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Abstract 

Despite widespread vaccination, SARS-CoV-2 continues to circulate globally, with ongoing 

transmission driven by the emergence of immune-evasive variants and the waning of infection- 

and vaccine-induced immunity. Although mRNA vaccines induce strong early responses, serum 

neutralizing antibody (NAb) titers often wane substantially within 7–9 months post-vaccination, 

increasing susceptibility to breakthrough infection. While updated, variant-matched boosters can 

restore higher levels of protection, their overall impact is constrained by declining uptake, rollout 

timelines that can leave vaccines mismatched to circulating variants, and immune imprinting. 

Novel vaccination strategies are needed to elicit more durable and broadly protective immunity.  

Multiple DNA vaccines against SARS-CoV-2 have been evaluated clinically, but most elicited 

only modest immune responses and often required specialized delivery systems. This thesis 

investigates two complementary approaches to enhance DNA vaccine performance against SARS-

CoV-2: incorporation of CD40 ligand (CD40L) as a molecular adjuvant and formulation of DNA 

in ionizable lipid nanoparticles (DNA-LNPs). Fusing CD40L to the SARS-CoV-2 Spike enhanced 

the magnitude and breadth of humoral responses elicited by DNA, DNA-LNP and mRNA-LNP 

vaccines, while preferentially promoting Th1-skewed immunity. Encapsulation of DNA in LNPs 

markedly increased immunogenicity and broadened NAb activity, enabling neutralization and 

protection against both matched Delta and heterologous Omicron variants. This thesis also 

demonstrates that DNA-LNPs can afford long-term protective immunity, with durability of 

humoral immune response greatly exceeding those of mRNA-LNP vaccines six-months post-

vaccination. Together, these findings support the feasibility and complementarity of CD40L 

adjuvants and LNP delivery to improve the potency, breadth, and durability of DNA vaccine-

induced immunity, potentially reducing the need for frequent boosting.  
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Chapter 1: Introduction 

1.1 COVID-19 

1.1.1 COVID-19 pandemic 

As of June 23 2024, there had been over 775 million confirmed cases of coronavirus disease 2019 

(COVID-19) and the number of reported fatalities exceeded 7 million (1). COVID-19 is caused by 

infection with the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a novel 

betacoronavirus that first emerged in human populations in late 2019 (2). Despite early 

containment efforts and lockdown measures, SARS-CoV-2 swiftly spread across the globe, 

prompting the World Health Organization (WHO) to declare a global pandemic on March 11, 2020 

(3). The COVID-19 pandemic had broad and substantial health, social, and economic impacts (4). 

In response to this global emergency, an unprecedented level of resources was allocated to vaccine 

development, which contributed to the rapid authorization of multiple vaccines that were highly 

effective at reducing severe illness, hospitalization, and mortality (5,6). In May 2023, after more 

than 13.3 billion COVID-19 vaccine doses had been administered globally, the WHO declared the 

end of the COVID-19 global health emergency (7,8). However, this decision did not mark the end 

of SARS-CoV-2 circulation or the need for vaccination, as the virus continues to spread worldwide 

and remains a significant threat to vulnerable populations (9). Increasingly, SARS-CoV-2 is 

regarded as endemic, with expectations that the virus will persist in a manner analogous to seasonal 

influenza and other human coronaviruses, with recurrent waves of infection rather than complete 

elimination (10,11).  
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1.1.2 Transmission and spread 

SARS-CoV-2 is highly transmissible, spreading between individuals primarily through inhalation 

of respiratory droplets and aerosols (12). The basic reproductive rate (R0) of the original ancestral 

strain of SARS-CoV-2 is believed to have been 2–3 (13), slightly higher than that of most seasonal 

influenza viruses (R0 = 1.5–2) (14). The acquisition of mutations that increase viral shedding, 

receptor binding and immune escape has enhanced the transmissibility of SARS-CoV-2, with the 

estimated R0 of newer Omicron variants exceeding 8–10 (15). Successive waves of SARS-CoV-2 

infection have occurred in many regions, driven by the emergence of these transmissible or 

immune-evasive variants (16). Fortunately, wide-scale immunization and natural immunity from 

prior infections have helped limit the effective reproduction rate (Re) of new variants (15,17). The 

incubation period for SARS-CoV-2 is highly variable, ranging from 2 to 14 days, although most 

infected individuals develop symptoms between 4 and 6 days (18,19). Critically, SARS-CoV-2 

shedding often begins prior to symptom onset, leading to substantial presymptomatic transmission 

(20). In addition, during asymptomatic infections, which comprise an estimated 20–40% of 

infections (21,22), individuals can still shed infectious virus, contributing to the “silent” spread of 

COVID-19 (23,24).  

1.1.3 Clinical features 

COVID-19 exhibits a wide clinical spectrum, spanning from asymptomatic infections to critical 

illness. Notably, the clinical spectrum, including the type and severity of symptoms, has 

continuously shifted with the emergence of new variants (25). The most common symptoms of 

COVID-19 include fever, cough, sore throat, fatigue, sneezing, nasal congestion and muscle 

soreness (26). One distinguishing symptom of COVID-19 is the loss of smell, or anosmia, caused 

by the virus's ability to damage the epithelium surrounding the olfactory bulb(27). SARS-CoV-2 
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has also been shown to infect the intestinal epithelium, causing gastrointestinal symptoms such as 

diarrhea and abdominal pain in a subset of patients (28). More severe cases of COVID-19 can 

result in difficulty with breathing, hypoxia, chest pain, severe muscle weakness, altered mental 

status, cyanosis and cardiac damage (26,29). SARS-CoV-2 infection can also be fatal, especially 

in vulnerable populations, with the primary causes of mortality including acute respiratory distress 

syndrome (ARDS), dysregulated systemic inflammation leading to multi-organ failure, severe 

thromboembolic events, and direct viral or inflammatory cardiac injury (30,31).  

The severity of COVID-19 is exacerbated by various comorbidities including obesity, diabetes, 

immunosuppression, hypertension and pre-existing respiratory and cardiovascular diseases (32). 

Advanced age is the strongest risk factor for severe COVID-19, with more than 81% of COVID-

19 deaths occurring in people over the age of 65 (33–35). This is primarily attributed to a 

combination of age-related immunological changes, including immunosenescence and 

inflammaging, and the higher prevalence of comorbidities in older adults (36,37). Notably, in 

contrast to other respiratory viruses such as influenza and respiratory syncytial virus (RSV), which 

are major causes of hospitalization and death in pediatric populations, pediatric SARS-CoV-2 

infection is generally mild, accounting for only ~1–2% of total COVID-19 hospitalizations (38–

40). Sex is also a risk factor for severe COVID-19, with men exhibiting higher rates of 

hospitalization and death than women, likely due to a combination of sex-dependent immune 

responses, differences in receptor expression and a greater prevalence of comorbidities (41–43). 

SARS-CoV-2 infection can also cause Long COVID (post-acute sequelae of COVID-19 or post 

COVID-19 condition), which is generally defined as the continuation or development of new 

symptoms 3 months after COVID-19 onset, with these symptoms lasting for at least 2 months with 

no alternative explanation (44). Hallmark symptoms include fatigue and cognitive impairment 
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(“brain fog”), although Long COVID can also affect neurologic, respiratory, cardiovascular, 

gastrointestinal, and musculoskeletal systems (45). Long COVID can result from multiple distinct 

pathophysiologies including persistent viral reservoirs, immune dysregulation and autoantibody 

formation (45,46). Risk factors for Long COVID include pre-existing comorbidities, acute disease 

severity, vaccination status, and sex (45). While males face a higher risk for severe acute COVID-

19, females are more susceptible to Long COVID, potentially due to sex-based differences in 

immune response and their higher predisposition to autoimmune disorders (45,47,48). The acute 

and chronic manifestations of SARS-CoV-2 infection highlight the importance of effective 

vaccination strategies to reduce severity and long-term health impacts of COVID-19. 

1.2 SARS-CoV-2 

1.2.1 Coronaviridae  

SARS-CoV-2 belongs to the Coronaviridae family, a group of enveloped, positive-sense single-

stranded RNA viruses (49). Seven coronaviruses are known to infect humans, all of which belong 

to two genera: Alphacoronavirus and Betacoronavirus (50). Four of these coronaviruses are 

seasonal endemic viruses associated with the “common cold”: the Alphacoronaviruses 229E and 

NL63, and the Betacoronaviruses OC43 and HKU1 (50). These four viruses are estimated to 

contribute to approximately 15–30% of common cold cases and typically cause mild to moderate 

upper respiratory tract infections, with relatively limited impact on public health (51). In contrast, 

the three remaining human coronaviruses — severe acute respiratory syndrome coronavirus 

(SARS-CoV-1), middle east respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV-2 

— are more virulent and capable of causing severe lower respiratory tract illness (50,52). All three 

are Betacoronaviruses believed to have originated from bats and spilled over to humans through 
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intermediate hosts (50,53). SARS-CoV-1 was responsible for the 2002-2004 SARS outbreak 

which affected nearly 30 countries, resulting in approximately 8,000 cases and over 700 deaths 

(54,55). MERS-CoV has caused recurrent outbreaks on the Arabian Peninsula, with more than 

2,600 confirmed cases and over 900 reported deaths since first being identified in 2012 (56). As 

human-to-human transmission of MERS-CoV has been inefficient, most outbreaks have originated 

from repeated zoonotic spillovers from infected dromedary camels (56,57). In contrast, SARS-

CoV-2 rapidly disseminated worldwide, driven through a combination of more efficient 

transmission, early peak viral shedding and asymptomatic spread (13,20,23). 

1.2.2 Genome organization and replication 

The genome of SARS-CoV-2 is approximately 29.9 kilobases in length and encodes approximately 

29 proteins across 12-15 open reading frames (ORFs) (58). The largest of these are the overlapping 

ORF1a and ORF1b, which are translated into polyproteins pp1a and pp1ab directly from the 

SARS-CoV-2 positive-sense RNA genome (Figure 1.1) (58). Auto-proteolysis of these 

polypeptides produces 16 non-structural proteins (nsps) that form the viral replication-

transcription complex (RTC) and inhibit interferon (IFN) signaling (58,59) (Figure 1.1). The RTC 

transcribes full-length negative-sense copies of the RNA genome within specialized double-

membrane vesicles, where RNA-intermediates are secluded from host immune sensors (59). These 

negative-sense copies then serve as the template to generate new positive-sense viral genomes 

(59). The SARS-CoV-2 genome is maintained with relatively high fidelity due to the proofreading 

activity of nsp14, with an estimated mutation rate of ~10⁻⁶ substitutions per nucleotide per 

replication cycle (60,61). The RTC also produces a series of shorter negative-sense subgenomic 

RNAs (sgRNAs) via discontinuous 5’-3’ transcription which are used as templates to transcribe 

positive-sense subgenomic messenger RNAs (sgmRNAs) (Figure 1.1) (59). These sgmRNAs are 
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translated by host machinery to produce the remaining SARS-CoV-2 proteins, which include both 

structural and accessory proteins (59). The process of 5’-3’ discontinuous transcription causes 3’ 

proximal genes to be preferentially transcribed, helping regulate the relative expression of the viral 

antigens and thus influencing which are most available for immune recognition (62–64). 

 

Figure 1.1. SARS-CoV-2 Genome Organization and Replication.  

Following entry, the positive-sense SARS-CoV-2 genome is directly translated to produce 

polyproteins pp1a and pp1ab, which are proteolytically cleaved into nsps that assemble the RTC. 

The RTC generates negative-sense RNA intermediates that serve as templates for synthesis of new 

positive-sense genomes and a nested set of sgmRNAs that encode structural and accessory 

proteins. Reproduced from Williams, R et al. 2025 (65), in accordance with the Creative Commons 

Attribution 4.0 International License (CC BY 4.0) (https://creativecommons.org/licenses/by/4.0/). 

 

https://creativecommons.org/licenses/by/4.0/


7 

 

1.2.3 Structural proteins and spike glycoprotein 

SARS-CoV-2 encodes four structural proteins: the nucleocapsid protein (N), envelope protein (E), 

membrane protein (M) and spike glycoprotein (S). The N protein, the most abundant structural 

protein, packages the viral RNA genome into a helical ribonucleoprotein (RNP) complex that 

becomes enclosed by the viral envelope (66). The N protein also plays additional roles in 

orchestrating virion assembly, enhancing the efficiency of viral genomic RNA synthesis, and 

suppressing type I IFN responses (66–69). The E protein is a small integral membrane protein that 

acts as a calcium-selective ion channel and contributes to efficient endosomal release and virion 

assembly (70–72). The M protein orchestrates virion assembly, forming protein-protein 

interactions with itself and the other three structural proteins (73). The M protein also inhibits IFN 

signaling (74).  

The S protein is a homotrimeric class I fusion protein that facilitates viral entry by binding host-

cell receptors and mediating fusion of viral and cellular membranes (75,76) (Figure 1.2A/B). These 

two functions are carried out by the S1 and S2 subunits respectively. The S1 subunit includes an 

N-terminal signal peptide, the receptor-binding domain (RBD), and the N-terminal domain (NTD) 

(Figure 1.2A/B) (75). The RBD binds to the angiotensin-converting enzyme 2 (ACE2) receptor 

(77,78), which is highly expressed in the airway epithelium (79). ACE2 is also expressed in a range 

of human tissues, including the heart, kidney, vasculature, small intestine and central nervous 

system, contributing to the broad clinical manifestations of COVID-19 (79,80). The prefusion S 

protein dynamically undergoes reversible conformation changes, shifting the RBD between an 

“up” or “open” conformation, in which the receptor binding motif (RBM) is exposed and capable 

of engaging ACE2, and a “down” or “closed” conformation where the RBM is hidden and 

inaccessible (75) (Figure 1.2C). The NTD stabilizes the prefusion S conformation and modulates 
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the RBD up/down equilibrium (81,82). The NTD may also enhance viral entry through interactions 

with host glycans and co-receptors (83,84).  

 

 

Figure 1.2. SARS-CoV-2 Spike Glycoprotein. 

(A) SARS-CoV-2 Spike domain organization. NTD, N-terminal domain; RBD, receptor binding 

domain; FP, fusion peptide; HR1, heptad repeat 1; CH, central helix; CD, connector domain; HR2, 

heptad repeat 2; TM, transmembrane domain; CT, cytoplasmic tail. Arrows denote protease 

cleavage sites. (B) Structure of the prefusion Wuhan-Hu-1 S trimer with one RBD in the “up” 

(open) conformation (PDB: 6VYB). Domains of the “up” monomer are colored as follows: NTD 

(orange), RBD (red), FP (cyan), HR1 (blue), CH (green), CD (purple). (C) Superposition of 

prefusion S trimer structures in the RBD-up (red, PDB: 6VYB) and RBD-down (blue, PDB: 

6VXX) conformations, highlighting the conformational difference at the RBD. 

 

PDB:%206VYB
PDB:%206VYB
PDB:%206VXX
PDB:%206VXX
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The S2 subunit is highly conserved relative to S1, reflecting significant structural constraints 

related to its role in membrane fusion (85). The S2 subunit is comprised of the fusion peptide (FP), 

heptad repeat 1 (HR1) central helix (CH), Connector Domain (CD), heptad repeat 2 (HR2), 

transmembrane domain (TM) and cytoplasmic tail (CT) (Figure 1.2A/B). The S1 and S2 subunits 

are separated by a multibasic motif referred to as the S1/S2 cleavage site (86) (Figure 1.2A/B). 

Proteolytic cleavage at this site primes the S protein for membrane fusion by increasing the 

accessibility of the downstream S2′ cleavage site (76) (Figure 1.2A/B). Cleavage at the S2′ site 

exposes the fusion peptide, triggering its insertion into the host membrane (76). Subsequently, the 

HR1 and HR2 assemble into a six-helix bundle, driving fusion of the viral and cellular membranes 

(87). The CT has non-fusogenic roles, regulating S protein trafficking and incorporation into 

virions, and contains motifs that limit its cell-surface expression (88,89).  

1.2.4 Rise of Omicron and shifting entry mechanisms  

Despite the relatively high replication fidelity of SARS-CoV-2, new variants with enhanced 

transmissibility and the ability to evade immune recognition have continued to emerge. Mutations 

have commonly arisen in the S1 subunit, where they have substantial effects on immune 

recognition, cell tropism and the efficiency and mode of viral entry (17). One of the first notable 

S mutations was D614G, which became globally fixed by July 2020 (90) (Figure 1.3). The D614G 

mutation reduced S1 shedding and increased the proportion of S proteins adopting open RBD 

conformations, enhancing infectivity and transmissibility (91–93). In December 2020, B.1.1.7 

(Alpha) was designated the first variant of concern (VOC), a designation given to viral lineages 

associated with increased transmissibility, more severe disease, or reduced effectiveness of 

countermeasures (94). It was ~40–70% more transmissible than the ancestral strain, primarily due 

to the N501Y S mutation which enhanced ACE2 binding (95). The Alpha variant was displaced by 
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B.1.617.2 (Delta), which was associated with higher viral loads and more severe disease outcomes 

(96,97). The Delta variant carried additional S mutations that increased its transmissibility and 

fusogenicity like P681R near the S1/S2 cleavage site and mutations that aided immune escape like 

L452R (98,99) (Figure 1.3). 

 

Figure 1.3. Structural mapping of SARS-CoV-2 spike protein mutations. 

Side view (left) and top-down perspective (right) of the SARS-CoV-2 spike protein trimer (gray, 

PDB: 6VXX) with variant-defining mutations displayed as space-filling spheres. D614G (red), 

Delta B.1.617.2 (magenta), and Omicron BA.1 (blue). The Delta-defining substitution L452R is 

indicated. BA.1 carried over 30 spike mutations, with substitutions particularly concentrated in the 

RBD. 

 

The most substantial jump between variants came with the sudden detection of the BA.1 (Omicron) 

variant in November 2021 (100). BA.1 carried more than 30 spike mutations relative to the 

ancestral strain and appeared without a clear intermediate form (100) (Figure 1.3). The abrupt 

PDB:%206VXX
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appearance of BA.1 and the magnitude of its evolution has led to speculation that the variant 

originated either in a chronically infected immunocompromised individual or through undetected 

circulation in a non-human host (101,102). Through a combination of increased transmissibility 

and avoidance of immune recognition, the Omicron lineage quickly supplanted all other SARS-

CoV-2 lineages and caused a substantial surge in global infections (103,104). 

Notably, several S mutations have arisen that modulate S1/S2 cleavage efficiency, consequently 

altering protease dependence, entry pathways, cell tropism and pathogenicity (105–107). In pre-

Omicron lineages, the S1/S2 cleavage site was commonly pre-cleaved by furin-like proteases in 

producer cells while being trafficked through the trans-Golgi network (76,108). Infectious particles 

with pre-cleaved spikes would then bind ACE2 on target cells, where cell-surface proteases such 

as Transmembrane protease, serine 2 (TMPRSS2) would cleave the S2′ site, triggering plasma-

membrane fusion (Figure 1.4) (76,109). Mutations in the Omicron lineage decreased S1/S2 

cleavage efficiency, reducing TMPRSS2 usage and shifting viral entry toward cathepsin-

dependent endosomal pathways (Figure 1.4) (106,107). This shift in entry mechanisms has been 

associated with greater upper respiratory tract (URT) tropism, potentially contributing to the 

reduced pathogenicity of the Omicron lineage relative to earlier variants (106,107).  
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Figure 1.4. SARS-CoV-2 Entry Pathways. 

SARS-CoV-2 utilizes two entry pathways: cell-surface (plasma membrane) and endosomal entry. 

In pre-Omicron lineages, the S1/S2 site was often pre-cleaved by furin-like proteases, priming 

virions for efficient cell-surface entry. After ACE2 engagement, TMPRSS2-mediated S2’ cleavage 

triggers rapid plasma-membrane fusion and release of viral RNA. In Omicron lineages, mutations 

reduce S1/S2 cleavage efficiency, diminishing TMPRSS2 usage and an increasing reliance on 

endosomal entry pathways where acidification and endosomal proteases mediate S2’ cleavage. 

This shift in entry has been associated with alterations in host cell tropism, decreasing lung 

infection and increasing URT infection and transmission. Reproduced from Fan, Y. et al. (110) in 

accordance with CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

1.2.5 Post-Omicron evolution 

Subsequent Omicron sublineages have caused successive waves of infection, driven by stepwise 

mutation accumulation and occasional recombination events. The BA.5 sublineage became 

predominant in mid-2022, driving major surges in multiple regions (111). BA.5 acquired mutations 

such as F486V, which enhanced immune escape, and re-acquired L452R, a defining mutation of 

the Delta lineage which increases ACE2 binding affinity (112,113). Another large surge in global 

https://creativecommons.org/licenses/by/4.0/
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infections occurred in early 2023, driven by the emergence of the XBB lineage, which was likely 

generated through the recombination of co-circulating BA.2.75 and BJ.1 lineages (114) (Figure 

1.5). The XBB.1.5 variant became the dominant global strain in early 2023, with the F486P 

mutation providing a superior balance between ACE2 binding affinity and antibody escape (115). 

By late 2023, the BA.2.86-descended lineage JN.1 emerged and rapidly displaced the XBB 

lineage, becoming predominant by early 2024 (116) (Figure 1.5). In mid-late 2024, descendants of 

the JN.1 lineage known as the 'FLiRT' variants (such as KP.2, KP.3 and KP.3.1.1) became 

dominant, characterized by immune-escaping F456L and R346T mutations (117,118) (Figure 1.5). 

Although global sequencing and surveillance efforts have declined dramatically, SARS-CoV-2 

continued to evolve rapidly in 2025. Recombination among co-circulating lineages contributed to 

the rise of XEC in early 2025 (119). Shortly thereafter, the independent lineage LP.8.1 surpassed 

XEC in prevalence and was subsequently selected by regulators as the preferred vaccine strain for 

the 2025–2026 season (120,121). However, as of late 2025, LP.8.1 itself has been displaced by 

XFG, a recombinant lineage (122,123). 
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Figure 1.5. Relative Variant Abundance Canada 2020-2025. 

The per variant proportion of analyzed sequences in the preceding two weeks that corresponded 

to each variant group. Data collected in Canada. Reproduced from Our World in Data (124) in 

accordance with CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

1.3 Immunity to SARS-CoV-2 

1.3.1 Humoral immunity 

Most individuals infected with SARS-CoV-2 seroconvert within 10-14 days of symptom onset, 

with humoral responses primarily directed against the S and N proteins (125–128). Less prevalent 

antibody responses are also generated against the surface-exposed N-terminus of the M protein 

and against several non-structural proteins (129–132). Systemic immunoglobulin G (IgG) 

responses following SARS-CoV-2 infection are generally durable, with anti-Spike IgG detectable 

for at least 6 to 12 months in most individuals (125). Natural infection also elicits humoral 

https://creativecommons.org/licenses/by/4.0/
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responses in the respiratory mucosa, with anti-Spike immunoglobulin A (IgA) readily detected in 

nasal secretions and saliva as early as two weeks following infection (133,134). 

Antiviral antibodies can broadly be categorized into two groups: neutralizing and non-neutralizing. 

Neutralizing antibodies (NAbs) act by preventing viral entry into host cells. In the case of SARS-

CoV-2, NAbs are primarily directed against the S protein, where they either block its interaction 

with ACE2 or prevent the conformational changes required for membrane fusion (135). The 

majority of NAbs target the RBD, although neutralizing activity has also been observed against 

the NTD and conserved regions of the S2 subunit (136,137). NAb titers are one of the strongest 

correlates of protection against SARS-CoV-2 infection and disease (138,139). While non-

neutralizing antibodies do not directly block viral entry, they still contribute significantly to viral 

clearance by recruiting innate immune effector cells via Fc receptor engagement, triggering 

antibody effector functions such as phagocytosis and cytotoxicity (140). These non-neutralizing 

functions have been increasingly recognized as important contributors to protective immunity, 

particularly in the context of waning NAb titers and immune evasion by viral variants (141,142).  

1.3.2 Cellular immunity 

CD8⁺ T cells, also known as cytotoxic T cells, recognize and eliminate SARS-CoV-2 infected cells 

(143). CD4⁺ T cells, also known as helper T cells (Th cells), support the development of both B 

and CD8⁺ T cell responses following SARS-CoV-2 infection and vaccination (143,144). CD4⁺ and 

CD8⁺ T cell responses are detected in most infected individuals (145). In general, T cell responses 

are generated against every SARS-CoV-2 protein, although the majority of responses are directed 

against the highly expressed structural proteins (146,147). These responses are long-lived, 

persisting for over a year post-infection, and often exhibit memory phenotypes (148). Both 

infection-elicited and vaccine-elicited CD8⁺ T cells are known to have direct protective effects. 
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Depletion of CD8⁺ T cells in convalescent rhesus macaques increased susceptibility to reinfection 

(149). Likewise, CD8⁺ T cell depletion in vaccinated macaques increased viral loads following 

challenge (150). Natural infection also induces the differentiation of lung-resident memory T cells, 

which persist in the respiratory mucosa and can provide a localized, rapid response upon re-

infection (151).  

1.3.3 Antigenic evolution and immune escape 

SARS-CoV-2 has repeatedly acquired mutations that enable the virus to escape recognition from 

pre-existing immune responses (152–154). Immune escape has primarily been driven by mutations 

in the RBD and NTD domains which disrupt antibody binding (152–154). In early variants, RBM 

mutations such as N501Y, E484K and L452R enabled variants to partially evade NAb raised 

against the ancestral variant (155,156). Frequent deletions have also occurred within the NTD, 

disrupting neutralization by NTD supersite-targeting antibodies (157,158). Alterations in post-

translational modifications (PTMs), particularly N-linked and O-linked glycosylation, also 

contribute to variant evolution and immune escape (152). The SARS-CoV-2 S contains many 

glycosylation sites, which form a “glycan shield” that can sterically mask immunodominant 

epitopes and limit antibody recognition (152). Consequently, mutations that introduce, remove, or 

alter glycosylation sites can impact immune escape both directly, by shielding epitopes, and 

indirectly, by reshaping conformational structure (152). The overwhelming number of S mutations 

in the original Omicron variant facilitated its escape from most pre-existing NAb responses (159–

161). In contrast to NAbs which have been highly sensitive to antigenic evolution, non-neutralizing 

Ab and T cell responses have been more resilient to immune escape (162–164). As the majority of 

S mutations have arisen in the S1 subunit, antibodies raised against conserved S2 epitopes 

generally retain their ability to mediate antibody effector functions against newer variants 
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(162,165,166). Likewise, many immunodominant CD4 and CD8 epitopes remain conserved and 

are thought to contribute to sustained protection from severe disease following infection with 

emerging variants (164,167,168).  

1.4 COVID-19 vaccines  

1.4.1 Vaccination against SARS-CoV-2 

Vaccination has been one of the most effective public-health measures for preventing SARS-CoV-

2 infections and mitigating COVID-19 disease severity (169–171). Vaccine-induced immunity 

helps limit viral replication early during infection, preventing widespread inflammation and 

reducing most symptoms (172–174). Vaccination significantly lowers the risk of developing severe 

COVID-19, drastically reducing hospitalizations and deaths, especially within vulnerable 

populations such as the elderly and immunocompromised (175,176). Vaccination also appears to 

play a role in preventing Long COVID (45).  

