IgG2a subtype could also increase survival rate from viral infections and 

enhance the efficacy of vaccination and viral protection in vivo (416, 418-420). 
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Figure  25 The endpoint titers of SARS-CoV-2 RBD-specific IgG2a detected in the 

immunized sera, which were collected on day 0, 14, and 35 and analyzed by indirect 

ELISA using commercial SARS-CoV-2 RBD produced from Sf9 cells as a capture 

antigen and the mouse-specific detection antibodies including goat-anti mouse IgG1-

HRP and goat anti-mouse IgG2a-HRP antibody, respectively. The immunological 

data were presented as mean ± SD of the endpoint titers from five mice in each 

vaccination group (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 

Protective efficacy against live SARS-CoV-2 in vitro  

We further assessed the neutralizing activity of immunized sera by in vitro 

microneutralization assay using Vero E6 cells. The results showed that no detectable 

neutralizing antibody responses were observed in mice immunized with plant-

produced SARS-CoV-2 RBD-Fc alone after first immunization, whilst the 

neutralization titer was slightly increased with a dilution of 1:40 after the second 

boost (Figure 26). The plant-produced SARS-CoV-2 RBD-Fc alone was capable of 

eliciting neutralizing antibodies to an extent after two doses of the antigen (Figure 
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26). In contrast, the addition of all tested adjuvants improves its immunogenicity 

profiles and elicit higher neutralizing titers, which were observed after the second 

vaccination compared to the mice immunized with PBS and plant-produced SARS-

CoV-2 RBD-Fc alone with a dilution of approximately 1:5,000 (Figure 26). However, 

there was no significant differences in the neutralizing titer between different tested 

adjuvants.  

Upon SARS-CoV-2 RBD-Fc immunization, we observed that alum and 

mPLA-SM could significantly induce neutralizing antibody response which inhibits 

SARS-CoV-2 infection in vitro in comparison to PBS control group after the second 

boost (Figure 26). However, alum induced Th1 (IgG2a) responses inefficiently, hence 

the co-administration of alum combining with other Th1 adjuvants is needed (225, 

234, 242). 

 

 

Figure  26 The neutralizing titers detected in mouse sera, which were elicited by mice 

immunized with several plant-produced SARS-CoV-2 RBD-Fc vaccine formulations 

against SARS-CoV-2. The in vitro neutralizing responses were assessed by 

microneutralization assay using Vero E6 cells. The infected cells were detected by 
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anti-SARS-CoV-2 nucleocapsid mAb and goat anti-rabbit IgG-HRP antibody. The 

immunological data were presented as mean ± SD of the endpoint titers from five 

mice in each vaccination group (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001; ****p 

< 0.0001 

In ELISA, there was no or less detectable RBD-specific IgG response was 

observed in the mice immunized either SARS-CoV-2 RBD-Fc with or without 

adjuvants after first immunization (Figure 23), whereas titers were observed in IgG1 

(Figure 24) after first immunization. This might be due to the high background values 

caused by the pre-bleed sera with the different antibodies used for analysis of IgG and 

IgG subtypes. However, the IgG titer values are consistent with the neutralizing 

antibody titer analyzed by in vitro neutralization assay. 

IFN-γ-expressing T cells induced by several plant-produced SARS-CoV-2 

subunit vaccine formulations 

The SARS-CoV-2 RBD-specific T cell immunity, which was induced by 

different formulations of plant-produced SARS-CoV-2 RBD-Fc was evaluated. 

Additionally, we appraised the comparison of the ability of immunoadjuvants 

including alum, MF59, mPLA-SM, and poly (I:C) in enhancing the IFN-γ expression. 

To accomplish the comparative T cell-mediated immune responses, the mouse spleens 

were collected on day 35 (14 days after second immunization) and the levels of 

SARS-CoV-2 RBD-specific IFN-γ expression were assessed from mouse splenocytes 

by IFN-γ ELISpot assay. Plant-produced SARS-CoV-2 RBD-Fc itself can capable of 

inducing cellular immunity which can be exhibited by the expression level of IFN-γ 

compared with control (Figure 27). However, formulation of antigen with the tested 
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adjuvants such as alum, MF59, mPLA-SM, and poly (I:C) increase the frequency of 

IFN-γ secreting cells when compared with mice-immunized with plant-produced 

SARS-CoV-2 RBD-Fc alone or control group. The poly (I:C) elicited significantly 

higher level of IFN-γ expression in comparison to the PBS control whereas no 

significant difference was observed between the adjuvanted groups (Figure 27). Poly 

(I:C) enhanced vaccine-specific cellular immunity in mice and showed the highest 

level of specific IFN-γ expression at the level of 75 spots forming cell (SFCs)/106 

splenocytes. (Figure 27). 
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Figure  27 The levels of SARS-CoV-2 RBD-specific IFN-γ-producing T cells 

expressing from mouse splenocytes immunized with different plant-produced SARS-

CoV-2 RBD-Fc vaccine formulations. The IFN-γ expression levels were quantified by 

mouse ELISpot assay. Data are expressed as mean ± SD of the spot-forming cells 

(SFCs)/106 splenocytes from five mice in each vaccination group (n = 5). * p < 0.05; 

** p < 0.01; *** p < 0.001; **** p < 0.0001 

IFN-γ is secreted from T-lymphocytes, especially CD4+ T cells, which 

promotes the activation of macrophage and innate immunity and enhances antigen 

presentation mediating antiviral activity (421-423). IFN-γ also induces the 

differentiation of CD4+ to Th1 responses, which are required for pathogen clearance, 

indicating that IFN-γ plays a critical role in vaccine-induced immunity (424-426). 

Based on these results, all of the adjuvants effectively elicited both humoral and cell-
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mediated immune responses against the viral infection in mice compared to control. 

However, further studies are needed to investigate the desired effects and efficacy of 

the tested adjuvants in different vaccine formulations 

Anti-SARS-CoV-2 Activity of the Plant-Produced ACE2-Fc Fusion Protein 

The plant-produced ACE2-Fc fusion protein was assessed anti-SARS-CoV-2 

activities in vitro at the pre- and post-entry phases using live SARS-CoV-2. The 

serum from COVID-19 patient and an anti-human IgG were used as the positive and 

negative controls, respectively, for both pre- and post-treatment experiments. For the 

pre-entry treatment, the plant-produced ACE2-Fc protein was pre-incubated with 

SARS-CoV-2 at 37°C for 1 h before inoculation onto Vero E6 cells. Viral adsorption 

was undertaken for 2 h in the presence of the protein before removing any unbound 

virus. The cells were cultured for 48 h before harvesting for analysis. The ACE2-Fc 

fusion protein in pre-entry treatment showed lower efficiency of SARS-CoV-2 

inhibition in Vero E6 cells (Figure 28A and B) The IC50 of the plant-produced ACE2-

Fc fusion protein for the pre-entry treatment was measured by the percentage of 

SARS-CoV-2 inhibition curve with 94.66 μg/ml (Figure 28C). For the post-entry 

treatment, the Vero E6 cells were inoculated with SARS-CoV-2 for 2h. After 

washing, the plant-produced ACE2-Fc protein was added and the cells were incubated 

for 48 h before harvesting for analysis. The results showed that the post-treatment 

inhibited SARS-CoV-2 infection at the concentration starting with 1 μg/ml (Figure 

29A and B). The IC50 for post-entry treatment was 0.84 μg/ml (Figure 29C).  
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Figure  28 Dose-dependent effect of plant-produced ACE2-Fc on live SARS-CoV-2 

inhibition in vitro at the pre-infection phase. A. SARS-CoV-2 infection profiles in Vero 

E6 cells which were treated with eight concentrations of plant-produced ACE2-Fc. B. 

Percentage of SARS-CoV-2 inhibition in Vero E6 cells, which were treated with eight 

concentrations of plant-produced ACE2-Fc starting with 200 μg/ml. C. Efficacy of 

SARS-CoV-2 inhibition in Vero E6 cells, which were treated by eight concentrations 

of plant-produced ACE2-Fc. The data were showed as mean ± SD of triplicates in 

individual concentrations 

As results shown in Figure 28 and 29, plant-produced ACE2-Fc demonstrated 

a potent inhibitory effect of the plant-produced ACE2-Fc fusion protein against 

SARS-CoV-2 in both pre- and post-treatment. As the pre-infectious assay, the plant-

produced ACE2-Fc protein was pre-incubated with live SARS-CoV-2 virus and 

interacted with RBD domain of SARS-CoV-2 virus. Hence, this assay required higher 

concentration of plant-produced ACE2-Fc to completely inhibit SARS-CoV-2 
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infection the cells through ACE2-RBD interaction, whereas the post-infectious assay 

required lower concentration due to plant-produced ACE2-Fc circulation onto the 

infected cells providing the inhibition of SARS-CoV-2 virion release in order to infect 

other cells. The results suggested that the post-treatment strategy is optimal way for 

recombinant ACE2 therapy in COVID-19 patients. 

