
 

ANTIMICROBIAL PEPTIDES AS DUAL THERAPEUTIC STRATEGIES TO TREAT 

VENEZUELAN EQUINE ENCEPHALITIS VIRUS INFECTIONS AND THE 

ASSOCIATED INFLAMMATORY RESPONSE 

by 

 

Aslaa Ahmed 

A Dissertation 

Submitted to the 

Graduate Faculty 

of 

George Mason University 

in Partial Fulfillment of 

The Requirements for the Degree 

of 

Doctor of Philosophy 

Bioscience 

 

Committee: 
 
_________________________________________ Dr. Aarthi Narayanan, Committee Chair 

 

_________________________________________ Dr. Kylene Kehn-Hall, Committee 

Member 
 

_________________________________________ Dr. Alessandra Luchini, Committee 

Member 
 

_________________________________________ Dr. Mikell Paige, Committee Member 

 
_________________________________________ Dr. Iosif Vaisman, Director, School of 

Systems Biology 

 

_________________________________________ Dr. Donna M. Fox, Associate Dean, 
Office of Student Affairs & Special 

Programs, College of Science 

 
_________________________________________ Dr. Ali Andalibi, Interim Dean, College of 

Science 

 

Date: __________________________________    Spring Semester 2020 
 George Mason University 

 Fairfax, VA  



 

Antimicrobial Peptides as Dual Therapeutic Strategies to Treat Venezuelan Equine 

Encephalitis Virus Infections and the Associated Inflammatory Response 

A Dissertation submitted in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy at George Mason University 

by 

Aslaa Ahmed 

Master of Science 

Johns Hopkins University, 2014 

Bachelor 

George Mason University, 2010 

Director: Aarthi Narayanan, Associate Professor 

School of Systems Biology 

Spring Semester 2020 

George Mason University 

Fairfax, VA 



ii 

 

 

Copyright 2020 Aslaa Ahmed 

All Rights Reserved 



iii 

 

DEDICATION 

This is dedicated to my loving parents, Mahssin and Abdelaziz, for their sacrifices, 

constant support and encouragement and without whom I wouldn’t be the person I am 

today. And to my loving husband Ashraf, for his patience and support. Thank you all for 

everything you have done for me. 



iv 

 

ACKNOWLEDGEMENTS 

I would like to thank my advisor and mentor, Dr. Aarthi Narayanan, for providing 

direction, mentorship, and support throughout this journey. My committee members, Dr. 

Kehn-Hall, Dr. Luchini, and Dr. Paige, provided invaluable feedback and support. I 

would like to sincerely thank my lab members, Allison Bakovic, Kenneth Risner, 

Gavriella Siman-Tov, and Stephanie Kortchak for their help and support. My sincerest 

gratitude goes to our senior lab member, Dr. Nishank Bhalla, for his support and 

intellectually stimulating ideas and advice this past year. Dr. Kehn-Hall and members of 

her lab have been a crucial help by providing valuable advice and assistance. Finally, I 

would like to thank my family and friends: my caring parents; my loving husband; my 

brother, Ahmed, for relentlessly listening to my presentations and his valuable advice, my 

loving sister, Aseen, for her constant support and encouragement; and last but not least 

my adoring, supporting friends Sahar and Rula.  



v 

 

TABLE OF CONTENTS 

Page 

List of Tables............................................................................................................... viii 

List of Figures ............................................................................................................... ix 

List of Abbreviations and Symbols ..................................................................................x 

Abstract ........................................................................................................................ xii 

Chapter One: Statement of problem .................................................................................1 

Chapter Two: Introduction ...............................................................................................2 

VEEV Classification ....................................................................................................2 

VEEV Structure & Genome .........................................................................................3 

VEEV Entry .................................................................................................................4 

VEEV Replication .......................................................................................................4 

VEEV Pathogenesis .....................................................................................................6 

VEEV Infection of the Central Nervous System (CNS) ................................................7 

Blood-Brain Barrier (BBB).......................................................................................7 

Entry and Replication in the CNS .............................................................................8 

BBB Disruption ...................................................................................................... 10 

Effect of VEEV Replication on Host Processes .......................................................... 12 

Antimicrobial Peptides (AMPs) ................................................................................. 13 

Cathelicidins........................................................................................................... 14 

Synthetic AMPs...................................................................................................... 16 

Effects of AMPs on Immune Responses ................................................................. 17 

Hypotheses ................................................................................................................ 20 

Chapter Three: Materials & Methods ............................................................................. 22 

Cell Culture and Reagents .......................................................................................... 22 

Solid-phase Peptides Synthesis................................................................................... 23 

Viruses and Infections ................................................................................................ 23 

Entry/Viral Attachment Assays .................................................................................. 24 



vi 

 

Cell Viability Assays ................................................................................................. 25 

Plaque Assays ............................................................................................................ 25 

Quantitative RT-PCR (qRT-PCR) .............................................................................. 26 

Immunofluorescence .................................................................................................. 27 

Transmission Electron Microscopy (TEM) ................................................................. 28 

Inflammatory Gene Array .......................................................................................... 28 

Multiplex ELISA ....................................................................................................... 29 

Western Blot .............................................................................................................. 30 

Statistical Analysis ..................................................................................................... 30 

Chapter Four: Human Cathelicidin Peptide LL-37 as a Therapeutic Antiviral Targeting 

Venezuelan Equine Encephalitis Virus Infections .......................................................... 32 

Results ....................................................................................................................... 32 

LL-37 inhibits TC-83 replication in multiple cell lines. ........................................... 32 

LL-37 inhibition is not cell type-dependent............................................................. 34 

The early stages of TC-83 infection cycle are susceptible to LL-37 treatment. ........ 35 

LL-37 destroys and sequesters TC-83 extracellularly and intracellularly in the form 

of clumps. ............................................................................................................... 37 

LL-37 modulates type 1 interferon expression. ....................................................... 40 

Discussion.................................................................................................................. 42 

Chapter Five: Synthetic Antimicrobial Peptides Inhibit Venezuelan Equine Encephalitis 

Virus Replication and the Associated Inflammatory Response ....................................... 46 

Results ....................................................................................................................... 46 

Synthetic peptides demonstrated anti-VEEV activity. ............................................. 46 

The antiviral activity of two lead peptides A2 and A3 is alphavirus-specific and 

efficacious against the wild-type VEEV TrD strain. ................................................ 50 

A2 and A3 inhibit VEEV replication at an early stage during infection. .................. 52 

Treatment with A2 or A3 inhibits upregulation of pro-inflammatory genes. ............ 55 

Pro-inflammatory cytokine production is decreased upon treatment with A2 or A3.63 

Discussion.................................................................................................................. 65 

Chapter Six: Effects of Synthetic AMPs on Maintenance of BBB Integrity .................... 73 

Results ....................................................................................................................... 73 

A2 and A3 inhibit inflammation in primary HBMVE cells. .................................... 73 

A2 and A3 rescue the expression of tight junction proteins in TC-83 infected cell. . 76 



vii 

 

Discussion.................................................................................................................. 79 

Chapter Seven: Concluding Remarks ............................................................................. 82 

References ..................................................................................................................... 85 

 



viii 

 

LIST OF TABLES 

Table  ........................................................................................................................ Page 

Table 1: A2/A3-mediated gene expression regulation in infected U87MG cells. ............ 59 
Table 2: A2/A3-mediated gene expression regulation in bystander cells. ....................... 61 

Table 3: Sequences of indolicidin, G8, A2, and A3. ....................................................... 71 
Table 4: A2/A3-mediated gene expression regulation in infected cells. .......................... 75 

 

 



ix 

 

LIST OF FIGURES 

Figure ........................................................................................................................ Page 

Figure 1: Schematic of VEEV structure and genome organization. (Adapted from3) ........3 
Figure 2: Replication of VEEV. (Adapted from23). ..........................................................6 

Figure 3: Toxicity and inhibitory efficacy of LL-37. ...................................................... 33 
Figure 4: Toxicity and efficacy of LL-37 in HMC3 and U87MG cells. .......................... 35 

Figure 5: Entry inhibition of VEEV following LL-37 treatment. .................................... 36 
Figure 6: Viral clumping in LL-37 treated cells. ............................................................ 38 

Figure 7: TEM imaging showing TC-83 sequestered in clumps by LL-37, intracellularly 

and extracellularly. ........................................................................................................ 40 

Figure 8: Modulation of endogenous LL-37 and IFN expression as a result of exogenous 

LL-37. ........................................................................................................................... 41 

Figure 9: Indolicidin and first generation library efficacy. .............................................. 48 
Figure 10: Efficacy of synthetic AMP library against VEEV TC-83. ............................. 48 

Figure 11: Efficacy of prioritized candidate peptides against VEEV TC-83. .................. 50 
Figure 12: A2 and A3-mediated inhibition is alphavirus-specific and cell-type-

independent. .................................................................................................................. 52 
Figure 13: A2 and A3 inhibit VEEV particle attachment onto cells. ............................... 53 

Figure 14: TEM images showing A2 and A3 cause virions to aggregate and clump. ...... 55 
Figure 15: Plate layout of the gene expression array....................................................... 57 

Figure 16: A2 and A3 treatment inhibits upregulation of the inflammatory response 

following VEEV infection. ............................................................................................ 58 

Figure 17: A2 and A3 treatment inhibits upregulation of inflammation in uninfected cells.

 ...................................................................................................................................... 62 

Figure 18: A2 and A3 inhibit secretion of inflammatory cytokines from TC-83 infected 

cells. .............................................................................................................................. 64 

Figure 19: A2 and A3 treatment inhibits production of cytokines from uninfected cells. 65 
Figure 20: Efficacy of scrambled sequence controls of A3 and A3. ................................ 68 

Figure 21:A2 and A3 change in gene expression of inflammatory mediators in HBMVE 

cells. .............................................................................................................................. 74 

Figure 22: Protein expression of TJ proteins, ZO-1 and claudin-5 in HBMVE cells. ...... 77 
Figure 23: Expression of claudin-5 in HBMVE cells as visualized by 

immunofluorescence microscopy. .................................................................................. 78 
 



x 

 

LIST OF ABBREVIATIONS AND SYMBOLS 

 

African green monkey kidney cells ............................................................................ Vero 

Antigen-presenting cells ............................................................................................ APC 

Antimicrobial peptides............................................................................................. AMPs 

Blood-brain barrier .................................................................................................... BBB 

Bone morphogenetic protein 2 .................................................................................BMP2 

Caveolin-1-mediated transcytosis ........................................................................ Cav-MT 

Central nervous system .............................................................................................. CNS 

Chemokine ligand ...................................................................................................... CCL 

Chickungunya virus .............................................................................................. CHIKV 

Chromosomal maintenance 1 .................................................................................. CRM1 

Days post infection ....................................................................................................... dpi 

Dendritic cells ............................................................................................................. DC 

Dengue virus 2 .................................................................................................... DENV-2 

Dulbecco’s Modified Eagle’s Medium ................................................................... DMEM 

Easter equine encephalitis virus ............................................................................... EEEV 

Endothelial Cell Growth Medium-2 ....................................................................... EGM-2 

Federal Drug Administration ..................................................................................... FDA 

Fetal bovine serum ..................................................................................................... FBS 

Fluoromethyloxycarbonyl ......................................................................................... Fmoc 

Formyl-peptide receptor ............................................................................................. FPR 

Green fluorescent protein ............................................................................................GFP 

Hepatitis C virus ....................................................................................................... HCV 

Hours post infection...................................................................................................... hpi 

Human astrocytoma cells ...................................................................................... U87MG 

Human brain microvascular endothelial cells .................................................... HBMVEC 

Human cationic antimicrobial peptide 18 ......................................................... hCAMP-18 

Human immunodeficiency virus 1 ........................................................................... HIV-1 

Human leukocyte antigen-DR ............................................................................. HLA-DR 

Human microglial cells ........................................................................................... HMC3 

Inducible nitric oxide synthase .................................................................................... Inos 

Influenza type I virus .................................................................................................. IAV 

Intercellular adhesion molecule 1......................................................................... ICAM-1 

Interferon 1 receptor antagonist .............................................................................. IL1RN 

Interferon alpha ........................................................................................................ IFNα 

Interferon beta .......................................................................................................... IFNβ 



xi 

 

Interferon gamma ...................................................................................................... IFNγ 

Interferon-stimulating genes ....................................................................................... ISG 

Interleukin 1 alpha ....................................................................................................... ILα 

Interleukin 1 beta ......................................................................................................... ILβ 

Interleukin ..................................................................................................................... IL 

Japanese encephalitis virus ......................................................................................... JEV 

Lipopolysaccharide ..................................................................................................... LPS 

Matrix metalloproteinase 9 ................................................................................... MMP-9 

Monocyte chemotactic protein .................................................................................. MCP 

Mouse brain microglia ............................................................................................... BV2 

Multiplicity of infection ............................................................................................. MOI 

Neurovascular unit.................................................................................................... NVU 

New World ................................................................................................................. NW 

Non-structural protein .................................................................................................. nsP 

Nuclear export signal ................................................................................................. NES 

Nuclear localization signal ......................................................................................... NLS 

Nucleocapsid ............................................................................................................... NC 

Old World .................................................................................................................. OW 

Open reading frame ................................................................................................... ORF 

Pattern recognition algorithm ..................................................................................... PRA 

Peripheral blood mononuclear cells ........................................................................ PBMC 

Plaque forming unit ....................................................................................................PFU 

Polymorphonuclear ................................................................................................... PMN 

Rift Valley fever virus ............................................................................................ RVFV 

Semliki Forest virus ....................................................................................................SFV 

Signal transducer and activator of transcription ........................................................ STAT 

Sindbis virus ............................................................................................................. SINV 

Specific ICAM-3 grabbing non-integrin.................................................................... SIGN 

Tight junctions............................................................................................................... TJ 

Transmission Electron Microscopy ........................................................................... TEM 

Trinidad donkey ......................................................................................................... TrD 

Tumor necrosis factor alpha ..................................................................................... TNFα 

Untranslated region ................................................................................................... UTR 

Vaccinia virus ......................................................................................................... VACV 

Venezuelan equine encephalitis virus ...................................................................... VEEV 

Virus replicon particles .............................................................................................. VRP 

Western equine encephalitis virus ...........................................................................WEEV 

Zonula occludens ......................................................................................................... ZO 



xii 

 

ABSTRACT 
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Aslaa Ahmed, Ph.D. 
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Venezuelan equine encephalitis virus (VEEV), a New World alphavirus of the 

Togaviridae family of viruses, causes periodic outbreaks of disease in humans and 

equines. Disease following VEEV infection manifests as a febrile illness with flu-like 

symptoms, which can progress to encephalitis and cause permanent neurological sequelae 

and death in a small number of cases. VEEV is classified as a category B select agent due 

to ease of aerosolization and high retention of infectivity in the aerosol form. Currently, 

there are no FDA-approved vaccines or therapeutics available to combat VEEV 

infections. VEEV infection in vivo is characterized by extensive systemic and 

neurological inflammation that can exacerbate infection by potentially increasing the 

susceptibility of off-site cells to infection and dissemination of the virus, and in 

encephalitic cases by leading to disruption of blood-brain barrier (BBB) function. Hence, 

a therapeutic targeting both the infection and associated inflammation represents an 

unmet need. Here I present a novel approach utilizing human antimicrobial peptides 

(AMPs), including the cathelicidin LL-37 as well as designed synthetic derivatives, to 

combat VEEV infections. AMPs are a key component of the innate immune response and 
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exhibit immunomodulatory activity that regulates signaling cascades to decrease 

inflammatory events. The data presented here demonstrated that AMPs exhibit antiviral 

activity against attenuated and wild-type strains of VEEV. The peptides exhibit dual 

activities: 1) antiviral activity by inhibiting viral entry and 2) immunomodulatory activity 

inhibiting inflammatory responses during VEEV infection. I have screened a library of 

synthetic peptides derived from a cathelicidin and identified a number of these agents that 

demonstrated efficacy against VEEV. Two candidate synthetic peptides inhibited VEEV 

replication by approximately 1000-fold and decreased the expression of inflammatory 

mediators such as IL1α, IL1β, IFNᵧ, and TNFα at both the gene and protein expression 

levels. Furthermore, an increase in expression levels of genes involved in chemotaxis of 

leukocytes and anti-inflammatory genes such as IL1RN was also observed. These 

peptides also decreased inflammation in cells of the BBB while increasing the expression 

of tight junction proteins in VEEV-infected cells. Overall, I conclude that cathelicidin-

derived synthetic peptides and LL-37 inhibit VEEV replication and the inflammatory 

burden associated with VEEV infection. 
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CHAPTER ONE: STATEMENT OF PROBLEM 

Venezuelan equine encephalitis virus (VEEV) causes periodic outbreaks of 

disease throughout the Americas. VEEV is classified as a category B biothreat agent due 

ease of aerosolization and retention of high infectivity in aerosol form. Previously 

weaponized, VEEV is highly amenable to use in biowarfare and aerosol exposure is 

responsible for reported laboratory-acquired infections 1,2. Currently there are no FDA 

approved therapeutics or treatment options to combat VEEV infections. Two 

investigational vaccine candidates, TC-83 and C-84, are only given to at risk personnel. 