COVID-19 vaccine development proceeded at an unprecedented pace and scale. The first clinical 

trial began on March 16th, 2020, only two months after SARS-CoV-2 genetic sequences were first 

made publicly available (177,178). By March 30, 2023, the WHO reported that there were 183 

candidate vaccines in clinical development (179). Numerous vaccines have been approved by 

national regulatory agencies and multiple have been employed in mass-immunization campaigns 

(180). These approved vaccines span a broad range of platforms, including traditional and next-

generation approaches. As of Aug 12, 2024, an estimated 13.72 billion COVID-19 vaccine doses 

had been administered globally, with 70.7% of the global populations having received at least one 

dose (181). Early modelling estimated that vaccines saved ~14.4 million lives in the first year of 

their deployment (182). Recent analyses have been more conservative, suggesting COVID-19 
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vaccines averted ~1.5 million deaths in the WHO European Region between 2020-2023 (183) and 

~2.5 million deaths globally between 2020-2024 (184). 

1.4.2 mRNA vaccines 

Two mRNA vaccines, mRNA-1273 (Moderna) and BNT162b2 (BioNTech/Pfizer), played a 

pivotal role in the global response to the COVID-19 pandemic. In their respective Phase 3 trials, 

mRNA-1273 and BNT162b2 demonstrated ~94-95% efficacy against symptomatic COVID-19 

(185,186). Both vaccines encoded a full-length, prefusion-stabilized Spike using N1-

methylpseudouridine (N1mΨ)–substituted mRNA and were delivered in ionizable lipid 

nanoparticles (LNPs) (187,188). N1mΨ substitution dampens innate RNA sensing and improves 

mRNA translation, enabling robust antigen expression (189,190). The LNPs protect the mRNA 

from degradation and facilitate intramuscular (IM) delivery, promoting efficient uptake and 

cytosolic release (191). These mRNA vaccines were highly immunogenic, generally eliciting 

higher NAb responses than natural infection and other vaccine platforms (139,192). They also 

demonstrated a favourable safety profile, eliciting mostly mild transient reactions in a small subset 

of individuals (185,186).  

While extremely effective and a crucial component of the global pandemic response, mRNA 

vaccines have some limitations. Notably, their relatively high cost and stringent cold-storage 

requirements have limited their deployment in low-resource settings, contributing to disparities in 

global immunity (193–195). mRNA vaccination has also been associated with a rare risk of 

myocarditis and pericarditis, especially in young males (196,197), although the risk of myocarditis 

from COVID-19 infection remains considerably higher (198,199). Furthermore, the N1mΨ-

substitution used to improve mRNA vaccine tolerability also appears capable of inducing 

ribosomal frame shifting, generating cellular immune responses against out of context peptides 
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(200). Lastly, NAb responses following mRNA vaccination undergo a relatively rapid decline, 

decreasing substantially in the first 6-9 months post-vaccination, coinciding with reduced 

protection (201–204).  

1.4.3 Non-mRNA vaccines 

During the pandemic, several adenoviral-vectored (AdV) vaccines, including Janssen’s 

Ad26.COV2.S, Oxford-AstraZeneca’s ChAdOx1 nCoV-19, Gamaleya Institute’s Sputnik V and 

CanSino's Ad5-nCOV, received broad regulatory approval and underwent large-scale deployment 

(205–208). Over 3 billion doses of ChAdOx1 nCoV-19 alone were distributed globally (209). AdV 

vaccines induce robust, Th1-skewed T-cell responses, often comparable to or greater than those 

elicited by mRNA vaccines (210–213). In general, while AdV vaccines induce lower peak NAb 

responses than mRNA vaccines, their humoral responses are more durable, with minimal declines 

8-months post vaccination (210,214). Concerns about anti-vector immunity blunting repeated 

doses has driven exploration into AdV vaccines as part of heterologous vaccination regimens 

(215,216). AdV vaccines are also being explored for mucosal vaccination, which aims to elicit 

immunity at the primary site of viral entry, thereby better reducing viral shedding and potentially 

providing sterilizing immunity (217). Notably, Bharat Biotech’s intranasal BBV154 and CanSino’s 

aerosolized Ad5-nCoV have received regulatory approval (218,219).  

Recombinant Spike vaccines were also deployed during the pandemic. In contrast to mRNA and 

AdV-vaccines which are inherently immunogenic, recombinant protein vaccines typically require 

the co-administration of a potent adjuvant to trigger an innate immune response (220). For 

example, Novavax’s Nuvaxovid uses Matrix-M, a saponin adjuvant which enhances antibody titers 

and Th1-biased cellular responses (221). In general, recombinant protein vaccines have displayed 

comparable efficacy and safety as mRNA and AdV vaccines in Phase 3 trials (222,223). Notably, 
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the rollout of variant-matched antigen updates can be significantly slower for recombinant protein 

vaccines, potentially requiring re-optimization of expression, purification and characterization 

methods, whereas mRNA and AdV platforms can be updated through simple genetic substitutions 

that have minimal effects of their manufacturing processes (224,225). 

Inactivated vaccines also played a tremendous role in the COVID-19 pandemic, with billions of 

doses having been delivered by the end of 2021 (226). In general, inactivated vaccines induce 

lower NAb responses than next-generation platforms, such as mRNA vaccines, and additional 

booster doses are often required to reach comparable levels of protection (227–230). Unlike next-

generation vaccines which typically target the S protein, inactivated vaccines can elicit immune 

responses against additional viral antigens (231,232). While this could potentially improve cross-

protection against emerging variants, real-world effectiveness data generally did not show their 

superiority over other platforms following the emergence of Omicron (227). 

1.4.4 DNA vaccines 

Multiple DNA vaccines against SARS-CoV-2 were evaluated preclinically and in clinical trials. 

For example, Inovio’s INO-4800, an electroporated plasmid DNA (pDNA)-based S vaccine, was 

shown to be immunogenic in BALB/c mice, Guinea pigs, and non-human primates (NHPs), 

generating robust NAb responses (233,234). INO-4800 was found to be safe and tolerable in Phase 

1 and 2 clinical trials and induced modest immune responses (235–237). Most notably, Zydus 

Cadila’s ZyCoV-D became the first DNA vaccine authorized for human use when it was granted 

emergency use authorization (EUA) in India in August 2021 (238). ZyCoV-D used the pVAX1 

plasmid backbone to encode full-length, codon-optimized SARS-CoV-2 Spike with an 

immunoglobulin E (IgE) signal peptide (239,240). In a Phase 3 clinical trial with over 27,000 

enrolled participants, three doses of ZyCoV-D were administered intradermally using a Pharmajet 
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Tropis® needle-free injection system (NFIS) (241). The regimen provided a modest 66% vaccine 

efficacy (VE), although VE estimates may have been affected by the emergence of the Delta 

variant (241,242). Despite its EUA representing a historic milestone for DNA vaccines, ZyCoV-D 

saw limited real-world use, potentially due to the availability of alternative vaccines that required 

fewer doses and demonstrated superior effectiveness (243). 

1.5 DNA vaccines, lipid nanoparticles and adjuvants 

1.5.1 DNA vaccine delivery 

Early in the 1990s, Wolff et al. demonstrated that direct injection of pDNA into mouse skeletal 

muscle led to significant and durable transgene expression (244). Shortly afterwards, Ulmer et al. 

expanded on this idea, showing that IM injection of pDNA encoding influenza nucleoprotein 

elicited T cell responses in BALB/c mice and protected against viral challenge (245). Despite 

promising results in small rodent models, DNA vaccines generally displayed limited 

immunogenicity in larger animals and in early clinical trials, due in part to inefficient cellular 

uptake and limited antigen expression (246–250). These limitations spurred the investigation and 

development of alternative delivery strategies. For needle-based injection, intradermal (ID) 

delivery often yields stronger immune responses than IM delivery, owing in part to the abundance 

of dendritic cells and Langerhans cells in the skin (251,252). Physical delivery devices including 

gene guns, jet injectors, and electroporation have all been shown to improve DNA uptake and 

enhance vaccine immunogenicity (253–255). Despite these advancements, DNA vaccines 

ultimately had little impact on global COVID-19 vaccination efforts, with moderate immune 

responses re-highlighting persistent challenges with inefficient delivery and suboptimal 
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immunogenicity (256). Consequently, recent efforts have increasingly focused on adapting LNPs, 

the delivery technology that enabled the success of mRNA vaccines, for DNA-based vaccination.  

1.5.2 LNP origins and development of ionizable Lipids 

Lipid-based delivery of DNA dates back to the 1980s, when Felgner et al. demonstrated the 

cationic lipid N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium (DOTMA) could 

efficiently deliver pDNA into mammalian cells in vitro (Figure 1.6) (257). Cationic lipids such as 

DOTMA are typically formulated into cationic liposomes that electrostatically complex with 

negatively charged DNA to form “lipoplexes”. After binding to anionic cell membranes, lipoplexes 

are internalized via endocytosis and disrupt the endosomal membrane to facilitate cytosolic DNA 

release (258). Following the seminal work of Felgner et al., numerous cationic lipids were explored 

for nucleic acid delivery, the majority adopting a consistent three-component structure: a positive 

charged head group, a hydrophobic tail, and a linker connecting the two (259,260). In 1997, 

Gregoriadis et al. reported that IM injection of pDNA encoding hepatitis B surface antigen, 

formulated with 1,2-dioleoyl-3-trimethylammonium propane (DOTAP)-based cationic lipoplexes, 

elicited stronger humoral and cellular responses than naked DNA (261) (Figure 1.6).  
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Figure 1.6. Cationic and Ionizable lipids used for nucleic acid delivery.  

Chemical structures of early permanently cationic lipids (DOTMA, DOTAP; pink), an early 

ionizable lipid (DODAP; blue), DLinDMA-derived ionizable lipids developed for siRNA 

therapeutics (DLinDMA, DLin-KC2-DMA, DLin-MC3-DMA; yellow), and contemporary 

ionizable lipids found in COVID-19 mRNA vaccines (SM-102, ALC-0315; green). 

 

The clinical translation of early cationic lipids such as DOTMA and DOTAP was hindered by 

toxicity and tolerability concerns, primarily associated with their permanently charged head groups 

(260,262). This limitation was addressed in 2000 when the ionizable lipid 1,2-dioleoyl-3-

dimethylammonium-propane (DODAP) was used to encapsulate nucleic acids (Figure 1.6) (263). 
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While neutral at physiological pH, ionizable lipids become protonated in acidic endosomes, 

significantly increasing their tolerability (262). In 2005, screening studies revealed that ionizable 

lipids with higher levels of unsaturation, such as 1,2-dilinoleyloxy-N,N-dimethyl-3-aminopropane 

(DLinDMA) which has two double bonds per acyl tail, enhanced short interfering RNA (siRNA) 

delivery by improving membrane fusion and endosomal escape (264) (Figure 1.6). DLinDMA-

based LNPs were a scientific breakthrough, capable of efficiently and safely mediating systemic 

siRNA delivery in NHPs (265). A screen of DLinDMA derivatives identified DLin-KC2-DMA as 

a top performer with over 10-fold greater in vivo hepatic gene silencing, largely attributed to 

adjustments to the linker and head group that enabled stronger endosomal escape (266) (Figure 

1.6). DLin-MC3-DMA, a derivative of DLin-KC2-DMA served as the ionizable lipid in Onpattro 

(patisiran), the first FDA-approved siRNA therapeutic (267) (Figure 1.6). The 2018 approval of 

Onpattro validated ionizable LNPs as a clinically viable nucleic acid delivery platform and helped 

pave the way for LNP-formulated mRNA vaccines to play a central role in COVID-19 vaccination. 

1.5.3 COVID-19 mRNA vaccine LNP composition 

The mRNA-1273 (Moderna) and BNT162b2 (BioNTech/Pfizer) COVID-19 vaccines rely on the 

ionizable lipids SM-102 and ALC-0315, respectively (268) (Figure 1.6). In a screen of DLin-MC3-

DMA derivatives, SM-102 displayed the greatest tolerability following IM administration without 

compromising humoral responses (269). ALC-0315 is structurally similar to SM-102, with both 

lipids containing branched hydrophobic tails that impart a cone-like geometry and reduce lipid 

packing, properties associated with enhanced endosomal membrane destabilization to better 

facilitate cytosolic mRNA release (191,270). In addition, both SM-102 and ALC-0315 contain 

hydroxylated tertiary amine head groups that help tune their apparent pKa and facilitate endosomal 
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escape (191,270). Both were designed with ester linkages that are susceptible to hydrolysis, 

thereby enhancing biodegradability and facilitating clearance (191,270).  

mRNA-1273 and BNT162b2 employed a four-component LNP formulation: the ionizable lipid, 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, and a Polyethylene 

Glycol  (PEG)-lipid. The ionizable lipid represents the principal component, comprising ~50 mol% 

and ~46 mol% of the mRNA-1273 and BNT162b2 formulations, respectively (191). DSPC and 

cholesterol act as helper lipids that stabilize the LNP, improve encapsulation efficiency and 

promote cellular delivery (271,272). DSPC is a saturated phosphatidylcholine with a high phase 

transition temperature (Tₘ), structurally analogous to natural phospholipids, which enhances LNP 

stability by providing a rigid scaffold at physiological temperatures (273). Cholesterol intercalates 

between the branched acyl chains of the ionizable lipid and the ordered chains of DSPC, creating 

a liquid-ordered phase that balances rigidity and fluidity (270). This reduces membrane 

permeability, prevents nucleic acid leakage, limits surface protein adsorption, and prolongs 

circulation (270). Notably, the cholesterol used in mRNA-1273 and BNT162b2 is structurally 

identical to endogenous human cholesterol, enhancing their biocompatibility (191,270) PEG-lipids 

serve as a non-natural hydrophilic coating that limits LNP aggregation, modulate particle size and 

dispersity, and extend stability in both circulation and storage (270,274). While generally 

biocompatible, concerns have arisen regarding the induction of anti-PEG antibodies, which can 

accelerate nanoparticle clearance and reduce delivery efficiency upon repeated dosing (275). 

Together, these four components balance particle stability, biocompatibility and endosomal escape, 

enabling highly efficient and safe IM delivery of mRNA.  
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1.5.4 LNP-mediated DNA vaccination 

At the onset of the COVID-19 pandemic, evidence supporting the use of novel modern LNP 

formulations specifically for DNA vaccine delivery was limited. In 2020, Mucker et al. 

demonstrated that an LNP-formulated DNA vaccine against Andes virus generated superior 

humoral responses than an unformulated control in rabbits and NHPs (276). These LNPs were 

formulated with ATX, a proprietary lipid ionizable lipid from Arcturus (277). In 2022, Algarni et 

al. assessed the DNA delivery efficiency of multiple LNP formulations previously developed for 

siRNA therapeutics (278). Notably, they observed that DLin-KC2-DMA induced greater antigen 

expression following IM injection than its derivative DLin-MC3-DMA, highlighting how 

optimizations tailored for siRNA delivery may not be beneficial for DNA delivery (278). In a 

similar study by our research group, SM-102 and ALC-0315 formulations were shown to induce 

superior in vivo antigen expression compared to DLin-KC2-DMA formulations following IM 

injection in BALB/c mice (279). Multiple preclinical studies have since demonstrated that DNA-

LNPs can elicit potent immune responses against numerous pathogens, including SARS-CoV-2, 

influenza, Lyme disease, and human papillomavirus (HPV) (280–287). 

1.5.5 DNA vaccine adjuvants 

Beyond optimizing delivery, DNA vaccines have often been combined with immunostimulatory 

adjuvants to boost their immunogenicity. In the context of nucleic acid vaccines, 

immunostimulatory adjuvants fall into two main categories. The first group are traditional or 

classic co-formulated adjuvants delivered alongside the vaccine. Numerous traditional adjuvants 

licensed for use with inactivated virus or protein-based vaccine platforms have been shown to 

enhance DNA vaccine immune responses, including Aluminum salts (Alum) (288), 

Monophosphoryl lipid A (MPLA) (289), and squalene-based emulsions like MF59 (290).  In 
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general, traditional adjuvants function by promoting antigen uptake and activating pattern 

recognition receptors (PRRs) (291,292). Notably, aside from mediating efficient nucleic acid 

delivery, ionizable lipids have also been shown to have intrinsic adjuvant activity (293–295). 

Combining traditional adjuvants with LNPs can pose a challenge, increasing manufacturing 

complexity and potentially promoting particle aggregation or destabilization. 

The second category comprises genetic adjuvants: immunomodulatory proteins encoded on the 

same construct as the antigen or on an accompanying nucleic acid. These can include cytokines, 

chemokines, co-stimulatory molecules, damage-associated molecular patterns (DAMPs), 

pathogen-associated molecular patterns (PAMPs), or proteins that enhance antigen processing 

(292). Encoding these adjuvants within nucleic acid can simplify vaccine formulations and 

spatially and temporally localize the adjuvant effect to coincide with antigen expression, reducing 

off-target effects and toxicity (292,296). While genetic adjuvants are actively being investigated 

for both DNA and mRNA vaccines, their clinical evaluation remains limited (297–300). 

1.6 CD40 ligand 

1.6.1 The CD40 - CD40L immune axis 

Cluster of differentiation 40 (CD40), a member of the tumor necrosis factor (TNF) receptor 

superfamily, is expressed on the surface of antigen-presenting cells (APCs) including dendritic 

cells (DCs), macrophages, and B cells (301,302). Engagement of CD40 by its ligand (CD40L) 

bridges innate and adaptive immune responses, promoting T cell priming, germinal-center 

formation, and B-cell class switching (301,302). Mechanistically, following CD4⁺ T cell 

recognition of peptide–MHC II on activated DCs, T cell receptor (TCR) signaling upregulates 

CD40L expression on the T cell, which in turn induces CD40 clustering on the DC (303). This 
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clustering triggers the recruitment of TNF-receptor associated factors (TRAF2/3/5/6) and initiates 

canonical and non-canonical NF-κB, MAPK, and PI3K signaling pathways (303,304). This 

increases MHC I/II antigen presentation, upregulates co-stimulatory molecule expression (CD80, 

CD86, CD70), and induces pro-inflammatory cytokine production (Interleukin (IL)-12, TNFα, IL-

6) (303,304) (Figure 1.7). Together, these changes enhance APC function, enabling DCs to 

effectively prime and activate both CD4⁺ and CD8⁺ T cells. 

 

Figure 1.7. CD40L as a bifunctional vaccine adjuvant 

Following IM DNA vaccination, myocytes become transfected and express the encoded antigen-

CD40L fusion protein. CD40L targets the antigen to CD40-expressing APCs, promoting antigen 

uptake and processing for MHC II presentation. CD40 engagement simultaneously drives APC 
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maturation, increasing costimulatory molecule (CD80) expression and inducing cytokine secretion 

(IL-12). These effects enhance CD4⁺ T cell activation, supporting stronger antigen-specific 

responses. 

1.6.2 CD40L as a vaccine adjuvant 

In 1999, Ihata et al. showed that co-administration of a plasmid encoding full-length CD40L 

enhanced both humoral and cellular responses to an human immunodeficiency virus (HIV) DNA 

vaccine (305). Li (2005) further demonstrated that directly fusing soluble CD40L to an antigen 

elicited superior antibody responses than co-administration of a separate CD40L-expressing 

plasmid (306). Similar CD40-targeted approaches across diverse vaccine platforms have proven 

effective against multiple pathogens, including influenza (307–309), RSV (310,311), and HIV 

(312,313). CD40-signaling in DCs promotes secretion of IL-12, a key driver of Th1 differentiation 

(301). Multiple vaccine  studies have correspondingly found targeting CD40 promotes Th1-

skewed immunity, biasing antibody subclasses towards IgG2a in mice and increasing production 

of interferon gamma (IFN-γ), IL-2, and TNFα cytokines in CD4+ and CD8+ T cells (305,314). 

Such responses are generally beneficial against intracellular pathogens, such as viruses, as they 

support Fc-effector functions and cytotoxic T cell immunity that can clear infected cells (315). 

1.6.3 Targeting CD40 as a SARS-CoV-2 vaccine adjuvant 

Prior to the COVID-19 pandemic, Hashem et al. showed that an AdV vaccine encoding MERS-

CoV S1 fused to CD40L elicited significantly higher NAb titers than an S1-only control, and 

prevented perivascular hemorrhage after challenge in transgenic mice (316). These findings 

demonstrated that targeting coronavirus antigens to CD40 could enhance vaccine-induced 

immunity. Several groups have subsequently investigated similar CD40-targeting strategies for 

SARS-CoV-2 vaccination. Recombinant RBD-CD40L and N-CD40L subunit vaccines were 

shown to be more immunogenic than their non-adjuvanted counterparts in mice, and induced 
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humoral responses in NHPs when adjuvanted with Alum (317,318). Likewise, fusing RBD to the 

C-terminus of an anti-human CD40 antibody enhanced humoral and cellular immunity in 

humanized mice (319). A multi-epitope anti-CD40 construct (CD40.CoV2) elicited broad cross-

reactive responses and protected transgenic mice from challenge (320), with follow-up work 

confirming strong Th1 CD4⁺ responses and CD8⁺ with stem-cell-like memory (TSCM) features 

(321). Building on these preclinical studies, a Phase 1/2a trial was launched in June 2025 for an 

updated anti-CD40 vaccine (CD40.Pan.CoV) (322). A related anti-CD40 vaccine construct against 

HIV recently demonstrated both safety and immunogenicity in a Phase 1 study (323). Together, 

these studies position CD40-targetting, whether via CD40L or anti-CD40, as a broadly applicable 

strategy for SARS-CoV-2 vaccines. 
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1.7 Rationale, Hypothesis, and Objectives 

1.7.1 Rationale 

Despite widespread vaccination and substantial population-level immunity, SARS-CoV-2 

continues to circulate globally and poses a persistent threat to vulnerable populations (324). New 

infections are increasingly driven by the emergence of variants that partially evade existing 

immune responses and the waning of infection- and vaccine-induced immunity (324). Although 

deploying updated boosters can refresh immunity and restore higher levels of protection, the 

approach is undermined by declining booster uptake, rollout timelines that can leave vaccines 

mismatched to circulating variants, and immune imprinting that may bias recall responses toward 

earlier antigens (325–328). New approaches to vaccination are essential to develop vaccines that 

elicit more durable and broadly protective immunity against SARS-CoV-2. 

mRNA-LNP vaccines, which spearheaded COVID-19 vaccination efforts in North America and 

Europe, induce robust immune responses and provide high efficacy against symptomatic and 

severe disease (185,186,329). However, initially strong responses elicited by mRNA vaccines are 

generally followed by relatively rapid and marked declines in circulating antibody titers (201,330–

332), with serum NAb titers exhibiting an estimated half-life of ~2 months after a two-dose 

vaccination regimen (333). While these vaccines continue to effectively prevent severe disease, 

susceptibility to infection increases significantly ~6-9 months post-vaccination (202–204).  

DNA vaccines are often presented as an alternative to mRNA vaccines. DNA vaccines offer more 

cost-effective manufacturing and longer shelf lives at refrigerated (2–8 °C) and ambient 

temperatures, making them a potentially more equitable solution to address global vaccine 

inequities (194,334). Although multiple DNA vaccines underwent clinical evaluation during the 
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pandemic, none played a significant role in global vaccination efforts (235,236,241,335–338). The 

efficacy of DNA vaccines has historically been limited by inefficient cellular uptake and modest 

immunogenicity, motivating the development of improved delivery strategies and molecular 

adjuvants. Recent advancements in mRNA-LNP formulations, particularly the development of 

modern ionizable lipids, can potentially be leveraged to address the longstanding challenge of 

inefficient DNA vaccine delivery. Likewise, CD40L could potentially be employed to enhance the 

magnitude, breadth and durability of immunity induced by a SARS-CoV-2 DNA vaccine. These 

considerations motivate the evaluation of whether a DNA vaccine formulated in LNPs and 

adjuvanted with CD40L can induce and sustain cross-protective immune responses against SARS-

CoV-2. 

1.7.2 Hypothesis 

I hypothesize that a DNA vaccine encoding the SARS-CoV-2 Spike, when formulated in LNPs 

and co-expressing CD40L, can provide significant protection against infection by eliciting durable 

and broad immune response. The ability of CD40L-adjuvanted DNA-LNPs to sustain long-term 

humoral immunity and protection against SARS-CoV-2 can be evaluated in comparison to mRNA-

LNPs.  

1.7.3 Objectives 

1. Evaluate the impact of CD40L as a molecular adjuvant on the immunogenicity and 

protective efficacy of nucleic acid vaccines against SARS-CoV-2. 

2. Assess the immunogenicity and protective efficacy of SARS-CoV-2 DNA vaccines 

delivered by ionizable lipid nanoparticles (DNA-LNPs). 

3. Compare the durability of vaccine-induced immune responses elicited by DNA-LNPs and 

mRNA-LNPs. 
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Chapter 2: DNA Based Vaccine Expressing SARS-CoV-2 

Spike-CD40L Fusion Protein Confers Protection Against 

Challenge in a Syrian Hamster Model 

Preface: This chapter has been previously published as a research article.  
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2.1 Abstract 

SARS-CoV-2 infections present a tremendous threat to public health. Safe and efficacious vaccines 

are the most effective means in preventing the infections. A variety of vaccines have demonstrated 

excellent efficacy and safety around the globe. Yet, development of alternative forms of vaccines 

remains beneficial, particularly those with simpler production processes, less stringent storage 

conditions, and the capability of being used in heterologous prime/boost regimens which have 

shown improved efficacy against many diseases. Here we reported a novel DNA vaccine 

comprised of the SARS-CoV-2 spike protein fused with CD40 ligand (CD40L) serving as both a 

targeting ligand and molecular adjuvant. A single intramuscular injection in Syrian hamsters 

induced significant neutralizing antibodies 3-weeks after vaccination, with a boost substantially 

improving immune responses. Moreover, the vaccine also reduced weight loss and suppressed viral 

replication in the lungs and nasal turbinates of challenged animals. Finally, the incorporation of 

CD40L into the DNA vaccine was shown to reduce lung pathology more effectively than the DNA 

vaccine devoid of CD40L. These results collectively indicate that this DNA vaccine candidate 

could be further explored because of its efficacy and known safety profile.  
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2.2 Introduction 

Since its emergence in late 2019, the severe acute respiratory syndrome-coronavirus-2 (SARS-

CoV-2) has caused one of the greatest pandemics in modern history, with over 215 million 

confirmed infections and 4.5 million deaths (1). This global health crisis has resulted in an 

unprecedented push to develop safe and efficacious vaccines against SARS-CoV-2. According to 

the WHO, there are over 180 vaccines currently in pre-clinical development, with more than 100 

having begun clinical testing (2). While more traditional vaccine technologies such as subunit and 

inactivated virus vaccines make up a large portion of this figure, many innovative vaccines 

strategies have been at the forefront of global vaccination campaigns, receiving emergency use 

authorization from multiple regulatory agencies. Lipid nanoparticle–formulated messenger RNA 

(mRNA) vaccines are one strategy that has seen widespread usage throughout the pandemic. Two 

mRNA vaccines in particular, Moderna’s mRNA-1273 (Spikevax) (3,4) and Pfizer/BioNTech’s 

BNT162b2 (Comirnaty) (5,6) have proven to be extremely safe and effective at preventing 

COVID-19 illness. With many leading regulatory bodies approving the Comirnaty vaccine (7–9), 

we are witnessing the beginning of a new era in vaccinology. 