 

Figure  29 Dose-dependent effect of plant-produced ACE2-Fc on live SARS-CoV-2 

inhibition in vitro at the post-infection phase. A. SARS-CoV-2 infection profiles in 

Vero E6 cells which were treated with eight concentrations of plant-produced ACE2-

Fc. B. Percentage of SARS-CoV-2 inhibition in Vero E6 cells, which were treated with 

eight concentrations of plant-produced ACE2-Fc starting with 200 μg/ml. C. Efficacy 

of SARS-CoV-2 inhibition in Vero E6 cells, which were treated by eight 

concentrations of plant-produced ACE2-Fc. The data were showed as mean ± SD of 

triplicates in individual concentrations 
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CHAPTER 4 

CONCLUSION 

 

The emergence of SARS-CoV-2 in December 2019 has caused the global 

challenges in serious public health demanding the rapid development of therapeutic 

interventions, especially efficient vaccines, and anti-virals to counteract against the 

coronavirus diseases. Plant-based recombinant therapeutic proteins play a greater role 

in preventing and treating viral infectious diseases due to their rapid-scalable 

processes resulting to the establishment of numerous clinical products as shown in the 

use of plant-produced antibody cocktail for Ebola treatment. The strengths of plant-

based technologies allow them to be served as high potential natural bioreactors and 

effective production system for production of valuable biopharmaceuticals and 

medicinal molecules, especially the ability of manufacture recombinant proteins with 

glycan modification providing the more complexity and complete biological activities 

as well as mammalian cell platform (288, 294, 330). Specifically, the use of plant-

based transient expression system provides time-saving upstream processes in the 

recombinant proteins production with a few days, which can accelerate the therapeutic 

proteins against pathogen infections for testing the practical efficacy in preclinical and 

clinical stages before FDA approval and commercialization and allow competitive 

therapeutic products in the biopharmaceutical market (295, 427, 428). Plants are also 

used for producing vaccine candidates and therapeutic interventions for both 

veterinary and human applications, which show highly immunogenic and protective 

activities against infectious diseases and cancers (12, 288, 331, 339-343, 375). 

Nowadays, more plant-derived biologics have been found to be accepted by 
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government regulatory, particularly U.S. FDA published the GMP guidelines for 

production of plant-derived recombinant proteins used in human clinical trials (429).  

In summary, our data demonstrated that that it was feasible to produce SARS-

CoV-2 RBD protein in N. benthamiana plants by transient expression system. Further 

plant-produced recombinant protein was shown to be immunogenic in mice. The 

plant-based vaccine elicited both humoral and cell mediated immune responses 

suggesting the potential of plant-produced RBD as the effective vaccine against 

SARS-CoV-2. The immunogenicity of plant-produced SARS-CoV-2 RBD-Fc subunit 

vaccine could be enhanced by all tested adjuvants, especially mPLA-SM and poly 

(I:C). As well, this study showed that a plant expression system can rapidly and 

effectively produce a functional ACE2-Fc fusion protein on a large scale. Moreover, 

the plant-produced ACE2-Fc fusion protein exhibited anti-SARS-CoV-2 activities in 

both pre- and post-entry treatment in vitro but the protein showed more effective in 

post-infection treatment suggesting it could be used as a single therapy in post-

exposure therapeutic to treat COVID-19. However, additional research is essential to 

further investigate the efficacy and safety of plant-produced SARS-CoV-2 RBD-Fc 

and ACE2-Fc to support this preliminary data. To our knowledge, this is the first 

report demonstrating the immunogenicity of plant-produced SARS-CoV-2 RBD 

subunit vaccine in mice and antiviral activities of plant-produced ACE2-Fc. 

Collectively, this proof-of-concept study demonstrated that the plant-produced SARS-

CoV-2 RBD and ACE2 proteins could possibly be further developed as candidate 

vaccines and therapeutics for early-stage clinical development. 
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APPENDIX 1 

NUCLEOTIDE SEQUENCES IN SARS-CoV-2 RBD CONSTRUCT 

Synthesized Sequence of Signal Peptide-SARS-CoV-2 RBD-Peptide 

Linker 

TCT AGA ACA ATG GGC TGG TCC TGC ATC ATC CTG TTC CTT GTT GCT ACT GCT ACC GGC GTT  

 S   R   T   M   G   W   S   C   I   I   L   F   L   V   A   T   A   T   G   V   

CAC TCT GAT GTT CAA CTT CTC GAG TTC AGG GTT CAG CCT ACC GAG TCT ATT GTG CGG TTC  

 H   S   D   V   Q   L   L   E   F   R   V   Q   P   T   E   S   I   V   R   F   

CCT AAC ATC ACC AAC TTG TGC CCT TTC GGC GAG GTG TTC AAT GCT ACT AGG TTC GCT TCT  

 P   N   I   T   N   L   C   P   F   G   E   V   F   N   A   T   R   F   A   S   

GTG TAC GCC TGG AAC CGG AAG AGG ATT TCT AAC TGC GTG GCC GAT TAC AGC GTG CTG TAC  

 V   Y   A   W   N   R   K   R   I   S   N   C   V   A   D   Y   S   V   L   Y   

AAC TCT GCT TCC TTC AGC ACC TTC AAG TGC TAC GGT GTG TCT CCT ACC AAG CTG AAC GAT  

 N   S   A   S   F   S   T   F   K   C   Y   G   V   S   P   T   K   L   N   D   

CTG TGC TTC ACC AAC GTG TAC GCT GAC TCT TTC GTG ATC AGG GGT GAT GAG GTT AGG CAG  

 L   C   F   T   N   V   Y   A   D   S   F   V   I   R   G   D   E   V   R   Q   

ATT GCT CCT GGT CAG ACC GGA AAG ATC GCT GAC TAC AAC TAC AAG CTG CCG GAT GAT TTC  

 I   A   P   G   Q   T   G   K   I   A   D   Y   N   Y   K   L   P   D   D   F   

ACC GGA TGC GTT ATC GCT TGG AAC AGC AAC AAC CTG GAC TCT AAG GTT GGC GGC AAT TAC  

 T   G   C   V   I   A   W   N   S   N   N   L   D   S   K   V   G   G   N   Y   

AAC TAC CTC TAC CGG CTG TTC CGG AAG TCT AAC TTG AAG CCT TTC GAG CGG GAC ATC AGC  

 N   Y   L   Y   R   L   F   R   K   S   N   L   K   P   F   E   R   D   I   S   

ACC GAA ATC TAT CAG GCT GGT TCT ACC CCT TGC AAC GGT GTT GAG GGT TTC AAC TGC TAC  

 T   E   I   Y   Q   A   G   S   T   P   C   N   G   V   E   G   F   N   C   Y   

TTC CCG CTT CAG TCT TAC GGT TTC CAG CCT ACT AAT GGT GTG GGC TAC CAG CCT TAC AGA  

 F   P   L   Q   S   Y   G   F   Q   P   T   N   G   V   G   Y   Q   P   Y   R   

GTG GTG GTT TTG TCT TTC GAG CTT CTG CAT GCT CCT GCT ACT GTT TGC GGT CCT AAG AAG  

 V   V   V   L   S   F   E   L   L   H   A   P   A   T   V   C   G   P   K   K   

TCT ACC AAC CTG GTC AAG AAC AAG TGC GTG AAC TTC AAC TTC AAC GGC CTT ACC GGA ACT  

 S   T   N   L   V   K   N   K   C   V   N   F   N   F   N   G   L   T   G   T   

GGT GTG CTG ACT GAG TCT AAC AAG AAG TTC CTG CCG TTC CAG CAG TTC GGC AGA GAT ATT  

 G   V   L   T   E   S   N   K   K   F   L   P   F   Q   Q   F   G   R   D   I   
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GCT GAT ACC ACC GAT GCT GTG AGG GAC CCT CAG ACT CTT GAG ATC CTT GAT ATT ACC CCG  

 A   D   T   T   D   A   V   R   D   P   Q   T   L   E   I   L   D   I   T   P   

TGC AGC TTC GGT GGT GTG TCT GTT ATT ACT CCT GGC ACC AAC ACC TCT AAC CAG GTG GCA  

 C   S   F   G   G   V   S   V   I   T   P   G   T   N   T   S   N   Q   V   A   

GTT CTT TAC CAG GAT GTG AAC TGC GAT ATC TCT GGT GGT GGT GGA TCC   

 V   L   Y   Q   D   V   N   C   D   I   S   G   G   G   G   S     

 

