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ABSTRACT 

Respiratory Syncytial Virus (RSV) infects almost all children under the age of one and is the 

leading cause of hospitalization among infants. Despite several decades of research, there is 

no licensed vaccine available to date whereas inactivated vaccines have been shown to 

induce severe adverse reaction in a clinical trial, with other forms of RSV vaccine also found 

to induce enhanced respiratory disease (ERD) in preclinical animal studies. Here, three novel 

facets of ERD were identified. 

First, RSV fusion protein (F) was fused with CD40 ligand and delivered by an adenoviral 

vector into BALB/c mice. In contrast to an inactivated vaccine, the vectored vaccine 

effectively protected animals against RSV without inducing ERD. This protection involved a 

robust induction of neutralizing antibodies and memory CD8 T cells, which were not 

observed in the ERD-inducing inactivated vaccine group. 

Second, the mRNA of programmed cell death-1 (PD-1) of Sigmodon hispidus or cotton rat 

was isolated, sequenced and the protein was characterized. Sigmodon hispidus is an excellent 

animal model for studying human infections of respiratory viruses including RSV. While 

arguably the cotton rat is the best small animal model for evaluation of RSV vaccine and 

antivirals, many important genes of the immune system remain to be isolated. Programmed 

cell death-1 (PD-1) plays an integral role in regulating many aspects of immunity by 

inducing suppressive signals. Using the isolated and characterized cotton rat PD-1 gene 

sequence, I observed decreased levels of PD-1 in cotton rats experiencing ERD induced by 

inactivated RSV vaccine, unraveling a new facet of vaccine-induced disease. 
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Third, chitosan, a polysaccharide capable of augmenting immune responses with a proven 

safety record in animals and humans, was investigated to determine whether chitosan alone 

could protect animals against RSV infection and whether it could alter immune responses or 

immunopathology induced by inactivated RSV vaccine. Chitosan alone was found to 

modestly protect animals against RSV infection, while, in conjunction with inactivated RSV 

vaccine, it could significantly reduce RSV infection in mice. Further mechanistic 

investigation revealed that chitosan enhanced inactivated RSV vaccine-elicited immune 

responses through augmenting the induction of regulatory T cells, lung resident T cells and 

neutralizing antibodies while reversing Th2-skewed immune responses induced by 

inactivated RSV vaccine. These finding indicate ERD development has a different functional 

pathway from chitosan-mediated immune protection.



 iv 

ACKNOWLEDGEMENTS 

First, I would like to express my sincere gratitude to my supervisor Dr. Sean Li for his 

guidance and encouragement. Without his mentorship and the scientific freedom he 

provided, I could not have realized my true potential for research. He was always there for 

me when I needed advice and support. I am truly privileged for the opportunity to learn from 

him and work with him. I could not have asked for a better supervisor! Hope our scientific 

discussions continue and we can work together again in the future.  

I would like to extend my sincere thanks to my co-supervisor, Dr. Lisheng Wang and my 

thesis advisory committee, Dr. Jessie Lavoie, Dr. Terry Cyr and Dr. Aaron Farnsworth for 

their valuable suggestions, support and guidance. Their constructive criticism and 

discussions helped me stay on track in my research and achieve my end goal efficiently. 

I am eternally grateful to my wonderful lab mates and friends, Caroline Gravel, Marsha 

Russell, Louise Larocque and Bozena Jaentschke for a stimulating environment and 

technical assistance. They were always there to help when I needed it. Their motivation, 

dedication and positivity are inspiring. My research would be incomplete without their 

invaluable help and input.  

A special thank you to Dr. Martha Navarro and all the staff at the animal care facility at 

Health Canada for their excellent assistance with all the animal experiments. They were very 

accommodating and helpful. Thank you to Emily Dupuis for her help with flow cytometry. 

I would like to acknowledge all the research collaborators whose experience and knowledge 

helped me fine-tune my work and publications. I would also like to thank everybody at the 

Centre for Biologics Evaluation at Health Canada for the stimulating discussions and 

contributions to my research. Not only did they advance my knowledge but their humor and 

warmth also made it a wonderful place to work.    

Thank you to CIHR, OGS and University of Ottawa for granting me scholarships for 

pursuing my graduate studies. 



 v 

I am forever grateful to my parents for their unwavering love, patience and support 

throughout my life. I am greatly indebted to them for all the sacrifices they have made to 

give me the future I desired. Their constant encouragement to pursue my dreams and always 

showing up when I need them is the true reason behind my success in every aspect of my 

life. They taught me that I can do anything I put my mind to and led by example with their 

hard work. I hope I have made them proud. 

Last but not the least, I am extremely lucky to have my husband Arun in my life. Without his 

support and patience, the past few years would have been very difficult. He was there to 

patiently listen about my good and bad days. His strong yet calming presence makes tough 

days easier. Thank you for your unfaltering love and understanding.    



 vi 

 

DEDICATION 

 

To my loving parents and husband, my strong pillars of support 

I couldn’t have done this without you.



 vii 

TABLE OF CONTENTS 

ABSTRACT ............................................................................................................................ ii 

ACKNOWLEDGEMENTS ................................................................................................... iv 

DEDICATION ........................................................................................................................ vi 

TABLE OF CONTENTS ..................................................................................................... vii 

LIST OF ABBREVIATIONS ................................................................................................ xi 

LIST OF FIGURES AND TABLES ................................................................................... xiii 

 

Chapter 1: General Introduction ........................................................................................... 1 

1. Respiratory Syncytial Virus (RSV) ................................................................................... 1 

1.1 Pathogenesis and Epidemiology ................................................................................. 1 

1.2 Tropism ....................................................................................................................... 2 

1.3 Genome ....................................................................................................................... 2 

1.4 Classification and Homology ...................................................................................... 4 

1.5 Structure and Morphology .......................................................................................... 4 

1.6 Viral Proteins and Functions ....................................................................................... 5 

1.6.1 F Protein ................................................................................................................ 5 

1.6.2 G Protein ............................................................................................................... 7 

1.6.3 SH Protein ............................................................................................................. 8 

1.6.4 M Protein ............................................................................................................... 8 

1.6.5 N Protein ............................................................................................................... 9 

1.6.6 P Protein ................................................................................................................ 9 

1.6.7 L Protein .............................................................................................................. 10 

1.6.8 M2-1 Protein ....................................................................................................... 10 

1.6.9 M2-2 Protein ....................................................................................................... 11 

1.6.10 NS1 and NS2 Proteins ....................................................................................... 11 

1.7 Viral Replication ....................................................................................................... 12 

1.8 Viral Mutations .......................................................................................................... 13 

1.9 Potential Receptors for F and G Proteins .................................................................. 13 

2. Vaccine-Induced Enhanced Respiratory Disease ............................................................ 14 

2.1 First Observation ....................................................................................................... 14 

2.2 Characteristics of ERD .............................................................................................. 15 



 viii 

3. Vaccines and Therapeutics .............................................................................................. 16 

3.1 Current Treatment ..................................................................................................... 16 

3.2 Experimental Antivirals ............................................................................................ 17 

3.3 Clinical Trials and Vaccine Strategies ....................................................................... 18 

    4. Objectives and Hypothesis……………………………………………………………..18 

 

Chapter 2: Targeting CD40 enhances antibody- and CD8- mediated protection against 

respiratory syncytial virus infection .................................................................................... 21 

Abstract ............................................................................................................................... 23 

Introduction ......................................................................................................................... 24 

Results ................................................................................................................................. 26 

Recombinant adenovirus construction and in vitro protein expression .......................... 26 

Immunization with Ad-SF40L augments RSV clearance without ERD in BALB/c mice

 ......................................................................................................................................... 27 

Ad-SF40L induces high levels of neutralizing antibodies with the absence of a Th2-bias

 ......................................................................................................................................... 28 

Increase in effector/effector memory CD8 T cells (TEM) following RSV challenge 

contributes to Ad-SF40L-induced protection .................................................................. 29 

CD40L enhances antibody-induced protection but not CD4 T cell-induced response ... 30 

Marked increase in CD8 T cell effector phenotype and function following Ad-SF40L 

immunization ................................................................................................................... 31 

Ad-SF40L invokes long-lasting protection against RSV infection accompanied by a 

durable CD8 T cell effector memory response ............................................................... 32 

Discussion ........................................................................................................................... 33 

Methods ............................................................................................................................... 38 

Generation of recombinant adenovirus ........................................................................... 38 

Protein expression and immunofluorescence .................................................................. 39 

Cells, viruses and vaccines .............................................................................................. 39 

Animal studies ................................................................................................................. 40 

Lung viral titer ................................................................................................................. 40 

Histopathology ................................................................................................................ 41 

ELISA ............................................................................................................................. 42 

Microneutralization ......................................................................................................... 42 

Flow cytometry for surface and intracellular markers .................................................... 43 

Secreted cytokines ........................................................................................................... 44 

Passive Serum Transfer ................................................................................................... 44 



 ix 

Adoptive T cell transfer ................................................................................................... 44 

Statistical Analysis .......................................................................................................... 45 

Figures ................................................................................................................................. 46 

Supplementary Information ................................................................................................. 60 

 

Chapter 3: PD-1 of Sigmodon hispidus: Gene identification, characterization and 

expression in inactivated RSV vaccine-induced enhanced respiratory disease ............... 70 

Abstract ............................................................................................................................... 72 

Introduction ......................................................................................................................... 73 

Results ................................................................................................................................. 75 

Identification of cotton rat PD-1 sequence, species alignment and putative domains . 75 

In vitro expression of recombinant cotton rat PD-1 ..................................................... 76 

Characterization of crPD-1 functional activity in vitro ................................................ 77 

Downregulation of crPD-1 in ERD cotton rats ............................................................ 78 

Discussion ........................................................................................................................... 80 

Methods ............................................................................................................................... 83 

Animals and Ethics Statement ........................................................................................ 83 

Cells, Viruses and Vaccines ............................................................................................. 83 

Isolation and Sequence Determination of Cotton Rat PD-1 cDNA ................................ 83 

Sequence and Phylogenetic Analysis .............................................................................. 85 

crPD-1 Gene Synthesis, Protein Expression and Purification ........................................ 85 

Western Blot, Mass Spectrometry and Immunofluorescence ......................................... 86 

Flow Cytometry .............................................................................................................. 87 

Quantitation of Cytokines ............................................................................................... 87 

Animal Studies ................................................................................................................ 88 

Lung Viral Titration ......................................................................................................... 88 

Lung Histology ................................................................................................................ 88 

Real-Time Quantitative PCR........................................................................................... 89 

Statistical Analysis .......................................................................................................... 89 

Figures and Tables ............................................................................................................... 91 

Supplementary Information ............................................................................................... 106 

 

Chapter 4: Chitosan enhances inactivated vaccine elicited protection against 

respiratory syncytial virus .................................................................................................. 109 



 x 

Abstract ............................................................................................................................. 111 

Keywords .......................................................................................................................... 111 

1. Introduction ................................................................................................................... 112 

2. Materials and methods .................................................................................................. 113 

2.1 Cells, virus and vaccines ......................................................................................... 113 

2.2 Animal studies ......................................................................................................... 113 

2.3 Lung viral titer ......................................................................................................... 114 

2.4 Histopathology ........................................................................................................ 115 

2.5 ELISA ..................................................................................................................... 115 

2.6 Microneutralization ................................................................................................. 116 

2.7 Flow cytometry ....................................................................................................... 116 

2.8 Secreted cytokines ................................................................................................... 117 

2.9 Statistical Analysis .................................................................................................. 118 

3. Results ........................................................................................................................... 118 

3.1 Chitosan enhances induction of resident effector T cells and regulatory T cells 

following RSV infection ............................................................................................... 118 

3.2 Chitosan augments viral clearance elicited by inactivated RSV vaccine ................ 119 

3.3 The effect of chitosan on specific anti-RSV antibody responses ............................ 120 

3.4 Chitosan increases FIRSV-elicited Tregs ................................................................ 121 

4. Discussion ..................................................................................................................... 121 

Figures ............................................................................................................................... 125 

Supplementary Information ............................................................................................... 133 

 

Chapter 5: General Discussion ........................................................................................... 136 

References ............................................................................................................................ 142 

 

Appendix A - Immunopathogenesis Associated with Formaldehyde-Inactivated RSV 

Vaccine in Preclinical and Clinical Studies ....................................................................... 161 

Appendix B - Identification of Immunodominant CD8 Epitope in the Stalk Domain of 

Influenza B Viral Hemagglutinin ....................................................................................... 195 

Collaborators’ Contributions ............................................................................................. 219 

Curriculum Vitae …………………………………………………………………………220 



 xi 

LIST OF ABBREVIATIONS 

A Adenine 

aa Amino acids 

Ad-Empty Recombinant adenovirus empty control vector 

Ad-SF Recombinant adenovirus expressing secreted RSV F protein 

Ad-SF40L Recombinant adenovirus expressing secreted RSV F-CD40L fusion protein 

ANOVA Analysis of Variance 

APC Antigen presenting cells 

ATCC American Type Culture Collection 

bp Base pairs 

BSA Bovine serum albumin 

C terminal Carboxyl-terminal 

CD40L CD40 ligand 

cDNA Complementary DNA 

crPD-1 Cotton rat PD-1 

DC Dendritic cell 

DMEM Dulbecco's modified Eagle's medium 

DNA Deoxyribonucleic acid 

eIF Eukaryotic translation initiation factor 

ELISA Enzyme linked immunosorbent assay 

ERD Enhanced respiratory disease 

F RSV fusion protein 

FACS Fluorescence-activated cell sorting 

FBS Fetal bovine serum 

FDA Food and Drug Administration 

FI-Mock Formaldehyde-inactivated mock infection control 

FIRSV Formaldehyde-inactivated RSV 

G RSV attachment protein 

GC Germinal center 

GFP Green fluorescent protein 

H&E Hematoxylin and eosin 

HEK-293 Human Embryonic Kidney-293 cells 

HeLa Human epithelial cells 

Hep-2 Human epithelial type 2 cells 

His Histidine 

HPE Hematoxylin-Phloxine-Eosin stain 

HRA Heptad repeat connected to the fusion peptide of RSV F protein 

HRB Heptad repeat connected to the transmembrane domain of RSV F protein 

ICAM Intracellular adhesion molecule 

IFN Interferon 



 xii 

Ig Immunoglobulin 

IL Interleukin 

kb Kilobases 

kDa Kilodalton 

L RSV polymerase protein 

M RSV matrix protein 

M2-1 RSV transcription processivity factor 

M2-2 RSV RNA transcription/replication regulating protein 

ml Millilitre 

mRNA Messenger RNA 

N RSV nucleoprotein 

N terminal Amino-terminal 

nm Nanometer 

NS1 and NS2 RSV nonstructural proteins 

nt Nucleotide 

P RSV phosphoprotein 

PAS Periodic acid schiff stain 

PBMC Peripheral blood mononuclear cells 

PBS Phosphate buffered saline 

PD-1 Programmed cell death receptor 

PD-L Programmed cell death ligand 

PFU Plaque forming units 

PKR Protein kinase R 

RFP Red fluorescent protein 

rmPD-1 Recombinant mouse PD-1 

RNA Ribonucleic acid 

RSV Respiratory syncytial virus 

SH RSV small hydrophobic protein 

SIGN Specific intercellular adhesion molecule-3-grabbing non-integrin 

Th Helper T cells 

TLR Toll-like receptor 

TNF Tumor necrosis factor 

Tregs Regulatory T cells 

TTP Tristetraprolin 

U Uracil 

USD United States of America Dollars 

WHO World Heath Organization 

μg Microgram 

μm Micrometer 



 xiii 

LIST OF FIGURES AND TABLES 

Figure 2. 1: Non-replicating mouse codon-optimized recombinant adenovirus vaccines 

construction and in vitro protein expression. (A) Schematic representation of the Ad 

constructs. Both Ad-SF and Ad-SF40L express the full length RSV F protein preceded by a 

secretion signal, S. Ad-SF40L also encodes the full length mouse CD40 ligand, CD40L, 

following a trimerization motif, T. Ad-Empty does not encode for RSV F or CD40L whereas 

Ad-SNP40L encodes the influenza A nucleoprotein (NP) followed by CD40L as previously 

described. (B) Representative images at 10x magnification of in vitro protein expression 

following an immunofluorescence assay with a rabbit RSV F antibody along with Alexa 

Fluor 594-conjugated anti-rabbit IgG and FITC-conjugated anti-mouse CD40L. A merge of 

the two fluorochromes show the co-expression of RSV F and CD40L. Data are 

representative of two experiments. ......................................................................................... 47 

Figure 2. 2: Immunization with Ad-SF40L augments RSV clearance without ERD in 

BALB/c mice. (A) Schematic diagram of the immunization, RSV challenge and necropsy 

timeline. (B) Lung viral titer determined using plaque assay 4 days post challenge. (C) 

Pathological scoring of lung tissue. Perivascular leukocyte infiltration and mucus were 

scored using H&E and PAS stained slides, respectively, 4 days following RSV challenge. An 

average of the two scores is shown. (D) Representative images of H&E and PAS stained 

immunized BALB/c mouse lungs post challenge at 40x magnification. The arrows point to 

the extensive cell infiltration in the H&E stained lungs and mucus-positive cells in the PAS 

stained lungs. Neutral mucins in airway epithelial cells are red when stained with a PAS 

stain. Data shown is mean ± SEM representative of 2 independent experiments; n = 4 per 

group in each experiment; *p < 0.05, **p<0.01 (one-way ANOVA with Bonferroni posttest). 

FIRSV: Formaldehyde-inactivated RSV. ................................................................................ 49 

Figure 2. 3: Ad-SF40L induces high levels of neutralizing antibodies. (A) F-specific total 

IgG in serum of primed/boosted mice 4 days post-challenge determined using ELISA (n=5). 

The * in the legend indicates a significant difference in F-specific total IgG between Ad-

SF40L and RSV at dilutions 1/1000, 1/2000 and 1/4000. (B) F-specific IgG1/IgG2a ratio in 

mice serum to show the Th2 or Th1 nature of the immune response (n=5). (C) RSV 

neutralizing ability of the mice serum collected 4 days post-challenge (n=8). Data shown is 

mean ± SEM representative of 2 independent experiments; *p < 0.05, **p<0.01, 

***p<0.001, ****p<0.0001 (two-way ANOVA with Bonferroni posttest). .......................... 51 

Figure 2. 4: Increase in CD8 T cell effector phenotype and function following challenge is 

unique to Ad-SF40L immunization. (A) Schematic diagram of the animal study with 

BALB/c mice. Mice were necropsied for tissue collection before or after challenge. (B) Flow 

cytometry was used to determine the TEM population (CD3+ CD8a+ CD44+ CD62L- 

CCR7-) in the spleen. Induction of the TEM population as a result of the RSV challenge is 

shown as a ratio (TEM after challenge/TEM before challenge). A ratio of 1 indicates no 

change in the TEM population after challenge. (C) Intracellular cytokine staining was done 

following 4-hour ex-vivo stimulation with F85-93 peptide to analyze the number of CD8α+ 

TNF-α+ cells in the spleen using flow cytometry. Fold change of this population as a result 

of the challenge is shown (after challenge/before challenge). Data shown is mean ± SEM 



 xiv 

representative of 2 independent experiments; n = 4 per group; *p < 0.05, **p<0.01 (one-way 

ANOVA with Bonferroni posttest). ........................................................................................ 53 

Figure 2. 5: CD40L enhances antibody-induced protection. (A) Schematic diagram of the 

animal study timeline. Passive serum transfer was done from immunized and challenged 

donor mice into naïve recipient mice. (B) Four days post-challenge, lungs from the recipient 

mice were collected for viral titer determination using plaque assay. Serum from Ad-SF40L 

immunized mice resulted in the highest lung viral clearance in recipients.  Data shown is 

mean ± SEM representative of 2 independent experiments; n = 4 per group; *p < 0.05 (one-

way ANOVA with Bonferroni posttest). ................................................................................ 55 

Figure 2. 6: CD8 T cell effector function is altered following challenge of FIRSV-immunized 

mice unlike in Ad-SF40L immunization. (A) Schematic diagram of the animal study 

timeline. Adoptive CD8 T cell transfer was done from immunized donors either before (BC) 

or after (AC) challenge into naïve recipient mice. CD8 T cells were isolated from spleens of 

donor mice using a magnetic bead kit and checked for purity prior to transfer. (B) Four days 

post-challenge, lungs from the recipient mice from BC transfer (left) and AC transfer (right) 

were collected for viral titer determination using plaque assay. Ad-SF40L was compared to 

all groups (left) and FIRSV was compared to all groups (right). Comparisons between other 

groups showed no statistically significant differences. Secreted levels of IFN-γ (C) and TNF-

α (D) were determined, using the Luminex system, in spleens of recipient mice from BC 

transfer (left) and AC transfer (right) following 48-hour ex-vivo stimulation with F85-93 

peptide. Ad-SF40L was statistically different from all groups for both cytokines. Data shown 

is mean ± SEM representative of 2 independent experiments; n = 4 per group; *p < 0.05, 

**p<0.01, ***p<0.001 (one-way ANOVA with Bonferroni posttest).................................... 57 

Figure 2. 7: Ad-SF40L gives long-lasting protection from RSV infection accompanied by a 

durable CD8 T cell effector memory response. (A) Schematic diagram of the animal study 

with BALB/c mice. Mice were challenged 56 days after boost vaccination and necropsied 4 

days after challenge. (B) Lung viral titer determined using plaque assay at necropsy. (C) 

Flow cytometry was used to determine the total number of TEMs (CD3+ CD8a+ CD44+ 

CD62L- CCR7-) in the spleen. Data shown is mean ± SEM; n = 4 per group; *p<0.05, 

**p<0.01 (unpaired Student’s t-test). ...................................................................................... 59 

Supplementary Table 2. 1: Primers used for cloning and sequencing of Ad-SF and Ad-SF40L 

constructs. ................................................................................................................................ 61 

Supplementary Figure 2. 1: Representative image of H&E and PAS stained lungs of mice 

post-challenge. BALB/c mice were intranasally immunized twice with control vaccines, Ad-

Empty or Ad-SNP40L, to determine the antigen specificity of the observed protection. Lungs 

were H&E and PAS stained 4 days post challenge for perivascular leukocyte infiltrate and 

mucus scoring, respectively. Representative images at 40x magnification are shown. .......... 63 

Supplementary Figure 2. 2: TEM gating strategy. Splenocytes were isolated from immunized 

BALB/c mice before or after challenge and stained for flow cytometry analysis. A FSC/SSC 

plot was done to gate for lymphocytes (A). Singlets were selected from the lymphocytes (B) 

and further gated for viable cells (C). The viable cells were then gated for CD3+CD8α+ (D). 



 xv 

Next, the CD3+CD8α+ cells were analyzed for CD44+CD62L- (E), which were finally gated 

for CCR7- population (F). This CD3+ CD8a+ CD44+ CD62L- CCR7- is denoted as 

effector/effector memory CD8 T cells or TEM. ..................................................................... 65 

Supplementary Figure 2. 3: Increase in CD8 T cell effector phenotype and function 

following challenge is unique to Ad-SF40L immunization. (A) Schematic diagram of the 

animal study with BALB/c mice. Mice were necropsied for tissue collection before or after 

challenge. (B) Flow cytometry was used to determine the TEM population (CD3+ CD8a+ 

CD44+ CD62L- CCR7-) in the spleen. (C) Intracellular cytokine staining was done 

following 4-hour ex-vivo stimulation with F85-93 peptide to analyze the number of CD8α+ 

TNF-α+ cells in the spleen using flow cytometry. Data shown is mean ± SEM; n = 4 per 

group representative of 2 separate experiments; *p < 0.05, **p<0.01 (one-way ANOVA with 

Bonferroni posttest). ................................................................................................................ 67 

Supplementary Figure 2. 4: CD40L does not enhance CD4 T cell-induced protection. (A) 

Schematic diagram of the animal study timeline. Adoptive CD4 T cell transfer was done 

from immunized and challenged donor mice into naïve recipient mice. CD4 T cells were 

isolated from spleens of donor mice using a magnetic bead kit and checked for purity prior to 

transfer. (B) Four days post-challenge, lungs from the recipient mice were collected for viral 

titer determination using plaque assay. There were no significant differences between Ad-SF 

and Ad-SF40L group. Data shown is mean ± SEM; n = 4 per group; *p < 0.05, **p<0.01 

(one-way ANOVA with Bonferroni posttest). ........................................................................ 69 

Figure 3. 1: Cotton rat (Sigmodon hispidus) PD-1 mRNA sequence. 3’ RACE strategy was 

used on total RNA extracted from the spleen of a naïve cotton rat to determine the mRNA 

sequence. The predicted start and stop codon are underlined. ................................................ 92 

Figure 3. 2: Protein sequence alignment of the cotton rat PD-1. (A) Protein sequence of 

closely related species and human were aligned with crPD-1 using the Clustal Omega tool 

from EMBL-EBI. Human (Homo sapiens NCBI Reference Sequence: AAC51773.1), Prairie 

Vole (Microtus ochrogaster NCBI Reference Sequence: XP_005361412.1), Chinese Hamster 

(Cricetulus griseus NCBI Reference Sequence: XP_003499314.1), Mouse (Mus musculus 

NCBI Reference Sequence: NP_032824.1), and Brown Rat (Rattus norvegicus NCBI 

Reference Sequence: XP_017451871.1). An asterisk (*) indicates positions which have a 

single, fully conserved residue. A colon (:) indicates conservation between groups of 

strongly similar properties, scoring >0.5 in the Gonnet PAM 250 matrix. A period (.) 

indicates conservation between groups of weakly similar properties, scoring =<0.5 in the 

Gonnet PAM 250 matrix. (B) A phylogenetic tree was produced using Geneious software. 94 

Figure 3. 3: Identification of putative conserved domains in the cotton rat PD-1. (A) The 

underlined sequence indicates the putative ectodomain of PD-1; amino acids in blue are the 

putative extracellular IgV domain of PD-1; putative residues involved in both PD-L1 and 

PD-L2 binding are highlighted in red; putative residues involved in PD-L1 binding only are 

highlighted in green and residues involved in PD-L2 binding only in cyan. (B) Predicted 

structure of the putative ectodomain of the cotton rat PD-1 monomer shown in blue and 

yellow where the blue region is the putative extracellular IgV domain, residues in red are 



 xvi 

involved in both PD-L1 and PD-L2 binding, residues in green are involved in PD-L1 binding 

only and residues in cyan are involved in PD-L2 binding only. ............................................. 96 

Figure 3. 4: Cotton rat PD-1 protein expression. crPD-1 gene also encoding rat codon 

optimized secretion signal and ten histidine residues at the 5’-end was synthesized and 

cloned into pcDNA3.1(+) vector. 293T cells were then transfected for 24 hours, the lysate 

was collected and his-tag purified. (A) Protein expression was confirmed with western blot 

using a mouse anti-histidine antibody. The expected size of crPD-1 is 36.4 kDa. A his-tag 

conjugated recombinant mouse PD-1 (rmPD-1) was used as a positive control and, as 

expected, migrated from 25 to 45 kDa due to different glycosylation and may have 

aggregates depending on the reducing conditions. Different lanes of the same blot were 

cropped and merged to show the lanes of interest only. A full-length blot is shown as 

Supplementary Fig. S3.1. (B) Mass spectrometry was performed with his-tag purified 

lipofectamine control and crPD-1 along with rmPD-1. Seven peptides in the newly found 

sequence were found in the crPD-1 sample at high abundance and two peptides were found 

at low abundance with total sequence coverage of 41%. No peptides were found in the 

lipofectamine control, as expected and two peptides were found in the rmPD-1 sample. 

Mouse PD-1 sequence coverage for the positive control sample (rmPD-1) was 33.33%. (C) 

Immunofluorescence was also used for protein expression. Cells were permeabilized and 

stained 24 hours post-transfection. A rabbit anti-mouse PD-1 with Cy2-conjugated anti-

rabbit IgG and mouse anti-his tag with Alexa Fluor 555 anti-mouse IgG were used. 

Representative image of the stained cells at 20X magnification is shown. A merge of the two 

fluorochromes shows the co-expression of PD-1 and the his-tag, as expected....................... 98 

Figure 3. 5: crPD-1 binds PD-L1 on dendritic cells in vitro. Purified crPD-1 was added to 

mouse dendritic cells for 4 hours. Recombinant mouse PD-1 (rmPD-1) and no treatment 

controls were used. The cells were then stained with a fixable viability dye and PE-

conjugated anti-human/mouse PD-L1 blocking antibody for flow cytometry analysis. The 

schematic displays the strategy used (left). The mean fluorescence intensity (MFI) of PD-L1 

among viable cells is shown (right). Statistical difference between PD-1 treated and no 

treatment group is indicated. Data shown is mean ± SEM representative of 2 independent 

experiments; n = 3 per treatment in each experiment; *p < 0.05 (one-way ANOVA with 

Bonferroni posttest). .............................................................................................................. 100 

Figure 3. 6: FI-RSV immunization of cotton rats results in ineffective viral clearance with 

pronounced ERD. Cotton rats were immunized twice 21 days apart with FI-RSV, FI-Mock or 

PBS intramuscularly or wild-type RSV-A2 intranasally. Four weeks following second 

immunization, the animals were challenged with RSV-A2 intranasally and euthanized 5 days 

post-challenge for collection of lungs. (A) Lung viral titer determined using plaque assay 

post challenge. (B) Representative images of H&E stained cotton rat lungs post challenge at 

20X magnification. Data shown is mean ± SEM representative of 2 independent 

experiments; n = 3 per group in each experiment; *p < 0.05 (one-way ANOVA with 

Bonferroni posttest). FI-RSV: Formaldehyde-inactivated RSV; FI-Mock: Formaldehyde-

inactivated cell control; PBS: Phosphate-buffered saline. .................................................... 102 

Figure 3. 7: PD-1 gene expression is downregulated in FI-RSV immunized cotton rats 

experiencing ERD. RNA isolated from lungs collected from twice-immunized and 



 xvii 

challenged cotton rats were analyzed for PD-1 gene expression using quantitative real-time 

PCR. CT values were first normalized to β-actin, then, presented as fold change over the 

respective immunization control groups, i.e., FI-RSV over FI-Mock and RSV over PBS. 

Data shown is mean ± SEM; n = 5 per group; *p < 0.05 (Student’s t-test). FI-RSV: 

Formaldehyde-inactivated RSV; FI-Mock: Formaldehyde-inactivated cell control; PBS: 

Phosphate-buffered saline. .................................................................................................... 104 

Table 3. 1: crPD-1 downregulates expression of cytokines by dendritic cells in vitro. Mouse 

dendritic cells were stimulated with LPS along with purified crPD-1 for 24 hours. No 

treatment control containing LPS only and rmPD-1 control containing LPS and rmPD-1 were 

used. The supernatant was collected for cytokine quantitation using ELISA. Data shown is 

representative of 2 independent experiments; n = 3 per treatment in each experiment. ....... 105 

Supplementary Figure S3. 1: Cotton rat PD-1 protein expression. crPD-1 gene also encoding 

rat codon optimized secretion signal and ten histidine residues at the 5’-end was synthesized 

and cloned into pcDNA3.1(+) vector. 293T cells were then transfected for 24 hours, the 

lysate and supernatant were collected and his-tag purified. Protein expression was confirmed 

with western blot using a mouse anti-histidine antibody. The expected size of crPD-1 is 36.4 

kDa and was only observed in his-tag purified lysate. .......................................................... 108 

Figure 4. 1: Chitosan treatment following RSV infection leads to enhanced induction of 

resident T cells and Tregs. (A) Schematic diagram of the RSV infection and chitosan 

treatment timeline. (B) Lung viral titer determined using plaque assay 4 days post infection 

(n = 5). Flow cytometry was used to determine the number of lung resident T effector cells 

and Tregs. (C) Resident CD8+ T effector cells are CD3- CD8+ CD44+ CD62L- CCR7- 

CD103+, (D) resident CD4+ T effector cells are CD3- CD4+ CD44+ CD62L- CCR7- 

CD103+, and (E) Tregs are CD3- CD4+ CD127- CD25+ Foxp3+ in mice that were 

intravenously injected with BV510-conjugated anti-mouse CD3 prior to necropsy. Data 

shown is mean ± SEM; n = 7 per group; *p < 0.05, **p < 0.01 (one-way ANOVA with 

Bonferroni posttest). PFU: Plaque forming units .................................................................. 126 

Figure 4. 2: Chitosan enhances FIRSV-induced viral clearance without reversal of ERD. (A) 

Schematic diagram of the immunization, chitosan treatment, RSV challenge and necropsy 

timeline. (B) Lung viral titer determined using plaque assay 4 days post infection. (C) 

Pathological scoring of lung tissue. Perivascular leukocyte infiltration and mucus were 

scored using HPE and PAS stained slides, respectively, 4 days post-challenge. An average of 

the two scores is shown. (D) Representative images of HPE and PAS stained mouse lungs 

post-challenge at 20X magnification. In the HPE slides, the arrows point to the extensive cell 

infiltration and in the PAS stained slides, the arrows point to the mucus-positive cells and 

mucus in the bronchiolar lumen. Data shown is mean ± SEM; n = 5 per group; *p < 0.05, 

**p < 0.01 (one-way ANOVA with Bonferroni posttest). FIRSV: Formaldehyde-inactivated 

RSV, FI-Mock: Formaldehyde-inactivated cell control, PFU: Plaque forming units........... 128 

Figure 4. 3: FIRSV-induced antibodies are significantly enhanced with chitosan treatment. 