While unquestionably effective, the high cost and cold-storage requirements of mRNA vaccines 

impedes their use in both lower income countries and remote and isolated communities. Alongside 

protein subunit and inactivated virus vaccines, DNA vaccines present an invaluable alternative to 

mRNA vaccines due to their superior thermostability and reduced cost of production (10–12). Two 

prominent DNA vaccines against SARS-CoV-2 include Inovio pharmaceuticals’ INO-4800 and 

Zydus Cadila’s ZyCoV-D candidate vaccines, which both elicited strong humoral and cellular 

immune responses in their respective Phase I clinical trials (13,14). In a first for a DNA-based 

SARS-CoV-2 vaccine, ZyCoV-D recently received emergency use approval in India (15). 
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Despite promising results, some concerns remain about DNA vaccine technologies, notably their 

low immunogenicity and subsequent ability to produce effective immune responses. One well-

tested strategy to enhance the humoral and cell-mediated immune responses to DNA vaccines is 

via the inclusion of the cluster of differentiation 40 (CD40) ligand (CD40L) as a molecular 

adjuvant (16–22). CD40, a member of the TNF-receptor superfamily, is constitutively expressed 

in antigen-presenting cells (APCs) as a key regulator of their activation (23–25). The CD40-

CD40L interaction represents one of the most critical steps in transitioning from the innate to the 

adaptive immune response. Our group has previously described the benefits of using CD40L as an 

adjuvant for vaccines against influenza (26), respiratory syncytial virus (27) and recently, Middle 

East respiratory virus (MERS-CoV) (28).  

Given its previously demonstrated effectiveness in inducing strong and long-lasting immune 

response and specifically its ability to improve the safety of a vaccine against another coronavirus, 

we employed CD40L as an adjuvant to develop a DNA vaccine against SARS-CoV-2. To this end, 

we generated a pcDNA3.1-vectored vaccine encoding a secreted pre-fusion stabilized form of the 

SARS-CoV-2 spike protein fused to hamster CD40L via a trimerization motif. The 

immunogenicity and protective efficacy of this vaccine candidate was evaluated in a Syrian 

hamster challenge model. 

2.3 Materials and Methods 

2.3.1 Cell lines and viruses 

BHK-21, HEK293T and HEK293T-ACE2 cells were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 25 mM HEPES, 20 U/mL Penicillin, 0.02 mg/mL 

Streptomycin and 10% heat-inactivated fetal-bovine serum (FBS). HEK-Blue™ CD40L cells were 
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cultured in DMEM supplemented with 20 U/mL Penicillin, 0.02 mg/mL Streptomycin, 100 µg/mL 

Normocin and 10% heat-inactivated FBS. Vero cells were cultured in DMEM supplemented with 

1X non-essential amino acid, 20 U/mL Penicillin, 0.02 mg/mL Streptomycin, 1 mM sodium 

pyruvate and 10% heat-inactivated FBS. SARS-CoV-2 isolate Canada/ON/VIDO-01/2020 was 

propagated on Vero E6 cells and titered on Vero cells. Exact genetic identity to original isolate was 

confirmed by whole viral genome sequencing. Passage three virus stocks were used in all 

subsequent experiment that required live virus. 

2.3.2 DNA vaccines 

DNA sequences encoding the SARS-CoV-2 isolate Wuhan-Hu-1 spike (GenBank accession 

#MN908947) ectodomain (residues 1–1208) fused to a T4 fibritin foldon trimerization motif 

(YIPEAPRDGQAYVRKDGEWVLLSTFLG) without (S.dTM.PP) or with the ectodomain of 

Mesocricetus auratus CD40L (S.dTM.PP-CD40L) (GenBank accession #XM_005084522.4, 

residues 118-260) were commercially synthesized (BioBasic, Toronto, ON). Domains were 

separated by flexible glycine-serine linkers sequences “GSGG”. The S ectodomains were 

prefusion stabilized via a “GSAS” substitution at the furin cleavage site (residues 682-685) and 

proline substitutions at residues 986 and 987 as previous reported (29). Coding sequences were 

codon optimized for expression in Syrian hamsters and subcloned into the mammalian expression 

plasmid pcDNA3.1 (+) using KpnI and NotI restriction enzymes (Supplemental Figure 2.1). Bulk 

DNA vaccine preparations were prepared with endotoxin-free gigaprep kits (Qiagen, Hilden, 

Germany) and the sequences were validated with Sanger sequencing.  

2.3.3 In vitro protein expression  

HEK293T cells were transiently transfected in 6-well plates with 1.6 µg of pcDNA3.1, pcDNA3.1 

S.dTM.PP or pcDNA3.1 S.dTM.PP-CD40L using Lipofectamine™ 3000 Transfection Reagent 
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(ThermoFisher, Ottawa, ON) according to the manufacturer’s instructions and incubated for 48 

hours at 37°C, 5% CO2. The cells were washed with phosphate-buffered saline (PBS) and then 

lysed with radioimmunoprecipitation assay buffer (ThermoFisher, Ottawa, ON). Lysates were 

electrophoresed on a 4-15% TGX stain-free SDS-PAGE gel (Bio-Rad, Saint-Laurent, QC) and 

subsequently transferred to a polyvinylidene difluoride membrane. Membranes were blocked for 

1h at room temperature with tris-buffered saline (TBS) containing 0.5% Tween 20 (Sigma-Aldrich, 

St. Louis, MO) (V/V) (TBS-T) and 5% (W/V) non-fat milk powder then incubated overnight at 

4°C in blocking buffer containing either polyclonal rabbit anti-SARS-CoV-2 Spike antibody 

(1:3000 dilution) (Sino Biological) or polyclonal rabbit anti-β-actin antibody (1:1000 dilution) 

(Cell Signaling). Membranes were then incubated for 1 hour at room temperature with goat anti-

rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (1:75, 000 dilution) 

(ThermoFisher, Ottawa, ON) in blocking buffer and developed using SuperSignal™ West Femto 

Maximum Sensitivity Substrate (ThermoFisher, Ottawa, ON) and a ChemiDoc MP imaging 

system (Bio-Rad, Saint-Laurent, QC). 

2.3.4 CD40L bioactivity assay 

HEK293T cells were either mock transfected or transiently transfected in a 24-well plate with 1 

µg of pcDNA3.1, pcDNA3.1-S.dTM.PP or pcDNA3.1-S.dTM.PP-CD40L using Lipofectamine™ 

3000 Transfection Reagent (ThermoFisher, Ottawa, ON) and incubated for 24 hours at 37°C, 5% 

CO2. In a 96-well plate, 100 µL of growth media from the transfected cells was mixed with 100 

µL of HEK-Blue CD40L cells (RRID:CVCL_A8CE, Invivogen, San Diego, CA) resuspended at 

2.0×105 cells per mL in fresh media. Following a 24-hour incubation at 37°C in a 5% CO2 

incubator, 20 µL of cell culture media was mixed with 180 µL of QUANTI-Blue™ Reagent in a 
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96-well plate. The absorbance at 630 nm was measured periodically after a 30-minute incubation 

at 37°C using a Synergy™ 2 microplate reader (BioTek, Winooski, VT). 

2.3.5 Hamster immunization 

6-8 week old female Syrian hamsters were purchased from Charles River Laboratories (Saint-

Constant, Canada). Animal experiments were approved by the National Research Council Canada 

(NRC) Human Health Therapeutics Animal Care Committee. Animal procedures were performed 

by trained staff in accordance with regulations and guidelines by the Canadian Council on Animal 

Care and the NRC Human Health Therapeutics Animal Care Committee. All infectious work was 

carried out under ABSL-3 conditions at the NRC. Animals were randomly allocated into three 

different experimental groups (n=12 per group) and were immunized twice with 100 µg of 

pcDNA3.1, pcDNA3.1 S.dTM.PP or pcDN3.1 S.dTM.PP-CD40L on days 0 and 28. The DNA 

vaccines were suspended in PBS at a concentration of 1 mg/mL and administered intramuscularly 

in the hamster’s left tibialis anterior muscle with a needle syringe. Hamster serum was collected 

on days -7, 21 and 42. On day 49 the hamsters were intranasally challenged with 1.0×105 PFU of 

SARS-Co-2 (Canada/ON/VIDO-01/2020). Animals were euthanized by CO2 either 2- or 7-days 

post-challenge and the nasal turbinate, lung and spleen were collected for determination of viral 

titers and histopathology analysis. 

2.3.6 ELISA 

Nunc MaxiSorp™ flat-bottom 96-well plates (ThermoFisher, Ottawa, ON) were coated with 1 

µg/mL of either SARS-CoV-2 Spike S1+S2 ECD-His recombinant protein or SARS-CoV-2 Spike 

RBD-His recombinant protein (Sino Biological, Beijing, China) in PBS and incubated overnight 

at 4°C. Plates were washed with PBS containing 0.1% Tween-20 (PBS-T) before blocking with 

3% (w/v) Bovine Serum Albumin (IgG-Free, Protease-Free) (Jackson Immuno Research, West 
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Grove, PA) in PBS-T for 2 hours at 37°C. The plates were washed again and two-fold serial 

dilutions of hamster serum, starting from 1:50 up to 1:102400 were added to the wells and 

incubated for 1 hour at 37°C. Plates were then washed with PBS-T and Peroxidase AffiniPure Goat 

Anti-Syrian Hamster IgG (H+L) (Jackson Immuno Research, West Grove, PA) was added to each 

well at 1:4000 and incubated at 37°C for 1h. Plates were washed again with PBS-T and 100 µL of 

Tetramethylbenzidine (TMB) substrate (Cell Signaling Technology, Danvers, MA) was added to 

each well. After a two-minute incubation at room temperature, 100 µL of 0.16 M sulfuric acid was 

added to terminate the reaction and absorbance was measured at 450 nm. Endpoint titers were 

expressed as the reciprocals of the final detectable dilution with an OD above the cut-off value, 

which was defined as the average OD of the pcDNA3.1-empty samples plus 3 standard deviations. 

2.3.7 Pseudovirus neutralization assay 

The neutralizing activity of vaccinated hamster sera was determined using a luciferase reporter 

SARS-CoV-2 S pseudovirus described previously (30). Briefly, pseudotyped Vesicular Stomatitis 

Virus (VSV) was generated by concurrently infecting HEK293T cells with G*ΔG-VSV (Kerafast, 

Winston-Salem, NC) and transfecting them with pCDNA3.1 encoding either SARS-CoV-2 S from 

the Wuhan-1 or B.1.351 (31) lineages or SΔCT from the B.1.617.2 lineage. Cell culture 

supernatant containing the pseudovirus was collected 24- and 48-hours post-infection before being 

mixed and purified by filtration through a 0.45 µm filter. In a 96-well plate, serum samples heat-

inactivated at 56°C for 30 mins were serially diluted three-fold, mixed with 50 µL of pseudovirus 

diluted to 1.3×104 TCID50/mL and incubated for 1h at 37°C, 5% CO2. Afterwards 100 µL of 2×105 

cells/mL of HEK293T-ACE2 was added to each well. Following an additional 24h incubation, 150 

µl of supernatant was aspirated and replaced with 100 µL of Bright-Glo luciferase reagent 

(Promega, Madison, WS). Luminescence was measured using a Synergy™ 2 microplate reader 
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(BioTek, Winooski, VT). The 50% neutralization titers (NT50) were determined as previously 

reported (30), where the NT50 was the reciprocal of the sample dilution at which a 50% reduction 

in relative light units (RLU) was observed relative to the average of the no-serum control wells. 

2.3.8 Lung viral titration assay 

Plaque assays were performed under biosafety level-3 (BSL-3) conditions. Left lung tissues were 

weighed and then homogenized in 1 mL of PBS. The homogenates were centrifuged and the 

clarified supernatants were used in a plaque assay. In brief, a 1:10 serial dilution of clarified lung 

homogenate was made in infection media (DMEM supplemented with 1X non-essential amino 

acid, 20 U/mL Penicillin, 0.02 mg/mL Streptomycin, 1 mM sodium pyruvate, and 0.1% bovine 

serum albumin). Virus was adsorbed on Vero cells at 37°C and 5% CO2 for 1h before the inoculum 

was removed and overlay media was added (1X infection media with 0.6% ultrapure, low-melting 

point agarose). The infection was incubated at 37°C and 5% CO2 for 72h, then fixed with 10% 

formaldehyde and stained with crystal violet. Plaques were enumerated and PFU was determined 

per gram of lung tissue. 

2.3.9 Subgenomic mRNA assay 

SARS-CoV-2 E subgenomic mRNA (sgmRNA) levels in lungs and nasal turbinates were assessed 

by RT-qPCR using previously described TaqMan probes (32). SARS-CoV-2 E sgmRNA for use as 

a standard curve was transcribed from a commercially synthesized pcDNA3.1 E sgmRNA vector 

(BioBasic, Toronto, ON) using a TranscriptAid T7 High Yield Transcription Kit (ThermoFisher, 

Ottawa, ON) according to the manufacturer’s protocol. Lung tissues were placed into RNA shield 

buffer (Zymo Research, Irvine, CA) and incubated overnight at 4°C to allow for reagent 

penetration before freezing at -80°C. Viral RNA was extracted under BSL-3 conditions from the 

mechanically homogenized samples using a Quick-RNA Viral Kit (Zymo Research, Irvine, CA). 
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Inactivated purified viral RNA was then removed from the ABSL-3 facility for subsequent qRT-

PCR experiments. sgmRNA levels were assessed using a TaqMan custom gene expression assay 

(ThermoFisher, Ottawa, ON) (Table 2.1) and a one-step Fast Virus master mix (ThermoFisher, 

Ottawa, ON) according to the manufacturer’s protocol. RT-qPCR reactions were conducted using 

an Applied Biosystems™ 7500 Fast Real-time PCR instrument. Standard curves of in vitro 

transcribed sgmRNA were used to calculated sgmRNA copiers per mL. 

Table 2.1 E sgmRNA primers. 

Name Sequence 

Leader_F 5'- CGATCTCTTGTAGATCTGTTCTC-3' 

E_Probe 5'- ACACTAGCCATCCTTACTGCGCTTCG-3' 

E_Rev 5'-FAM-ATATTGCAGCAGTACGCACACA-MGB- 3' 

 

2.3.10 Histopathology 

Right lungs were collected for histopathology analysis. The tissues were fixed for 72h in 10% 

neutral buffered formalin and processed by standard paraffin embedding methods (33). Sections 

were cut 4 µm thick, stained with hematoxylin-eosin (HE), and examined under microscopy. The 

severity and extent of pneumonia (the presence of inflammatory polymorphonuclear and 

mononuclear cells) was scored blinded by a veterinarian pathologist based on the criteria of Lien 

et al. (34) with modifications (Table 2.2). 
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Table 2.2 Histological Scoring Criteria. 

Score Histological changes 

0 No significant finding 

1 Minor peribronchial/bronchiolar and perivascular inflammation with slight 

thickening of alveolar septa with small numbers of mononuclear cell infiltration 

2 Apparent inflammation and alveolus septa thickening with more interstitial 

mononuclear inflammatory infiltration; focal areas of consolidation 

3 Multiple focal consolidation with alveolar septa thickening, and increased 

infiltration of inflammatory cells 

4 Area of consolidation with extensive alveolar septa thickening, collapse of alveoli, 

restricted fusion of the thick septa, and more cell infiltration in alveolar space and 

the areas surrounding airways and blood vessels 

5 As 4, but the lung is almost completely consolidation  

 

2.3.11 Statistical analysis 

Normality of the study data was assessed by a Shapiro-Wilk test (alpha-level=0.05). Whenever 

data or their log transformations were deemed not of normal distribution, a non-parametric 

approach was adopted. A Kruskal-Wallis H test with Holm’s sequential Bonferroni adjustment was 

applied for pairwise (between-group) comparisons of S- and RBD-specific IgG endpoint titers, 

neutralizing antibody titers, lung viral burden and histology scores. A one-way analysis of variance 

(ANOVA) with Bonferroni’s adjustment was applied for pairwise (between-group) comparisons 
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of CD40L bioactivity, weight loss data by day, nasal viral titer and lung subgenomic mRNA. The 

abovementioned analyses were performed using either SAS Enterprise Guide 7.1 or GraphPad 

PRISM 7. * p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001. 

2.4 Results 

2.4.1 Recombinant antigen design, expression and bioactivity 

Recombinant C-terminally truncated pre-fusion stabilized SARS-CoV-2 S proteins (S.dTM.PP) 

without or with a fused CD40L ectodomain (S.dTM.PP-CD40L) were generated in pcDNA3.1 

vectors (Figure 2.1A&B). Western blot analysis was used to confirm the in vitro expression of both 

S.dTM.PP and S.dTM.PP-CD40L in transfected BHK-21 cells (Figure 2.1C). The western blot 

revealed single bands for both the S.dTM.PP and S.dTM.PP-CD40L constructs near their expected 

molecular weights (MW) of 137 and 152 kDa respectively. Next, a cell-based CD40 secreted 

embryonic alkaline phosphatase (SEAP) reporter assay was used to ensure that the fused CD40L 

ectodomain remained biologically active and capable of engaging with CD40 (Figure 2.1D). Cell 

culture media from HEK293T cells transfected with the DNA vaccines was transferred onto 

reporter HEK-Blue CD40L cells to test the engagement of vaccine antigen derived CD40L with 

CD40 from HEK-Blue cells. The S.dTM.PP-CD40L construct induced significantly higher levels 

CD40-CD40L signaling than the other two constructs (Figure 2.1C), confirming the bioactivity of 

the fused CD40L ectodomain. 
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Figure 2.1 Spike-CD40L fusion antigen design and vaccine characterization. 

(A) The DNA vaccine antigens were based on a truncated SARS-CoV-2 spike protein lacking the 

transmembrane domain and C-terminal tail. The S protein was prefusion stabilized via the 

introduction of two stabilizing proline mutations (solid lines) and the replacement of the furin 

cleavage site (dotted line). The S protein was fused to a T4 fibritin trimerization motif (F) with or 
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without the ectodomain of CD40L. (B) Antigens were subcloned into pcDNA3.1 (+) vector using 

KpnI and NotI restriction sites. (C) Antigen expression was detected in BHK-21 cells transfected 

with the DNA vaccines. Empty pcDNA3.1 was used as a negative control and β-actin expression 

was used as a loading control. kDa: kilodalton. (D) CD40L reporter HEK293 cells were stimulated 

for 24h with media collected from HEK293T cells transfected with the DNA vaccines. SEAP 

expression in the cell culture supernatant post-24h incubation was measured using QUANTI-

Blue™ reagent. Abs630nm values were measured after a 30-minute incubation. Data shown is 

mean ± SEM; n = 3 per group. 

2.4.2 DNA vaccines elicit strong humoral responses in Syrian hamsters 

Female Syrian hamsters were immunized with two 100 μg doses of pcDNA3.1-S.dTM.PP, 

pcDNA3.1-S.dTM.PP-CD40L or empty pcDNA3.1. The vaccines were administered 

intramuscularly in PBS at days 0 and 28 (Figure 2.2A). Binding antibodies against the full-length 

SARS-CoV-2 S (Figure 2.2B) and RBD (Figure 2.2C) were quantified 21 and 42 days after prime 

vaccination using an indirect ELISA. At day 21 following a single administration, S.dTM.PP-

CD40L induced significantly higher antibody titers against SARS-CoV-2 RBD than its non-fusion 

counterpart, S.dTM.PP (Figure 2.2C). Following the boost vaccination, both vaccines elicited 

similar antibody titers against both full-length S (Figure 2.2B) and RBD (Figure 2.2C), at higher 

levels than what was observed for both on day 21. The neutralizing antibody (NAb) titer of serum 

collected on either day 21 or day 42 was determined using a VSV-based pseudovirus neutralization 

assay (Figure 2.2D). Coinciding with the increased RBD-specific IgG, after a single dose, the 

S.dTM.PP-CD40L vaccine induced a greater 50% neutralization titer against wild type (WT) and 

B.1617.2 variant pseudotyped-VSV than the S.dTM.PP vaccine (Figure 2.2D). After the boost 

vaccination, both spike vaccines induced significant NAb responses against WT, B.1.351 and 

B.1617.2 pseudotyped VSV (Figure 2.2D). 
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Figure 2.2. DNA vaccines induce robust humoral response.  

(A) Female Syrian hamsters were randomly divided into three experimental groups (n= 12) and 

immunized intramuscularly on day 0 and 28 with 100 µg of pcDNA3.1, pcDNA3.1 S.dTM.PP or 

pcDNA3.1 S.dTM.PP-CD40L. Animals were challenged intranasally with 1×105 PFU of SARS-

CoV-2 on day 49 and euthanized 2- and 7-days post-infection (dpi). Immunoglobulin 

determination of total spike (B) and RBD (C) -specific IgG in the sera of immunized hamsters was 
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done on days 21 and 42. (D) The 50% neutralization titer of immunized hamster sera at day 21 and 

day 42 was determined using wild type, B.1.671.2 and B.1.351 SARS-CoV-2 spike pseudotyped-

VSV. 

2.4.3 DNA vaccines protect hamsters from weight loss and reduce viral burden 

On day 49, animals were challenged intranasally with 1×105 PFU of SARS-CoV-2 (Figure 2.2A). 

Changes in body weight were monitored daily post-challenge (Figure 2.3A) until animals were 

euthanized either 2 or 7 days post-challenge. On average, animals in the empty vector control 

group continued to lose body weight for 4 days post-challenge, reaching a maximum weight loss 

of 7.6% on day 4. Comparatively, animals immunized with the S.dTM.PP-CD40L and S.dTM.PP 

vaccines began to recover weight much earlier post-challenge, beginning to have significantly 

higher body weights than the control animals on days 3 and 4 respectively (Figure 2.3A). Viral 

burden in the respiratory tissues of Syrian hamsters was assessed by both plaque assay and RT-

qPCR quantification of SARS-CoV-2 subgenomic mRNA (sgmRNA). On day 2 post-infection, 

the S.dTM.PP and S.dTM.PP-CD40L groups had significantly reduced viral burden in both lung 

and nasal turbinates compared to the empty vector control (Figure 2.3B/C). Although not 

statistically significant, there was a notable trending difference (p=0.053) of more than 50 folds in 

the mean lung viral titers between S.dTM.PP (1.4×107 PFU/g) and S.dTM.PP-CD40L (2.2×105 

PFU/g). Vaccination with both S.dTM.PP and S.dTM.PP-CD40L significantly reduced the number 

of E sgmRNA copies in the hamster lungs 2 dpi (Figure 2.3D) relative to the empty vector control. 

Plaque forming units and E sgmRNA levels were below the limit of detection for all groups 7 days 

post-challenge (data not shown). 
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Figure 2.3. DNA vaccines reduce viral loads and improve weight recovery.  

(A) Syrian hamster body weight was measured for 7-days following viral challenge (n=6). (B) 

Viral load in the lungs and nasal turbinates of SARS-CoV-2 challenged hamsters on day 2 post-

infection (n=6). (C) Number of E sgmRNA copies in the lungs was determined via RT-qPCR 2 

days post-infection (n=6). Data shown is mean ± SEM; n = 6 per group. 
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2.4.4 DNA vaccine expressing S-CD40L fusion protein most effectively reduced lung 

pathology following SARS-CoV-2 challenge 

Right lung lobes were collected both 2- and 7-days post-challenge for histopathological analysis. 

Lungs from all infected hamsters at day 2, regardless of administered vaccine, showed mild to 

moderate interstitial pneumonia consisting of small to moderate numbers of mononuclear cell 

infiltration, thickening of the alveolar septa, and occasional presence of mixed neutrophils and 

mononuclear cells in the airway lumen. In addition, we detected mild to moderate infiltration of 

mononuclear cells in some perivascular and peribronchial areas of the lung (Figures 2.4A/B). 

Substantial differences in the severity of lung histopathology were observed in the infected 

hamsters at day 7, depending on the type of vaccine received. As anticipated, hamsters vaccinated 

with the empty vector showed the most severe lung histopathology. They displayed areas of 

consolidation due to the extensive alveolar septa thickening, collapse of alveoli, and inflammatory 

cell infiltration in alveolar septa and the areas surrounding airways and blood vessels. Hamsters 

vaccinated with S.dTM.PP showed milder lung histopathology, which were comparable to those 

seen at day 2 but with more apparent mononuclear inflammatory infiltration in the alveolar septa 

and focal areas of consolidation. The hamsters vaccinated with S.dTM.PP-CD40L showed even 

milder lung histopathology in their lungs than the hamsters vaccinated with S.dTM.PP (Fig. 4A/B), 

although the nature of the histopathological changes were similar between the two groups of 

hamsters. There were no overt abnormal changes in the nasal turbinate or spleen of any infected 

hamsters. 
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Figure 2.4. Lung Pathology following SARS-CoV-2 Challenge.  

(A) Summary of histopathological scores. Data shown is mean ± SEM; n = 6 per group. (B) 

Representative photomicrographs of lung histopathology in SARS-CoV-2-infected hamsters. 

Groups of female golden Syrian hamsters (n=6) were intramuscularly immunized with pcDNA3.1 

S.dTM.PP, pcDNA3.1 S.dTM.PP-CD40L or empty vector as a control on day 0 and 28. The 

hamsters were intranasally challenged with 1.0×105 PFU of SARS-CoV-2 on day 49 and sacrificed 

2 or 7 days later. (A-C) Lung histopathology from infected hamsters sacrificed at day 2 post-

challenge. The lungs from hamsters vaccinated with empty vector (A), S.dTM.PP (B), and 

S.dTM.PP-CD40L (C) showed mild to moderate interstitial pneumonia of similar severity. (D-F) 

Lung histopathology from infected hamsters sacrificed at day 7 post-challenge. (D) The lung from 

a hamster vaccinated with the empty vector showed areas of consolidation with the occasional 
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presence of mixed inflammatory cells in the bronchiolar lumen (arrow). (E) The lung from a 

hamster vaccinated with S.dTM.PP showed apparent mononuclear inflammatory infiltration in the 

alveolar septa and focal areas of consolidation. (F) The lung from a hamster vaccinated with 

S.dTM.PP-CD40L showed only mild interstitial pneumonia that is milder than that in the hamster 

vaccinated with S.dTM.PP (E). Br: bronchioles; V: blood vessel. H&E. Bar = 100 µm. 

2.5 Discussion 

Many vaccine candidates against SARS-CoV-2 have been developed in an attempt to bring a halt 

to the COVID-19 pandemic. While vaccination efforts are underway across the globe, there 

remains a need for affordable and equitable vaccines. This need is heightened by the continued 

emergence of SARS-CoV-2 variants with increased resistance to neutralizing antibodies (35–37). 

These variants of concerns and potential waning immunological memory (38) may require 

administration of annual booster shots, exacerbating costs. DNA vaccines present a cost-effective 

and temperature-stable alternative to mRNA vaccines with similar immunological characteristics. 