Synthesized Sequence of Human Fc of Immunoglobulin G1-SEKDEL 

Retention Signal 

GGT GGT GGT GGA TCC GGA GGT GGA GGT TCT GGA GGT GGA GGT TCA CCA CCA TGT CCA GCT  

 G   G   G   G   S   G   G   G   G   S   G   G   G   G   S   P   P   C   P   A    

CCA GAA CTT CTT GGT GGT CCT TCT GTT TTT TTG TTC CCA CCA AAG CCA AAG GAT ACT CTC  

 P   E   L   L   G   G   P   S   V   F   L   F   P   P   K   P   K   D   T   L   

ATG ATC TCT AGG ACT CCA GAG GTT ACA TGC GTT GTG GTT GAT GTG TCT CAT GAA GAT CCA  

 M   I   S   R   T   P   E   V   T   C   V   V   V   D   V   S   H   E   D   P    

GAG GTG AAG TTC AAC TGG TAT GTG GAT GGT GTT GAG GTG CAC AAC GCT AAG ACT AAG CCA  

 E   V   K   F   N   W   Y   V   D   G   V   E   V   H   N   A   K   T   K   P    

AGA GAG GAA CAG TAC AAC TCC ACT TAC AGG GTT GTG TCT GTG CTT ACT GTT CTT CAC CAG  

 R   E   E   Q   Y   N   S   T   Y   R   V   V   S   V   L   T   V   L   H   Q 

GAT TGG CTT AAC GGC AAA GAG TAC AAG TGC AAG GTG TCC AAC AAG GCT TTG CCA GCT CCA  

 D   W   L   N   G   K   E   Y   K   C   K   V   S   N   K   A   L   P   A   P    

ATC GAA AAG ACT ATC TCT AAG GCT AAG GGA CAG CCA AGG GAA CCT CAA GTT TAC ACT CTT  

 I   E   K   T   I   S   K   A   K   G   Q   P   R   E   P   Q   V   Y   T   L    

CCA CCA TCT AGG GAT GAG CTT ACT AAG AAC CAG GTG TCC CTT ACT TGC CTT GTG AAG GGA  

 P   P   S   R   D   E   L   T   K   N   Q   V   S   L   T   C   L   V   K   G    

TTT TAC CCA TCC GAT ATT GCT GTT GAG TGG GAG TCT AAT GGA CAG CCT GAG AAC AAC TAC  

 F   Y   P   S   D   I   A   V   E   W   E   S   N   G   Q   P   E   N   N   Y    

AAG ACT ACT CCA CCA GTG CTC GAT TCC GAT GGA TCA TTC TTC TTG TAC TCC AAG CTC ACT  

 K   T   T   P   P   V   L   D   S   D   G   S   F   F   L   Y   S   K   L   T    

GTG GAT AAG TCT AGG TGG CAA CAG GGA AAC GTT TTC TCT TGC TCT GTT ATG CAT GAG GCT  

 V   D   K   S   R   W   Q   Q   G   N   V   F   S   C   S   V   M   H   E   A    

CTC CAC AAT CAC TAC ACT CAG AAG TCC CTT TCT TTG TCC CCT GGC AAG TCT GAG AAG GAT  

 L   H   N   H   Y   T   Q   K   S   L   S   L   S   P   G   K   S   E   K   D    
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GAG CTT TAA GAG CTC  

 E   L   -   E   L  

Sequence of SARS-CoV-2 RBD-Fc construct 

TCT AGA ACA ATG GGC TGG TCC TGC ATC ATC CTG TTC CTT GTT GCT ACT GCT ACC GGC GTT  

 S   R   T   M   G   W   S   C   I   I   L   F   L   V   A   T   A   T   G   V   

CAC TCT GAT GTT CAA CTT CTC GAG TTC AGG GTT CAG CCT ACC GAG TCT ATT GTG CGG TTC  

 H   S   D   V   Q   L   L   E   F   R   V   Q   P   T   E   S   I   V   R   F   

CCT AAC ATC ACC AAC TTG TGC CCT TTC GGC GAG GTG TTC AAT GCT ACT AGG TTC GCT TCT  

 P   N   I   T   N   L   C   P   F   G   E   V   F   N   A   T   R   F   A   S   

GTG TAC GCC TGG AAC CGG AAG AGG ATT TCT AAC TGC GTG GCC GAT TAC AGC GTG CTG TAC  

 V   Y   A   W   N   R   K   R   I   S   N   C   V   A   D   Y   S   V   L   Y   

AAC TCT GCT TCC TTC AGC ACC TTC AAG TGC TAC GGT GTG TCT CCT ACC AAG CTG AAC GAT  

 N   S   A   S   F   S   T   F   K   C   Y   G   V   S   P   T   K   L   N   D   

CTG TGC TTC ACC AAC GTG TAC GCT GAC TCT TTC GTG ATC AGG GGT GAT GAG GTT AGG CAG  

 L   C   F   T   N   V   Y   A   D   S   F   V   I   R   G   D   E   V   R   Q   

ATT GCT CCT GGT CAG ACC GGA AAG ATC GCT GAC TAC AAC TAC AAG CTG CCG GAT GAT TTC  

 I   A   P   G   Q   T   G   K   I   A   D   Y   N   Y   K   L   P   D   D   F   

ACC GGA TGC GTT ATC GCT TGG AAC AGC AAC AAC CTG GAC TCT AAG GTT GGC GGC AAT TAC  

 T   G   C   V   I   A   W   N   S   N   N   L   D   S   K   V   G   G   N   Y   

AAC TAC CTC TAC CGG CTG TTC CGG AAG TCT AAC TTG AAG CCT TTC GAG CGG GAC ATC AGC  

 N   Y   L   Y   R   L   F   R   K   S   N   L   K   P   F   E   R   D   I   S   

ACC GAA ATC TAT CAG GCT GGT TCT ACC CCT TGC AAC GGT GTT GAG GGT TTC AAC TGC TAC  

 T   E   I   Y   Q   A   G   S   T   P   C   N   G   V   E   G   F   N   C   Y   

TTC CCG CTT CAG TCT TAC GGT TTC CAG CCT ACT AAT GGT GTG GGC TAC CAG CCT TAC AGA  

 F   P   L   Q   S   Y   G   F   Q   P   T   N   G   V   G   Y   Q   P   Y   R   

GTG GTG GTT TTG TCT TTC GAG CTT CTG CAT GCT CCT GCT ACT GTT TGC GGT CCT AAG AAG  

 V   V   V   L   S   F   E   L   L   H   A   P   A   T   V   C   G   P   K   K   

TCT ACC AAC CTG GTC AAG AAC AAG TGC GTG AAC TTC AAC TTC AAC GGC CTT ACC GGA ACT  

 S   T   N   L   V   K   N   K   C   V   N   F   N   F   N   G   L   T   G   T   

GGT GTG CTG ACT GAG TCT AAC AAG AAG TTC CTG CCG TTC CAG CAG TTC GGC AGA GAT ATT  

 G   V   L   T   E   S   N   K   K   F   L   P   F   Q   Q   F   G   R   D   I   

GCT GAT ACC ACC GAT GCT GTG AGG GAC CCT CAG ACT CTT GAG ATC CTT GAT ATT ACC CCG  

 A   D   T   T   D   A   V   R   D   P   Q   T   L   E   I   L   D   I   T   P   

TGC AGC TTC GGT GGT GTG TCT GTT ATT ACT CCT GGC ACC AAC ACC TCT AAC CAG GTG GCA  

 C   S   F   G   G   V   S   V   I   T   P   G   T   N   T   S   N   Q   V   A   
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GTT CTT TAC CAG GAT GTG AAC TGC GAT ATC TCT GGT GGT GGT GGA TCC GGA GGT GGA GGT  

 V   L   Y   Q   D   V   N   C   D   I   S   G   G   G   G   S   G   G   G   G   

 