Although the former elicits a strong response, it exhibits high reactogenicity and thus is 

not available as an option to the general population while the latter exhibits a weak 

immune response. Both vaccine candidates are not capable of inducing long-lasting 

immunity3. In humans, VEEV infections manifest with flu-like symptoms including high 

fever, headaches, and malaise, however, infections can progress to encephalitis in serious 

cases4. While the fatality rate is <1%, encephalitic cases are more serious with a fatality 

rate as high as 20% with the potential of development of permanent neurological 

sequelae5,6. Over a 100,000 human cases of infections were reported in the last known 

major outbreak of VEEV, including over 200,000 equine deaths5. With a continuing 

threat of reemergence, strategies to combat VEEV infections remain an unmet need.  
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CHAPTER TWO: INTRODUCTION 

VEEV Classification 

Venezuelan equine encephalitis virus (VEEV) is an alphavirus and a member of 

the Togaviridae family. There are over 40 recognized viruses in the alphavirus genus that 

are divided into two groups, New World (NW) and Old World (OW), based on the 

geographical region in which they are found and the disease they cause. NW 

alphaviruses, such as VEEV, eastern (EEEV) and western (WEEV) encephalitis viruses, 

are found in the Americas and are encephalitic viruses, whereas OW alphaviruses, such 

as chikungunya (CHIKV), Semliki Forest virus (SFV), and Sindbis (SINV), are endemic 

to Asia and Africa and are more arthritogenic7. Alphaviruses are predominately 

transmitted by arthropod vectors and replicate in the vector and their hosts. VEEV causes 

periodic natural outbreaks in equines and humans in the Americas. Spreading over large 

geographical regions, VEEV outbreaks can affect thousands of humans and equines5. The 

virus is maintained by cycling between rodents, which serves as its primary reservoir, and 

its vertebrate host8,9. In enzootic cycles, transmission is maintained among rodents and 

vertebrates including rats, bats, and opossums via Culex mosquito species9-11. Aedes and 

Psorophora species, on the other hand, are responsible for the epizootic transmission 

cycle of VEEV to amplification hosts, equids9,11. Infection in vectors are persistent with 

little to no effects on biological functions9.  
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VEEV Structure & Genome 

VEEV is an enveloped, positive-sense, single stranded RNA virus with a genome 

of approximately 11.4 kb5,8,12. The genome is non-segmented and codes for four non-

structural proteins (nsP1-4) and structural proteins including capsid and envelope 

glycoproteins E1 and E27,13,14. The viral genome is encapsidated by the VEEV capsid 

protein forming an icosahedral nucleocapsid (NC)7. The viral envelope is a host-derived 

lipid bilayer that is embedded with envelope glycoproteins, E1 and E2, that transverse the 

bilayer and are non-covalently associated with capsid (Fig. 1)7,15. The virus genome 

harbors two open reading frames (ORFs), the first of which is directly translated from 

genomic RNA encoding nsPs. The second ORF encodes structural proteins required for 

viral attachment, entry and assembly (Figure 2)16.  

 

 

Figure 1: Schematic of VEEV structure and genome organization. (Adapted from3) 
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VEEV Entry  

Envelope proteins define many aspects of cell entry such as receptor specificity 

and trafficking to endosomes15. VEEV gains entry to cell via receptor-mediated 

endocytosis. The first step in VEEV entry is viral attachment to cell surface receptors via 

E2. VEEV is known to interact with a variety of cell surface receptors such as heparan 

sulfate, laminin receptor, class I major histocompatibility antigen, α1β1 integrin, and the 

C-type lectin family binding proteins, specific ICAM-3 grabbing non-integrin (SIGN)17-

19. Entry of VEEV upon attachment to receptors occurs in the following steps: 1) the 

recruitment of clathrin, a protein that is a key component in formation of coated vesicles, 

to the inner leaflet of membranes; 2) the bending of the membrane; and 3) the scission of 

the clathrin-coated pit20. The clathrin coated vesicle then delivers the virus to endosomes 

where the acidic pH of endosomes induces a conformational change in the viral envelope 

exposing E1 glycoprotein which in turn mediated the fusion of viral envelope with 

endosomal target membrane by creating a fusion pore allowing the release of viral 

nucleocapsid into cytosol for replication17,21. Uncoating of the nucleocapsid occurs 

quickly as a result of protons flowing from the endosome via the fusion pores14. Viral 

RNA is freed for initiation of synthesis when capsid interacts with the 60s ribosomal 

RNA14.   

VEEV Replication  

Upon release of viral RNA into cytoplasm, viral RNA is translated to produce 

non-structural polyprotein. The polyprotein produced is about 90% P1234 and read-

through of a codon at the junction of nsP3 and nsP4 generates polyprotein P123 and 
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nsP48,16. The polyprotein is activated upon cleavage to produce the individual nsPs (Fig. 

2)8,16. Each nsP plays a central role in viral replication; nsP1 caps and methylates viral 

plus-strand RNA, nsP2 is a viral protease and a helicase that cleaves P1234 polyprotein, 

nsP3 is required for minus-strand RNA synthesis, while nsP4 is the RNA-dependent 

RNA polymerase22. Viral replication yields three species of RNA; negative strand, 

positive strand, and subgenomic mRNA8,16. Negative-strand synthesis occurs at the early 

stages of infection using the genomic RNA as a template7,16. Polyprotein (P123) and nsP4 

form a replication complex to synthesize the negative-strand. The P123 polyproteins are 

further cleaved as infection proceeds and negative-strand synthesis decreases 

transitioning to positive-strand and subgenomic mRNA synthesis7. The latter encodes the 

structural polyprotein, Capsid-pE2-6K-E1, that is required for assembly and budding of 

virions. The capsid protein is cleaved and the remaining polyprotein, pE2-6K-E1, is 

translocated to the endoplasmic reticulum for processing7. The E1/E2 proteins are then 

transported to the plasma membrane where assembly and budding of newly synthesized 

virions occurs.  
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Figure 2: Replication of VEEV. (Adapted from23).  

 

VEEV Pathogenesis 

VEEV infections commence from site of vector bite, where immune cells, 

dendritic cells (DCs), pick up the virus and transport it to lymphoid tissue24,25. Dendritic 

cells travel to deposit the virus in lymphoid tissue such as lymph nodes and spleen, and 

non-lymphoid tissues including heart, lung, kidney, and pancreas24-26. Systemic 

replication results in high viral dissemination and viremia25-28. A number of genes related 

to immune pathways are over-expressed as a consequence of VEEV infection including 

genes involved in inflammation, apoptosis, and genes involved in response to virus29. 

VEEV infections can play a detrimental role in disease pathogenesis by a number of ways 

including: inflammation-induced tissue damage, disruption of blood-brain barrier (BBB) 
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integrity, high viral titer and dissemination. Additionally, the high viremia in peripheral 

tissue contributes to dissemination and transmission by increasing the likelihood of 

vectors picking up the virus during feeding.  

VEEV infections induce the production of pro-inflammatory cytokines and thus 

are characterized by extensive inflammation. However, not all inflammation is bad. In 

fact, inflammation is a vital, biological protective response whereby the immune system 

responds to stimuli such as infection and injury30,31. A transient or acute inflammatory 

response that is resolved once the stimuli is eliminated/controlled is hence required for 

normal biological immune response. However, excessive and unresolved inflammation 

can be detrimental and can contribute to the pathogenesis of diseases30,32,33. During 

VEEV neurotropic infections, excessive inflammation in the brain exacerbates the 

disease outcome by causing damage to neurons and contributes to morbidity29. 

Inflammatory chemokines and cytokines have indeed been implicated to contributing to 

encephalitis during VEEV infections29. Anti-inflammatory drugs have been demonstrated 

to reduce the severity of symptoms in infected mice26,34. While inflammation is a host-

protective mechanism by the immune system, the persistent and excessive inflammatory 

load elicited by VEEV is damaging 

VEEV Infection of the Central Nervous System (CNS)  

Blood-Brain Barrier (BBB) 

The blood-brain barrier (BBB) is a multifunctional network of vasculature and 

associated cells that mainly function to maintain homeostasis of the central nervous 

system (CNS). The key components of the BBB include brain microvascular endothelial 
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cells (BMECs) lining blood vessels in addition to astrocyte and pericyte cells. Endothelial 

cells are tightly joined by proteins forming tight junctions (TJs) that function as a barrier 

to limit flux of molecules and ions35. The interactions of these components with neurons 

and microglia collectively comprise the dynamic neurovascular unit (NVU)35,36. Tightly 

adjoined, endothelial cells regulate the transport of molecules and ions across the BBB. A 

number of transmembrane proteins are required for the formation of tight junctions 

including, claudins, occludins, and JAMs. Claudins are a class of tetraspanins of more 

than 25 members that are essential for barrier formation, particularly claudin-5 and 

claudin-3 are predominantly expressed in CNS endothelial cells35,37. Occludin, another 

tetraspanin, is also highly expressed by endothelial cells. The immunoglobulin 

superfamily members JAMs are enriched at tight junctions and have been linked to 

regulation of BBB leukocyte extravasation35. A number of cytoplasmic, membrane-

associated proteins enhance and contribute to the TJ integrity such as zonula occludens-

1,3, and 3 (ZO-1, ZO-2, ZO-3) and are essential for claudin assembly37. In addition to 

TJs, adherens junctions and gap junctions are also key components of the BBB and are 

necessary for cell signaling and transport. Maintaining CNS homeostasis is critical to 

assure proper function of neurons and to provide protection from toxins, pathogens, 

disease, and inflammation35. 

Entry and Replication in the CNS 

Since natural VEEV infections occur by mosquito bites, peripheral inoculation of 

VEEV is the biologically relevant route to determine CNS infiltration. However, VEEV 

can be easily aerosolized and exposure can also occur via aerosol and olfactory route. In 
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mice following peripheral inoculation of VEEV, the virus gains access to CNS via areas 

where a BBB is naturally absent such as the hypothalamus, area postrema, and pineal 

body38. During intranasal inoculation, however, VEEV gains entry via the olafactory 

neurons. It is hypothesized that once VEEV gains access to CNS, it disseminates along 

neuronal pathways to the rest of brain as neuronal cells are highly susceptible to VEEV 

infections with high viral dissemination6,38. Recent models suggest that VEEV gains 

entry to the CNS across an intact BBB via caveolin-1-mediated transcytosis (Cav-MT), a 

mechanism utilized to transport large proteins across endothelial cells of the BBB39. 

Along with the uncertainty of the routes of VEEV entry, the exact mechanism of BBB 

disruption is poorly understood39-42.  

The differential expression of inflammatory molecules as a result of VEEV 

neuroinvasion suggest that the inflammatory outcomes of infection play a key role in the 

pathogenesis of VEEV. Neuronal degeneration during VEEV infection is speculated to be 

a result of both infection and destruction of neurons due to VEEV replication as well as 

due to the effect of elicited pro-inflammatory responses43. Pro-inflammatory cytokines 

and immunomodulatory genes have been demonstrated to be upregulated in in vitro and 

in vivo as a consequence of VEEV infection43. In an in vivo model, VEEV infection was 

established in the CNS of mice inoculated with virulent or attenuated VEEV strains by 

day 3 post peripheral inoculation. Interestingly, while virulent VEEV induced an 

upregulations of pro-inflammatory cytokine genes, the attenuated strains demonstrated an 

absent or delayed cytokine response regardless of presence of virus in CNS43,44. 

Inflammatory mediators upregulated by infection include, tumor necrosis factor-α 
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(TNFα), interleukin-6 (IL6), interferon-γ (IFNγ), inducible nitric oxide synthase (iNOS), 

IL1α, IL1β, IL1α receptor (IL1rα) and IL12. Mice with knockouts in iNOS and TNFα 

receptors demonstrated prolonged survival when infected with VEEV indicating the 

inflammatory mediators play a key role in the survival and pathology of VEEV infected 

mice44. Later studies also demonstrated a change in inflammatory gene expression profile 

in CNS of VEEV infected mice that results in immune response activation29. In addition, 

inhibitions of GSK-3β, a pro-inflammatory modulator, impede VEEV infections22. 

Together these results indicate that inflammatory upregulation and neuronal damage are 

markers in VEEV CNS infection. 

BBB Disruption 

While the events associated with VEEV neuroinvasion have been characterized 

by numerous papers, a unified model for BBB disruption does not exist to determine if 

VEEV directly disrupts the BBB. Different models have attempted to address this 

question and elucidate the disruption of BBB that accompanies VEEV infection6,39,45. 

Models using virus replicon particles (VRPs), particles lacking structural genes and hence 

can only undergo a single round of replication, revealed that intranasal VRP inoculation 

resulted in replication of virus in nasal mucosa of mice with no spread in CNS at 12 

hours post inoculation (hpi) with BBB opening evident only after 48 hpi. VRPs also 

induced the expression of pro-inflammatory genes in olfactory blub and cortex which 

were detectable as early as 12 hpi45. Additionally, VRPs increased the expression of 

matrix metalloproteinase 9 (MMP-9), a component of BBB that is important in 

maintaining BBB integrity, and ICAM-1, a molecular marker for BBB disruption45. 
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Inoculation of mice with fluorescently-tagged VRPs verified that BBB disruption was 

induced by intranasal VRP inoculation evident by detection of VRPs in the cortex of 

mice45. Virulent VEEV also induced BBB opening and increased inflammatory gene 

expression45. However, a delay in disease onset was noticed when BBB breakdown was 

inhibited using a MMP-9 inhibitor. The data presented here demonstrated that BBB 

disruption is a result of VEEV CNS infection which is accompanied by an increase in the 

expression of inflammatory mediators.  

While it’s established that VEEV CNS infection disrupts the BBB, it’s unclear 

whether the loss of BBB integrity is a result of direct action of VEEV on the BBB or the 

effect of immune responses on brain endothelial cells. Based on mice studies, it is 

hypothesized that neuroinvasion occurs prior to BBB disruption6,39. Although VEEV was 

present in the CNS, BBB permeability was not altered initially. Permeability was 

increased at days that coincide with peak viral load6,39. Assessment of BBB permeability 

at sites of VEEV replication revealed that vasculature edges were sharp and intact in 

uninfected mice and infected mice at 2 day post infection (dpi); however, at 6 dpi, 

vascular leakage was reported6. Infiltration of leukocytes was also evident at 6 dpi as well 

as an increase in pro-inflammatory mediators such as IFNγ, TNFα, and IL1β at peak 

BBB leak. Additionally, claudin-GFP transgenic mice were infected with VEEV to assess 

expression of claudin, a major component of TJs. Claudin formed well defined streaks in 

infected mice at 3 dpi, however, disorganization and clumping of claudin was evident at 6 

dpi indicating significant loss in BBB was an event occurring at later stages of infection6. 

Assessment of junctions at 6 dpi in the cortex of infected mice demonstrated the absence 
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of TJ and the swelling and clumping of endothelial cells, a morphology that is not present 

at 2 dpi. The above data supports the notion of VEEV infection and neuroinvasion 

preceding BBB disruption and permeability, suggesting that immune responses as a result 

of neuroinvasion are responsible for BBB permeability loss. As it is uncertain as to what 

exactly causes the loss of BBB integrity, it is plausible to conclude that a number of 

events including neuroinvasion and inflammation contribute to the outcomes. 

Effect of VEEV Replication on Host Processes 

In addition to the induction of inflammatory cytokines, VEEV infection 

modulated various host cell processes during infection. VEEV proteins inhibit certain 

host processes, including host transcription and translation, limiting host antiviral 

responses and thereby providing an optimal environment for viral propagation. Inhibition 

of transcription in VEEV-infected cells is mediated by capsid protein23,46-49. This 

inhibitory activity of capsid is thought to be mediated by interfering with 

nucleocytoplasmic trafficking via its N-terminal domain, specifically nuclear localization 

signal (NLS) and nuclear export signal (NES)47,49,50. Capsid was found to bind 

karyopherins, CRM1 (export) and importin α/β1 (import), facilitated by NES and LES 

47,49,50. Inhibition of nuclear import during VEEV infection resulted in decreased viral 

replication and additionally, mutation in the NLS region of capsid decreased cytopathic 

effects49,50.  

