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Abstract 

 The ongoing COVID-19 pandemic continues to rapidly evolve, remaining one of the 

leading public health concerns worldwide and making the development of a safe and effective 

vaccine a global priority. Most currently-available vaccines target the spike protein of wild-type 

SARS-CoV-2. However, new variants continue to emerge, which can evade pre-existing 

immunity and reduce vaccine efficacy, highlighting the urgent need for more generalizable 

vaccine platforms. Epigraph, a recently developed graph-based optimization algorithm, generates 

an artificial peptide sequence by measuring relative frequencies of peptide epitopes within a 

sampled population, and has previously shown efficacy in generating cross-reactive influenza 

and pan-filovirus vaccine candidates. Here, we apply this algorithm to the spike protein of 

SARS-CoV-2, and analyze the immunogenicity of epigraph-based vaccines in mice. Here, we 

have generated four RhAd52 vectors, each utilizing one of four different epigraph antigens, and 

we assess their immunogenicity in mice against vectors encoding ancestral, alpha, beta, and delta 

variant spike sequences. Here, we show with a MesoScale Discovery (MSD) antibody-binding 

assay comparable antibody responses against both SARS-CoV-2 full-length native spike and 

RBD, and a slight decrease of response kinetics. We observed similar results in pseudovirus 

neutralization assays, with neutralization titers comparable in mice vaccinated with epigraph 

antigens and natural antigens at week 4-post vaccination. Moreover, cellular immunogenicity of 

epigraph-vaccinated mice, as measured at week 4-post vaccination, demonstrated similar 

TNFa+/IFNg+ CD8+ T cell responses to those vaccinated with natural antigens, indicating 

appreciable immunogenicity of epigraph antigens. While studies assessing the in-vivo protective 

efficacy have yet to be completed, the present studies investigating the cross-neutralizing 

efficacy of a computationally-predicted antigen have profound implications for the fields of 

public health and vaccine development.   
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Chapter 1: Introduction 

 In November 2019, a cluster of pneumonia cases of unknown origin appeared in Wuhan, 

Hubei province, China
1
. Shortly thereafter, the causative agent was isolated and identified as a 

novel species of coronavirus, similar to those which cause severe acute respiratory syndrome 

(SARS) and middle east respiratory syndrome (MERS)
2
. As cases continued to spread within the 

province and in surrounding regions, the outbreak rapidly gained the attention of the CDC, 

WHO, and other international public health agencies, who classified the novel virus as severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and named the disease Coronavirus 

Disease 2019 (COVID-19)
2
. Despite numerous containment efforts, COVID-19 continued to 

spread to neighboring countries in the following months. The WHO subsequently declared the 

outbreak a Public Health Emergency of International Concern on January 30
th

, 2020, and a 

pandemic on March 11
th

, 2020
2
. 

As of the time of this writing, more than 500 million COVID-19 cases have been 

confirmed, leading to over 6 million deaths worldwide
3
. The unprecedented spread of disease, 

highlighted by these declarations, has rapidly mobilized both public and private research efforts 

worldwide toward the development of a safe and effective COVID-19 vaccine
4
. Non-

pharmaceutical interventions, such as social distancing and mask-wearing, have been introduced 

since the beginning of the pandemic in an attempt to mitigate disease spread and avoid 

overwhelming healthcare infrastructure, to varying degrees of success
5
. However, such 

interventions do not adequately address the problem of prevention of severe disease after 

exposure and disease onset, including hospitalization and death. Further, many such measures 

have had unintended consequences of their own, such as adverse psychological impacts from 

social isolation, as well as major shocks to the global economy
6,7

. The development of a safe and 
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effective vaccine has therefore been, and continues to be, one of the most important ventures in 

combatting the COVID-19 pandemic. 

Of critical importance to the generation of an effective COVID-19 vaccine is the 

identification of potential immunogenic targets within SARS-CoV-2. The viral genome consists 

of around 29.9 kilobases
8
, encoding for 4 main structural proteins, 16 nonstructural proteins, as 

well as several additional accessory proteins
9
. Nonstructural proteins are encoded by the viral 

genome, however they are not expressed until the polyprotein complex 1a and 1ab (pp1a and 

pp1ab, respectively) regions of the viral genome are transcribed within the host cell and the 

polyprotein complexes are proteolytically cleaved by both host and viral proteases. These 

proteins serve a number of functions within the host cell, such as dysregulation of host 

translation
10

, serving as viral proteases
11

, and forming a larger viral replication-transcription 

complex (RTC)
12

, making them attractive as potential antiviral drug targets
13

. However, their 

strict intracellular expression and functional properties make them unattractive as potential 

immunogens. Similarly, while the exact number of encoded accessory proteins remains a subject 

of some investigation, these proteins encoded by various open reading frame regions of the 

genome mainly function to direct host cell function away from viral resistance (e.g., disruption 

of IFN-I and downregulation of MHC-I)
14–16

 and enhance pathogenicity (e.g., induction of 

apoptosis and contributing to cytokine storm via errant inflammasome activation)
17,18

. In a 

similar vein as the 16 nonstructural proteins, their predominantly intracellular expression and 

function again limits their immunogenic potential, despite serving as potential drug targets. 