TCT GGA GGT GGA GGT TCA CCA CCA TGT CCA GCT CCA GAA CTT CTT GGT GGT CCT TCT GTT  

 S   G   G   G   G   S   P   P   C   P   A   P   E   L   L   G   G   P   S   V   

TTT TTG TTC CCA CCA AAG CCA AAG GAT ACT CTC ATG ATC TCT AGG ACT CCA GAG GTT ACA  

 F   L   F   P   P   K   P   K   D   T   L   M   I   S   R   T   P   E   V   T   

TGC GTT GTG GTT GAT GTG TCT CAT GAA GAT CCA GAG GTG AAG TTC AAC TGG TAT GTG GAT  

 C   V   V   V   D   V   S   H   E   D   P   E   V   K   F   N   W   Y   V   D   

GGT GTT GAG GTG CAC AAC GCT AAG ACT AAG CCA AGA GAG GAA CAG TAC AAC TCC ACT TAC  

 G   V   E   V   H   N   A   K   T   K   P   R   E   E   Q   Y   N   S   T   Y   

AGG GTT GTG TCT GTG CTT ACT GTT CTT CAC CAG GAT TGG CTT AAC GGC AAA GAG TAC AAG  

 R   V   V   S   V   L   T   V   L   H   Q   D   W   L   N   G   K   E   Y   K   

TGC AAG GTG TCC AAC AAG GCT TTG CCA GCT CCA ATC GAA AAG ACT ATC TCT AAG GCT AAG  

 C   K   V   S   N   K   A   L   P   A   P   I   E   K   T   I   S   K   A   K   

GGA CAG CCA AGG GAA CCT CAA GTT TAC ACT CTT CCA CCA TCT AGG GAT GAG CTT ACT AAG  

 G   Q   P   R   E   P   Q   V   Y   T   L   P   P   S   R   D   E   L   T   K   

AAC CAG GTG TCC CTT ACT TGC CTT GTG AAG GGA TTT TAC CCA TCC GAT ATT GCT GTT GAG  

 N   Q   V   S   L   T   C   L   V   K   G   F   Y   P   S   D   I   A   V   E   

TGG GAG TCT AAT GGA CAG CCT GAG AAC AAC TAC AAG ACT ACT CCA CCA GTG CTC GAT TCC  

 W   E   S   N   G   Q   P   E   N   N   Y   K   T   T   P   P   V   L   D   S   

GAT GGA TCA TTC TTC TTG TAC TCC AAG CTC ACT GTG GAT AAG TCT AGG TGG CAA CAG GGA  

 D   G   S   F   F   L   Y   S   K   L   T   V   D   K   S   R   W   Q   Q   G   

AAC GTT TTC TCT TGC TCT GTT ATG CAT GAG GCT CTC CAC AAT CAC TAC ACT CAG AAG TCC  

 N   V   F   S   C   S   V   M   H   E   A   L   H   N   H   Y   T   Q   K   S   

CTT TCT TTG TCC CCT GGC AAG TCT GAG AAG GAT GAG CTT TAA GAG CTC  

 L   S   L   S   P   G   K   S   E   K   D   E   L   -   E   L  
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APPENDIX 2 

NUCLEOTIDE SEQUENCES IN ACE2-Fc CONSTRUCT 

Synthesized Sequence of Signal Peptide-ACE2-Peptide Linker 

GGG TCT AGA ACA ATG GGC TGG TCC TGC ATC ATC CTG TTC CTT GTT GCT ACT GCT ACC GGC  

 G   S   R   T   M   G   W   S   C   I   I   L   F   L   V   A   T   A   T   G   

GTT CAC TCT GAT GTT CAA CTT CTC GAG CAG TCT ACC ATT GAG GAA CAG GCT AAG ACC TTC  

 V   H   S   D   V   Q   L   L   E   Q   S   T   I   E   E   Q   A   K   T   F   

CTG GAC AAG TTC AAT CAC GAG GCT GAG GAC CTG TTC TAC CAG TCC TCT CTT GCT TCC TGG  

 L   D   K   F   N   H   E   A   E   D   L   F   Y   Q   S   S   L   A   S   W   

AAC TAC AAC ACC AAC ATC ACC GAA GAG AAC GTG CAG AAC ATG AAC AAC GCT GGC GAT AAG  

 N   Y   N   T   N   I   T   E   E   N   V   Q   N   M   N   N   A   G   D   K   

TGG TCC GCC TTC CTT AAA GAG CAG TCT ACC CTT GCT CAG ATG TAC CCG CTT CAA GAG ATT  

 W   S   A   F   L   K   E   Q   S   T   L   A   Q   M   Y   P   L   Q   E   I   

CAG AAC CTG ACC GTG AAG CTC CAG CTT CAA GCA CTT CAG CAG AAC GGT TCT TCT GTG CTG  

 Q   N   L   T   V   K   L   Q   L   Q   A   L   Q   Q   N   G   S   S   V   L   

AGC GAG GAT AAG AGC AAG AGG CTT AAC ACC ATC CTG AAC ACC ATG AGC ACC ATC TAC AGC  

 S   E   D   K   S   K   R   L   N   T   I   L   N   T   M   S   T   I   Y   S   

ACT GGT AAG GTG TGC AAC CCT GAC AAT CCT CAA GAG TGC CTT TTG CTT GAG CCT GGC CTT  

 T   G   K   V   C   N   P   D   N   P   Q   E   C   L   L   L   E   P   G   L   

AAC GAG ATC ATG GCT AAC AGC CTG GAT TAC AAC GAG AGG CTT TGG GCT TGG GAG TCT TGG  

 N   E   I   M   A   N   S   L   D   Y   N   E   R   L   W   A   W   E   S   W   

AGA TCT GAG GTG GGA AAG CAG CTT AGG CCT CTG TAC GAA GAG TAC GTG GTG CTG AAG AAT  

 R   S   E   V   G   K   Q   L   R   P   L   Y   E   E   Y   V   V   L   K   N   

GAG ATG GCT AGG GCT AAC CAC TAC GAG GAC TAC GGT GAT TAT TGG AGG GGC GAT TAC GAG  

 E   M   A   R   A   N   H   Y   E   D   Y   G   D   Y   W   R   G   D   Y   E   

GTG AAC GGT GTG GAT GGT TAC GAT TAC TCT AGG GGT CAG CTG ATC GAG GAT GTT GAG CAT  

 V   N   G   V   D   G   Y   D   Y   S   R   G   Q   L   I   E   D   V   E   H   

ACC TTC GAA GAG ATC AAG CCG CTG TAC GAG CAT CTT CAT GCT TAC GTG AGG GCC AAG CTG  

 T   F   E   E   I   K   P   L   Y   E   H   L   H   A   Y   V   R   A   K   L   

ATG AAC GCT TAC CCG TCT TAC ATC AGC CCT ATT GGT TGC CTT CCT GCT CAC CTT CTT GGT  

 M   N   A   Y   P   S   Y   I   S   P   I   G   C   L   P   A   H   L   L   G   
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GAT ATG TGG GGA AGA TTC TGG ACC AAC CTG TAC TCT CTT ACC GTG CCT TTC GGC CAA AAG  

 D   M   W   G   R   F   W   T   N   L   Y   S   L   T   V   P   F   G   Q   K   

CCG AAC ATT GAT GTG ACC GAT GCT ATG GTG GAT CAG GCT TGG GAT GCT CAG AGG ATC TTC  

 P   N   I   D   V   T   D   A   M   V   D   Q   A   W   D   A   Q   R   I   F   

AAA GAG GCC GAG AAG TTC TTC GTG TCT GTG GGT TTG CCT AAC ATG ACC CAA GGA TTC TGG  

 K   E   A   E   K   F   F   V   S   V   G   L   P   N   M   T   Q   G   F   W   

GAG AAC TCC ATG CTT ACC GAT CCT GGC AAT GTG CAG AAG GCT GTT TGT CAT CCT ACC GCT  

 E   N   S   M   L   T   D   P   G   N   V   Q   K   A   V   C   H   P   T   A   

TGG GAC CTT GGT AAG GGC GAT TTC AGG ATT CTG ATG TGC ACC AAG GTG ACA ATG GAC GAC  

 W   D   L   G   K   G   D   F   R   I   L   M   C   T   K   V   T   M   D   D   

TTC CTT ACT GCA CAC CAC GAG ATG GGT CAC ATC CAG TAC GAT ATG GCT TAT GCT GCT CAG  

 F   L   T   A   H   H   E   M   G   H   I   Q   Y   D   M   A   Y   A   A   Q   

CCT TTC CTG CTT AGG AAT GGT GCT AAT GAG GGT TTC CAT GAG GCT GTG GGT GAG ATC ATG  

 P   F   L   L   R   N   G   A   N   E   G   F   H   E   A   V   G   E   I   M   

TCT CTT TCT GCT GCT ACC CCT AAG CAC CTG AAG TCT ATT GGT CTG CTG AGC CCT GAT TTC  

 S   L   S   A   A   T   P   K   H   L   K   S   I   G   L   L   S   P   D   F   

CAA GAG GAC AAT GAG ACT GAG ATC AAC TTC CTG CTG AAG CAG GCT CTG ACT ATT GTG GGA  

 Q   E   D   N   E   T   E   I   N   F   L   L   K   Q   A   L   T   I   V   G   

ACT CTG CCC TTC ACC TAC ATG CTT GAA AAG TGG CGG TGG ATG GTC TTT AAG GGC GAG ATT  

 T   L   P   F   T   Y   M   L   E   K   W   R   W   M   V   F   K   G   E   I   

CCT AAG GAC CAG TGG ATG AAG AAA TGG TGG GAG ATG AAG CGT GAG ATC GTC GGT GTT GTT  

 P   K   D   Q   W   M   K   K   W   W   E   M   K   R   E   I   V   G   V   V   

GAG CCA GTT CCT CAC GAT GAG ACT TAC TGC GAT CCT GCC TCT CTG TTC CAC GTG AGC AAC  

 E   P   V   P   H   D   E   T   Y   C   D   P   A   S   L   F   H   V   S   N   

GAC TAC TCT TTC ATC CGG TAC TAC ACC CGG ACC TTG TAC CAG TTT CAG TTT CAA GAG GCT  

 D   Y   S   F   I   R   Y   Y   T   R   T   L   Y   Q   F   Q   F   Q   E   A   

CTG TGC CAG GCT GCT AAA CAT GAA GGT CCT CTT CAC AAG TGC GAC ATC AGC AAT TCT ACT  

 L   C   Q   A   A   K   H   E   G   P   L   H   K   C   D   I   S   N   S   T   

GAG GCT GGG CAA AAG CTG TTC AAC ATG CTG AGG CTT GGT AAG TCC GAG CCT TGG ACT CTT  

 E   A   G   Q   K   L   F   N   M   L   R   L   G   K   S   E   P   W   T   L   

GCT TTG GAG AAT GTT GTG GGC GCC AAG AAT ATG AAC GTG AGG CCT CTT CTG AAC TAC TTC  

 A   L   E   N   V   V   G   A   K   N   M   N   V   R   P   L   L   N   Y   F   

GAG CCT TTG TTC ACC TGG CTG AAG GAC CAG AAC AAG AAC AGC TTC GTT GGC TGG TCT ACC  

 E   P   L   F   T   W   L   K   D   Q   N   K   N   S   F   V   G   W   S   T   

GAC TGG TCA CCT TAT GCT GAT GGT GGT GGA TCC  

 D   W   S   P   Y   A   D   G   G   G   S   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 159 