On the other hand, nsP2 is thought to be the culprit in translational shutoff during 

VEEV infection. Data demonstrated that translation shutoff creates favorable conditions 

for viral propagation by inhibiting STAT nuclear translocation which in turn inhibits 
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interferon-stimulating genes (ISGs), genes responsible for induction of an antiviral 

state51-53. Type I IFNs, α and β, are important innate immune defense responses against 

viral infections, as they stimulate the expression of ISGs and induce an antiviral 

response54. However, multiple viruses, including VEEV, have developed mechanism and 

tricks to avoid the antiviral effects of IFNs54. Wild-type VEEV is resistant to type I 

interferon response and inhibits IFN signaling. One of the mechanisms by which VEEV 

inhibits IFN signaling is by inhibition of IFNα/β receptor-mediated phosphorylation and 

activation of JAK or Tyk kinases and their targets, the transcription factors, STAT1 and 

STAT2, that regulate ISGs51,53. VEEV is thought to inhibit IFN signaling independent of 

macromolecule synthesis shutoff evident by VRPs lacking structural proteins decrease 

the expression of ISGs and STAT1 phosphorylation and subsequent STAT1 nuclear 

translocation53. Thus, along with the inhibition of host transcription, VEEV can inhibit 

IFN-induced antiviral responses by mechanisms independent of the activity of capsid. 

However, the activities of both capsid and nsP2 are likely responsible for the resistance 

of VEEV to infection-induced antiviral state52.   

Antimicrobial Peptides (AMPs) 

Found in virtually all organisms, antimicrobial peptides (AMPs) are short, positively-

charged oligopeptides that exhibit a diversity of structures and functions55. AMPs are a 

fundamental component of the innate immune system and play a vital role in the initial 

immune response generated against both injury and infections. AMP-mediated immune 

responses are rapidly activated following infections as AMPs are primarily synthesized 

and stored in cells of myeloid origin and epithelial cells, which are among the first 
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responders to infections. AMPs are expressed in a wide variety of tissues including skin, 

eyes, oral cavity, ears, airway, lung, female reproductive tract, cervical-vaginal fluid, 

intestines, and urinary tract56,57. The majority of AMPs are synthesized as large 

polyprotein precursors, containing one or multiple copies of the active peptide segment, 

which are subsequently released upon further proteolytic processing58. Removal of signal 

peptide may be a post-translation or a co-translational process. Processed functional 

peptides have been characterized into many classes in mammals; in humans, they include 

defensins, cathelicidins, transferrins, hepcidin, human antimicrobial proteins, dermcidin, 

histanes, AMPs derived from known proteins, chemokines and AMPs from immune cells, 

antimicrobial neuropeptides, and Beta-amyloid peptides59. While all of the AMPs classes 

have been shown to possess antimicrobial activity, only a few classes have demonstrated 

antiviral properties. 

A defining feature of AMPs is their rapid response to infections of bacteria, 

viruses, fungi or protozoa56,60. Exhibiting inhibitory and immunomodulatory properties, 

AMPs have been intensively studied as alternatives to antibiotics in bacterial infections 

and in recent years have gained substantial attention as viral therapeutics61.  

Cathelicidins  

Cathelicidins are peptides with a conserved 100 amino acid cathelin domain, a protein 

sequence first identified in porcine leukocytes that is capable of inhibiting the protease 

cathepsin-L62. Cathelicidins are typically linear peptides that fold into amphipathic α-

helical structures which are frequently cleaved from the highly variable C-terminal 

antimicrobial domain63. In humans, cathelicidin is produced by a vitamin D-dependent 
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antimicrobial pathway64. Although there are multiple cathelicidins found in nature, 

humans only express a single cathelicidin, known as human cationic antimicrobial 

peptide 18 (hCAMP-18), which is cleaved to generate Fall-39 and LL-37. LL-37 was 

identified and isolated in 1995 from neutrophils56,65. Cathelicidins are synthesized as pre-

propeptides; following proteolytic removal of the signal peptide, the inactive propeptide 

is tagged for storage in neutrophil granules. The active cationic molecule is generated by 

cleavage of the C-terminus end of the hCAP18 precursor protein yielding a linear 37-

amino acid-long peptide56. The name hCAP18 alludes to the molecular weight of the 

polypeptide (18 kDa) and the cationic character of the structure, whereas LL-37 refers to 

the 37 amino acid length of the peptide along with a Leu-Leu motif located at the N-

terminus56. The peptide can also be produced in epithelial cells and may play an 

important role in the initial immune response to various pathogens66,67. In epithelial skin 

cells, LL-37 is further cleaved into shorter segments exhibiting potent antimicrobial 

activity68. LL-37 is also produced by monocytes, NK cells, mast cells, B cells, colon 

enterocytes, and keratinocytes56, and has been detected in numerous tissues and 

biological fluids such as sweat, breast milk, wound fluid, vernix, tracheal aspirates of 

newborns and seminal plasma62. The concentration of LL-37 and its precursor in tissues 

and body fluids can range between 2 and 5 μg/mL (0.4–1μM), however, concentrations 

can increase up to20 μg/mL (2.2μM) during infections in bronchoalveolar fluid69. In 

nasal secretions LL-37 concentrations can vary from 1.2–80 μg/mL69. The expression of 

LL-37 is regulated by a number of endogenous factors including pro-inflammatory 

cytokines and growth factors such as the active form of vitamin D56. LL-37 functions as a 
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chemoattractant for neutrophils, monocytes, dendritic and T-cells and is rapidly released 

by epithelial cells and leukocytes following infection66,70. LL-37 can stimulate IL6 

production in human dendritic cells and may act as both an anti and pro-inflammatory 

factor during the immune response to various infections70.Individuals with cathelicidin 

deficient neutrophils display an increased susceptibility to infection66. 

The antiviral activity of LL-37 has been reported against a number of viruses 

including HIV-1, IAV, RSV, rhinovirus, vaccinia virus (VACV), HSV, Zika and hepatitis 

C virus (HCV), mediated primarily by its interaction with the virus outer envelope64,68,71. 

Efficient inactivation of enveloped viruses suggests that the peptide may also have some 

effect on the inner membrane of viruses. During an antimicrobial peptide attack, the outer 

membrane of a virion is removed in a single event, as opposed to a gradual process in 

which membrane fragments are removed piece-by-piece72. This suggests a carpet model 

of antimicrobial peptide action wherein a susceptible membrane remains intact until a 

threshold concentration of peptide is reached, following which a rapid disintegration of 

the targeted membrane occurs73,74. 

 

Synthetic AMPs 

Synthetic AMPs and derivatives of naturally-occurring AMPs have also 

demonstrated antiviral activity. There are a number of synthetic peptides that have 

demonstrated antiviral activities including variants of cathelicidins75. For example, 

synthetic derivatives of LL-37 have demonstrated anti-Zika virus  and anti-porcine 

respiratory and reproductive syndrome virus activity71,76. Synthetic biology and new 

advances in technologies has made it possible to effectively and inexpensively synthesize 
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peptides with specificity towards viruses. Active synthetic variants can be synthesized 

from a peptide template using computational, sequence-based, and statistic-based 

methods77. Properties of peptides including hydrophobicity, net charge, and helical 

tendencies all contribute to the activity of peptides78. Computational biology, such as 

machine learning algorithms, takes into account these properties along with other 

physiochemical properties of peptides to enhance the functionality of the synthesize 

variants77,78. These approaches allow for the correlation between peptide properties and 

activity for the generation of enhanced derivatives.  

Effects of AMPs on Immune Responses 

Production of AMPs can be induced by innate immunity as a result of 

inflammation, infection, or injury. Upon activation, AMPs serve as effector molecules to 

orchestrate immune responses57. A primary immune modulatory function of AMPs is to 

interact with pathogens to serve as chemoattractants by directly recruiting leukocytes to 

infection sites or by inducing the expression of chemokines57,79. Polymorphonuclear 

leukocytes (PMN), such as neutrophils are the first leukocytes to infiltrate infection sites 

and are thought to induce the recruitment of monocytes56,80. Despite having normal 

chemotactic response to most stimuli, PMNs from patients with granule deficiencies were 

observed to exhibit a less robust recruitment of monocytes in response to inflammation 

than PMNs with normal granule expression80. Depletion of granule proteins such as LL-

37 in PMNs of mice decreased inflammatory monocyte recruitment to injury sites80. 

Synthetic LL-37 was also demonstrated to be an inducer of eosinophil and neutrophil 

recruitment, an activity thought to be mediated by a formyl-peptide receptor (FPR)81. 
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Furthermore, treatment of neutrophils and eosinophils isolated from healthy humans with 

LL-37 increased induction of neutrophil migration in a dose-dependent manner81. Using 

an FPR antagonistic peptide, this LL-37-induced chemotaxis was significantly inhibited 

providing evidence of FPR involvement81. These results conclude that granule proteins 

contribute to mobilization of PMNs to inflammation/infection sites thereby eliciting a 

more vigorous immune response. 

Another key chemotactic property of AMPs is the activation and induction of 

chemokine expression. IDR-1, a synthetic LL-37-derived AMP, demonstrated induction 

of the expression of chemokines involved in recruitment of monocytes and macrophages; 

particularly monocyte chemotactic protein (MCP) chemokines CCL7 (MCP-3) and CCL2 

(MCP-1)82. This induction was evident in peripheral blood mononuclear cells (PBMCs) 

treated with IDR-1. Another AMP derivative, IDR-1002, induced CCL7 and CCL2 

chemokine expression in PBMCs with a significantly stronger response compared to 

untreated controls83. In addition, IDR-1002 increased the induction of the chemokines 

CXCL1 and CXCL8, chemoattractants of neutrophils83.  Moreover, LL-37 was found to 

regulate chemokine receptors expression in macrophages84. Surface expression of 

chemokine receptors such as IL8RB, CXCR4, and CCR-2, receptors to the  chemokines 

interleukin-8 (IL8), CXCL4, and CCL2 respectively, was upregulated in LL-37 

stimulated cells, confirmed by gene array and PCR of extracts84.  

AMPs can further modulate immune responses by inducing an anti-inflammatory 

response and suppressing pro-inflammatory cytokines. In LPS-induced human monocyte 

cells (THP-1), LL-37 decreased the production of the pro-inflammatory cytokine tumor 
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necrosis factor alpha (TNFα) displaying increased inhibition in a dose-dependent 

manner85. LL-37 was able to reduce other major inflammatory cytokines such as IL1β 

and IL6 that were induced by toll-like receptors TLR-2 and TLR-2 in response to their 

agonists85. The LL-37 derivative IDR-1 exhibited anti-inflammatory properties by 

decreasing LPS-induced TNF-α as well in human and mouse cells82. IDR-1 also 

increased the expression and production of LPS-induced anti-inflammatory cytokine IL-

10 in vitro and in vivo 82. IDR-1002 demonstrated anti-inflammatory capabilities by 

suppressing pro-inflammatory response of IL1β, another key inflammatory cytokine86. 

Interestingly, some peptides, including LL-37, were reported to increase pro-

inflammatory cytokines in response to infection. LL-37 can stimulate the production of 

IL-1β in LPS-induced monocytes by the monocytic cell receptor P2X7 
87.  

While AMPs are considered an important arm in innate immunity, they have a 

role in promoting adaptive immunity as well. For instance, defensins have demonstrated a 

role in adaptive immunity by recruiting T cells and dendritic cells (DCs), the most potent 

antigen-presenting cells (APCs)88. Defensins, both purified from granules of neutrophils 

or synthetic, are selective chemoattractants of naïve peripheral blood T cells, particularly 

CD3+, and DCs in a dose dependent manner88. LL-37 on the other hand can affect 

adaptive immunity by acting on immature DCs. Exposure of immature DCs to LL-37 

resulted in internalization of the peptide in cytoplasm and nucleus and an increase in the 

antigen-presenting molecule, human leukocyte antigen-DR isotype (HLA-DR) and the 

costimulatory molecule CD86, a protein expressed on APCs required for T cell activation 

and survival89. These results suggest that AMPs produced by innate immune responses 
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can have effects on adaptive immunity bridging the two arms of immunity as evident by 

effects on immature DCs and recruitment of adaptive immune cells. 

Constitutively produced or induced in response to infections, AMPs have been 

isolated from epithelial layer, immune cells, and body fluids63. AMPs play a key role in 

innate immunity and have roles in activating adaptive immunity. They can attract 

immune cells to infection sites as well as pro- and anti-inflammatory mediators. They 

have demonstrated efficacy in inhibiting a variety of bacteria and viruses. Hence, AMPs 

serve as novel multi-purpose therapeutic strategies to combat infections and modulate 

immune responses.  

Hypotheses 

With the ramification of VEEV infections including its classification as a 

biothreat agent and the potentially fatal outcomes, a therapeutic is an unmet need. VEEV 

infections result in high viremia, cell death, and extensive inflammation29. Replication of 

VEEV in the CNS results in cytokine-mediated disruption of the BBB6,34,39,45. 

Encephalitic infections have severe outcomes including permeant neurological damage 

and in some cases death. Hence, an ideal therapeutic should not only limit viral 

replication, but also the associated inflammatory response. 

I seek to utilize natural and synthetic AMPs as dual-purpose intervention 

strategies to: 1) control VEEV infection by inhibiting viral entry and replication, and 2) 

inhibit the associated inflammatory events thereby potentially decreasing disease 

pathology and maintaining BBB integrity. The approach is based on data that 

demonstrated the applicability of AMPs in controlling multiplication of several 
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enveloped viruses in vitro and in vivo75. AMPs are a fundamental component of the 

innate immune response and exhibit immunomodulatory activity via the modification and 

activation of immune responses by promoting recruitment of immune cells and 

modulation of inflammatory response55,63. In addition, synthetic peptides engineered to 

exhibit antiviral and anti-inflammatory properties is a novel anti-alphavirus approach and 

is an unexplored promising area of research. 

In this work, I hypothesize the following: 

 Chapter 4: The naturally occurring cathelicidin, LL-37, will inhibit VEEV 

replication via i) direct inhibition of virions, and ii) induction of an 

antiviral state. 

 Chapter 5: Cathelicidin-derived synthetic peptides targeting VEEV will 

not only inhibit VEEV replication but the associated inflammation. In 

addition, the peptides will exhibit selectively towards alphaviruses. 

 Chapter 6: As an extension, the synthetic peptides will inhibit 

inflammation at cells of the BBB and maintain the expression of tight 

junction proteins in VEEV infected cells.  
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CHAPTER THREE: MATERIALS & METHODS 

Cell Culture and Reagents 

Mouse brain microglia (BV2, ECO 20 CRL-2469), human microglial cells 

(HMC3, CRL-3304), human astrocytoma cells (U87MG, HTB-14), and African green 

monkey kidney cells (Vero cells, CCL-81) were obtained from American Type Culture 

Collection (ATCC). BV2 and U87MG cells were maintained in Dulbecco's Modified 

Eagle's Medium (DMEM) supplemented with 1% L-glutamine, and 1% 

penicillin/streptomycin and heat-inactivated Fetal Bovine Serum (FBS) at 5% and 10%, 

respectively. HMC3 cells was maintained in Eagle's Minimum Essential Medium 

supplemented with 1% penicillin/streptomycin and 10% FBS. Vero cells (ATCC, CCL-

81) were maintained in DMEM supplemented with 5% FB Essence (VWR, 10799-390P), 

1% penicillin/streptomycin, and 1% L-glutamine. Primary human brain microvascular 

endothelial cells (HMBVE, ACBRI 376) were obtained from Cell Systems and were 

maintained in Endothelial Cell Growth Medium-2 (EGM-2) BulletKit (Lonza, CC-3156). 

All cell cultures were maintained at 37 °C with 5% CO2.  

LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) was obtained 

from Peptide Sciences, and reconstituted with ultrapure water to a final stock 

concentration of 1 mg/mL. The scrambled LL-

37 (GLKLRFEFSKIKGEFLKTPEVRFRDIKLKDNRISVQR) control was acquired from 

AnaSpec. Both peptides were purified by high performance liquid 

chromatography (HPLC) with >95% purity. 
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Solid-phase Peptides Synthesis 

Peptides were synthesized using fluoromethyloxycarbonyl (Fmoc) strategy in 

Rink Amide resin by Biopolymers (MIT). The purity of the peptides was higher than 

95%.  

Viruses and Infections 

The VEEV TC-83, live attenuated strain, and the wild-type Trinidad Donkey 

strain were obtained from BEI Resources. TC-83 is a result of 83 passages of the fully 

virulent IAK Trinidad donkey (TrD) strain90. TC-83 is a well-established BSL-2 VEEV 

model for the TrD strain for which replication has been well studied in vitro and in vivo22. 

The attenuation associated with TC-83 was mapped to the changes in the 5′-noncoding 

region and the E2 envelope glycoprotein22. Experiments with TC-83 were performed 

under BSL-2 while those with TrD were performed under BSL-3 requirements and 

procedures. The MP-12 strain of RVFV was rescued and titered as previous described91. 

All VEEV-TrD and EEEV (strain GA97) experiments were performed under BSL3 

conditions.  