Multiple DNA vaccines against SARS-CoV-2 have been tested in various animal models and 

clinical trials (13,39–43). Intramuscular vaccination with 5 mg of naked pcDNA3.1 vectored 

vaccines encoding different variations of the SARS-CoV-2 spike protein, including S.dTM.PP, 

were shown to induce neutralizing antibodies and reduce levels of viral sgmRNA in the lungs of 

rhesus macaques (39). The pVAX-1-vectored ZyCoV-D vaccine showed strong humoral responses 

in mice, guinea pigs and rabbits when administered intradermally at 25 µg, 100 µg and 500 µg 

doses respectively (44). The ZyCoV-D vaccine was also found to be safe and immunogenic in a 

non-randomized phase I trial (14). INO-4800, a pGX0001-vectored Spike with an N-terminal IgE 

leader sequence displayed strong humoral and cell-mediated immune responses in mice and guinea 

pigs when administered intradermally using electroporation (43). The INO-4800 DNA vaccine was 

well-tolerated and immunogenic in all participants of a phase I clinical trial (13) and is now being 

tested in Phase II/III trials. INO-4800 is one of only a handful of candidate DNA vaccines currently 
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undergoing clinical testing (Supplemental Table 2.1). As DNA vaccines appear poised to become 

a valuable tool against COVID-19, research into overcoming their limitations and improving the 

technology is more essential than ever. 

In this work, we evaluated the protective efficacy of a pcDNA3.1 vectored SARS-CoV-2 spike 

antigen fused with and without CD40L in a SARS-CoV-2 Syrian hamster challenge model. It is 

noted in the literature that doses of DNA vaccines vary, ranging from 50 to 200 µg with or without 

the use of alternative DNA vaccine delivery methods (45–47). In this study, we employed a 100 

µg dose, as our study was mainly intended to compare the vaccines with or without CD40 ligand. 

The pcDNA3.1 S.dTM.PP-CD40L vaccine was able to induce a significant antibody response after 

a single dose (Figure 2.2B/C/D). Notably after a single dose, the S.dTM.PP-CD40L vaccine 

generated higher RBD-specific IgG antibody titers than the spike vaccine devoid of CD40L and 

induced a significantly greater NAb response against WT and B.1617.2 pseudoviruses (Figure 

2.2D). Two weeks following the second immunization, the two spike vaccines induced similarly 

robust humoral responses, including the significant induction of neutralizing antibodies against 

WT, B.1.351 and B.1.671.2 spike pseudotyped VSV (Figure 2.2D). Post-challenge all animals 

experienced some level of SARS-CoV-2 related pathology. Vaccination with either spike vaccine 

led to a quicker recovery of body weight (Figure 2.3A) and reduced lung and nasal viral burdens 

(Figure 2.3B/C/D) post-challenge relative to recipients of the empty vector. While the CD40L-

adjuvanted DNA vaccine did not induce statistically significant differences when compared 

directly to its non-adjuvanted counterpart, earlier body weight recovery and a trending decrease in 

pulmonary viral burden were observed for S.dTM.PP-CD40L vaccinated animals. At 2 days post-

challenge all animals had comparable lung histopathology (Figure 2.4A) despite differences in 

lung and nasal viral burden. This result is not unexpected, as the absence of strong mucosal 
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immunity is likely to delay clearance of viral infection and resolution of pathological changes 

(48,49). In this light, CD40L seemed to contribute significantly to the recovery from damage to 

the lower respiratory tract. Substantial differences were noted in lung histopathology at day 7 post-

challenge, where hamsters vaccinated with S.dTM.PP-CD40L had milder pathology than both the 

empty vector and S.dTM.PP immunized animals (Figure 2.4A). The severe lung pathology at day 

7 post-challenge in hamsters vaccinated with the empty vector (Figure. 2.4A) but with no 

detectable viruses supports the notion that histopathology caused by the infection can persist for 

days after clearance of the SARS-CoV-2 infection (50). 

While humoral responses and neutralizing antibodies play a critical role in vaccine-induced 

immunity against SARS-CoV-2 (51–53), it is important to consider strategies that also drive robust 

and long-lasting T cells responses. Despite not generating neutralizing antibodies, T cell epitope 

vaccines provide partial protection form SARS-CoV-2 challenge, suggesting T cell responses may 

also contribute to protection (54). Limited reagent availability for the Syrian hamster model 

precludes the comprehensive characterization of CD40L’s effect on immune subtypes and T cell 

responses without the use of an additional animal model. However, mechanistic explanations for 

the observed reduction in lung pathology can potentially be inferred from previous work. In the 

past, our group and others have demonstrated that the addition of CD40L enhances antigen-specific 

T cell responses and improves vaccine efficacy against various viruses (21,26–28,55–57). Notably 

in one study, immunization with an influenza nucleoprotein CD40L fusion vaccine provided no 

protection against RSV challenge in BALB/c mice (27). This result highlights the inability of 

CD40L alone to induce protective immune responses, with its beneficial effects rather being 

mediated through the enhancement of antigen-specific responses. In our previous study of 

recombinant adenovirus-5 vectored vaccines against MERS-CoV, despite affording similar 
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reductions in viral burden as S1 alone, only S1-CD40L was able to prevent pulmonary perivascular 

hemorrhage post–MERS-CoV challenge in the transgenic Human Dipeptidyl Peptidase 4 Mouse 

Model (28). While pulmonary pathology did not manifest as perivascular hemorrhage in this study, 

owing to a variety of factors including the vaccine form, challenge virus and animal model, the 

reduced pulmonary pathology reported here aligns with these previous MERS-CoV findings, 

suggesting that a balanced protective immunity mediated by the CD40L fusion domain may have 

afforded additional protection from SARS-CoV-2 challenge. 

Despite promising results, DNA vaccine adoption and utilization lags behind that of mRNA 

vaccines. Historically, the theoretical potential for DNA vaccines to integrate into the host genome 

has been of great concern; however, experimental evidence has shown the rate of integration to be 

below rates of spontaneous mutations (58,59). Similar concerns also existed about the induction 

of anti-DNA antibodies, although numerous pre-clinical and clinical studies have practically 

dismissed this concern (60). One other major concern about DNA vaccines has been their 

historically poor therapeutic efficacy, driven partly by low immunogenicity and the inability of 

unformulated DNA vaccines to avoid DNase degradation and reach the nucleus. One potential 

avenue for improvement is through the use of alternative immunization devices, such as jet 

injectors, electroporation and gene-guns, all of which have been shown to improve the uptake of 

DNA vaccines and their subsequent efficacy relative to needle injection (61,62). Another 

promising strategy is encapsulating the DNA vaccines in nanoparticles, which can improve DNA 

uptake, protect DNA from DNase degradation and act as an vaccine adjuvant (63–66). The 

successful usage of lipid-nanoparticle formulated RNA vaccines against SARS-CoV-2 lends 

credence to their use as a DNA vaccine delivery vector (67). 
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Our results underlie the need to further explore the safety and efficacy of DNA vaccines. We 

demonstrate the beneficial effect of using CD40L as a molecular adjuvant for a SARS-CoV-2 spike 

vaccine, significantly reducing lung pathology compared to a non-adjuvanted counterpart. Our 

work has its limitations. Specifically, while Syrian hamsters are one of the best small-animal 

models for vaccine evaluation against SARS-CoV-2, the scarcity of research reagents for the model 

precludes its use for mechanistic investigation. Further studies in mice may aim to characterize the 

effects of CD40L on T cell responses to determine potential molecular mechanisms underlying 

changes in disease pathology. Additional experiments may also investigate the potential synergism 

of this vaccine candidate with improved methods of DNA vaccine delivery such as lipid-

nanoparticles. These experiments are currently ongoing in our laboratories. 
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2.9 Supplementary Material  

 

Supplemental Figure 2.1 DNA Vaccine Construction.  

Commercially synthesized DNA sequences were subcloned into pcDNA3.1 (+) using KpnI and 

NotI restriction sites. DNA vaccines were sequenced validated before bulk preparation. 
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Supplemental Figure 2.2 Spike Western Blot Images.  

SARS-CoV-2 (2019-nCoV) Spike Antibody, Rabbit PAb, Antigen Affinity Purified (Cat: 40591-

T62, Sino Biologics). SARS-CoV-2 (2019-nCoV) Spike S1+S2 ECD-His recombinant protein 

(Sino Biological) used as a positive control. Chemiluminescence image of entire membrane. 
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Supplemental Figure 2.3 B-actin Western Blot Image.  

β-Actin Antibody (Cat: 4967, Cell Signaling). Chemiluminescence image of entire membrane.  
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Supplemental Table 2.1 DNA Vaccines against SARS-CoV-2 in clinical trials.  

S – Spike. N – Nucleoprotein. ID – Intradermal. IM – Intramuscular. EP- Electroporation. 

https://clinicaltrials.gov/ accessed November 16 2021. 

Vaccine Name 

Vaccine 

Antigen 

Administration 

Route (Doses) 

Administration Device 

Clinical Trial 

Phase 

Clinical Trial 

Identifier 

INO-4800 S ID (2) EP II/III NCT04642638 

AG0302-

COVID19 

S IM (2) 

N/A 

II/III NCT04655625 

GX-19N S and N IM (2) EP II/III NCT05067946 

VB10.2129 

(C1) and 

VB10.2210  

S or multi-

antigen 

IM (1 or 2) 

N/A 

I/II NCT05069623 

Covigenix 

VAX-001 

S IM (2) 

N/A 

I/II NCT04591184 

GLS-5310  S ID (2) N/A I/II NCT04673149 

GX-19 S IM (2) 

EP or needle-free 

injection 

I/II NCT04445389 

COVID-eVax S IM (1 or 2) EP I/II NCT04788459 

AG0301-

COVID19 

S IM (1 or 2) 

N/A 

I/II NCT04463472 

CORVAX-12 S IM (1) EP I NCT04627675 

COVIGEN S IM/ID (2) needle-free injection I NCT04742842 

COVIDITY S and N IM/ID (2) needle-free injection I NCT05047445 

 

https://clinicaltrials.gov/
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3.1 Abstract 

The effectiveness of mRNA vaccines largely depends on their lipid nanoparticle (LNP) 

component. Herein, we investigate the effectiveness of DLin-KC2-DMA (KC2) and SM-102-

based LNPs for the intramuscular delivery of a plasmid encoding B.1.617.2 (Delta) Spike fused 

with CD40 ligand. LNP-encapsulation of this CD40L-adjuvanted DNA vaccine with either LNP 

formulation drastically enhanced antibody responses, enabling neutralization of heterologous 

Omicron variants. The DNA-LNP formulations provided excellent protection from homologous 

challenge, reducing viral replication, and preventing histopathological changes in the pulmonary 

tissues. Moreover, the DNA-LNP vaccines maintained a high level of protection against 

heterologous Omicron BA.5 challenge despite a reduced neutralizing response. In addition, we 

observed that DNA-LNP vaccination led to the pulmonary downregulation of interferon signaling, 

IL-12 signaling and macrophage response pathways following SARS-CoV-2 challenge, shedding 

some light on the mechanisms underlying the prevention of pulmonary injury. These results 

highlight the potential combination of molecular adjuvants with LNP-based vaccine delivery to 

induce greater and broader immune responses capable of preventing inflammatory damage and 

protecting against emerging variants. These findings could be informative for the future design of 

both DNA and mRNA vaccines. 



71 

 

3.2 Introduction 

Since the emergence of SARS-CoV-2 and the beginning of the COVID-19 pandemic, historic 

amounts of time, effort, and resources have been spent on vaccine research and development. 

Vaccines have proven to be highly effective at reducing adverse outcomes and hospitalizations 

associated with SARS-CoV-2 infection (1–3), and are estimated to have prevented millions of 

deaths throughout the pandemic (4). Spearheading global vaccination efforts have been several 

mRNA lipid nanoparticle (LNP) vaccines, which have shown tremendous efficacy (5–8). A key 

factor contributing to the successful implementation of these mRNA vaccines has been their LNP 

delivery system (9,10). LNPs contribute to vaccine efficacy by reducing degradation of the nucleic 

acid payload and improving its cellular uptake (11–13). Additionally, the ionizable lipid 

component of LNP vaccines has been shown to be immunogenic (14–17), which may contribute 

to improved immune responses. DNA vaccines are often presented as an alternative to mRNA 

vaccines, sharing many properties but with a lower cost of production and a decreased likelihood 

to induce undesirable ribosomal frameshifting during translation (18–20). However, DNA vaccine 

efficacy has historically been limited by poor cellular uptake, susceptibility to DNase degradation 

and limited immunogenicity (21). In the wake of widespread LNP-mRNA vaccination during the 

COVID-19 pandemic, more research is essential to comprehend how effectively LNP delivery can 

be translated for use in DNA-based vaccination.  

We previously described the immunogenicity and efficacy of pcDNA3.1 S.dTM.PP-CD40L, a 

plasmid DNA (pDNA)-vectored vaccine encoding a pre-fusion stabilized ancestral SARS-CoV-2 

spike (S) ectodomain fused to the ectodomain of CD40 ligand (CD40L) (22). Engagement with 

CD40L on the surface of activated T cells represents a key regulator of antigen presenting cell 

activation (23). While the addition of CD40L to our pDNA-based vaccine improved humoral 
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responses following intramuscular vaccination in Syrian hamsters and afforded significant 

protection from challenge with an ancestral SARS-CoV-2 isolate, the adjuvanted vaccine failed to 

completely prevent viral replication and lung pathology. We encapsulated an updated version of 

our CD40L-adjuvanted vaccine based on the B.1.617.2 Delta variant, pVAX1 S-CD40LB.1.617.2, in 

two different LNP formulations containing either DLin-KC2-DMA (KC2) or SM-102 ionizable 

lipids. We evaluated both the immunogenicity and efficacy of the LNP-encapsulated vaccines in 

comparison to unencapsulated pDNA in Syrian hamsters following B.1.617.2 and BA.5 SARS-

CoV-2 challenge. Herein, we demonstrate that LNP-encapsulation drastically improves the 

strength and breadth of humoral responses induced by DNA vaccination and provides superior 

protection upon homologous and heterologous challenge. 

3.3 Results 

3.3.1 LNP-encapsulation enhances strength and breadth of DNA vaccine-induced humoral 

response  

The B.1.617.2-based DNA construct (pVAX1 S-CD40LB.1.617.2) differs from our previous construct 

in that nine mutations found in the B.1.617.2 variant S protein were introduced into the vaccine 

antigen (Supplemental Figure 3.1A) and the pVAX1 vector was used rather than pcDNA3.1. Due 

to the omission of non-essential elements the pVAX1 vector is considerably smaller than 

pcDNA3.1, which should allow a greater number of plasmids to be administered in an equivalent 

dose improving antigen expression and vaccine efficiency (24). An in vitro CD40 signaling 

bioassay confirmed the fused CD40L domain remained functional (Supplemental Figure 3.1B). To 

first assess DNA-LNP immunogenicity and efficacy, we immunized male Syrian hamsters 

intramuscularly at a 4-week interval with 5- or 20-µg of LNP-encapsulated pVAX1 S-
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CD40LB.1.617.2 (Figure 3.1A). Male hamsters were chosen as they experience more severe infection 

compared to females (25,26). Formulated with KC2 ionizable lipids, the DNA-LNPs had an 

average size distribution around 100 nm (Supplemental Table 3.1). For comparison, hamsters were 

also immunized with a 100-µg dose of unencapsulated pVAX1 S-CD40LB.1.617.2, this dose of naked 

DNA having previously conferred significant yet incomplete protection (22). Both the 5- and 20-

µg doses of KC2 LNP-encapsulated pVAX1 S-CD40LB.1.617.2 induced greater binding antibody 

responses than the significantly higher 100-µg dose of unencapsulated vaccine against 

homologous B.1.617.2 S (Figure 3.1B) and heterologous Omicron BA.1 S (Figure 3.1C). 

Furthermore, the magnitude of this increase appears to rely on the fusion of CD40L (Supplemental 

Figure 3.1C). LNP-encapsulation also substantially improved neutralizing antibody (NAb) 

responses. As shown in Figure 3.1D, unlike unencapsulated pVAX1 S-CD40LB.1.617.2, both 5- and 

20-µg doses of the DNA-LNP induced significant NAb responses against B.1.617.2 pseudotyped-

VSV after a single dose. Interestingly, despite having a strong binding Ab response, a single 5-µg 

dose of LNP-formulated pVAX1 S-CD40LB.1.617.2 failed to elicit a detectable neutralizing response 

against BA.1 pseudotyped-VSV (Figure 3.1E). However, following the second vaccination, both 

the 5- and 20-µg doses of LNP-formulated pVAX1 S-CD40LB.1.617.2 induced significant NAb 

responses against BA.1. In contrast, vaccination with naked pVAX1 S-CD40LB.1.617.2 failed to 

induce a detectable omicron neutralizing response even after two vaccine doses. Notably, NAb 

responses following the boost vaccination were also measured against four other Omicron 

subvariants (Figure 3.1F). Both the 5-µg and 20-µg doses of the LNP-encapsulated vaccine 

induced a significant response against BA.5, while the higher dose also raised a significant 

response against BA.2.75. With respect to BF.7 and BQ.1, while not statistically significant relative 
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to control groups, vaccination with 20-µg of the DNA-LNPs did raise some neutralizing activity 

against these newer variants.  
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Figure 3.1 LNP-encapsulation improves humoral response to DNA vaccination 

(A) Male Syrian hamsters were randomly divided into four experimental groups (n= 8 for pVAX1, 

n = 12 for pVAX1 S-CD40LB.1.617.2) and immunized intramuscularly on day 0 and 28 with either 

100-µg of pVAX1, 100-µg of pVAX1 S-CD40LB.1.617.2, or 5 or 20-µg of LNP-encapsulated pVAX1 

S-CD40LB.1.617.2. Animals were challenged intranasally with 1.67 ×105 TCID50 of a SARS-CoV-

2 B.1.617.2 isolate on day 49 and euthanized 3- and 6-days post-infection (dpi). ELISA 

determination of total B.1.617.2 (B) and BA.1 (C) spike-specific IgG in the sera of immunized 

hamsters on Day 21 and 42. The 50% neutralizing titer (NT50) of immunized hamster sera on days 

21 and 42 was determined using (D) B.1.617.2 and (E) BA.1 pseudotyped-VSV. (F) The NT50 on 

day 42 was also determined using BA.5, BA.2.75, BF.7 and BQ.1.1 SARS-CoV-2 spike 

pseudotyped-VSV. Red indicates mutations acquired in the SARS-CoV-2 Spike protein. Data 

shown is mean ± SEM; n= 8 for pVAX1, n = 12 for pVAX1 S-CD40LB.1.617.2 groups, *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001. 

3.3.2 LNP-encapsulation protects hamsters against homologous B.1.617.2 challenge  

Three weeks after the second immunization, the Syrian hamsters were challenged intranasally with 

1 x 105 PFU of a SARS-CoV-2 B.1.617.2. Although all groups experienced slight body weight loss 

on the first day post-challenge, only pVAX1 control group continuously lost weight over the course 

of the infection, reaching a mean weight loss of 9.9 ± 4.2% on day 6 post-challenge (Figure 3.2A). 

In contrast, all three pVAX1 S-CD40LB.1.617.2 vaccinated groups began recovering from the initial 

weight loss, importantly however, hamsters vaccinated with 5- and 20-µg of the DNA-LNP 

consistently lost less body weight and recovered faster than those which received 100-µg of the 

naked DNA vaccine. These results reflect the viral burden in the lungs and nasal turbinates of these 

animals. As shown in Figure 3.2B, the vaccinated groups had significant less viral burden in lungs 

and nasal turbinates, with no virus being detectable by plaque assay in the DNA-LNP groups. In 

addition to quantification of live virus, we used RT-PCR to quantify viral envelope (E) subgenomic 

mRNA (sgmRNA) expression in the same tissues, which revealed a similar observation. All 

vaccines significantly reduced E sgmRNA levels in the lung tissue relative to the pVAX1 vector 

control at both 3- and 6-days post-infection (dpi) (Figure 3.2C). Additionally, vaccination with the 

DNA-LNP also significantly reduced E sgmRNA expression in the lungs relative to unformulated 
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pVAX1 S-CD40LB.1.617.2 3-dpi (Figure 3.2C). We also observed significant decreases in nasal 

turbinate E sgmRNA expression in vaccinated animals (Figure 3.2D). These data demonstrated 

that LNP-delivered DNA vaccines afford more effective protection than naked DNA administered 

at much higher dose.  

 

Figure 3.2 LNP-formulated DNA Vaccination greatly reduces Delta variant replication.  

(A) Syrian hamster body weight was measured for 6-days following intranasal challenge with 1.67 

×105 TCID50 of a SARS-CoV-2 B.1.617.2 isolate. (B) Plaque assays were used to determine the 

number of plaque forming units (PFU) in the lung and nasal turbinate tissue collected 3-dpi. The 

number of SARS-CoV-2 E sgmRNA copies in lung (C) and nasal turbinate (D) tissues was 

determined via RT-qPCR 3- and 6-dpi and normalized per gram of tissue. Data shown is 

mean ± SEM; n= 4 for pVAX1, n = 6 for pVAX1 S-CD40LB.1.617.2 groups, *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001. 
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3.3.3 LNP-encapsulation prevents lung pathology following homologous B.1.617.2 challenge 

Next, lung samples collected from the challenged hamsters were analyzed for histopathological 

changes (Figure 3.3). At 3-dpi, hamsters immunized with the pVAX1 vector control or 

unencapsulated pVAX1 S-CD40LB.1.617.2 vaccine developed acute bronchitis, bronchiolitis and 

interstitial pneumonia in their lungs. However, interstitial pneumonia in the area adjacent to the 

airways was generally milder in those immunized with unencapsulated pVAX1 S-CD40LB.1.617.2 

than those immunized with the pVAX1 control vector. In contrast, hamsters immunized with either 

dose of LNP-formulated pVAX1 S-CD40LB.1.617.2, displayed no obvious airway or pulmonary 

inflammatory infiltrates or tissue damage. As anticipated, histopathological changes further 

progressed in the pVAX1 vector control group by 6-dpi, with the majority or entire lung tissues 

having become consolidated in most of the animals with very few aerated alveoli visible. At 6-dpi, 

the lungs of hamsters immunized with the LNP-formulated vaccines continued to display no overt 

histopathological changes while mild to moderate bronchopneumonia and interstitial pneumonia 

remained visible in some areas of lung tissues from hamsters vaccinated with unencapsulated 

pVAX1 S-CD40LB.1.617.2. 
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Figure 3.3 LNP-encapsulation prevents lung pathology following SARS-CoV-2 Delta variant 

challenge.  

Histopathological changes in the lungs of hamsters immunized with different vaccine formulations 

and sacrificed at 3 and 6 days after being challenged intranasally with an isolate of SARS-CoV-2 

B.1.617.2. (A) Summary of histopathological scores. Data shown is mean ± SEM; n= 4 for pVAX1, 

n = 6 for pVAX1 S-CD40LB.1.617.2 groups, *p < 0.05, **p < 0.01, ****p < 0.0001. (B) 

Representative photomicrograph of H&E-stained lung tissue. * Bronchial lumen. Peribronchiolar 

infiltration (arrows). Scale Bar = 100-µm. 
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3.3.4 Vaccination resulted in reduced pulmonary expression of proinflammatory 

macromolecules 

We next sought to characterize potential mechanisms underlying the prevention of lung pathology 

by conducting quantitative proteomic analysis of lung tissues 6-dpi, when the most severe 

histopathology was observed in control animals. In total, 3651 protein groups were identified and 

quantified. Principal component analysis (PCA) revealed a distinct separation between the protein 

expression profiles of the pVAX1 vector control vaccinated animals and the three pVAX1 S-

CD40LB.1.617.2 vaccinated groups (Figure 3.4A). The PCA showed no obvious overall proteome 

differences between the three vaccines, which was reflected by the absence of significantly 

differentially expressed protein (DEP) when comparing spike vaccinated groups with one another 

(Supplemental Table 3.3). In contrast, there were 164, 287, and 231 DEPs between the pVAX1 

control group and the unencapsulated, 5-µg and 20-µg dose LNP pVAX1 S-CD40LB.1.617.2 groups 

respectively (Figure 3.4B). There was considerable overlap in the three sets of DEPs 

(Supplemental Figure 3.2). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis 

of these DEPs revealed an enrichment of pathways related to immune responses and viral infection 

for all three comparisons (Supplemental Figure 3.3 and Supplemental Table 3.4). The sets of DEPs 

from the LNP comparisons were additionally enriched with proteins related to other immune 

processes such as antigen processing, phagosomes, and cytosolic DNA-sensing. Ingenuity 

pathway analysis (IPA) revealed downregulation of various immune-related response pathways 

including interferon signaling, EIF2 signaling IL-12 signaling and macrophage responses in the 

pVAX1 S-CD40LB.1.617.2 vaccinated animal lungs (Figure 3.4C and Supplemental Table 3.5). LNP-

vaccinated lung tissues additionally had proteomic signatures linked to decreased macrophage 
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activity, including the inhibition of classical activation signaling, Fc-receptor mediated 

phagocytosis and Il-8 signaling. 
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Figure 3.4 Quantitative-proteomic analysis of vaccinated hamster lung tissue post-challenge. 

(A) PCA score plot of the four experimental groups. The pVAX1 vector control group 

demonstrates a distinct pattern relative to pVAX1 S-CD40LB.1.617.2 vaccinated animals. (B) The 

number of differentially expressed proteins (DEPs) between the pVAX1 control and spike 

vaccinated groups determined by pairwise comparison. Red indicates proteins with increased 

expression in spike-vaccinated groups, while blue shows proteins with decreased expression. (C) 

Heatmap of the predicted activation or inhibition of canonical signaling pathways based on DEPs 

in the three comparisons. Color refers to the Z-score, where >2 indicates an activated pathway 

(red), while Z-score <−2 means the pathway is inhibited (Blue).  

3.3.5 Characterization of DNA-LNP formulations in vitro 

Having demonstrated the enhanced efficacy of DNA vaccination afforded by KC2-based LNPs, 

we next wanted to examine whether immunogenicity and protection would be altered when using 

LNPs formulated with SM-102, the ionizable lipid found in commercially approved Spikevax® 

COVID-19 mRNA vaccines (7,27). To this end, the potency of these two DNA-LNP formulations 

were first evaluated and compared in vitro using HEK293T cells. Across tested plasmids, KC2 and 

SM-102 DNA-LNPs formulations had similar size distributions and charge (Figure 3.5A). Relative 

to KC2, DNA LNPs formulated using SM-102 induced approximately a 10-fold increase in 

expression of both S-CD40LB.1.617.2 (Figure 3.5B) and firefly luciferase (Fluc) (Figure 3.5C) 48h 

after transfection, mirroring previous observations (28). Using flow cytometry to measure the 

proportion of Green Fluorescent Protein positive (GFP+) HEK293T cells, SM-102 formulated 

DNA LNPs also showed a significantly greater transfection efficiency (Figure 3.5D). The intensity 

of GFP expression was also greater for SM-102 NDA-LNP transfected cells (Figure 3.5E). 
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Figure 3.5 In vitro Characterization of DNA LNPs.  

(A) Characterization of DNA-LNP formulations. Chol – Cholesterol. HEK293T cells were 

transfected in triplicate with 500 ng of each formulation. (B) Western blotting was done to detect 

SARS-CoV-2 spike expression in HEK293T cells 48h after transfection with pVAX1 S-CD40L or 

parental control. β-actin expression was used as a loading control and Spike expression was 

normalized to SM-102 pVAX1 S-CD40L. (C) Relative luminescence units (RLU) were measured 

48h after transfection with pVAX1 Fluc or parental control. RLU was standardized per mg of 

protein as quantified by Bicinchoninic Acid (BCA) assay. Quantification of the (D) percentage of 

GFP+ HEK293T cells and (E) Mean fluorescence intensity (MFI) 48h after transfection with 

pVAX1 GFP or parental control. Data shown is mean ± SEM; n= 3, ****p < 0.0001. 