Sequence of ACE2-Fc construct 

GGG TCT AGA ACA ATG GGC TGG TCC TGC ATC ATC CTG TTC CTT GTT GCT ACT GCT ACC GGC  

 G   S   R   T   M   G   W   S   C   I   I   L   F   L   V   A   T   A   T   G   

GTT CAC TCT GAT GTT CAA CTT CTC GAG CAG TCT ACC ATT GAG GAA CAG GCT AAG ACC TTC  

 V   H   S   D   V   Q   L   L   E   Q   S   T   I   E   E   Q   A   K   T   F   

CTG GAC AAG TTC AAT CAC GAG GCT GAG GAC CTG TTC TAC CAG TCC TCT CTT GCT TCC TGG  

 L   D   K   F   N   H   E   A   E   D   L   F   Y   Q   S   S   L   A   S   W   

AAC TAC AAC ACC AAC ATC ACC GAA GAG AAC GTG CAG AAC ATG AAC AAC GCT GGC GAT AAG  

 N   Y   N   T   N   I   T   E   E   N   V   Q   N   M   N   N   A   G   D   K   

TGG TCC GCC TTC CTT AAA GAG CAG TCT ACC CTT GCT CAG ATG TAC CCG CTT CAA GAG ATT  

 W   S   A   F   L   K   E   Q   S   T   L   A   Q   M   Y   P   L   Q   E   I   

CAG AAC CTG ACC GTG AAG CTC CAG CTT CAA GCA CTT CAG CAG AAC GGT TCT TCT GTG CTG  

 Q   N   L   T   V   K   L   Q   L   Q   A   L   Q   Q   N   G   S   S   V   L   

AGC GAG GAT AAG AGC AAG AGG CTT AAC ACC ATC CTG AAC ACC ATG AGC ACC ATC TAC AGC  

 S   E   D   K   S   K   R   L   N   T   I   L   N   T   M   S   T   I   Y   S   

ACT GGT AAG GTG TGC AAC CCT GAC AAT CCT CAA GAG TGC CTT TTG CTT GAG CCT GGC CTT  

 T   G   K   V   C   N   P   D   N   P   Q   E   C   L   L   L   E   P   G   L   

AAC GAG ATC ATG GCT AAC AGC CTG GAT TAC AAC GAG AGG CTT TGG GCT TGG GAG TCT TGG  

 N   E   I   M   A   N   S   L   D   Y   N   E   R   L   W   A   W   E   S   W   

AGA TCT GAG GTG GGA AAG CAG CTT AGG CCT CTG TAC GAA GAG TAC GTG GTG CTG AAG AAT  

 R   S   E   V   G   K   Q   L   R   P   L   Y   E   E   Y   V   V   L   K   N   

GAG ATG GCT AGG GCT AAC CAC TAC GAG GAC TAC GGT GAT TAT TGG AGG GGC GAT TAC GAG  

 E   M   A   R   A   N   H   Y   E   D   Y   G   D   Y   W   R   G   D   Y   E   

GTG AAC GGT GTG GAT GGT TAC GAT TAC TCT AGG GGT CAG CTG ATC GAG GAT GTT GAG CAT  

 V   N   G   V   D   G   Y   D   Y   S   R   G   Q   L   I   E   D   V   E   H   

ACC TTC GAA GAG ATC AAG CCG CTG TAC GAG CAT CTT CAT GCT TAC GTG AGG GCC AAG CTG  

 T   F   E   E   I   K   P   L   Y   E   H   L   H   A   Y   V   R   A   K   L   

ATG AAC GCT TAC CCG TCT TAC ATC AGC CCT ATT GGT TGC CTT CCT GCT CAC CTT CTT GGT  

 M   N   A   Y   P   S   Y   I   S   P   I   G   C   L   P   A   H   L   L   G   

GAT ATG TGG GGA AGA TTC TGG ACC AAC CTG TAC TCT CTT ACC GTG CCT TTC GGC CAA AAG  

 D   M   W   G   R   F   W   T   N   L   Y   S   L   T   V   P   F   G   Q   K   

CCG AAC ATT GAT GTG ACC GAT GCT ATG GTG GAT CAG GCT TGG GAT GCT CAG AGG ATC TTC  

 P   N   I   D   V   T   D   A   M   V   D   Q   A   W   D   A   Q   R   I   F   

AAA GAG GCC GAG AAG TTC TTC GTG TCT GTG GGT TTG CCT AAC ATG ACC CAA GGA TTC TGG  

 K   E   A   E   K   F   F   V   S   V   G   L   P   N   M   T   Q   G   F   W   
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GAG AAC TCC ATG CTT ACC GAT CCT GGC AAT GTG CAG AAG GCT GTT TGT CAT CCT ACC GCT  