(A) Schematic diagram of the immunization, chitosan treatment and necropsy timeline. (B) 

RSV F-specific IgG1/IgG2a ratio in the serum before challenge was determined using 

ELISA. (C) RSV neutralizing ability of the mice serum pre-challenge. The serum dilution at 



 xviii 

which 50% neutralization is achieved is shown. Data shown is mean ± SEM; n = 5 per 

group; *p < 0.05, **p < 0.01, ****p < 0.0001 (two-way ANOVA (B) or one-way ANOVA 

(C) with Bonferroni posttest). ............................................................................................... 130 

Figure 4. 4: FIRSV-elicited Tregs are improved with chitosan treatment leading to a decrease 

in Th2 cytokines. Flow cytometry was used to determine the number of lung resident CD4+ 

T cells and Tregs before RSV challenge. (A) Resident CD4+ T cells are CD3- CD4+ 

CD103+, and (B) Tregs are CD3- CD4+ CD127- CD25+ Foxp3+ in mice that were 

intravenously injected with BV510-conjugated anti-mouse CD3 prior to necropsy. Secreted 

levels of IL-5 (C) and IL-13 (D) were determined using the Luminex system in the lungs of 

mice collected before challenge following 48-hour ex-vivo stimulation with RSV F85-93 

peptide. Data shown is mean ± SEM; n = 5 per group; *p < 0.05 (one-way ANOVA with 

Bonferroni posttest). .............................................................................................................. 132 

Figure S4. 1: Gating strategy for flow cytometry data. Lung cells were isolated from Balb/c 

mice intravenously injected with BV510-conjugated anti-mouse CD3 prior to necropsy and 

stained for flow cytometry analysis. (A) A FSC/SSC plot was done to gate for lymphocytes 

which were further gated for (B) viable CD3- cells. (C) These cells were then gated for 

CD44+ CD62L- followed by (D) CCR7- CD103+ cells and finally, (E) CD4+ or CD8+ to 

determine the number of lung resident CD4+ or CD8+ T effector cells. To analyze Tregs, 

viable CD3- cells were gated for (F) CD127- CD25+, which were further gated for (G) 

Foxp3+ CD4+ cells. Finally, to analyze lung resident CD4+ T cells, viable CD3- cells were 

gated for CD103+ CD4+ cells............................................................................................... 135 



 

 

 

1 

Chapter 1: General Introduction 

1. Respiratory Syncytial Virus (RSV) 

1.1 Pathogenesis and Epidemiology 

RSV was first isolated in 1955. It was found to cause disease that can be mild to lethal with a 

wide range of acute upper and lower respiratory tract disease manifestations such as mild 

rhinitis to bronchiolitis and pneumonia (1). Symptomatic RSV infection is most commonly 

observed in children under the age of 5, immunocompromised individuals, and the elderly. 

Approximately 33.1 million new RSV-associated lower respiratory tract infection cases were 

reported globally in children in 2015 (2). In the USA, up to 172,000 RSV-related 

hospitalizations and 2.1 million outpatient visits were reported annually among children 

under the age of 5 and an annual average of 36 RSV-related deaths among children less than 

1 year of age (3–8). RSV accounts for 60-80% of bronchiolitis in USA, mainly for children 

less than 1 year old, and is the major cause of viral bronchiolitis and bronchopneumonia (9). 

Severe RSV disease at infancy can lead to airway hyperreactivity during childhood, which 

may last until adulthood, whereas in immunocompromised patients, severe disease leads to 

giant cell pneumonia and in the elderly, exacerbation of underlying conditions and death (1). 

Some factors that can affect the severity of RSV disease are premature birth, frail old age, 

chronic lung or heart disease, immunosuppression, and narrow or reactive airways. 

A notable feature of RSV is its ability to repeatedly infect RSV-seropositive individuals. 

Reinfections have been documented in both children and adults; within 3 years, 30% of 

children are estimated to have RSV reinfections (10). Although relatively mild, repeated 
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RSV infections are also common in healthy adults (11). This suggests that natural infections 

give rise to insufficient immunity (12). Antibody levels induced by a primary infection has 

been observed to reduce to pre-infection levels after 3 to 6 months (13, 14).  

1.2 Tropism 

Humans and bovines are the only natural hosts of RSV and can be infected with human RSV 

and bovine RSV strains, respectively. However, there are many animal models such as mice, 

cotton rats, sheep and African green monkeys that are semi-permissive to human RSV strains 

but transmission within the same species does not occur (1). In these animals, RSV can be 

found in nasal secretions, nasopharyngeal swabs, lung washes and the sinuses, whereas 

humans and bovines infected with their natural strains have virus in the epithelial cells of the 

trachea, bronchi and bronchioles. Even though RSV RNA and antigens have been detected in 

the blood, circulating mononuclear leukocytes, and in few cases, in the cerebrospinal fluid of 

infected humans, infectious virus has rarely been found in extrapulmonary sites with the 

exception of immune suppressed individuals and animal models (15–17). Chimpanzees are 

the only animal hosts where human RSV can infect and replicate to levels allowing intra-

species transmission and respiratory tract disease manifestations (1). Primates are also 

susceptible to bovine RSV but virus replication is severely restricted (18, 19).  

 

1.3 Genome 

RSV has a single-stranded nonsegmented negative sense RNA genome with size of 15 kb. 

This genome consists of 10 genes encoding 11 proteins: 3’-NS1-NS2-N-P-M-SH-G-F-M2-L-
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5’ (20). The M2 gene has two separate overlapping ORFs and encodes M2-1 and M2-2 

protein (21). NS1 and NS2 are nonstructural proteins and nucleoprotein (N), phosphoprotein 

(P), and transcription processivity factor (M2-1) serve as nucleocapsid proteins. L is the large 

polymerase protein, M is the matrix protein and M2-2 is a RNA transcription/replication 

regulating protein while fusion (F), attachment (G) and small hydrophobic (SH) are surface 

glycoproteins. These proteins are further discussed below. Viruses belonging to the same 

subfamily as RSV, Paramyxoviridae, have orthologs of N, P, M, F and L proteins conserving 

their order in the genome though counterparts of the other 6 proteins are not present (1).  

In the genome structure, there is a 44-nucleotide (nt) leader region on the 3’ end before the 

NS1 gene and a 155 nt trailer region on the 5’ end following the L gene. The genome also 

possesses a highly conserved 9 nt gene start signal at the beginning of each gene and a 

moderately conserved 12-14 nt gene end signal at the end of each gene. The gene end signal 

contains 4-7 uracil (U) residues at the end encoding the poly A tail. Furthermore, there are 

intergenic regions separating the first 9 genes that can vary in length from 1 to 58 nt 

depending on the RSV strain (1). However, unlike the gene start and end signals, these 

regions are poorly conserved. The only known function of the intergenic regions is the 

importance of the first nucleotide in the region for mRNA termination. Apart from that role, 

these regions have been shown to have little effect on gene expression or viral replication 

(22, 23). In addition, there is no intergenic region between the M2 and L genes since the 

gene start of L is 68 nt upstream of the M2 gene resulting in a 68 nt overlap (24).    

Remarkably, neither the genome nor the antigenome have a 5’ cap or 3’ poly A tail but their 

degradation is not quick. This is because the N protein coats the genome and antigenome 
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forming a nucleopcapsid protecting the RNA from degradation and recognition by the host 

cell pattern recognition receptors impeding the initiation of innate immune responses (1).    

 

1.4 Classification and Homology 

RSV belongs to the Genus Pneumovirus, subfamily Pneumovirinae, family 

Paramyxoviridae, and order Mononegavirales. Human RSV can be divided into two 

subgroups, RSV A and B that show divergence in the amino acid sequence of all the 11 

encoded proteins. The two antigenic subgroups only share 53% homology within the surface 

G protein and therefore, are distinguished mainly by their G protein sequence (1). With the 

exception of the SH and M2-2 protein sharing 76% and 72% identity between the subgroups, 

respectively, the remaining 8 proteins encoded by the genome are about 90% conserved. 

Notably, bovine RSV also shares more than 80% identity with RSV A in all but 4 proteins, 

NS1, SH, G and M2-2 with 69%, 38%, 30% and 42% identity, respectively (1).  

 

1.5 Structure and Morphology 

RSV was difficult to characterize when it was first isolated due to its inefficient growth in 

cell culture, cell-associated nature and physical instability (1). However, with technological 

advancements, the structure and morphology of the virus has been deduced. RSV virions 

consist of a nucleocapsid in a lipid envelope that is derived from the host cell membrane. On 

the inner face of the envelope, the matrix M protein can be found. Surface glycoproteins, F, 

G and SH, form homo-oligomers forming short surface spikes that can be 11-16 nm in length 
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(1). In cell culture, RSV virions can either assume a spherical shape of 100-350 nm in 

diameter or be long filaments of 60-200 nm in diameter and 10 μm in length (25). Majority 

of the progeny virus remains cell-associated, which can look like the virus has failed to bud 

but this allows the virus to form its characteristic syncytia (1).  

 

1.6 Viral Proteins and Functions 

1.6.1 F Protein 

The fusion (F) protein is a type I integral membrane protein that is 574 amino acids (aa) long 

(26). It directs viral penetration into the host cell and syncytium formation. It is synthesized 

as an inactive F0 precursor, which assembles into a trimer and passes through the golgi (1, 

27, 28). The F0 is readily cleaved and activated by intracellular furin-like proteases in the 

golgi to yield F1, which is the larger C-terminal product, and F2, the N-terminal product, that 

are linked by two disulfide bond (1, 29, 30). Since the F has two cleavage sites, one after 

aa136 and one after aa109, there is a 27 aa segment in the middle called pep27 that 

dissociates after cleavage (31–33). The N-terminus of the F1 subunit is the fusion peptide 

that is a stretch of hydrophobic residues that insert into the target membrane (26). The 

accessible surface location, vital role in RSV entry, and high conservation rate among RSV 

isolates in both A and B subgroups make the F protein an ideal target for neutralizing 

antibodies (34, 35). Indeed, many neutralizing epitopes have been identified on F; it is the 

target for the only prophylactic treatment available for RSV named Palivizumab (discussed 

in detail below) (36, 37). Furthermore, the conformational changes it undergoes in order to 



 

 

 

6 

allow viral fusion with the host cell membrane also make F a great target for antiviral 

development (38).  

In the prefusion form of the F protein, each monomer is divided into two lobes separated by 

a 7-strand anti-parallel barrel. Two of those strands connect through hydrogen bonds and 

make up portions of the two lobes and a central barrel. Each lobe contains the F2 and F1 

subunits (39). The F2 subunit starts in the membrane-proximal lobe and then extends through 

the central barrel and into the membrane-distal lobe. The N-terminus of F1 that has the 

fusion peptide is buried in the central trimer cavity and is connected to two perpendicular 

helices followed by a β-hairpin and another helix. The fusion peptide along with these 

secondary structures undergoes dramatic conformational changes upon switch to postfusion 

state by refolding into a single α-helix (39). The C-terminus of F1 also undergoes a drastic 

conformational change that swings the heptad repeat connected to the transmembrane 

domain (HRB) around the molecule bringing it near the heptad repeat connected to the 

fusion peptide (HRA) to complete the 6-helix bundle observed in the postfusion state (39).  

During the transition from the prefusion to the postfusion state, the F protein attains an 

intermediate structure, which is a fully extended unstable transient state. At this stage, the 

viral and cell membranes are parallel after the insertion of the F protein into both 

membranes. Then, the F folds at its centre and brings the viral membrane closer to the host 

membrane. The hairpin 6-helix bundle structure of the postfusion state forms, merging the 

membranes to initiate membrane fusion. Indeed, interfering with the formation of this helix 

bundle can inhibit viral fusion (39). 
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Following cleavage of F0 at the furin sites, F protein forms organized aggregates or 

“rosettes” (40). These rosettes are a direct result of aggregation of the exposed hydrophobic 

fusion peptide as deleting the first 10 aa in the fusion peptide prevented rosette formation 

(41). This form of F has a globular head with an extended stalk where the head contains both 

the F2 and F1 subunits along with a cysteine rich region and has both α-helices and β-sheets. 

The stalk region is composed of hairpin 6-helix bundle that is made of three heptad repeat 

coiled-coils in the center with another three anti-parallel heptad repeat helices on the outside. 

Folding to the postfusion conformation brings the N and C terminals of F1 close to each 

other forming a stable structure that brings the viral and host membranes together initiating a 

non-reversible fusion process (42, 43).  

1.6.2 G Protein 

The attachment (G) protein is 298 aa long RSV surface glycoprotein. It has a membrane 

anchor near the N-terminus and two-thirds of the C-terminal is external. Unlike the other 

RSV surface proteins, G is also produced as a secreted form, which accounts for 80% of 

released G (44). Translation of the G gene initiates at the second start codon in the ORF 

followed by proteolytic trimming forming the secreted G protein that lacks the membrane 

anchor (1). The ectodomain of G has two large divergent domains that have high variability 

in the aa sequence among RSV strains flanking a short conserved segment. Although highly 

conserved, deletion of the segment does not affect viral replication in vitro and in mice (45). 

Interestingly, studies have found that deletions in the G protein or its absence do not render 

the virus replication deficient (46, 47) but the G protein is required for efficient infection of 

primary well-differentiated human airway epithelial cultures (48). 
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Even though the G protein is not essential for infection, it plays many vital roles in helping 

the virus evade host immunity. The protein contains a CX3C motif for structural stability that 

happens to mimic the CX3C chemokine fractalkine that functions to reduce the influx of 

immune cells into the lungs of RSV-infected mice (49). Secondly, secreted G interferes with 

antibody-mediated and Fc receptor-bearing cells-mediated virus neutralization by tricking 

the immune system into neutralizing it instead of the virus (50). Antigen presentation can 

also be altered by the G protein through interaction with DC-SIGN on dendritic cells (DCs) 

(51). Finally, the central conserved regions in G inhibit the activation of several TLRs 

including TLR-4 counteracting its activation by the F protein (52).  

1.6.3 SH Protein 

The small hydrophobic (SH) protein is a transmembrane protein that is 64 aa long. It forms 

pentameric pore-like structures with cation selective channel like activity (53, 54). However, 

the importance of this activity for RSV infection and replication is unclear. Some studies 

postulate the role of the SH protein in affecting membrane permeability, virus budding and 

apoptosis but these were not confirmed. The SH protein has also been shown to inhibit TNF-

α signalling (55). However, minimal attenuation of RSV in vivo and no effect in vitro were 

observed upon SH deletion (56). 

1.6.4 M Protein 

The 256 aa matrix (M) protein has been shown to have multiple functions. First, it is vital for 

RSV morphogenesis. As the virion goes from its spherical to filamentous form, which is 

thought to be the precursor to infectious virus, the M protein plays a key role in aiding the 

virion attaining its mature form. In fact, the absence of the M protein results in immature 
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viral filaments (57). Second, in the early stages of RSV infection, the M protein may 

modestly inhibit host transcription in the nucleus. Third, in the later stages of infection, the 

protein has been observed to associate with cytoplasmic viral inclusion bodies, which are the 

site of RNA synthesis, and the host plasma membrane, which is the site of virion formation 

(58). It was later found to be required for the transport of nucleocapsids from the viral 

inclusion bodies to the plasma membrane (57). The loss of this transport function may be the 

reason for the formation of immature viral filaments in an M deleted mutant RSV.   

1.6.5 N Protein 

The nucleoprotein (N) is 391 aa long and binds the genome and antigenome. This binding 

forms nucleocapsids and become templates for RNA synthesis (1). In addition to its function 

in promoting viral replication by creating stable templates for genome replication, the N 

protein also has an important role in suppressing host antiviral responses. RSV N protein 

binds double stranded RNA-regulating protein kinase R (PKR), which prevents PKR from 

phosphorylating its substrate, eIF-2a (59). PKR, upon activation, is known to inhibit cellular 

mRNA translation leading to loss of viral protein synthesis, activation of inflammatory 

pathways, increase in interferons and induction of cellular apoptosis. All of these 

downstream functions of PKR can impede viral replication but is inhibited by the N protein 

counteracting host innate immunity (59).   

1.6.6 P Protein 

The phosphoprotein (P), which is 241 aa long, is heavily phosphorylated. Its activities, 

therefore, depend on the dynamics of the amount and rate of phosphorylation (60–62). The P 

protein plays many roles during RSV replication. First, it is an essential co-factor for the 
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polymerase (L) acting as an adapter by binding the N, M2-1 and L proteins to mediate the 

interactions in the nucleocapsid/polymerase complex (63). Second, the P protein allows the 

N protein to bind specifically to viral RNA by binding free N and delivering it to nascent 

genomes and antigenomes. This not only prevents binding of non-viral RNA but prevents 

self-aggregation of N (63). Finally, during uncoating of the virion, P dissociates the M 

protein from the nucleocapsid allowing initiation of infection (62). In fact, knockdown of the 

phosphorylation of P reduced RSV replication (64).   

1.6.7 L Protein 

The polymerase (L) protein is the largest of protein encoded by the RSV genome with 2,165 

aa length. Among the viruses belonging to the same order as RSV, Mononegavirales, 

segments in the L protein thought to be the catalytic domains for polymerization are well 

conserved (1). Although extensive characterization of this protein has not been done, 

preliminary findings show the presence of residues affecting the efficiency of gene end 

signal recognition (65), putative nucleotide-binding sites involved in capping (66), and 

polymerization domains (67).     

1.6.8 M2-1 Protein 

M2-1 is a 194 aa essential transcription processivity factor (68–70). It has been shown to 

bind RNA and also interact with the P protein, which are essential interactions for M2-1 to 

support RNA synthesis; P is displaced from the nucleocapsid once it delivers M2-1 (71–73). 

Furthermore, M2-1 binds the M protein and mediates its transport to the inclusion bodies and 

interaction with the nucleocapsid (74). Studies based on structural analysis of the protein 

suggest that the ability of M2-1 to bind RNA may not be preferential to viral RNA. M2-1 has 
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a zinc finger motif that resembles a family of cellular zinc finger proteins like tristetraprolin 

(TTP), which is known to bind host response mRNAs including cytokine mRNAs affecting 

their stability. Similarly, M2-1 was shown to associate with cell stress granules involved in 

translation regulation under stress but the significance of this is unclear (75).      

1.6.9 M2-2 Protein 

M2-2 protein of RSV has two start sites 2 aa apart resulting a protein that can be either 88 or 

90 aa in length (76). It plays a role in regulating RNA synthesis during infection but is 

expressed at low levels in the infected cells. Deleting M2-2 resulted in a virus with delayed 

and reduced RNA replication accompanied by increase levels of RNA transcription (77). In 

later stages of infection, transcription must be downregulated to allow for RNA synthesis and 

packaging of the genome into progeny virions. Therefore, the increased transcription in M2-

2 deleted mutants suggests that M2-2 plays a role in regulating RNA synthesis by reducing 

transcription. Indeed, the replication in M2-2 deleted RSV is restricted 500-1000 fold 

compared to wild type in mice and chimpanzees (77, 78).  

1.6.10 NS1 and NS2 Proteins 

NS1 and NS2 are nonstructural proteins of 139 aa and 124 aa length, respectively. They can 

function independent of each other but are commonly observed as complexes functioning 

synergistically. However, the synergistic effects are poorly understood (79, 80). NS1 and 

NS2 play roles in ensuring viral survival by evading host immune responses and inhibiting 

cell apoptosis (79–81). They prevent the accumulation of viral double stranded RNA by 

downregulating viral transcription and RNA replication preventing the activation of innate 

immune responses (82). Moreover, NS1 and NS2 have been shown to interfere with 
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interferon induction and signalling (79, 80). Indeed, NS1 and/or NS2 deleted RSV has 

increased sensitivity to interferon, increased cell apoptosis and reduced replication in vitro 

and in vivo, although deleting NS1 has greater effect (56, 78).    

 

1.7 Viral Replication 

RSV follows similar replication cycle as other viruses in its order Mononegavirales (1). First, 

entry occurs by fusion of the viral envelope with the cell plasma membrane following which 

genome transcription and replication occurs in the host cytoplasm. Looking at other viruses 

in its family, nucleocapsids then begin transcription using the preexisting polymerase (L). 

RNA replication products are coated with newly synthesized N and P proteins to promote 

elongation forming full-length encapsidated genomes and antigenomes. These genomes are 

then concurrently transcribed and replicated (1). Studies show detection of mRNAs and 

proteins 4 to 6 hours post infection, which reach peak accumulation by 15 to 20 hours. At 

this time, M2-2 mediated downregulation of transcription and increase of RNA replication 

occurs allowing genome production for packaging of progeny virions (77). In the meantime, 

at 10 to 12 hours post infection, release of progeny begins. This release peaks at 24 hours and 

continues until the cells deteriorate by 30 to 48 hours. Furthermore, at 12 hours post 

infection, large cytoplasmic inclusion bodies become evident in the infected cells (83, 84). 

Viral N, P, M2-1 and L proteins are present in the inclusion bodies, which are sites for RNA 

synthesis. In addition, these inclusion bodies seem to sequester key cell signalling 

components, thereby, inhibiting host cell responses such as pathways involved in interferon 

induction (84), stress responses, and stress granule formation (75). Lastly, RSV assembly 
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and budding occurs at the plasma membrane, the site of localization for the F, G, SH and M 

proteins (25, 85–88). Infected cells develop filamentous surface projections presenting the 

viral glycoproteins eventually developing syncytia, which is the hallmark sign of RSV 

induced cytopathic effect (89, 90).     

 

1.8 Viral Mutations 

Like other RNA viruses, RSV is prone to mutations. There are some common mutations 

observed in vitro and in nature. When passaged in vitro, the RSV genome can acquire uracil 

(U) residue insertions in the gene end signals or into untranslated regions. However, this 

mutation is not as common as the mutations observed in the G and SH proteins. Spontaneous 

deletion of G and SH have been observed in vitro whereas deletion of the majority of G has 

been noted in vivo (46). Furthermore, two different spontaneous intragenic duplications of a 

portion of the G gene have been documented in nature (91). One of these mutants has been 

recorded to spread worldwide and continue to evolve. Circulating strains of RSV seems to 

accumulate progressive changes in sequence and antigenicity in response to immune 

pressure, especially in the G protein. However, this process has been very slow (1).   

 

1.9 Potential Receptors for F and G Proteins 

Specific host cell receptors essential for RSV attachment, triggering conformational change 

of the F protein or that help explain tissue tropism have not yet been identified. Both RSV F 

and G have been shown to interact with heparan sulfate. They are also heavily glycosylated 
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allowing them to bind to proteoglycans and C-type lectins (1). Furthermore, bovine and 

human RSV infect their respective hosts preferentially and this specificity has been traced to 

F2/pep27 region of the F protein (92). Moreover, since G is nonessential for infection in 

vitro, F may have the specific receptor vital for RSV infection. Addition of nucleolin has 

been found to increase permissivity to RSV infection suggesting a role as a potential 

functional receptor for F (93). ICAM-1 (94) and TLR4 (95) have also been postulated to be F 

protein receptors. However, all of these molecules are expressed on cells that are not 

susceptible to RSV infection failing to shed light on RSV’s preference for the respiratory 

epithelium (1, 39). It is possible that there may be tissue-specific co-receptors or post-

translational modifications for these molecules or in their downstream pathway that have not 

yet been identified.  

 

2. Vaccine-Induced Enhanced Respiratory Disease 

2.1 First Observation 

In a clinical trial conducted in the 1960s, formaldehyde inactivated RSV (FIRSV) vaccine 

was used to immunize children of different ages. Although preclinical studies showed 

induction of high antibody titers, upon subsequent infection from a natural RSV epidemic, 

the clinical trial participants vaccinated with FIRSV experienced enhanced respiratory 

disease (ERD) (96–99). Out of 31 infants immunized with FIRSV, 25 required 

hospitalization and two died following RSV infection (96). The severity of disease was 

inversely correlated with the vaccinee’s age. Indeed, the youngest age group of less than 6 
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months of age experienced the most severe disease. As the children became older, the 

frequency of severe illness decreased; ERD was observed in children up to 37 months of age 

at the time of immunization (98).    

 

2.2 Characteristics of ERD 

Clinical symptoms of ERD observed in the FIRSV immunized clinical trial participants were 

similar to that of most severe disease observed during RSV epidemics. Lung pathology of the 

two deceased children showed peribronchiolar inflammation and fibrinous exudates 

composed of sloughed epithelial cells, mononuclear cells, neutrophils, and eosinophils 

obstructing small airways (96–100). The children experiencing ERD also has poorly 

neutralizing antibodies (101, 102). Similar to the atypical measles syndrome resulting from 

immunization with inactivated measles virus vaccine, FIRSV induced peripheral blood 

mononuclear cells (PBMC) showed delayed-type hypersensitivity and significant 

lymphoproliferative responses (103, 104). Notably, in nature, repeated exposure to RSV does 

not induce ERD leading to the conclusion that ERD is specific to RSV naïve vaccinees 

(105).  

In animal models, FIRSV induced ERD involves a Th2-bias in the antibody- and cell-

mediated immune response including the production of Th2 cytokines such as Il-4, IL-5 and 

IL-13 (106). Not only has ERD seen in animals immunized with FIRSV, but also with whole 

inactivated virus and purified proteins immunizations. Interestingly, neither wild type nor 

attenuated replication-competent RSV induced ERD in animals or human infants (107–109). 
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Mechanistic studies have shown that ERD may depend on mode of antigen presentation 

altering immunological priming, which may lead to poorly binding/neutralizing antibodies 

(107) and Th2-biased CD4 T cell responses (110). It is important to note that manifestations 

of ERD can vary from one animal model to another. For a detailed summary of the 

preclinical signs and symptoms of ERD, refer to ‘Appendix A – Immunopathogenesis 

associated with formaldehyde-inactivated RSV vaccine in preclinical and clinical studies’.  

With advancements in the immunological tools available, there is better general 

understanding of RSV immunopathology and immunoregulation. However, there are still 

uncertainties about the basis of FIRSV mediated ERD and all the factors involved. Better 

understanding of this phenomenon is crucial for effective preclinical assessment of new 

vaccine candidates, especially in their potential for inducing ERD.  

 

3. Vaccines and Therapeutics 

3.1 Current Treatment 

The only treatment currently available for RSV is a humanized neutralizing monoclonal 

antibody called Palivizumab (Synagis) made by MedImmune. It was approved by the FDA 

in 1998 and is a prophylactic treatment for severe RSV infections. This antibody targets the 

postfusion F protein by binding the antigenic A site (36, 42, 111). In preclinical studies, 

Palivizumab showed reduction of RSV replication in the lower respiratory tract of cotton rats 

(112, 113) and in clinical trials, it showed reduction of RSV-related hospitalizations of at risk 

infants (36, 114). Studying the mechanism of action of Palivizumab showed that treatment 
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with the antibody does not inhibit viral attachment or the ability of the F protein to interact 

with the target cell membrane. It was also shown to have no effect on viral budding. 

However, viral transcription was absent following Palivizumab treatment, and cell-to-cell 

and virus-to-cell fusion was blocked (115). Together, these results suggest that Palivizumab 

may prevent conformational changes in the F protein for the fusion process (115).  

Although many studies have attested to the effectiveness of Palivizumab in reducing 

hospitalization and protecting high-risk infants from severe RSV disease, it has few major 

drawbacks. First, is the frequency of administration; it has to be given once monthly during 

the RSV season, which is typically from November to March in the northern hemisphere, to 

high-risk infants (36, 116). Next, is the high cost associated with the treatment; the price in 

USD can range from $1500 to $4300 per dose leading to a total cost of $6000 to $20,000 per 

child per RSV season (117, 118). This cost has remained steady for the last 5 years 

reiterating the need for a less frequent more affordable treatment for RSV infections.  

 

3.2 Experimental Antivirals 

Some antiviral compounds targeting the RSV F protein have been found. Although none of 

them are available to the public, they have shown some promise in preclinical studies. Most 

of these compounds bind the RSV F Y198 residue in the heptad repeat domain connected to 

the fusion peptide (HRA) (119–121). BMS-433771 has been shown to inhibit both RSV A 

and B by binding a hydrophobic pocket in the HRA coiled coil and preventing HRB from 

binding properly in that region (119, 122). TMC353121 was another compound found to 
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bind similar to BMS-433771 (121). These molecules distort the 6-helix bundle of the 

postfusion state instead of preventing its formation, thus interfering with the RSV fusion 

process.    

 

3.3 Clinical Trials and Vaccine Strategies 

There are 94 clinical trials worldwide that have recently completed or are active or recruiting 

for investigating interventional vaccines/treatments for RSV, out of which 55 studies are in 

the USA, 9 in Canada and 40 in Europe (123, 124). Majority of the vaccines being tested 

target the pediatric populations with a few targeting the maternal and elderly populations. 

The studies have reached various phases of clinical trial but none of the vaccines have 

reached the market for public use thus far. The vaccines/therapeutics under investigation use 

a wide range of strategies. There are live-attenuated, live-vectored, whole-inactivated, 

particle-based, subunit antigen-based, nucleic acid based, gene-based vectors, and 

combination and immunoprophylaxis (123, 124). 

 

4. Objectives and Hypothesis 

The major objectives of the following studies were to gain further insight into the 

mechanisms underlying FIRSV-mediated ERD. In the first study, a vaccination strategy 

where CD40 ligand administered along with a RSV immunogen, mainly the F protein, was 

used (Chapter 2). We hypothesized that this CD40-targeting strategy could provide effective 

protection against RSV infection by: (i) creating a balance between Th1 and Th2 responses 
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reversing the Th2-skew observed with FIRSV, (ii) increasing CD8 T cell response and 

memory, and (iii) inducing neutralizing antibodies. As a result, this could reduce 

eosinophil/neutrophil infiltration in the lungs preventing the occurrence of ERD. 

Furthermore, using the experimental vaccine, we aimed to delineate the role of CD8 T cells 

in FIRSV-induced immune responses, which is a major knowledge gap with FIRSV. Next, 

due to the exaggerated stimulation of the immune system observed during FIRSV-induced 

ERD, we hypothesized that there may be alterations in immunosuppressive molecules such 

as PD-1 and aimed to study expression levels of PD-1 during FIRSV-induced ERD (Chapter 

3). Finally, we aimed to use chitosan, a polysaccharide shown to protect against other 

respiratory viruses through the induction of Th1 responses and neutralizing antibodies, to 

explore its potential in protecting against RSV and reversing ERD. Moreover, the effect of 

FIRSV on regulatory T cells and lung resident T cells, which are vital for immune 

suppression and RSV clearance, respectively, and the role of chitosan in altering those 

responses were also explored.        

As mentioned above, RSV causes severe disease in humans. Its infection is the leading cause 

of hospitalization in infants while in the elderly, it is as rampant as influenza. Notably, while 

flu vaccines first became available almost 80 years ago, no RSV vaccine is available up to 

date. In fact, early RSV vaccine clinical trial in the 1960s was catastrophic, resulting in 

hospitalization of 80% of vaccinated participants and 2 deaths. Since then, subsequent 

studies revealed that various vaccines either inadvertently induce disease or fail due to a lack 

of efficacy. The slow progress in RSV vaccine development over several decades is largely 

due to a lack of understanding of the RSV vaccine-induced disease and critical elements for 
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the evaluation of the efficacy and adverse reactions associated with the RSV vaccines. 

Because of the significantly negative impact on public health posed by RSV infections, RSV 

vaccine development has been deemed one of the highest priorities by the World Health 

Organization (WHO) and Canada. It is of critical importance to develop efficacious and safe 

vaccine against this serious infectious disease and gain in-depth insight into RSV vaccine-

induced enhanced respiratory disease.   
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Chapter 2: Targeting CD40 enhances antibody- and CD8- mediated 

protection against respiratory syncytial virus infection 

This manuscript was published on November 9, 2018 in the journal Scientific Reports 8(1). I 

contributed more than 50% to the manuscript. Xuguang (Sean) Li, Changgui Li, Wangxue 

Chen, Terry Cyr, Jessie R Lavoie, Aaron Farnsworth, Michael Rosu-Myles, Lisheng Wang 

and I conceived the overall study. I performed the experiments and analyzed the data with 

the help of Marsha Russell, Louise Larocque and Caroline Gravel. Xuguang (Sean) Li and I 

wrote the manuscript. All authors edited and approved the manuscript. 

Emily Dupuis at Health Canada provided technical assistance with flow cytometry. Dr. 

Martha Navarro and the technicians at the Health Canada animal facility helped with the 

animal studies. Dr. Don Caldwell, veterinary pathologist at Health Canada, conducted expert 

analyses of the lung tissues. Finally, Drs Houman Ghasriani and Roger Tam critically 

reviewed the manuscript.  

The major knowledge gap addressed in this manuscript is the role of CD8 T cells in 

ERD. An experimental adenovirally-vectored RSV vaccine was developed where the 

RSV F protein was the immunogen and CD40 ligand was used as an adjuvant. BALB/c 

mice immunized with the experimental vaccine, which were effectively protected 

without ERD, were compared to mice immunized with FIRSV. New facets of FIRSV-

induced CD8 T cells were identified.   



 

 

 

22 

Targeting CD40 enhances antibody- and CD8-mediated protection against 

respiratory syncytial virus infection 

Abenaya Muralidharan1,3, Marsha Russell1, Louise Larocque1, Caroline Gravel1, Changgui 

Li2, Wangxue Chen4, Terry Cyr1, Jessie R. Lavoie1, Aaron Farnsworth1, Michael Rosu-

Myles1,3, Lisheng Wang3, Xuguang Li1,3,* 

 

1Centre for Biologics Evaluation, Biologics and Genetic Therapies Directorate, HPFB, 

Health Canada and WHO Collaborating Center for Standardization and Evaluation of 

Biologicals, Ottawa, ON, Canada. 