3.3.6 LNP composition has minor effect on DNA vaccine immunogenicity 

Syrian hamsters were vaccinated on Day 0 and 28 with 5-µg of either KC2 or SM-102 LNP-

encapsulated pVAX1 S-CD40LB.1.617.2 (Figure 3.6A). Control animals were again vaccinated with 

a higher dose of 100-ug of either unencapsulated pVAX1 S-CD40LB.1.617.2 or parental pVAX1. 

Nanoparticle tracking analysis (NTA) showed that both DNA-LNP formulations had similar mean 

size distributions and encapsulation efficiencies (Supplemental Table 3.2). Compared with the 

naked DNA vaccine, both KC2 and SM-102 DNA-LNPs induced greater binding antibody 

responses against homologous B.1.617.2 (Figure 3.6B) and heterologous BA.5 (Figure 3.6C) S 

proteins. While the binding antibody responses induced by the two LNP formulations were quite 

similar, the SM-102 LNP-formulation generated higher levels of B.1.617.2 S-specific IgG on Day 

21.In terms of neutralizing activity, both DNA-LNP vaccines induced a significant response 

against homologous B.1.617.2 (Figure 3.6D). Moreover, only the SM-102 DNA-LNPs induced a 

significant response relative to naked DNA (Figure 3.6D). Importantly, when assayed against 

heterologous BA.5, only the SM-102 formulation induced a significant NAb response despite the 

similar IgG levels (Figure 3.6E).  

We next tested NAb responses at Day 42 against a panel of select SARS-CoV-2 variants (Figure 

3.6F). Both DNA-LNP formulations induced robust NAb responses against the ancestral D614G 
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variant, comparable to their response against homologous B.1.617.2. However, only the SM-102 

DNA-LNPs induced a significant response against both the Omicron BA.1 and BA.2.75 variants, 

while also inducing slightly higher, although not statistically significant, responses against BQ.1.1 

and XBB.1.5. 
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Figure 3.6 DNA LNPs formulated with SM-102 induce superior humoral responses. 

 (A) Male Syrian hamsters were immunized intramuscularly on day 0 and 28 with either 100-µg 

of pVAX1, 100-µg of pVAX1 S-CD40LB.1.617.2, or 5-µg of KC2 or SM-102 LNP-encapsulated 

pVAX1 S-CD40LB.1.617.2. Animals were challenged intranasally with a SARS-CoV-2 BA.5 isolate 

on day 49 and euthanized 3- and 6-days post-infection (dpi). ELISA determination of the total 

B.1.617.2 (B) and BA.5 (C) spike-specific IgG in the sera of immunized hamsters 21- and 42-days 

post-vaccination. The 50% neutralizing titer (NT50) of immunized hamster sera on days 21 and 

42 was determined using (D) B.1.617.2 and (E) BA.5 pseudotyped-VSV. (F) The NT50 on day 42 

was also determined using D614G, BA.1, BA.2.75, BQ.1.1 and XBB.1.5 SARS-CoV-2 spike 

pseudotyped-VSV. Red indicates mutations acquired in the SARS-CoV-2 Spike protein. Data 

shown is mean ± SEM; n = 8, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.000 

3.3.7 LNP-encapsulation enables DNA vaccine protection against heterologous Omicron 

challenge 

Having characterized the humoral response induced by the two DNA-LNP formulations, we next 

determined the protection against heterologous Omicron challenge. Towards this, the vaccinated 

hamsters were challenged intranasally on Day 49 with the SARS-CoV-2 BA.5 variant. pVAX1 

control vector vaccinated hamsters experienced mild weight loss, with a maximum mean weight 

reduction of 4.2% at 3-dpi (Figure 3.7A). Over the course of the infection, the naked DNA vaccine 

failed to prevent weight loss (Figure 3.7A). However, animals vaccinated with either the KC2 or 

SM-102 LNP-encapsulated vaccines began recovering weight at significant levels starting from 3-

dpi. All three pVAX1 S-CD40LB.1.617.2 vaccines significantly reduced viral burden in both the lung 

and nasal turbinates 3-dpi (Figure 3.7B), although to a greater extent with the LNP-encapsulated 

vaccines. Notably, both DNA-LNP formulations significantly reduced E sgmRNA expression in 

the lungs relative to unencapsulated pVAX1 S-CD40LB.1.617.2 (Figure 3.7C). In the upper 

respiratory tract at 3-dpi, only the DNA-LNP vaccines significantly reduced E sgmRNA levels 

relative to the empty vector control (Figure 3.7D). 
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Figure 3.7 DNA LNP-encapsulation improves protection against the BA.5 Omicron variant. 

Vaccinated Syrian hamsters were challenged intranasally with 1.67x105 Median Tissue Culture 

Infectious Dose (TCID50) of a SARS-CoV-2 BA.5 isolate. (A) Syrian hamster body weight was 

measured for 6-days following challenge B) TCID50 was determined in the lung and nasal 

turbinate tissue collected 3-dpi. The number of SARS-CoV-2 E sgmRNA copies in lung (C) and 

nasal turbinate (D) tissues was determined via RT-qPCR 3- and 6-dpi and normalized per gram of 

tissue. Data shown is mean ± SEM; n = 8, *p < 0.05, **p 7< 0.01, ***p < 0.001, ****p < 0.0001. 

 

Lastly, we again conducted histopathological of lung tissue sections collected 3- and 6-dpi (Figure 

3.8).Consistent with the weight loss and viral burden, both DNA-LNP formulations reduced lung 

pathology relative to both the naked vaccine and control vector on both Day 3 and 6 (Figure 3.8A). 

Notably, the lowest histopathology scores were observed following SM-102 vaccination, with 

there being no overt inflammatory responses or tissue damage observable even at 3-dpi (Figure 
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3.8B). Collectively, these data indicate that both DNA-LNP formulations afford effective 

protection against heterologous challenge, with SM-2 formulation performing slightly better than 

KC2 as demonstrated by level of neutralizing antibodies against mismatched Omicron strains and 

protection from BA.5 challenge. 
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Figure 3.8 LNP-encapsulation greatly reduces lung pathology following Omicron BA.5 

challenge. 

 Histopathological changes in the lungs of hamsters immunized with different vaccine 

formulations and sacrificed at 3 and 6 days after being challenged intranasally with a SARS-CoV-

2 BA.5 isolate. (A) Summary of histopathological scores. Data shown is mean ± SEM; n = 8, *p < 

0.05, **p < 0.01, ****p < 0.0001. (B) Representative photomicrograph of H&E-stained lung 

tissue. H&E. Scale bar = 100-µm. 
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3.4 Discussion 

This current study centered on the LNP-mediated delivery of a DNA vaccine encoding SARS-

CoV-2 Delta spike fused with the ectodomain of CD40L. Our approach differs from previous 

studies in several aspects. First, Delta spike was chosen as the vaccine antigen. While the B.1617.2 

variant was one of the most virulent (29,30), it lacks most of the spike mutations found within the 

omicron lineage. As such, this vaccine would give us an opportunity to investigate the relationship 

between humoral responses and in vivo protection against significantly mismatched viral 

challenge. Secondly, we were able to directly compare the immunogenicity and efficacy two 

distinct LNP-formulations for DNA vaccine delivery, an approach that remains severely 

understudied relative to mRNA-LNP vaccination. Lastly, through the addition of CD40L, we were 

able to investigate the combination of a molecular adjuvant with LNP-mediated vaccine delivery, 

an avenue of exploration with boundless therapeutic potential for both DNA and mRNA vaccines.  

The B.1.617.2 S protein does not contain many notable mutations such as K417N, N501Y, G446S, 

E484A, and G496S which contribute to the Omicron lineage’s resistance to neutralizing antibodies 

(31–34). However, in our studies, encapsulation of the B.1.617.2 pDNA vaccine within KC2- or 

SM-102-based LNPs led to the induction of a significant NAb response against BA.1, BA.2, 

BA.2.75 and BA.5, albeit to a lower extent than against B.1.617.2. It is also of note that low but 

detectable NAb activities were observed against BF.7, BQ.1.1 and XBB.1.5, variants in which 

R346T, N640K, K444T and F486P, mutations are likely to further enhance neutralization 

resistance (35,36). These findings are largely in agreement with previous reports with respect to 

cross-neutralizing activities of human antisera (36,37). 
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To compare the two different LNP formations, we chose to assess the level of protection afforded 

by our B.1.617.2-based vaccine against challenge with the Omicron BA.5 variant, to which 

considerable but reduced NAb activities, relative to homologous B.1.617.2, were induced by both 

the KC-2 and SM-102 DNA-LNPs. Despite the reduced NAb response, immunization with either 

of the two DNA-LNP formulations led to excellent control of the heterologous BA.5 infection, 

comparable to that following homologous B.1.617.2 challenge, suggesting the reduced level of 

NAb induced by the DNA-LNP vaccines may have remained sufficient to neutralize viruses in 

vivo. Nonetheless, the future use of variants such as XBB.1.5 as a challenge strain, to which the 

B.1.617.2 vaccines failed to elicit a significant NAb responses, could further delineate the 

functional roles of neutralizing vs. non-neutralizing antibodies, along with the importance of cell-

mediated immune responses.  

Immune escape by emerging variants has and will likely continue to be a recurring problem for 

SARS-CoV-2 vaccines (38,39). Research continues to develop methods of inducing broadly 

neutralizing and variant-proof immune responses (40). One factor affecting the breadth of humoral 

immunity following vaccination is germinal center (GC) formation and subsequent B cell somatic 

hypermutation (41–43). While previous studies have shown CD40-targeting vaccine adjuvants to 

increase T follicular helper cell counts and promotes GC formation (44,45), our unencapsulated 

CD40L-adjuvanted pDNA vaccine was unable to overcome the hurdle of neutralizing heterologous 

Omicron variants. It has been shown in recent studies that SARS-CoV-2 mRNA-LNP vaccines 

drive strong GC responses in lymph nodes following vaccination (17,46,47). The enhanced breadth 

of neutralization observed in our LNP-formulated pDNA vaccines could potentially be attributed 

to enhanced vaccine immunogenicity, subsequently driving superior GC formation and a broader 

humoral response.  
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Finally, our proteomic analysis of lung tissues collected 6-dpi demonstrated a general decrease in 

innate immune and infection related response pathways in pVAX1 S-CD40LB.1.617.2 vaccinated 

groups relative to the pVAX1 control vaccinated animals (Figure 3.5). Although the three 

vaccinated groups had similar proteomic profiles, DNA-LNP-vaccinated groups had additional 

DEP signatures linked to the inhibition of macrophage responses. Other transcriptomics and 

proteomics studies have correlated upregulated monocyte, macrophage and neutrophil signatures 

with disease severity during SARS-CoV-2 infection (48–52). Stronger vaccine-induced adaptive 

immune responses should provide better protect during the early stages of viral infection, reducing 

the subsequent induction of innate immune responses. Clearly, effective vaccination can attenuate 

the upregulation of these innate immune and inflammatory response pathways following SARS-

CoV-2 infection (52–54). Altogether, these findings support the histopathological absence of 

pulmonary inflammatory infiltrates observed in DNA LNP-vaccinated lung tissues upon B.1.617.2 

challenge. 

Research demonstrating the potential therapeutic benefits of encapsulating pDNA vaccines within 

ionizable lipid nanoparticles is beginning to accumulate (13,55–57). During the preparation of this 

manuscript, Liao & Shen et al reported results of a DNA-LNP vaccine encoding ancestral or BA.1 

spike which mirror our own (58). Interestingly, they also found that DNA-LNPs provided superior 

antibody responses and protection than mRNA-LNPs. Their results appears to be at odds with our 

recently published study comparing mRNA- and DNA-LNPs, where we reported that mRNA-

LNPs induce superior antigen-expression and antibody responses (28). While this discrepancy 

remains to be understood, antigen selection, construct design, and nanoparticle fabrication could 

be among other unknown contributing factors. These questions, along with the rates of possible 

ribosomal skipping in DNA vaccines, await further investigation. 
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3.5 Materials and Methods 

3.5.1 Cell lines and viruses 

HEK293T, HEK293T-ACE2 and HEK-Blue™ CD40L cells were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM, ThermoFisher) supplemented with 25 mM HEPES, 20 U/mL Penicillin, 

0.02 mg/mL Streptomycin and 10% heat-inactivated fetal-bovine serum (FBS). HEK-Blue™ 

CD40L media was additionally supplemented with 100-µg/mL of Normocin. Vero-TMPRSS2 cells 

were cultured in DMEM with L-glutamine supplemented with 1X non-essential amino acid, 1 mM 

sodium pyruvate and 5% FBS. SARS-CoV-2 viruses were obtained from BEI Resources. 

B.1.617.2 hCoV-19/USA/MD-HP05647/2021 (NR-55672) and BA.5 hCoV-19/South 

Africa/CERI-KRISP-K040013/2022 (NR-56798) were propagated and titered using Vero-

TMPRSS2 cells and sequenced to confirm genetic fidelity. Passage four virus stocks were used in 

all subsequent experiments that required live virus. 

3.5.2 Immunization 

Animal experiments and procedures were approved by the National Research Council Canada 

(NRC) Human Health Therapeutics Animal Care Committee and performed by trained staff in 

accordance with regulations and guidelines set by the Canadian Council on Animal Care. All 

infectious work was carried out under ABSL-3 conditions at the NRC. 6–8-week-old male Syrian 

hamsters were purchased from Charles River Laboratories (Senneville, QC). Animals were 

randomly allocated into four experimental groups, being immunized with either 100-µg of pVAX1, 

100-µg of pVAX1 S-CD40LB.1.617.2, and 5- or 20-µg of LNP-formulated pVAX1 S-CD40LB.1.617.2. 

Vaccines were suspended in 100-µL of PBS and administered intramuscularly in the hamster’s left 

tibialis anterior muscle with a needle syringe on day 0 and day 28. Serum was collected on days 
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21 and 42 post-vaccination. On day 49 post-vaccination the hamsters were intranasally challenged 

with 1.67 ×105 TCID50 of B.1.617.2 or BA.5. Challenge doses were found to induce significant 

illness in earlier dose-optimization experiments (data not shown). Animals were euthanized by 

CO2 either 3- or 6-days post-challenge, after which the nasal turbinate and lung tissues were 

collected for downstream experiments.  

3.5.3 DNA Vaccine design and synthesis 

The DNA vaccine was designed and prepared as previously described with minor modifications 

(22). A DNA sequence encoding the SARS-CoV-2 B.1.617.2 spike ectodomain (T19R, G142D, 

E156G, Del 157/158, L452R, T478K, D614G, P681R, D950N) fused via “GSGG” glycine-serine 

linkers to a T4 fibritin foldon trimerization motif and the ectodomain of Mesocricetus auratus 

CD40L (GenBank accession #XM_005084522.4, residues 118-260) was commercially 

synthesized (Genscript). The spike sequence was mutated to contain a “GSAS” substitution at the 

furin cleavage site (residues 682-685) and pre-fusion stabilizing proline substitutions at residues 

986 and 987 (59). The vaccine was codon optimized for expression in Syrian hamsters and 

subcloned into the mammalian expression plasmid pVAX1 (ThermoFisher) using KpnI and XhoI 

restriction enzymes. Bulk DNA vaccine preparations were prepared with plasmid gigaprep kits 

(Qiagen) and sequence validated with Sanger sequencing. 

3.5.4 Lipid nanoparticle (LNP) generation 

LNPs were synthesized as previously described within three days of vaccination and stored at 

4°C.26,67 Briefly, pDNA-LNPs were prepared via the microfluidic mixing of an aqueous and 

organic phase. The aqueous phase was prepared by suspending pDNA in 25 mM acetate buffer 

(pH 4.0). The organic phase was prepared in ethanol and consisted of 2,2-dilinoleyl-4-

dimethylaminoethyl-[1,3]-dioxolane (DLin-KC2-DMA, MedKoo Biosciences) or heptadecan-9-
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yl-8-((2-hydroxyethyl)(6-oxo-6-(undecyloxy)hexyl)amino)octanoate (SM-102, MedKoo 

Biosciences), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti Polar Lipids) or 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids), ovine cholesterol (Avanti 

Polar Lipids), and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-

PEG2000, Avanti Polar Lipids) at a ratio of 50:10:38.5:1.5 mole %, respectively. The two phases 

were mixed with a polymer amine (N = nitrogen) group to nucleic acid phosphate (P) group (N/P) 

ratio of 6:1 using either a NanoAssemblr BT™ instrument (Precision Nanosystems, Vancouver, 

BC) with a microfluidics cartridge containing a staggered herringbone mixing unit or a 

NanoAssemblr™ Ignite™ instrument with NxGen™ cartridges equipped with toroidal structures. 

LNPs were dialyzed against a 1000-fold volume of phosphate-buffered saline (PBS) (pH 7.4) for 

18 hours at 4°C in a 10k MWCO cassette (ThermoFisher), passed through a 0.22-µm filter and 

then concentrated using an Amicon Ultra 4 10k MWCO centrifugal concentrator (Millipore 

Sigma). After concentration the nanoparticle size was measured via nanoparticle tracking analysis 

(NTA) under static conditions (NanoSight,Malvern Panalytical, Westborough, MA, USA). Five 

separate tracking videos (1 minute each) were taken consecutively and merged together to generate 

the NTA sizing data. Zeta potential was measured in 5mM phosphate buffer (pH 7.4) using 

disposable capillary cells on a Zetasizer Ultra instrument (Malvern Panalytical, Westborough, MA, 

USA). pDNA LNPs were stored at 4°C and administered within 48 hours. 

3.5.5 LNP encapsulation efficiency 

Nucleic acid encapsulation efficiency and vaccine dose was determined as previously described.67 

Briefly, LNPs were either untreated or disrupted with 1% Triton X-100 (Millipore Sigma) in a 96-

well plate before the addition of SYBR™ Gold dye (ThermoFisher). Fluorescence (Ex/Em: 

495/537 nm) was measured in each sample using a Synergy MX plate reader (BioTek). Total pDNA 
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concentration in each sample was determined by comparing the fluorescence relative to that of a 

standard curve of pDNA prepared in the same buffer. Untreated and disrupted samples were used 

to determine unencapsulated and total pDNA respectively. The amount of encapsulated pDNA, 

calculated by subtracting the amount of unencapsulated pDNA from the total amount, was used 

for dose calculations. Lastly, the encapsulation efficiency was determined from the amount of 

encapsulated pDNA relative to the total amount (Supplemental Table 3.1 & 3.2). 

3.5.6 In vitro transfection  

In a 24-well plate, HEK293T cells were transfected in triplicate with 500 ng of DNA-LNPs, 

suspended in phosphate-buffered saline (PBS) (ThermoFisher). The DNA-transfected cells were 

then incubated at 37 °C, 5% CO2 for 48h prior to quantification of S-CD40L, firefly luciferase 

(Fluc) or Green Fluorescent Protein expression (GFP).  

3.5.7 Western blotting 

For determination of S-CD40L expression, transfected cells were washed with PBS and then lysed 

with radioimmunoprecipitation assay buffer (ThermoFisher). Lysates were electrophoresed on a 

4-15% TGX stain-free SDS-PAGE gel (Bio-Rad) and then transferred to a polyvinylidene 

difluoride membrane. Membranes were blocked for 1 hour at room temperature with tris-buffered 

saline (TBS) containing 0.5% Tween 20 (Sigma-Aldrich) (V/V) (TBS-T) and 5% (W/V) non-fat 

milk powder then incubated overnight at 4°C in blocking buffer containing either polyclonal rabbit 

anti-SARS-CoV-2 Spike antibody (1:3000 dilution) (40591-T62, Sino Biological) or polyclonal 

rabbit anti-β-actin antibody (1:1000 dilution) (#4967, Cell Signaling Technology). Membranes 

were then incubated for 1 hour at room temperature with goat anti-rabbit horseradish peroxidase 

(HRP)-conjugated secondary antibody (1:75, 000 dilution) (ThermoFisher) in blocking buffer and 
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developed using SuperSignal™ West Femto Maximum Sensitivity Substrate (ThermoFisher) and 

a ChemiDoc MP imaging system (Bio-Rad) (Supplemental Figure 3.4 & 3.5). 

3.5.8 Quantification of luciferase 

Luciferase expression in cells transfected with pVAX1 Fluc DNA-LNPs was quantified as 

previously described (28). Briefly, media was aspirated and replaced with 200 µL of passive lysis 

buffer (Promega). Cells were then incubated for 30 min at room temperature on an orbital shaker 

at 50 rpm. Lysates were clarified via centrifugation at 15,000× g for 5 min at room temperature 

and then added in triplicate, 100 µL per well, to a white Costar 96-well plate (Corning) followed 

by 100 µL of room temperature Bright-Glo Reagent (Promega). Luminescence was read within 5 

min and expressed as relative luminescence units/mg of protein (RLU/mg) after being normalized 

to total protein content as measured by a Bicinchoninic Acid (BCA) Kit (Millipore Sigma). 

3.5.9 Flow cytometric analysis of GFP positive cells 

HEK293T cells transfected with pVAX1 GFP DNA-LNPs were analyzed by flow cytometry (BD 

FACSymphony A1). Briefly, cells were lifted with PBS supplemented with 0.5 mM EDTA 

(ThermoFisher) for 10 minutes at 37°C. Data was acquired using the FACS DIVA software 

(version 9.0.2). GFP signal was measured off the 488nm blue laser, using 505 nm long-pass and 

530/30 nm band-pass filters. GFP signal was used to analyze the % GFP+ HEK293T cells and 

measure mean fluorescence intensity (MFI) (Supplemental Figure 3.6). 

3.5.10 CD40 ligand bioactivity assay 

CD40L activity was assessed as previously described (22). Briefly, HEK293T cells were 

transfected in a 24-well plate with 1-µg of pVAX1 or pVAX1 S-CD40LB.1.617.2 using lipofectamine 

3000 (ThermoFisher). After a 24-hour incubation at 37°C and 5% CO2, 100-µL of 0.45-µm filtered 
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supernatant was added to a 96-well plate and mixed with 100-µL of HEK-Blue CD40L cells 

(InvivoGen) resuspended at 2.0×105 cells/mL. After 24 hours 20-µL of cell culture supernatant 

was mixed with 180-µL of QUANTI-Blue™ Reagent (InvivoGen) in a 96-well plate. The 

absorbance at 630 nm was measured after a 30-minute incubation at 37°C using a Synergy™ 2 

microplate reader (BioTek). 

3.5.11 ELISA 

Spike protein ectodomains were obtained from the National Research Council of Canada for the 

following strains: B.1.617.2 (PRO7604-10 [SmT1v3 (B.1.617.2]), BA.1 (PRO7911-2 [SmT1v3-

B.1.1.529]), BA.5 (PRO8213 [SmT1v3 (BA.5)]), which were produced using previously described 

methods (60,61). ELISAs were conducted as described previously (22). Briefly, Nunc MaxiSorp™ 

flat-bottom 96-well plates (ThermoFisher) were coated with 1-µg/mL of antigen diluted in PBS 

and incubated overnight at 4°C. Plates were washed with PBS containing 0.1% Tween-20 (PBS-

T) before blocking with 3% (w/v) Bovine Serum Albumin (IgG-Free, Protease-Free) (Jackson 

Immuno Research) in PBS-T for 2 hours at 37°C. Plates were washed again and two-fold serial 

dilutions of hamster serum were prepared. After a 1-hour incubation at 37°C the plates were 

washed again and Peroxidase AffiniPure Goat Anti-Syrian Hamster IgG (H+L) (Jackson Immuno 

Research) was added to each well at 1:4000 and incubated at 37°C for 1 hour. After a final wash, 

100-µL of Tetramethylbenzidine (TMB) substrate (Cell Signaling Technology) was added to each 

well. After a two-minute incubation at room temperature, 100-µL of 0.16 M sulfuric acid was 

added to terminate the reaction and absorbance was measured at 450 nm. Endpoint titers were 

expressed as the reciprocals of the final detectable dilution with an optical density above the cut-

off value, which was defined as the average OD of the empty vector samples plus three standard 

deviations. 
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3.5.12 Pseudovirus production and neutralization 

The neutralizing activity of hamster sera was determined by using a VSV-based SARS-CoV-2 S 

pseudovirus reporter assay as described previously (22,62). Briefly, pseudotyped VSV was 

generated by concurrently infecting HEK293T cells with G*ΔG-VSV (Kerafast) and transfecting 

them with pLV vectors encoding SARS-CoV-2 S Δ19. Vectors encoding D614G, B.1.617.2, BA.1 

and BA.5 spike were purchased commercially (Invivogen) while vectors encoding BA.2.75, BF.7, 

BQ.1.1 and XBB.1.5 were synthesized commercially (GenScript, Brockville, ON). Supernatant 

containing the pseudovirus was collected 48- and 72-hours post-infection and passed through a 

0.45-µm filter. In a 96-well plate, serum samples heat-inactivated at 56°C for 30 mins were serially 

diluted threefold and mixed with 1.3×104 TCID50 of pseudovirus. After a 1-hour incubation at 

37°C, 5% CO2, 2×104 HEK293T-ACE2 cells were added to each well. After a 24-hour incubation 

at 37°C, 5% CO, luminescence was measured using Bright-Glo luciferase reagent (Promega) and 

a Synergy™ 2 microplate reader (BioTek) The 50% neutralization titers (NT50) were measured as 

the reciprocal of the sample dilution at which a 50% reduction in relative light units (RLU) was 

observed relative to the average of the no-serum control wells. 

3.5.13 Quantification of viral burden 

Lung and nasal turbinate tissues were homogenized in PBS using a Precellys® Evolution. Spin-

clarified supernatants of the homogenates were then used for viral quantification. B.1.617.2 viral 

burden was determined by plaque assay as previously described (22). Briefly, a 1:10 serial dilution 

of clarified supernatant was prepared in infection media (DMEM supplemented with 1X non-

essential amino acid, 20 U/mL Penicillin, 0.02 mg/mL Streptomycin, 1 mM sodium pyruvate, and 

0.1% bovine serum albumin). Virus was adsorbed on Vero E6 cells at 37°C 5% CO2 for 1 hour 

before the inoculum was replaced with overlay media (1X infection media with 0.6% ultrapure, 



101 

 

low-melting point agarose). Cells were incubated at 37°C 5% CO2 for 72 hours, then fixed with 

10% formaldehyde and stained with crystal violet. Plaques were enumerated and PFU was 

determined per g of tissue. BA.5 viral burden was determined by TCID50 assay on Vero-

TMPRSS2 cells. Spin-clarified supernatants were serially diluted 1:10 in infection media (DMEM 

supplemented 1X non-essential amino acid, 1 mM sodium pyruvate and 1% FBS). Dilutions were 

adsorbed on Vero-TMPRSS2 cells seeded in 96-well plates for 1 hour at 37°C 5% CO2. After 

adsorption, inoculum was removed and 100 ml of infection media was added to each well and 

incubated at 37°C 5% CO2 for 5 days. Observed cytopathic effect indicates presence of infectious 

virus was recorded and TCID50/g of lung tissue was calculated using the Reed-Muench method 

(63). 