 E   N   S   M   L   T   D   P   G   N   V   Q   K   A   V   C   H   P   T   A   

TGG GAC CTT GGT AAG GGC GAT TTC AGG ATT CTG ATG TGC ACC AAG GTG ACA ATG GAC GAC  

 W   D   L   G   K   G   D   F   R   I   L   M   C   T   K   V   T   M   D   D   

TTC CTT ACT GCA CAC CAC GAG ATG GGT CAC ATC CAG TAC GAT ATG GCT TAT GCT GCT CAG  

 F   L   T   A   H   H   E   M   G   H   I   Q   Y   D   M   A   Y   A   A   Q   

CCT TTC CTG CTT AGG AAT GGT GCT AAT GAG GGT TTC CAT GAG GCT GTG GGT GAG ATC ATG  

 P   F   L   L   R   N   G   A   N   E   G   F   H   E   A   V   G   E   I   M   

TCT CTT TCT GCT GCT ACC CCT AAG CAC CTG AAG TCT ATT GGT CTG CTG AGC CCT GAT TTC  

 S   L   S   A   A   T   P   K   H   L   K   S   I   G   L   L   S   P   D   F   

CAA GAG GAC AAT GAG ACT GAG ATC AAC TTC CTG CTG AAG CAG GCT CTG ACT ATT GTG GGA  

 Q   E   D   N   E   T   E   I   N   F   L   L   K   Q   A   L   T   I   V   G   

ACT CTG CCC TTC ACC TAC ATG CTT GAA AAG TGG CGG TGG ATG GTC TTT AAG GGC GAG ATT  

 T   L   P   F   T   Y   M   L   E   K   W   R   W   M   V   F   K   G   E   I   

CCT AAG GAC CAG TGG ATG AAG AAA TGG TGG GAG ATG AAG CGT GAG ATC GTC GGT GTT GTT  

 P   K   D   Q   W   M   K   K   W   W   E   M   K   R   E   I   V   G   V   V   

GAG CCA GTT CCT CAC GAT GAG ACT TAC TGC GAT CCT GCC TCT CTG TTC CAC GTG AGC AAC  

 E   P   V   P   H   D   E   T   Y   C   D   P   A   S   L   F   H   V   S   N   

GAC TAC TCT TTC ATC CGG TAC TAC ACC CGG ACC TTG TAC CAG TTT CAG TTT CAA GAG GCT  

 D   Y   S   F   I   R   Y   Y   T   R   T   L   Y   Q   F   Q   F   Q   E   A   

CTG TGC CAG GCT GCT AAA CAT GAA GGT CCT CTT CAC AAG TGC GAC ATC AGC AAT TCT ACT  

 L   C   Q   A   A   K   H   E   G   P   L   H   K   C   D   I   S   N   S   T   

GAG GCT GGG CAA AAG CTG TTC AAC ATG CTG AGG CTT GGT AAG TCC GAG CCT TGG ACT CTT  

 E   A   G   Q   K   L   F   N   M   L   R   L   G   K   S   E   P   W   T   L   

GCT TTG GAG AAT GTT GTG GGC GCC AAG AAT ATG AAC GTG AGG CCT CTT CTG AAC TAC TTC  

 A   L   E   N   V   V   G   A   K   N   M   N   V   R   P   L   L   N   Y   F   

GAG CCT TTG TTC ACC TGG CTG AAG GAC CAG AAC AAG AAC AGC TTC GTT GGC TGG TCT ACC  

 E   P   L   F   T   W   L   K   D   Q   N   K   N   S   F   V   G   W   S   T   

GAC TGG TCA CCT TAT GCT GAT GGT GGT GGA TCC GGA GGT GGA GGT TCT GGA GGT GGA GGT  

 D   W   S   P   Y   A   D   G   G   G   S   G   G   G   G   S   G   G   G   G    

TCA CCA CCA TGT CCA GCT CCA GAA CTT CTT GGT GGT CCT TCT GTT TTT TTG TTC CCA CCA  

 S   P   P   C   P   A   P   E   L   L   G   G   P   S   V   F   L   F   P   P    

AAG CCA AAG GAT ACT CTC ATG ATC TCT AGG ACT CCA GAG GTT ACA TGC GTT GTG GTT GAT  

 K   P   K   D   T   L   M   I   S   R   T   P   E   V   T   C   V   V   V   D    

GTG TCT CAT GAA GAT CCA GAG GTG AAG TTC AAC TGG TAT GTG GAT GGT GTT GAG GTG CAC  

 V   S   H   E   D   P   E   V   K   F   N   W   Y   V   D   G   V   E   V   H    
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AAC GCT AAG ACT AAG CCA AGA GAG GAA CAG TAC AAC TCC ACT TAC AGG GTT GTG TCT GTG  

 N   A   K   T   K   P   R   E   E   Q   Y   N   S   T   Y   R   V   V   S   V    

CTT ACT GTT CTT CAC CAG GAT TGG CTT AAC GGC AAA GAG TAC AAG TGC AAG GTG TCC AAC  

 L   T   V   L   H   Q   D   W   L   N   G   K   E   Y   K   C   K   V   S   N    

AAG GCT TTG CCA GCT CCA ATC GAA AAG ACT ATC TCT AAG GCT AAG GGA CAG CCA AGG GAA  

 K   A   L   P   A   P   I   E   K   T   I   S   K   A   K   G   Q   P   R   E    

CCT CAA GTT TAC ACT CTT CCA CCA TCT AGG GAT GAG CTT ACT AAG AAC CAG GTG TCC CTT  

 P   Q   V   Y   T   L   P   P   S   R   D   E   L   T   K   N   Q   V   S   L    

ACT TGC CTT GTG AAG GGA TTT TAC CCA TCC GAT ATT GCT GTT GAG TGG GAG TCT AAT GGA  

 T   C   L   V   K   G   F   Y   P   S   D   I   A   V   E   W   E   S   N   G    

CAG CCT GAG AAC AAC TAC AAG ACT ACT CCA CCA GTG CTC GAT TCC GAT GGA TCA TTC TTC  

 Q   P   E   N   N   Y   K   T   T   P   P   V   L   D   S   D   G   S   F   F    

TTG TAC TCC AAG CTC ACT GTG GAT AAG TCT AGG TGG CAA CAG GGA AAC GTT TTC TCT TGC  

 L   Y   S   K   L   T   V   D   K   S   R   W   Q   Q   G   N   V   F   S   C    

TCT GTT ATG CAT GAG GCT CTC CAC AAT CAC TAC ACT CAG AAG TCC CTT TCT TTG TCC CCT  

 S   V   M   H   E   A   L   H   N   H   Y   T   Q   K   S   L   S   L   S   P    

GGC AAG TCT GAG AAG GAT GAG CTT TAA GAG CTC  

 G   K   S   E   K   D   E   L   -   E   L  
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APPENDIX 3 

RESTRICTION ENZYMES 

 

XbaI Restriction Enzyme 

 

 

BamHI Restriction Enzyme 

 

 

 

 

SacI Restriction Enzyme 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 163 

APPENDIX 4 

GEMINIVIRAL-BASED PLANT EXPRESSION VECTOR (pBYR2eK2Md) 
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APPENDIX 5 

REAGENT PREPARATION 

LB Broth (Miller) 

Yeast extract 5.0 g/l 

NaCl 10.0 g/l 

Tryptone 10.0 g/l 

 

LB Agar (Miller) 

Yeast extract 5.0 g/l 

NaCl 10.0 g/l 

Tryptone 10.0 g/l 

Agar 1.5 % 

 

1xPBS Buffer (pH7.4) 

KCl 2.68 g 

KH2PO4 1.76 mM 

Na2HPO4 10.10 mM 

NaCl 137.00 mM 

Adjust the pH into 7.4   
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1xInfiltration Buffer (pH 5.5) 

2-(N-morpholino) ethanesulfonic acid (MES) 2.68 g 

KH2PO4 1.76 mM 

Na2HPO4 10.10 mM 

NaCl 137.00 mM 

Adjust the pH into 5.5   

 

1xRunning Buffer for SDS-PAGE   

SDS 3 mM 

Tris base 25 mM 

Glycine 0.2 M 

 

1xTransfer Buffer for Western Blotting   

Tris base 20 mM 

Glycine 0.1 M 

Methanol 15 % 

 

Coomassie Staining Solution 

Glacial acetic acid 10.0 % 

Methanol 50.0 % 

Coomassie R250   
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De-staining Solution 

Glacial acetic acid 10.0 % 

Methanol 20.0 % 

 

Z-buffer for Reducing Protein Loading Dye  

Glycerol 10.0 % 

SDS 12.0 % 

β-merceptoethanol 22.0 % 

1M Tris-HCl pH 6.8 125 mM 

Bromophenol blue   

 

Z-buffer for Non-Reducing Protein Loading Dye  

Glycerol 10.0 % 

SDS 12.0 % 

1M Tris-HCl pH 6.8 125 mM 

Bromophenol blue   

 

Complete DMEM Medium 

Heat-inactivated FBS 10 % 

Penicillin solution 100 U/ml 

Streptomycin solution 100 μg/ml 

1xDMEM medium   
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Blocking Solution for Microneutralization Assay 

Tween-20 0.1 % 

BSA 2.0 % 

1xPBS buffer   

 

Diluent Solution for Antibody 

Tween-20 0.1 % 

BSA 0.5 % 

1xPBS buffer   

 

R5 Medium  

2-mercaptoethanol 35 μM 

Heat-inactivated FBS 5.0 % 

Antimycotic 1.0 % 

1xRPMI1640 medium   

 

R10 Medium  

Heat-inactivated FBS 10.0 % 

Antimycotic 1.0 % 

1xRPMI1640 medium   
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1xACK Lysis Buffer  

NH4Cl 0.15 M 

KHCO3 0.01 M 

Na2EDTA 0.10 mM 
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APPENDIX 6 

TIME-COURSE OPTIMIZATION OF PLANT-PRODUCED ACE2-Fc  

Commercial HEK-Produced ACE2-Fc Protein Standard  

Concentration (µg/ml) 

Absorbance at 450 nm 

Rep 1 Rep 2 Rep 3 Average 

0.000 0.0495 0.0505 0.0497 0.0499 

0.156 0.0629 0.0622 0.0602 0.0618 

0.313 0.0737 0.0733 0.0748 0.0739 

0.625 0.1226 0.0830 0.0830 0.0962 

1.250 0.1699 0.1695 0.1627 0.1674 

2.500 0.2829 0.2851 0.2855 0.2845 

5.000 0.5104 0.5167 0.5356 0.5209 

 

y = 0.0951x + 0.0454
R² = 0.9994
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Expression Levels of Plant-Produced ACE2-Fc Proteins 

Days 

Concentration (µg/g FW) 

Rep 1 Rep 2 Rep 3 Average SD 

2 32.130 26.250 36.474 31.618 5.131 

4 34.419 57.903 45.487 45.936 11.749 

6 137.967 121.693 79.272 107.498 27.060 

8 67.062 99.961 55.573 74.199 23.038 

10 27.549 25.058 50.210 34.272 13.858 
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APPENDIX 7 

IN VITRO BINDING ACTIVITIES OF PLANT-PRODUCED  

SARS-CoV-2 RBD-Fc  

Absorbance at 450 nm of Sample in the Various Concentrations Tested 

by Using HEK293-Produced ACE2 Protein.  

Concentration (µg/ml) 

Absorbance at 450 nm 

Rep 1 Rep 2 Rep 3 Average SD 

0.0010 0.0609 0.0623 0.0655 0.0629 0.0024 

0.0050 0.0593 0.0606 0.0611 0.0603 0.0009 

0.0100 0.0608 0.0585 0.0621 0.0605 0.0018 

0.0500 0.0611 0.0608 0.0598 0.0606 0.0007 

0.1000 0.0600 0.0617 0.0665 0.0627 0.0034 

0.5000 0.0646 0.0654 0.0645 0.0648 0.0005 

1.0000 0.0693 0.0708 0.0668 0.0690 0.0020 

5.0000 0.1017 0.1049 0.0973 0.1013 0.0038 

10.0000 0.2063 0.2153 0.2000 0.2072 0.0077 

50.0000 0.5081 0.5075 0.5059 0.5072 0.0011 

100.0000 0.5347 0.5878 0.5881 0.5702 0.0307 

500.0000 0.5840 0.5858 0.5859 0.5852 0.0011 

1000.0000 0.6000 0.6026 0.5985 0.6004 0.0021 
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Absorbance at 450 nm of Sample in the Various Concentrations Tested 

by Using CHO-Produced ACE2 Protein.    