2National Institute for Food and Drug Control and WHO Collaborating Center for 

Standardization and Evaluation of Biologicals, Beijing, China 

3Department of Biochemistry, Microbiology and Immunology, Faculty of Medicine, 

University of Ottawa, Ottawa, ON, Canada 

4Human Therapeutics Portfolio, National Research Council of Canada, Ottawa, ON, Canada 

 

*Corresponding author: 

Dr. Xuguang (Sean) Li  

Centre for Biologics Evaluation,  

Biologics and Genetic Therapies Directorate, 

Health Canada 

Sir Frederick G. Banting Research Centre, A/L 2201E 

251 Sir Frederick Banting Driveway  

Ottawa, ON K1A 0K9, Canada 

Tel: 613 954 2383 

Fax: 613 941 8933  

E-mail: Sean.Li@hc-sc.gc.ca  

tel:613%20941%208933
mailto:Sean.Li@hc-sc.gc.ca


 

 

 

23 

Abstract 

Respiratory Syncytial Virus (RSV) infects almost all children under the age of one and is the 

leading cause of hospitalization among infants. Despite several decades of research with 

dozens of candidate vaccines being vigorously evaluated in pre-clinical and clinical studies, 

there is no licensed vaccine available to date. Here, the RSV fusion protein (F) was fused 

with CD40 ligand and delivered by an adenoviral vector into BALB/c mice where the CD40 

ligand serves two vital functions as a molecular adjuvant and an antigen-targeting molecule. 

In contrast to a formaldehyde-inactivated vaccine, the vectored vaccine effectively protected 

animals against RSV without inducing enhanced respiratory disease. This protection 

involved a robust induction of neutralizing antibodies and memory CD8 T cells, which were 

not observed in the inactivated vaccine group. Finally, the vectored vaccine was able to elicit 

long-lasting protection against RSV, one of the most challenging issues in RSV vaccine 

development. Further studies indicate that the long lasting protection elicited by the CD40 

ligand targeted vaccine was mediated by increased levels of effector memory CD8 T cell 3 

months post-vaccination.    
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Introduction 

Respiratory Syncytial Virus (RSV) causes severe disease in young children, elderly and 

immunocompromised patients (7, 125–127). It is the leading cause of hospitalization in 

infants (5, 7, 125, 128) with approximately 50% of children being infected in their first year 

of life (129, 130). In the 1960s, a clinical trial involving formaldehyde-inactivated RSV 

(FIRSV) resulted in hospitalization of 80% of the vaccinees and 2 deaths following 

subsequent RSV infection (96–98, 131). Similar to the symptoms observed in the trial 

participants, FIRSV has been shown to induce a Th2-biased immune response leading to 

pulmonary inflammation, airway obstruction and mucus hypersecretion in many animal 

models, which are now deemed as the hallmarks of vaccine-induced enhanced respiratory 

disease (ERD) (100, 132–134). Moreover, non-neutralizing antibodies induced by FIRSV 

have been implicated in ERD development (135–137), while another major facet of 

immunity, subsets of CD4+ T cells, was implicated in mediating various parameters of 

FIRSV-induced ERD (138, 139). However, the contribution of memory CD8 T cells in 

providing protection against RSV re-infection remains to be fully understood in spite of their 

known importance in viral clearance (138, 140, 141). Indeed, eliciting a robust memory CD8 

T cell response is thought to be the key in developing a vaccine that can promote long-lived 

immunity against RSV (140, 142). 

 CD40 and its ligand (CD40L) are a critical part of the adaptive immune system. In 

the adaptive immune response, antigen-presenting cells (APCs) must first be activated by an 

antigen with high affinity to MHC class I and/or II molecules on its surface. Next, the 

interaction of a receptor and its ligand occurs as a costimulatory signal necessary to initiate 

and regulate the response. Lastly, the activated APCs, CD8+ and CD4+ T cells activate 
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cytokine release to carry out effector functions (143–145). Interactions between CD40 and 

CD40L occur during the costimulation step and profoundly enhance the humoral and cell-

mediated responses in addition to activating the APCs (146–148).      

 CD40, part of the TNF receptor superfamily, is constitutively expressed on all APCs, 

activated CD4 T cells, CD8 T cells, fibroblasts, endothelial and epithelial cells (146–148). 

CD40L, which is part of the TNF superfamily, is transiently expressed on activated CD4 T 

cells (146) and may also be expressed on activated B cells, some dendritic cell subsets, 

platelets and smooth muscle cells (148). Interactions between CD40 and CD40L have a 

considerable effect on promoting expansion and survival of APCs, T cells and B cells (147). 

Moreover, CD40-CD40L is a crucial signal in stimulating CD4 T cells and in the process of 

direct or indirect priming of cytotoxic T lymphocytes by dendritic cells (146). In B cells, 

engagement of the CD40 receptor improves antibody production, isotype switching, 

germinal center (GC) formation, and memory B cell maturation in addition to enhancing 

antigen presentation to T cells. Specifically, GC B cells undergo apoptosis after constant B 

cell receptor stimulation but T cell signals such as CD40L prevent this from happening, 

leading to longer antibody production (146, 147, 149). 

 Previously, studies have shed light on the profound impact of targeting CD40 during 

RSV immunization using an anti-CD40 antibody or CD40L (150),(151, 152). Nevertheless, 

separate administrations of the RSV antigen and CD40 targeting molecule were done and 

detailed mechanism of the immune responses, specifically cell-mediated responses, remain 

to be fully understood. 

In this study, our goal was to develop and evaluate a vaccine expressing one protein 

consisting of both the RSV fusion (F) protein and CD40L. To the best of our knowledge, this 
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is the first report of CD40L being used not only as a molecular adjuvant to enhance RSV F-

induced host immunity, but also as an antigen-targeting molecule. Compared with FIRSV 

vaccine, the targeted vaccine induced higher levels of neutralizing antibodies while no ERD 

pathology was observed in the lungs. Further mechanistic studies indicate that the protection 

was dependent on CD8 but not CD4 T cells. Importantly, our study also demonstrated for the 

first time that it is feasible to induce CD8 T cell-mediated long-lasting protection through 

CD40-targeting immunization. 

 

Results  

Recombinant adenovirus construction and in vitro protein expression 

Our aim was to determine if using CD40L as a molecular adjuvant during immunization can 

improve effective protection of mice from RSV infection. To that end, recombinant 

replication-deficient adenovirus expressing the full length RSV F protein, the most 

immunogenic of all RSV surface proteins (129), fused to mouse CD40L were generated (Ad-

SF40L) (Figure 2.1A). A secretion signal and a trimerization motif were added to help 

increase antigen load, and to maintain the expressed CD40L in its functional trimeric form, 

respectively. To deduce the contribution of the CD40L to the observed protection, adenovirus 

expressing RSV F but not CD40L was also generated (Ad-SF). An empty adenovirus control 

(Ad-Empty) and antigen-specificity control expressing influenza nucleoprotein fused to 

CD40L (Ad-SNP40L) (153) were also added to ensure that the protection detected was in 

fact due to the presence of both RSV F and CD40L.  

Following the recombinant adenovirus construction, protein expression was tested in 

vitro. Immunofluorescence of HeLa cells infected with the adenoviruses confirmed the 
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expression of RSV F protein in both Ad-SF and Ad-SF40L infected cells, whereas the 

expression of CD40L was only seen with Ad-SF40L (Figure 2.1B). An image merging the 

fluorochromes attached to each antibody shows the co-expression of RSV F protein and 

CD40L by Ad-SF40L. Ad-Empty did not induce expression of either protein, as expected 

(data not shown). 

 

Immunization with Ad-SF40L augments RSV clearance without ERD in BALB/c mice 

The adenoviruses produced were then tested in BALB/c mice for their ability of inducing 

protection against RSV. RSV and FIRSV groups were added to serve as controls for 

outcomes of a secondary infection and vaccine-induced ERD, respectively. All vectored 

vaccines and live RSV-A2 were immunized intranasally while FIRSV was injected 

intramuscularly. A prime-boost regimen was followed for all vaccines tested. Boost 

immunization was given 28 days following the prime and all mice were challenged with live 

RSV-A2 intranasally 14 days after the boost. Necropsy for tissue collection was conducted 4 

days post challenge, which is the peak of infection (Figure 2.2A).  

 Ad-SF40L immunization resulted in significantly higher lung viral clearance than all 

other immunization groups (p=0.0045) with an almost complete lung RSV clearance (Figure 

2.2B). Most importantly, these mice did not display any signs of ERD, demonstrating a safe, 

non-toxic protection (Figure 2.2C-D). Clearly, the ERD pathology is only associated with FI-

RSV vaccination. It is of note that even though Ad-SF immunization did not induce ERD, it 

failed to effectively clear the virus, similar to the two negative controls, i.e. Ad-Empty and 

Ad-SNP40L (influenza A NP construct control). These results collectively demonstrated the 

important role of CD40L in promoting RSV-specific immunity and robust viral clearance. 



 

 

 

28 

Moreover, RSV immunization also resulted in better viral clearance than FIRSV 

immunization (p=0.044) (Figure 2.2B).        

Lungs were H&E and PAS stained for histopathological analysis of interstitial disease, 

edema, perivascular aggregates of leukocytes and mucus. Mice from all immunization 

groups except FIRSV showed minimal perivascular cell infiltration and mucus levels 

whereas FIRSV immunized mice exhibited severe ERD displaying significantly higher 

cellularity and epithelial mucinous hyperplasia with luminal mucus accumulation in airways 

(p=0.016) (Figure 2.2C-D, Supplementary Figure 2.1).  

 

Ad-SF40L induces high levels of neutralizing antibodies with the absence of a Th2-bias 

Antibody-mediated immune responses are vital for robust protection against RSV (136). The 

Th2-skewed nature of FIRSV-induced protection, especially in mice, has been well 

established (136, 154). This skew accompanied by the low levels of neutralizing antibodies 

detected post challenge has been shown in many studies as the major drawback associated 

with FIRSV-elicited immune responses (138, 154, 155).  

In this study, we first confirmed these aspects of FIRSV-induced antibody responses 

where FIRSV-immunized mice had lower levels of RSV F protein-specific IgG than RSV, 

Ad-SF and Ad-SF40L immunized mice post challenge and highest Th2 subtypic profile, i.e. 

higher IgG1 to IgG2a ratio (Figure 2.3A-B). Furthermore, the antibodies in FIRSV-

immunized mice had very low RSV neutralizing abilities, as expected (Figure 2.3C). 

Importantly, Ad-SF40L immunization induced high levels of F-specific IgG in the serum, 

even higher than live RSV immunization, without a Th2-bias. As there is no difference 

between Ad-SF and Ad-SF40L in terms of antigen specific IgG and IgG subtype, CD40L 
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does not have a significant effect in this regard. However, the addition of CD40L during 

immunization contributes to a significant increase in neutralizing antibodies (p<0.01) against 

RSV (Figure 2.3C). Overall, these data indicate that while Ad-SF and RSV immunization 

gave rise to similar levels of neutralizing antibodies, Ad-SF40L induced the highest levels of 

neutralizing antibody among the vaccines tested.                

 

Increase in effector/effector memory CD8 T cells (TEM) following RSV challenge 

contributes to Ad-SF40L-induced protection 

CD8 T cells play a critical role during infections and are sufficient to clear RSV (156, 157). 

Over time following infection or vaccination, as the antigen load decreases, the population of 

mature CD8 T cells contracts to form a stable memory CD8 T cell pool whose functional 

activities evolve with time (158). As is the role of immune memory, RSV-specific CD8 T 

cells expand in magnitude and effector functions following infection (159). However, FIRSV 

has been shown to elicit no memory CD8 T cell response in mice adding another facet to its 

ineffectiveness (160, 161).  

 To determine memory CD8 T cell-mediated immunity induced by Ad-SF40L and 

further characterize the CD8 population induced by FIRSV, we evaluated the CD8 T cell 

phenotype and functional changes that occur following RSV challenge. BALB/c mice were 

administered with the vaccines twice and euthanized either before or 4 days after challenge 

(Figure 2.4A). Spleens were analyzed using flow cytometry for markers distinguishing 

various CD8 T cell phenotypes (Supplementary Figure 2.2). The population of 

effector/effector memory CD8 T cells (TEM) after challenge significantly increased in mice 

immunized with Ad-SF40L (p<0.05) compared to before challenge; no change was observed 
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in Ad-SF, RSV and FIRSV immunization group post RSV challenge (Figure 2.4B). Moreover, 

an increase in F-specific TNF-α producing CD8+ cells was only observed following 

challenge in Ad-SF40L and RSV immunized mice (Figure 2.4C). The lack of increase in 

TEMs and TNF-α post-challenge in mice immunized with FIRSV may point to a defect in T 

cell memory maturation in FIRSV, which also occurs with Ad-SF, abrogating effective 

protection.  

 Following RSV infection, antigen-specific CD8 T cells exhibit an activated 

phenotype and gain effector functions (159) corroborating the common theory that 

inflammatory responses increase with antigen encounters (158). Notably, in humans, an 

increase in TEM population can be seen following resolution of infection (162). Here, we 

found, unlike the other vaccination groups, Ad-SF40L resulted in complete viral clearance 4 

days post-challenge (Figure 2.2B), indicating that the resolution of infection was 

accompanied by an increase in TEMs. Additionally, following challenge, Ad-SF40L also 

increased expression of TNF-α, a potent inflammatory cytokine known to mediate RSV 

clearance (163, 164), confirming the presence of activated effector cells during the time of 

RSV resolution.  

 

CD40L enhances antibody-induced protection but not CD4 T cell-induced response  

Next we investigated the magnitude of protection afforded by antibodies derived from Ad-

SF40L immunized mice in naïve mice. Figure 2.5A outlines the timeline followed for passive 

serum transfer where serum from immunized and challenged mice was transferred into naïve 

recipient mice that were subsequently challenged. As shown in Figure 2.5B, four days post-

challenge, lung viral titer was the lowest in mice that received serum from Ad-SF40L 
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immunized donors compared to other groups, confirming the importance of the protective 

antibodies present in Ad-SF40L immunized donors (Figure 2.3C). Since FIRSV 

immunization induced low F-specific IgGs that did not possess sufficient neutralizing ability 

(Figure 2.3A, C), serum transfer expectedly failed to result in marked viral clearance in 

recipients (Figure 2.5B).  

Next, we examined the ability of CD4 T cells derived from each immunization 

groups in protecting naïve mice against RSV (Supplementary Figure 2.4). No difference 

between Ad-SF and Ad-SF40L was found in viral clearance following adoptive CD4 T cell 

transfer even though Ad-SF40L resulted in better viral clearance than RSV (p<0.01) and 

FIRSV (p<0.05) groups. These results suggest that the protection induced by Ad-SF40L is 

CD4 T cell-independent.  

 

Marked increase in CD8 T cell effector phenotype and function following Ad-SF40L 

immunization  

We next set out to determine CD8 T cell functional activities in various immunization groups 

before and after RSV challenge. Figure 2.6A represents a schematic diagram of the adoptive 

transfer of CD8 T cells into naïve mice following immunization either before (BC) or after 

(AC) challenge. BC transfer from Ad-SF40L immunization led to an almost complete RSV 

clearance from the lungs of recipients, levels significantly lower than Ad-SF, RSV and 

FIRSV (p=0.0165) that had no differences among them (Figure 2.6B left). AC transfer, 

however, showed a spike in lung RSV titer when the CD8 T cells were isolated from FIRSV 

immunized donors whereas the other groups were not significantly different from the 

protection observed in BC transfer recipients (Figure 2.6B right), revealing a significant 
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deterioration of CD8 T cell function after challenge in the FIRSV group (see below for more 

discussion). 

To analyze the effector response in the BC and AC transfer recipients, we measured 

the total RSV F-specific cytokine levels in the recipients. BC transfer resulted in 

significantly higher levels of IFN-γ (Figure 2.6C left) and TNF-α (Figure 2.6D left) in 

recipients of CD8 T cells from Ad-SF40L (p<0.05) immunized donors compared to Ad-SF 

and FIRSV. IFN-γ expression considerably increased in Ad-SF40L AC transfer recipients 

while levels induced by Ad-SF, RSV and FIRSV immunization decreased or remained 

unchanged (Figure 2.6C right). Importantly, IFN-γ and TNF-α were induced to barely 

detectable levels in AC transfer mice receiving CD8 T cells from FIRSV immunization 

(Figure 2.6C, D right). Overall, Ad-SF40L gives rise to CD8 T cells that improve with RSV 

challenge as demonstrated by increased effector functions and TEMs (Figure 2.4) whereas 

FIRSV induced CD8 T cells which are deficient in effector cytokine production, especially 

post RSV challenge, resulting in a substantial decrease of the capacity for viral clearance in 

CD8 T cell recipients.     

 

Ad-SF40L invokes long-lasting protection against RSV infection accompanied by a 

durable CD8 T cell effector memory response 

Finally, we determined if targeting CD40 could induce long-term protection. To this end, 

BALB/c mice were immunized with either Ad-SF or Ad-SF40L and challenged three months 

later with RSV (Figure 2.7A). As shown in Figure 2.7B, Ad-SF40L immunized mice were 

able to resolve the infection significantly better than Ad-SF (p=0.0286). Importantly, 

significantly higher levels of TEM cells was observed in Ad-SF40L immunized mice 
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(p=0.0014) following challenge (Figure 2.7C), which was comparable to the increase seen in 

short-term protection (Figure 2.4B, Supplementary Figure 2.3B). Taken together, Ad-SF40L 

effectively induces long-lasting protection in mice with a durable induction of TEMs.  

 

Discussion 

Decades of effort have not resulted in a licensed vaccine for RSV. In addition to the ERD 

observed in the early clinical trials, results from most vaccines evaluated in recent clinical 

trials show a lack of efficacy (124, 165, 166). Although a commercially-available 

monoclonal antibody against an epitope on the RSV F protein named palivizumab (Synagis®) 

could be administered to children with serious lower respiratory tract disease, it needs to be 

administered multiple times to reach therapeutic effects; in addition, this therapeutic 

antibody is costly and is also known to be ineffective in adults (36, 167). Clearly, vaccination 

is the most effective means of protecting children against RSV. Although there have been 

many recent studies exploring different modes of vaccination, antigen targets and animal 

models to gain further mechanistic insight (168–170), there are important questions yet to be 

answered, particularly with respect to long-lasting immune responses and the role of memory 

CD8 T cells. The aim of this study was to investigate if enhancing immune response by using 

CD40 ligand as both an antigen-targeting molecule and immune modulator could result in 

robust and long-lasting CD8 T cell memory responses. This strategy of administering one 

protein expressing both the RSV antigen and CD40 targeting molecule is different from 

previous work reported in the literature. Specifically, Lee et al. showed enhanced viral 

clearance and decreased lung pathology in mice immunized with the RSV M2 protein along 

with a TLR3 agonist and anti-CD40 antibody (150). Yet, while M2 is a potent antigen in 
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inducing cell-mediated immune responses, it may not be as immunogenic as the RSV F 

protein (129). In another study, Tripp et al used live wild-type RSV as the vaccine with a 

separate intraperitoneal inoculation of mice with adenovirus-vectored CD40L and observed 

increased levels of Th1 cytokines and antigen-specific antibody production during a short-

term observation period (151). Another study involved a DNA vector expressing RSV F 

and/or G protein in conjunction with a separate DNA vector producing CD40L (152). They 

also observed complete viral clearance but the antigen-specific antibodies were very low 

before the actual viral challenge took place; it is also unclear as to whether those antibodies 

have neutralizing activities. In our study, the neutralizing antibodies were markedly higher 

than non-CD40L immunization, suggesting that both neutralizing antibodies and CD8 T cells 

significantly contributed to protection, which is also supported by our observations that 

serum transfer from Ad-SF40L immunized mice did not afford protection as effectively as 

the donor mice themselves (Figure 2.2B, Figure 2.5). Our findings also corroborate previous 

studies which revealed that TLR activation results in high avidity antigen-specific protective 

antibodies as the F protein employed in this study is a known TLR agonist (136). Moreover, 

it is also known that TLR agonists and CD40L could synergistically facilitate B cell 

development (171). Our findings together with these previous observations indicate that the 

selection of F protein as an antigen component in conjunction with CD40 stimulation could 

be a viable approach to maximize the protective potential of a candidate RSV vaccine.   

 Antibodies against the RSV F protein play an important role in the protection against 

RSV (136, 172). Analyses of human sera showed that majority of the RSV neutralizing 

antibodies target the F protein (173, 174). Structural analysis of antibodies raised from 

FIRSV immunization showed the exclusive induction of antibodies targeting poorly 



 

 

 

35 

neutralizing epitopes, even though neutralizing epitopes were not hidden (172). Moreover, 

low avidity of FIRSV-induced antibodies for protective epitopes on RSV has been attributed 

to the lack of protection. Indeed, lack of antibody affinity maturation due to poor toll-like 

receptor stimulation has been shown to result in non-protective antibodies (136). Although 

the vital role of neutralizing antibodies in protection against RSV has been established, the 

role of non-neutralizing antibodies remains to be fully understood. In other viral infection 

such as influenza, non-neutralizing antibodies have been shown to promote antigen 

presentation to FcR+ cells, such as macrophages and/or lung phagocytes, leading to 

activation of CD8 T cells (175, 176). In our study, FIRSV induced low levels of neutralizing 

antibodies (Figure 2.3C) but higher number of TEMs (Supplementary Figure 2.3) compared 

to Ad-SF40L even though the number of FIRSV-induced TEM did not increase post 

challenge (Figure 2.4B). Interestingly, while CD8 T cells contribute to viral clearance, they 

can also induce lethal immunopathology following RSV infection (140). As such, a balance 

might be needed to ensure effective viral elimination without inducing ERD. 

We then characterized the T cell-mediated immunity induced by Ad-SF40L to show 

the production of a strong effector memory CD8 T cell response upon RSV challenge. 

CD40L had a profound effect on RSV clearance and F-specific cytokine production in 

recipients after CD8 T cell transfer (Figure 2.6). Ad-SF40L immunization elicited a CD8+ 

TEM population that increased in size upon encounter with the live virus indicating the 

presence of memory and antigen recognition capacity (Figure 2.4B); importantly, the fold 

increase of TEMs due to RSV challenge remained comparable between short- and long-term 

protection in terms of memory CD8 T cell response (Figure 2.7C), suggesting that the 

augmentation of CD8 T cell memory is long-lasting.  
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It is of note that following viral challenge the functional activities of CD8 T cells 

derived from FIRSV immunized animals significantly deteriorated (Figure 2.6). Moreover, it 

is known that patients with severe lower respiratory tract disease may have insufficient cell-

mediated immunity (177).  Clearly, the induction of memory CD8 T cells should be a vital 

element in evaluating the efficacy of RSV vaccines whereas the current RSV vaccine 

development like many other vaccines is focused on inducing a strong humoral response 

(178–180).  

It is worth mentioning that targeting CD40L more effectively eliminated virus and 

afforded long lasting protection, there is still limitation in our current work. Specifically, as 

the study presented in this report was mostly aimed at comparing the vectored vaccines 

delivered intranasally with FIRSV injected intramuscularly, we did not investigate the 

changes of resident CD8 T cells in the lung tissues, given intranasal delivery of alum-

adjuvanted FIRSV was unsuccessful due to the viscosity of the vaccine preparation, while 

previous studies have shown that route of injection plays a crucial role in determining the 

immune responses at the site of infection (181). Specifically, studies involving respiratory 

viruses have shown that intranasal administration results in robust pulmonary tissue-resident 

effector and memory CD8 T cells compared to intraperitoneal and intramuscular 

administration (181, 182). However, other studies have shown that both intranasal and 

intramuscular administration result in similar numbers of effector memory CD8 T cells in the 

spleen and lung vasculature (182). Nevertheless, more experiments should be conducted to 

better decipher the roles of RSV-specific CD8 T cells in the lung tissues, given its crucial 

role in protection (181), which is ongoing in our laboratories. 

In summary, we present the first report on a fusion protein comprised of a RSV F 
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antigen and CD40L, in which CD40L functions as both antigen-targeting molecular and 

immunomodulator. Our studies help better understand the mechanisms underlying CD8 T 

cell mediated short- and long-term protection against RSV infection and FIRSV-induced 

ERD with regards to CD8 T cell induction.  
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Methods 

Generation of recombinant adenovirus 

Constructs were designed to express the full RSV-A2 F protein (GenBank accession # 

KJ155694.1) as a secreted form with the inclusion of 23 amino acids from the human 

tyrosinase signal peptide (MLLAVLYCLLWSFQTSAGHFPRA; GenBank accession # AH00

3020) at the N-terminus (Ad-SF) as previously described (153). A 27 amino acid fragment 

from the bacteriophage T4 fibritin trimerization motif 

(GYIPEAPRDGQAYVRKDGEWVLLSTFL) was added to the C-terminus of SF along with 

the complete mouse CD40L (GenBank accession # NM_011616) to form a trimeric, secreted 

protein, SF40L. Recombinant adenoviruses (Ad) were generated using the Directional 

TOPO® and the Gateway®-adapted ViraPower adenoviral expression vector system 

(Invitrogen) according to the manufacturer’s instructions. 

 Briefly, SF40L was synthesized by Bio S&T (Montreal, QC, Canada) in pBluescript 

II SK+. All PCR reactions were done using High Fidelity Platinum Pfx PCR kits (Life 

Technologies). Using the primers listed in Supplementary Table 2.1, SF40L and SF were 

isolated from pBluescript containing SF40L. The PCR products were then cloned into 

pENTR/SD/D-TOPO (Invitrogen) as per manufacturer’s instructions. Following 

transformation into E. coli and isolation of the plasmid, the sequence of the insert was 

confirmed. Next, a recombination reaction was done between the TOPO vector containing 

SF40L or SF and pAd/CMV/V5-DEST (Invitrogen). Once again, transformation, plasmid 

isolation and sequencing were conducted. Then, pAd-DEST vector was digested with PacI 

restriction enzyme to expose the viral inverted terminal repeats, phenol-chloroform extracted, 

ethanol-precipitated, and transfected into QBI-HEK 293A cells. Following 80% cytopathic 
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effect due to the production of adenoviruses, the cells and supernatant were harvested, lysed, 

and frozen at -80ºC. Purified stocks were made in QBI-HEK 293A cells for animal studies by 

ultracentrifugation with a sucrose cushion. Adeno-X Rapid Titer Kit (Clontech Laboratories 

Inc.) was used for titration of the adenoviruses.   

 

Protein expression and immunofluorescence 

HeLa cells were seeded at a density of 10,000 per well in growth media in a 96-well flat 

clear-bottom black plates and incubated overnight at 37ºC and 5% CO2. Next day, the cells 

were infected at a MOI of 100 with purified adenovirus. On the following day, infected cells 

were fixed with cold cytofix/cytoperm (BD Biosciences) for 10min at 4ºC. After blocking 

with 3% IgG-free BSA diluted in wash buffer (1x PBS with 0.1% Tween 20) for 1 hour at 

37ºC, the cells were stained with an unconjugated Rabbit RSV F monoclonal antibody (Sino 

Biological; clone #009) for 1 hour at 37ºC. Then, a mixture of Alexa Fluor 594-conjugated 

anti-rabbit IgG (Abcam) and FITC-conjugated anti-mouse CD40L (Invitrogen) was added 

for 1 hour at 37ºC. The cells were imaged using the EVOS FL microscope: Alexa Fluor 594 

in the RFP and FITC in the GFP channel. 

 

Cells, viruses and vaccines 

HEp-2 (ATCC: CCL-23) and HeLa cells (ATCC: CCL-2) were grown in Dulbecco's 

Modified Eagle Medium (DMEM) supplemented with 1.5 g/l sodium bicarbonate, 2mM 

Glutamax, 1mM HEPES, 20 U/ml Penicillin, 0.02 mg/ml Streptomycin, and 10% FBS. 

Finally, QBI-HEK 293A were cultured in DMEM with 1.5 g/l sodium bicarbonate, 25mM 
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HEPES, 20 U/ml Penicillin, 0.02 mg/ml Streptomycin, and 10% FBS. 

RSV-A2 (ATCC: VR-1540) was grown in HEp-2 cells according to supplier’s instructions 

and sucrose-purified for animal studies. FIRSV was prepared with the RSV-A2 strain in 

HEp-2 cells as described elsewhere (135).   

 

Animal studies 

Six-week old female BALB/c mice (Charles River, Saint Constant, QC) were used for all 

animal studies. Ad-SF and Ad-SF40L were administered intranasally at 108 PFU per mouse, 

RSV at 105 PFU intranasally and FIRSV at 106 PFU intramuscularly. All mice were 

challenged intranasally with 5x105 PFU of RSV-A2. Intranasal inoculations were given in 

25µl per mouse and intramuscular in 50µl. Each immunization was administered twice at the 

same dose and route 28 days apart. Fourteen days after the second immunization, the mice 

were challenged and 4 days post challenge (peak of infection in mice) euthanized for blood 

and tissue collection. All animal experiments were reviewed and approved by Institutional 

Animal Care and Use Committee of Health Canada and were conducted in accordance with 

Institutional Animal Care and Use Committee of Health Canada guidelines and regulations. 

 

Lung viral titer 

Lungs were removed four days post RSV challenge and tittered as described elsewhere (135). 

Briefly, lungs were collected in serum free RPMI media and weighed prior to mechanical 

homogenization. The homogenates were clarified using centrifugation and the supernatants 

were frozen at -80ºC until further use. Serial dilutions of the supernatant were done and 
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incubated on HEp-2 cells for 2 hours at 37ºC. A 1:1 overlay of 2x DMEM media and 0.8% 

agarose was added. Following 6 days of incubation, the overlay was removed and the cell 

monolayer was stained with crystal violet before counting plaques. Results are expressed as 

PFU/g lung tissue. 

 

Histopathology 

Four days post RSV challenge, whole lungs were collected from the BALB/c mice and fixed 

in 10% neutral buffered formalin. They were then trimmed, processed and embedded into 

paraffin blocks. Five-micron Hematoxylin and Eosin (H&E) and Periodic Acid Schiff (PAS) 

stained slides were made for evaluation. Scoring was done by a veterinary pathologist who 

was blinded to the experimental design. The lesion assessment protocol outlined by Weiss et 

al. (183) was adopted. Perivascular leukocytic infiltration was evaluated where 1 means 

within normal parameters ; 2 means small numbers of solitary cells with uncommon 

aggregates; 3 means multifocal small to moderate aggregates; 4 means moderate to high 

cellularity with multifocal large cellular aggregates that may be expansive into adjacent 

tissues. Mucus was visualized with PAS stain and graded as follows: 1 means none; 2 means 

epithelial mucinous hyperplasia with none to rare luminal mucus accumulation in airways; 3 

means epithelial mucinous hyperplasia with luminal mucus accumulation in airways; 4 

means there is severe mucinous hyperplasia with airway obstruction by mucus. Total 

pathological score was calculated as the average of the individual scores.    

 



 

 

 

42 

ELISA 

Serum from immunized and challenged mice was collected for determination of IgG, IgG1 

and IgG2a titer. Ninety six-well plates were coated with recombinant RSV F protein (Sino 

Biological) overnight at 4ºC. Next day, the plates were washed and blocked with BSA in 

PBS containing 0.05% Tween 20 for 2 hours at 37ºC. Serial dilutions of the mouse serum in 

blocking buffer were then added for 1 hour at 37ºC. After washing, HRP-conjugated anti-

mouse IgG (GE Healthcare Life Sciences), anti-mouse IgG1 or IgG2a (Jackson 

Immunoresearch Laboratories) were added for 1 hour at 37ºC. The plates were again washed 

and Tetramethylbenzidine substrate (Cell Signaling Technology) was added for 20 min at 

room temperature. The reaction was then stopped with 0.16 M sulfuric acid. The plates were 

read spectrophotometrically at 450nm.    

 

Microneutralization 

RSV-neutralizing ability of the serum from immunized and challenged mice was determined. 

Serial dilutions of the serum were incubated with 800 PFU of purified RSV-A2 for 1 hour at 

37ºC, 5% CO2. The virus-antibody mixture was added to HEp-2 cells seeded the previous 

day and incubated at 37ºC. After 3 days, the cells were fixed with ice-cold methanol for 10 

min at room temperature, air-dried, and blocked with 5% non-fat dry milk in PBS containing 

0.1% Tween 20 for 2 hours at 37ºC. Then, the plates were washed and a HRP-conjugated 

anti-RSV (Meridian Life Science) was added for 1 hour at 37ºC. The plates were again 

washed and Tetramethylbenzidine substrate (Cell Signaling Technology) was added for 20 

min at room temperature. The reaction was then stopped with 0.16 M sulfuric acid. The 

plates were read spectrophotometrically at 450nm.     
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Flow cytometry for surface and intracellular markers 

Cells from spleens were isolated from immunized mice before or 4 days after challenge. 

Single-cell suspensions were washed with PBS and first, stained with Fixable Viability Dye 

eFluor® 506 (eBioscience) for 30 min at 4ºC, then, with purified anti-mouse CD16/CD32 

(eBioscience) as a Fc block for 5 min. Next, cells were washed with FACS wash buffer (PBS 

with 1% BSA and 0.05% sodium azide) and stained with PE-CF594-conjugated anti-mouse 

CD40 (clone 3/23) or a panel with BV786-conjugated anti-mouse CD3 (clone 145-2C11), 

FITC-conjugated anti-mouse CD8a (clone 53-6.7), BV421-conjugated anti-mouse CD44 

(clone IM7), PE-Cy7-conjugated anti-mouse CD62L (clone MEL-14), and AF647-

conjugated anti-mouse CD197 (clone 4B12). All antibodies were purchased from BD 

Biosciences. Stained samples were fixed with 1% paraformaldehyde.  