Conversely, much attention has been granted to the four structural proteins of SARS-

CoV-2: the spike glycoprotein (S), as well as the envelope (E), membrane (M), and nucleocapsid 

(N) proteins
19

. While E and M proteins appear poorly immunogenic against both SARS
20

 and 
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COVID-19
21

, likely owing to their small molecular sizes and comparatively smaller accessible 

surface area
22

, antibodies specific to both S and N have been detected in serum of SARS-infected 

and convalescent individuals, as well as COVID-19 patients
23,24

. However, N exists solely 

underneath the viral envelope, functioning to stabilize the ssRNA genome, and despite potential 

relevance as a T cell target, is unlikely to generate an effective neutralizing immune response. 

Alternatively, S is both a large, prominent surface antigen and functionally vital, serving to 

facilitate viral entry into the host cell via interaction with angiotensin converting enzyme II 

(ACE2)
25

. This interaction occurs within a specific region of the spike protein, known as the 

receptor binding motif (RBM), situated within the larger receptor binding domain (RBD) located 

on the S1 subunit
26

. S has therefore been an attractive target for neutralization efforts due to its 

fundamental importance in the viral life cycle
26

. Indeed, analyses of antibodies from 

convalescent individuals have largely implicated antibodies specific to the RBM and RBD on 

spike as a key factor in neutralizing immunity toward SARS-CoV-2
27

, as well as implicating 

spike as a critical neutralizing target for other closely-related coronaviruses
28,29

. Accordingly, 

many existing vaccines and ongoing efforts seek to direct an immune response and elicit 

neutralizing antibodies specifically against the SARS-CoV-2 spike protein, in order to prevent 

host cell receptor binding and prevent propagation of infection
30

. 

 To date, three vaccines have been granted some level of authorization for use in the 

United States by the FDA, with four others being granted such authorization worldwide by 

similar international agencies overseen by the WHO
30

. Vaccines developed by Pfizer/BioNTech 

and Moderna both employ an mRNA-based vaccine platform, wherein mRNA coding for a 

slightly modified sequence of the spike protein of wild-type SARS-CoV-2 is encased in a lipid 

nanoparticle (LNP)
30

. Both platforms introduce a di-proline mutation to the spike protein in order 
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to stabilize the protein in its pre-fusion conformation, which has been shown to enhance 

immunogenicity of the protein
31

. These platforms function in vivo via LNP merging with a host 

cell membrane, releasing the mRNA into the cytosol of the host cell. The mRNA molecules are  

then allowed to be transcribed and translated within the host cell, allowing the modified spike 

peptide to be expressed by the host cell, eliciting an immune response in this manner
30

. 

Alternatively, the third vaccine authorized for emergency use in the United States, the 

Janssen/Johnson & Johnson Ad26.COV2.S vaccine, uses a viral vector platform rather than an 

mRNA platform, wherein a modified replication-incompetent Adenovirus serotype 26 (Ad26) 

virus is made to express a transgene containing the spike protein, also containing the same di-

proline mutation, as well as a deleted furin cleavage site
30

. 

 Despite the global deployment of currently-available vaccines, the emergence of variants 

capable of escaping vaccine-induced immunity has increasingly been a major public health 

concern. Indeed, a major caveat to current vaccine efforts is that all currently-licensed vaccines 

were designed incorporating only the ancestral SARS-CoV-2 strain, posing a significant risk for 

immune evasion and breakthrough infection with emerging variants. Within a highly diverse 

viral population, an individual who has previously developed protective immunity against a 

virus, whether through vaccination or previous exposure, may still be at risk of contracting 

disease after coming into contact with another strain or variant of the same species, a 

phenomenon commonly referred to as “original antigenic sin.” Such a phenomenon of strain-

specific immunological memory has previously been described in the context of Influenza
32

, as 

well as other highly-variable agents such as HIV
33

 and Dengue fever
34

. Indeed, many existing 

vaccine candidates toward SARS-CoV-2 have shown markedly reduced efficacy toward many 

widely-circulating variants in recent studies and clinical trials
35

. However, a growing body of 
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evidence suggests that other mechanisms of immune evasion may contribute to the observed 

immune escape. One study recently demonstrated that while challenge with the omicron 