Concentration (µg/ml) 

Absorbance at 450 nm 

Rep 1 Rep 2 Rep 3 Average SD 

0.0010 0.0590 0.0623 0.0613 0.0609 0.0017 

0.0050 0.0588 0.0626 0.0604 0.0606 0.0019 

0.0100 0.0593 0.0601 0.0601 0.0598 0.0005 

0.0500 0.0595 0.0604 0.0610 0.0603 0.0008 

0.1000 0.0643 0.0603 0.0619 0.0622 0.0020 

0.5000 0.0639 0.0626 0.0626 0.0630 0.0008 

1.0000 0.0646 0.0657 0.0644 0.0649 0.0007 

5.0000 0.0791 0.0783 0.0765 0.0780 0.0013 

10.0000 0.1142 0.1092 0.1012 0.1082 0.0066 

50.0000 0.2806 0.3028 0.2918 0.2917 0.0111 

100.0000 0.3368 0.3402 0.3248 0.3339 0.0081 

500.0000 0.3613 0.3570 0.3579 0.3587 0.0023 

1000.0000 0.3723 0.3698 0.3702 0.3708 0.0013 
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Absorbance at 450 nm of Sample in the Various Concentrations Tested 

by Using 1xPBS Buffer (Negative Control) 

Concentration (µg/ml) 

Absorbance at 450 nm 

Rep 1 Rep 2 Rep 3 Average SD 

0.0010 0.0619 0.0610 0.0776 0.0668 0.0093 

0.0050 0.0630 0.0633 0.0645 0.0636 0.0008 

0.0100 0.0664 0.0649 0.0635 0.0649 0.0015 

0.0500 0.0603 0.0645 0.0623 0.0624 0.0021 

0.1000 0.0664 0.0652 0.0643 0.0653 0.0011 

0.5000 0.0595 0.0602 0.0618 0.0605 0.0012 

1.0000 0.0580 0.0603 0.0625 0.0603 0.0023 

5.0000 0.0691 0.0613 0.0637 0.0647 0.0040 

10.0000 0.0612 0.0628 0.0669 0.0636 0.0029 

50.0000 0.0587 0.0608 0.0610 0.0602 0.0013 

100.0000 0.0670 0.0702 0.0687 0.0686 0.0016 

500.0000 0.0632 0.0589 0.0621 0.0614 0.0022 

1000.0000 0.0632 0.0675 0.0645 0.0651 0.0022 
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APPENDIX 8 

IN VITRO BINDING ACTIVITIES OF PLANT-PRODUCED ACE2-Fc  

Absorbance at 450 nm of Sample in the Various Concentrations Tested 

by Using Sf9-Produced SARS-CoV-2 RBD-His Protein.  

Concentration (µg/ml) 

Absorbance at 450 nm 

Rep 1 Rep 2 Rep 3 Average SD 

0.0010 0.0490 0.0493 0.0491 0.2505 0.0002 

0.0100 0.0497 0.0471 0.0495 0.1982 0.0001 

0.1000 0.0654 0.0523 0.0529 0.1126 0.0074 

0.5000 0.1034 0.0889 0.0961 0.0961 0.0072 

1.0000 0.1279 0.1111 0.0988 0.0569 0.0146 

5.0000 0.2018 0.1862 0.2067 0.0488 0.0107 

10.0000 0.1921 0.2838 0.2756 0.0491 0.0507 
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Absorbance at 450 nm of Sample in the Various Concentrations Tested 

by Using Plant-Produced S1 of PEDV-His Protein (Negative Control).  

Concentration (µg/ml) 

Absorbance at 450 nm 

Rep 1 Rep 2 Rep 3 Average SD 

0.0010 0.0514 0.0514 0.0518 0.0515 0.0002 

0.0100 0.0512 0.0518 0.0519 0.0516 0.0004 

0.1000 0.0492 0.0581 0.0502 0.0525 0.0049 

0.5000 0.0505 0.0499 0.0506 0.0503 0.0004 

1.0000 0.0513 0.0509 0.0507 0.0510 0.0003 

5.0000 0.0547 0.0537 0.0561 0.0548 0.0012 

10.0000 0.0555 0.0567 0.0541 0.0554 0.0013 
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Absorbance at 450 nm of Sample in the Various Concentrations Tested 

by Using 1xPBS Buffer (Negative Control). 

Concentration (µg/ml) 

Absorbance at 450 nm 

Rep 1 Rep 2 Rep 3 Average SD 

0.0010 0.0499 0.0501 0.0507 0.0502 0.0004 

0.0100 0.0509 0.0510 0.0497 0.0505 0.0007 

0.1000 0.0498 0.0498 0.0504 0.0500 0.0003 

0.5000 0.0510 0.0498 0.0505 0.0504 0.0006 

1.0000 0.0504 0.0499 0.0503 0.0502 0.0003 

5.0000 0.0506 0.0494 0.0497 0.0499 0.0006 

10.0000 0.0503 0.0503 0.0507 0.0504 0.0002 
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APPENDIX 9 

SARS-CoV-2 RBD-Specific IgG Titers 

Total IgG Titers 

Group Vaccination Group No. 

Total mouse-IgG titer 

Day 0 Day 14 Day 35 

1 

PBS + 0.1 mg alum 

(Control) 

1 100 100 100 

2 100 100 100 

3 100 100 100 

4 100 100 100 

5 100 100 100 

2 

10 µg  

SARS-CoV-2 RBD-Fc  

1 100 100 200 

2 100 100 100 

3 100 100 100 

4 100 100 400 

5 100 100 400 

3 

10 µg  

SARS-CoV-2 RBD-Fc + alum 

1 100 100 12,800 

2 100 100 1,600 

3 100 100 3,200 

4 100 100 25,600 

5 100 100 25,600 
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Group Vaccination Group No. 

Total mouse-IgG titer 

Day 0 Day 14 Day 35 

4 

10 µg  

SARS-CoV-2 RBD-Fc + MF59 

1 100 100 25,600 

2 100 100 6,400 

3 100 100 25,600 

4 100 100 6,400 

5 100 100 6,400 

5 

10 µg  

SARS-CoV-2 RBD-Fc + mPLA-SM 

1 100 800 51,200 

2 100 200 25,600 

3 100 100 12,800 

4 100 200 12,800 

5 100 200 25,600 

6 

10 µg  

SARS-CoV-2 RBD-Fc +  

Poly (I:C) 

1 100 100 6,400 

2 100 100 12,800 

3 100 200 25,600 

4 100 100 25,600 

5 100 100 1,600 
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IgG1 subtype Titers 

Group Vaccination Group No. 

Total mouse-IgG1 titer 

Day 0 Day 14 Day 35 

1 

PBS + 0.1 mg alum 

(Control) 

1 100 100 100 

2 100 100 100 

3 100 100 100 

4 100 100 100 

5 100 100 100 

2 

10 µg  

SARS-CoV-2 RBD-Fc  

1 100 400 25,600 

2 100 100 6,400 

3 100 100 3,200 

4 100 400 25,600 

5 100 100 25,600 

3 

10 µg  

SARS-CoV-2 RBD-Fc + alum 

1 100 3,200 409,600 

2 100 3,200 102,400 

3 100 6,400 102,400 

4 100 3,200 409,600 

5 100 6,400 409,600 

4 

10 µg  

SARS-CoV-2 RBD-Fc + MF59 

1 100 3,200 204,800 

2 100 3,200 204,800 
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Group Vaccination Group No. 

Total mouse-IgG1 titer 

Day 0 Day 14 Day 35 

3 100 6,400 409,600 

4 100 6,400 409,600 

5 100 6,400 204,800 

5 

10 µg  

SARS-CoV-2 RBD-Fc + mPLA-SM 

1 100 12,800 409,600 

2 100 3,200 409,600 

3 100 100 204,800 

4 100 1,600 204,800 

5 100 800 204,800 

6 

10 µg  

SARS-CoV-2 RBD-Fc +  

Poly (I:C) 

1 100 400 102,400 

2 100 3,200 409,600 

3 100 1,600 204,800 

4 100 3,200 409,600 

5 100 800 102,400 
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IgG2a subtype Titers 

Group Vaccination Group No. 