3.5.14 RNA extraction and quantitative real-time-PCR (qRT-PCR) 

Quantification of SARS-CoV-2 E subgenomic mRNA (sgmRNA) was completed as described 

previously (22). Briefly, lung and nasal turbinate tissues were placed into RNA shield buffer (Zymo 

Research) and incubated overnight at 4°C before freezing at -80°C. Viral RNA was extracted from 

the mechanically homogenized samples using a Quick-RNA Viral Kit (Zymo Research). Viral 

RNA expression was quantified using a one-step Fast Virus master mix (ThermoFisher) and E 

sgmRNA-specific primer/probe set (64). sgmRNA copy numbers were calculated by comparing 

sample Ct values to a standard curve of in vitro transcribed E sgmRNA prepared using a 

TranscriptAid T7 High Yield Transcription Kit (ThermoFisher) and normalized by tissue weight. 

All RT-qPCR reactions were conducted in MicroAmp Fast Optical 96-wells with an Applied 

Biosystems™ 7500 Fast Real-time PCR instrument. 
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3.5.15 Histopathology 

Histopathology analysis was conducted as described previously (22). Briefly, right lung lobes were 

fixed for 72 hours in 10% neutral buffered formalin and processed by standard paraffin embedding 

methods (65). 4-µm thick sections were stained with hematoxylin-eosin (HE) and examined under 

microscopy. The severity and extent of pneumonia was scored blinded based on previously 

established criteria (66). 

3.5.16 Mass spectrometry sample preparation and LC-MS/MS acquisition 

Lung tissue was mechanically homogenized in 4% SDS supplemented with Halt™ Protease 

Inhibitor Cocktail (ThermoFisher) to inactivate SARS-CoV-2 virus and extract proteins. Extracted 

proteins were then purified using acetone precipitation, reduced using Pierce Premium-Grade 

TCEP HCl (ThermoFisher), and alkylated using Iodoacetamide (Sigma-Aldrich). Proteins were 

digested with trypsin and labeled with isobaric tags (TMT 11plex, ThermoFisher) using a dry TMT 

based labeling approach as described previously (67). Briefly, samples were randomly assigned to 

tags that were pre-aliquoted dried in 12-tube strips. A pooled sample was included in each strip for 

normalization between strips. After quenching the labeled peptides from each strip were combined 

and fractionated (Pierce High pH Reverse-Phase Peptide Fractionation Kit, ThermoFisher) into 8 

fractions. Collected peptide samples were analyzed with an Orbitrap Fusion Lumos Tribrid Mass 

Spectrometer coupled to an Easy-nLC 1200 (ThermoFisher). For each sample 2-µl (corresponding 

to approximately 500 ng of peptide) were analyzed by loading onto a NanoViper Acclaim pepmap 

100 trap column (75-µm 20 mm with 3-µm beads) and desalting with 0.1% formic acid in water 

(solvent A) before separating on a Easyspray pepmap C18 reverse-phase analytical column (50-

µm 150 mm with 2-µm beads). Chromatographic separation was achieved at a flow rate of 0.300-

µl/min over 100 min in five linear steps as follows (solvent B was 0.1% formic acid in 80% 
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acetonitrile): initial, 2% B; 80 min, 25% B; 90 min, 40% B; 95 min, 95% B; 100 min, 95% B. The 

eluting peptides were analyzed in data-dependent mode MSMS. An MS survey scan of 400−1600 

m/z was performed in the Orbitrap at a resolution of 120000, 50ms maximum injection time and 

an AGC target of 4 x105. The top speed mode was used to select ions for MS2 analysis with 

dynamic exclusion 20 s with a ± 10 ppm window. During the MS2 analyses, precursors were 

isolated using a width of 0.7 m/z and fragmented by HCD at 42% collision energy, AGC target 

1.25 x105 followed by Orbitrap analysis at 50000 resolutions. 

3.5.17 Bioinformatics and statistical analysis pathway analysis 

Raw MS data were subjected to protein identification and quantification using MaxQuant 1.6.3.3 

against a Mesocricetus auratus (Golden Hamster) database that was downloaded from UniprotKB 

(https://www.uniprot.org/, downloaded 2021-08-31, 89281 entries). MaxQuant search was 

performed with reporter ion MS2 (TMT11) mode with the following parameters: fixed 

modification was set as Carbamidomethyl cysteine, variable modifications set as Oxidized 

methionine, protein N-term acetylation; enzyme was set as trypsin/P with maximum missing 

cleavage site of 2; minimal peptide length of 7 and a FDR (false discovery rates) of peptide-

spectrum match (PSM) of 0.01. Isotopic impurities of each TMT channel were obtained according 

to the reagent lot and was used during database search to correct the purities of TMT channels for 

each set of TMT labeling data. MaxQuant output was then summarized and normalized using 

MSstatsTMT (68), using the open-source R software available on Bioconductor. Proteins in all 

groups were compared pairwise using a pairwise t-test. Proteins with an absolute fold change >1.5 

and an adjusted p-value <0.05 were defined as differentially expressed proteins (DEPs). Principal 

Component Analysis (PCA) was performed with Metaboanalyst (https://www.metaboanalyst.ca/) 

using K-Nearest Neighbors Algorithm to estimate missing values and all other parameters set to 

https://www.metaboanalyst.ca/
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default. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses 

were performed on the DAVID Bioinformatics database (https://david.ncifcrf.gov/) with all 

parameter settings at their default values. DEPs were imported into Ingenuity Pathway Analysis 

(QIAGEN) and used to predict the activation or inhibition of canonical pathways. An enrichment 

score of 1.3 was considered significant. The overall predicted activation state of the biological 

attributes was assigned a z-score (<0: inhibition, >0: activation) and those that gave a z-score >2 

or <-2 were considered significant. The results of the KEGG and IPA analysis were plotted as heat 

maps using RStudio.  

3.5.18 Quantification and statistical analysis 

Statistical analyses were performed using GraphPad Prism 9. An unpaired two-tailed t-test was 

used for comparisons of CD40L bioactivity. If possible, before pairwise comparison normality of 

the data was assessed by a Shapiro-Wilk test (alpha-level=0.05). Whenever data or their log 

transformations were deemed not of normal distribution, a non-parametric approach was adopted. 

A non-parametric Kruskal-Wallis H test with Dunn’s test for multiple comparisons was applied for 

pairwise (between-group) comparisons of spike-specific IgG endpoint titers, neutralizing antibody 

titers, and plaque assay viral burden. A one-way analysis of variance (ANOVA) with Bonferroni’s 

adjustment was applied for pairwise (between-group) comparisons of weight loss data by day, log 

subgenomic mRNA expression, RLU/mg, % GFP+ cells, GFP MFI and lung histopathology. The 

significance level and n number for each test is indicated in the Figure legends. 

 

https://david.ncifcrf.gov/
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3.6 Data availability 

All proteomics data along with the database search results were deposited to the ProteomeXchange 

Consortium (http://www.proteomexchange.org) via the PRIDE partner repository with the 

identifier PXD049053. All additional data needed to evaluate the conclusions in the paper are 

present in the main text and Supplementary Materials or available from the corresponding author 

upon request. 
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3.10 Supplementary Material 
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Supplemental Figure 3.1 DNA Vaccine Design and Characterization.  

(A) The SARS-CoV-2 S ectodomain was prefusion stabilized via two proline mutations (solid 

lines) and the replacement of the furin cleavage site with “GSAS” (dotted line). The antigen was 

fused to a T4 fibritin trimerization motif (F) and the ectodomain of Syrian hamster CD40L 

(yellow). Nine mutations (T19R, G142D, E156G, Del 157/158, L452R, T478K, D614G, P681R, 

D950N) from the B.1.617.2 (Delta) variant were incorporated in the vaccine antigen. The codon-

optimized DNA sequence encoding the fusion antigen was subcloned into a pVAX1 vector using 

KpnI and XhoI restriction enzymes. (B) CD40L reporter cells were stimulated for 24 hours with 

cell culture supernatant collected from HEK293T cells transfected with pVAX1 or pVAX1 S-

CD40LB.1.617.2. After the stimulation, SEAP expression in the reporter cell culture supernatant 

was measured using QUANTI-Blue™ reagent. Abs630nm values were measured after a 30-minute 

incubation. Data shown is mean ± SEM; n = 3 per group, ****p < 0.0001 (unpaired two-tailed t-

test). (C) Male Syrian hamsters were immunized intramuscularly on day 0 and 28 with either 100-

µg of pVAX1, or 5 of SM1-20 LNP-encapsulated pVAX1 S-CD40LB.1.617.2. DNA-LNPs were 

generated using a NanoAssemblr™ Ignite™ instrument with NxGen™ cartridges equipped with 

toroidal structures. ELISA determination of total B.1.617.2 spike-specific IgG in the sera of 

immunized hamsters on Day 21 and 42. Data shown is mean ± SEM; n = 5 per group, **p < 0.01, 

***p < 0.001, ****p < 0.0001. 
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Supplemental Figure 3.2 Venn Diagram of Differentially Expressed Proteins.  

Venn diagram showing overlap in DEP proteins between pVAX1 vector and pVAX1 S-

CD40LB.1.617.2 vaccinated groups. Venn diagram generated using Venny 2.1 [Oliveros, J.C. (2007-

2015) Venny. An interactive tool for comparing lists with Venn's diagrams. 

https://bioinfogp.cnb.csic.es/tools/venny/index.html] 

https://bioinfogp.cnb.csic.es/tools/venny/index.html
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Supplemental Figure 3.3 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

enrichment analysis.  

Heatmap of KEGG enrichment analysis of the differentially expressed proteins obtained from 

pairwise comparisons between pVAX1 and pVAX1 S-CD40LB.1.617.2 vaccinated groups. Color 

refers to the enrichment score. 
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Supplemental Figure 3.4 Spike Western Blot Images.  

SARS-CoV-2 (2019-nCoV) Spike Antibody, Rabbit PAb, Antigen Affinity Purified (Cat: 40591-

T62, Sino Biologics). 1– KC2 pVAX1, 2- KC2 LNP pVAX1 S-CD40LB.1.617.2, 3- SM-102 LNP 

pVAX1, 4- SM-102 LNP pVAX1 S-CD40LB.1.617.2, L – Novex Sharp Pre-stained Protein Standard. 

Chemiluminescence image of the membrane. kDa, kiloDaltons. 
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Supplemental Figure 3.5 B-actin Western Blot Image.  

β-Actin Antibody (Cat: 4967, Cell Signaling). 1– KC2 pVAX1, 2- KC2 LNP pVAX1 S-

CD40LB.1.617.2, 3- SM-102 LNP pVAX1, 4- SM-102 LNP pVAX1 S-CD40LB.1.617.2, L – Novex 

Sharp Pre-stained Protein Standard. kDa, kiloDaltons. (A) Chemiluminescence image of the 

membrane. (B) Composite chemiluminescence and colormetric image of the membrane. kDa, 

kiloDaltons. 
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Supplemental Figure 3.6 In Vitro GFP Transfection Gating Strategy.  

Representative flow cytometry gates for the analysis of GFP+ HEK293T cells transfected with (A) 

pVAX1 or (B) pVAX1 GFP.  
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Supplemental Table 3.1 KC2 LNP Characterization.  

DNA-LNPs were generated using a NanoAssemblr BT™ instrument with a microfluidics cartridge 

containing a staggered herringbone mixing unit. Mean particle diameter measured by nanoparticle 

tracking analysis (NTA). Encapsulation efficiency determined by SYBR Gold assay. SD, standard 

deviation.  

Dose Cohort LNP Diameter 

(Mean ± SD , nm) 

Encapsulation Efficiency 

(%) 

Prime 1 102.2 ± 35 >99 

2 98.3 ± 43 98.3 

Boost 1 90.8 ± 34 96.1 

2 110 ± 63 97.8 
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Supplemental Table 3.2 KC2 and SM-102 LNP Characterization.  

DNA-LNPs were generated using a NanoAssemblr BT™ instrument with a microfluidics cartridge 

containing a staggered herringbone mixing unit. Mean particle diameter measured by NTA. 

Encapsulation efficiency determined by SYBR Gold assay. SD, standard deviation.  

 

Ionizable Lipid 

Component 

Dose Cohort LNP Diameter 

(Mean ± SD , nm) 

Encapsulation 

Efficiency (%) 

 

KC2 

 

Prime 

1 83.7 ± 22 91.5 

2 84.0 ± 23 93.8 

 

Boost 

1 90.9 ± 29 90.5 

2 84.8 ± 24.5 93.1 

 

SM-102 

 

Prime 

1 79.0 ± 22 89.1 

2 82.1 ± 21 83.0 

 

Boost 

1 85.0 ± 23.6 89.5 

2 80.9 ± 19 92.7 

  



115 

 

Supplemental Table 3.3 Mass-spectrometry pairwise comparisons.  

Related to Figure 3.5. Protein expression in Syrian hamster lung tissue samples were compared 

pairwise using a pairwise t-test. Proteins with an absolute fold change >1.5 and an adjusted p-value 

<0.05 were defined as differentially expressed proteins (DEPs). Available online at: 

https://www.cell.com/cms/10.1016/j.omtm.2024.101325/attachment/b33a0bb6-d4a1-4157-a70f-

1fddda8a11f0/mmc2.xlsx 

 

Supplemental Table 3.4 GO and KEGG Analysis.  

Related to Figure 3.5. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway enrichment analyses were performed on the DAVID Bioinformatics database 

with all parameter settings at their default values. Available online at: 

https://www.cell.com/cms/10.1016/j.omtm.2024.101325/attachment/2b8c6cfe-707e-4cc1-b807-

327d44b20ed5/mmc3.xlsx 

 

Supplemental Table 3.5 Ingenuity Pathway Analysis.  

Related to Figure 3.5. DEPs identified through pairwise t-tests were imported into Ingenuity 

Pathway Analysis (QIAGEN) and used to predict the activation or inhibition of canonical 

pathways. Available online at: 

https://www.cell.com/cms/10.1016/j.omtm.2024.101325/attachment/b06d2d35-8f61-485f-a8e3-

c2174c6867d6/mmc4.xlsx 

  

https://www.cell.com/cms/10.1016/j.omtm.2024.101325/attachment/b33a0bb6-d4a1-4157-a70f-1fddda8a11f0/mmc2.xlsx
https://www.cell.com/cms/10.1016/j.omtm.2024.101325/attachment/b33a0bb6-d4a1-4157-a70f-1fddda8a11f0/mmc2.xlsx
https://www.cell.com/cms/10.1016/j.omtm.2024.101325/attachment/2b8c6cfe-707e-4cc1-b807-327d44b20ed5/mmc3.xlsx
https://www.cell.com/cms/10.1016/j.omtm.2024.101325/attachment/2b8c6cfe-707e-4cc1-b807-327d44b20ed5/mmc3.xlsx
https://www.cell.com/cms/10.1016/j.omtm.2024.101325/attachment/b06d2d35-8f61-485f-a8e3-c2174c6867d6/mmc4.xlsx
https://www.cell.com/cms/10.1016/j.omtm.2024.101325/attachment/b06d2d35-8f61-485f-a8e3-c2174c6867d6/mmc4.xlsx
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4.1 Abstract 

mRNA-lipid nanoparticle (LNP) vaccines induce robust adaptive immune responses and have 

proven highly effective against SARS-CoV-2. However, their long-term effectiveness is limited 

by waning humoral responses, which decline substantially within the first six months post-boost 

vaccination. DNA-LNPs are being investigated as an alternative vaccine platform, offering 

prolonged antigen expression and robust immunity. Here, we compare DNA- and mRNA-LNP 

vaccines encoding CD40L-adjuvanted SARS-CoV-2 XBB.1.5 Spike (SXBB.1.5-CD40L) in a long-

term in vivo challenge model. Both nucleic acid vaccines induced strong neutralizing antibody 

responses and conferred equivalent protection in Syrian hamsters challenged three weeks post-

boost. Notably, DNA-LNP vaccination maintained high binding and neutralizing antibody titers 

six months post-boost, whereas mRNA-LNPs exhibited a marked decline. Correspondingly, while 

SXBB.1.5-CD40L DNA-LNP vaccination completely protected from weight loss, viral replication, 

and lung pathology at this late timepoint, SXBB.1.5-CD40L mRNA-LNP vaccination conferred 

minimal protection. These findings demonstrate that DNA-LNPs can sustain durable immunity, 

highlighting their potential as a next-generation vaccine platform that could reduce the need for 

frequent boosters. 

4.2 Introduction 

Ideal vaccines elicit durable immunity against their target pathogen. While mRNA vaccines have 

been highly effective against COVID-19, their ability to prevent symptomatic infection wanes 

dramatically over time (1–6). In particular, mRNA-induced antibody responses undergo an initial 

phase of rapid decline before stabilizing around 7-9 months post-vaccination (7–10). Although 

mRNA vaccination drives robust germinal center activity and affinity maturation (11), studies 
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show it generates only limited long-lived plasma cell (LLPC) populations in the bone marrow (12). 

The decay of circulating antibody titers, combined with the emergence of immune-escaping 

variants, has necessitated repeated booster immunizations, often on an annual basis, to sustain a 

high level of efficacy (13–15). 

Multiple COVID-19 DNA vaccines were evaluated clinically during the pandemic, the majority 

of which utilized electroporation or needle-free injection systems to overcome challenges 

associated with inefficient delivery and limited immunogenicity in humans (16–18). Advances in 

lipid nanoparticle (LNP) technology were critical to the success of mRNA vaccines, both by 

protecting the mRNA and facilitating its cellular uptake (19,20). The ionizable lipids within these 

formulations also exhibit immunostimulatory properties, functioning as self-adjuvants (21,22). 

Recent research has highlighted how these same LNP formulations can be adapted for DNA-based 

vaccination (23–27). DNA- and mRNA-LNPs display distinct antigen expression kinetics and 

modes of innate immune activation, differences that can profoundly shape the adaptive response 

(26,28,29). 

Here, we directly compare the immunogenicity and long-term efficacy of DNA- and mRNA-LNP 

vaccines against the SARS-CoV-2 XBB.1.5 variant. XBB.1.5 became globally dominant in early 

2023 and was selected as the antigen for the FDA-approved monovalent mRNA-LNP vaccines 

deployed during the 2023–2024 season (30). We previously demonstrated that fusion of CD40 

ligand (CD40L) to the SARS-CoV-2 Spike (S) enhances the immunogenicity and efficacy of DNA-

based vaccines (31,32). Using this same design, both DNA- and mRNA-LNP vaccines elicited 

robust initial immune responses that conferred complete protection against XBB.1.5 in Syrian 

hamsters. However, only the DNA-LNP vaccine provided durable immunity, sustaining high levels 

of binding and neutralizing antibodies (NAbs) and affording near-complete protection six months 
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post-boost. These findings highlight the potential of DNA-LNP vaccines to confer lasting 

protection against emerging SARS-CoV-2 variants and emphasizes the importance of further 

exploring this platform. 

4.3 Results 

4.3.1 CD40L augments humoral and CD4⁺ T Cell responses induced by mRNA-LNPs in mice 

Building on our previous finding that CD40L enhanced the immunogenicity of a DNA-based 

SARS-CoV-2 S vaccine (31), we first evaluated whether this strategy could similarly augment 

immune responses induced by mRNA-LNP vaccination. Using our established design framework, 

mRNAs encoding trimerized soluble XBB.1.5 S either alone (SXBB.1.5) or fused to the CD40L 

ectodomain (SXBB.1.5-CD40L) were synthesized. BALB/c mice were immunized intramuscularly 

with 1.25 µg of the mRNA-LNP vaccines on days 0 and 28 before being sacrificed on day 49 for 

immunological analysis (Figure 4.1A). Control animals were immunized with non-coding plasmid 

DNA (pDNA) encapsulated in the same LNP formulation, which has previously been shown not 

to elicit antigen-specific responses (23,32). Both mRNA vaccines induced robust serum anti-

XBB.1.5 S IgG responses compared to control mice (Figure 4.1B). Notably, the SXBB.1.5-CD40L 

mRNA-LNP vaccine generated higher binding antibody levels than the non-adjuvanted vaccine. 

In addition, SXBB.1.5-CD40L induced greater IgG2a responses (Figure 4.1C) without a 

corresponding rise in IgG1 levels (Figure 4.1D), indicative of Th1 polarization. Interestingly, both 

the SXBB.1.5 and SXBB.1.5-CD40L vaccines raised comparable levels of NAbs against XBB.1.5 

(Figure 4.1E). Both SXBB.1.5 and SXBB.1.5-CD40L elicited significant interferon-γ (IFNγ)-secreting 

splenocyte responses (Figure 4.1F). Notably, SXBB.1.5-CD40L induced a significantly greater 

number of IFNγ-secreting cells than SXBB.1.5. The inclusion of CD40L also increased the expression 
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of IFNγ, TNFα, and IL-2 in CD4⁺ T cells (Figure 4.1G-I), while no statistically significant 

enhancement of CD8⁺ T cell responses was observed (Figure 4.1J-L). Together, these findings 

demonstrate that incorporation of CD40L into mRNA-based SARS-CoV-2 S vaccines enhances 

Th1-biased humoral and CD4⁺ T cell responses. 
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Figure 4.1 CD40L enhances immunogenicity of XBB.1.5 mRNA-LNP vaccines in BALB/c 

mice.  

(A) Female BALB/c mice (n = 8 per group) were immunized intramuscularly on days 0 and 28 

with 1.25 µg of SXBB.1.5 or SXBB.1.5-CD40L mRNA-LNPs. Control mice were vaccinated with 2.5 

µg of a non-coding pVAX1 DNA-LNP. Mice were sacrificed on day 49 to assess adaptive immune 

responses. Created in BioRender. Tamming, L. (2026) https://BioRender.com/3cg6lmx. XBB.1.5 

S-specific IgG (B), IgG2a (C) and IgG1 (D) levels in the sera measured by ELISA. The 50% 

neutralizing titer (NT50) of mouse sera was determined using XBB.1.5 pseudotyped-VSV. 

Cellular immune responses were assessed by stimulating splenocytes with 1 µg/mL of an XBB.1.5 

S overlapping peptide pool. (F) IFNγ-secreting splenocytes as determined by ELISpot. Frequency 

of cytokine expression by CD4+ (G-I) and CD8+ (J-L) T cells as determined by intracellular 

cytokine staining. Data shown are mean ± SEM. ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. 

4.3.2 DNA-LNP vaccines induce long-lived humoral immunity in Syrian hamsters 

Given the limited durability of humoral responses observed with mRNA vaccines, we sought to 

assess the longevity of immunity induced by CD40L-adjuvanted DNA- and mRNA-LNP vaccines. 

To evaluate both immunogenicity and protection, Syrian hamsters were immunized on days 0 and 

28 with either 2.5 µg of mRNA SXBB.1.5-CD40L or 5 µg of pVAX1 SXBB.1.5-CD40L, each 

formulated with the same SM-102-based LNPs (Figure 4.2A). The 5 µg DNA-LNP dose was 

previously established to be effective against B.1.617.2 and BA.5 challenge (32). The lower 2.5 

µg mRNA dose was selected based on the higher antigen expression and immunogenicity 

previously observed for mRNA-LNP vaccines (28). As a negative control, animals received 5 µg 

non-coding pVAX1 DNA-LNP. Hamsters were subsequently challenged either on day 49 or day 

203, six months post-boost. Humoral responses in the sera were assessed at days 42 and 196. On 

day 42, both the DNA- and mRNA-LNP vaccines elicited robust XBB.1.5 S-specific IgG 

responses (Figure 4.2B). While binding antibody titers in the mRNA-LNP group had declined 

more than 10-fold by day 196, DNA-LNP vaccinated hamsters maintained high binding antibody 

levels. Similarly, although both vaccines elicited comparable NAb responses against XBB.1.5 at 

day 42, the neutralizing activity of the mRNA-LNP group was significantly diminished relative to 

https://biorender.com/3cg6lmx


130 

 

the DNA-LNP six months post-boost (Figure 4.2C). To assess the breadth of immunity induced by 

both vaccines, we assessed the NAb response against KP.3.1.1 (Figure 4.2D), a more recent 

Omicron sublineage that demonstrated partial escape from XBB.1.5 vaccine-induced antibodies 

(33). At day 42, both DNA-LNP and mRNA-LNP immune sera neutralized KP.3.1.1, though the 

NAb titers were reduced compared to XBB.1.5. By day 196, neutralizing activity in the mRNA-

LNP group declined to near-background levels, whereas DNA-LNP vaccinated animals retained 

measurable activity. Notably, immunization with DNA-LNPs encoding SXBB.1.5 without CD40L 

also induced durable humoral responses, with no apparent drop in binding antibody titers six 

months post-boost (Supplemental Figure 4.1). Altogether, these results highlight the capacity of 

DNA-LNP vaccines to elicit durable and long-lived humoral immunity against SARS-CoV-2 

variants. 
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Figure 4.2 SXBB.1.5-CD40L DNA-LNPs induce robust and durable humoral responses in 

Syrian hamsters.  

(A) Male Syrian hamsters were immunized intramuscularly on day 0 and 28 with 5 µg of SXBB.1.5-

CD40L DNA-LNP or 2.5 µg of SXBB.1.5-CD40L mRNA-LNP. Control hamsters were vaccinated 

with 5 µg of pVAX1 DNA-LNP. Animals were challenged intranasally with 1.67 × 105 TCID50 of 

a SARS-CoV-2 XBB.1.5 isolate on day 49 or 203. Serum was collected on day 42 (n = 20 per 

group) or day 196 (n = 9-10 per group) to assess humoral responses. Created in BioRender. 

Tamming, L. (2026) https://BioRender.com/xiodjpx. (B) XBB.1.5 S-specific IgG determined by 

ELISA. Serum NT50 determined using (C) XBB.1.5 pseudotyped-VSV or (D) KP.3.1.1. Data 

shown are mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. 

4.3.3 DNA-LNPs provide long-term protection against XBB.1.5 SARS-CoV-2 challenge 

Next, we evaluated the protective efficacy of the DNA- and mRNA-LNP SXBB.1.5-CD40L vaccines. 

Vaccinated Syrian hamsters were challenged with a matched SARS-CoV-2 XBB.1.5 isolate on day 

https://biorender.com/xiodjpx
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49, three weeks post-boost vaccination (Figure 4.3A). The two SXBB.1.5-CD40L vaccines conferred 

comparable protection against weight loss following infection (Figure 4.3B). In addition, both 

vaccines were highly effective at suppressing viral replication in both the upper and lower 

respiratory tracts, with little or no infectious particles detected in either the lungs or nasal turbinates 

at three days post-infection (dpi) (Figure 4.3C). Consistently, subgenomic viral mRNA (sgmRNA) 

levels were also reduced at both sites 3-dpi (Figure 4.3D). Histopathological analysis revealed no 

overt signs of inflammation or infection-associated tissue damage in the lungs collected from 

vaccinated animals at either 3- or 6-dpi (Figure 4.3E, Supplemental Figure 4.2). Collectively, these 

data show that DNA-LNP vaccination can provide a level of protection against SARS-CoV-2 

challenge that is comparable with mRNA-LNP vaccination three weeks post-boost. 
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Figure 4.3 DNA- and mRNA-LNPs provide significant protection against XBB.1.5 challenge 

in Syrian hamsters. 