Appropriate cells were seeded in multi-well plates and grown overnight to ~90-

100% confluency prior to infection. For infections, virus stocks were diluted in 

appropriate cell culture medium to a multiplicity of infection (MOI) of 0.1, unless 

otherwise stated. Cells were infected for 1 to allow for virus absorption after which cells 

were washed with 1 x PBS and fresh cell culture medium was added. Supernatants were 

collected at indicated time points and plaque assays were performed to measure viral 

growth as described below. 
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Peptide treatments were performed as follows:  pre-treatment; and treatment at 

time of infection. During pre-treatment, cells are pre-treated with peptide (10 g/mL 

diluted in media, unless otherwise stated) or 1% water, for 2 h (hours) prior to infection 

(example: pLL-37 or pA2). Infectious inoculum was added directly to the treated media 

to allow for virus-peptide interactions. In conditions where cells were treated at time of 

infections (example: LL-37 or A2), peptides were added to cells together with infection 

inoculum. For all conditions, after infection, viral inocula were removed and cells were 

re-treated with the appropriate peptide/water until sample collection.  

Entry/Viral Attachment Assays 

For entry assays, TC-83 at different MOIs was pre-incubated with LL-37 for 

30 min at 37 °C prior to infection (pre-incLL-37 or PI-LL-37). The pre-incubated 

inoculum was used to infect cells. The viral inoculum was removed and replaced with 

peptide-only media to allow for constant exposure to peptide. Supernatants were 

collected after incubation and either stored at −80 °C until analyzed or processed upon 

collection. 

For viral attachment assessment, U87MG cells were seed at a density of 1E5 

cells/mL in 12-well plates and grown overnight at 37°C to 90-100% confluency. Cell 

monolayers were pre-chilled at 4°C for 1 h. Cells were co-infected/treated with TC-83 

(MOI = 5) and each peptide (10 g/mL) on ice for 1 h at 4°C. Infectious media was 

removed and cells were washed twice with ice-cold PBS and culture medium was added 

to cells. Cells were incubated for 2 h at 37C. After 2 h, media was removed and 
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discarded, cell were washed and lysed with TRIzol and intracellular genomic RNA 

copies were quantified as described above.  

Cell Viability Assays 

Cell viability was measured using CellTiter-Glo Luminescent Cell Viability 

Assay (Promega, G7572) per the manufacturer's instructions. Cells were seeded at a 

density of 1E4 cells/mL and grown until confluency. The cells were treated with the 

peptides or the water control at various concentrations for an additional 24 h. Cell 

viability was determined by the addition of the CellTiter-Glo reagent to cells at a ratio of 

1:1. The plate was placed on a plate shaker for 2 min followed by a 10-min incubation at 

room temperature. Cell viability was measured as luminescence detected using the DTX 

880 multimode detector (Beckman Coulter). Percent viability was normalized to water-

only treatment, as water served both as a control and as the peptides’ carrier to 

avoid osmotic shock to the cells. 

Plaque Assays 

Plaque assays were performed as described in Baer and Kehn-Hall (2014)92. Vero 

cells were seeded in 12-well plates at a density of 2.5E5 cells/mL. The cells were grown 

overnight at 37 °C, 5% CO2 until confluent. Viral supernatants were serially diluted in 

DMEM in deep well plates and used to infect Veros. All plates were incubated at 37 °C, 

5% CO2 for 1 h with rocking in 15-min intervals. An overlay consisting of 2X E-MEM 

and 0.06% agarose at 1:1 ratio was added to each well. Upon solidification of the overlay, 

the plates were incubated for an additional 48 h at 37 °C. The cells were fixed using 1 mL 

of a 10% formaldehyde solution added to the surface of the plugs for 1 h at room 
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temperature. The plates were rinsed with diH20 to remove the plugs. A solution of 

1% crystal violet, 20% ethanol was used to stain the plates. The plates were rinsed with 

diH20 and plaques were counted to determine viral titers as plaque forming 

units (PFU/mL). 

Quantitative RT-PCR (qRT-PCR) 

Cells were treated with LL-37 or synthetic peptides at a non-toxic concentration, 

as determined by viability assay, and infected with TC-83 at specified MOI. Cells were 

lysed using TRIzol reagent, and RNA was extracted using Zymo Direct-zol RNA 

Miniprep kit (Zymo Research, R2050) as per the manufacturer's protocol. The pre-

cycling conditions were adapted from Verso 1-step RT-qPCR kit (ThermoFisher 

AB4101C) manufacturer's instructions: 1 cycle at 50 °C for 20 min, 1 cycle at 95 °C for 

15 min, 40 cycles at 95 °C for 15 s and at 51 °C for 1 min using StepOnePlus™ Real 

Time PCR system. Primers and probes for VEEV TC-83 targeted nucleotides 7931-8005, 

which encode the capsid, as originally described by Julander et al. (2008): forward primer 

(TCTGA CAAGACGTTCCCAATCA) and reverse primer 

(GAATAACTTCCCTCCGACCACA)93. However, the probe utilized different tags (5ʹ6-

FAM/TGTTGGAAG/ZEN/GGAAGATAAACGGCTACGC/3ʹIABkFQ) to improve 

sensitivity. The nsp2 primers/probes are as follows: forward primer (CCT CTC GCT 

GAA CAA GTC ATA G), reverse primer (CCT CTG GCA CCA CTA CTT TAC) and 

probe (/56-FAM/TG GTA TGG T/Zen/T CCA CGG CAT AAC GC/3IABkFQ/). Both 

sets were designed by and obtained from Integrated DNA Technologies (Skokie, Il). 

Quantification was calculated by standard curve based on threshold cycle (Ct).  
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For Taqman expression assays and negative strand RNA synthesis, the total RNA 

was converted to cDNA using the High-Capacity RNA-to-cDNA reverse transcription kit 

(ThermoFisher, 4368814) as per kit’s instructions with the exception of substituting 

Random Primers for a primer for TC-83 negative strand 

(GCGTAATACGACTCACTATATCCGTCAGCTCTCTCGCAGGTA). Taqman 

expression was determined using the ΔΔCt method with ThermoFisher Taqman reagents 

for CAMP/LL-37 (Hs01011708-m1), IFNB1 (Hs01077958-s1), IFNG (Hs00989291-m1), 

and 18S RNA (HS99999901-s1) and Taqman Fast Advanced Master Mix (ThermoFisher, 

4444557). Expression of negative strand RNA was determined using ΔΔCt method with 

primers GCGTAATACGACTCACTATA and ACAGGTACTAGGTTTATGCG using 

Power SYBR Green PCR Master Mix (ThermoFisher, 4368577).  

Immunofluorescence 

Cells were seeded in an 8-well chambered slide (ibidi) at a density of 1E4 

cells/mL. Cells were either mock treated or peptide-treated and infected at desired MOI. 

Cells were fixed with 4% paraformaldehyde for 10 min at room temperature and 

permeabilized with 0.1% Triton X-100 for 10 min. The cells were subsequently washed 

with PBS and blocked at room temperature with 1% BSA for 30 min. The cells were 

incubated with primary antibody to TC-83 glycoprotein in 1% blocking solution 

overnight at 4 °C. For BBB assays, a claudin-5 antibody was utilized. A secondary 

antibody specific to the primary antibody was added to the cells in blocking buffer for 1 h 

in the dark at room temperature. The cells were washed with PBS, treated with Hoechst 

dye (ThermoFisher, 33342), and incubated for 15 min at room temperature. An additional 
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PBS wash was performed followed by mounting the slides with 2 drops of ibidi mounting 

medium and storing them in the dark. Images were taken at 60× magnification using 

Nikon Eclipse TE2000-U. 

Transmission Electron Microscopy (TEM) 

TEM was performed on HMC3 cells for LL-37 at 3hpi and U87MG cells for A2 

and A3 at 2hpi. Cells were seeded at a density of 3E5 cells/mL in 6-well plates. Cells 

were treated with LL-37 and infected at an MOI of 5 as described above for the entry 

assays. Samples were fixed with 2.5% glutaraldehyde, 1% paraformaldehyde in 

0.12 M sodium cacodylate buffer and pelleted. The cell pellets were enrobed in low 

melting point agarose. Cells were post-fixed with 1% osmium tetroxide and 1% uranyl 

acetate. After a series of ethanol dehydrations, the cells were embedded in Embed812 

resin and cured for 2 days at 60 °C. The resin blocks were sectioned to a thickness of 

70 nm on a Leica Ultracut EM UC7 Ultramicrotome. Sections were post-stained with 

uranyl acetate and lead citrate and then imaged using Talos F200X TEM (ThermoFisher 

Scientific). 

Inflammatory Gene Array  

The inflammatory array used in this study, RT2 Profiler PCR Array, targeted 84 

human inflammatory cytokines and receptors (Qiagen, PAHS-011ZC, 330231). HMC3 

cells were seed in 12-well plates at a density of 1E5 cells/mL. Cells were pre-treated with 

either peptide (10 g/mL) or 1% water for 2h. Subsequently, cells were infected with TC-

83 (MOI = 2) and incubated for 1 h at 37°C. The viral inoculum was removed from cells 

and cells were re-treated with respective peptide or 1% water and incubated at 37°C. 



29 

 

Cells treated with lipopolysaccharide (LPS) were used as a positive control. At 16hpi, 

cells were lysed with TRIzol and RNA was extracted using Zymo Direct-Zol Miniprep 

kit. cDNA was synthesized using RT2 First Strand Kit (Qiagen, 330401). The PCR array 

was quantified as per manufacturer’s instructions using RT2 SYBR Green qPCR master 

mix (Qiagen, 330521) and StepOnePlus Real-Time PCR system.  

Multiplex ELISA 

A multiplex ELISA, Ciraplex Human Cytokine 10-Plex, was used to quantify 

inflammatory cytokine production following TC-83 infection of untreated and peptide-

treated cells (Aushon, 101-3FF-1-AB). The quantity of the following cytokines was 

measured: IFNᵧ, IL1α, IL1β, IL2, IL4, IL6, IL10, IL12p70, and TNFα. Cells were seeded 

in 96-well plates at a density of 1E4 cells/mL and pre-treated with respective peptides (10 

g/mL) for 2h prior to infection. Cells were infected as described above and inoculum 

was removed and replaced with peptide-treated media. An uninfected mock and an 

infected 1% water vehicle were included as negative and positive controls, respectively. 

Supernatants were collected at 2hpi and 16hpi and diluted 1:1 in sample diluent as per 

kit’s instructions. Samples and cytokine standards were added to pre-washed assay plates 

and placed on a shaker (515 rpm) for 2h at room temperature. After incubation, a 

Biotinylated Antibody Reagent was added to each well. The plate was further incubated 

on the shaker for 30 minutes. A Streptavidin-HRP Reagent was added to each well and 

the plate was re-incubated for an additional 30 minutes. A 1:1 mixture of SuperSignal 

Substrate and Luminol Enhancer was added to the plate; the plate was read using a 
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Cirascan Imaging System and the data was analyzed using Cirasoft Analysis Software. 

The plate was washed 4x with a wash buffer after each incubation step.  

Western Blot 

HBMVE cells were seeded in 6-well plates and infected with TC-83 at an MOI of 

2. Cell lysates were fractioned into membrane and cytosolic components using Mem-PER 

Plus Membrane Protein Extraction Kit (ThermoFisher 89842) as per manufacturer’s 

instructions. Fractioned lysates were separated using 4-20% Tri-Glycine Gel (Invitrogen, 

WXP42012BOX) and subsequently transferred to a polyvinyl difluoride (PVDF) 

membrane. The membranes were blocked 5% milk in PBS with Tween 20 (PBS-T) for 

30 minutes at room temperature. Following blocking, the membranes were incubated 

with primary antibodies to ZO-1 (Abcam, ab216880) and claudin-5 (Abcam, ab15016) at 

4°C overnight according to manufacturer’s instructions in 5% bovine serum albumin 

(BSA) buffer. An HRP-conjugated secondary antibody to each primary antibody was 

added following 2 washes with PBS-T The membranes were then washed 2 x with PBS-T 

and 1 x with PBS and imaged using SuperSignal West Femto Maximum Sensitivity 

Substrate (Invitrogen, 34096) and BIO-RAD ChemiDoc Imaging System (BIO-RAD).  

Statistical Analysis  

All graphs and analyses were generated using GraphPad Prism software version 7. 

Inflammatory array images and data were obtained using Qiagen Data Analysis Center. 

Replicate numbers (n) for each experiment are specified in the figure legends. Analyses 

were performed using an unpaired one-way ANOVA test. Data are represented as a mean 
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with ±SD. Statistical significance is indicated as follows: *p < 0.05; **p < 0.01; ***p < 

0.001; ****p < 0.0001. 
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CHAPTER FOUR: HUMAN CATHELICIDIN PEPTIDE LL-37 AS A 

THERAPEUTIC ANTIVIRAL TARGETING VENEZUELAN EQUINE 

ENCEPHALITIS VIRUS INFECTIONS 

Results 

LL-37 inhibits TC-83 replication in multiple cell lines.  

LL-37 has been shown to be a potent antiviral molecule, as evidenced by its 

inhibition of the replication of many viruses, including IAV, HIV, ZIKV, and DENV-

2,68,71,94,95.As a first step to evaluating the inhibitory potential of LL-37 against VEEV in 

a cell type-independent manner, I established the baseline replication kinetics of the TC-

83 strain of VEEV in three model cell lines, namely BV2 cells (murine), U87MG cells 

(human astroglioma cells), and HMC3 cells (human microglial cells). The cell lines were 

infected with TC-83 and titers were quantified at 16 hpi as infectious PFUs and genomic 

TC-83 copies (Fig. 3 A and B). Cell viability for all cell lines following treatment with 

LL-37 or the scrambled control peptide was measured at increasing concentrations of 

peptide (10, 50, and 100 g/mL). LL-37 was nontoxic at a concentration of up to 

50g/mL whereas the scrambled control was nontoxic even at 100g/mL (Fig. 3 C). 

Infectious TC-83 titers were measured following treatment with LL-37 (10 µg/mL) in the 

BV2 murine cell line as a first proof-of-concept investigation, which demonstrated a 

decrease in viral titer of about 100-folds (Fig. 3 D). The cells were subjected to two 

treatment conditions: 1) cells were pretreated with LL-37 for 2 hours prior to infection 

(preLL-37), and 2) LL-37 treatment was administered at the time of TC-83 infection (LL-

37), i.e., without pretreatment (see Materials and Methods). 
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Figure 3: Toxicity and inhibitory efficacy of LL-37.  
(A and B) Replication kinetics of TC-83 in cell lines BV2, HMC3, and U87MG. (C) BV2 cells were treated with 
diluted LL-37 or scrambled LL-37 to determine toxicity. Luminescence was measured using Cell Titer-Glo at 24 h post 

treatment and reported as a percentage normalized to the water-only control. (D) A plaque assay was used to determine 
titers of TC-83 under LL-37 (10 μg/mL) treatment using scrambled LL-37 (50 μg/mL) as a control in addition to a 
water-only control. pLL-37/pScrambled represents cells pre-treated with each peptide; LL-37/Scrambled represents 
cells with no pretreatment, i.e., peptides and virus were added at the same time. (E) Copies of the TC-83 RNA 
genome were measured using qRT-PCR (see Materials and Methods). All infections were done at an MOI of 0.1. 
Statistical analysis is in comparison to the water-only control. Data represents means ± SD (n = 3). **p < 0.01, 

***p < 0.001. 

 

The purpose of using the two conditions was to assess the effect of LL-37 

pretreatment on viral replication. While the TC-83 titer decreased in both conditions 

(pretreated and non-pretreated cells), preLL-37 produced a slightly higher titer (less of a 

decrease). This difference was possibly a result of LL-37 internalization during 

pretreatment, hence decreasing the concentration of peptide available to interact with the 

virus. The scrambled control, unlike LL-37, demonstrated no inhibitory effects, thus 
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supporting the specificity of inhibition observed with LL-37 treatment. At 16 hpi, 

extracellular copies of the TC-83 RNA genome were extracted from supernatants and 

quantified by qRT-PCR. Consistent with the plaque assay results, LL-37 caused a 100-

fold decrease in TC-83 genomic copies as compared to controls, indicating an inhibition 

of viral replication (Fig. 3 E).  

LL-37 inhibition is not cell type-dependent.  