For intracellular staining, splenocytes were stimulated with an immunodominant H-

2Kd-restricted RSV F85-93 peptide (KYKNAVTEL; ProImmune) at 5µg/ml, along with 

GolgiPlug (BD Biosciences) for 4 hours at 37ºC, 5% CO2. Stimulated cells were washed and 

stained sequentially with the viability dye, Fc block, FITC-conjugated anti-mouse CD8a 

(clone 53-6.7), and incubated with BD cytofix/cytoperm (BD Biosciences) for 20 min. The 

permeabilized cells were then washed with 1x perm wash (BD Biosciences) and stained with 

PE-conjugated anti-mouse TNF-α (clone MP6-XT22) for 30 min. For both surface and 

intracellular stained samples, using a BD LSRFortessa flow cytometer, 100,000 viable 

singlet events for spleen and 50,000 viable singlet events for lymph node were recorded. 

FMO controls and compensation beads were used where appropriate to correct for spectral 

overlap. Data analysis was completed using FACSDiva version 8.0.1.  
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Secreted cytokines 

Splenocytes were stimulated with an immunodominant H-2Kd-restricted RSV F85-93 peptide 

(KYKNAVTEL; ProImmune) at 5µg/ml for 48 hours at 37ºC, 5% CO2. Supernatants were 

collected following centrifugation and stored at -80ºC for later analysis. A ProcartaPlex 

Mouse Cytokine Panel (eBiosciences) was used to determine the levels of IFN-γ and TNF-α 

in the supernatants. The samples were read on a Luminex 200 System (xMAP Technology). 

Data analysis was performed using MILLIPLEX Analyst version 5.1 for determining the 

pg/ml of each cytokine. 

 

Passive Serum Transfer 

Serum was aseptically collected and pooled from 25 immunized BALB/c mice 4 days after 

challenge. Naïve 6-week-old BALB/c mice were intraperitoneally injected 4 times with 

300µl of donor serum 3 days, 2 days, 1 day before RSV challenge and on the day of the 

challenge (153). Four days post-challenge, mice were euthanized for tissue collection (Figure 

2.5A).  

 

Adoptive T cell transfer 

Spleens were aseptically extracted from 25 immunized BALB/c mice before or after RSV 

challenge. Splenocytes were isolated and pooled for CD8 and CD4 T cells extraction. 

Dynabeads® Untouched Mouse CD8 Cells Kit and CD4 Cells Kit (Life Technologies) were 

used according to manufacturer’s instructions. Prior to transfer, flow cytometry staining was 
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done to determine purity of the resulting CD8 and CD4 T cells using PerCP-conjugated anti-

mouse CD8a (clone 53-6.7; BD Biosciences), and FITC- conjugated anti-Mouse CD4 (clone 

RM4-4; eBiosciences). On the same day, 4.6 million CD8 or CD4 T cells at 80% and 87% 

purity, respectively, were injected intravenously, via the tail vein, into naïve 6-week-old 

BALB/c mice (153). Three days later, mice were challenged intranasally with RSV and 

euthanized 4 days post-challenge (Figure 2.6A, Supplementary Figure 2.4A).   

 

Statistical Analysis 

Analysis was conducted using unpaired Student’s t-test, one-way or two-way ANOVA where 

appropriate. Bonferroni posttest was used to adjust for multiple comparisons between 

different test groups. Tests were done at a 5% significance level. All statistical analyses were 

performed using GraphPad Prism 6 software. 
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Figures 

Figure 2.1 
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Figure 2. 1: Non-replicating mouse codon-optimized recombinant adenovirus vaccines 

construction and in vitro protein expression. (A) Schematic representation of the Ad 

constructs. Both Ad-SF and Ad-SF40L express the full length RSV F protein preceded by a 

secretion signal, S. Ad-SF40L also encodes the full length mouse CD40 ligand, CD40L, 

following a trimerization motif, T. Ad-Empty does not encode for RSV F or CD40L whereas 

Ad-SNP40L encodes the influenza A nucleoprotein (NP) followed by CD40L as previously 

described. (B) Representative images at 10x magnification of in vitro protein expression 

following an immunofluorescence assay with a rabbit RSV F antibody along with Alexa 

Fluor 594-conjugated anti-rabbit IgG and FITC-conjugated anti-mouse CD40L. A merge of 

the two fluorochromes show the co-expression of RSV F and CD40L. Data are 

representative of two experiments. 
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Figure 2.2 
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Figure 2. 2: Immunization with Ad-SF40L augments RSV clearance without ERD in 

BALB/c mice. (A) Schematic diagram of the immunization, RSV challenge and necropsy 

timeline. (B) Lung viral titer determined using plaque assay 4 days post challenge. (C) 

Pathological scoring of lung tissue. Perivascular leukocyte infiltration and mucus were 

scored using H&E and PAS stained slides, respectively, 4 days following RSV challenge. An 

average of the two scores is shown. (D) Representative images of H&E and PAS stained 

immunized BALB/c mouse lungs post challenge at 40x magnification. The arrows point to 

the extensive cell infiltration in the H&E stained lungs and mucus-positive cells in the PAS 

stained lungs. Neutral mucins in airway epithelial cells are red when stained with a PAS stain. 

Data shown is mean ± SEM representative of 2 independent experiments; n = 4 per group in 

each experiment; *p < 0.05, **p<0.01 (one-way ANOVA with Bonferroni posttest). FIRSV: 

Formaldehyde-inactivated RSV.
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Figure 2.3 
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Figure 2. 3: Ad-SF40L induces high levels of neutralizing antibodies. (A) F-specific total 

IgG in serum of primed/boosted mice 4 days post-challenge determined using ELISA (n=5). 

The * in the legend indicates a significant difference in F-specific total IgG between Ad-

SF40L and RSV at dilutions 1/1000, 1/2000 and 1/4000. (B) F-specific IgG1/IgG2a ratio in 

mice serum to show the Th2 or Th1 nature of the immune response (n=5). (C) RSV 

neutralizing ability of the mice serum collected 4 days post-challenge (n=8). Data shown is 

mean ± SEM representative of 2 independent experiments; *p < 0.05, **p<0.01, ***p<0.001, 

****p<0.0001 (two-way ANOVA with Bonferroni posttest). 
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Figure 2.4 
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Figure 2. 4: Increase in CD8 T cell effector phenotype and function following challenge is 

unique to Ad-SF40L immunization. (A) Schematic diagram of the animal study with 

BALB/c mice. Mice were necropsied for tissue collection before or after challenge. (B) Flow 

cytometry was used to determine the TEM population (CD3+ CD8a+ CD44+ CD62L- 

CCR7-) in the spleen. Induction of the TEM population as a result of the RSV challenge is 

shown as a ratio (TEM after challenge/TEM before challenge). A ratio of 1 indicates no 

change in the TEM population after challenge. (C) Intracellular cytokine staining was done 

following 4-hour ex-vivo stimulation with F85-93 peptide to analyze the number of CD8α+ 

TNF-α+ cells in the spleen using flow cytometry. Fold change of this population as a result 

of the challenge is shown (after challenge/before challenge). Data shown is mean ± SEM 

representative of 2 independent experiments; n = 4 per group; *p < 0.05, **p<0.01 (one-way 

ANOVA with Bonferroni posttest).
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Figure 2.5 
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Figure 2. 5: CD40L enhances antibody-induced protection. (A) Schematic diagram of the 

animal study timeline. Passive serum transfer was done from immunized and challenged 

donor mice into naïve recipient mice. (B) Four days post-challenge, lungs from the recipient 

mice were collected for viral titer determination using plaque assay. Serum from Ad-SF40L 

immunized mice resulted in the highest lung viral clearance in recipients.  Data shown is 

mean ± SEM representative of 2 independent experiments; n = 4 per group; *p < 0.05 (one-

way ANOVA with Bonferroni posttest).
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Figure 2.6 
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Figure 2. 6: CD8 T cell effector function is altered following challenge of FIRSV-immunized 

mice unlike in Ad-SF40L immunization. (A) Schematic diagram of the animal study timeline. 

Adoptive CD8 T cell transfer was done from immunized donors either before (BC) or after 

(AC) challenge into naïve recipient mice. CD8 T cells were isolated from spleens of donor 

mice using a magnetic bead kit and checked for purity prior to transfer. (B) Four days post-

challenge, lungs from the recipient mice from BC transfer (left) and AC transfer (right) were 

collected for viral titer determination using plaque assay. Ad-SF40L was compared to all 

groups (left) and FIRSV was compared to all groups (right). Comparisons between other 

groups showed no statistically significant differences. Secreted levels of IFN-γ (C) and TNF-

α (D) were determined, using the Luminex system, in spleens of recipient mice from BC 

transfer (left) and AC transfer (right) following 48-hour ex-vivo stimulation with F85-93 

peptide. Ad-SF40L was statistically different from all groups for both cytokines. Data shown 

is mean ± SEM representative of 2 independent experiments; n = 4 per group; *p < 0.05, 

**p<0.01, ***p<0.001 (one-way ANOVA with Bonferroni posttest).
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Figure 2.7 
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Figure 2. 7: Ad-SF40L gives long-lasting protection from RSV infection accompanied by a 

durable CD8 T cell effector memory response. (A) Schematic diagram of the animal study 

with BALB/c mice. Mice were challenged 56 days after boost vaccination and necropsied 4 

days after challenge. (B) Lung viral titer determined using plaque assay at necropsy. (C) 

Flow cytometry was used to determine the total number of TEMs (CD3+ CD8a+ CD44+ 

CD62L- CCR7-) in the spleen. Data shown is mean ± SEM; n = 4 per group; *p<0.05, 

**p<0.01 (unpaired Student’s t-test). 
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Supplementary Table 2. 1: Primers used for cloning and sequencing of Ad-SF and Ad-SF40L constructs. 

 

Name Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) 

Primers for Cloning: 

Ad-SF40L CACCGCCGCCACCATGCT TCACAATTTCAACAAGCCAAA 

Ad-SF CACCGCCGCCACCATGCT TCAATTGCTAAAGGCAATATTATTAATGCCGCTC 

Primers for sequencing: 

SF40L-1F 

SF40L-2F 

SF40L-3F 

SF40L-4F  

SF40L-5F  

SF40L-6F  

SF40L-7F  

SF40L-8F  

SF40L-9F  

CGCCGCCACCATGCTGCT 

AAAGGTAAAGCTCATCAAGCAGGAGC 

CAACAAGGCAGTAGTTTCCC 

GAGCAACAACGTCCAGATCGTGA 

TCTGCCTTCTGAAGTCAACTTGTGCA 

TATTAATTTCTATGACCCCCTGG 

TGGCTATATACCTGAGGCCCCCA 

CAAAGGCGAGGGGTCTCTGT 

GGTGACATTTTGCTCAAATCGCG 
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Supplementary Figure 2.1 
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Supplementary Figure 2. 1: Representative image of H&E and PAS stained lungs of mice post-challenge. BALB/c mice were 

intranasally immunized twice with control vaccines, Ad-Empty or Ad-SNP40L, to determine the antigen specificity of the observed 

protection. Lungs were H&E and PAS stained 4 days post challenge for perivascular leukocyte infiltrate and mucus scoring, 

respectively. Representative images at 40x magnification are shown. 
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Supplementary Figure 2.2 
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Supplementary Figure 2. 2: TEM gating strategy. Splenocytes were isolated from immunized BALB/c mice before or after challenge 

and stained for flow cytometry analysis. A FSC/SSC plot was done to gate for lymphocytes (A). Singlets were selected from the 

lymphocytes (B) and further gated for viable cells (C). The viable cells were then gated for CD3+CD8α+ (D). Next, the CD3+CD8α+ 

cells were analyzed for CD44+CD62L- (E), which were finally gated for CCR7- population (F). This CD3+ CD8a+ CD44+ CD62L- 

CCR7- is denoted as effector/effector memory CD8 T cells or TEM. 
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Supplementary Figure 2. 3: Increase in CD8 T cell effector phenotype and function following challenge is unique to Ad-SF40L 

immunization. (A) Schematic diagram of the animal study with BALB/c mice. Mice were necropsied for tissue collection before or 

after challenge. (B) Flow cytometry was used to determine the TEM population (CD3+ CD8a+ CD44+ CD62L- CCR7-) in the spleen. 

(C) Intracellular cytokine staining was done following 4-hour ex-vivo stimulation with F85-93 peptide to analyze the number of 

CD8α+ TNF-α+ cells in the spleen using flow cytometry. Data shown is mean ± SEM; n = 4 per group representative of 2 separate 

experiments; *p < 0.05, **p<0.01 (one-way ANOVA with Bonferroni posttest). 
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Supplementary Figure 2.4 

 

A       Donor Mice             Recipient Mice                 

B  

 

 

P
F

U
/g

 l
u

n
g

A
d-S

F

A
d-S

F40
L

R
SV

FIR
SV

0

1.010 5

2.010 5

3.010 5 **

*

Prime  

Vaccination 

28 days 

Boost RSV  

Challenge 

Necropsy  

to collect  

spleen 

14 days 4 days 

4 days 

Necropsy 
RSV  

Challenge 

CD4 T cell 

injection   

3 days 



69 

 

Supplementary Figure 2. 4: CD40L does not enhance CD4 T cell-induced protection. (A) Schematic diagram of the animal study 

timeline. Adoptive CD4 T cell transfer was done from immunized and challenged donor mice into naïve recipient mice. CD4 T cells 

were isolated from spleens of donor mice using a magnetic bead kit and checked for purity prior to transfer. (B) Four days post-

challenge, lungs from the recipient mice were collected for viral titer determination using plaque assay. There were no significant 

differences between Ad-SF and Ad-SF40L group. Data shown is mean ± SEM; n = 4 per group; *p < 0.05, **p<0.01 (one-way 

ANOVA with Bonferroni posttest).  
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Chapter 3: PD-1 of Sigmodon hispidus: Gene identification, 

characterization and expression in inactivated RSV vaccine-induced 

enhanced respiratory disease 

This manuscript is under review by the journal Scientific Reports. I contributed more than 50% 

to the manuscript. Xuguang (Sean) Li, Changgui Li, Wangxue Chen, Gary Van Domselaar, 

Terry Cyr, Lisheng Wang and I conceived the overall study. I performed the experiments and 

analyzed the data with the help of Louise Larocque, Marsha Russell and Marybeth Creskey. 

Xuguang (Sean) Li and I wrote the manuscript. All authors edited and approved the 

manuscript. 

Emily Dupuis at Health Canada provided technical assistance with flow cytometry. Dr. 

Martha Navarro and the technicians at the Health Canada animal facility helped with the 

animal studies. Dr. Don Caldwell, veterinary pathologist at Health Canada, conducted expert 

analyses of the lung tissues. Finally, Drs Jessie Lavoie and Aaron Farnsworth critically 

reviewed the manuscript.  

This manuscript sheds light on the role of programmed cell death-1 (PD-1) in FIRSV-

induced ERD in cotton rats. Cotton rats may be the best model for development and 

evaluation of RSV vaccines and antivirals. However, the availability of immunological tools 

is limited for this animal model due to the lack of identification and characterization of 

important genes, mainly in the immune system. PD-1 is important for immune suppression 

and since there is exaggerated stimulation of the immune system during FIRSV-induced 

ERD, the PD-1 gene in cotton rats was sequenced and characterized.   
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Abstract 

Sigmodon hispidus or cotton rat is an excellent animal model for studying human infections 

of respiratory viruses including respiratory syncytial virus (RSV), which is the leading cause 

of hospitalization in infants and causes high rates of infection in the elderly and 

immunocompromised patient populations. Despite several decades of research, no vaccine 

has been licensed whereas inactivated vaccines have been shown to induce severe adverse 

reaction in a clinical trial, with other forms of RSV vaccine also found to induce enhanced 

disease in preclinical animal studies. While arguably the cotton rat is best small animal 

model for evaluation of RSV vaccine and antivirals, many important genes of the immune 

system remain to be isolated. Programmed cell death-1 (PD-1) plays an integral role in 

regulating many aspects of immunity by inducing suppressive signals. In this study, we 

report the isolation of mRNA encoding the cotton rat PD-1 (crPD-1) and characterization of 

the PD-1 protein. crPD-1 bound to its cognate ligand on dendritic cells and effectively 

suppressed cytokine secretion. Moreover, using the newly acquired gene sequence, we 

observed a decreased level of crPD-1 levels in cotton rats with enhanced respiratory disease 

induced by inactivated RSV vaccine, unraveling a new facet of vaccine-induced disease.   
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Introduction 

Programmed cell death-1 (PD-1) is a receptor that belongs to the CD28 superfamily (184). It 

is a type I transmembrane glycoprotein composed of an IgV domain that exists as a monomer 

on the cell (185). Upon engagement of one of its two ligands, PD-L1 and PD-L2, it delivers 

negative signals in the immune system (184). When induced, PD-1 pathways play crucial 

roles in regulation of autoimmunity, transplantation immunity, infectious immunity and 

tumor immunity (184). 

 PD-1 expression is tightly regulated. Low basal levels are maintained on resting naïve 

T cells and some developing thymocytes which creates immune tolerance preventing 

autoimmunity (186–189). Following activation, PD-1 is transiently expressed on multiple 

immune cells such as CD4 and CD8 T cells, B cells, macrophages, natural killer cells and 

dendritic cells (187, 190–196). High expression is vital for regulatory T cell development 

while follicular helper T cells constitutively express high PD-1 (197–200).  

 The role of PD-1 in regulating T cell exhaustion during cancer and chronic infection 

is well established (189, 201). Specifically, PD-1 expression is upregulated on virus-specific 

T cells during chronic viral infections (184). The constant antigen exposure and prolonged T 

cell receptor stimulation leads to high levels of PD-1 and therefore, T cell exhaustion (202). 

Several studies involving a wide range of animal models and virus infections have 

demonstrated the importance of the PD-1 pathway. In non-human primates, blocking PD-1 

resulted in rapid expansion of SIV-specific T cells drastically decreasing plasma viral load 

(203). Moreover, in mice, blocking the PD-1 pathway restored cytokine production, 

increased the number of lymphocytic choriomeningitis virus (LCMV)-specific T cells and 

enhanced viral clearance (204). In contrast, blocking PD-1 pathway during a respiratory 
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syncytial virus (RSV) infection in mice enhanced pulmonary inflammation and lung injury 

with modest effects on viral clearance (205).  

 RSV is the leading cause of hospitalization in infants (5, 7, 125, 128) with about 50% 

of children being infected in their first year of life (129, 130). RSV also causes severe 

disease in the elderly and immune-compromised patients (7, 125–127). In the 1960s, a 

clinical trial involving formaldehyde-inactivated RSV (FI-RSV) resulted in hospitalization of 

80% of the participants and 2 deaths following a RSV infection (97–99, 206). This severe 

adverse reaction, commonly known as vaccine-induced enhanced respiratory disease (ERD), 

is yet to be fully understood but might be linked to the induction of a Th2-biased immune 

response leading to pulmonary inflammation, airway obstruction and mucus hypersecretion 

as observed in the trial participants and some animal models (100, 133, 134, 207). 

 Sigmodon hispidus (cotton rats) share many similarities in pathology with humans 

when infected by RSV. Notably, most findings in relation to FI-RSV induced ERD have been 

replicated in the cotton rats, making them one of the ideal animal models for RSV infection 

(208–211). Indeed, cotton rats have proven very useful in the study of human respiratory 

virus infections including the development and testing of antiviral drugs and vaccines for 

RSV, measles, influenza, human parainfluenza and human metapneumovirus (212). However, 

one of the major drawbacks with this animal model is the availability of research reagents 

because the genome has not been fully sequenced. As of today, approximately 300 genes 

have been sequenced in cotton rats that show 75-95% identity to mice and about 50% to 

humans (213), while few genes of the immune system have been sequenced. With increasing 

number of vaccines and therapeutics being evaluated in cotton rats prior to clinical trials, it 

would be important to better understand the immune system of this animal model (214–216). 

 It has been shown that PD1-PDL1 activation is vital for limiting immunopathology in 
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the context of a primary RSV infection in mice (205, 217). However, there have been no 

studies on the levels of PD-1 in cotton rats experiencing vaccine-induced ERD. Here, we 

report the isolation of cotton rat PD-1 (crPD-1) gene and characterization of the putative PD-

1 protein. Using the newly identified gene sequence as a probe, we found significantly 

decreased levels of the PD-1 gene in ERD cotton rats following vaccination with FI-RSV, 

suggesting that downregulation of PD-1 could be associated with excessive pulmonary 

inflammation.  

 

Results 

Identification of cotton rat PD-1 sequence, species alignment and putative domains 

The mRNA sequence of cotton rat programmed cell death receptor-1 (crPD-1) was isolated 

from cotton rat spleens (Figure 3.1). A 3’ RACE strategy was applied, as previously 

described (218), using total RNA extracted from spleens as the starting material. Following 

isolation of mRNA from the total RNA using an oligo dT, primers designed from rodent 

consensus sequences were used to sequence from the 3’ end to the 5’ end in a stepwise 

fashion. The ORF was found to be 858 bp in length encoding 285 amino acids (aa) followed 

by a stop codon and 1027 bp 3’ un-translated region. 

 Alignment of the crPD-1 protein sequence with other species revealed an 88% 

identity with Chinese hamster, 87% with prairie vole, 84% with brown rat, 82% with mouse, 

and 59% with human PD-1 (Figure 3.2A). Phylogenetic tree analysis showed a shared 

homology of crPD-1 with other members of the Cricetidae family (Figure 3.2B). 

 Next, we mapped the structure and functional domains of crPD-1 by comparing to 

other well-characterized PD-1. In Figure 3.3, various putative domains on crPD-1 are 
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annotated. The putative ectodomain spanning amino acid 30 to 147 consists of a single 

extracellular IgV domain of PD-1 (aa 35-144), which is common to members of the CD28 

family (184). Within the putative IgV domain are the residues involved in the binding of the 

two ligands of PD-1, PD-L1 and PD-L2. Residues S73, N74, L86, P130 and K131 are 

involved in PD-L1 binding whereas residues V77, P89, A125, I126, P129 and Q133 bind 

PD-L2. Amino acids M64, N66, Y68, Q75, T76, K78, C83, K84, Q88, V90, L122, G124, 

L128, T132, I134 and E136 on PD-1 are involved in both PD-L1 and PD-L2 binding. The 

structure of the putative ectodomain of crPD-1 was visualized using EZmol software and is 

shown in Figure 3.3B (219).        

 

In vitro expression of recombinant cotton rat PD-1  

For further validation, the sequenced crPD-1 gene was synthesized and cloned into a 

pcDNA3.1(+) vector. The synthesized gene also consisted of rat codon optimized secretion 

signal and ten histidine residues at the 5’-end. Expression of this recombinant crPD-1 was 

conducted in 293T cells. Following his-tag purification, protein expression was confirmed 

using western blot with anti-his antibody (Figure 3.4A), mass spectrometry (Figure 3.4B) 

and immunofluorescence staining of transfected cells with both anti-PD1 and anti-his 

antibodies (Figure 3.4C). Under reducing conditions, the western blot showed a band at 37 

kDa for the crPD-1 whereas this band was absent in the lipofectamine control (no plasmid). 

A band seen at approximately 60 kDa in both crPD-1 and lipofectamine control is likely to 

be cross-reaction of the antibody with proteins in the media, likely albumin. To serve as a 

positive control, a mouse recombinant PD-1 (rmPD-1) containing a his-tag was run alongside 

(Figure 3.4A). 
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Next, mass spectrometry analysis of the purified samples and rmPD-1 against the 

newly obtained crPD-1 sequence revealed a match of seven peptides in the crPD-1 sample 

found at high abundance and two peptides at low abundance with total sequence coverage of 

41% (Figure 3.4B). No peptides from the crPD-1 sequence were found in the lipofectamine 

control and two peptides were found in the rmPD-1 sample. Comparing the rmPD-1 against 

the mouse PD-1 sequence resulted in sequence coverage of 33% (Figure 3.4B). 

 Since the commercial anti-human/mouse/rat PD-1 antibody could not detect the 

rmPD-1 under reducing conditions during western blotting, immunofluorescence was used to 

confirm co-expression of crPD-1 and the his-tag. While the lipofectamine control showed no 

fluorescence, crPD-1 transfected 293T cells showed fluorescence with both antibodies 

(Figure 3.4C). Co-expression is shown by merging the two fluorochromes.          

 

Characterization of crPD-1 functional activity in vitro  

As crPD-1 and mouse PD-1 share 82% protein identity with similar functional domains, we 

used mouse bone marrow derived dendritic cells (DCs) expressing PD-L1 to evaluate the 

functional activity of crPD-1. To this end, DCs were incubated with purified crPD-1 or 

rmPD-1 for 4 hours. Following incubation, the DCs were stained with a viability dye and an 

anti-human/mouse PD-L1 blocking antibody for flow cytometry analysis. A competitive 

binding strategy summarized in Figure 3.5 (left) was applied, i.e. if the added PD-1 protein 

was in its functional conformation, it would bind to PD-L1 expressed on the DCs preventing 

the PD-L1 blocking antibody from binding to the ligand resulting in lower fluorescence than 

cells not treated with a PD-1 receptor. However, if PD-1 cannot bind PD-L1 or binds with 

low affinity, the PD-L1 antibody would bind its epitope and, as a result, fluorescence would 
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be quantitatively detected. Our results show that among viable cells, the detected mean 

fluorescence intensity (MFI) of PD-L1 significantly decreased with the addition of crPD-1 (p 

= 0.039) and rmPD-1 (p = 0.04) compared to no treatment control (Figure 3.5). This result 

confirmed that expressed crPD-1 protein is capable of binding to its cognate ligand.  

 We next investigated whether crPD-1 could reduce IL-6 and TNF-α secretion by 

activated DCs, given interaction between PD-1 and its ligands is known to induce 

immunosuppressive pathways leading to decreased pro-inflammatory cytokine production 

(184, 205, 220). To this end, mouse DCs were stimulated with LPS along with crPD-1 or 

rmPD-1 for 24 hours prior to ELISA quantitation of IL-6 and TNF-α. Compared to the 

control group treated with LPS only, both crPD-1 and rmPD-1 treatment resulted in 

considerable decrease of IL-6 and TNF-α expression (Table 3.1). While magnitude of 

decreased IL-6 levels was comparable between crPD-1 and rmPD-1, rmPD-1 is slightly more 

effective in reducing TNF-α expression by mouse DCs, an observation likely due to 

imperfect match between the two species. Nonetheless, these results indicate that crPD-1 

could effective suppress proinflammatory cytokine production, consistent with functional 

roles played by PD-1 derived from other species including human and mouse.  

 

Downregulation of crPD-1 in ERD cotton rats  

Having confirmed the functional activity of isolated crPD-1 in vitro, we set out to investigate 

whether crPD-1 could be downregulated in cotton rats suffering enhanced respiratory disease 

(ERD) as a result of inactivated RSV vaccination, given exacerbated pulmonary 

inflammation is one of the well-documented pathological findings (133, 212).  To this end, 

we first established the ERD model based on previously reports (100, 133). Cotton rats were 
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immunized twice with formaldehyde-inactivated RSV (FI-RSV), formaldehyde-mock 

control (FI-Mock), live wild-type RSV-A2, or saline (PBS), followed by viral challenge with 

RSV-A2 four weeks after second immunization. The animals were euthanized 5 days post-

challenge for lung viral titer and pathological analysis. Unlike FI-Mock and PBS-immunized 

rats, immunization with wild-type RSV resulted in effective clearance of virus in the lungs 

(Figure 3.6A); FI-RSV immunization also effectively reduced virus replication albeit less 

effectively than RSV immunization (p = 0.015). 

 Next, we examined hematoxylin and eosin (H&E) stained lung tissues post-challenge 

to confirm the extensive tissue damage that accompanies FI-RSV induced ERD, as observed 

in previous studies (221). Prominent alveolitis with infiltrating neutrophils, macrophages and 

lymphocytes along with a few eosinophils in alveolar spaces were clearly observed in the FI-

RSV immunized cotton rats, whereas other immunization groups did not display similar 

pathological presentations (Figure 3.6B). Moreover, peribronchiolitis had a similar pattern of 

cellular infiltration as alveolitis as well as marked perivascular leukocyte infiltrates 

throughout the lung sections, which were absent or very mild in other groups (Figure 3.6B).       

 Having observed pathological presentations of ERD in FI-RSV immunized cotton 

rats, we next investigated the PD-1 mRNA expression in the lung tissue using primers and 

probes designed from the newly acquired gene sequence. Using quantitative real-time PCR, 

CT values were collected and first, normalized to β-actin for each cotton rat, then, analyzed 

for fold change over the respective controls: FI-RSV over FI-Mock and RSV over PBS. FI-

RSV immunized rats showed a 50% decrease in pulmonary PD-1 expression compared to FI-

Mock, whereas RSV immunized rats had a fold change of 1 compared to the PBS group 

(Figure 3.7). Moreover, FI-RSV induced a significant downregulation of PD-1 in the lung 

tissues compared to live RSV immunization (p = 0.025). Taken together, these results 
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revealed that decreased levels of pulmonary PD-1 was associated with ERD in animals 

vaccinated with inactivated RSV vaccine upon subsequent viral infection.  

 

Discussion 

Sigmodon hispidus or cotton rats are an excellent animal model for studying human 

respiratory virus infections (133, 212). For RSV infections, cotton rats are considered the 

gold standard for development of antivirals, vaccines and biotherapeutics (214–216).  While 

this animal model was successfully used to determine the dosing, safety and efficacy of the 

only licensed therapeutic antibody against RSV (214–216), very few genes of cotton rats 

have been cloned and characterized,  substantially limiting this model’s wider applications, 

particularly for mechanistic investigation of virus-induced pathogenesis and immune 

responses. Here, we report, for the first time, the mRNA sequence of cotton rat PD-1 and its 

expression in inactivated RSV vaccine-induced ERD.  

 Similar to other genes sequenced in the cotton rats (213), crPD-1 shares 75-95% 

homology to mice and rats, and about 50% homology to humans (Figure 3.2); phylogenetic 

analysis showed higher amino acid identity to its own family, Cricetidae, and distant 

relationship to primates, as expected. Moreover, structural mapping of the putative functional 

domains revealed high conservation rates among rodents, especially for residues involved in 

PD-L1 and PD-L2 binding (Figure 3.3).  

Recombinant crPD-1 protein produced by cells transfected with the newly-isolated 

gene was found to effectively bind PD-L1 (Figure 3.5) on DCs; it could also suppress 

cytokine production by activated DCs (Table 3.1), confirming the functional activity of 

crPD-1. With the newly isolated crPD-1 gene as a molecular probe, we determined the 
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expression of crPD-1 in the lungs of wild-type RSV and FI-RSV immunized cotton rats 

following RSV challenge. As previously reported (100, 221), cotton rats twice-vaccinated 

and challenged with live RSV were able to effectively clear the virus from their lungs and 

had mild pulmonary inflammation accompanied by cellular infiltration, while FI-RSV 

immunized rats had moderate viral clearance and exacerbated pulmonary inflammation 

(Figure 3.6). Importantly, we found significant downregulation of PD-1 in the FI-RSV group, 

whereas the level of PD-1 remained unchanged in other groups including live RSV 

vaccination and primary infection controls, PBS and FI-Mock (Figure 3.7). Indeed, increased 

production of proinflammatory cytokines is one of several significant immunological 

deregulations in ERD cotton rats vaccinated with inactivated RSV followed by virus 

infection (222–224). Taken together, these observations indicate that PD-1, while not 

implicated in viral clearance, may have significantly contributed to exaggerated pulmonary 

pathology and ERD.  

 While this is the first report of PD-1 expression levels evaluated in the context of 

RSV vaccine-induced ERD, the relationship of reduced levels of PD-1 and enhanced 

pulmonary pathology could also be corroborated by findings from the mouse model of severe 

RSV infection. Specifically, following high dose of RSV infection, exacerbated pulmonary 

inflammatory response was characterized with over production of pro-inflammatory 

cytokines and increased infiltration of inflammatory cells similar to that of vaccine-induced 

ERD (225–227), while blockade of PD1-PD-L1 pathways at the time of T cell infiltration 

into the lungs resulted in augmentation of pulmonary inflammation and tissue injury with 

minimal effects on viral clearance (205). Indeed, the engagement of PD-1 with inflammatory 

DC-derived PD-L1 is crucial for regulation of pro-inflammatory cytokine release by effector 

CD4 and CD8 T cells, resulting in control of effector T cell activities in the lungs. In addition, 
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they showed that blocking PD-L1 following RSV infection enhanced weight loss and lung 

histopathology in mice (159, 205). Taken together, our observations are in good agreement 

with severe RSV infection in the murine model where low levels of PD-1 induction 

accompany enhanced respiratory disease. 

In short, the gene encoding crPD-1 is 858 bp in length encoding 285 amino acids 

followed by a stop codon and 1027 bp 3’ un-translated region. The protein shares homology 

of 82-88% with other small rodents and 59% with its human counterpart. Functional 

characterization revealed that the crPD-1 protein bound to its ligand expressed on dendritic 

cells and effectively suppressed IL-6 and TNF-α secretion. Moreover, PD-1 gene expression 

was substantially downregulated in the lung tissues of the cotton rats with ERD, suggesting 

its possible involvement in exacerbated pulmonary inflammation in the diseased animals. 