(A) Immunized Syrian hamsters were challenged intranasally with 1.67 × 105 TCID50 of a SARS-

CoV-2 XBB.1.5 isolate on day 49 post-vaccination and euthanized 3- (n = 5 per group) or 6-dpi (n 

= 5 per group). Created in BioRender. Tamming, L. (2026) https://BioRender.com/utj7sy7. (B) 

Body weight measured daily post-challenge. (C) TCID50 determined in lung and nasal turbinate 

tissues collected 3-dpi. (D) SARS-CoV-2 E sgmRNA expression in the lung and nasal turbinates 

collected 3-dpi determined via RT-qPCR. Normalized to RPL19 mRNA expression. (E) Summary 

of pulmonary histopathological scores 3- and 6-dpi. Data shown are mean ± SEM. ∗∗p < 0.01, 

∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. 

 

To assess the durability of protection, immunized hamsters were challenged with a SARS-CoV-2 

XBB.1.5 isolate on day 203, approximately six months post-boost vaccination (Figure 4.4A). 

While the DNA-LNP continued to afford a high level of protection at this timepoint, multiple 

endpoints suggested that the mRNA-LNP conferred minimal protection, mirroring the observed 

decline in humoral immunity. Only the DNA-LNP vaccine significantly protected against weight 

loss following challenge (Figure 4.4B). Correspondingly, little or no infectious virus was detected 

in the lungs and nasal turbinates of DNA-LNP-immunized animals at 3-dpi (Figure 4.4C). In 

contrast, mRNA-LNP-vaccinated animals exhibited substantially higher viral burden (Figure 

4.4C) and viral sgmRNA levels (Figure 4.4D). While no overt histopathological signs of infection 

were detected in DNA-LNP-vaccinated hamsters at both 3- and 6-dpi, lungs from mRNA-LNP–

vaccinated hamsters exhibited pronounced inflammatory cell infiltration and tissue consolidation 

6-dpi (Figure 4.4E, Supplemental Figure 4.3 & 4.4 and Supplemental Table 4.1). Together, these 

findings demonstrate that DNA-LNP vaccination sustains robust protective efficacy for at least six 

months post-boost vaccination. 

https://biorender.com/utj7sy7
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Figure 4.4 SXBB.1.5-CD40L DNA-LNPs provide durable protection 6-months post-boost in 

Syrian hamsters.  

(A) Immunized Syrian hamsters were challenged intranasally with 1.67 × 105 TCID50 of a SARS-

CoV-2 XBB.1.5 isolate on day 203 post-vaccination and euthanized 3- (n = 4-5 per group) or 6-

dpi (n = 4-5 per group). Created in BioRender. Tamming, L. (2026) 

https://BioRender.com/79on9si. (B) Body weight measured daily post-challenge. (C) TCID50 

determined in lung and nasal turbinate tissues collected 3-dpi. (D) SARS-CoV-2 E sgmRNA 

expression in the lung and nasal turbinates collected 3-dpi determined via RT-qPCR. Normalized 

to RPL19 mRNA expression. (E) Summary of pulmonary histopathological scores 3- and 6-dpi. 

Data shown are mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. 

4.4 Discussion 

In this study, we demonstrate that DNA-LNP vaccines provide durable immunity against the 

SARS-CoV-2 XBB.1.5 variant, affording better long-term protection than a similar mRNA-LNP 

https://biorender.com/79on9si
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formulation. Recent studies have highlighted DNA-LNPs as a promising next-generation vaccine 

platform (23–27,34–37). Some of these studies have demonstrated that DNA-LNPs are capable of 

inducing comparable or even superior immune responses than mRNA-LNPs (25,26) . Notably, 

these studies have also highlighted how DNA- and mRNA-LNPs differ in terms of their antigen 

kinetics and immune engagement. Whereas mRNA-LNPs generate potent but short-lived antigen 

expression, DNA-LNPs sustain expression for much longer, with detectable expression often 

persisting beyond one month (26,28,29). DNA-LNPs also appear to be more inflammatory than 

nucleoside-modified mRNA-LNPs, triggering strong innate immune responses through STING-

sensing pathways (26,29). How these factors influence the overall adaptive immune response 

induced by DNA-LNPs remains to be fully elucidated. While a few studies have reported the 

durability of humoral and cellular responses elicited by DNA-LNPs (25,26), none to our 

knowledge have directly demonstrated their ability to confer long-term protection against viral 

challenge. 

We have previously established that fusion of CD40L to the SARS-CoV-2 S enhances the 

magnitude and breadth of humoral responses induced by DNA and DNA-LNP vaccines (31,32). 

As such, we first assessed whether the benefits of this approach extended to mRNA-LNP vaccines. 

Consistent with other platforms, SXBB.1.5-CD40L mRNA-LNPs induced greater humoral and CD4+ 

T cell responses. This enhancement appeared to primarily affect Th1 responses, which are critical 

for protection against intracellular pathogens such as SARS-CoV-2. To the best of our knowledge, 

this is the first report of an antigen-CD40L fusion delivered by mRNA-LNP vaccination against 

an infectious pathogen. Prior studies investigating CD40L as a molecular adjuvant have shown its 

capacity to promote germinal centre (GC) formation (38). GC reactions are linked to the generation 

of high-affinity LLPCs which are the primary producers of circulating antibodies (39). Despite this 
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link, the SXBB.1.5-CD40L mRNA-LNP vaccine did not sustain a long-lived humoral response, with 

antibody levels waning markedly by six months post-boost vaccination, and correspondingly 

appeared to afford only minimal protection at this later point. Co-administration of mRNA 

encoding interleukin (IL)-12p70 or IL-7 has been shown to enhance GC activity and increase the 

durability of humoral responses, although such adjuvanted vaccines still exhibit substantial waning 

over extended follow-up (40,41). Together, these observations suggest that while molecular 

adjuvants can strengthen GC responses, they may not fully overcome durability limitations 

intrinsic to mRNA-LNPs. 

In contrast, both SXBB.1.5 and SXBB.1.5-CD40L DNA-LNP vaccines maintained robust antibody 

responses over the same six-month period and preserved a high level of protection. Consistent with 

our observations, Tursi et al. reported that DNA-LNP induced immune responses were more 

durable than mRNA-LNP induced responses, having greater CD8+ T cell recall responses in mice 

one-year post-vaccination and stronger humoral responses in rabbits after six months (26). 

Paradoxically, Tursi et al. also observed that DNA-LNPs generated weaker GC responses than 

mRNA-LNPs, suggesting that the sustained humoral immunity may be driven by other factors 

(26). The half-life of nucleoside modified mRNA upon intramuscular injection is estimated to be 

less than 24 h, which is reflected by its short antigen expression window (42). Circular RNA 

vaccines, which are intrinsically more resistant to degradation because of their closed-loop 

structure, prolong antigen expression and induce superior and more durable humoral responses 

(43–45). Likewise, mRNA-1723 readenylation by TENT5a in a subset of innate immune cells has 

been shown to delay transcript degradation, prolonging expression and enhancing humoral 

responses (46). These findings from mRNA vaccine studies indicate that prolonged antigen 

expression, whether achieved through molecular design or cellular processes, can strongly 
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influence vaccine durability. Further studies are required to define the full duration of DNA-LNP 

antigen expression in vivo, to identify which cell populations sustain this expression, and to 

determine whether it is the critical factor supporting the durable immunity observed here and in 

previous studies(25,26). Fate-mapping approaches have demonstrated that the accumulation of 

LLPCs in the bone marrow scales with the duration of immune responses(47). The prolonged 

antigen expression following DNA-LNP vaccination may extend GC activity and thereby increase 

LLPC recruitment to the bone marrow. It also remains unclear how DNA-LNP vaccination affects 

the quality of humoral responses, and whether it drives the generation of higher-avidity antibodies 

which can enhance the potency and breadth of SARS-CoV-2 NAbs(48). Future work should assess 

GC activity, bone marrow LLPC numbers and antibody avidity at multiple times following DNA-

LNP vaccination.  

A key limitation of this study is the limited number of DNA- and mRNA-LNP doses evaluated. 

Notably, most published studies comparing DNA- and mRNA-LNPs have done so using 

equivalent nucleic acid masses(25,26) , although this can represent substantial differences in both 

the molar amount of each nucleic acid delivered and in the quantity of immunogenic lipids 

administered. Relative to mRNA vaccines, which can immediately be translated upon endosomal 

escape, DNA vaccines must additionally cross the nuclear membrane to enable transcription of the 

encoded antigen. Even when administered at a 25-fold mass excess relative to mRNA-LNPs, 

DNA-LNPs induce over 10-fold less antigen expression within the first four weeks (28). On this 

basis, we selected a 5 µg DNA-LNP dose and a 2.5 µg mRNA-LNP dose, with the goal of assessing 

the relative durability of each platform following an approximately equivalent initial immune 

response. While previous reports suggest equivalent mass doses would yield similar results 

(25,26), this was not assessed in the present work. In addition, this study was limited by relatively 
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small group sizes (n = 4-5), which may limit the robustness of individual protection endpoints. 

Future studies should employ a more rigorous approach, systematically comparing the two 

platforms across a broad range of doses, including molar nucleic acid equivalents and doses 

controlling for equivalent total lipid mass, to definitively evaluate the relative strengths and 

limitations of each platform. 

Assessing the durability of DNA-LNP-induced immunity across multiple animal models will be 

critical. Liao et al. reported marked differences in the magnitude and duration of DNA- and 

mRNA-LNP responses across species, with DNA-LNPs eliciting the strongest immunity in 

hamsters (25). Notably, DNA-LNPs have displayed different reactogenicities in different models 

and can elicit highly inflammatory responses(29,37). Additional studies in diverse models, genetic 

backgrounds and, ultimately, in humans will be essential to delineate the true potential and 

limitations of this platform. Future studies should also determine whether DNA-LNPs are 

compatible with high-risk or immunocompromised populations, in whom excessive inflammation 

could pose safety concerns. 

In summary, this study establishes that DNA-LNP vaccines can provide durable protection against 

the SARS-CoV-2 XBB.1.5 variant, outperforming an otherwise comparable mRNA-LNP vaccine. 

We demonstrate that DNA-LNP vaccination maintains antibody responses and protective 

outcomes for at least six months post-boost vaccination in Syrian hamsters. These findings position 

DNA-LNPs as a promising next-generation vaccine modality with the potential to address the issue 

of rapidly declining antibody responses observed with current mRNA vaccines. 
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4.5 Methods 

4.5.1 Cell lines and viruses 

BHK-21 (RRID:CVCL_1915) and HEK293T-ACE2 (SL221; RRID:CVCL_C9BE) cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher) supplemented with 25 

mM HEPES, 1X non-essential amino acid (NEAA), 20 U/mL penicillin, 0.02 mg/mL 

streptomycin, and 10% heat-inactivated fetal bovine serum (FBS). Vero-TMPRSS2 cells 

(RRID:CVCL_YQ49) were cultured in DMEM with L-glutamine supplemented with 1X NEAA, 

1 mM sodium pyruvate, and 5% FBS. The XBB.1.5 SARS-CoV-2 viral isolate hCoV-

19/USA/MD-HP40900/2022 (NR-59104) was obtained from BEI resources. The virus was 

propagated and titered using Vero-TMPRSS2 cells and sequenced to confirm genetic fidelity. 

Passage four virus stocks were used for all experiments that required live virus. 

4.5.2 Animal care 

Animal experiments and procedures were either approved by the Animal Care Committee at Health 

Canada or at National Research Council Canada (NRC). All work was performed by trained staff 

in accordance with regulations and guidelines set by the Canadian Council on Animal Care. All 

infectious work was carried out under ABSL-3 conditions at the NRC. All animals were purchased 

from Charles River Laboratories (Senneville, QC). Euthanasia was performed by cardiac puncture 

exsanguination and cervical dislocation under isoflurane anesthesia. 

4.5.3 DNA and mRNA vaccine design and synthesis  

The vaccine antigens were designed as previously described (31). Briefly, the SARS-CoV-2 

XBB.1.5 S (GenBank: UZG29433.1) ectodomain (residues 1-1199) was mutated to have a 

“GSAS” substitution at the furin cleavage site (residues 678-681) and pre-fusion stabilizing proline 
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substitutions at residues 982 and 983. The antigen was trimerized by fusion to a T4 fibritin foldon 

domain. The antigen was then optionally fused to the CD40L ectodomain of Mesocricetus auratus 

(GenBank: XM_005084522.4, residues 118-260) or of Mus musculus (GenBank accession 

#NM_011616, residues 118-260). Domains were separated by flexible glycine-serine linkers 

sequences “GSGG”. Domain coding sequences were individually codon optimized for expression 

in Mus musculus and Mesocricetus auratus by GenScript. DNA coding sequences were 

commercially synthesized (Genscript) and then subcloned into pVAX1 (Invitrogen) using 

KpnI/XhoI or KpnI/NotI restriction enzymes. Bulk DNA vaccine preparations were prepared using 

endotoxin-free gigaprep kits (Qiagen). mRNA vaccines with matching coding sequences were 

commercially synthesized by TriLink Biotechnologies with a CleanCap®AG Cap 1 structure and 

a 120A polyadenylated tail. mRNA was DNAse and phosphatase treated and purified by silica 

membrane. All mRNA was fully substituted with N1-methyl-pseudouridine.  

4.5.4 DNA-LNP and mRNA-LNP preparation 

DNA- and mRNA-LNPs were synthesized as previously described within 48 h of vaccination and 

stored at 4°C (28,32). Briefly, the aqueous phase was prepared by suspending DNA in 25 mM 

acetate buffer (pH 4.0) or mRNA in 50 mM citrate buffer (pH 4.0). The organic phase was prepared 

in ethanol and consisted of SM-102 (MedKoo Biosciences), 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC, Avanti Polar Lipids), ovine cholesterol (Cholesterol, Millipore Sigma), 

and DMG-PEG2000 (Millipore Sigma) at a 50:10:38.5:1.5 percent molar ratio respectively. The 

aqueous and organic phases were mixed with a polymer amine (N = nitrogen) group to nucleic 

acid phosphate (P) group (N/P) ratio of 6:1 using a NanoAssemblr Ignite instrument (Precision 

Nanosystems). LNPs were dialyzed against Dulbecco's phosphate-buffered saline (DPBS) for 18 

h at 4°C in a 10kDa MWCO cassette (Thermo Fisher). Prior to vaccination, LNPs were passed 
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through a 0.22 μm filter and concentrated using an Amicon Ultra 4 10 k MWCO centrifugal 

concentrator (Millipore Sigma). Nanoparticle size was measured using a NanoSight NS300 

(Malvern Panalytical). LNP encapsulation efficiency was measured by disrupting LNPs with 1% 

Triton X-100 (Millipore Sigma) and adding SYBR™ Gold dye (Thermo Fisher) (Supplemental 

Table 4.2 & 4.3). 

4.5.5 Immunization and SARS-CoV-2 challenge 

All animals were randomly divided into experimental groups. Female BALB/c mice (6-8 weeks-

old) were vaccinated with 2.5 µg of DNA-LNPs or 1.25 µg of mRNA-LNPs, resuspended in 50 

µL of PBS. Male Syrian hamsters (6-8 weeks old) were vaccinated with 5 µg of DNA-LNPs or 

2.5 µg of mRNA-LNPs, resuspended in 100 µL of PBS. Injection volumes were divided evenly 

between both tibialis anterior muscles with a needle syringe on day 0 and day 28. Animals were 

bled at the time points indicated in the figure legends/text to assess antibody responses. On day 49 

or 203 post-vaccination the hamsters were intranasally challenged with 1.67 ×105 TCID50 of 

XBB.1.5 SARS-CoV-2. Hamsters were weighed daily and euthanized either 3- or 6-days post-

challenge to assess viral burden and pathology.  

4.5.6 Enzyme-linked immunosorbent assay (ELISA) 

S-specific antibody titers were determined as previously described (31). Briefly, Nunc MaxiSorp 

flat-bottom 96-well plates (Thermo Fisher) were coated with 1 μg/mL of recombinant XBB.1.5 S 

protein diluted in PBS overnight at 4°C. Recombinant XBB.1.5 S protein (PRO8581 [SmT2v3 

(XBB.1.5)] was obtained from the National Research Council of Canada, which was produced as 

previously described (49). Plates were washed with PBS containing 0.1% Tween 20 (PBS-T) 

before blocking with 3% (w/v) bovine serum albumin (BSA, IgG-free) (Jackson 

ImmunoResearch) in PBS-T for 2 h at 37°C. After washing, plates were incubated for 1 h at 37°C 
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with mouse or hamster serum serially diluted in blocking buffer. After additional washes, the plates 

were incubated with either 1:2000 HRP-conjugated anti-mouse IgG (RRID:AB_772210) or 

1:4000 HRP-conjugated anti-hamster IgG (RRID:AB_2337454) for 1 h at 37°C. After a final 

wash, plates were developed for 5 minutes using tetramethylbenzidine (TMB) substrate (Cell 

Signaling Technology) before being stopped with the addition of 0.16 M sulfuric acid. Absorbance 

values were measured at 450 nm with a Synergy 2 (BioTek) plate reader. Endpoint titers were 

expressed as the reciprocals of the final detectable dilution with an optical density (OD) above the 

cutoff value (average OD of control samples plus three standard deviations). 

4.5.7 Pseudovirus neutralization assay 

SARS-CoV-2 S-pseudotyped VSV was generated by concurrently infecting BHK-21 cells with 

G∗ΔG-VSV (Kerafast, EH1020-PM) and transfecting them pDNA vectors encoding SARS-CoV-

2 S Δ19 as previously described (50). A pLV vector encoding XBB.1.5 was synthesized 

commercially by Genscript. A vector encoding KP.3.1.1 was a gift from David Nemazee (Addgene 

plasmid #233342). After 48 and 72 h, supernatant was collected, passed through a 0.45 μm filter 

and stored at -80°C until use. For neutralization assays, heat inactivated serum samples were 

serially diluted in a white 96-well plate and incubated with the pseudovirus for 1 h at 37°C. After, 

6 × 104 HEK293T-ACE2 cells were added and plates were incubated for 24 h at 37°C 5% CO2. 

Luminescence was measured using Bright-Glo luciferase reagent (Promega) and a Synergy 2 

(BioTek) plate reader. 50% neutralization titers (NT50) were measured as the reciprocal dilution 

at which a 50% reduction in relative light units (RLU) was observed relative to no-serum controls.  

4.5.8 Quantification of viral burden 

XBB.1.5 SARS-CoV-2 viral burden was determined as previously described (32). Briefly, lung 

and nasal turbinate tissues were homogenized in PBS using a Precellys Evolution. Spin-clarified 
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supernatants were serially diluted before being adsorbed on Vero-TMPRSS2 cells seeded in 96-

well plates for 1 h at 37°C, 5% CO2. After the incubation, the media was replaced and the plates 

were incubated at 37°C, 5% CO2 for 5 days. Observed cytopathic effects were recorded and the 

50% Tissue Culture Infectious Dose (TCID50) was calculated per g of tissue using the Reed-

Muench method (51). 

4.5.9 RNA extraction and quantitative reverse-transcription PCR (qRT-PCR) 

Lung and nasal turbinate tissues were homogenized in RNA shield buffer (Zymo Research) using 

a Precellys Evolution. RNA was extracted from the homogenized samples using a Quick-RNA 

Viral Kit (Zymo Research). RNA expression was quantified using a one-step Fast Virus master 

mix (Thermo Fisher) and either an E sgmRNA- or RPL18-specific TaqMan primer/probe set 

(52,53). E sgmRNA expression was normalized to RPL18 expression using the ddCT method (54). 

All RT-qPCR reactions were conducted in MicroAmp Fast Optical 96 wells with an Applied 

Biosystems 7500 Fast Real-time PCR instrument. 

4.5.10 Histopathology 

Histopathology processing and analysis was conducted as described previously (31). Briefly, right 

lung lobes were fixed for 72 h in 10% neutral buffered formalin and processed by routine paraffin 

embedding methods (55). Four-micrometer-thick sections were stained with hematoxylin-eosin 

(H&E) and examined under microscopy. The severity and extent of pneumonia was scored blinded 

based on previously established criteria, sampling five fields per lung(56). For the long-term study 

6 dpi timepoint, the severity and extent of pneumonia in individual lung lobes was also scored 

(Supplemental Table 4.1). Representative histopathology images are shown in Supplemental 

Figure 4.2-4.4. 
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4.5.11 Mouse Tissue Processing 

Spleens from vaccinated mice were collected three weeks post-boost vaccination and homogenized 

with a gentleMACS™ Dissociator (Miltenyi Biotec) using the m_spleen_01 program. Splenocytes 

were filtered using a 70 µm cell-strainer before being resuspended in ACK lysis buffer for 3 

minutes at room temperature. Lysis was quenched by the addition of PBS and splenocytes were 

resuspended in RPMI 1640 media (Thermo Fisher) supplemented with 20 U/mL penicillin, 0.02 

mg/mL streptomycin, and 10% heat-inactivated FBS. Splenocytes were counted using a Sysmex 

XT-2000iV haematology analyzer and then used in downstream assays. 

4.5.12 Enzyme-linked immunosorbent spot (ELISpot) assay 

IFNγ secretion from splenocytes was measured using a Murine IFNγ Single-Color Enzymatic 

ELISPOT assay (ImmunoSpot) according to the manufacturer’s protocol. For stimulation, 

splenocytes were stimulated with 1 µg/mL of an overlapping SARS-CoV-2 Omicron XBB.1.5.X 

Spike Protein Peptide Pool (StemCell Technologies Cat# 100-1422). DMSO was used as a 

negative control. Plates were incubated for 20 h at 37°C 5% CO2 before being developed. Spots 

were counted using an ImmunoSpot® S6 Analyzer and reported per million splenocytes. 

4.5.13 Intracellular Cytokine Staining 

Splenocytes were stimulated with 1 µg/mL of an overlapping peptide pool (as in ELISpot) for 5 h 

at 37 °C, 5% CO2. Samples were supplemented with GolgiPlug and GolgiStop Protein Transport 

Inhibitors (BD Bioscience) 45 minutes into the stimulation. Stimulated cells were washed with 

PBS and then incubated with a viability stain and surface marker antibody cocktail for 30 minutes 

at 4°C. The cocktail contained LIVE/DEAD™ Fixable Violet Dead Cell Stain (Thermo Fisher), 

anti-CD3 PerCP-Vio® 700 REAfinity™ (Miltenyi Biotec Cat# 130-120-826, 



145 

 

RRID:AB_2752207), anti-CD4 VioGreen™ REAfinity™ (Miltenyi Biotec Cat# 130-118-693, 

RRID:AB_2734087), and anti-CD8a PE-Vio® 770 REAfinity™ (Miltenyi Biotec Cat# 130-118-

946, RRID:AB_2733251). Stained cells were washed with PBS + 0.5% BSA + 2 mM EDTA 

(FACS buffer) and then fixed/permeabilized using BD cytofix/cytoperm (BD Biosciences) for 

20 minutes at 4°C. Cells were washed in Perm/Wash (BD Bioscience) and then stained with 

intracellular antibody cocktail for 20 minutes at 4°C. This cocktail contained anti-IFNγ FITC 

REAfinity™ (Miltenyi Biotec Cat# 130-123-283, RRID:AB_2819467), anti-TNF-α PE 

REAfinity™ (Miltenyi Biotec Cat# 130-119-561, RRID:AB_2784485), and anti- IL-2 APC 

REAfinity™ (Miltenyi Biotec Cat# 130-129-192, RRID:AB_2922001). Cells were resuspended 

in FACS buffer and stored at 4°C prior to analysis by flow cytometry (FACSymphoney A1) the 

next day. Data analysis was completed using FlowJo version 10.10.0 (RRID:SCR_008520). Gating 

strategy is shown in Supplementary Figure 4.5. 

4.5.14 Quantification and statistical analysis 

Statistical analyses were performed using GraphPad Prism 9 (RRID:SCR_002798). Normality and 

homoscedasticity of raw or log-transformed data were assessed using the Shapiro–Wilk test and 

Brown–Forsythe test, respectively (α = 0.05). A repeated-measures two-way analysis of variance 

(RM two-way ANOVA) with Tukey’s multiple-comparisons test was used for pairwise (between-

group) comparisons of body-weight data. A non-parametric Kruskal–Wallis test with Dunn’s 

multiple-comparison correction was used for pairwise comparisons of histopathology scores. For 

all other data, a one-way ANOVA with Tukey’s multiple-comparisons test was applied to raw data 

(subgenomic mRNA) or log-transformed data (ELISA, NT50, ELISpot, ICS, TCID50, Fold 

Change). The number of samples for each graph is indicated in the figure legends. In all datasets, 

∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 
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4.6 Data Availability 

All data supporting the conclusions of this study are present in the main text and supplementary 

materials. Additional information is available from the corresponding authors upon request. 
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4.10 Supplementary Information 

 

 

Supplemental Figure 4.1 Longevity of DNA-LNP immunity is independent of CD40L.  

(A) Male Syrian hamsters were immunized intramuscularly on day 0 and 28 with 5 µg of SXBB.1.5 

DNA-LNP or 2.5 µg of SXBB.1.5 mRNA-LNP. Control hamsters were vaccinated with 5 µg of 

pVAX1 DNA-LNP. XBB.1.5 Spike-specific IgG in the serum was determined by ELISA on day 

42 or 196 post-vaccination. (B) Log fold change in endpoint titers between days 42 and 196 

(D196/D42) for SXBB.1.5 and SXBB.1.5-CD40L (See Figure 4.2) vaccines. Data shown are mean ± 

SEM, n= 10. ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.  
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Supplemental Figure 4.2 Short-Term Lung Pathology.  

Representative photomicrograph of H&E stained lung tissues. Immunized Syrian hamsters were 

intranasally challenged with an isolate of SARS-CoV-2 XBB.1.5 on day 49. B, bronchioles; *, area 

of inflammatory cell infiltration and tissue consolidation. Scale bar, 100 μm. Related to Figure 4.3.   
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Supplemental Figure 4.3 High Magnification Long-Term Lung Pathology.  

Representative photomicrograph of H&E-stained lung tissues. Immunized Syrian hamsters were 

intranasally challenged with an isolate of SARS-CoV-2 XBB.1.5 on day 203. B, exudate of 

inflammatory cells in the lumen of a bronchus; V, blood vessel. Arrows, peri-airway inflammatory 

cell infiltration and tissue consolidation. Scale bar, 100 μm. Related to Figure 4.4. 
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Supplemental Figure 4.4 Low Magnification Long-Term Lung Pathology.  

Representative photomicrograph of H&E-stained lung tissues at 1X magnification, demonstrating 

global lung morphology at 6-dpi. Immunized Syrian hamsters were intranasally challenged with 

an isolate of SARS-CoV-2 XBB.1.5 on day 203. Related to Figure 4.4. 
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Supplemental Figure 4.5 T cell gating strategy.  

Gating strategy for cytokine expression in CD4+ and CD8+ T cells isolated from BALB/c spleens. 

Representative plots from a SXBB.1.5-CD40L mRNA-LNPs vaccinated mouse. Related to Figure 

4.1.  
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Supplemental Table 4.1 Long-Term Lung Pathology Per Lobe.  

Immunized Syrian hamsters were intranasally challenged with an isolate of SARS-CoV-2 XBB.1.5 

on day 203. At 6-dpi, the severity and extent of pneumonia was assessed independently for each 

right lung lobe (labeled arbitrarily from A-D). Related to Figure 4.4. 