To determine whether the inhibition demonstrated by LL-37 in BV2 cells is a 

cell-type-dependent phenomenon, I tested the peptide in human microglia and astrocyte 

cell lines. Cell viability in both cell lines was determined using the above-mentioned 

concentrations of LL-37 (Fig. 4).  I used the highest tolerated concentration of peptide for 

infections (U87MG = 50 µg/mL; HMC3 = 10 µg/mL). Plaque assays indicated that the 

inhibitory effects of LL-37 were, indeed, not cell type-dependent, as LL-37 caused an 

approximate 100-fold decrease as compared to the water-only control in both cell types 

(Fig. 4 C and D). The scrambled peptide control partially inhibited TC-83 replication in 

both cell lines inhibition; however, this inhibition was less robust than that observed with 

LL-37 and was not significant. When I tested the effect of LL-37 on the fully virulent 

TrD strain, I observed a very robust inhibition of virus with LL-37 treatment (Fig. 4 E).  
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Figure 4: Toxicity and efficacy of LL-37 in HMC3 and U87MG cells.  
(A and B) Cytotoxicity was determined using Cell Titer-Glo by incubating the cells for 24 h with LL-37 or scrambled 
LL-37 at various concentrations. Cell viability is reported as a percentage of live cells normalized to cells treated with 
water only. (C and D) Titers of TC-83 in HMC3 and U87MG cells as determined by plaque assay. Concentrations of 
LL-37 for HMC3 and U87MG cells, obtained from the viability assay, were 10 μg/mL and 50 μg/mL, respectively, and 
concentration of the scrambled peptide control for both cell lines was 50 μg/mL. (E) Titers of the virulent VEEV strain, 
TrD, in HMC3 cells using 10 μg/mL of LL-37. All infections were performed at an MOI of 0.1 for 1 h, and 
supernatants were collect at 16 hpi. pLL-37/pScrambled represents cells pretreated with LL-37 or scrambled peptide. 

Statistical analysis is in comparison to water-only control. Data reported as mean ± SD (n = 3). *p < 0.05, **p < 0.01. 

 

The early stages of TC-83 infection cycle are susceptible to LL-37 treatment. 

LL-37 has been demonstrated to directly inhibit the early stages of infection for 

several viruses, particularly when treatment is administered prior to infection or when 

virus and peptide are pre-incubated prior to infection. This mechanism of inhibition has 

been documented for IAV, HIV, DENV-2, and HCV64,68,94,95. To determine whether LL-

37 acts as an inhibitor of early VEEV infection events, I looked at TC-83 genomic copies 

at an early post-infection time point. Using three MOIs (0.1, 1, and 5), I infected HMC3 

cells either with TC-83 in LL-37, or with TC-83 that had been pre-incubated with LL-37 
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for 30 minutes. After incubation for 1 hour at 37°C, the viral inocula were removed and 

cells were washed three times with PBS to remove any residual extracellular virus. 

Peptide-treated media was added back to the appropriate cells, and cells were lysed at 3 

hpi to quantify intracellular copies of the TC-83 genome.  At 3 hpi, for all MOIs, there 

were significantly fewer intracellular copies of the TC-83 genome compared to the 

number of copies in the water-only control (Fig. 5 A). These results indicated that LL-37 

impacts the early processes of TC-83 infection. To further validate the data, I used nsp2 

primers, corresponding to sequences encoding nonstructural proteins of the viral genome, 

to quantify the genomic copies of TC-83 at an MOI of 5. The results confirmed a 

significant decrease in the number of viral genomic copies as compared to those in the 

water-only control (Fig. 5 B). 

 

 

Figure 5: Entry inhibition of VEEV following LL-37 treatment.  
(A) Cells were treated with LL-37 at 10 μg/mL and infected with TC-83 for 1 h at MOIs of 0.1, 1, and 5. Total 

intracellular RNA was extracted and quantified using qRT-PCR at 3 hpi (see Materials and Methods). Primers targeting 
VEEV capsid protein were utilized. (B) Intracellular RNA for cells infected at an MOI of 5 was quantified using 
primers for VEEV nsp2. VEEV RNA was quantified using qRT-PCR. pLL-37 represents cells pre-treated with LL-37; 
PI LL-37 represents cells infected with TC-83 that was pre-incubated with LL-37. Data reported as mean ± SD (n = 3). 
***p < 0.001, ****p < 0.0001. 
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LL-37 destroys and sequesters TC-83 extracellularly and intracellularly in the form 

of clumps.  

LL-37 has been extensively studied in terms of binding to and interfering with 

virus outer membrane moieties64,96. In silico analysis and molecular docking studies 

revealed the binding of LL-37 to the viral envelope of DENV-2 as a mechanism of viral 

entry inhibition68. Not only does LL-37 interfere with membranes of enveloped viruses, it 

has been shown to disrupt non-enveloped viruses. Electron microscopy images of LL-

37/vaccinia interactions demonstrate loss of integrity of the external envelope and 

internal structures96. To assess the interaction of LL-37 and TC-83 and to help visualize 

the effect of LL-37 on the virus, I performed immunofluorescence studies. Using 

fluorescent antibodies, I observed clumping of TC-83 in the vicinity of LL-37-treated 

cells. The images obtained were of cells infected at an MOI of 5 and were taken at 0.5 

hpi, an early time point during infection. The images demonstrated clumping of viruses 

throughout the LL-37-treated cells (Fig. 6). This trend can be seen for both pre-treatment 

and pre-incubation with LL-37; however, while there was no apparent localization of 

these clumps in terms of the extracellular vs. the intracellular environment in pre-incLL-

37-treated cells, in preLL-37 samples clumping or viral aggregation was more evident 

extracellularly. In cells treated with the scrambled peptide control, the virus seemed to be 

more evenly distributed throughout the cell and clumps were absent.  
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Figure 6: Viral clumping in LL-37 treated cells.  
Confocal images showing the clumping of viruses as a result of LL-37 treatment. Magnified images of antibody to 
VEEV glycoprotein (red) show clumping of VEEV, which was not only extracellular but found throughout the cells. 

Nuclei are stained with DAPI (blue). Clathrin was used to visualize cells (green); VEEV glycoprotein is red. pLL-37 
represents cells pre-treated with LL-37; PI LL-37 represents cells infected with TC-83 that was pre-incubated with LL-
37. Scale bars in each case correspond to 50 μm. 

 

To further validate our hypothesis that LL-37 treatment impacts viral entry, I 

obtained TEM images at 3 hpi from cells that were infected with TC-83 at an MOI of 5. 

While intact whole virions were visualized in the untreated group, no whole virions were 

detected in the LL-37-treated groups (Fig. 6). Consistent with LL-37 treatment, there was 

also a lack of whole virions in the LL-37/TC-83 pre-incubation condition (pre-incLL-37, 

Fig. 7).  Extracellular images portrayed a dense cluster of what could possibly be LL-37 

viral clumps in the LL-37 treated cells (Fig. 7 A). Intracellular images revealed the 

presence, in the water-only control groups, of virions within what appear to be vesicles 
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(Fig. 7 B). However, in the LL-37 treated cells, vesicles containing a cluster of dense 

matter can be seen throughout the cells (Fig. 7). While the viral clumps can be seen both 

intracellularly and extracellularly, the intensity of the clusters in the extracellular 

environment was much higher, potentially leading to the observed mechanism of action 

of LL-37 preventing viral entry. Consistent with previous results, these images provide 

data to support the direct interaction of LL-37 with viral particles.  
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Figure 7: TEM imaging showing TC-83 sequestered in clumps by LL-37, intracellularly and extracellularly.  

Cells were infected with TC-83 at an MOI of 5 for an hour and fixed at 3 hpi. (A) Extracellular TEM images show 
intact virus in the untreated panels (left, arrows) while clumping and aggregation of virions can be seen in the LL-37 
treated panels (middle and right, arrows). (B) Sequestering of TC-83 in intracellular compartments can be seen in LL-
37 treated cells (middle and right panels, arrows). In water-only treated cells, intact whole virions localized at the 
membranes of the compartments (arrows). pLL-37 represents cells pretreated with LL-37; PI LL-37 represents cells 
infected with TC-83 that was pre-incubated with LL-37. 

 

LL-37 modulates type 1 interferon expression. 

LL-37 not only directly inhibits  multiple viruses; it has also been shown to 

exhibit immune modulatory activities56. Interferons (IFNs) are an important component 

of the innate immune antiviral response54. LL-37 has been previously demonstrated to 

inhibit IFN-ϒ responses97. In addition, IFN-β expression levels were significantly 

decreased in ZIKV-infected astrocytes treated with an AMP comprising the major 

antimicrobial region of LL-3771. I aimed to determine the effect LL-37 exerts on IFN 

expression and thereby on the innate immune response, for uninfected cells and for cells 
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infected with TC-83. I utilized Taqman expression assays to assess the effect exogenous 

LL-37 had on the cellular expression of LL-37, IFN types I and II, IFN- β, and IFN-ϒ. 

The cellular (endogenous) expression of LL-37 remained the same at the 3-hour time 

point for cells that were either only LL-37 treated or only infected. The cellular 

(endogenous) expression level of LL-37 changed, however, when cells were treated with 

LL-37 and infected (no pretreatment; Fig. 8). At 9 hpi, LL-37 treated cells, both 

uninfected, remained relatively unchanged, with the exception of pretreated LL-37 cells 

(preLL-37), which demonstrated a modest increase in the levels of LL-37 expression 

(Fig. 8).  

 

 

Figure 8: Modulation of endogenous LL-37 and IFN expression as a result of exogenous LL-37.  
(A) Expression of hCAMP mRNA (CAMP encodes LL-37) at 3 hpi in the presence and absence of infection or LL-37 
treatment. (B) hCAMP mRNA levels decreased in a time-dependent manner by at least 0.5-fold from 3 hpi to 9 hpi. (C) 

IFNβ1 expression levels were slightly higher in TC-83 infected cells without LL-37 treatment, as compared to IFNβ1 
expression levels in cells treated with LL-37 at an early time point during the course of infection. (D) There was a 
significant increase in IFNβ1 mRNA levels at 9 hpi in LL-37 treated, TC-83 infected cells as compared to untreated 
TC-83 infected cells. pLL-37 represents cells pretreated with LL-37. Data reported as mean ± SD (n = 3). *p < 0.05, 
***p < 0.001. 
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Although no change was evident in the expression of IFN-ϒ (data not shown), 

there was a noticeable increase in IFNβ1 expression as a result of TC-83 infection as 

compared to just LL-37 treatment. At 3 hpi, IFNβ1 expression was approximately 1-fold 

higher in TC-83-infected cells than in LL-37 treated, TC-83-infected cells. However, at 9 

hpi, whereas TC-83-infected cells had about the same IFNβ1 expression as uninfected 

cells, LL-37-pretreated cells demonstrated a 6-fold increase in IFNβ1, and pre-incubated 

(pre-incLL-37) cells demonstrated a 4-fold increase in IFNβ1. These results indicate that 

LL-37 is a potent modulator of IFN- β expression.  

Discussion  

In this study I determined that the host defense peptide LL-37 is a potent inhibitor 

of VEEV infection as well as a modulator of antiviral innate immune events. In our 

study, LL-37 demonstrated low toxicity and high antiviral activity against the VEEV 

derivative TC-83 in murine BV2 cells and in human HMC3 and U87MG cells. LL-37 

inhibited viral replication in all three cell lines, thereby demonstrating generalized 

activity rather than cell-type dependency. LL-37 also inhibited the virulent TrD strain of 

VEEV as assessed with HMC3 cells.  

It was expected that LL-37 would exert an inhibitory effect on VEEV as previous 

LL-37 antiviral activity against other types of virus was attributed to direct interaction 

with enveloped virions. LL-37 has been demonstrated to bind to and directly interact with 

the viral envelope proteins of DENV-268. In the case of vaccinia virus, an enveloped 

virus, pre-incubation of with LL-37 alters the integrity of the viral membrane structure96. 
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Pre-incubation of HCV with LL-37 strongly inhibits the infectivity of this virus64. While 

incubation of LL-37 with IAV drastically decreases viral replication, there is no apparent 

viral aggregation; however, virus-peptide interaction was observed and inhibitory activity 

of LL-37 was attributed to viral membrane degradation by LL-3794. Consistent with 

previously established and published results on the mechanism of action of LL-37, LL-37 

pre-incubation with VEEV (specifically, with TC-83, an attenuated derivative) resulted in 

a more potent inhibitory response than treatment with LL-37 in the absence of pre-

incubation.  

I demonstrate that the antiviral activity of LL-37 is mediated, at least in part, by 

direct inhibition of the virus. Confocal microscopy revealed the presence of clustered 

viral material in LL-37-treated cells whereas virions were distributed throughout cells not 

treated with LL-37 (Fig. 6).  The viral clusters appeared to be denser if TC-83 and LL-37 

were pre-incubated prior to infection, supporting our hypothesis of direct inhibition of 

virus by the peptide. Electron microscopy further clarified the role LL-37 plays in VEEV 

inhibition. TEM images of virus-peptide interactions demonstrated extracellular as well 

as intracellular virion aggregation (Fig. 7). While the majority of viral clusters were 

extracellular, cytoplasmic clusters appeared to be located in vesicles. This data supports 

the idea that the antiviral activity of LL-37 is mediated by its interaction with virions and, 

more specifically, by its interference with viral entry. If the interaction is one in which 

LL-37 penetrates the viral membrane or otherwise destroys its integrity, then these results 

correlate with a recent study demonstrating the LL-37 inhibition of Kaposi sarcoma-

associated herpesvirus by viral membrane disruption98. 



44 

 

Although the cell’s endogenous expression of LL-37 is regulated during infection, 

various exogenous factors, such as inflammatory cytokines, can also affect it56. While 

LL-37 mediated inhibition at early time points during infection, reduction in viral titers at 

16 hpi indicate that there are other factors at play. I aimed to determine the effect of 

exogenous peptide on the expression of LL-37 upon stimulation with the peptide as a 

potential cellular activity that contributed to an antiviral state post-entry. Initially, at 3hpi, 

infection or LL-37 treatment alone did not have an effect on LL-37 expression. There 

was a significant decrease, however, in LL-37 mRNA levels in LL-37-treated samples 

and not as much of a decrease in the pretreatment conditions. This difference could 

possibly be attributed to the virus-peptide interactions/complexes that induce a change in 

endogenous LL-37 expression, as LL-37 mRNA levels decreased at later time points. 

Between the two time points, while LL-37 treated-infected samples remained relatively 

the same in terms of endogenous LL-37 expression, this expression decreased at 9 hpi in 

the non-infected and infected controls, which could be attributed to a possible LL-37 

feedback mechanism or alternatively to a virus-mediated inhibition of endogenous LL-37 

expression in the infected controls. Nonetheless, further investigation would allow the 

difference in LL-37 expression to be assessed more closely.  

Interestingly, as expected, type I IFN expression drastically increased in infected 

cells treated with LL-37. While VEEV infection alone can elicit IFNβ1 expression, the 

expression of type I IFN increased 6-fold between 3 hpi and 9 hpi, for TC-83-infected 

cells stimulated by LL-37 resulting in an antiviral state. While LL-37-treated cells 

demonstrated a significant increase in IFNβ1 expression, pretreated LL-37 samples 
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demonstrated a less robust increase, which could possibly be due to lower initial 

internalization of LL-37, thus, less peptide available to induce a response. This slight 

decrease in IFNβ1 expression can also be explained in terms of the number of virions 

available to enter the cells and induce an antiviral response. IFNβ1 induces the activation 

of gene expression pathways that lead to an antiviral response 99. Further studies are 

required in order to determine the specific pathways and cytokines involved in 

controlling VEEV infection.  

The results presented here demonstrate the efficacy of LL-37 as a therapeutic 

strategy to be developed for the treatment of VEEV infection. LL-37 acts directly on viral 

particles by inhibiting viral entry and exhibits indirect effects by modulating interferon 

expression and establishing an antiviral state. This data represents a novel and attractive 

basis for the future development of antimicrobial peptides as therapeutic strategies 

against alphavirus infections. 
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CHAPTER FIVE: SYNTHETIC ANTIMICROBIAL PEPTIDES INHIBIT 

VENEZUELAN EQUINE ENCEPHALITIS VIRUS REPLICATION AND THE 

ASSOCIATED INFLAMMATORY RESPONSE 

Results 

Synthetic peptides demonstrated anti-VEEV activity.  

The peptides used in this study were generated using a pattern recognition 

algorithm (PRA). PRAs are tools used to discover bioactive patterns by comparing 

molecules with certain biological function with other known bioactive molecules from 

databases or a desired template. Here, a library of twenty-two synthetic peptides was 

generated based on the sequence similarities with the antimicrobial, antifungal and 

antiviral peptide indolicidin. The amino acid sequence of peptides from our library of 

antimicrobial peptides was submitted to Pratt 2.1, split according to their subgroups100. 

The flexibility parameters (flexible spacers and max flexibility) were set as two. The 

maximum number of wildcards was set at 5 and the pattern refinement was turned on. 

The remaining parameters were maintained as the default. To verify whether the pattern 

is specific, it was compared with the complete peptide library, using a PERL script. 

Patterns with correspondences to peptides less effective were considered non-specific. 