The availability of the PD-1 gene and protein could facilitate future studies of vaccine-

induced protection or -associated disease enhancement in addition to other immunological 

investigations in the cotton rat model.   
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Methods 

Animals and Ethics Statement 

Six to seven week old cotton rats were obtained from Envigo, Somerset, N.J., USA. All 

animal experiments were reviewed and approved by Institutional Animal Care and Use 

Committee of Health Canada and were conducted in accordance with Institutional Animal 

Care and Use Committee of Health Canada guidelines and regulations. 

 

Cells, Viruses and Vaccines 

293T (ATCC: CRL-3216) were grown in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with sodium bicarbonate, HEPES, Penicillin, Streptomycin, and 10% FBS. 

Primary bone marrow derived dendritic cells from C57BL/6 mice were cultured in media 

from manufacturer (Cell Biologics) supplemented with 10% FBS, 2-mercaptoethanol, L-

Glutamine, Penicillin and Streptomycin. HEp-2 (ATCC: CCL-23) were grown in DMEM 

supplemented with sodium bicarbonate, Glutamax, HEPES, Penicillin, Streptomycin, and 10% 

FBS.  

RSV-A2 (ATCC: VR-1540) was grown in HEp-2 cells according to supplier’s instructions 

and sucrose-purified for animal studies. FI-RSV was prepared with the RSV-A2 strain in 

HEp-2 cells as described elsewhere (135). FI-Mock was made with uninfected HEp-2 cells 

using the same procedure as FI-RSV. 

 

Isolation and Sequence Determination of Cotton Rat PD-1 cDNA 

Total RNA was isolated and 3’ RACE was conducted as previously described (218). Briefly, 

spleens from naïve cotton rats were removed aseptically and frozen. An eighth of the spleens 
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were cut and homogenized with a TissueLyser II (Qiagen). Total RNA was extracted using 

the RNeasy Mini kit (Qiagen) with on-column DNase digestion according to the 

manufacturer’s instructions. The 3’ RACE system (Life Technologies) was then used to 

amplify the 3’ portion of the cotton rat PD-1 from the total RNA according to the user’s 

manual. Following first strand cDNA synthesis using an oligo dT adapter primer, the 3’ 

portion of the cotton rat PD-1 mRNA was PCR amplified using the abridged universal 

amplification primer and consensus sequences derived gene specific primer (5’–

GGAGTCCGGTTCTGTGTACCT–3’) at an annealing temperature at 55˚C. The gene 

specific primer was determined by aligning the PD-1 sequences of Microtus ochragaster 

(NCBI Reference Sequence: XP_005361412.1), Cricetulus griseus (NCBI Reference 

Sequence: XP_003499314.1), Mus musculus (NCBI Reference Sequence: NP_032824.1) and 

Rattus norvegicus (NCBI Reference Sequence: XP_017451871.1). The PCR products 

obtained were run on a DNA gel and excised using a Qiagen QIAquick Gel Extraction kit as 

per manufacturer’s procedure.  All amplified fragments were sequenced with BigDye 

Terminator v.3.1 Cycle Sequencing kit (ThermoFisher) using a 3130xl Genetic Analyzer 

(Applied Biosystems) following amplification in a PTC-200 thermal cycler (MJ Research). 

Raw sequencing data was edited using 3130xl Genetic Analyzer Data Collection Software 

v3.0 (Thermo Fisher), and then imported into GeneCodes Sequencher v4.6.1 sequencing 

analysis software for further editing. The final sequenced contigs were then imported to 

NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to confirm the identity. Reverse 

primers were designed as fragments of the gene were sequenced until the gene encoding the 

complete PD-1 protein (determined by aligning against other species) was found. 
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Sequence and Phylogenetic Analysis 

Putative functional domains, intracellular and extracellular domains, and ligand binding sites 

were determined using a standard protein BLAST (https://blast.ncbi.nlm.nih.gov). Sequences 

with significant alignments were imported into Geneious Pro version 5.6.7 (Auckland, New 

Zealand) for phylogenetic analysis. Multiple alignment was conducted using the Clustal 

Omega tool from EMBL-EBI.  

 

crPD-1 Gene Synthesis, Protein Expression and Purification 

After confirmation of the full mRNA sequence, the gene was synthesized and cloned into a 

pcDNA3.1(+) vector (GenScript). The synthesized gene began with a kozak sequence (5’-

GCCGCCACC-3’) followed by a 23-amino acid secretion signal 

(MLLAVLYCLLWSFQTSAGHFPRA) from the human tyrosinase signal peptide as 

previously shown (228). Following the secretion signal, ten histidine residues were added to 

facilitate protein purification, followed by the complete 1885 bp crPD-1. Rat-codon 

optimized sequences were used for gene synthesis.  

293T cells were transiently transfected with the pcDNA vector containing the 

recombinant crPD-1 for 5 hours with Lipofectamine® 2000 (Invitrogen). After the 5-hour 

incubation, the lipofectamine-DNA containing media was removed, growth media was added 

and cells were incubated overnight at 37ºC. The next day, cells were washed, scraped and 

lysed with a standard RIPA cell lysis buffer. Following sonication of the lysed cells, the 

samples were his-tag purified using a His Mag SepharoseTM excel kit (GE Healthcare) 

according to manufacturer’s instructions. The samples were then dialyzed in PBS for 

functional studies.   

https://blast.ncbi.nlm.nih.gov/
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Western Blot, Mass Spectrometry and Immunofluorescence 

Samples resulting from his-tag purification were used for western blotting and mass 

spectrometry for confirmation of protein expression. A recombinant mouse PD-1 protein 

with a his-tag at the C-terminus (Abcam) was used alongside. Western blotting was 

performed using 4 to 15% TGX gel and Tris/Glycine/SDS running buffer (Bio-Rad 

Laboratories Inc.). The protein samples were then transferred to PVDF membranes 

(Millipore) and detected with mouse tetra-His antibody (Qiagen) and goat anti-mouse 

IRDye-800CW (LiCor). Membranes were visualized using the Odyssey system (LiCor).  

Mass spectrometry was performed after the samples were cysteine-reduced, alkylated, 

and then digested on filter with trypsin. Resulting peptides were injected onto an Easy-nLC 

1000 for reversed phase separation and analyzed with an Orbitrap Fusion Tribrid Mass 

Spectrometer operating in DDA mode with HCD fragmentation. The data was processed 

with Proteome Discoverer 2.2 software searching databases of rat proteins, common 

laboratory contaminants, and crPD-1. 

Immunofluorescence was used for further confirmation of protein expression. 293T 

cells were seeded at a density of 30,000 per well in growth media in a 96-well flat clear 

bottom black plates. Next day, the cells were transfected with 1µg crPD-1 in pcDNA vector 

for 24 hours. On the following day, transfected cells were fixed with cold cytofix/cytoperm 

(BD Biosciences). After blocking with 3% IgG-free BSA diluted in wash buffer (1x PBS 

with 0.1% Tween 20) for 1 hour at 37ºC, the cells were stained with a mixture of 

unconjugated rabbit anti-human/mouse/rat PD-1 antibody (Abcam) and mouse tetra-His 

antibody (Qiagen) for 1 hour at 37ºC. Then, a mixture of Alexa Fluor 555-conjugated anti-
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mouse IgG (Invitrogen) and Cy2-conjugated anti-rabbit IgG (Jackson Immunoresearch) was 

added for 1 hour at 37ºC. The cells were imaged using the EVOS FL microscope: Alexa 

Fluor 555 in the RFP and Cy2 in the GFP channel. 

 

Flow Cytometry  

Dendritic cells were seeded at 300,000 per well in growth media in a 96-well round bottom 

plate. Seeded cells were incubated with 30 µg/ml purified and dialyzed crPD-1 or 

recombinant mouse PD-1 (Abcam) for 4 hours at 37ºC. Following the incubation, the plate 

was centrifuged, supernatant was removed and the cells were stained for flow cytometry 

analysis. Cell suspensions were washed with PBS and first, stained with Fixable Viability 

Dye eFluor® 506 (eBioscience) for 30 min, then, with purified anti-mouse CD16/CD32 

(eBioscience) as a Fc block for 5 min. Next, cells were washed with FACS wash buffer (PBS 

with 1% BSA and 0.05% sodium azide) and stained with PE-conjugated anti-human/mouse 

PD-L1 antibody (CD274; eBioscience, clone MIH1). Stained samples were run on the same 

day on a BD LSRFortessa flow cytometer. Data analysis was completed using FACSDiva 

version 8.0.1. 

 

Quantitation of Cytokines 

Dendritic cells were seeded in growth media containing 0.02 µg/ml LPS. The cells were 

incubated with or without 20 µg/ml crPD-1 or recombinant mouse PD-1 (Abcam) for 24 

hours at 37ºC. The next day, the plates were centrifuged and supernatant was collected for 

cytokine quantitation using ELISA. Mouse DuoSet® ELISA Kits (R&D Systems) for IL-6 

and TNF-α were used as per manufacturer’s procedure. The absorbance was read on a 
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BioTek Synergy 2 plate reader.  

 

Animal Studies 

On day 0 and day 21, 6 to 7-week old cotton rats were intramuscularly vaccinated with 1x106 

PFU FI-RSV, FI-Mock or PBS buffer. The RSV group was intranasally vaccinated at 1x106 

PFU. On day 49, all animals were challenged intranasally with 1x106 PFU of RSV-A2. Five 

days post-challenge, the animals were euthanized. The lungs were removed and one lobe was 

used for virus titration while the other lobe was fixed in 10% neutral buffered formalin 

(Sigma) under 25cm of water pressure. Lungs for RNA isolation were snap frozen in liquid 

nitrogen. 

 

Lung Viral Titration 

Lungs were removed 5 days post RSV challenge and tittered as described elsewhere (135). 

Briefly, half the lungs were collected in serum free RPMI media and weighed prior to 

mechanical homogenization. The homogenates were clarified using centrifugation and the 

supernatants were serially diluted and incubated on HEp-2 cells for 2 hours at 37ºC. A 1:1 

overlay of 2x DMEM media and 0.8% agarose was added. Following 6 days of incubation, 

the overlay was removed and the cell monolayer was stained with crystal violet before 

counting plaques. Results are expressed as PFU/g lung tissue. 

 

Lung Histology 

Half the lung fixed in 10% formalin 5 days following RSV challenge were trimmed, 

processed and embedded into paraffin blocks. Five-micron H&E stained slides were made 
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for evaluation by a certified veterinary pathologist who was blinded to the experimental 

design. Each sample was assessed for peribronchiolitis and alveolitis.   

 

Real-Time Quantitative PCR 

Frozen lungs from PBS, RSV, FI-RSV and FI-Mock immunized cotton rats were cut, 

homogenized and total RNA was extracted as described above for spleens. Superscript III 

First Strand Synthesis System (Invitrogen) was used to generate cDNA according to 

manufacturer’s instructions. The cDNA was then used for quantitative PCR using TaqMan® 

Fast Advanced Master Mix (Applied Biosystems) as per the manufacturer’s procedure. A 

forward primer (5’-CACTGTAACCTATGACCTCTGG-3’), a reverse primer (5’-

CCTTTTCCCTCTTTTGATGCTG-3’) and a TaqMan® probe (5’-

TTGCCTCTCCCTACTCTTCCCCT-3’) with a MGBNFQ 3’ quencher and 6FAM 5’dye 

were designed to target crPD-1. β-actin was used as the reference gene and was targeted 

using a primer-probe set described elsewhere (229). Quantitative real-time PCR was 

conducted on an ABI Prism 7500 Fast Sequence detection system (Applied Biosystems) and 

CT values were obtained. Fold change over control immunization groups was calculated 

using the ΔCT method using β-actin as the reference gene (230).  

 

Statistical Analysis 

Analysis was conducted using unpaired Student’s t-test, one-way ANOVA where appropriate. 

Bonferroni posttest was used to adjust for multiple comparisons between different test 

groups. Tests were done at a 5% significance level. All statistical analyses were performed 

using GraphPad Prism 7 software. 
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Data availability: The datasets generated during and/or analyzed during the current study 

are available from the corresponding author on reasonable request. The mRNA and amino 

acid sequence of crPD-1 can be found in GenBank: Accession # MK040464. 
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Figures and Tables 

 

Figure 3.1 

5’ – 
ATGTGGGTCCAGCAGGTGCCCTGGCCACTCACTTGGGCTGTGCTACAGTTGAGCTGGCAAGCAGGGT
GGCTTCTAGAGATCCCCAACGGGCCCTGGAGGCCCCTCACCTTCTCCCCAGCCTGGCTCACAGTGGC
AGAGGGAGAAAATGCCACCTTCACCTGCAGTTTTTCCAACTGGTCTGAGGACCTTATGCTGAACTGGT
ACCGCCTGAGCCCCAGCAACCAGACTGTGAAACAAGCCGCTTTCTGCAAAGGTCTCAGCCAGCCTGT
CCAGGACAAACGCTTCCAGATCACACAGCTGCCCAATGGGCATGACTTCCACATGAACATCCTTGCCG
CTAGGCGCAATGACAGTGGCATCTACCTCTGTGGGGCCATCTCCCTGCCCCCCAAGACACAAATCAAG
GAGAGTCCTGGAGCAGAGCTTGTGGTAACAGAGAGAATCCTGGAGACCTCAACAAGATACTCCAGTC
CCTCACCCAGACCAGCAGGCCAGTTTCAAGGCTTGGTCATTGGTATCATGAGCATCCTAGTGGGGGTC
CCTGTGTTGCTTCTGCTGGCCTGGGTCCTAGCTGCCTTCTGCTCAACAGAAACCAGAAGAGTTGAAA
GCAAGGAACAGCCTCAGGAAGACAACCACTCAGCAGCACCTGTCTTCAGTGTGGCCTACGAAGAGT
TGGATTTCCATGGACGAGAGAAGACTCCAGAGCTCCCCACCTCCTGTGTACACACAGAGTATGCCACT
ATTGTCTTCACAGAAGGGCTGGGTGCCTCATCCTTAGGACGAAGGGGCTCAGCTGATGACCTTCAAG
GTCCTCGACCTCCAAGGCATGAGGATGGACACTGCTCTTGGCCCCTTTGACCAGATGCTTTAGCCAGT
CACATCCTGCAGACTCTCCACTGAGAGCACCGGTGCATTCCTCCATCAGGAGTAAGGTGCAGGCTATA
CTGCAGCAAAGGCTCCCAGGGTCTGAGCTACACAGAGTGACAGCCTAGCAGTTGTATCGATTCCAAC
ACATGTGTTGTTGAGTGACAGATCTCTTAATGTTTACCACAAGCTGGAAGCAGCAGGCATCCCTGTTC
CCTGTGTCACAAAGTGCAGAGCTGGCCTGAGCATAGGTCTCCTGAGTCTGCTGCTGGGTCCTGCTAG
GGGCTTGAGTCACTGTAACCTATGACCTCTGGGGCCTGGAAATGGGGGAACCTCATTAGAGGTGCCT
GTGGGGTACCCCCATAACAAGAGGCTCCAAGTAACAGTAGACAGAGCACCTAAAGCTGCCCTTGAGA
GATACTCAGGAAATTCATAGACTGGGGAACGTAGGGACTCTGAACTAATCTCAGGGCCTGGAGAGAT
TCTGGTGAAAACTAGAAAAATCCCTAGCTTCAGGGGTCTGGGGAAGCATGAATACTCAGCAGACAAA
GGCTCTGCAAGGGTCTTTGCTGTTCTTCTGCATGCACAGGTACCTCAGCTCTTTCTACAGCTGGGAAA
CTGAGGCAGTGAAGGAAACGAAAAGATCTAGAGGCCTACCCACACCTCCAGTGAGGCACTTGCCTCT
CCCTACTCTTCCCCTGGGGACCAAAAGGACAGGTCCCATGTCAGCATCAAAAGAGGGAAAAGGGAG
ACCCAATTTGACTTGCCCCAACTGTGGCCATCTTGAATAGGGATCTGGTTGTTGAGGTCTCTCCATTCA
TCGTCTCTCTCCTGGAGTCCGGTTCTGTGTACCTTCACACTGTGGCCGTGAAGTGGACAAAGGGTTTT
TAGGCATCCCCTTGGCACTTCAGACAGGCAAGGTAGCACGAGCCTAGCTGTCTGGTGGGCACCCAGA
TGGCCAGTGCTCAGAATCCTTCCCCTTGGTTCCAGCCTATTATAATTAAATGGTAACAAAAACTTTAAAA
AAA – 3’ 
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Figure 3. 1: Cotton rat (Sigmodon hispidus) PD-1 mRNA sequence. 3’ RACE strategy was 

used on total RNA extracted from the spleen of a naïve cotton rat to determine the mRNA 

sequence. The predicted start and stop codon are underlined.



93 

 

Figure 3.2 
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Figure 3. 2: Protein sequence alignment of the cotton rat PD-1. (A) Protein sequence of 

closely related species and human were aligned with crPD-1 using the Clustal Omega tool 

from EMBL-EBI. Human (Homo sapiens NCBI Reference Sequence: AAC51773.1), Prairie 

Vole (Microtus ochrogaster NCBI Reference Sequence: XP_005361412.1), Chinese Hamster 

(Cricetulus griseus NCBI Reference Sequence: XP_003499314.1), Mouse (Mus musculus 

NCBI Reference Sequence: NP_032824.1), and Brown Rat (Rattus norvegicus NCBI 

Reference Sequence: XP_017451871.1). An asterisk (*) indicates positions which have a 

single, fully conserved residue. A colon (:) indicates conservation between groups of strongly 

similar properties, scoring >0.5 in the Gonnet PAM 250 matrix. A period (.) indicates 

conservation between groups of weakly similar properties, scoring =<0.5 in the Gonnet PAM 

250 matrix. (B) A phylogenetic tree was produced using Geneious software.
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Figure 3.3 
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Figure 3. 3: Identification of putative conserved domains in the cotton rat PD-1. (A) The 

underlined sequence indicates the putative ectodomain of PD-1; amino acids in blue are the 

putative extracellular IgV domain of PD-1; putative residues involved in both PD-L1 and 

PD-L2 binding are highlighted in red; putative residues involved in PD-L1 binding only are 

highlighted in green and residues involved in PD-L2 binding only in cyan. (B) Predicted 

structure of the putative ectodomain of the cotton rat PD-1 monomer shown in blue and 

yellow where the blue region is the putative extracellular IgV domain, residues in red are 

involved in both PD-L1 and PD-L2 binding, residues in green are involved in PD-L1 binding 

only and residues in cyan are involved in PD-L2 binding only.
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Figure 3.4 

 

 



98 

 

Figure 3. 4: Cotton rat PD-1 protein expression. crPD-1 gene also encoding rat codon 

optimized secretion signal and ten histidine residues at the 5’-end was synthesized and 

cloned into pcDNA3.1(+) vector. 293T cells were then transfected for 24 hours, the lysate 

was collected and his-tag purified. (A) Protein expression was confirmed with western blot 

using a mouse anti-histidine antibody. The expected size of crPD-1 is 36.4 kDa. A his-tag 

conjugated recombinant mouse PD-1 (rmPD-1) was used as a positive control and, as 

expected, migrated from 25 to 45 kDa due to different glycosylation and may have 

aggregates depending on the reducing conditions. Different lanes of the same blot were 

cropped and merged to show the lanes of interest only. A full-length blot is shown as 

Supplementary Fig. S3.1. (B) Mass spectrometry was performed with his-tag purified 

lipofectamine control and crPD-1 along with rmPD-1. Seven peptides in the newly found 

sequence were found in the crPD-1 sample at high abundance and two peptides were found 

at low abundance with total sequence coverage of 41%. No peptides were found in the 

lipofectamine control, as expected and two peptides were found in the rmPD-1 sample. 

Mouse PD-1 sequence coverage for the positive control sample (rmPD-1) was 33.33%. (C) 

Immunofluorescence was also used for protein expression. Cells were permeabilized and 

stained 24 hours post-transfection. A rabbit anti-mouse PD-1 with Cy2-conjugated anti-rabbit 

IgG and mouse anti-his tag with Alexa Fluor 555 anti-mouse IgG were used. Representative 

image of the stained cells at 20X magnification is shown. A merge of the two fluorochromes 

shows the co-expression of PD-1 and the his-tag, as expected.
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Figure 3.5 
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Figure 3. 5: crPD-1 binds PD-L1 on dendritic cells in vitro. Purified crPD-1 was added to 

mouse dendritic cells for 4 hours. Recombinant mouse PD-1 (rmPD-1) and no treatment 

controls were used. The cells were then stained with a fixable viability dye and PE-

conjugated anti-human/mouse PD-L1 blocking antibody for flow cytometry analysis. The 

schematic displays the strategy used (left). The mean fluorescence intensity (MFI) of PD-L1 

among viable cells is shown (right). Statistical difference between PD-1 treated and no 

treatment group is indicated. Data shown is mean ± SEM representative of 2 independent 

experiments; n = 3 per treatment in each experiment; *p < 0.05 (one-way ANOVA with 

Bonferroni posttest).
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Figure 3.6 
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Figure 3. 6: FI-RSV immunization of cotton rats results in ineffective viral clearance with 

pronounced ERD. Cotton rats were immunized twice 21 days apart with FI-RSV, FI-Mock or 

PBS intramuscularly or wild-type RSV-A2 intranasally. Four weeks following second 

immunization, the animals were challenged with RSV-A2 intranasally and euthanized 5 days 

post-challenge for collection of lungs. (A) Lung viral titer determined using plaque assay 

post challenge. (B) Representative images of H&E stained cotton rat lungs post challenge at 

20X magnification. Data shown is mean ± SEM representative of 2 independent experiments; 

n = 3 per group in each experiment; *p < 0.05 (one-way ANOVA with Bonferroni posttest). 

FI-RSV: Formaldehyde-inactivated RSV; FI-Mock: Formaldehyde-inactivated cell control; 

PBS: Phosphate-buffered saline.
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Figure 3.7 
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Figure 3. 7: PD-1 gene expression is downregulated in FI-RSV immunized cotton rats 

experiencing ERD. RNA isolated from lungs collected from twice-immunized and 

challenged cotton rats were analyzed for PD-1 gene expression using quantitative real-time 

PCR. CT values were first normalized to β-actin, then, presented as fold change over the 

respective immunization control groups, i.e., FI-RSV over FI-Mock and RSV over PBS. 

Data shown is mean ± SEM; n = 5 per group; *p < 0.05 (Student’s t-test). FI-RSV: 

Formaldehyde-inactivated RSV; FI-Mock: Formaldehyde-inactivated cell control; PBS: 

Phosphate-buffered saline. 
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Table 3. 1: crPD-1 downregulates expression of cytokines by dendritic cells in vitro. Mouse 

dendritic cells were stimulated with LPS along with purified crPD-1 for 24 hours. No 

treatment control containing LPS only and rmPD-1 control containing LPS and rmPD-1 were 

used. The supernatant was collected for cytokine quantitation using ELISA. Data shown is 

representative of 2 independent experiments; n = 3 per treatment in each experiment. 

 

 
IL-6 (pg/ml) TNF-α (pg/ml) 

 
Mean 95% CI Mean 95% CI 

No Treatment 3118 2839 to 3459 3762 3422 to 4128 

crPD-1 2636 2400 to 2924 3214 2885 to 3558 

rmPD-1 2666 2427 to 2958 3189 2861 to 3532 
 

crPD-1: cotton rat PD-1; rmPD-1: recombinant mouse PD-1; CI: confidence interval
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Lane 1: Mouse recombinant PD-1 with a his tag 
Lane 2: His-tag purified crPD-1 from lysate 
Lane 3: crPD-1 lysate (unpurified) 
Lane 4: His-tag purified lipofectamine control from lysate 
Lane 5: Lipofectamine control lysate (unpurified) 
Lane 6: His-tag purified crPD-1 from supernatant 
Lane 7: crPD-1 supernatant (unpurified) 
Lane 8: His-tag purified lipofectamine control from supernatant 
Lane 9: Lipofectamine control supernatant (unpurified) 
Lane 10: Protein ladder 
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Supplementary Figure S3. 1: Cotton rat PD-1 protein expression. crPD-1 gene also 

encoding rat codon optimized secretion signal and ten histidine residues at the 5’-end was 

synthesized and cloned into pcDNA3.1(+) vector. 293T cells were then transfected for 24 

hours, the lysate and supernatant were collected and his-tag purified. Protein expression 

was confirmed with western blot using a mouse anti-histidine antibody. The expected size 

of crPD-1 is 36.4 kDa and was only observed in his-tag purified lysate. 
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Chapter 4: Chitosan enhances inactivated vaccine elicited protection 

against respiratory syncytial virus 

This manuscript is under review by the journal Vaccine. I contributed more than 50% to the 

manuscript. Xuguang (Sean) Li, Changgui Li, Wangxue Chen, Simon Sauvé, Ze Chen, Terry 

Cyr, Michael Rosu-Myles, Lisheng Wang and I conceived the overall study. I performed the 

experiments and analyzed the data with the help of Louise Larocque, Marsha Russell and 

Caroline Gravel. Xuguang (Sean) Li and I wrote the manuscript. All authors edited and 

approved the manuscript. 

Emily Dupuis at Health Canada provided technical assistance with flow cytometry. Dr. 

Martha Navarro and the technicians at the Health Canada animal facility helped with the 

animal studies. Dr. Don Caldwell, veterinary pathologist at Health Canada, conducted expert 

analyses of the lung tissues. Finally, Drs Roger Tam and Michael Johnston critically 

reviewed the manuscript.  

Using chitosan as an immune enhancer, this manuscript further reveals the mechanism 

underlying FIRSV-mediated ERD. It also sheds light on mechanisms involved in chitosan-

elicited immune enhancement. Since chitosan has previously been used to protect against 

other respiratory viruses through induction of Th1 responses and neutralizing antibodies, 

both of which are not induced by FIRSV, the potential of chitosan to protect against RSV and 

reverse ERD was explored. Moreover, role of chitosan in augmenting the induction of 

regulatory T cells and lung resident T cells was observed.  
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Abstract 

Chitosan is a polysaccharide capable of augmenting immune responses with a proven safety 

record in animals and humans. These properties make it a potentially attractive agent for the 

prevention and treatment of infectious disease. Infection by respiratory syncytial virus (RSV) 

is the leading cause of serious lower respiratory disease in young children throughout the 

world. There is no licensed vaccine available against RSV whereas inactivated vaccine is 

known to cause enhanced respiratory disease instead of protection. Here, we investigated 

whether chitosan alone could protect animals against RSV infection and whether it could 

alter immune responses or immunopathology induced by inactivated RSV vaccine. We found 

chitosan alone could modestly protect animals against RSV infection, while, in conjunction 

with inactivated RSV vaccine, it could significantly reduce RSV infection in mice. Further 

mechanistic investigation revealed that chitosan enhanced inactivated RSV vaccine-elicited 

immune responses through augmenting the induction of regulatory T cells, lung resident T 

cells and neutralizing antibodies while reversing Th2-skewed immune responses induced by 

inactivated RSV vaccine.   

 

Keywords 

Respiratory syncytial virus; Vaccine; Immunopathology; Vaccine safety 



112 

 

1. Introduction 1 

 Chitosan is a generic term for a family of linear polysaccharides that is commercially 2 

available as a partially deacetylated α-chitin produced from the exoskeletons of crustacean or 3 

the cell walls of fungi (231–233). It is a biocompatible, non-toxic and non-allergenic material 4 

that has been tested for safety and toxicity in a variety of animal species for various 5 

applications through various routes of administration (234–236). In solution, the positive 6 

charge of chitosan confers it with mucoadhesive properties, which are crucial for its use in 7 

intranasal applications (237, 238). When nasally administered with an antigen, it has been 8 

shown to augment antigen-specific immune responses in many animal models (239–242) and 9 

in human subjects (239, 243–246). Interestingly, chitosan alone is also able to enhance the 10 

immune responses against some viral infections (240–242). While its activities of immune 11 

enhancement have been well documented, the molecular mechanisms remain to be fully 12 

understood. It would be of interest to investigate whether chitosan could alter immune 13 

responses induced by a vaccine known to be generally less effective or even induce severe 14 

adverse reactions.  15 

 Formaldehyde-inactivated respiratory syncytial virus (FIRSV) vaccine was initially 16 

developed to protect humans against RSV infection known to cause severe disease in young 17 

children, elderly and immunocompromised patients (7, 125–127). However, instead of 18 

protection, the vaccine was found to be associated with severe vaccine-induced enhanced 19 

respiratory disease (ERD), with 80% of the participants hospitalized and 2 deaths following 20 

subsequent RSV infection (97, 98, 131, 206). It has been shown that Th2-skewed immune 21 

responses and poorly neutralizing antibodies lead to pulmonary inflammation, airway 22 

obstruction, and mucus hypersecretion (100, 133, 135–137). Moreover, cell-mediated 23 
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immune responses could also be involved in the development of ERD (138, 140, 247). It is 24 

noted that there are studies showing the use of adjuvants to enhance FIRSV-induced 25 

protection (248), here, we investigated the mechanisms underlying chitosan-mediated 26 

immune enhancement using FIRSV as a model vaccine, specifically its role in inducing 27 

regulatory and tissue resident T cells which are known to be critically important in inducing 28 

a well-balanced and robust immune responses against microbial infections.  29 

 30 

2. Materials and methods 31 

2.1 Cells, virus and vaccines 32 

HEp-2 (ATCC: CCL-23) were grown in Dulbecco's Modified Eagle Medium 33 

(DMEM) supplemented with 1.5 g/l sodium bicarbonate, 2mM Glutamax, 1mM HEPES, 34 

20 U/ml Penicillin, 0.02 mg/ml Streptomycin, and 10% FBS. 35 

RSV-A2 (ATCC: VR-1540) was grown in HEp-2 cells according to supplier’s 36 

instructions and sucrose-purified for animal studies. FIRSV was prepared with the RSV-A2 37 

strain in HEp-2 cells as described elsewhere (135).   38 

 39 

2.2 Animal studies 40 

Six-week old female Balb/c mice (Charles River, Saint Constant, QC) were used for 41 

all animal studies. For a primary infection, mice were infected intranasally with 5x105 PFU 42 

of RSV-A2 in 25µl per mouse. Chitosan (Sigma) was dissolved in 25 mM sodium acetate 43 

solution (pH 5.0) to a concentration of 4 mg/ml (241, 242) and 25µl was administered 44 

intranasally per mouse either one day or three days post RSV infection. Mice were 45 

euthanized four days post-infection for lung collection.      46 
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FIRSV and formaldehyde-inactivated cell control (FI-Mock) were administered at 47 

106 PFU intramuscularly in 50µl volume per mouse. Each immunization was administered 48 

twice at the same dose and route 28 days apart. On days 39 and 41, some mice were given 49 

25µl chitosan at 4 mg/ml intranasally. On day 42, half the mice were euthanized while others 50 

were challenged intranasally with 5x105 PFU of RSV-A2 in 25µl per mouse. Four days post- 51 

challenge, mice were euthanized for blood and tissue collection.  52 

In all animal studies, mice were intravenously injected with 1.5µg of BV510- 53 

conjugated anti-mouse CD3 (clone 145-2C11; BD Biosciences) in 200µl PBS 5 minutes 54 

before being euthanized. During flow cytometry analysis of the lungs, the cells that appear 55 

negative for the injected CD3 antibody will be considered tissue-resident (249). 56 

All animal experiments were reviewed and approved by Institutional Animal Care 57 

and Use Committee of Health Canada and were conducted in accordance with Institutional 58 

Animal Care and Use Committee of Health Canada guidelines and regulations. 59 

 60 

2.3 Lung viral titer 61 

Lungs were removed four days post RSV challenge and tittered as described 62 

elsewhere (135). Briefly, lungs were collected and weighed prior to mechanical 63 

homogenization. The homogenates were clarified using centrifugation and the supernatants 64 

were frozen at -80ºC until further use. Serial dilutions of the supernatant were done and 65 

incubated on HEp-2 cells for 2 hours at 37ºC. A 1:1 overlay of 2x DMEM media and 0.8% 66 

agarose was added. Following 6 days of incubation, the overlay was removed and the cell 67 

monolayer was stained with crystal violet before counting plaques. Results are expressed as 68 

PFU/g lung tissue. 69 
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 70 

2.4 Histopathology 71 

Four days post RSV challenge, whole lungs were collected from the Balb/c mice and 72 

fixed in 10% neutral buffered formalin. They were then trimmed, processed and embedded 73 

into paraffin blocks. Four-micron Hematoxylin-Phloxine-Eosin (HPE) and Periodic Acid 74 

Schiff (PAS) stained slides were made for evaluation. Scoring was done by a veterinary 75 

pathologist who was blinded to the experimental design. The lesion assessment protocol 76 

outlined by Weiss et al. was adopted (183). Perivascular leukocytic infiltration was evaluated 77 

where 1 means within normal parameters; 2 means small numbers of solitary cells with 78 

uncommon aggregates; 3 means multifocal small to moderate aggregates; 4 means moderate 79 

to high cellularity with multifocal large cellular aggregates that may be expansive into 80 

adjacent tissues. Mucus was visualized with PAS stain and graded as follows: 1 means none; 81 

2 means epithelial mucinous hyperplasia with none to rare luminal mucus accumulation in 82 

airways; 3 means epithelial mucinous hyperplasia with luminal mucus accumulation in 83 

airways; 4 means there is severe mucinous hyperplasia with airway obstruction by mucus. 84 

Total pathological score was calculated as the average of the individual scores.    85 