Total mouse-IgG2a titer 

Day 0 Day 14 Day 35 

1 

PBS + 0.1 mg alum 

(Control) 

1 100 100 100 

2 100 100 100 

3 100 100 100 

4 100 100 100 

5 100 100 100 

2 

10 µg  

SARS-CoV-2 RBD-Fc  

1 100 100 800 

2 100 100 800 

3 100 100 800 

4 100 100 800 

5 100 100 800 

3 

10 µg  

SARS-CoV-2 RBD-Fc + alum 

1 100 100 3,200 

2 100 100 800 

3 100 100 1,600 

4 100 100 6,400 

5 100 100 12,800 

4 

10 µg  

SARS-CoV-2 RBD-Fc + MF59 

1 100 100 12,800 

2 100 100 6,400 
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Group Vaccination Group No. 

Total mouse-IgG2a titer 

Day 0 Day 14 Day 35 

3 100 200 25,600 

4 100 400 12,800 

5 100 100 25,600 

5 

10 µg  

SARS-CoV-2 RBD-Fc + mPLA-SM 

1 100 3,200 102,400 

2 100 400 102,400 

3 100 100 25,600 

4 100 1,600 51,200 

5 100 1,600 102,400 

6 

10 µg  

SARS-CoV-2 RBD-Fc +  

Poly (I:C) 

1 100 100 25,600 

2 100 200 51,200 

3 100 400 102,400 

4 100 200 102,400 

5 100 100 12,800 
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APPENDIX 10 

SARS-CoV-2-Specific Neutralizing Antibody Titers 

Group Vaccination Group No. 

Neutralizing titer 

Day 0 Day 14 Day 35 

1 

PBS + 0.1 mg alum 

(Control) 

1 10 10 10 

2 10 10 10 

3 10 10 10 

4 10 10 10 

5 10 10 10 

2 

10 µg  

SARS-CoV-2 RBD-Fc  

1 10 10 40 

2 10 10 10 

3 10 10 10 

4 10 10 40 

5 10 10 80 

3 

10 µg  

SARS-CoV-2 RBD-Fc + alum 

1 10 10 10,240 

2 10 10 640 

3 10 20 1,280 

4 10 10 1,280 

5 10 10 10,240 

4 10 µg  1 10 10 1,280 
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Group Vaccination Group No. 

Neutralizing titer 

Day 0 Day 14 Day 35 

SARS-CoV-2 RBD-Fc + MF59 2 10 10 2,560 

3 10 20 2,560 

4 10 20 1,280 

5 10 40 5,120 

5 

10 µg  

SARS-CoV-2 RBD-Fc + mPLA-SM 

1 10 160 10,240 

2 10 40 5,120 

3 10 10 1,280 

4 10 20 5,120 

5 10 40 5,120 

6 

10 µg  

SARS-CoV-2 RBD-Fc +  

Poly (I:C) 

1 10 10 1,280 

2 10 10 2,560 

3 10 20 1,280 

4 10 10 5,120 

5 10 10 640 
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APPENDIX 11 

QUANTIFICATION OF SARS-CoV-2-SPECIFIC IFN-γ 

Grou

p 

Vaccination Group 

No

. 

IFN-γ ELISpot (SFU/106 Splenocyte) 

Negativ

e 

Positiv

e 

SARS

-CoV-

2 

Pool#

3 

SARS

-CoV-

2 

Pool#

4 

SARS

-CoV-

2 

Pool#

5 

1 

PBS + 0.1 mg alum 

(Control) 

1 0 2,206 0 0 0 

2 0 2,204 0 2 10 

3 0 1,962 0 0 0 

4 0 1,938 2 0 0 

5 0 1,992 0 0 6 

2 

10 µg  

SARS-CoV-2 RBD-Fc  

1 0 2,128 4 2 10 

2 0 2,110 0 2 0 

3 0 2,500 0 0 8 

4 0 1,340 0 0 0 

5 0 1,932 0 0 4 

3 

10 µg  

SARS-CoV-2 RBD-Fc + alum 

1 0 2,620 2 4 0 

2 0 2,020 0 4 0 

3 0 1,858 0 0 0 
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4 0 1,802 6 8 4 

5 0 1,894 20 0 0 

4 

10 µg  

SARS-CoV-2 RBD-Fc + MF59 

1 0 1,954 0 2 4 

2 0 1,960 4 6 20 

3 0 2,288 10 0 30 

4 0 1,906 0 6 2 

5 0 1,562 4 6 8 

5 

10 µg  

SARS-CoV-2 RBD-Fc + mPLA-

SM 

1 0 2,084 0 4 4 

2 0 1,926 0 0 2 

3 0 1,954 14 6 2 

4 0 1,644 0 6 38 

5 0 1,544 2 0 2 

6 

10 µg  

SARS-CoV-2 RBD-Fc + poly (I:C) 

1 0 1,868 2 2 18 

2 0 1,698 10 30 26 

3 0 1,886 32 12 90 

4 0 1,974 4 36 70 

5 0 1,696 4 0 40 
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Group 1: PBS + 0.1 mg alum (Control) 

 

Group 2: 10 µg SARS-CoV-2 RBD-Fc 
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Group 3: 10 µg SARS-CoV-2 RBD-Fc + alum 

 

Group 4: 10 µg SARS-CoV-2 RBD-Fc + MF59 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 189 

 

Group 5: 10 µg SARS-CoV-2 RBD-Fc + mPLA-SM 

 

Group 6: 10 µg SARS-CoV-2 RBD-Fc + poly (I:C) 
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APPENDIX 12 

WEIGHT OF MICE 

Group Vaccination Group No. 

Weight (g) 

Day 0 Day 14 Day 35 

1 

PBS + 0.1 mg alum 

(Control) 

1 25.92 27.89 31.00 

2 28.03 30.08 34.5 

3 24.52 27.20 30.95 

4 28.49 31.87 38.30 

5 31.24 37.59 39.19 

2 

10 µg  

SARS-CoV-2 RBD-Fc  

1 27.49 30.78 34.22 

2 25.39 30.82 37.02 

3 24.68 23.75 26.59 

4 28.85 31.50 33.95 

5 28.61 30.29 34.13 

3 

10 µg  

SARS-CoV-2 RBD-Fc + alum 

1 27.54 31.47 33.83 

2 24.98 29.07 31.34 

3 27.76 30.98 33.64 

4 29.00 33.39 37.38 

5 23.80 32.74 39.16 
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Group Vaccination Group No. 

Weight (g) 

Day 0 Day 14 Day 35 

4 

10 µg  

SARS-CoV-2 RBD-Fc + MF59 

1 26.23 30.26 34.47 

2 24.47 26.16 28.18 

3 26.29 30.27 34.70 

4 27.01 30.96 33.94 

5 27.38 29.26 33.60 

5 

10 µg 

SARS-CoV-2 RBD-Fc + mPLA-SM 

1 26.24 27.59 36.53 

2 24.46 29.15 33.54 

3 27.01 30.99 35.63 

4 28.41 31.91 38.06 

5 27.02 30.04 32.00 

6 

10 µg  

SARS-CoV-2 RBD-Fc +  

Poly (I:C) 

1 27.76 32.85 35.15 

2 21.91 26.07 31.64 

3 24.91 28.75 33.10 

4 30.10 36.45 41.30 

5 28.88 32.05 34.89 
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APPENDIX 13 

SPLEEN SIZE AND HEALTH STATUS 

Group Vaccination Group No. Spleen size (mm) Health status 

1 

PBS + 0.1 mg alum 

(Control) 

1 23.2 Normal 

2 20.6 Normal 

3 22.8 Normal 

4 20.7 Normal 

5 22.4 Normal 

2 

10 µg  

SARS-CoV-2 RBD-Fc  

1 22.8 Normal 

2 21.0 Normal 

3 19.6 Normal 

4 19.9 Normal 

5 20.9 Normal 

3 

10 µg  

SARS-CoV-2 RBD-Fc + alum 

1 22.4 Normal 

2 20.6 Normal 

3 23.6 Normal 

4 21.0 Normal 

5 22.5 Normal 

4 10 µg  1 20.8 Normal 
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Group Vaccination Group No. Spleen size (mm) Health status 

SARS-CoV-2 RBD-Fc + MF59 2 23.5 Normal 

3 21.2 Normal 

4 23.0 Normal 

5 24.5 Normal 

5 

10 µg 

SARS-CoV-2 RBD-Fc + mPLA-SM 

1 23.8 Normal 

2 19.7 Normal 

3 20.9 Normal 

4 20.6 Normal 

5 17.9 Normal 

6 

10 µg  

SARS-CoV-2 RBD-Fc +  

Poly (I:C) 

1 23.9 Normal 

2 22.4 Normal 

3 21.3 Normal 

4 20.8 Normal 

5 25.6 Normal 
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APPENDIX 14 

COMMERCIAL IMMUNOADJUVANT DATASHEET 

Alum Adjuvant 
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AddaVaxTM (MF59) Adjuvant 
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mPLA-SM Adjuvant 
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Poly (I:C)-High Molecular Weight Adjuvant 
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