Initially, an analysis was conducted of the amino acid frequency for selecting a restricted 

group of amino acids for filling the wild cards (‘x’) in the patterns. The frequencies were 

extracted from (i) the complete antimicrobial peptide library; (ii) the peptides with 

antimicrobial inhibition equals or higher than 70 %; and (iii) the peptides with 

antimicrobial inhibition equals or lesser than 30 %. The amino acids whose frequencies in 
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peptides from (ii) were higher than their frequencies from (i) and from (iii) were 

redistributed, and after that amino acids with frequencies equal or higher than 10% in the 

wild cards’ positions were selected for completing the patterns.  

The screening of the first library of antimicrobial peptides derived from 

indolicidin, resulted in two hits (G5 and G8) with VEEV TC-83 titer inhibition 

comparable to a known inhibitor, bortezomib (Fig. 9A). As G8 exhibited low 

cytotoxicity, its sequence was utilized to generate a second generation of peptides, a 

VEEV-selective peptide library. Additionally, the parental peptide indolicidin exhibited 

no antiviral activity against VEEV (Fig. 9B). The cytotoxicity of the second library of 

peptides was assessed at three different concentrations (10, 50, and 100 g/mL) against 

BV2 cells at 24 hours post infection (hpi), for which all peptides demonstrated >90% cell 

viability at a concentration of 10 g/mL when compared to a control with cells in water 

(Fig. 10A and 10B). Next, I determined the efficacy of the synthetic peptides in 

controlling VEEV replication. Vero cells were pre-treated with peptides at the non-toxic 

concentration (10 g/mL) for 2 h (hours) and subsequently infected with VEEV TC-83 

(MOI = 0.1). At 16 hpi RT-PCR was used to measure levels of viral replication in 

infected cells. Six peptide candidates (A2, A3, A9, A10, B5, and B6) demonstrating more 

than 50% decrease in both intracellular and extracellular genomic TC-83 RNA copy 

numbers (Fig. 10C and 10D) were selected for further experiments in human microglia. 
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Figure 9: Indolicidin and first generation library efficacy.  
A) Screen of first generation library in Vero cells generated using indolicidin as a template. Out of the peptides tested, 
G5 and G8 demonstrated TC-83 inhibition comparable to the positive control bortezomib. B) Efficacy of indolicidin 
against TC-83. 

 

 

Figure 10: Efficacy of synthetic AMP library against VEEV TC-83.  
A) and B) Cytotoxicity of AMPs in BV2 cells. Values are vs. 1% water control in complete DMEM at 24hpi. Viability 
was measured at 24h post-treatment. C) Fold change in intracellular TC-83 genomic RNA levels in AMP-treated Vero 
cells. D) Fold change in extracellular TC-83 genomic RNA levels in AMP-treated Vero cells. Fold change was 
measured in comparison to water control. n=3; *p>0.05.  
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The cytotoxicity of the lead peptides was quantified in HMC3 cells as a 

representative neurovascular cell line for encephalitic VEEV infections (Fig. 11A). Cells 

were pre-treated (ex: pA2) with the peptides for 2 h prior to infection or treated with 

peptides (10 g/mL) immediately before infection. Cells were subsequently infected with 

TC-83 (MOI = 0.1) for 1 h, and viral titers were measured at 16 hpi using a plaque assay. 

Treatment with two candidate peptides, A2 or A3, demonstrated a significant decrease 

(~1,000-fold for A2 and ~100-fold for A3, p>0.001) in TC-83 infectious titers when 

compared to the water control (Fig. 11B). The antiviral activity of A2 and A3 was further 

tested in U87MG cells as VEEV replicates in astrocytes during neurotropic phases of 

infection (Fig. 11C). Similarly, to Vero cells, genomic TC-83 RNA copy numbers were 

significantly (p>0.001) reduced in HMC3 cells upon A2 or A3 treatments (Fig. 11D and 

11E). I further assessed the combined effects of these peptides and I observed that the 

individual inhibitory profiles were high than the combined effect (Fig. 11F). At 10 

g/mL, co-treatment with A2 and A3 resulted in ~ 60-fold decrease of TC-83 titers, while 

A2 or A3 alone exhibited a 100-fold decrease when compared to the water control. These 

results indicate that both peptides, A2 and A3 can inhibit VEEV replication in multiple 

CNS cell lines.  
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Figure 11: Efficacy of prioritized candidate peptides against VEEV TC-83.  

A) Cytotoxicity of prioritized peptides in HMC3 cells; cells were pre-treated with peptides and toxicity was quantified 
at 24h post-treatment; reported as % vs. water control. B) TC-83 replication in peptide-treated HMC3 cells; reported as 
plaque forming units (PFU) per mL. Cells were treated with 10ug/mL of each peptide. C) TC-83 replication in U87MG 
cells treated with peptides A2 or A3. D) and E) Fold change in intracellular and extracellular genomic TC-83 RNA in 
peptide-treated HMC3 cells respectively; reported as fold change compared to water control. F) Synergistic effects of 
A2 and A3 on TC-83 replication in HMC3 cells; reported as PFU/mL. n=3; **p>0.01; ***p>0.001.  

 

The antiviral activity of two lead peptides A2 and A3 is alphavirus-specific and 

efficacious against the wild-type VEEV TrD strain.  

I tested the antiviral activity of peptides A2 and A3 against the wild-type TrD 

strain of VEEV. Both peptides decreased TrD titers about 100-fold as compared to water 

controls in both HMC3 (p>0.0001) cells and U87MG cells (p>0.05), demonstrating that 

the antiviral activity of these peptides is cell-type-independent (Fig. 12A and 12B). In 

HMC3 cells the degree of inhibition was equal in pre-treated cells (pA2 or pA3) and cells 
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that were treated immediately prior to infection. However, in U87MG cells, cells that 

were treated with A2 demonstrated TC-83 titer inhibition by a factor of 10-fold higher 

than cells pre-treated with A2 before infection. In contrast, A3 pre-treatment had an 

inhibitory response 10-fold higher than cells with no pre-treatment; the change however, 

was not significant. To test if the antiviral activity was specific towards alphaviruses, 

these peptides were tested against the closely related new world alphavirus, eastern 

equine encephalitis virus (EEEV) and against a Bunyavirus, Rift Valley fever virus 

(RVFV). U87MG cells were treated with A2 and A3 and infected with EEEV. Treatment 

with either A2 or A3 inhibited the replication of EEEV by a factor higher than 10-fold 

(p>0.0001) (Fig. 12C). Cells pre-treated with either peptide exhibited lower (~4.5-fold) 

levels of EEEV replication. In contrast, treatment with A2 or A3 inhibited the replication 

of RVFV; however, the level of inhibition, less than 10-fold (p>0.01), was not 

comparable to that observed against alphaviruses (100-fold) (Fig. 12D). Thus, these 

results indicate that the antiviral activity of A2 and A3 is selective to alphaviruses. 
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Figure 12: A2 and A3-mediated inhibition is alphavirus-specific and cell-type-independent.  
A) and B) Infectious titers of the VEEV TrD strain in HMC3 and U87MG cells respectively, reported as PFU/mL. 
Cells were pre-treated with peptides (pA2/pA3) for 2h prior to infection; or cells were treated with peptides and 
immediately co-infected with virus. C) EEEV (GA97 strain) titers in U87MG cells following treatment with peptides 
A2 and A3. D). RVFV titers (MP-12 strain) in Vero cells following treatment with peptides A2 and A3. All treatments 
were performed at a concentration of 10ug/mL of each peptide and infected with respective virus at MOI = 0.1. n=3; 
*p>0.05; **p>0.01; ***p>0.001; ****p>0.0001.  

 

A2 and A3 inhibit VEEV replication at an early stage during infection.  

I have previously demonstrated that LL-37 anti-VEEV activity was partly 

mediated through direct interaction with virions which decreased the number of particles 

entering cells during infection101. To assess whether the synthetic derivative peptides 

function in a similar manner, I performed an assay assessing viral attachment to cells in 

the presence of peptides. Cells were co-treated with the peptides A2 or A3 and virus, to 
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allow for virus-peptide interactions and incubated at 4 oC for 1 h. This step was 

performed with ice-cold reagents and at 4 oC to ensure viral attachment but no viral 

internalization. Cells were subsequently washed to remove unattached virions and were 

incubated at 37 oC for 2 h to induce viral internalization. Cells were lysed and levels of 

genomic TC-83 RNA were quantified. Both peptide candidates, A2 and A3, inhibited 

VEEV attachment to cells, with A3 exhibiting a 3-fold inhibition at 2 h in the amount of 

viral RNA entering cells, a more robust inhibition than A2 (Fig. 13A). Additionally, and 

expectedly, a decrease in negative strand synthesis is evident as the number of viral 

particles entering cells is decreasing (Fig. 13B). These data indicate that peptide-

mediated inhibition of VEEV likely occurs at the attachment step during infection.  

 

 

 
Figure 13: A2 and A3 inhibit VEEV particle attachment onto cells.  
A) Fold change in intracellular genomic TC-83 RNA copy number in U87MG cells, compared to water control. 

U87MG cells were treated with peptide (10 g/mL) and co-infected with VEEV TC-83 (MOI = 5) on ice. Cells were 

washed with PBS after infection and treated with media for 0.5, 1, and 2h before lysis, RNA extraction and RT-PCR. 
B) Intracellular negative strand copy numbers at 6hpi.  n=3; *>p0.05; ***p>0.001; ****p>0.0001. 
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As an entry inhibitor, LL-37 treatment demonstrated the presence of viral matter 

aggregates in TC-83 infected cells and the absence of intact virions. To determine if this 

mechanism of action is exhibited by A2 and A3, U87MG cells were infected with TC-83 

that has been pre-incubated with either A2 or A3 as previously described. At 2hpi, cells 

were fixed and processed for TEM imaging. Mock cells were untreated and uninfected 

and served as the negative control. In the H2O panel, infected 1% water control, whole 

intact virions were present intra- and extracellularly (Fig. 14A). However, in A2 or A3 

treated cells, there is a clear lack of intact virions. Instead, disrupted virions are seen and 

what appears to be viral matter aggregates. Additionally, in A3-treated cells, disrupted 

virions appear to be sequestered intracellularly in endosomal compartments.  
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Figure 14: TEM images showing A2 and A3 cause virions to aggregate and clump.  
A) Uninfected Mock and infected H2O control. Arrow in H2O panel depict whole intact virions. B) Infected, A2 or A3 
treated cells. Arrows point to what appears to be viral shells and viral matter aggregates. 

 

Treatment with A2 or A3 inhibits upregulation of pro-inflammatory genes.  

VEEV infections in vivo are characterized by extensive inflammation including 

systemic upregulation of pro-inflammatory cytokines26,102. High levels of inflammation 

following VEEV infection have been linked to increased viral dissemination, tissue 

damage, and disruption of BBB integrity6,26,45,102. Thus, an ideal anti-VEEV inhibitor 

should be able to inhibit viral replication as well as the associated extensive inflammatory 

burden. Interestingly, LL-37 exhibits a number of immunomodulatory properties 

including inhibition of inflammatory mediator expression, a characteristic observed when 

used as a treatment against a variety of pathogens56,70. To assess the anti-inflammatory 

activity of A2/A3, I used a qPCR-based gene array that targeted 84 inflammatory 

cytokines and receptor genes (see Fig. 15 for plate scheme). Cells were pre-treated with 

each peptide (10 g/mL) prior to infection with TC-83 (MOI = 0.1). At 16 hpi, cells were 
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lysed, RNA was extracted, converted to cDNA and expression levels were quantified 

using the array platform. A large number of genes were either up- or down-regulated by 

both A2 and A3. Of note, anti-inflammatory genes were up-regulated whereas genes that 

are involved in pro-inflammatory responses were down-regulated (Fig. 16B and 16C). In 

A2 treated cells, 71 out of the 84 genes exhibited greater than a 2-fold change in 

regulation (4 were upregulated and 67 were down regulated); whereas in A3 treated cells, 

a total of 60 genes demonstrated a 2-fold decrease in regulation (Table 1). Noteworthy 

pro-inflammatory genes include: tumor necrosis factor (TNF), interleukin-1 alpha (IL1α), 

interleukin-1 beta (IL1β); chemokine ligand 4 (CCL4) also known as macrophage 

inflammatory protein 1-β; IL1 receptor antagonist (IL1RN); interleukin-17 (IL17); and 

bone morphogenetic protein 2 (BMP2), which all demonstrated a decrease in expression 

upon peptide treatment (Fig. 16D-16F, Table 1). Anti-inflammatory genes such as IL1 

receptor antagonist (ILRN) and IL7 exhibited an increase in gene expression levels as a 

result of A2 and A3 treatments (Fig. 16G and 16H, Table 1). Additionally, genes 

involved in chemotaxis such as CCL16 and CCL22 were upregulated as a result of A2 or 

A3 treatment compared to an untreated, infected control (Fig. 16I). These data suggest 

that both A2 and A3 exhibit anti-inflammatory properties, as evident by the decrease in 

the expression of genes involved in upregulation of inflammation, and an increase in 

expression of anti-inflammatory genes.  
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Figure 15: Plate layout of the gene expression array.  
Plate corresponds to where the individual genes are located in each well. 
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Figure 16: A2 and A3 treatment inhibits upregulation of the inflammatory response following VEEV infection.  

A) Schematic of peptide treatment and TC-83 infection in U87MG cells. B) Heat maps depicting the fold change in 
gene expression of PCR array performed following A2 pre-treatment of infected cells compared to water control. Red 
is maximum increase for IL7 gene expression. C) Heat map of gene expression in A3 treated samples. Red depicts 
maximum expression for BMP2 gene; Orange depicts CCL16, CCL22, and IL1RN genes; Beige depicts IL7 and 
VEGFA genes. Scale: Blue, decrease in gene expression; Red, increase in gene expression. D), E), and F) Decrease in 
the gene expression of pro-inflammatory cytokines IL1α, IL1β, and TNF respectively in peptide treated cells. G) and 
H) Increase in the expression of anti-inflammatory genes IL1RN and IL7 respectively in peptide treated cells. I) 
Increase in gene expression of genes involved in chemotaxis of leukocytes, CCL22 and CCL16, as a result of peptide 

treatment.  
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Table 1: A2/A3-mediated gene expression regulation in infected U87MG cells.  
Genes from inflammatory array whose expression was regulated by a factor of 2 in infected cells.  
 

 

Gene 

Fold 

Regulation 

 

Gene 

Fold 

Regulation 

 

Gene 

Fold 

Regulation 

 

Gene 

Fold 

Regulation 

A2 

CCL16 2.19 CCR2 -7.36 CXCR2 -2.22 IL9 -3.51 

CCL22 2.06 CCR3 -2.71 FASLG -2.27 IL9R -2.48 

IL1RN 2.19 CCR5 -3.23 IFNA2 -4.07 LTA -4.72 

IL7 9.88 CCR6 -5.15 IL10RA -3.22 LTB -3.31 

AIMP1 -2.17 CCR8 -2.77 IL10RB -2.31 NAMPT -2.42 

C5 -3.11 CD40LG -8.44 IL13 -4.71 OSM -9.67 

CCL1 -2.21 CSF1 -2.23 IL15 -2.47 SPP1 -2.4 

CCL13 -2.73 CSF2 -7.67 IL16 -2.42 TNF -9.95 

CCL17 -2.71 CSF3 -8.01 IL17A -10.02 TNFRSF11B -4.24 

CCL20 -2.91 CX3CL1 -25.15 IL17F -13.11 TNFSF10 -2.78 

CCL23 -2.03 CXCL1 -2.79 IL1A -40.4 TNFSF11 -4.37 

CCL24 -2.6 CXCL10 -2.98 IL1B -4.37 TNFSF13 -6.12 

CCL26 -2.44 CXCL11 -4.17 IL1R1 -2.63 TNFSF13B -3.19 

CCL3 -11.1 CXCL2 -2.97 IL21 -2.43 TNFSF4 -2.68 

CCL4 -12.54 CXCL3 -8.92 IL27 -2.99 B2M -2.51 

CCL5 -3.7 CXCL5 -3.43 IL3 -2.76 GAPDH -5.2 

CCL7 -3.26 CXCL6 -3.46 IL5 -5.46 HPRT1 -2.53 

CCL8 -6.18 CXCL9 -2.67 IL5RA -4.55 RPLP0 -2.88 

CCR1 -2.78 CXCR1 -4.9 CXCL8 -4.74   

A3 

C5 -4.7 CCR8 -2.56 IFNA2 -2.17 IL5RA -6.83 

CCL1 -3.46 CD40LG -13.61 IL10RA -2.36 CXCL8 -3.42 

CCL17 -2.48 CSF1 -2.16 IL10RB -3.04 IL9 -4.24 

CCL20 -2.88 CSF2 -6.65 IL13 -6.26 LTA -3.67 

CCL23 -3.05 CSF3 -2.47 IL15 -2.18 LTB -2.77 

CCL26 -2.76 CX3CL1 -40.25 IL16 -2.19 OSM -11.73 

CCL3 -6.01 CXCL10 -2.5 IL17A -11.96 TNF -30.83 

CCL4 -10.37 CXCL11 -2.45 IL17C -2.12 TNFRSF11B -3.73 

CCL5 -2.56 CXCL12 -2.21 IL17F -17.44 TNFSF10 -3.34 

CCL7 -3.29 CXCL13 -2.43 IL1A -75.02 TNFSF11 -3.96 

CCL8 -3.92 CXCL2 -2.14 IL1B -3.92 TNFSF13 -7.83 

CCR1 -2.01 CXCL3 -7.92 IL1R1 -2.45 TNFSF13B -4.76 

CCR2 -4.3 CXCL5 -2.3 IL21 -4.12 GAPDH -2.65 

CCR3 -3.13 CXCL6 -3.84 IL27 -3.21 RPLP0 -2.15 

CCR5 -2.57 CXCR1 -2.13 IL3 -3.11   

CCR6 -13.06 CXCR2 -2.17 IL5 -4.29   
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Furthermore, inflammatory cytokines produced by infected cells can act on a 

number of cells including uninfected, bystander cells causing those cells to secrete 

inflammatory mediators103. I have previously demonstrated that the VEEV-induced 

neuro-inflammatory load is a cumulative result of two types of inflammation; direct 

inflammation, mediators released by infected cells; and indirect inflammation, cytokines 

released from bystander cells which are primed by infection-induced, circulating 

cytokines104. Resident microglial cells secrete inflammatory cytokines that act on naïve, 

bystander astrocytes causing these cells to further express inflammatory mediators thus 

contributing to the overall inflammatory outcome104. Hence to attest whether A2/A3-

mediated inhibition of inflammatory mediators is not a decrease resulting of viral 

replication inhibition, and to assess the effect of A2 and A3 on bystander-induced 

inflammatory load, I overlaid supernatants from infected microglial cells on peptide-

treated U87MG cells and quantified gene expression using the above gene array (Fig. 