 

 

 LNP pVAX1 

LNP pVAX1 

SXBB.1.5-CD40L 

LNP mRNA 

SXBB.1.5-CD40L 

Lobe 1 2 3 4 5 1 2 3 4 5 1 2 3 4 

A 4 4 0.5 4 4 0 0 0 0 0 4 2.5 1.5 3 

B 4 4 3 4 4 0 0 0 0 0 3.5 3 1.5 3 

C 4 4 2.5 3 4 0 0 0 0 0 2 1 2 3 

D 3 - - 4 3 0 0 0 - 0 0 - 2 3 
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Supplemental Table 4.2 Characterization of mouse DNA- and mRNA-LNP vaccines. 

Biophysical characterization parameters of DNA- and mRNA-LNP vaccines used in BALB/c 

studies. Mean particle diameter measured by nanoparticle tracking analysis (NTA). Encapsulation 

efficiency determined by SYBR™ Gold assay. NT, nucleotides. BP, base pairs. SD, standard 

deviation. Related to Figure 4.1.  

 

Vaccine 

(length, NT or BP) 

Prime/Boost LNP Diameter 

(Mean ± SD , nm) 

Encapsulation efficiency (%) 

pVAX1 

(2999) 

Prime 67.5 ± 10.7 97.6 

Boost 69.1 ± 12.1 96.0 

mRNA SXBB.1.5 

(3659) 

Prime 69.2 ± 13.0 88.5 

Boost 74.0 ± 14.9 86.0 

mRNA SXBB.1.5-

CD40L 

(4102) 

Prime 72.2 ± 14.8 83.9 

Boost 75.4 ± 17.6 80.7 
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Supplemental Table 4.3 Characterization of hamster DNA- and mRNA-LNP vaccines. 

Biophysical characterization parameters of DNA- and mRNA-LNP vaccines used in Syrian 

hamster studies. Mean particle diameter measured by NTA. Encapsulation efficiency determined 

by SYBR™ Gold assay. NT, nucleotides. BP, base pairs. SD, standard deviation. Related to Figure 

4.2-4.4 and Supplemental Figure 4.1. 

 

Vaccine 

(length, NT or BP) 

Prime/Boost LNP Diameter 

(Mean ± SD , nm) 

Encapsulation efficiency (%) 

pVAX1 

(2999) 

Prime 72.2 ± 14.6 93.4 

Boost 71.3 ± 14.2 94.0 

pVAX1 SXBB.1.5 

(6658) 

Prime 79.7 ± 18.2 92.4 

Boost 78.5 ± 18.7 91.8 

pVAX1 SXBB.1.5-

CD40L 

(7101) 

Prime 81.3 ± 19.5 94.3 

Boost 81.7 ± 20.9 93.1 

mRNA SXBB.1.5 

(3659) 

Prime 71.6 ± 15.2 83.8 

Boost 71.7 ± 13.3 88.4 

mRNA SXBB.1.5-

CD40L 

(4102) 

Prime 72.2 ± 16.7 80.7 

Boost 72.2 ± 16.1 85.2 
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Chapter 5: Discussion and Conclusion 

Waning immunity and the emergence of immune-escaping variants have continually rendered 

vaccinated individuals susceptible to breakthrough infections and reinfection with SARS-CoV-2. 

NAb responses in particular, are often short-lived and rapidly evaded by new variants, 

necessitating periodic updated boosters to maintain high circulating titer and to keep pace with 

viral evolution (202,203,339). DNA vaccines garnered significant interest during the COVID-19 

pandemic, with numerous candidates having undergone clinical evaluation (235,236,241,300,335–

338). The majority of these candidates relied on electroporation or NFISs for delivery, approaches 

that require costly proprietary equipment and could be difficult to deploy at scale (340). Moreover, 

even with these delivery approaches, DNA vaccines generally elicited weaker immune responses 

than commercial mRNA-LNP vaccines (241,335,336,338,341), highlighting the need for 

alternative strategies to bolster their immunogenicity. This thesis evaluates two strategies to 

enhance DNA-vaccine performance against SARS-CoV-2: first, fusing CD40L to the antigen as a 

molecular adjuvant to improve the potency and breadth of humoral responses; second, formulating 

DNA in LNPs to overcome inefficient delivery and thereby improve expression, immunogenicity, 

and protection. Together, these studies provide practical design principles for DNA vaccines and 

outline strategies to generate more durable immunity. 

5.1 CD40 Ligand as a Vaccine Adjuvant 

The first objective of this thesis was to assess how incorporating CD40L into nucleic acid-based 

vaccines would alter immune responses against SARS-CoV-2. Previously, our group evaluated an 

Ad5-vectored MERS-CoV vaccine in which trimerized S1 was fused to CD40L (316). The addition 

of CD40L enhanced vaccine immunogenicity and prevented pulmonary perivascular hemorrhage 
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post-challenge (316). Early reports during the COVID-19 pandemic indicated that the S1 subunit 

alone was less effective as a vaccine antigen than full-length S, which induced greater NAb 

responses (342,343). Accordingly, in Chapter 2 a pDNA vaccine was generated encoding soluble 

prefusion-stabilized SARS-CoV-2 S fused to the CD40L ectodomain (Figure 2.1). Following IM 

administration in Syrian hamsters, the pcDNA3.1 S-CD40L vaccine elicited higher binding and 

neutralizing antibody responses than pcDNA3.1 S (Figure 2.2). Notably, after a single dose the 

naked CD40L-adjuvanted DNA vaccine induced a detectable NAb response against heterologous 

B.1.617.2 S (Figure 2.2). Despite being more immunogenic, the pcDNA3.1 S-CD40L vaccine did 

not reduce weight loss and viral burden following SARS-CoV-2 challenge relative to pCDNA3.1 

S (Figure 2.3). However, the CD40L-adjuvanted vaccine did confer better protection against lung 

histopathology at 7-dpi (Figure 2.4), potentially reflecting enhanced viral control. In line with 

previous reports against other pathogens, the work in Chapter 2 demonstrated that CD40L could 

enhance the immunogenicity and efficacy of SARS-CoV-2 vaccines. However, the addition of 

CD40L alone was not sufficient to confer complete protection from challenge, potentially due to 

inefficient DNA delivery following naked administration.  

The effect of CD40L inclusion was also assessed in DNA-LNP and mRNA-LNP platforms, where 

nucleic acid delivery is more efficient. In Chapter 3, SM-102 LNP-encapsulated pVAX1 S-

CD40LB.1.617.2 induced greater binding antibody responses than SM-102 LNP-encapsulated 

pVAX1 SB.1.617.2 in Syrian hamsters after the first and second doses (Supplemental Figure 3.1). In 

Chapter 4, mRNA-LNPs encoding SXBB.1.5-CD40L elicited superior binding antibody responses in 

mice than SXBB.1.5 mRNA-LNPs (Figure 4.1). Notably, in Chapter 4 CD40L preferentially 

increased titers of IgG2a rather than IgG1 (Figure 4.1), indicative of a Th1-biased response (344). 

Likewise, SXBB.1.5-CD40L mRNA-LNPs elicited greater Th1-associated cytokine (IFNy, IL-2 and 
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TNFα) expression in CD4⁺ T cells than the unadjuvanted vaccine (Figure 4.1). These results mirror 

previous characterizations of CD40L-adjuvanted vaccines, which predominantly elicit Th1-

skewed responses (305,311,314,345). While there have been no reports of vaccine-associated 

enhanced respiratory disease (VAERD) in humans, preclinical COVID-19 models have shown that 

Th2-biased responses can be associated with enhanced eosinophilic immunopathology following 

viral challenge (346–348). As such, a Th1-driving adjuvant such as CD40L could be particularly 

advantageous. 

In Chapter 4, while SXBB.1.5-CD40L mRNA-LNP vaccination elicited a robust early humoral 

response, it showed limited durability, as NAb titers in vaccinated hamsters dropped substantially 

by 6 months post-vaccination (Figure 4.2). Previously, a CD40L-adjuvanted AdV vaccine targeting 

influenza nucleoprotein was shown to induce earlier and more persistent germinal centre responses 

than its unadjuvanted counterpart, coinciding with enhanced protection 4 months post-vaccination 

(307). Despite evidence that CD40L can enhance long-term immunity in other vaccine platforms, 

its addition was insufficient to overcome the limited durability of mRNA-LNP–induced responses 

in this hamster model (Figure 4.2). Notably, co-administration of BNT162b2 with mRNA encoding 

IL-12p70 not only increased the magnitude of humoral responses but also better sustained 

responses 373 days post-vaccination (349). Likewise, co-administration of mRNA encoding IL-7 

with a rabies glycoprotein mRNA vaccine enhanced NAb six months post-vaccination (350). Both 

adjuvants augmented germinal centre responses, increasing the proportional area of B cell zones 

and enhancing Tfh and GC B cell frequencies, respectively (349,350). Importantly, although these 

adjuvants enhanced the relative durability of humoral responses, antibody titers still declined 

significantly within a few months post-vaccination. Collectively, this may suggest that encoded 

adjuvants may be insufficient on their own to fully overcome intrinsic limitations of the mRNA-
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LNP platform. Notably, although CD40L did not improve the stability of circulating antibody 

levels, it could still have provided benefits through enhanced memory B and T cell formation and 

improved recall capacity. Further work will be needed to evaluate these additional aspects of 

immune memory alongside GC responses following CD40L-adjuvanted mRNA-LNP vaccination. 

Recently, two CD40-targeted vaccines progressed into early-phase clinical trials. In a Phase 1 

study of CD40.HIVRI.Env, an anti-CD40 IgG4 monoclonal antibody fused at the heavy-chain C 

terminus to the HIV Envelope protein (Env), Env-specific CD4⁺ T cells and IgG responses were 

detected in all participants (323). While the use of agonistic anti-CD40 antibodies has been 

associated with systemic cytokine-release symptoms and platelet activation (351–353), these 

adverse effects typically result from high-dose systemic administration. In contrast, the IM 

administered CD40.HIVRI.Env demonstrated an acceptable safety profile across all evaluated 

doses (323). An ongoing Phase 1/2a trial is currently evaluating CD40.RBDv as a booster for 

SARS-CoV-2, where NAb will be measured as a primary immunogenic endpoint (322). Taken 

together, the abundance of preclinical studies and these early clinical evaluations support the 

feasibility of CD40L- and anti-CD40–based antigens for human vaccination. 

5.2 Lipid Nanoparticle Vaccines  

Advances in ionizable lipids and LNP formulations have enabled the effective delivery of siRNA 

therapeutics and mRNA vaccines (191,354). In Chapter 3, to assess whether these advances could 

be translated to DNA vaccination, the immunogenicity and efficacy of naked and LNP-

encapsulated pVAX1-S-CD40LB.1.617.2 was assessed in Syrian hamsters. Encapsulation in KC2-

based LNPs markedly enhanced humoral responses, increasing the magnitude of Spike-specific 

IgG and NAb responses (Figure 3.2). Notably, the Delta-based DNA-LNP also elicited significant 
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NAb titers against the Omicron subvariants BA.2.75 and BA.5 (Figure 3.2). The immunogenic 

DNA-LNP vaccine was highly protective, with vaccinated hamsters displaying minimal viral 

burden and no overt signs of lung histopathology (Figure 3.2 & 3.3). 

DLin-KC2-DMA was identified for its ability to mediate hepatic gene silencing after systemic 

administration (266), and thus was not tailored for IM delivery. In contrast, SM-102, used in 

Moderna’s Spikevax COVID-19 vaccine, was optimized for IM mRNA vaccination (269). Under 

the assumption that an DNA vaccine would benefit from these same optimizations, Syrian 

hamsters were immunized with pVAX1-S-CD40LB.1.617.2 formulated in either KC2- or SM-102–

based LNPs. While both DNA-LNPs elicited robust humoral responses, the SM-102 DNA-LNPs 

elicited greater NAb responses against Omicron subvariants (Figure 3.6). Both DNA-LNPs 

afforded significant protection against heterologous challenge with the BA.5 variant, although 

there were modest numerical advantages for the SM-102 formulation across most endpoints 

(Figure 3.6). Transfection experiments with pVAX1 encoding green fluorescent protein or firefly 

luciferase demonstrated the superiority of the SM-102 formulation for in vitro pDNA delivery 

(Figure 3.5). Concurrently, our group showed that SM-102 DNA-LNPs induced higher and more 

durable luciferase expression than KC2 DNA-LNPs in BALB/c mice (279). Notably, the SM-102 

DNA-LNPs induced significantly lower antigen expression than a lower dose of mRNA-LNPs 

(279). This likely reflects the fact that, whereas mRNA-LNPs are primarily limited by endosomal 

escape, DNA-LNPs must also migrate through the cytosol and enter the nucleus prior to 

transcription, well-recognized bottlenecks limiting non-viral DNA delivery (355). Overcoming 

these challenges may require specialized strategies, such as incorporating DNA nuclear targeting 

sequences (286,355,356) or developing LNPs that release DNA in condensed supramolecular cores 

(357).  
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In Chapter 4, Syrian hamsters were immunized with DNA or mRNA vaccines encoding SXBB.1.5-

CD40L, formulated in identical SM-102–based LNPs. Both vaccines induced similar humoral 

responses three weeks post-boost (Figure 4.2), and both provided near-complete protection from 

challenge with the XBB.1.5 variant four weeks post-boost (Figure 4.3). Given that waning 

immunity has limited the long-term effectiveness of mRNA vaccines (202–204,358), the ability of 

DNA-LNPs to elicit durable immunity was assessed by challenging immunized hamsters six 

months post-boost. Consistent with existing literature, NAb titers decreased dramatically 

following mRNA-LNP vaccination (Figure 4.2), coinciding with substantially reduced protection 

(Figure 4.4). In contrast, DNA-LNP vaccination generated a sustained NAb response (Figure 4.2) 

and continued to afford a significant level of protection at this later time point (Figure 4.4).  

The observed superior durability of DNA-LNP-induced immunity mirrors recent reports from 

other groups. Liao et al. showed that DNA-LNP vaccination elicited anti-Spike IgG and NAb 

responses that were more stably maintained than mRNA-LNP–induced responses over 20 weeks 

in BALB/c mice and Syrian hamsters (280). Similarly, Tursi et al. demonstrated that DNA-LNP-

induced stronger humoral responses than mRNA-LNPs in rabbits six months post-vaccination 

(281). The mechanisms underlying the superior durability of DNA-LNP induced humoral 

responses remain unclear. Long-lived plasma cells (LLPCs), particularly those residing in the bone 

marrow, are the principal source of sustained antibody secretion long after vaccination, and their 

generation is usually linked to strong and sustained GC reactions, which are critical for affinity 

maturation (359). While mRNA-LNPs have been shown to induce strong early GC responses 

(360), these responses contract substantially within a month (361). Accordingly, mRNA-LNP 

vaccinations fail to durably establish bone marrow LLPC populations (362) , potentially due to the 

transient nature of mRNA-encoded antigen expression. Tursi et al. reported that, relative to 
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mRNA-LNPs, DNA-LNPs induced weaker germinal center responses (281), suggesting that the 

longevity of humoral responses is not a consequence of augmented early GC activity. It has now 

been well-established that DNA-LNPs drive prolonged antigen expression (279,281,363). This 

sustained antigenic stimulus may support long-term antibody production through mechanisms that 

do not rely solely on strong early GC responses, for example by maintaining low-level B cell 

activation over time. 

5.3 Combatting SARS-CoV-2 Immune Escape 

Newly emerging SARS-CoV-2 variants continue to subvert existing immune responses, 

necessitating novel vaccination strategies to induce broad and sustained protection. This thesis 

demonstrates that CD40L and LNP encapsulation can increase the NAb breadth induced by DNA 

vaccines encoding SARS-CoV-2 S. In chapter 2, the addition of CD40L enabled the induction of 

NAb against the Delta variant after a single dose when vaccinating with the ancestral S (Figure 

2.2). In Chapter 3, LNP-encapsulation of a pVAX1 S-CD40LB.1.617.2 enabled the neutralization of 

multiple Omicron subvariants, with detectable responses extending to the BQ.1 variant (Figure 

3.6). LNP-encapsulated pVAX1 S-CD40LB.1.617.2 also afforded near-complete protection from 

heterologous BA.5 challenge, demonstrating robust cross-protection (Figure 3.7 & 3.8). Lastly, in 

Chapter 4, DNA-LNPs targeting XBB.1.5 S induced durable NAb responses against the JN.1 

variant six months post-vaccination, a time point at which mRNA-LNPs had largely lost NAb 

activity (Figure 4.2). These findings suggest that alternative platforms such as CD40L-adjuvanted 

DNA-LNPs may help sustain cross-variant NAb responses over longer intervals.  

In practice, several national health authorities have and continue to recommend the use of antigen-

matched seasonal boosters to improve protection against circulating SARS-CoV-2 variants 
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(364,365). However, the effectiveness of repeated boosters has been hindered by immune 

imprinting (328,366–368), the propensity of the immune system to amplify pre-existing responses 

upon re-exposure to related antigens rather than generate de novo responses. Although imprinting 

can boost responses against conserved regions, it can impair responses targeted towards newly 

mutated epitopes, which in the case of SARS-CoV-2 often correspond to key neutralizing regions 

of S (369). For example, immune responses in individuals boosted with bivalent mRNA vaccines 

encoding both ancestral and BA.5 S are dominated by ancestral recall, yielding neutralization 

profiles similar to those boosted with monovalent ancestral vaccines (328). Likewise, updated 

monovalent XBB.1.5 boosters preferentially elicit recall of pre-existing ancestral-reactive memory 

B cells (368). Nonetheless, evidence indicates that repeated exposure to Omicron strains can shift 

immune responses away from the ancestral strain (370,371). Clonal analyses suggest that this shift 

is driven largely by the redirection of pre-existing ancestral-imprinted memory B cells toward 

Omicron epitopes through somatic hypermutation, rather than the generation of de novo Omicron-

specific clones (372). Notably, immune imprinting is not a uniform phenomenon, with different 

vaccine platforms and the severity of infection inducing distinct magnitudes and patterns of 

imprinting (369,373). To what extent DNA-LNPs, and their persistent antigen expression, shape 

immune imprinting remains to be determined. 

Despite challenges with immune imprinting and the immune evasion of emerging SARS-CoV-2 

variants, current vaccination strategies have maintained a high level of protection against severe 

outcomes, likely through the contribution of cross-reactive T cell responses and non-neutralizing 

antibodies (140,374,375). T cell depletion and adoptive transfer studies have demonstrated that 

vaccine-elicited T cells are critical for controlling viral replication and mitigating disease in 

settings where neutralizing Ab titers are low or where variants partially escape humoral recognition 
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(150,376). Peptide-based vaccines, like CoVac-1 (377,378),  represent an alternative vaccination 

strategy designed to specifically induce robust T cell responses against multiple conserved epitopes 

derived from different SARS-CoV-2 proteins. While often more resistant to immune escape, 

peptide vaccines often suffer from lower immunogenicity and typically require potent adjuvants 

(379). 

Experiments have likewise demonstrated the importance of Fc effector mechanisms against SARS-

CoV-2 (166,380). Most notably, vaccination with mRNA-1273 failed to protect against Omicron 

BA.5 challenge in mice lacking FcγRIII, demonstrating the importance of Fc effector mechanisms 

when neutralizing antibody responses are suboptimal (166). To what extent cross-reactive T-cell 

and non-neutralizing Ab responses played in the cross-protection observed in Chapter 2 remains 

unclear. Transfer and depletion studies could therefore be used in future work to determine their 

contribution to DNA-LNP–mediated immunity. 

5.4 Future Directions 

This thesis demonstrates that DNA-LNP vaccines can elicit potent and durable immunity against 

SARS-CoV-2, highlighting their potential as a next-generation vaccine platform. However, 

important questions remain regarding the mechanistic basis of their prolonged immunity, their 

translational potential in humans, and how best to optimize both the DNA cargo and the LNP 

formulation for vaccination. Addressing these knowledge gaps will be essential to fully realize the 

clinical potential of DNA-LNP vaccines. 

5.4.1 Mechanism of durable immunity 

As shown in Chapter 4, a key advantage of DNA-LNP vaccines is their ability to elicit prolonged 

humoral immunity, exemplified by the maintenance of high circulating NAb titers six-months post-
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vaccination (Figure 4.2). Additional studies are needed to determine whether this durability is 

directly driven by sustained antigen expression (279,281). Incorporating inducible expression or 

conditional excision systems into DNA vaccine constructs could theoretically enable precise 

control and termination of antigen production (381,382). Measuring the resulting NAb decay 

kinetics and quantifying changes in LLPC accumulation in the bone marrow at extended time 

points would help clarify the contribution of prolonged antigen expression to DNA-LNP–mediated 

durability. 

Moreover, the impact of persistent antigen expression on DNA-LNP induced immune responses 

remains unknown beyond one year. In the context of chronic viral infections sustained antigen 

loads have been linked to T cell exhaustion (383–385). Tursi et al. found that DNA-LNPs elicited 

stronger T cell responses in BALB/c mice one year after vaccination, although exhaustion markers 

were not assessed (281). Thus, it is important to assess how sustained antigen-expression from 

DNA-LNPs might shape long-term T cell differentiation and function.  

Defining the cellular tropism of DNA-LNPs will also be critical, as emerging evidence continues 

to highlight the importance of antigen expression within non-myocyte populations following 

mRNA-LNP vaccination. Contrary to a primarily phagocytosis-focused view of APCs as sentinels 

that scavenge and process exogenous antigen, de novo antigen expression within APCs appears to 

be critical for mRNA-LNP responses (386,387). A recent study using mRNA-LNPs embedded 

with miRNA-targeting sites demonstrated that while antigen expression within myocytes was 

largely dispensable, knockdown of expression within innate immune cells significantly impaired 

CD4⁺ T cell and humoral responses (387). Furthermore, a significant portion of LNPs escape the 

injection site via the vasculature and lymphatic systems, distributing systemically (388,389). For 

many LNP formulations, this leads to significant liver accumulation (279,390). This systemic 
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dissemination can also deliver LNPs to draining lymph nodes and other secondary lymphoid 

organs, where both immune cells and long-lived stromal subsets can be transfected (391–393). 

Antigen expression within such compartments could contribute to superior antigen availability 

and, in turn, support sustained immune responses (394). Accordingly, future studies should define 

the cellular tropism of DNA-LNPs, quantify the duration of antigen expression across tissues, and 

determine how expression in specific compartments contributes to the long-term durability of 

immunity. 

5.4.2 Translational relevance 

Important questions remain regarding their safety and potential clinical translation of DNA-LNP 

vaccines, particularly given significant species-specific differences in immunogenicity and 

reactogenicity. While Liao et al. noted that DNA-LNPs afforded stronger humoral responses than 

mRNA-LNPs in BALB/c mice and Syrian hamsters, they observed the opposite pattern in rats and 

rabbits (280). Similarly, Guimarães et al. reported that, in Syrian hamsters, a DNA-LNP elicited 

protective efficacy and immunogenicity comparable to those of the BNT162b2 mRNA vaccine 

(395). However, in K18-hACE2 mice, the same DNA-LNP induced inferior responses (395) . 

These studies highlight how the relative performance of each platform can be model-dependent, 

potentially requiring re-optimization of doses or formulations for use in different species. Notably, 

doses of DNA-LNPs that are well tolerated in BALB/c mice can trigger severe systemic 

inflammation, pronounced cytokinemia, and mortality in C57BL/6 mice (363,396). 

Mechanistically, DNA-LNPs induce robust STING (Stimulator of Interferon Genes) signaling 

(281,357,363). STING inhibition can attenuate these inflammatory responses and improves 

tolerability (357,363), although the consequences for vaccine immunogenicity remain unclear. 

Interestingly, DNA-LNPs have been reported to be effective and generally well tolerated in rhesus 
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macaques (276). Future studies are required to define the contribution of STING signaling to 

DNA-LNP immunogenicity and to determine whether this platform can achieve an acceptable 

safety profile in humans. 

5.4.3 Platform optimization 

This thesis represents a preliminary investigation of DNA-LNP formulations, relying on KC2- and 

SM-102–based particles that were originally developed for siRNA and mRNA applications, 

respectively (266,269). Future studies should prioritize optimizing LNP formulations specifically 

for DNA vaccines. Relative to mRNA-LNPs, higher nitrogen to phosphate (N/P) ratios have been 

shown to be beneficial for DNA-LNPs, increasing the frequency of GC B cells, likely reflecting 

differences in nucleic acid structure and charge distribution (281). Barcoded pDNA constructs 

have been used identifying LNP compositions that maximize tissue-specific delivery (395). In 

addition, improved mixing approaches can generate more uniform DNA-LNPs and have been 

reported to increase in vivo transgene expression by 2–3 orders of magnitude (357). Collectively, 

these findings suggest that tuning of ionizable lipid chemistry, N/P ratios, and assembly parameters 

could substantially improve the potency of next-generation DNA-LNP vaccines. 

There also remains substantial room to optimize DNA vaccine constructs themselves. One 

advantage of mRNA vaccines is that they consist only of coding sequences and essential 

untranslated regions, lacking bacterial backbones and selectable marker sequences required for 

plasmid propagation. Although pVAX1 is considered a “minimal” plasmid backbone, it still 

contains exogenous bacterial DNA, including a ColE1 origin of replication and a kanamycin 

resistance cassette, which are unnecessary to elicit vaccine responses in vivo. Multiple next-

generation DNA vectors are being explored to further minimize or eliminate these elements, 

including covalently closed linear DNA (Doggy bone, ministering, midge) (397,398), mini circle 
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DNA (399), and nanoplasmids (400). Many of these vectors can also be synthesized enzymatically, 

eliminating the need for bacterial propagation and thereby reducing the amount of unmethylated 

cytosine-phosphate-guanine (CpG) motifs which could act as unwanted TLR9 agonists (401,402). 

The smaller size of these minimal vectors can also improve trafficking to and through the nuclear 

pore complex (403,404). 

Lastly, DNA-LNPs should be investigated for mucosal vaccination. Mucosal immunity is of 

particular interest because it acts directly at the site of pathogen entry and offers the greatest 

potential to prevent infection and reduce transmission (405). Several studies have explored the 

intranasal administration of mRNA-LNP vaccines; however, they often require reformulation and 

substantially higher doses to only achieve relatively modest immune responses (406,407). 

Incorporation of mucoadhesive chitosan and APC-targeting mannose moieties has been shown to 

enhance immune responses following intranasal mRNA-LNP vaccination (408,409). To our 

knowledge, the use of DNA-LNP formulations for intranasal vaccination has not yet been 

systematically examined and could represent a promising new avenue to elicit localized and 

potentially more durable mucosal immunity. 

5.5 Final Remarks 

This thesis explored the use of DNA vaccines against SARS-CoV-2, investigating the benefits of 

incorporating the molecular adjuvant CD40L and of encapsulating DNA vaccines within LNPs. 

These studies demonstrate that CD40L can substantially enhance the breadth and potency of DNA 

vaccine responses, and that LNP encapsulation can overcome key delivery limitations associated 

with naked DNA immunization. DNA-LNP formulations generated long-lived NAb responses and 

provided durable immunity against SARS-CoV-2. Collectively, these findings will help guide the 
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design of next-generation DNA vaccines, with the potential to improve protection against SARS-

CoV-2 and to be adapted for use against other emerging and re-emerging pathogens. 
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