 86 

2.5 ELISA 87 

Serum from immunized mice was collected for determination of IgG1 and IgG2a titer. 88 

Ninety six-well plates were coated with recombinant RSV fusion (F) protein (Sino 89 

Biological) overnight at 4ºC. Next day, the plates were washed and blocked with BSA in 90 

PBS containing 0.05% Tween 20 for 2 hours at 37ºC. Serial dilutions of the mouse serum in 91 

blocking buffer were then added for 1 hour at 37ºC. After washing, HRP-conjugated anti- 92 
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mouse IgG1 or IgG2a (Jackson Immunoresearch Laboratories) were added for 1 hour at 37ºC. 93 

The plates were again washed and Tetramethylbenzidine substrate (Cell Signaling 94 

Technology) was added for 20 min at room temperature. The reaction was then stopped with 95 

0.16 M sulfuric acid. The plates were read spectrophotometrically at 450nm.    96 

 97 

2.6 Microneutralization 98 

RSV-neutralizing ability of the serum from immunized mice was determined. Serial 99 

dilutions of the serum were incubated with 800 PFU of purified RSV-A2 for 1 hour at 37ºC, 100 

5% CO2. The virus-antibody mixture was added to HEp-2 cells seeded the previous day and 101 

incubated at 37ºC. After 3 days, the cells were fixed with ice-cold methanol for 10 min at 102 

room temperature, air-dried, and blocked with 5% non-fat dry milk in PBS containing 0.1% 103 

Tween 20 for 2 hours at 37ºC. Then, the plates were washed and a HRP-conjugated anti-RSV 104 

(Meridian Life Science) was added for 1 hour at 37ºC. The plates were again washed and 105 

Tetramethylbenzidine substrate (Cell Signaling Technology) was added for 20 min at room 106 

temperature. The reaction was then stopped with 0.16 M sulfuric acid. The plates were read 107 

spectrophotometrically at 450nm.     108 

 109 

2.7 Flow cytometry  110 

Cells were isolated from lungs of immunized mice using a lung dissociation kit 111 

(Miltenyi Biotec) and a mechanical tissue homogenizer. Single-cell suspensions were washed 112 

with PBS and first, stained with Fixable Viability Stain 700 (BD Biosciences) for 30 min at 113 

4ºC, then, with purified anti-mouse CD16/CD32 (eBioscience) as a Fc block for 5 min. Next, 114 

cells were washed with FACS wash buffer (PBS with 1% BSA and 0.05% sodium azide) and 115 
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stained for 30 min at 4ºC with a panel containing BV711-conjugated anti-mouse CD127 116 

(clone SB/199), BV650-conjugated anti-mouse CD25 (clone PC61), BV421-conjugated anti- 117 

mouse CD44 (clone IM7), PE-Cy7-conjugated anti-mouse CD62L (clone MEL-14), PE- 118 

CF594-conjugated anti-mouse CD103 (clone M290), FITC-conjugated anti-mouse CD8a 119 

(clone 53-6.7), APC-H7-conjugated anti-mouse CD4 (clone GK1.5), and AF647-conjugated 120 

CCR7 (CD197; clone 4B12). After washing the stained cells, BD Pharmingen™ 121 

Transcription Factor Buffer Set (BD Biosciences) was used as per manufacturer’s 122 

instructions to stain with PE-conjugated anti-mouse Foxp3 (clone MF23). All antibodies 123 

were purchased from BD Biosciences. Using a BD LSRFortessa flow cytometer, 50,000 124 

singlet events were recorded. FMO controls and compensation beads were used where 125 

appropriate to correct for spectral overlap. Data analysis was completed using FlowJo X 10.0. 126 

Gating strategy is outlined in Figure S4.1. 127 

 128 

2.8 Secreted cytokines 129 

Cells were isolated from lungs using a lung dissociation kit (Miltenyi Biotec) and a 130 

mechanical tissue homogenizer. The cells were then stimulated with an immunodominant H- 131 

2Kd-restricted RSV F85-93 peptide (KYKNAVTEL; ProImmune) at 5µg/ml for 48 hours at 132 

37ºC, 5% CO2. Supernatants were collected following centrifugation and stored at -80ºC for 133 

later analysis. A ProcartaPlex Mouse Cytokine Panel (eBiosciences) was used to determine 134 

the levels of IL-5 and IL-13 in the supernatants. The samples were read on a Luminex 200 135 

System (xMAP Technology). Data analysis was performed using MILLIPLEX Analyst 136 

version 5.1 for determining the pg/ml of each cytokine. 137 

 138 
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2.9 Statistical Analysis 139 

Analysis was conducted using one-way or two-way ANOVA where appropriate. 140 

Bonferroni posttest was used to adjust for multiple comparisons between different test 141 

groups. Tests were done at a 5% significance level. All statistical analyses were performed 142 

using GraphPad Prism 7 software. 143 

 144 

3. Results 145 

3.1 Chitosan enhances induction of resident effector T cells and regulatory T cells 146 

following RSV infection 147 

We first investigated whether chitosan alone could afford protection against RSV and 148 

the underlying mechanism. To that end, Balb/c mice were infected with RSV-A2 and 149 

intranasally inoculated with chitosan either one day or three days post-infection. A ‘no 150 

chitosan’ control was included where mice were infected with RSV but did not receive any 151 

chitosan. Four days post-infection, all mice were injected with a fluorophore-conjugated anti- 152 

mouse CD3 antibody (249) and euthanized five minutes later for lung collection (Figure 153 

4.1A). Minimally lower RSV titer, albeit statistically significant, was observed in mice given 154 

chitosan one day post-infection (Figure 4.1B), while chitosan treatment on day 3 failed to 155 

significantly inhibit viral replication. Notably, we found that the decreased levels of viral 156 

replication in chitosan treated mice was accompanied by significantly increased T cell 157 

populations known to be crucial for protection against RSV (247, 250–253). Specifically, 158 

treating with chitosan one-day post RSV infection significantly increased the number of 159 

lung-resident CD8+ and CD4+ effector T cells compared to day 3 and no treatment groups 160 

(Figure 4.1C, D). In addition, the population of CD4+ regulatory T cells (Tregs) expressing 161 
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transcription factor box P3 (Foxp3) also increased considerably in mice treated with chitosan 162 

one day post-infection compared to day 3 and no chitosan treatment groups (Figure 4.1E). 163 

Collectively, these results show that chitosan augments the induction of tissue-resident 164 

effector T cells and Tregs, and the timing of chitosan administration following infection has a 165 

profound effect on T cell activation.  166 

 167 

3.2 Chitosan augments viral clearance elicited by inactivated RSV vaccine  168 

Previous studies have demonstrated the use of chitosan in increasing neutralizing 169 

antibody levels and promoting a balance between Th1 and Th2 responses during viral 170 

infections when used as a vaccine adjuvant or a therapeutic treatment (239, 254–257). FIRSV, 171 

however, has been shown to induce skewed immune responses with high levels of Th2 172 

antibodies with poor RSV neutralizing ability (136). Therefore, we investigated if chitosan 173 

treatment of FIRSV-immunized mice prior to RSV challenge may enhance FIRSV-induced 174 

protection. To that end, Balb/c mice were twice immunized with FIRSV or formaldehyde- 175 

inactivated cell control (FI-Mock) and given chitosan intranasally twice before RSV 176 

challenge (Figure 4.2A). Four days post-challenge, lung viral titre was significantly lower in 177 

FIRSV-immunized mice treated with chitosan compared all other treatment groups (Figure 178 

4.2B). It is interesting to note that chitosan treatment prior to RSV challenge did not reduce 179 

virus replication (FI-Mock + Chitosan; Figure 4.2B), an observation different from that with 180 

treatment one day after RSV challenge (Figure 4.1B). These results collectively suggest that 181 

chitosan, when used alone or in the absence of antigen administration, has a small time 182 

window to effectively inhibit RSV replication, whereas FIRSV itself shows minimal 183 

inhibition of virus but FIRSV in conjunction with chitosan can significantly suppress virus 184 
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replication.  185 

 As FIRSV can induce exacerbated lung inflammatory reaction, we investigated 186 

whether chitosan treatment could reduce lung pathology. To this end, lung tissues from the 187 

animals were HPE and PAS stained for histopathological analysis of interstitial disease, 188 

edema, perivascular aggregates of leukocytes and mucus, respectively. All FIRSV- 189 

immunized mice despite chitosan treatment exhibited severe ERD as demonstrated by 190 

significantly higher perivascular cell infiltration and mucus cell hyperplasia with mucus in 191 

the bronchiolar lumen (Figure 4.2C, D), while vaccination with FI-Mock resulted in minimal 192 

cellularity and mucus irrespective of the chitosan treatment. These findings suggest that the 193 

exacerbated pulmonary inflammation is unrelated to virus replication but is greatly 194 

influenced by other immunopathological mechanisms (see below for more discussion). 195 

 196 

3.3 The effect of chitosan on specific anti-RSV antibody responses  197 

Having observed chitosan in conjunction with FIRSV significantly reduced viral 198 

loads in the lung, we set out to determine the antibody responses in these animals. As shown 199 

in Figure 4.3A, a high RSV F-specific IgG1 to IgG2a ratio indicative of a Th2 skew, and a 200 

hallmark of FIRSV (136), was observed exclusively in the FIRSV group without chitosan 201 

treatment (Figure 4.3B), whereas chitosan was able to restore the balance between IgG1 and 202 

IgG2a in FIRSV-immunized mice. As expected, a 1:1 ratio between IgG1 and IgG2a was 203 

observed in the other two control groups. Importantly, neutralizing antibody levels were 204 

significantly higher in the FIRSV group with chitosan treatment compared to other groups 205 

(Figure 4.3C). It is understood that chitosan itself would not change the structure of the viral 206 

antigens in the FIRSV preparation; it would be worthy studying its adjuvant effects on native 207 
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RSV antigens which have not been inactivated (more in discussion). Overall, chitosan 208 

treatment improved the neutralizing ability of FIRSV-induced antibodies and restored the 209 

balance between Th1 and Th2 antibody responses.    210 

 211 

3.4 Chitosan increases FIRSV-elicited Tregs  212 

Next, we examined the cell-mediated responses in the lungs of immunized/chitosan- 213 

treated mice. The number of total lung-resident CD4+ T cells was drastically increased in 214 

FIRSV-vaccinated mice following chitosan treatment compared to other groups (Figure 215 

4.4A), while the highest levels of CD4+ Tregs were observed following FIRSV vaccination 216 

in conjunction with chitosan treatment (Figure 4.4B). It is of note that FIRSV immunization 217 

alone significantly decreased total tissue-resident CD4+ T cells and CD4+ Tregs compared to 218 

FI-Mock immunization (Figure 4.4A, B), accompanied by a significant increase in RSV F 219 

protein specific Th2 cytokines, IL-5 (Figure 4.4C) and IL-13 (Figure 4.4D). These FIRSV- 220 

induced pulmonary T cells responses were altered with chitosan treatment as demonstrated 221 

by the significant increase in the number of tissue-resident CD4+ T cells and Tregs compared 222 

to the other treatment groups as well as decreased levels of IL-5 and IL-13, similar to that of 223 

the FI-Mock control group. Taken together, chitosan exerts its adjuvant activity by increasing 224 

pulmonary resident CD4+ T cells and Tregs (Figure 4.4) and inducing higher levels of 225 

neutralizing antibody (Figure 4.3C). 226 

 227 

4. Discussion 228 

Because of its proven safety record and a variety of immunomodulatory properties, 229 

chitosan has been extensively studied for its potential as a vaccine adjuvant. Not only does it 230 



122 

 

have a profound effect on humoral immunity (239, 257), it also affects cell-mediated 231 

immunity (258). Several lines of evidence prompted us to conduct the current study in which 232 

FIRSV vaccine was used as a model vaccine to study the mechanisms of chitosan as a 233 

therapeutic. First, although the role of chitosan in stimulating NK cells and macrophages is 234 

well established (240, 258), its effect on tissue-resident T cells still remains to be understood. 235 

This is an important issue as tissue resident effector/memory T cells play a vital role in 236 

tissue-specific protection. By secreting cytokines and chemokines, these cells recruit innate 237 

and adaptive immune cells into the infected tissue (259, 260). Indeed, these cells are believed 238 

to be the first line of defense against infection mainly due to their ability to proliferate 239 

rapidly and kill infected cells directly as well as through immune cell recruitment (261–264). 240 

Secondly, the effect of chitosan on regulatory T cells (Tregs) remains unknown. These cells 241 

play important roles in regulating the balance between effective antimicrobial immune 242 

responses and excessive effector T cell activation or antigen-presenting cell maturation and 243 

functionality (265–269) during immune response against infections. Third, by employing 244 

FIRSV vaccine as an model antigen to study the adjuvant activity of chitosan, we could gain 245 

better insight into chitosan-mediated immune enhancement, given FIRSV is known to induce 246 

skewed immune responses and poorly neutralizing antibodies, and that lung resident T cells 247 

are critical for robust RSV virus clearance and early establishment of cell-mediated 248 

responses (247). Moreover, following RSV infection, Tregs have been shown to accumulate 249 

in the lungs and mediastinal lymph nodes in mice and recruit RSV-specific CD8+ cytotoxic 250 

T cells to the lungs thereby facilitating viral clearance (250, 252, 253). Given these 251 

considerations, we conducted animal studies to investigate how chitosan could alter immune 252 

responses in the RSV vaccine model.   253 

We report for the first time the effect of chitosan on Tregs and tissue-resident T cells 254 
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following a RSV infection and FIRSV immunization. Specifically, we found that chitosan 255 

alone resulted in a significant increase in pulmonary resident CD8+, CD4+ T effector cells 256 

and Tregs. Furthermore, the reversal of FIRSV-induced Th2-skewed immune responses by 257 

chitosan could be mediated by elevated levels of resident CD4+ T cells and CD4+ Tregs, 258 

leading to a decrease in Th2 cytokines (Figure 4.4). These functional activities of chitosan, 259 

along with the capacity of substantially facilitating antigen-specific neutralizing antibodies 260 

(Figure 4.3C), could have contributed to the significant inhibition of RSV replication (Figure 261 

4.2B).   262 

While we are able to gain some insight into the mechanisms relating to the adjuvant 263 

activity of chitosan, it remains to be understood as to why chitosan failed to reduce 264 

exacerbated pulmonary inflammatory reactions or ERD in animals following FIRSV 265 

vaccination even if diminished Treg responses and increased Th2 responses have been 266 

implicated in ERD development (136, 138, 270). However, it is unlikely that the 267 

development of ERD was correlated to the level of viral replication, as the viral loads were 268 

the lowest in FIRSV/chitosan group.  269 

Our findings provide some mechanistic insight into chitosan-induced balanced host 270 

responses between Th1 and Th2. In agreement with studies that have shown that Tregs could 271 

downregulate Th2 responses (271, 272), we show that chitosan upregulates Tregs, resulting 272 

in decreased levels of pulmonary Th2 cytokine production. In conclusion, through this study, 273 

we have gained some mechanistic insight into the functional activities of chitosan as a 274 

potential treatment/adjuvant. In addition to some well-characterized functional pathways 275 

reported by others, we show that chitosan can substantially augment antigen-specific 276 

immune responses through upregulating critical tissue-specific resident T cells and Tregs 277 

while significantly stimulating generation of neutralizing antibodies. Nonetheless, the exact 278 
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molecular mechanisms remains to be elucidated; further studies are necessary to delineate 279 

the definitive roles of Tregs and resident T cells induced by chitosan with respect to 280 

protection against RSV infection.  281 
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Figures 282 

Figure 4.1 283 

 284 

 285 
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Figure 4. 1: Chitosan treatment following RSV infection leads to enhanced induction of 286 

resident T cells and Tregs. (A) Schematic diagram of the RSV infection and chitosan 287 

treatment timeline. (B) Lung viral titer determined using plaque assay 4 days post infection 288 

(n = 5). Flow cytometry was used to determine the number of lung resident T effector cells 289 

and Tregs. (C) Resident CD8+ T effector cells are CD3- CD8+ CD44+ CD62L- CCR7- 290 

CD103+, (D) resident CD4+ T effector cells are CD3- CD4+ CD44+ CD62L- CCR7- 291 

CD103+, and (E) Tregs are CD3- CD4+ CD127- CD25+ Foxp3+ in mice that were 292 

intravenously injected with BV510-conjugated anti-mouse CD3 prior to necropsy. Data 293 

shown is mean ± SEM; n = 7 per group; *p < 0.05, **p < 0.01 (one-way ANOVA with 294 

Bonferroni posttest). PFU: Plaque forming units   295 
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Figure 4.2 296 

 297 

 298 
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Figure 4. 2: Chitosan enhances FIRSV-induced viral clearance without reversal of ERD. (A) 299 

Schematic diagram of the immunization, chitosan treatment, RSV challenge and necropsy 300 

timeline. (B) Lung viral titer determined using plaque assay 4 days post infection. (C) 301 

Pathological scoring of lung tissue. Perivascular leukocyte infiltration and mucus were 302 

scored using HPE and PAS stained slides, respectively, 4 days post-challenge. An average of 303 

the two scores is shown. (D) Representative images of HPE and PAS stained mouse lungs 304 

post-challenge at 20X magnification. In the HPE slides, the arrows point to the extensive cell 305 

infiltration and in the PAS stained slides, the arrows point to the mucus-positive cells and 306 

mucus in the bronchiolar lumen. Data shown is mean ± SEM; n = 5 per group; *p < 0.05, 307 

**p < 0.01 (one-way ANOVA with Bonferroni posttest). FIRSV: Formaldehyde-inactivated 308 

RSV, FI-Mock: Formaldehyde-inactivated cell control, PFU: Plaque forming units  309 
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 Figure 4.3 310 

 311 

 312 
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Figure 4. 3: FIRSV-induced antibodies are significantly enhanced with chitosan treatment. 313 

(A) Schematic diagram of the immunization, chitosan treatment and necropsy timeline. (B) 314 

RSV F-specific IgG1/IgG2a ratio in the serum before challenge was determined using 315 

ELISA. (C) RSV neutralizing ability of the mice serum pre-challenge. The serum dilution at 316 

which 50% neutralization is achieved is shown. Data shown is mean ± SEM; n = 5 per group; 317 

*p < 0.05, **p < 0.01, ****p < 0.0001 (two-way ANOVA (B) or one-way ANOVA (C) with 318 

Bonferroni posttest).  319 



131 

 

Figure 4.4 320 

 321 

 322 



132 

 

Figure 4. 4: FIRSV-elicited Tregs are improved with chitosan treatment leading to a decrease 323 

in Th2 cytokines. Flow cytometry was used to determine the number of lung resident CD4+ 324 

T cells and Tregs before RSV challenge. (A) Resident CD4+ T cells are CD3- CD4+ 325 

CD103+, and (B) Tregs are CD3- CD4+ CD127- CD25+ Foxp3+ in mice that were 326 

intravenously injected with BV510-conjugated anti-mouse CD3 prior to necropsy. Secreted 327 

levels of IL-5 (C) and IL-13 (D) were determined using the Luminex system in the lungs of 328 

mice collected before challenge following 48-hour ex-vivo stimulation with RSV F85-93 329 

peptide. Data shown is mean ± SEM; n = 5 per group; *p < 0.05 (one-way ANOVA with 330 

Bonferroni posttest).  331 
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Figure S4.1 348 

 349 
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Figure S4. 1: Gating strategy for flow cytometry data. Lung cells were isolated from Balb/c 

mice intravenously injected with BV510-conjugated anti-mouse CD3 prior to necropsy and 

stained for flow cytometry analysis. (A) A FSC/SSC plot was done to gate for lymphocytes 

which were further gated for (B) viable CD3- cells. (C) These cells were then gated for 

CD44+ CD62L- followed by (D) CCR7- CD103+ cells and finally, (E) CD4+ or CD8+ to 

determine the number of lung resident CD4+ or CD8+ T effector cells. To analyze Tregs, 

viable CD3- cells were gated for (F) CD127- CD25+, which were further gated for (G) 

Foxp3+ CD4+ cells. Finally, to analyze lung resident CD4+ T cells, viable CD3- cells were 

gated for CD103+ CD4+ cells. 
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Chapter 5: General Discussion 

After decades of effort towards finding an effective vaccine against RSV, there is still no 

licensed vaccine available on the market. A major impediment to this development process is 

the lack of complete understanding of vaccine-induced ERD associated with some types of 

RSV vaccines, preventing the reliable preclinical assessment of vaccine candidates. As 

observed in the clinical trial in the 1960s, FIRSV has been shown to induce a Th2-skew in 

the immune response leading to pulmonary inflammation, airway obstruction and mucus 

hypersecretion in many animal models (100, 132–134). Moreover, FIRSV induced non-

neutralizing antibodies that have also been implicated in ERD development (135–137), while 

CD4+ T cell subsets were implicated in mediating various parameters of ERD (110, 139). 

Furthermore, adding to its ineffectiveness, FIRSV has been shown to elicit no memory CD8 

T cell responses in mice (160, 161). However, in spite of the known importance of CD8+ T 

cells in RSV clearance (110, 140, 141), their contribution to effective protection or ERD 

development remains to be fully understood. Clearly, RSV vaccine candidates should be 

evaluated for their induction of memory CD8 T cells in addition to the current focus of 

inducing strong humoral responses (140, 179, 180). Together, eliciting a robust memory 

CD8 T cell response could be the key in developing a vaccine that can promote long-lived 

immunity against RSV (140, 142).  

RSV F protein has been shown to bind TLR-4 initiating innate immune responses (95). 

Previous studies have also revealed that TLR activation results in high avidity antigen-

specific protective antibodies (136). Moreover, TLR agonists and CD40L could function 

synergistically to facilitate B cell development (171). Therefore, we employed the RSV F 

protein, which is a known TLR agonist, along with CD40L as a vaccine. The aim of the 
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study was to investigate if using CD40L as both an antigen-targeting molecule and immune 

modulator could result in robust and long-lasting CD8 T cell memory responses.  

Unlike FIRSV, Ad-SF40L protected mice effectively against RSV without inducing ERD. 

This protection involved neutralizing antibodies and memory CD8 T cells, which were not 

observed with FIRSV immunization. Furthermore, Ad-SF40L was able to elicit effector 

memory CD8 T cell mediated long-lasting protection against RSV. Our study showed that 

the protection was CD8 T cell dependent and CD4 T cell independent. Importantly, for the 

first time, we demonstrated that CD8 T cell mediated long-lasting protection could be 

achieved through CD40-targeting immunization (Chapter 2).  

There are some limitations to this work that are mainly due to the route of administration of 

the vaccines tested in the study. Since the study aimed at comparing the vectored vaccines 

delivered intranasally with FIRSV injected intramuscularly, investigation of the alterations in 

resident T cell populations in the lung tissues was not conducted, given that the viscosity of 

alum-adjuvanted FIRSV made it difficult to administer intranasally. Previous studies have 

shown that the route of immunization plays a crucial role in determining tissue-specific 

immune responses at the site of infection (181). Specifically, protection against respiratory 

pathogens is best achieved through intranasal vaccination compared to intraperitoneal and 

intramuscular adminsitration due to the robust induction of pulmonary tissue-resident 

effector and memory CD8 T cells (181, 182). However, since other studies have shown that 

both intranasal and intramuscular immunization result in similar numbers of effector memory 

CD8 T cells in the spleen and lung vasculature (182), we examined the spleen for changes in 

CD8 T cell populations. Overall, our studies added to better understanding of the 
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mechanisms underlying CD8 T cell mediated protection against RSV and FIRSV-induced 

ERD with regards to CD8 T cell induction.  

It is of note that the functional activities of CD8 T cells derived from FIRSV immunized 

animals significantly deteriorated following viral challenge, i.e. the number of CD8 T cells is 

high but these cells are non-protective. This could be suggestive of T cell exhaustion due to 

low PD-1 expression, which was investigated in my next study. 

Programmed cell death-1 (PD-1) plays an integral role in inducing suppressive signals to 

regulate autoimmunity, transplantation immunity, infectious immunity and tumour immunity 

(184). Following activation, PD-1 is transiently expressed on multiple immune cells such as 

CD4 and CD8 T cells, B cells, macrophages, natural killer cells and dendritic cells (187, 

190–196). High expression is vital for regulatory T cell development while follicular helper 

T cells constitutively express high PD-1 (197–200).  

Cotton rats are one of the ideal animal models for RSV infection since most findings in 

relation to FIRSV-induced ERD have been replicated in this model (208–211). Increasing 

number of vaccines and therapeutics are being evaluated in cotton rats prior to clinical trials 

(113, 214, 215). While they were used successfully to determine the dosing, safety and 

efficacy of Palivizumab, the only licensed therapeutic antibody against RSV (113, 213, 215), 

very few cotton rat genes have been cloned and characterized limiting the use of this model 

for mechanistic investigation of pathogenesis and immune responses.  

In the context of primary RSV infection in mice, PD1-PDL1 activation has been shown to be 

vital for limiting immunopathology (205, 217). However, the levels of PD-1 in cotton rats 

experiencing FIRSV-induced ERD have not been studied, mainly because the PD-1 gene in 
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cotton rats has not been sequenced. In our study, for the first time, we reported the mRNA 

sequence of cotton rat PD-1 (crPD-1) and its expression in ERD. Characterization of crPD-1 

showed binding to its cognate ligand on dendritic cells and suppression of cytokine secretion. 

Moreover, we unraveled a new facet of vaccine-induced ERD by showing the 

downregulation of PD-1 in cotton rats experiencing FIRSV mediated excessive pulmonary 

inflammation (Chapter 3).  

In contrast to other infections where blocking PD-1 improves viral clearance and expansion 

of virus-specific T cells (203, 204), blocking PD-1 pathway during a RSV infection in mice 

enhanced pulmonary inflammation and lung injury with minimal effects on viral clearance 

(205). Similarly, we observed moderate viral clearance and exacerbated pulmonary 

inflammation in FIRSV immunized cotton rats, which is in good agreement with severe RSV 

infection where low levels of PD-1 accompany respiratory disease. Further investigations 

could include antibody design and production against crPD-1 that can be used to block PD-1 

pathway in cotton rats helping determine the causative role of PD-1 in ERD development.  

High expression of PD-1 is vital for regulatory T cell development (197–200) and Tregs 

have been shown to accumulate in the lungs and mediastinal lymph nodes of mice infected 

with RSV recruiting CD8 T cells to the lungs facilitating viral clearance (250, 252, 253). 

Therefore, since FIRSV immunized animals were found to have poor CD8 T cell function 

(Chapter 2) and low expression of PD-1 (Chapter 3), we investigated the levels of Tregs in 

mouse lungs. In addition, we evaluated the use of chitosan in altering FIRSV-mediated 

immune responses.  



140 

 

Chitosan, in solution, has a positive charge that confers it with mucoadhesive properties that 

are crucial for its use in intranasal applications (237, 238). It has been shown to enhance 

antigen-specific immune responses when administered intranasally with an antigen in many 

animal models (239–242) and in humans (239, 243–246) having a profound effect on 

humoral (239, 257) and cell-mediated immunity (258). Interestingly, chitosan alone is also 

able to augment immune responses against some viral infections (240–242). Even though its 

activities of immune enhancement have been well documented, the molecular mechanisms 

remain to be fully understood. It would be of interest to investigate whether chitosan could 

alter immune responses induced by a vaccine known to be less effective and induce severe 

adverse reactions such as FIRSV.  

The role of chitosan in stimulating NK cells and macrophages is well established (240, 258). 

However, its effect on tissue-resident T cells and Tregs remains to be understood. Given 

FIRSV is known to induce skewed immune responses and poorly neutralizing antibodies, by 

employing FIRSV vaccine as a model antigen to study the effects of chitosan, we aimed at 

gaining better insight into chitosan-mediated immune enhancement. Moreover, given that 

lung resident T cells are critical for robust RSV clearance and early establishment of cell-

mediated responses (181) and Tregs play important roles in regulating the balance between 

effective immune activation and excessive stimulation during infections (265–269), we 

focused on these aspects of chitosan-induced immunity.  

In our study, we found that chitosan alone could modestly protect animals against RSV 

infection, while it could significantly reduce RSV infection in mice when used in 

conjunction with FIRSV. However, chitosan was not able to reverse the ERD induced by 

FIRSV. Further mechanistic investigation revealed that chitosan enhanced antigen-specific 
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immune responses, contributing to significant inhibition of RSV replication, through 

augmentation of Tregs, lung resident T cells and neutralizing antibodies while reversing 

FIRSV-induced Th2-skewed immune responses. The reversal of FIRSV-induced Th2 

responses by chitosan could be mediated by elevated levels of resident CD4+ T cells and 

CD4+ Tregs leading to a decrease in Th2 cytokines. This is the first report, to the best of our 

knowledge, showing the effect of chitosan on Tregs and tissue-resident T cells following 

RSV infection and FIRSV immunization (Chapter 4). 

It remains to be understood as to why chitosan failed to reduce exacerbated pulmonary 

inflammation indicative of ERD in animals following FIRSV vaccination even though it was 

able to improve the diminished Treg responses and increased Th2 responses implicated in 

ERD development (110, 136, 270). Further studies are necessary to delineate the definitive 

roles of Tregs and resident T cells induced by chitosan with respect to protection against 

RSV infection. Additional studies administering chitosan at the same time as FIRSV, albeit 

through different routes, could be conducted to test if altering the initial priming with FIRSV 

has an effect on ERD development. 

Together, the studies indicate that FIRSV-induced ERD development could be due to low 

PD-1 expression resulting in T cell exhaustion and/or curtailed Treg development, which in 

turn, could lead to diminished recruitment of CD8 T cells for viral clearance preventing 

effective protection against RSV infection.  
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Summary  

Introduction: Respiratory syncytial virus (RSV) infection is responsible for one-third of 

deaths of acute lower respiratory infection in children less than one year old. The 

formaldehyde-inactivated RSV vaccine trial conducted in the 1960s predisposed the 

vaccinees to more serious RSV infection instead of protection. Better understanding of the 

underlying mechanism is of critical importance for better designing of safe and effective 

RSV vaccines. 

Areas covered: PubMed was searched to review immunopathology induced by RSV 

vaccines. We intend to dissect the differences in clinical and pathological manifestations of 

enhanced respiratory disease (ERD) in different animal models in comparison with humans. 

Formaldehyde-inactivated RSV vaccine causes ERD in both humans and animals, while 

RSV vaccine without formaldehyde treatment could also induce similar disease in animals, 

suggesting multiple pathways may be involved. 

Expert commentary: Identification of biomarkers pertinent to clinical evaluation should be 

further explored for safety assessment of RSV vaccines in human trials. 

 

Keywords: formaldehyde-inactivated vaccine, RSV, animal models, vaccine enhanced 

disease, immunopathogenesis 
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Introduction 

Approximately 33.8 million children under the age of 5 worldwide are reported to be 

afflicted with respiratory syncytial virus (RSV) related acute lower respiratory tract 

infection. While humans infected by the virus often present symptoms related to respiratory 

infections, the immuno-pathological effects of RSV infection remains to be clearly 

determined.   At least 3.4 million hospital admissions associated with severe RSV disease are 

reported globally [1]. Most of the RSV-related mortality occurs in developing countries with 

the number of deaths estimated to be about 250,000. However, the number of RSV infection 

cases is believed to be grossly under-reported [1–3]. Like any other vaccines against 

infectious diseases, a vaccine against RSV should be one of the most effective means to 

prevent or contain RSV viral infection. However, challenges towards RSV vaccine 

development have been tremendous. Specifically, a RSV vaccine clinical trial in the 1960s 

failed, with the formaldehyde-inactivated RSV vaccine (FIRSV) causing enhanced 

respiratory disease (ERD) rather than protection upon subsequent RSV infection.  The 

majority (80%) of the participants were hospitalized in addition to 2 deaths although no 

significant toxicity was observed in preclinical animal studies where the animals were 

immunized but not infected  [4–6]. This failed clinical trial underscores the vital need in 

RSV vaccine development for a robust animal model that can predict severe adverse 

reactions such as ERD. However, the pathogenesis of FIRSV-induced ERD can vary 

amongst different animals and  may not be the same as that observed in humans [7,8]. In this 

review, we attempt to dissect pathological findings of ERD in both animals and humans in 

addition to the underlying immunological mechanisms.   
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Results from the Human Trial  

 The human clinical trial on Lot 100 formaldehyde-inactivated RSV vaccine (made 

with the Bernett strain) revealed great challenges in vaccine development. This trial was 

conducted from December 1965 to May 1967 during which time there were two RSV 

epidemics. The subjects were infants between 2 and 7 months of age [5,6]. Prior to injecting 

the infants with Lot 100, it was tested in guinea pigs and cynomolgus monkeys for 

complement-fixing and neutralizing antibody. Safety of the vaccine was also tested in 

cynomolgus monkeys, guinea pigs, rabbits and mice [5,6]. The problems arose when the 

infants, who had received two intramuscular injections of FIRSV one month apart and a third 

injection 3 months after the second injection, were subsequently infected by RSV during the 

epidemics. Although no toxic effects were observed prior to RSV infection and highly virus-

specific antibody titers were recorded 3 weeks after the third FIRSV injection, 80% of the 

vaccinees became severely ill following the RSV infection compared to only 5% of the 

parainfluenza control vaccinees [4–6, 9]. Longer persistence of pneumonia, mild rhinitis, 

pharyngitis and bronchitis was observed in the FIRSV immunized group. Interestingly, 

following FIRSV immunization, ERD occurrence was more frequent in infants aged between 

1 to 6 months than those who were older than 6 months. While the exact immunological 

mechanisms remain to be completely understood, frequent outbreaks of RSV during that 

time period might have exposed the older infants to RSV viruses prior to FIRSV 

immunization, thereby reducing the occurrence of ERD. Two infants died,  two  and five 

months after the first FIRSV injection, respectively [4–6]. Autopsy results conducted at that 

time showed that there was extensive bronchopneumonia and patchy atelectasis with 

emphysema and pneumothorax. Pathological examination showed peribronchiolar monocytic 

infiltration dominated with eosinophils. Finally, at least 104 TCID50 of RSV per gram lung 
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was recovered [5,6]. However, reexamination of the autopsy samples by Prince et al. (2001) 

revealed new insight:  the majority of the peribronchial infiltrates were comprised of 

lymphocytes along with some neutrophils and macrophages [10]. Moreover, the bronchial 

exudate contained mostly neutrophils accompanied by macrophages and lymphocytes. Only 

1-2% of the cell infiltrate population was identified to be eosinophils in both subjects [10]. 