17A) and extracted RNA at 16 hpi. Interestingly, while A2 changed the gene expression 

profile across the board (Supplementary Figure 3; Fig. 17B), only eight genes were 

above/below a 2-fold regulation change (Table 2). A3 on the other hand changed the 

expression profiles of 30 genes by a 2-fold factor (28 upregulated and 2 were down-

regulated) (Table 2; Fig. 17C). For both peptides, noteworthy pro-inflammatory genes 

whose expression was decreased include TNF, IL1, and IL1 (Fig. 17 D-F), whereas 

anti-inflammatory and chemotactic genes whose gene expression was increase include 
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IL1RN, IL7, CCL16, and CCL22 (Fig. 17G-I). These results suggest that the peptides 

exhibit anti-inflammatory properties in addition to inhibiting VEEV infection. 

 

Table 2: A2/A3-mediated gene expression regulation in bystander cells.  

Genes from inflammatory array whose expression was regulated by a factor of 2 in bystander cells.  
 

Gene Fold Regulation Gene Fold Regulation 

A2 

CCL16 4.62 CX3CL1 -2.85 

CCL22 4.62 CXCL10 -4.03 

CCL2 -2.07 CXCL11 -7.19 

CCL5 -3.09 GAPDH -9.26 

A3 

CCL13 2.44 IFNA2 2.06 

CCL16 3.4 IL13 2.14 

CCL22 3.4 IL17A 2.61 

CCL23 2.82 IL17C 2.12 

CCL3 2.28 IL21 2.21 

CCL7 2.34 IL3 2.71 

CCL8 2.27 IL33 3.21 

CCR2 3.03 IL9 2.88 

CCR3 2.09 IL9R 2.56 

CCR5 2.2 LTA 2.46 

CCR6 2.3 TNFSF11 2.33 

CX3CR1 2.38 TNFSF13 2.31 

CXCL9 3.12 CXCL11 -3.38 

CXCR1 2.81 CXCL6 -2.9 

CXCR2 2.09 GAPDH -10.04 

FASLG 2.15   
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Figure 17: A2 and A3 treatment inhibits upregulation of inflammation in uninfected cells.  
A) Schematic of peptide treatment and TC-83 infection in U87MG cells that are overlaid with supernatants from 
HMC3 cells to assess inflammation from uninfected, peptide-treated cells. B) Fold change in PCR array gene 

expression in A2-treated sample as depicted by a heat map. Red (A7 and A12) represents expression of CCL16 and 
CCL22 genes. C) Heat map of gene expression in A3-treated samples. Gene changes in array as follows; Red: CCL16, 
CCL22; Coral: CCR2, CXCL9; Orange: CCL23, CXCR1, IL3, IL9; Peach: CCL13, CCL3, CCL7, CCL8, CX3CR1, 
IL17A, IL9R, LTA; Beige = CCR3, CCR5, CCR6, CXCR2, FASLG, IFNA2, IL13, IL17C, IL21, TNFSF11, 
TNFSF13. Scale = Blue, decrease in gene expression; Red, increase in gene expression. E), F), and G) Decrease in 
expression levels of pro-inflammatory cytokines IL1α, IL1β, and TNF respectively in peptide treated cells. H) and I) 
Increase in the expression of anti-inflammatory genes IL1RN and IL7 respectively in peptide treated cells. J) Increase 
in expression of genes involved in chemotaxis of leukocytes, CCL22 and CCL16, as a result of peptide treatment.  
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Pro-inflammatory cytokine production is decreased upon treatment with A2 or A3.  

I demonstrated above that treatment with A2 or A3 inhibits upregulation of pro-

inflammatory mediators at the gene expression level. Here I wanted to assess if this 

inhibition is quantifiable at the protein production level. To assess cytokine production, I 

employed a multiplex ELISA kit assaying 10 pro-inflammatory and anti-inflammatory 

cytokines known to be induced during VEEV infections102. As expected, cytokine 

production increased in TC-83 infected U87MG cells when compared to uninfected cells. 

However, this was only observed at 16 hours post infection. During the early stages of 

infection, 2hpi, cytokine levels demonstrated little or no change upon treatment in 

infected cells compared to untreated cells (Fig. 18). At 16hpi, an increase in production 

of IL1α, IL1β, IFNᵧ, IL2, and IL12p10 was observed in infected cells which decreased 

upon peptide treatment. Interestingly, the production of anti-inflammatory cytokines, IL4, 

IL6, and IL10, was decreased in treated cells as compared to untreated cells (Fig. 18) 

indicating that the peptides decrease the production of cytokines without discrimination.  
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Figure 18: A2 and A3 inhibit secretion of inflammatory cytokines from TC-83 infected cells.  
The concentration of IFNᵧ, IL1α, IL1β, Il2, IL4, IL6, IL10, IL12 p10, and TNFα in pg/mol in U87MG cells as a result 
of A2 and A3 treatment in comparison with untreated control. Limit of detection depicted by gray line. 

 

 

To assess the production of inflammatory mediators from uninfected cells, I 

employed the indirect inflammatory assay as described above (for infection scheme, see 

Fig. 17A). The concentration of all cytokines tested decreased upon peptide-treatment as 

compared to untreated cells (Fig. 19). Although there was a decrease in the gene 

expression of IL1β, a change in protein expression was not evident. This is expected as 

the inflammatory burden from bystander cells has been demonstrated to be greater than 

that of infected cells, as I previously reported104. Similarly, A2 and A3 both decreased the 

production of cytokines, pro-inflammatory and anti-inflammatory, with A2 exhibiting a 



65 

 

more robust inhibitory response. Hence, these synthetic peptides can inhibit VEEV-

induced inflammation at the gene and protein expression levels. 

 

 
Figure 19: A2 and A3 treatment inhibits production of cytokines from uninfected cells.  
The protein expression levels of IFNᵧ, IL1α, IL1β, Il2, IL4, IL6, IL10, IL12 p10, and TNFα in U87MG cells that were 
overlaid with supernatants from HMC3 cells, reported as concentration in pg/mol compared to untreated control. Limit 

of detection depicted by gray line. 

 

Discussion 

Antimicrobial peptides have recently gained attention as potent antiviral 

agents75,105. Cathelicidins have demonstrated antiviral activity against a number of 

viruses including Venezuelan equine encephalitis virus101. In addition to exhibiting potent 

antiviral properties, cathelicidins demonstrated immunomodulatory activity such as 
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modulation of chemotaxis and the inflammatory response56,70,106. I have previously 

demonstrated the anti-VEEV activity of the cathelicidin LL-37 in which the peptide 

inhibits VEEV by directly interacting with viral membranes thereby preventing entry, a 

property seen with many viruses75,101. New techniques in peptide design, however, has 

increased the capability of designing peptides targeted to specific viruses. These 

technological advances result in compounds with high activity and specificity which 

boosts the biological interest on their use as potential antimicrobials78,107-111. Hence, using 

PRA, a library of synthetic peptides, based on the sequence of indolicidin, was generated 

with specificity to VEEV and potentially other alphaviruses. Computational-based 

approaches to designing peptides can be used to generate synthetic versions that are more 

ideal than the natural templates used for design 77,112. Algorithm tools utilize biological 

and chemical properties that are known to influence activity of peptides such as sequence 

length, net charge, and hydrophobicity77. These factors along with other computational 

biology approaches and method-based strategies allow for the generation and selection of 

a large number of peptides designed with pathogen specificity. The synthetic library 

utilized in this study was designed using patterns of antimicrobial peptides and 

indolicidin as a template to target VEEV. The provided data ascertains the antiviral and 

anti-inflammatory properties of our synthetic peptides.  

By screening a library of 18 synthetic peptides, I identified 6 peptides with potent 

antiviral activity. I narrowed our library to two peptides (A2 and A3) as they decreased 

both intracellular genomic TC-83 RNA copies as well as infectious VEEV particles (Fig. 

11). The antiviral activities of A2 and A3 are sequence specific as scrambled sequences 
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of both A2 and A3 had minimal effects on VEEV activity (Fig. 20). This is expected as 

AMPs, including LL-37 in our previous studies, exhibit structure-based inhibitory 

properties where a specific sequence within a peptide is responsible for such activities. 

The peptides also inhibited the wild-type strain of VEEV, TrD, in multiple cell lines, 

indicating that the peptides can be utilized in a number of tissues. A2 and A3 also 

exhibited partial anti-EEEV and minimal anti-RVFV activities. It was expected that the 

peptides would demonstrate anti-EEEV activity due to the genomic similarities between 

the two new world alphaviruses. However, while both A2 and A3 demonstrated anti-

EEEV activity, a more robust inhibitory response was evident with VEEV. This is 

possibly due to two factors: 1) the peptides were designed to target VEEV, and 2) the 

enhanced neurovirulence of EEEV compared to VEEV113. On the other hand, when I 

tested A2 and A3 against an unrelated virus, RVFV, the inhibitory response was further 

diminished than EEEV. Since all three viruses contain a host-derived membrane, the 

small inhibitory effect of the peptides on RVFV could be attributed to the direct 

interaction with viral membranes, as a primary mechanism of action of AMPs, 

cathelicidins included, is entry inhibition by means of membrane disruption. This 

mechanism of action, however, requires further validation. Thus, A2 and A3 exhibit 

selectivity towards VEEV inhibition.  
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Figure 20: Efficacy of scrambled sequence controls of A3 and A3.  
A) Cytotoxicity of scrambled A2 and A3 controls, reported as % vs water control. B) Infectious titers of TC-83 in 
HMC3 cells following treatment with scrambled peptides. sA2 and sA3 represent respective scrambled peptide. p-sA2 

and p-sA3 represent cells pre-treated with peptides for 2h prior to infection. The inhibition is not significant. 

 

 

Moreover, as previously mentioned, VEEV infections result in the upregulation of 

inflammatory cytokines that exacerbate the disease outcomes. While inflammation is 

beneficial to the host during infections, persistent or excessive inflammation can be 

damaging30,32,33. Hence, the ideal anti-VEEV candidate should not only inhibit viral 

replication, but also limit the excessive associated inflammatory response generated by 

infection. This criterion is met by our synthetic candidates. Here I show that major pro-

inflammatory cytokines such as IL1α, IL1β, TNF, and IL17 demonstrated a decrease in 

expression upon treatment with both A2 and A3 (Figure 16D-F; Figure 17D-F). This was 

also reflected at the protein expression level where the production of cytokines such as 

IL1α, IL1β, TNFα, IFNᵧ was decreased upon peptide treatment compared to untreated 

infected controls (Fig. 18). This decrease was also mirrored in the assays assessing 

inflammatory response from bystander cells in absence of infection, thus indicating that 

the exhibited decrease in gene and protein expression is not just a result of a decrease in 
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viral replication. Furthermore, expression of genes encoding for inflammatory 

chemokines such as CCL2, CCL3, CCL4, CCL5, CXCL10, and CCL11 were decreased 

in A2/A3-treated cells, particularly CCL3, CCL4, and CCL5 (Table 1 and Table 2). 

These pro-inflammatory chemokines have been reported to be upregulated in microglia 

during a number of neurotropic infections including West Nile virus (WNV) and the 

alphaviruses Semliki Forest virus (SFV) and Sindbis virus (SINV)114,115. An increase of 

the expression of these pro-inflammatory chemokines results in recruitment of leukocytes 

to sites of infection as well as an increase in inflammatory response. The reported 

decrease, hence, is beneficial in limiting inflammation in the context of VEEV infections 

and as a result possibly decrease neuronal damage and viral dissemination to tissue distal 

from infection sites. In addition, levels of CCL2, CCL4, and CXCL0 were reported to be 

significantly increased in Chikungunya (CHIKV) infected adults and infants as compared 

to uninfected individuals116. More importantly, the upregulation of CXCL9, CXCL10, 

CXCL11, CXCL13, CCL3, and CCL5 during VEEV infections has been reported to 

correspond with increased blood-brain barrier compromise29. The noted decrease in the 

expression of these cytokines upon peptide treatment hints at their application as 

therapeutics during VEEV infections, particularly at preventing a loss in BBB integrity. 

Based on our results, all of the above-mentioned chemokine expression levels were 

decreased upon A2 or A3 treatment compared to untreated cells, thus highlighting the 

anti-inflammatory properties of these peptides. 

While a decrease in pro-inflammatory mediators was evident, anti-inflammatory 

cytokines such as the IL1 receptor antagonist (IL1RN) demonstrated a robust increase in 
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gene expression (Fig. 16G and Fig. 17G). IL1RN is a potent anti-inflammatory mediator 

that modulates the activity of the major inflammatory cytokine IL1. IL1RN was increased 

by approximately 1.5-fold in bystander cells and by approximately 2-fold in infected 

cells, possibly playing a role in the decrease of IL1 production and thereby IL1-indced 

inflammation. Interestingly, a number of these cytokines and chemokines play 

contrasting roles during certain viral infections. For example, during Japanese 

encephalitis virus (JEV) infections, CCL2 has been detected in patients as well as mice 

deficient in CCL2 have demonstrated an increased susceptibility to JEV infections117. 

Additionally, the chemokines, CCL16 and CCL22, demonstrated a greater than 2-fold 

increase in gene expression upon peptide treatment. CCL16 and CCL22 act as 

chemoattractants to a number of leukocytes and have been implicated in pro- and anti-

inflammatory events (Fig. 16I and Fig. 17I). AMPs, such as LL-37 and indolicidin, have 

complex immunomodulatory properties that may contribute to inflammation by means of 

recruiting leukocytes and decrease pro-inflammatory cytokine production106. As such, the 

contradicting modulatory activities of A2 and A3 could be attributed to these different 

properties. The increase in the expression of chemotaxis genes upon peptide treatment 

could possibly explain the noted decrease in anti-inflammatory mediators. Nonetheless, it 

is important to note the decrease in pro-inflammatory mediators. 

Based on the attachment assay data, A3 exhibits more robust antiviral properties 

compared to A2 (Figure 13), while A2 demonstrated a more potent anti-inflammatory 

response. The difference in inhibitory properties can be attributed to the peptide 

sequences. Both A2 and A3 (Table 3) are 16 amino acids long and carry the same net 
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charge (+4), however, A3 contains more hydrophobic residues thus maintain a higher 

hydrophobicity index and ratio than A2. As hydrophobicity is the main driving force in 

terms of propensity to interact with membranes of microbes, A3 is expected to exhibit 

more antiviral activity118. Nonetheless, the different secondary structures these peptides 

can adopt could also have an impact on their activities. Additionally, it is possible that 

A2/A3-mediated inhibition of viral replication potentially occurs at multiple steps during 

VEEV infection. These include post-attachment/entry steps such as fusion with 

endosomal membranes or during viral transcription and replication, not ruling out 

potential effects of the peptides on host processes that ultimately inhibit viral replication. 

In addition, the constant exposure of cells to the peptides further inhibits newly produced 

viruses from infecting cells.  

 

Table 3: Sequences of indolicidin, G8, A2, and A3.  
The sequences and properties of the original peptide, indolicidin, and the parent peptide (G8), of which the peptide 

candidates are derived from.  
 

Peptide Sequence Length Charge 

Hydrophobicity 

Kcal/mol 

Hydrophobic 

ratio 

Indolicidin ILPWKWPWWPWRR 13 +3 1.92 54% 

G8 FQVVKFRFWVWWFRWR 16 +4 0.32 75% 

A2 FAVVKFRFWVWWFRWR 16 +4 0.05 75% 

A3 FQAVKFRFWVWWFRWR 16 +4 1.28 69% 

 

 

This study sheds light into the complexity of immune responses elicited by 

VEEV-infections and AMPs. Successful clearance of infections requires the activation of 
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inflammatory leukocytes to some level, however, the excessive cytokine storm elicited by 

some viruses is detrimental to the host. The selective decrease/increase in inflammatory 

mediators by A2 and A3 adds to the complexity of immune inflammatory responses. For 

instance, an upregulation in some pro-inflammatory chemokines such as CCL16 and 

CCL22 can aid in viral clearance by serving as chemoattractants to immune cells, while a 

decrease in other chemokines could serve to limit excessive, detrimental inflammation. 

More experiments are required to further elucidate the role of A2 and A3 during VEEV-

induced inflammatory responses. Future studies will aim to assess the effects of A2 and 

A3 treatment on inflammation at the BBB and maintenance of BBB integrity.  
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CHAPTER SIX: EFFECTS OF SYNTHETIC AMPS ON MAINTENANCE OF 

BBB INTEGRITY 

Results 

A2 and A3 inhibit inflammation in primary HBMVE cells. 

The expression of 84 genes involved in inflammation was assessed in cells that 

were pre-treated with either A2 or A3 for two hours and were infected with TC-83. At 

16hpi, the expression profiles of infected cells treated with A2, A3, or 1% water was 

quantified. Both A2 and A3 treatment caused a decrease in the magnitude of expression 

compared to the 1% water control as evident in the clustergram (Fig. 21A). Compared 

with 1% water control, the regulation of 41 genes in A2-treated cells demonstrated a 

change by a factor of 2 (Fig. 21A; Table 4). Of the 41 genes, 39 genes exhibited a greater 

than 2-fold downregulation and 2 genes (CCL26 and CCR2) was downregulated by ~2.2-

fold as compared to 1% water control (Table 4). For A3-treated cells, 47 genes exhibited 

a 2-factor change in regulation; 39 were downregulated and 8 were upregulated (Fig. 

21A; Table 4).  

Notably, the expression of the major pro-inflammatory cytokines, ILA, ILB, 

IFNG, and TNF was decreased by both peptides in a similar manner (Fig. 21B). As 

previously mentioned, these particular cytokines are known to be induced during in vitro 

and in vivo VEEV infections43,45. Additionally, the expression of the pro-inflammatory 

chemokines, CCL5, CXCL3, CXCL9, and CXCL10 demonstrated an increase in infected 

cell, which has been decreased by A2 and A3 treatment (Fig. 21C). These results indicate 
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that both A2 and A3 can decrease inflammatory burden elicited by VEEV infection in 

HBMVE cells.  

 

 

 

 

Figure 21:A2 and A3 change in gene expression of inflammatory mediators in HBMVE cells.  
A) Clustergram depicting change in gene expression profiles in cells treated with A2 and A3. B) Change in the 
expression of major pro-inflammatory cytokines in cells treated with A2.  C) Gene expression change on major 
chemokines in A2 and A3 treated cells.  
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Table 4: A2/A3-mediated gene expression regulation in infected cells.  
Genes from inflammatory array whose expression was regulated by a factor of 2 in infected cells.  
 

 

Gene 

Fold 

Regulation 

 

Gene 

Fold 

Regulation 

 

Gene 

Fold 

Regulation 

 

Gene 

Fold 

Regulation 

A2 

CCL26 2.32 CCL8 -2.56 CXCL13 -2.56 IL5 -2.16 

CCR2 2.24 CCR4 -2.56 CXCL2 -2.37 IL5RA -2.56 

CCL11 -2.56 CCR5 -2.56 CXCL3 -2.17 IL7 -2.31 

CCL13 -2.56 CCR6 -2.56 CXCR1 -2.56 CXCL8 -3.16 

CCL15 -2.54 CCR8 -2.56 IFNA2 -2.56 IL9 -2.56 

CCL17 -2.07 CSF3 -3.04 IFNG -2.56 IL9R -2.56 

CCL2 -2.29 CX3CR1 -2.2 IL17A -2.56 SPP1 -2.56 

CCL20 -2.85 CXCL1 -2.9 IL1A -3.09 TNF -2.56 

CCL22 -2.56 CXCL10 -2.14 IL1B -2.56   

CCL24 -2.56 CXCL11 -2.08 IL1RN -2.56   

CCL4 -2.43 CXCL12 -2.37 IL21 -2.56   

A3 

CCL26 3.47 CCL20 -4.4 CXCL12 -2.62 IL5 -2.58 

IL13 2.96 CCL22 -2.62 CXCL13 -2.62 IL5RA -2.62 

IL17C 2.96 CCL24 -2.62 CXCL2 -4.15 IL7 -5.27 

IL17F 3.71 CCL4 -2.62 CXCL3 -3.91 CXCL8 -5.31 

IL27 3.83 CCL5 -3.75 CXCR1 -2.62 SPP1 -2.62 

LTA 2.67 CCR4 -2.62 IFNA2 -2.62 TNF -2.62 

TNFSF13 3.12 CCR5 -2.53 IFNG -2.62 TNFRSF11

B 

-2.57 

GAPDH 4.79 CCR6 -2.62 IL10RA -2.24 TNFSF10 -2.18 

CCL11 -2.62 CCR8 -2.62 IL17A -2.62   

CCL13 -2.62 CSF3 -3.9 IL1A -2.29   

CCL15 -2.62 CXCL1 -4.11 IL1B -2.62   

CCL17 -2.62 CXCL10 -3.81 IL1RN -2.62   

CCL2 -2.22 CXCL11 -3.73 IL21 -2.62   
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A2 and A3 rescue the expression of tight junction proteins in TC-83 infected cell. 

Lysates from HBMVE cells were fractioned into respective cytosol and 

membrane fractions and protein expression was analyzed via western blot. In comparison 

to mock cells, A2 and A3-treated uninfected cells demonstrated no change the expression 

of the TJ protein claudin-5 in both cytosolic and membrane fractions (Fig. 22). 

Interestingly, an LPS-treated positive control did not seem to induce changes to the 

expression of claudin-5 in the cytosolic fraction; however, a decrease was evident in the 

membrane fraction and a 2-fold LPS-mediated decrease was evident in the expression of 

ZO-1. Treatment of cells with either A2 or A3 increased the expression of claudin-5 

above baseline, however, only A3 was able to increase the expression of ZO-1 above 

baseline. A2 actually decreased the expression of ZO-1 below the baseline, but the 

evident decrease was less than that exhibited by LPS. On the other hand, for claudin-5 

expression in the membrane fraction, both A2 and A3 decreased the expression of 

claudin-5 with A3 decreasing expression by 2-fold. That expression level remained 

relatively constant for A3 in presence of infections. For all untreated, infected cells 

(H2O+), the expression of ZO-1 and claudin-5 was drastically reduced in all fractions. In 

VEEV-infected cells that are treated with either A2 or A3, the expression of ZO-1 and 

caludin-5 was rescued. However, in membrane fractions, claudin-5 expression 

demonstrated was increased in A2-treated cells and not in A3-treated cells suggesting that 

the ability of A2 to increase claudin-5 membrane incorporation is higher than A3.  
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Figure 22: Protein expression of TJ proteins, ZO-1 and claudin-5 in HBMVE cells.  
A) and B) Blot of expression of claudin-5 and ZO-1 in cytosolic and membrane fractions. C), D). and E) Graphs of the 
expression of claudin-5 and ZO-1 normalized to β-actin control. Mock = uninfected, untreated; LPS = uninfected, LPS-
treated; A2 or A3 = uninfected, peptide-treated; H2O+ = TC-83 infected, water vehicle-treated; A2+ or A3+ = TC-83 
infected, peptide-treated. 

 

Moreover, I utilized immunofluorescence microscopy to visualize whether there 

is a loss in TJs and the distribution of claudin-5 in cells. HBMVE cells were stained with 

claudin-5 antibody and VEEV glycoprotein (gp). Interestingly, while TC-83 infection 

decreased the overall expression and distribution of claudin-5, there was no complete 

abrogation of TJs. Rather what it clearly evident is the cytoplasmic decrease in claudin-5 

expression. Additionally, while cytoplasmic expression of claudin-5 is demonstrated to 
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be decreased in infected cells, it dramatically increased in peptide treated cells and 

distinct puncta are seen (Figure 23). Similar to the trend seen in the blots, claudin-5 

expression is increased in A3-treated cells.  

 

 

Figure 23: Expression of claudin-5 in HBMVE cells as visualized by immunofluorescence microscopy.  
Mock is the negative control and LPS serves as the positive control. Blue = DAPI; Green = Claudin-5; Red = VEEV 
glycoprotein.  
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Discussion 

VEEV infection of the central nervous system results in extensive inflammation 

accompanied by disruption of the BBB43,44. Inflammation is marked by the upregulation 

of cytokines such as TNF-α, IL-6, IFN-γ, IL-1α, IL-1β, IL-1α receptor, and IL-12. These 

inflammatory mediators play a key role in the survival and pathology of VEEV infected 

mice44. In addition, VEEV gains entry into the CNS prior to disruption of BBB. 

Disruption has been documented to occur days following entry and coinciding with the 

upregulation of cytokines and the infiltration of leukocytes, indicating that VEEV does 

not directly disrupt endothelial cells of BBB6,45. The data presented above, demonstrates 

the applicability of AMPs in inhibiting inflammation and aid in maintaining TJs.  

As A2 and A3 dramatically changed the expression profiles of genes involved in 

inflammation in U87MG cells, the same was true for primary HBM29VE cells. There was 

an evident change, however, not as drastic, in the expression of pro-inflammatory genes. 

This is possibly due to primary cells being more resistant to infection, i.e. being more 

resilient and mount stronger Type I IFN antiviral responses119. However, it is important 

to note that there was a slight increase in IFNA2 expression and upregulation both 

peptides. Type I interferon, IFNα and IFNβ, response as previously mention induces an 

antiviral state during viral infections54. VEEV is known to inhibit such a response and is 

known to be resistant to host IFN responses. The attenuated TC-83 strain however, is 

sensitive to IFN response due to the presence of multiple mutations within the strain 

genome, particularly at the 5’ untranslated region (5’ UTR)90,120,121. The expression of 

IFN and the inherent resistance of primary cells to infection would have controlled 
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infection thus leading to the low downregulation of inflammatory genes demonstrated by 

the data. In addition, the chemokines whose expression decreased upon peptide treatment 

have been demonstrated to be drastically increased in encephalitis infections of JEV, 

WNV, CHIKV, and VEEV114-116.  In particular, CCL5, CXCL3, CXCL9, and CXCL10, 

have been shown to increase in VEEV infected mice29. Contributing to the influx of 

neutrophils to sites of infection, the upregulation of these particular cytokines, along with 

CXCL11, corresponded with increased BBB permeability indicating that these 

chemokines contribute to the overall pathogenesis of VEEV encephalitis and BBB 

permeability loss.   

Moreover, the expression of tight junction proteins, ZO-1 and claudin-5 was 

demonstrated to be increased with A2 and A3 treatment as compared to no treatment in 

TC-83 infected cells. ZO-1 was increased in cytosolic fractions, and as ZO-1 is a 

peripheral membrane protein, expression in the membrane fraction was absent. Claudin-5 

expression was increased in the cytosolic fractions by A2 and A3 treatment with only A2 

inducing an increase in membrane fractions. These findings were replicated when 

HBMVE cells were stained with antibody to claudin-5. While there was no evident 

disruption of tight junctions, there was a clear decrease in the overall expression of 

claudin-5. I expected the absence of distinct zones of TJs loss as available data suggests 

that TC-83 does not result in TJ and BBB loss in vitro. Microscopy data revealed the 

increase in expression of claudin-5 upon A2 and A3 treatment, particularly in the 

cytoplasm of cells. While there was not a drastic increase in membrane expression, a 

dramatic increase was evident in the cytosolic expression of both protein as quantified by 
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western blot and visualized by microscopy. Collectively these data suggest that A2 and 

A3 are capable of rescuing the expression of TJ proteins and thereby potentially 

maintaining the integrity of the BBB. The question whether this rescue is due an initial 

decrease in virions entering the cells, a decrease in inflammation, or a more robust IFN 

response, requires further experiments.  
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CHAPTER SEVEN: CONCLUDING REMARKS 

As key modulators of immune responses to infections, AMPs make novel 

therapeutics to target a number of viruses. The antiviral properties of AMPs have recently 

gained a lot of attention. AMPs are capable of inhibiting a number of enveloped viruses75. 

Here I demonstrate the applicability of natural and synthetic AMPs as anti-VEEV agents. 

The naturally expressed cathelicidin, LL-37, demonstrated anti-VEEV properties by 

inhibiting viral replication. LL-37 inhibited VEEV infection at the early time points 

during VEEV infection cycle by inhibiting viral entry. Microscopy images revealed the 

sequestering and clumping of viral matter intracellularly in endosomes, and 

extracellularly, suggesting that the peptide interacts and disrupts VEEV membranes, a 

mechanism depicted in a number of viruses. In addition, LL-37 induces an antiviral state 

by increasing the expression of IFNb1 in TC-83 infected cells. These data demonstrate 

that AMPs are an avenue to explore as anti-alphavirus agents.  

Moreover, recent advances in computational biology allowed for the synthesis of 

AMPs with enhanced activities and specificities. Using machine learning algorithms, a 

library of peptides was synthesized using a cathelicidin as a template to exhibit anti-

VEEV and anti-inflammatory activities. A screen of these synthetic peptides against TC-

83 resulted in the identification of two peptides. A2 and A3, with potent anti-VEEV 

activity. The peptides inhibited both the attenuated and wild-type strains of VEEV with 

cell-type-independency indicating applicability in numerous tissues. The peptide 

inhibited viral attachment, and like LL-37, microscopy images revealed the peptide’s 
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ability to disrupt virions and sequester them outside of cells. Both A2 and A3 were able 

to inhibit inflammation in VEEV-infected cells at the genes and protein expression levels. 

A2 and A3 are also able to increase expression of tight junction proteins claudin-5 and 

ZO-1in primary endothelial cells of the BBB. Interestingly, these peptides are VEEV-

selective, in that they can slightly inhibit a closely related alphavirus, VEEV, and exhibit 

minimal activity against other unrelated viruses. The data I present here demonstrated 

that AMPs, natural and synthetic, are novel anti-VEEV strategies and a promising avenue 

for research. 

In conclusion, progress has been made in the last decade to elucidate the 

mechanisms of action of various AMPs. The primary mechanism of AMP-mediated 

antiviral activity has been attributed to direct interference with, and destabilization of, 

viral envelopes. However, AMPs have also demonstrated selective immune modulation. 

Antiviral activity against both enveloped and non-enveloped viruses has been reported 

with the latter hinting at the presence of undiscovered activities of AMPs, in addition to 

the known direct interaction with viral envelopes. Indeed, antiviral activity has also been 

reported at post entry steps affecting later stages in the viral life cycle, such as genome 

replication and viral protein trafficking. Additionally, studies have demonstrated that 

AMP treatment prior to viral infection results in peptide retention and internalization by 

cells which may reflect a more robust response to viruses compared to other potential 

therapeutics in development. Additionally, post-infection treatments have been reported 

to exhibit antiviral activity; however, to a lesser extent to that of treatments prior to 

infection. Nonetheless, these treatments play a role in altering viral replication and 
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assembly as well as a role in accelerating immune activation or suppression. Hence, 

AMPs can directly impact viral infections or can modulate host processes that ultimately 

impact viral replication negatively. AMPs have been reported to drive interferon β (IFNβ) 

signaling, contributing to the induction of an antiviral state in susceptible cells. This dual 

functionality of AMPs is advantageous as they can be used as a prophylactic and/or as 

part of post-exposure antiviral measures. In vulnerable individuals, prophylactic 

expression of AMPs has the potential to become a preventative strategy against viral 

infections, especially during emerging pandemics. In addition, the simplicity of AMPs 

makes the development of synthetic peptide analogues a cost-effective measure to treat 

established viral infections. AMPs and their synthetic derivatives are a promising avenue 

to yield new strategies to control and treat a wide range of viral diseases but their 

application is still at the preliminary stages. Therefore, further research is warranted to 

understand AMP antiviral activity both in vivo and in vitro and to determine underlying 

mechanisms involved in AMP-mediated immune modulation for clinical applications. 
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