The results from the reexamination of specimens from deceased subjects are not in 

agreement to those obtained in 1960s in terms of the types of cells infiltrated in the lung 

tissues. Interestingly, examination of the peripheral blood by Chin et al. (1969) showed that 

56% of the vaccinees had eosinophils present [4], an observation which is apparently 

different from that in lung pathology made by Prince et al. (2001). Nevertheless, no in-depth 

immunological analyses were conducted, making it critical to dissect findings from animal 

studies.  

The Lamb Model 

 Except cellular infiltrations in the lung tissues, results obtained in lamb model were 

starkly different from that obtained in human trial in FIRSV-induced neutralizing antibodies 

and clinical manifestations. Specifically, FIRSV-induced disease was  recently investigated 

in perinatal lambs [11,12]. In these studies, colostrum-deprived lambs 3 to 5 days old were 

immunized with FIRSV (made with RSV-A2) followed by challenge with RSV Memphis 37. 

Compared to mock-immunization control, histological analysis on the lungs showed an 

increase in perivascular and peribronchiolar lymphocyte infiltration dominated by 

neutrophils. No prominent eosinophil infiltration was detected in any region of the lung. 

Furthermore, increased lymphocyte and plasma cell infiltration were detected in airways and 

blood vessels that were more expanded due to increased cellularity. Multifocal bronchioles 



166 

 

had mild to moderate infiltrates of lymphocytes, plasma cells and some macrophages in 

tunica adventitia. This was also seen in the lamina propria but to a lesser extent. However, 

fewer bronchiolar epithelial lesions were observed in the FIRSV immunized lambs than the 

mock-immunized lambs [12].  These pathological observations were similar to that obtained 

in humans. In contrast to human results, disease presentations in FIRSV group were not 

remarkable, with no differences observed in body weight, temperature, heart rate and 

respiratory rate between the FIRSV and mock-immunized lambs.  

In contrast, FIRSV immunized lambs had higher neutralizing antibody titer in the 

serum compared to the mock immunized group [11,12], which correlated to better 

suppression of viral replication as demonstrated by decreased levels of RSV titer in the 

bronchoalveolar lavage (BAL) fluid and lung tissue as well as reduced amounts of viral 

mRNA and RSV antigen in bronchi/bronchioles and alveoli [12,13]. Taken together, the 

presence of elevated levels of neutralizing antibodies in the FIRSV immunized lamb sera 

resulted in more effective viral clearance, which in turn reduced the bronchiolar and alveolar 

lesions. These observations led Derscheid et al. (2013) to postulate that FIRSV directly 

affects viral load in a manner that triggers an “atypical immune response” [12]. Such 

“atypical immune response” seems beneficial as the lambs presented no marked symptoms 

compared to the mock control albeit quite significant inflammatory reactions in the lung 

tissue were observed.  

Despite a lack of symptoms, the ovine model could be useful for preclinical 

assessment of RSV vaccines as perinatal lamb lungs are similar in size, structure and 

physiology to those of human infants. The susceptibility of lambs to RSV is evident by 

similar lesions observed in human infants. They are one of the few animals that can be used 
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preterm, which can be useful in assessing the role of maternal antibodies on FIRSV induced 

disease [13–17].   

The Bovine Model 

 The bovine system is another useful model for RSV vaccine evaluation because 

bovines are naturally infected by bovine strains of RSV (bRSV) and FIRSV can induce 

moderate to severe disease upon subsequent exposure to bRSV [18–23]. Unlike the ovine 

model, bovines vaccinated with FIRSV display remarkable symptoms following RSV 

infection including an increase in rectal temperature, coughing, nasal discharge, sensitivity of 

larynx and trachea, lung sounds and severe dyspnea. Severe emphysema including 

pneumothorax can also be observed, similar to one of the infants who died in the human trial. 

Histological studies show bronchiolitis with epithelial necrosis and peribronchiolar 

interstitial mononuclear cell infiltration [5,6,18,19,21]. While alveolitis detected in calves 

was also seen in humans, conflicting results were reported on eosinophil infiltration in the 

bovine model. Gershwin et al. (1998) observed a mild neutrophilic alveolitisin calves 

without eosinophil infiltration whereas other groups reported the presence of eosinophils, but 

with an absence of neutrophils [18,19,21]. Such discrepancy in results is yet to be understood 

although the age of the calves used is different, with the calves in the former study being at 

least 2 months younger at necropsy than those in the latter studies.  

The difference in the bovine studies is also apparent in their presentations.  West et 

al. (1999) compared the FIRSV immunized group with modified live virus and mock control; 

they observed an early disease onset with a quicker attenuation of symptoms such as cough 

and wheezes [19]. Antonis et al. (2003) did not see the same pattern [21]. The difference 

between these results is not understood while it is noted that the time interval between RSV 
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infection and necropsy differs, i.e., 8 days in the West et al. study and 10 days in the Antonis 

et al. study.  

Along with the differences in pathological and symptomatic findings reported in the 

bovine model studies, the immunological analyses were also interesting. Specifically, while 

higher lymphocyte proliferative responses to the bRSV antigen were found in the FIRSV 

immunization group, similar to that observed in the human study, cytotoxic activity of 

bronchoalveolar lavage (BAL) cells were low when compared to those from the mock-

immunized group [9,19]. Moreover, higher IgG and IgE titers in the serum were detected in 

FIRSV immunized calves as compared to naïve animals, mock immunized and live virus 

groups upon subsequent bRSV infection. Yet, virus neutralizing antibodies were less induced 

by FIRSV compared with that in the live virus immunized calves [18,21]. These data 

indicate that higher IgG titre does not translate into better neutralizing activities, 

underscoring the need to use standardized neutralization assay for vaccine efficacy 

assessment.  

The role of non-protective antibodies in ERD development remains to be clarified. 

One study suggests that these antibodies may not be protective but may not exacerbate the 

disease either. Moreover, the role of IgE is also not fully understood although a high amount 

of IgE may be suggestive of deregulation in T-cell response [19]. Antonis et al. (2003) 

suggests that the presence of eosinophils and IgE are indicative of a Type I hypersensitivity 

reaction and may reflect a Th2-biased CD4 response in FIRSV immunized calves post-

infection [21]. 

The FIRSV dosage and immunization schedule have also been found to affect ERD 

or immune response [22,23]. Interestingly, a lower dose of FIRSV in conjunction with longer 

time interval between initial immunization and subsequent RSV challenge selectively 
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induced IgE reactive to the nucleoprotein while a higher dose (10-fold higher) combined 

with shorter time interval preferentially increased IgG antibodies reactive to all major viral 

proteins; some IgE detected in the higher dose group was against the F1 subunit of the RSV 

fusion protein. Furthermore, higher histological scores in the lower FIRSV group indicated 

severe ERD, suggesting that larger antigen loads may partially alleviate immunopathological 

damage to the lung tissue [22]. The type of immune response might also be altered. 

Specifically, after RSV challenge, serum IgG2 was higher in the higher-dose group than the 

lower dose group, revealing a stronger Th1 response which was additionally supported by 

increased IFN-γ production [22,24–26]. Compared with the low dose group, high-dose of 

FIRSV induced higher IgG1 with less severe ERD; yet the IgA level was also found to be 

low. Therefore, the authors postulate that IgG1, not IgA must have played an important role 

in curtailing early viral replication due to its mucosal location [23]. It would be interesting to 

see if these observations could be confirmed through passive IgG1 transfer. 

In short, bovines, like humans, are natural hosts of RSV. ERD induced by FIRSV is 

also similar between bovine and human, which may be due to the fact that bovine and human 

RSV share high nucleic acid homology and antigenic cross reactivity [27,28].  

Non-Human Primate Model 

 Bonnet monkeys (Macaca radiata) present another interesting model in FIRSV 

induced ERD. Monkeys vaccinated with FIRSV have been shown to develop inflammation 

in peribronchiolar, perivascular, interstitial sites and intra-alveolar sites. Lung infiltrates 

consist predominantly of macrophages, eosinophils, lymphocytes and multinucleate giant 

cells [29,30]. Furthermore, compared to mock immunized monkeys, the higher 
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histopathological score was found to be correlated with higher RSV titers in the lungs and 

BAL fluid, an observation different from that in calves and rodents [29,31].  

  Ponnuraj et al. (2001) postulated that the excess number of macrophages in the 

pulmonary infiltrates may promote enhanced viral replication and exacerbate the disease in 

the lungs following FIRSV immunization [29]. Since RSV has been shown to infect 

macrophages and that IgG1 levels are increased in bovine [22,23] and murine [32] models, 

the authors suggest that the macrophages are infected through antibody-mediated 

endocytosis thereby increasing lung viral load and exacerbating inflammation [29]. 

However, in the bovine and murine models, increasing levels of IgG1 are correlated to lower 

lung viral titers. Therefore, it remains unclear as to whether IgG1-mediated endocytosis of 

RSV into macrophages is species-specific. Despite the discrepancy in results from these 

different animal models, the studies with primates shed light on the potential disease 

enhancement caused by antibodies. While serum neutralizing antibodies were lower in the 

FIRSV group as compared to the live virus infection control, the disease enhancing antibody 

levels, were found to be higher [30]. These were determined by antibody-dependent 

enhancement indices.  Further characterization shows that antibodies against the RSV fusion 

(F) and attachment (G) proteins had high enhancement indices whereas antibodies against 

RSV nucleoprotein (N) did not have any disease enhancing effects [30,33–35]. It appears 

that there is a direct relationship between disease enhancing antibody titers and clinical 

scores in the monkeys. Such antibodies may enhance disease by forming immune complexes, 

thereby facilitating entry of the RSV virus into macrophages. These antibodies may also  

activate the complement system [36] or leukotrienes [37–39], thus enhancing inflammatory 

reactions. However, the roles of these antigen-specific antibodies could be further confirmed 

through more in vivo experiments such as passive antigen-specific antibody transfer.  
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Different species of non-human primates and adaption of viruses in specific primates 

may also affect the immunological and pathological outcomes. The results from studies with 

FIRSV in cynomolgus macaques were different from those in bonnet monkeys discussed 

above and in African green monkeys. In macaques, FIRSV induced higher levels of RSV 

neutralizing antibodies in their serum compared to a FI-measles control group and stronger 

lymphoproliferative responses, accompanied with better inhibition of viral replication 

[29,31,40]. The differences seen in viral load and neutralizing antibodies between the bonnet 

monkeys and macaques may be due to the fact that the macaques were infected with a 

macaque-adapted wild-type RSV A strain whereas the bonnet and African green monkeys 

were infected with the human RSV long strain. Interestingly, FIRSV was also found to 

suppress virus replication in bovine lungs when infected  with bovine RSV (bRSV) [19,21].  

It remains unknown as to whether FIRSV really helps the hosts better defend species-adapted 

virus infection.   

In addition to the analyses of antibody responses, some studies also observed  FIRSV 

induced lung eosinophilia, IL-13 and IL-5 producing T cells (Th2) in the macaques post-

infection [40]. In both macaques and bonnet monkeys [29], eosinophil count in the BAL 

fluid was high, unlike that observed in the lamb [12] and cotton rat [10] model. Notably, 

increased levels of lymphoproliferative responses and Th2 phenotype was accompanied with 

higher macaques fatalities as a result of pulmonary hyper-inflammation following RSV 

infection [40], an observation similar to that in humans [5,6].  

The dose of FIRSV can affect the outcome of subsequent RSV challenge in primates 

but rather differently compared to that in the bovine system. Specifically, immunization with 

lower dose of FIRSV appears to be beneficial as demonstrated by less viral infection and 

weaker inflammation, accompanied by  higher antibody levels and lymphocyte responses 
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compared to the higher dose group receiving 10-fold more FIRSV antigens [29]. These 

observations are in contrast to the bovine model since lower dosage of FIRSV resulted in a 

more pronounced Th2 response and higher histopathology scores in Holstein bull calves 

[22]. The discrepancies in results between bovines and primates in FIRSV-induced 

immunological and pathological responses provide another layer of complexity in relation to 

species differences. 

 

The Cotton Rat Model 

One of the rodent models frequently used for RSV vaccine evaluation is the cotton rat 

(sigmodon hispidus). Following FIRSV immunization and subsequent infection with RSV, 

they display no weight loss but show increased severity of peribronchiolitis consisting 

mainly of lymphocytes, bronchitis, neutrophilic alveolitis and interstitial pneumonitis 

compared to a mock-vaccinated group [10,41,42]. The presence of neutrophils is similar to 

that reported in lambs [12], but not mice [43] or non-human primates [29,40]. When 

compared to pathological examination of the human autopsies by Prince et al. (2001), the 

neutrophilic alveolitis is similar, albeit less severe, in cotton rats [10].  

With respect to virus replication, a 90% decrease in lung and nasal viral titer can be 

observed post infection in FIRSV immunized cotton rats but the nasal viral titer is the same 

as that in mock-vaccinated controls. However, the rats with lower lung viral load actually 

had higher histological scores, implying that the pathological lesions are unlikely due to 

virus replication itself but  an allergic sensitization-like reaction [10,41,42,44]. 

FIRSV was found to substantially alter immune responses, with a Th2 response 

predominantly observed in the lungs of FIRSV immunized cotton rats as demonstrated by 
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increased levels of characteristic Th2 cytokines such as IL-4, IL-5, IL-9, IL-10 and IL-13 and 

chemokines such as RANTES [42,44–46] while others observed signs of a Th2 response 

along with elevated release of Th1 cytokines like IL-2 and chemokines such as MIP-1a in the 

lung post-infection [44–46]. In contrast, Sawada et al. (2016) did not observe significant 

elevations of Th1 cytokines and chemokines, instead they detected increased viral replication 

in the lungs of FIRSV immunized cotton rats compared to the mock-immunized control 

group [42]. The discrepancy in results between the Sawada publication and earlier reports 

remains to be understood.  It is likely, however, that the dose and immunization schedule 

might partially contribute to the difference in results. Specifically, previous studies [44–46] 

employed about half the dose of challenge RSV virus per cotton rat as the more recent study 

[42], and the animals were challenged one week sooner.  

Interesting data have also been obtained with respect to the characteristics of the 

antibodies induced by FIRSV. RSV-specific neutralizing antibody levels in FIRSV 

immunized cotton rats was as low as the mock immunization group even though the total 

IgG titer was higher in the FIRSV group; those RSV-specific IgGs also have low avidity 

[41,42,47]. It is likely that formaldehyde inactivation damaged the neutralizing epitopes of 

the antigen [42,48]. Specifically, the denatured F protein may prevent its binding to the toll-

like receptor 4 (TLR4), resulting in a deficiency in triggering type I interferon response 

and/or an inflammatory response through myeloid differentiation factor 88 pathway [42,49]. 

As a result, FIRSV immunization could generate weakly neutralizing antibodies and a Th2 

skewed immune response [42].  

Alternative method to inactivate the virus in vaccine preparation was also explored.  

Boukhvalova et al. (2010) used 2,2’-dithiodipyridine (AT-2) to inactivate RSV virus; the 

agent disrupts the intramolecular disulfide bond of the zinc-finger motif in RSV M2-1 
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protein, thereby inactivating the virus [50]. The AT-2 RSV vaccines were found to be as 

effective as FIRSV in reducing lung viral replication but did not cause ERD in cotton rats. 

Interestingly, AT-2 RSV in conjunction with an adjuvant (Ribi) elicited enhanced vaccine 

immunogenicity comparable to that induced by live RSV; however, AT-2 RSV/Ribi 

combination caused ERD in the animals. These observations indicate that alternative 

inactivation of the virus by targeting the interior viral proteins could potentially reduce ERD 

occurrence whereas different combinations of vaccine with adjuvant need to be 

independently scrutinized [50].  

Sawada et al. (2016) injected FIRSV immunized cotton rats with palivizumab, a 

monoclonal antibody against the RSV fusion protein (F) currently available on the market as 

a prophylactic drug, prior to RSV challenge [42,51,52]. The palivizumab treatment induced 

higher levels of neutralizing antibodies, Th1 response and cytotoxic T lymphocyte (CTL) 

activity while suppressing viral replication and inflammatory reactions in the lungs. The 

authors suggest that CTL activity, which is induced by the Th1 response but absent during 

FIRSV immunization, contributes to protection through elimination of infected cells and 

reduction of excessive inflammatory reactions associated with FIRSV vaccination [42].   

The lack of protection observed with inactivated RSV vaccines might also be due to 

the RSV F protein predominantly assuming its post-fusion form. Cullen et al. (2015) 

immunized cotton rats with virus-like particle comprised of Newcastle disease viral proteins 

and RSV F in its pre-fusion form (VLP-F) [53]. Compared to FIRSV, VLP-F significantly 

reduced ERD as demonstrated by lower levels of peribronchiolitis, interstitial pneumonia and 

alveolitis. VLP-F was also more effective in suppressing pulmonary viral replication than 

FIRSV, while inducing even higher levels of neutralizing antibodies and pre-fusion F 

specific IgGs than live RSV immunization [53]. With respect to the post-fusion RSV-F 
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specific antibodies, VLP-F and live RSV immunizations induced similar serum antibody 

levels. Interestingly, VLP-F, which was designed to express pre-fusion F, induced higher 

levels of antibodies against post-fusion F than those specific for pre-fusion F, an observation 

similar to that with live RSV immunization [53]. 

While some studies suggest formaldehyde-treated F protein may play a role in 

FIRSV-induced altered immune response, others suggest non-viral element such as 

impurities and adjuvants in the FIRSV preparation could also have contributed to ERD. 

Shaw et al. (2013) observed alveolitis in cotton rats immunized with a formaldehyde-

inactivated vaccine without RSV antigen (FI-mock) even though more pronounced alveolitis 

was found in FIRSV immunized animals, suggesting impurities may also be partially 

responsible for the induction of ERD. In addition, they detected even higher levels of BSA-

specific T cells and cytokines than those specific for RSV F protein in both FIRSV and FI-

mock groups [47]. It is also likely that aluminum in FIRSV preparation skews immune 

response to Th2 [54]. Further studies should be conducted to determine whether different cell 

substrates in RSV vaccine preparations could contribute to the development of ERD 

[43,47,48].  

In conclusion, cotton rats are useful for RSV vaccine evaluation because of their 

higher permissiveness to human RSV infection compared to other rodents [44]. Yet, the 

scarcity of reagents for in-depth mechanistic studies limits their application, making it 

worthwhile to explore the mouse models.  

The Mouse Model 

 The mouse model is advantageous in many aspects including the low cost of the 

animals, availability of research reagents and a variety of genetically modified mouse strains 
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for extensive mechanistic investigation. Compared to the commonly used cotton rats, mice 

present pathological and symptomatic manifestations which are not completely the same in 

ERD studies. Specifically, in post-infection following FIRSV immunization studies, the mice 

were found to have 15% weight loss, pulmonary inflammation, mucus hypersecretion, 

airway obstruction, and lung eosinophilia [32,43], of which eosinophilia, mucus 

hypersecretion and weigh loss were not reported in cotton rats. 

There have been various studies conducted in mice to determine the mechanisms 

underlying FIRSV-induced ERD [32,43,55–58]. In one study, formaldehyde and its 

derivative with reduced carbonyl groups were compared [55]. While FIRSV induced 

increased levels of Th2 cytokines such as IL-4, IL-5 and IL-13 in the BAL and lungs and 

pulmonary eosinophilia, none of those immunological reactions was observed in the reduced 

FIRSV group [40,55,58,59,60]. Furthermore, increased expression levels of RSV-specific 

IgG1 (Th2 response) was associated with FIRSV immunized mice while the reduced FIRSV 

predominantly induced IgG2a, signifying a skewed Th1 response [55,58,61]. Also of note is 

that mice immunized with FIRSV prepared with either formaldehyde or its reduced form 

elicited poorly neutralizing antibodies against RSV [55]. Interestingly, glycoaldehyde, 

another derivative of aldehyde, was also found to induce ERD. Therefore, it can be 

postulated that carbonyl groups may increase uptake of RSV proteins by macrophages 

thereby increasing inflammation [55,58,61,62]. 

The non-viral elements in FIRSV preparation was also investigated by several groups 

with conflicting results. Some groups reported that both FIRSV and FI-mock are associated 

with ERD whereas others showed that only FIRSV is associated with the enhanced disease 

as demonstrated by pulmonary eosinophilia [32,43,57]. Regardless, while FIRSV has been 

consistently found by all research groups to be associated with ERD, immunization with 
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purified RSV F protein without formaldehyde treatment was also reported to induce ERD 

related syndromes such as hyperresponsiveness and lung eosinophilia post-infection.  This 

suggests mechanism(s) other than formaldehyde-mediated process being involved [32]. This 

type of study has not been conducted in other animal models.  

Much more in-depth mechanistic studies on ERD have been carried out in the mouse 

model compared with other animal models. Data published previously indicate that affinity 

maturation of antibodies is essential for effective protection against RSV infection [32]. 

Specifically, serum IgG titer was found to be high as detected by ELISA in FIRSV 

immunized mice but both antibody avidity against protective epitopes and virus neutralizing 

capacity were relatively poor. When compared with a live RSV immunized group, dendritic 

cells collected from popliteal lymph nodes of FIRSV immunized mice lacked maturation 

markers as demonstrated by decreased expression levels of CD40, CD80 and CD86 [32]. 

This could in turn result in decreased CD4 T cell proliferation as evidenced by low 

expression levels of the activation markers and co-stimulatory molecules such as CD71 and 

CD40 ligand on the surface of CD4 T cells. Furthermore, decreased germinal center 

formation in the lymph nodes was clearly identified, revealing a deficiency in B cell isotype 

switching, which hinders antibody affinity maturation. Another mechanism underlying 

generation of lower affinity antibodies could be the ineffective stimulation of TLRs by 

FIRSV since stimulation of TLR activity was shown to protect mice from RSV challenge as 

well as attenuation of ERD [32]. The relationship between TLR activities and skewed Th2 

response observed in FIRSV-induced ERD in the mouse model remains to be defined.  

In addition to antibody responses induced by FIRSV, the roles of specific T cell 

subsets and their secreted cytokines in ERD development have also been investigated 

[43,57]. FIRSV immunization induced lower number of IFN-γ producing CD8 T cells when 
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compared with live RSV immunized animals. However, priming RSV-specific CD8 T cell 

responses prior to viral challenge could suppress lung eosinophilia and Th2 responses in 

FIRSV immunized mice, suggesting that early recall of CD8 T cell responses before RSV 

infection could prevent RSV infection without inducing ERD [57,63–65].  

The potential role of eosinophils in ERD was also investigated. Although pulmonary 

infiltration of eosinophils and/or neutrophils has been consistently observed in FIRSV 

induced-ERD  in all animal models and humans, Knudson et al. (2015) showed that 

eosinophils do not play any significant role in ERD induction as the CD4 T cells do with 

their secreted cytokines [43]. Specifically, FIRSV induces ERD in eosinophil-deficient mice 

with significant pulmonary infiltration of CD4 T cells producing IL-4, IL-13, IFN-γ or TNF-

α as that in the wild type mice; moreover, no difference in the quantitation of Th1 and Th2 

responses, and viral clearance rate was found in eosinophil-deficient mice and the wild type 

strain [43]. However, the role of eosinophils in viral clearance remains to be determined as 

Phipps et al. (2007) suggest that eosinophils might increase RSV clearance [66]. Such 

discrepancy in results might be due to the experimental systems as Phipps et al. used a 

hypereosinophilic mouse model that constitutively expressed IL-5, an eosinophil 

chemoattractant, resulting in a constant presence of eosinophils in the lungs [66–68]. 

The role of CD4 T cells has also been extensively studied in the mouse model. 

Depletion of CD4 T cells in FIRSV immunized mice resulted in significantly less ERD 

although no difference in antibody response was observed between the CD4 T cells depleted 

mice and untreated mice, suggesting that CD4 T cells could contribute to ERD development 

[43,69]. This notion was further supported by studies using STAT6-deficient mice. 

Specifically animals with a deficiency in differentiation of naïve CD4 T cells into Th2 cells 

demonstrated decreased levels of IL-4, IL-13, eosinophils, mucus hypersecretion, and 
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perivascular leukocyte aggregates even though airway obstruction and weight loss were not 

significantly affected [43]. Moreover, neutralization of IL-4, IL-10 and IL-13 (Th2 

cytokines) activities by antibodies in these animals also reduces severity of FIRSV-induced 

pathological lesions [70–73]. These data collectively indicate that CD4 T cell response, 

especially Th2 response, may be involved in almost all aspects of FIRSV induced enhanced 

respiratory disease [43]. However, clinical scores such as airway obstruction and weight loss 

in the mice were unlikely to be related to elevated levels of Th2 cytokines but to IFN-γ and 

TNF-α.  Knudson et al. (2015) immunized IFN-γ deficient mice with FIRSV in conjunction 

with TNF-α neutralizing antibody administration before RSV challenge. They observed 

decreased levels of airway obstruction, weight loss and eosinophil count in these mice as 

compared to the untreated controls even though similar histopathology scores and lung viral 

clearance was observed. The investigators  therefore concluded that TNF- was one of the 

major factors contributing to the development of airway obstruction and weight loss [43].  

While many reported on the mechanistic studies of ERD, research work has also been 

conducted to investigate gene expression profile and identify potential biomarkers suggestive 

of ERD. Using systems biology, Schuurhof et al. (2010) showed that during the first two 

days following RSV infection, the profile of gene expression in FIRSV-immunized mice was 

similar to that in the unimmunized control group.  However, five days after viral challenge 

the mRNA profile in the FIRSV group resembled that of a primary infection instead of a 

memory response, unlike a robust immune response [56]. In agreement with other studies, 

Th2 genes were upregulated while Th1 genes downregulated in the FIRSV group [57,74,75]. 

Moreover, potential biomarkers were also investigated with proteomics analyses. These mice 

were immunized with recombinant vaccinia virus expressing RSV G or F protein, and not 
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FIRSV [58]. Enhanced disease was only observed in mice immunized with recombinant 

vaccinia virus expressing RSV G protein but not F [57,76,77]. Following RSV challenge, 

elevated levels of the proteins related to the direct influx of eosinophils (eosinophil 

peroxidase [Epx]), and to chemotaxis and extravasation processes (Chil3) as well as to 

eosinophil and neutrophil homing signals to the lung (Itgam) were found [58]. These proteins 

are expressed by eosinophils, neutrophils, macrophages or type 2 innate lymphocytes and/or 

have a role in mediating influx of immune cells into the lungs or increasing airway 

hyperresponsiveness [57,74,75]. The data obtained from pulmonary proteomics analysis 

appear to be largely in agreement with findings from pathological and immunological 

investigations of FIRSV induced ERD in the mouse model. Clearly, identifying additional 

biomarkers with predictive value of ERD is urgently needed.
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Table 1. Summary of Clinical Presentations and Laboratory Analyses of ERD in Different Animal Models 

Parameter Animal Model Signs/Symptoms Following FIRSV Immunization Post RSV Infection 

Pulmonary 

Histopathological/ 

Immunological 

Observations 

Humans 

 Longer persistence of pneumonia, mild rhinitis, pharyngitis, bronchitis [5,6] 

 Patchy atelectasis with emphysema and pneumothorax [5,6] 

 Peribronchiolar eosinophil infiltration [5,6] or lymphocytes with some neutrophil and 

macrophage infiltration [10] 

Lamb 

 High perivascular and peribronchiolar lymphocyte infiltration, mostly neutrophils and no 

eosinophils [12] 

 Low number of bronchiolar epithelial lesions [12] 

 Low RSV titer in lung tissue with low RSV antigens in bronchi/bronchioles and alveoli 

[12,13] 

Bovine 

 Severe emphysema, bronchiolitis, peribronchiolar interstitial mononuclear cell infiltration 

[18,19,21] 

 Neutrophilic alveolitis [18] or eosinophilic alveolitis [19,21] 

 No virus in lung tissue [21] 
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Non-Human 

Primates 

 Develop inflammation in peribronchiolar, perivascular, interstitial and intra-alveolar sites 

[29] 

 Macrophage, eosinophil, lymphocyte and multinucleate giant cell infiltration [29,40] 

 High RSV titers in lung tissue in bonnet and African green monkeys [29,31] 

 High number of IL-13 producing T cells observed in macaques lungs [40]  

Cotton Rats 

 Increased severity of peribronchiolitis (with lymphocytes), bronchitis, neutrophilic 

alveolitis and interstitial pneumonitis [10,41,42] 

 90% decrease in lung and nasal viral titre [10] 

 Increased levels of IL-4, IL-5, IL-9, IL-10 and IL-13 [42,44–46] and some Th1 cytokines 

and chemokines [44–46] 

 Large amounts of RSV antigens and increased viral replication in lungs [42] 

Mice 

 Increased pulmonary inflammation, mucus hypersecretion, airway obstruction, and lung 

eosinophilia [32,43] 

 Decreased lung viral load [43] 

 High levels of Th2 cytokines like IL-4, IL-5 and IL-13 [43,55,59] 
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 Lower number of IFN-γ producing CD8 T cells in the lungs compared to live-RSV 

immunized C57BL/6 mice [56] 

 High number of IFN-γ and TNF-α producing CD4 T cells in lungs of BALB/c mice [43] 

Serum Antibodies 

Humans 

 High RSV specific antibody titre [5,6] 

 Eosinophils in peripheral blood [4] 

Lamb  Higher RSV neutralizing antibodies than mock-immunized [11,12] 

Bovine 
 Higher IgG and IgE titers compared to naïve, mock and live-virus immunized but lower 

RSV neutralizing antibodies [18,21] 

Non-Human 

Primates 

 Lower RSV neutralizing antibodies compared to live-virus immunized group in bonnet 

monkeys [29,30] but higher levels in cynomolgus macaques compared to FI-measles 

immunized group [40] 

 Higher levels of disease enhancing antibodies in bonnet monkeys [30] 

Cotton Rats 
 Low RSV neutralizing antibody levels and low avidity RSV-specific IgGs but high total 

IgG titer [41,42,47] 

Mice  High levels of RSV-specific IgG1 and low IgG2a [32,55] 
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 High IgG content but low antibody avidity to RSV epitopes [32] 

BAL Fluid 

Viral Titer and 

Antibodies 

Lamb  Low RSV titer with low viral mRNA [12,13] 

Bovine 

 No viral RNA [21] 

 IgG1 levels in BAL fluid negatively correlate to severity of disease [23] 

 Low IgA levels [23] 

Non-Human 

Primates 

 High RSV titers in BAL fluid in bonnet and African green monkeys [29,31] but low RSV 

titer in cynomolgus macaques [40] 

 Eosinophil count high [29,40] 

Mice  High levels of Th2 cytokines like IL-4, IL-5 and IL-13 [43,55,59] 

Other 

Lamb  No change in body weight, temperature, heart rate and respiratory rate [11,12] 

Bovine 
 Increase in rectal temperature, coughing, nasal discharge, sensitivity of larynx and trachea, 

lung sounds, severe dyspnea [18,19,21] 

Cotton Rat  No weight loss [10] 

Mice 

 Up to 15% weight loss and airway hyperresponsiveness [32,43] 

 Dendritic cells from popliteal lymph nodes lacked maturation with decreased expression 
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of CD40, CD80 and CD86 [32] 

 Low levels of germinal center formation and B cell isotype switching [32] 

ERD: enhanced respiratory disease; RSV: Respiratory Syncytial Virus; FIRSV: formalin-inactivated RSV; BAL: bronchoalveolar 

lavage; Ig: immunoglobulin; IL: interleukin; Th: T helper cell
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Expert Commentary and Five-Year View 

There have been several excellent reviews on RSV vaccine development in recent 

years [44,59,78-80]. In this review, we intended to focus on ERD associated with RSV 

vaccine, particularly formaldehyde-inactivated RSV vaccine (FIRSV), given that 

formaldehyde is widely used in licensed human vaccines [81]. We also made efforts to 

dissect findings from a range of animal models commonly used for RSV vaccine evaluations.  

While Table 1 summarizes some major findings in different animal models and 

humans, some critical issues are worthy of being emphasized. First, as FIRSV induced 

characteristic ERD, which is generally reproducible in preclinical studies, it would serve as a 

valuable control to determine if a new candidate vaccine could induce the same vaccine-

associated disease.  Second, the significance of pulmonary infiltration of eosinophils remains 

to be determined since eosinophils may not be involved in ERD development as 

demonstrated in eosinophil-deficient mice [43]. It is of note that autopsy examination of 

tissues of the deceased children in the failed clinical trial was inconclusive with regards to 

the exact cellular identity although marked peribronchiolar monocytic infiltration was 

observed [5,6,10]. Third, FIRSV-induced ERD has been consistently observed in all reported 

animal models. Other forms of vaccines, such as purified F protein [32] and vaccinia virus 

vectored RSV vaccines [57,76,77], have also been linked to ERD, suggesting multiple 

pathways could be involved [47,54,58]. Fourth, it is noted that some pulmonary proteins 

including those involved in influx of eosinophils and neutrophils, and chemotaxis processes 

have been linked to ERD in mice [56,57]. However, the feasibility and significance of 

quantitative analyses of these proteins in vaccine human clinical trials remains to be 

determined, given that these proteins are not ERD-specific but known to be involved in a 
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variety of immunological processes. Ideally, biomarkers pertinent to clinical evaluation and 

quantitatively detectable in readily available specimen such as blood or mucus secretion 

would be valuable tools for safety assessment of RSV vaccines in human trials.  

Key Issues 

 Formaldehyde-inactivated RSV vaccine (FIRSV) in the 1960s resulted in severe adverse 

reaction, which could be largely reproduced in all animal models studied so far.  

 Marked differences in disease presentations and immonopathological findings observed 

between and within animal models, likely due to various factors including antigen dose, 

immunization/protection study schedule and the nature of the viral antigens in addition 

to genetic background.  

 More studies are needed to fully elucidate the mechanisms underlying vaccine-

associated adverse reactions as both viral and non-viral elements could be involved.   

 Low affinity antibodies and biased Th2 immune response observed in some ERD animal 

studies, with antibodies contributing to ERD by altering innate immune response and 

facilitating RSV uptake by monocytic cells. 

 Continued efforts need to be made to explore more biomarkers of vaccine associated 

enhanced disease and immunological correlates of protection 
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Abstract 

Human infections by type B influenza virus constitute about 25% of all influenza 

cases. The viral hemagglutinin is comprised of two subunits, HA1 and HA2. While HA1 is 

constantly evolving in an unpredictable fashion, the HA2 subunit is highly conserved, 

making it a potential candidate for a universal vaccine. However, immunodominant epitopes 

in the HA2 subunit remain largely unknown. To delineate MHC Class I epitopes, we first 

identified 9-mer H-2Kd-restricted CD8 T cell epitopes in the HA2 domain by in silico 

analyses, followed by evaluating the immunodominance of these peptides in mice challenged 

with the virus. Of three peptides selected through in silico analysis, the universally conserved 

peptide, YYSTAASSL (B/HA2-190), possessed the highest predicted binding affinity to 

MHC Class I and was most effective in inducing IL-2 and TNF-α in mouse splenocytes. 

Importantly, the peptide demonstrated best capability of stimulating peptide-specific ex-vivo 

cytotoxicity against target cells. Taken together, this finding would be of value for 

assessment of cell-mediated immune responses elicited by vaccines based on the highly 

conserved HA2 stalk domain.  

 

Keywords: influenza, epitope prediction, vaccine evaluation, MHC Class I 
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Introduction 

Influenza viruses include the genera of A, B and C. Type A and B influenza viruses 

are generally associated with more severe disease, while type C virus is not thought to cause 

influenza in humans. Influenza B virus (IBV) causes 20-30% of all influenza cases on 

average and can be the dominant strain in a given flu season [1] [2] [3] [4] [5]. Although 

influenza A virus (IAV) is generally thought to be more virulent than IBV, it is not 

uncommon to find more severe IBV infection. For example, IBV infections were reported to 

be more severe than pandemic H1N1 infections [6] [7] [8]. Of particular concern is the 

increasing influenza B-related mortality rate among infants and children under the age of 10 

[9]. During the 2010-2011 epidemic, 25% of all influenza cases were caused by IBV, and as 

high as 38% of all pediatric deaths worldwide were attributed to infection by IBV [5] [10] 

[11] [12]. It is also of note that during the non-epidemic season of a year, the death rate in 

infants and children hospitalized with IBV influenza is 1.1% compared to 0.4% with IAV 

infection [13]. Furthermore, interim reports of the 2017-18 flu season indicate that 46.8% of 

all reported cases worldwide were positive for influenza A whereas 53.2% were positive for 

influenza B with more severe symptoms [14]. These data indicate that efforts should be 

strengthened to prevent and contain IBV infections. 

The most effective means against influenza is annual vaccination of susceptible 

populations. The current seasonal influenza vaccines are produced using the strains 

recommended by the World Health Organization (WHO)  6–8 months ahead of the targeted 

season. These vaccines typically contain two subtypes of IAV and one or two of IBV derived 

from the strains predicted to circulate in the upcoming year [15]. However, there are inherent 

disadvantages associated with the preparation of conventional influenza vaccines such as the 
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uncertainty of the actual circulating strains, the need for annual updating of the 

manufacturing process and preparation of reagents for vaccine lot release. Furthermore, 

mismatches between the strains selected for vaccine preparation and the circulating viruses 

can cause a marked reduction in the efficacy of seasonal influenza vaccines. Indeed, the 

mismatch has been observed for both IAV and IBV vaccines [4] [16] [17].  

IBV is broadly classified into two genetic lineages, ie. Victoria and Yamagata; these 

two antigenically different groups of virus are known to co-circulate within the human 

population [16] [6] [9] [18]. Although the quadrivalent vaccines consist of one IBV strain 

from each lineage, there may still be a mismatch with the circulating strains [15]. In fact, 

vaccine effectiveness in the 2017-18 flu season in the United States was estimated to be only 

42% against influenza B viruses [19]. All these problems concerning the influenza vaccines 

are largely due to one single biological property of the influenza virus itself, i.e., the frequent 

mutations of the virus surface proteins, particularly the hemagglutinin (HA) [20]. The 

mutations often take place in the HA1 subunit of the HA protein in both IAV and IBV, 

resulting in highly variable antigenicity of the HA protein whereas the other subunit, HA2, is 

highly conserved among all strains analyzed [21].  

Viral infection or vaccination is well known to induce antibodies predominantly 

targeting the variable HA1 subunit (head) whereas the HA2 subunit (stalk) is not the primary 

target of neutralizing antibodies, given that the latter is largely shielded by the head [22] 

[23]. Moreover, while antibodies targeting the stalk of HA can be broadly protective since it 

is highly conserved [1] [24], the role of cell mediated immune responses targeting the stalk 

region is not well studied, particularly in response to IBV infection or vaccination. Clearly, it 

would be of great interest to delineate, in the stalk region, immunodominant T cell epitopes 

so they could be employed to evaluate next generation of vaccines such as the stalk-based 
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universal vaccines. In this study, we used in silico analyses to predict candidate epitopes in 

the HA2 stalk region of IBV and subsequently validated their immunodominance using H-

2Kd-restricted mice.   

 

Materials and Methods 

Bioinformatics and statistical analyses 

H-2Kd-restricted MHC class I binding predictions was performed using syfpeithi.de 

[25], NeTMHC3.4, and Immune Epitope Database (IEDB) Analysis Resource [26] [27] [28] 

[29] [30]. Class I immunogenicity was predicted using IEDB [31]. The selected peptides 

were synthesized with over 95% purity (New England Peptides, Cambridge MA). Influenza 

B hemagglutinin sequences from 3488 strains in the Victoria lineage and 4572 strains in the 

Yamagata lineage deposited in public domains (NCBI Influenza Virus Resource Database) 

were retrieved for multiple gene alignment. They were aligned using Geneious 7.0.6 

software to determine the universality of the selected peptides. For statistical analyses, all 

comparisons were conducted using one-way ANOVA with Bonferroni post-test. They were 

performed using GraphPad Prism 5. 

 

Cell lines, virus and mice 

Madin-Darby canine kidney (MDCK) cells for virus plaque assay and P815 mouse 

mastocytoma (H-2d) cells for CTL assay were grown in DMEM (Gibco) supplemented with 

10% FBS and penicillin-streptomycin. B/Victoria/2/87 virus preparations were generated as 

follows. Virus was grown in 10-day-old embryonated chicken eggs (Canadian Food 

Inspection Agency) for 3 days at 33°C. Eggs were cooled down overnight to 4°C. Allantoic 
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fluid was harvested and centrifuged at 2,000 rpm for 10 min at 4°C. The virus titer in the 

supernatant was determined on monolayers of MDCK cells [1].  

Twelve- to fourteen-week-old female DBA.2 mice (Jackson Laboratories) were 

intranasally infected with 1.5x104 PFU (10x LD50) in 25μl per mouse. Mice were weighed on 

a daily basis. Weight loss of >25%, or a combination of unresolved dehydration, marked 

respiratory distress, muscular atrophy, erratic feeding behavior, and low mobility for 72 

hours were set as the endpoint and the mice were euthanized.     

 

Lung and tracheal viral titer 

Lungs and trachea from DBA.2 mice were collected and snap-frozen 3 days post 

infection. The tissues were weighed, crushed with a pistil, and centrifuged at 8,000 x g for 2 

min at 4°C. The supernatant was then filtered using a 0.45-micron syringe filter for lungs and 

0.22-micron for trachea prior to determining the viral titer. Plaque assay was done using 

MDCK cells as previously described [32]. Briefly, MDCK cells were seeded at a density of 

4.5x104 cells/ml. Four days later, cells were washed with PBS and 0.5ml of serially diluted 

supernatant from homogenized tissue was added. After incubation for two hours at 37°C, 2 

ml of a 1:1 mixture of 2x DMEM media with 4μg/ml TPCK-treated trypsin and 1.6% 

agarose was added. Crystal violet staining was used for counting plaques after incubating the 

plates for 4 days at 35°C. 

 

Histology 

Lungs from DBA.2 mice 3 days post infection were formalin-fixed for pathological 

analysis. Sections from multiple lung lobes from each animal were trimmed and embedded 



 

201 

 

in paraffin. Five-micron sections were cut and stained with Hematoxylin and Eosin (H&E) 

for lung lesion classification. For each lesion, a numeric scoring was used to indicate 

severity, where 0 indicates lesion is within normal limits, with 1 for a minimal degree of 

severity, 2 mild, 3 moderate, 4 marked and 5 severe [33]. Cell infiltration refers to infiltrates 

of the predominant inflammatory cells in the perivascular stroma [34]. Bronchiolitis refers to 

inflammation of the bronchioles, the intrapulmonary airways and the terminal bronchioles. 

With bronchiolar epithelial necrosis, affected dead cells are often sloughing and have 

pyknotic or karyorrhectic nuclei with variable inflammation. The combination category, 

necrosis/apoptosis, is employed when either or both of these processes are identified or if the 

diagnosis is uncertain. 

 

CD8+ T cell intracellular cytokine staining 

CD8+ T cell IFN-γ, TNF-α, and IL-2 responses were evaluated 3 days post infection 

as previously described [32] in DBA.2 mice. In brief, splenocytes were cultured in RPMI 

1640 medium with 10% FBS in the presence of 10 μg/ml synthetic H-2Kd MHC class I–

restricted peptides for ex vivo restimulation for 6 hours. Stimulated cells (2x106) were stained 

with a fixable viability dye (eBiosciences) for 30 min followed by a Fc block (eBiosciences) 

for 5 min and then a FITC–conjugated anti-mouse CD8a (clone 53-6.7; BD biosciences) for 

30 min. Cells were then permeabilized with Cytofix/Cytoperm (BD biosciences) for 20 min 

and then stained with BV786–conjugated anti-mouse IFN-γ (clone XMG1.2; BD 

biosciences), PE-conjugated anti-mouse TNF-α (clone MP6-XT22; BD biosciences), and 

BV421–conjugated anti-mouse IL-2 (clone JES6-5H4; BD biosciences). Results for IFN-γ, 

TNF-α, and IL-2 were calculated as a percentage of CD8+ T cells corrected using a control 
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without peptide. A BD LSRII flow cytometer was used for data acquisition, and analysis was 

completed with Flow Jo, Version 10 (Tree Star, Ashland, OR). Unstained cells and single-

stained compensation beads (BD Biosciences, Mississauga, ON) were used as controls for 

background fluorescence and false-positives because of fluorochrome bleeding. 

 

Cytotoxic T lymphocyte (CTL) assay 

CTL assay was conducted using lactate dehydrogenase release assay as previously 

described [32]. In brief, 2x107 splenocytes from infected DBA.2 mice were collected 3 days 

post infection. They were restimulated ex vivo with 1 μg/ml peptide to generate effector 

CTLs. Five days later, cytotoxic activity was measured by lactate dehydrogenase release 

using peptide-pulsed P815 targets (H-2d). The percentage of cytotoxicity was calculated as 

(experimental release - effector spontaneous release - target spontaneous release)/ (maximum 

release - target spontaneous release) x 100% and corrected with no peptide controls.  

 

Results and Discussion 

H-2Kd-restricted epitope prediction in silico 

The highly conserved HA2 subunit of Influenza B/Victoria/2/87 was subjected to in 

silico analyses using three different online MHC class I binding prediction programs, 

NeTMHC3.4, syfpeithi.de and IEDB Analysis Resource (Supp Table S1) [35]. A snapshot of 

the outputs from each program consisting of 9mer peptides is summarized in Supp Table S1 

in descending order of MHC I binding affinity. All three programs predicted the same two 

peptides to have the highest binding affinity to H-2Kd-restricted MHC Class I, YYSTAASSL 

(B/HA2-190) and VYMVSRDNV (B/HA2-209). Some variation in the ordering based on 
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binding affinity was observed between prediction tools from the third position (Supp Table 

S1). 

We also used IEDB Analysis Resource to determine the immunogenicity of given 

peptides [31] [35]. The peptides predicted to have high affinity were analyzed. The strongest 

binding peptides were predicted not to have the highest immunogenicity (Supp Table S2). 

Specifically, the peptide with the highest binding affinity, B/HA2-190, had a low 

immunogenicity score. Therefore, for analysis of universality, two peptides predicted to have 

the highest binding affinity, B/HA2-190 and B/HA2-209, and 2 peptides predicted to have 

the highest immunogenicity, TFNAGEFSL (B/HA2-156) and STQEAINKI (B/HA2-40), 

were selected.  

 

Three of the predicted epitopes are well conserved in majority of influenza B strains in 

both lineages 

To determine if the selected peptides were universally conserved, hemagglutinin 

sequence from 3488 influenza B strains from the Victoria lineage and 4572 strains from the 

Yamagata lineage were analyzed.  We found that all amino acids in peptides B/HA2-190, 

B/HA2-40 and B/HA2-209 are conserved in over 98% of strains from both genetic lineages 

(Figure 1). However, in B/HA2-156, all except one amino acid are conserved in above 99% 

of the strains. The amino acid in the third position, asparagine (N), is conserved in 99.4% of 

the Yamagata strains but only conserved in 2.1% of the Victoria strains (Figure S1). 

Therefore, B/HA2-156 was not validated further in the in vivo model.       
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Confirming in vivo model for IBV infection 

As the in silico algorithms can vary in their accuracy and the degree to which the 

predictions translate to biological systems, it is necessary to validate the predicted peptides 

for their immunological activities by in vitro or in vivo experiments [35]. To this end, a 

previously established in vivo model of IBV infection was used [36]. 10 to 12-week-old 

DBA.2 mice were infected with 1.5x104 PFU of B/Victoria/2/87 in 25μl per mouse 

corresponding to 10x LD50 as determined by Pica et al. [36]. Survival was observed for 14 

days post intranasal infection (Figure 2A). After Day 6, mice were euthanized following 25% 

weight loss, which was set as one of the endpoints. The survival rate stabilized at 40% on 

Day 9 and the surviving mice began regaining the weight lost.  

Three days post-infection, lungs and trachea were collected for determination of viral 

titer. Approximately 106 PFU per gram was detected in both tissues (Figure 2B). Lungs were 

also harvested at Day 3 for pathological analysis. They were H&E stained to determine the 

extent of virus-induced pulmonary lesion based on the degree of lymphoid and plasma cell 

infiltration, bronchiolitis, and bronchiolar epithelial lesions of necrosis and apoptosis. These 

parameters were scored and showed a high degree of tissue damage and cell infiltration 

accompanying the high viral titer in the lungs (Figure 2C). Representative images of the 

profound disease observed in the lungs of infected mice compared to naïve lungs are shown 

in Figure 2D. Overall, these results indicate that DBA.2 mice are susceptible to infection 

with B/Victoria/2/87 and display a wide range of symptoms that can be observed starting at 

Day 3 post-infection.  
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Validation of CD8 immunodominant epitopes in vivo following IBV infection 

Using this established in vivo model, we validated the biological relevance of the 

three chosen predicted peptides: B/HA2-190, B/HA2-40 and B/HA2-209. For validation, the 

immunodominance was determined by assessing peptide-specific CD8 cytokine profile and 

cytotoxic T lymphocyte (CTL) activity following a B/Victoria/2/87 infection. To this end, 

DBA.2 mice were given 1.5x104 PFU intranasally [36]. Three days post-infection, 

splenocytes were isolated from the infected mice and stimulated with the selected peptides 

along with a no peptide control. Following ex vivo stimulation, intracellular cytokine 

expression profile in CD8+ T cells was analyzed by flow cytometry.  

Expression levels of IFN-γ in CD8+ cells were high but not significantly different 

compared to the no peptide control or between the three peptides (data not shown), which 

might be due to high background of IFN-γ expression as a result of high dose of IBV used 

for infection. However, the expression levels of IL-2 and TNF-α in CD8+ T cells were 

significantly higher when stimulated with B/HA2-190 compared to B/HA2-40 and B/HA2-

209 (Figure 3A and 3B). This observation of increased IL-2 level as a result of B/HA2-190 

peptide stimulation indicates that B/HA2-190 is an important viral epitope because IL-2 

promotes the differentiation of naïve CD8+ T cells into effector and memory T cells.  

Specifically, IL-2 activates cytotoxic T lymphocyte differentiation by inducing 

eomesodermin and perforin expression while inhibiting expression of Bcl16 and IL-7Rα, 

thereby facilitating long-lived memory cells and secondary expansion of memory CD8+ T 

cells [37] [38] [39]. Moreover, B/HA2-190 better stimulates TNF-α expression than the other 

two selected peptides, further supporting the immunodominance of this peptide, given that 

TNF- is known to play an important role in host defense against pathogens [40]. 

Specifically, treatment with TNF-α has been shown to inhibit virus replication during an 



 

206 

 

influenza infection, and such inhibitory effects might even be stronger than that of interferon 

α/γ for certain virus strains, suggesting that TNF-α may be the first line of defense against 

influenza [41] [42].   

 To further investigate the abilities of the selected peptides in inducing functional 

cytotoxic T cells, CTL assay was conducted with P815 target cells, where the ability of the 

stimulated splenocytes to induce antigenic peptide-specific P815 killing was determined. As 

shown in Figure 4, stimulation with B/HA2-190 resulted in significantly higher cytotoxic 

activity than B/HA2-40 and B/HA2-209. Taken together, these results indicate that B/HA2-

190 is a potent immunodominant epitope involved in IBV specific cell-mediated immune 

response.  

 In short, the HA2 subunit of influenza virus is a potential candidate universal 

influenza vaccine, given that the stalk region is highly conserved. While many studies have 

been carried out to determine the interaction between the stalk and antibodies, little is known 

with regards to the immunodominant epitopes involved in cell mediated immune responses. 

This work is focused on the identification of critical epitopes triggering type I immune 

responses. The in silico prediction of the peptide epitopes were further validated using 

DBA.2 mice which are susceptible to IBV infection. It is of note that DBA.2 mice and 

BALB/c mice have the same MHC allele (H-2Kd); CD8 epitopes identified in DBA.2 mice 

can also be employed to study IBV infection of BALB/c.  The peptide epitope we have 

identified here is conserved in over 98% of IBV strains reported so far. It could be of value 

for the assessment of universal vaccines based on the stalk of the viral HA proteins, 

particularly for cell-mediated immune responses.  
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Tables and Figures 

 

Figure 1: Conservation rate of each amino acid in multiple Influenza B strains. Sequences from 3488 

strains in the Victoria lineage and 4572 strains in the Yamagata lineage in public domains (NCBI 

Influenza Virus Resource Database) were retrieved and analyzed using multiple alignment to 

determine the conservation rate of each amino acid in each peptide used. 
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Figure 2: Confirming the in vivo model for Influenza B infection. 10 to 12-week-old DBA.2 mice 

were intranasally infected with 1.5x104 PFU in 25µL per mouse. A) Survival of the mice was 

observed for 14 days following infection (n=5). Weight loss of 25% was set as the endpoint. B) Viral 

titre determined using plaque assay of lung and tracheal homogenates 3 days post infection (n=5) C) 

Pathological scoring of H&E stained slides of lung tissue. Perivascular infiltration of 

lymphoid/plasma cell, suppurative bronchiolitis, and bronchiolar epithelial lesions of 

necrosis/apoptosis was assessed on Day 3 following infection (n=5). D) Representative images of 

H&E stained infected lungs 3 days post infection. Data shown is mean ± s.e.m; PFU: Plaque Forming 

Unit  
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Figure 3: Cytokine expression induced by predicted epitopes. Splenocytes were isolated from DBA.2 

mice 3 days post infection. Following stimulation with each peptide for 6 hours, the cells were 

stained with a viability dye, then a CD8a antibody, permeabilized and further stained with cytokine 

antibodies for analysis by flow cytometry. Significant differences were observed in expression of IL-

2 (A) and TNF-α (B). Data shown is mean ± s.e.m; n=3 representative of 2 independent experiments; 

all groups compared to B/HA2-190; *p < 0.05, **p<0.01 (One way ANOVA with Bonferroni post-

test); B/HA2-190: YYSTAASSL; B/HA2-40: STQEAINKI; B/HA2-209: VYMVSRDNV 
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Figure 4: Cytotoxic T lymphocytes induced by predicted epitopes. Splenocytes were isolated from 

DBA.2 mice 3 days post infection. Following stimulation with each peptide for 5 days, splenocytes 

were incubated with P815 target cells at a 25:1 (effector: target) ratio. Percent peptide-specific 

cytotoxicity was determined using a LDH assay. Data shown is mean ± s.e.m; n=3 representative of 2 

independent experiments; all groups compared to B/HA2-190; *p < 0.05 (One way ANOVA with 

Bonferroni post-test); B/HA2-190: YYSTAASSL; B/HA2-40: STQEAINKI; B/HA2-209: 

VYMVSRDNV  
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Supplementary Table S1: In silico prediction of H-2Kd-restricted MHC Class I peptide in HA2 

subunit of B/Victoria/2/87. MHC I binding predictions from three online tools summarized in 

descending order of binding affinity. The HA2 portion of B/Victoria/2/87 was used as the input. The 

peptides chosen for further validation are highlighted in yellow.  

         B/Victoria/2/87 hemagglutinin Genbank Accession Number: M58428 

          Input sequence: HA2 stem domain 

NeTMHC 3.4 
http://www.cbs.dtu.dk/
services/NetMHC-3.4/ 

Epitope prediction 
http://www.syfpeithi.de/bin/

MHCServer.dll/EpitopePredicti
on.htm 

IEDB Analysis Resource 
http://tools.iedb.org/mhci/ 

Position Peptide Position Peptide Position Peptide 

189 YYSTAASSL 190 YYSTAASSL 190 YYSTAASSL 

208 VYMVSRDNV 209 VYMVSRDNV 209 VYMVSRDNV 

155 TFNAGEFSL 156 TFNAGEFSL 50 KNLNSLSEL 

1 FFGAIAGFL 50 KNLNSLSEL 192 STAASSLAV 

46 KITKNLNSL 162 FSLPTFDSL 196 SSLAVTLMI 

49 KNLNSLSEL 2 FFGAIAGFL 189 LYYSTAASS 

122 KKMLGPSAV 94  SQIELAVLL 47 KITKNLNSL 

140 KHKCNQTCL 125 MLGPSAVEI 162 FSLPTFDSL 

168 SLNITAASL 180  DGLDNHTIL 123 KKMLGPSAV 

188 LYYSTAASS 196 SSLAVTLMI 213 SRDNVSCSI 

195 SSLAVTLMI 40 STQEAINKI 144 CNQTCLDRI 

98 AVLLSNEGI 141  KHKCNQTCL 156 TFNAGEFSL 

39 STQEAINKI 166  TFDSLNITA 40 STQEAINKI 

161 FSLPTFDSL 169 SLNITAASL 26 SHGAHGVAV 

99 VLLSNEGII 189 LYYSTAASS 62 NLQRLSGAM 

36 DLKSTQEAI 30 HGVAVAADL 94 SQIELAVLL 

113 HLLALERKL 90  DTISSQIEL 99 AVLLSNEGI 

212 SRDNVSCSI 213 SRDNVSCSI 2 FFGAIAGFL 

68 AMDELHNEI 37  DLKSTQEAI 169 SLNITAASL 

191 STAASSLAV 65  RLSGAMDEL 88 RADTISSQI 

143 CNQTCLDRI 99 AVLLSNEGI 191 YSTAASSLA 
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Supplementary Table S2: In silico prediction of immunogenecity. The immunogenicity of the 

peptides predicted to have the highest MHC I binding affinity was determined using IEDB Class I 

immunogenicity analysis. The results are listed in descending order of predicted immunogenicity. 

The peptides chosen for further validation are highlighted in yellow. 

IEDB Analysis Resource 
http://tools.iedb.org/immunogenicity/ 

Peptide Score 

TFNAGEFSL 0.13366 

STQEAINKI 0.05697 

VYMVSRDNV 0.0482 

CNQTCLDRI 0.03998 

FSLPTFDSL 0.0175 

SSLAVTLMI -0.03965 

STAASSLAV -0.09016 

KNLNSLSEL -0.10167 

LYYSTAASS -0.19448 

KKMLGPSAV -0.19536 

YYSTAASSL -0.21409 

SRDNVSCSI -0.2972 

KITKNLNSL -0.31696 
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Supplementary Figure S1: Conservation rate of each amino acid in multiple Influenza B strains. 

Sequences from 3488 strains in the Victoria lineage and 4572 strains in the Yamagata lineage 

deposited in public domains (NCBI Influenza Virus Resource Database) were retrieved and analyzed 

using multiple alignment to determine the conservation rate of each amino acid. 97.9% of the strains 

in the Victoria lineage have a D in the third position. 
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- Worked on sequencing various Triticum species using PCR, gel electrophoresis, and 

plasmid 

preparation and assembled the resulting sequence 

  

 

Skills 

 

Molecular Biology 

Cloning 

Sequencing 

Protein Expression and Purification 

SDS-PAGE, Western Blotting and Slot Blotting  

DNA and RNA isolation 

PCR, RT-PCR, Real-time PCR and gel electrophoresis 

 

Immunology 

ELISA 

Multiplex Cytokines Analysis and Flow Cytometry 

Antibody Designing 

Virus Neutralization 

ADCC 

CTL assays 

Separation of Blood Components 

Immunoblotting, Immunohistochimstry and Immunofluorescence 

Tissue Block Cutting 
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Virology 

Cell Culture Maintenance and Preservation 

Virus Isolation, Amplification, Purification and Titration 

Inoculation 

Recombinant Adenovirus Generation 

Vaccines Testing 

Vaccine Potency Assays 

Working with Level 2 and Level 3 Pathogens 

 

General Skills 

Working in BSL-2 and BSL-3 Facilities 

Planning, Organizing, Executing and Analyzing data from Animal Studies Involving Mice 

 

Chemistry 

Titrations, Distillations, Extractions and Purifications 

 

Science Softwares/ Programming Languages 

NCBI, BLAST and ExPasy  

Pymol  

Alphaview and ImageLab 

FlowJo 

Immune epitope databases to design MHC I and II immunodominant peptides 

CombiStats and GraphPad Prism for statistical analysis 

Completed an introductory course in engineering computation on C, Visual Basic and Java 

 

 

Honors and Grants Awarded 

 

Sep 2016 – Aug 2018 Ontario Graduate Scholarship (OGS) of $15,000 

2015 – 2016 Canadian Institutes of Health Research (CIHR) Masters Award of 

$17,500 

Sep 2015 – Apr 2019 University of Ottawa Excellence Scholarship for Graduate 

students of $6000 

2009 – 2014 University of Ottawa's Admission Scholarship of $20,000 total 

2009 – 2013 Queen Elizabeth II Aiming for the Top Scholarship of $3500 per 

year 

May 2012 – August 

2012 

NSERC Undergraduate Student Research Award (USRA) of $4500 

2010-2011, 2012-2014 Dean's Honour List 
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Students Supervised 

 

2015 

 

Vivek Parekh; 3rd Year Undergraduate Honors Student, University of 

Ottawa, Ontario, Canada 

 

2016 – 2018  Amparo Duran; MSc Student, University of Ottawa, Ontario, Canada 

 

 

Publications 
 

Papers Published in Refereed Journals: 

 

1. Muralidharan A, Russell M, Larocque L, Gravel C, Li C, Chen W, Cyr T, Lavoie JR, 

Farnsworth A, Rosu-Myles M, Wang L, Li X. Targeting CD40 enhances antibody- and 

CD8-mediated protection against respiratory syncytial virus infection. Sci Rep, 2018 

Nov 9; 8(1). 

 

2. Russell MS, Muralidharan A, Larocque L, Cao J, Deschambault Y, Varga J, Thulasi 

Raman SN, Li X. Identification and characterisation of the CD40-ligand of Sigmodon 

hispidus. PLoS One, 2018 Jul 27; 13(7). 

 

3. Muralidharan A, Gravel C, Duran A, Larocque L, Li C, Zetner A, Van Domselaar G, 

Wang L, Li X. Identification of immunodominant CD8 epitope in the stalk domain of 

influenza B viral hemagglutinin. Biochem Biophys Res Commun, 2018 Jul 12; 

502(2):226-231. 

 

4. Muralidharan A, Li C, Wang L, Li X. Immunopathogenesis associated with 

formaldehyde-inactivated RSV vaccine in preclinical and clinical studies. Expert Rev 

Vaccines, 2017 Apr; 16(4):351-360. 

 

5. Gravel C, Elmgren C, Muralidharan A, Hashem AM, Jaentschke B, Xu K, Widdison J, 

Arnold K, Farnsworth A, Rinfret A, Van Domselaar G, Wang J, Li C, Li X. Development 

and applications of universal H7 subtype-specific antibodies for the analysis of influenza 

H7N9 vaccines. Vaccine, 2015 Feb 25; 33(9):1129-34. 

 

Submitted Manuscripts: 

 

1. Marsha S Russell, Marybeth Creskey, Abenaya Muralidharan, Changgui Li, Jun Gao, 

Wangxue Chen, Louise Larocque, Jessie R Lavoie, Aaron Farnsworth, Michael Rosu-

Myles, Carole L Yauk, Jingxin Cao, Gary Van Domselaar, Terry Cyr, Sean (Xuguang) Li. 

Unveiling integrated functional pathways leading to enhanced respiratory disease 

associated with inactivated respiratory syncytial viral vaccine. Submitted to Frontiers in 

Immunology. 

 

2. Abenaya Muralidharan, Louise Larocque, Marsha Russell, Marybeth Creskey, 

Changgui Li, Wangxue Chen, Gary Van Domselaar, Terry Cyr, Lisheng Wang, Xuguang 

Li. PD-1 of Sigmodon hispidus: Gene identification, characterization and expression in 
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inactivated RSV vaccine-induced enhanced respiratory disease. Submitted to Scientific 

Reports. 

 

3. Abenaya Muralidharan, Marsha S. Russell, Louise Larocque, Caroline Gravel, Simon 

Sauvé, Ze Chen, Changgui Li, Wangxue Chen, Terry Cyr, Michael Rosu-Myles, Lisheng 

Wang, Xuguang Li. Chitosan enhances inactivated vaccine elicited protection against 

respiratory syncytial virus. Submitted to Vaccine. 

 

 

Conferences 

 

Accepted Abstracts: 

 

1. Muralidharan A, Russell M, Larocque L, Gravel C, Li C, Chen W, Cyr T, Lavoie JR, 

Farnsworth A, Rosu-Myles M, Wang L, Li X. “Targeting CD40 Prevents Vaccine-

Induced Enhanced Respiratory Disease Following RSV Infection”. Health Canada 

Science Forum, Ottawa, Ontario, Canada, February 2017; Oral and Poster Presentation. 

 

2. Marsha S Russell, Marybeth Creskey, Abenaya Muralidharan, Changgui Li, Jun Gao, 

Wangxue Chen, Louise Larocque, Jessie R Lavoie, Aaron Farnsworth, Michael Rosu-

Myles, Carole L Yauk, Jingxin Cao, Gary Van Domselaar, Terry Cyr, Sean (Xuguang) Li. 

“Unveiling integrated functional pathways leading to enhanced respiratory disease 

associated with inactivated respiratory syncytial viral vaccine”. Health Canada Science 

Forum, Ottawa, Ontario, Canada, February 2017; Oral and Poster Presentation. 

 

Submitted Abstracts: 

 

1. Muralidharan A, Russell M, Larocque L, Gravel C, Li C, Chen W, Cyr T, Lavoie JR, 

Farnsworth A, Rosu-Myles M, Wang L, Li X. “Targeting CD40 enhances antibody- and 

CD8-mediated protection against respiratory syncytial virus infection”. Immunology 

2019, San Diego, CA, USA, May 2019; Poster Presentation. 

 

2. Muralidharan A, Russell M, Larocque L, Gravel C, Li C, Chen W, Cyr T, Lavoie JR, 

Farnsworth A, Rosu-Myles M, Wang L, Li X. “Targeting CD40 enhances antibody- and 

CD8-mediated protection against respiratory syncytial virus infection”. European 

Congress of Virology, Rotterdam, Netherlands, April 2019; Poster Presentation. 
 

 

 

 