(B.1.1.529) variant is offered significantly lower protection by existing antibodies, such 

challenge may confer protection not only against omicron, but also other SARS-CoV-2 variants, 

as well as SARS-CoV-1, suggesting a qualitative means of immune escape distinct from original 

antigenic sin
36

. Additionally, many vaccines also show a significant reduction in effectiveness 

over time, with most vaccines waning in efficacy around 8 months after the initial dose or multi-

dose regimen
37

. Furthermore, some reduction in efficacy has also been attributed to human 

behavior, with the easing of restrictions and administration of vaccinations contributing to 

patterns of increased transmission not seen during initial phases of pandemic restrictions. These 

factors in combination have therefore contributed to subsequent “waves” of infection brought 

about predominantly by variants
37

, which have since outcompeted the wild-type strain and 

approached nearly 100% of all confirmed COVID-19 cases
38

. Such a trend has highlighted the 

urgent need for vaccination approaches with greater generalizability, such that a single regimen 

can elicit protective immunity against multiple circulating variants, or even those yet to emerge. 

 By the time that vaccines became available to the general public in many areas of the 

world, the ancestral strain of SARS-CoV-2 (from which the vaccines were designed) was largely 

nonexistent in the world, having been outcompeted by multiple variant lineages with increased 

transmissibility and/or virulence
38

. Subsequently, efficacy of vaccines against the real-world 

population of circulating variants is, in many cases, lower than the initially-published values as 

measured during clinical trials. While some studies have shown that mRNA vaccine efficacy is 

largely unabrogated by the alpha (B.1.1.7) variant, with the BNT162b2 vaccine ranging in 

efficacy against infection from 90-97% against this variant
39,40

, efficacy of this same vaccine 
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against the highly-virulent delta (B.1.617.2) variant was shown in similar studies to drop to a 

protection of 88%
41

. Similarly, both the BNT162b2 vaccine and the Ad26.COV2.S vaccine have 

shown markedly reduced efficacy against infection with the beta (B.1.351) variant, with 

BNT162b2 measured at only 72.1% efficacy
39

, and Ad26.COV2.S demonstrating only 64% 

efficacy
42

. Notably, the omicron (B.1.1.529) has demonstrated an even greater potential for 

immune escape, thought to be due in part to the comparatively large number of RBD-specific 

mutations, with serum analyses from vaccinated individuals (both healthy and COVID-

convalescent) showing between a 22-fold and 30-fold decrease in neutralizing antibody titers
43

. 

 A widely-applied method in order to combat this decrease in efficacy toward variants has 

been the administration of booster vaccinations, which have demonstrated a significant boost in 

anti-SARS-CoV-2 immunity. Data published from a study conducted in Israel, one of the first 

countries to authorize COVID-19 booster vaccinations, demonstrated a significant decrease in 

deaths attributed to COVID-19 in adults receiving a booster dose of the BNT162b2 vaccine 

during a wave of infections brought about by the delta (B.1.617.2) variant
44

. Similarly, the rapid 

rise in prevalence of the omicron (B.1.1.529) variant in late 2021 prompted similar studies, with 

preliminary data from the aforementioned study showing that administration of a booster 

vaccination was highly protective against infection by the omicron variant, with recipients of a 

booster vaccine dose demonstrating effective neutralizing activity against the omicron variant in 

90% of cases
43

. Additionally, of particular interest, the breadth of neutralization against immune-

escape variants has demonstrated a notable trend within the Ad26.CoV2.S vaccine: while 

neutralization toward variant B.1.351 dropped by a factor of 13 compared to the WT strain 29 

days after vaccination, this same value only showed a decrease by a factor of 3 compared to the 

WT strain when measured on day 239, indicating a substantial increase of neutralizing breadth 
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over time
45

. Taken together, these findings highlight the important potential for improvements 

specifically directed toward the cross-neutralizing capacity of a vaccine antigen against variants 

to yield a powerful tool in combatting the global variability in SARS-CoV-2, and curbing the 

COVID-19 pandemic. 

 Epigraph has emerged in recent years as a promising tool for the development of novel 

vaccine platforms. The epigraph algorithm is similar in concept to that of mosaic strategies 

utilized in vaccination efforts against HIV, and similarly addresses a major barrier toward 

effective vaccination: viral populations with high levels of genetic diversity limit the cross-

reactivity of any individual cellular or humoral immune response mounted against them. Most 

widely-circulating variants of concern (VOCs) have accumulated some combination of one or 

multiple mutations, enhancing immune evasion capabilities
30

. 

 The epigraph algorithm is a publicly-available web-based tool, which was developed in 

order to maximize the coverage of potential T cell epitopes (PTEs) of a given peptide
46

. In order 

to generate a sequence with epigraph, a number of sequences (N) of a representative population 

of interest (e.g. a region, country, or phylogenetic clade) is taken
46

. Central to the algorithm is 

the concept of epitope coverage; therefore, each epitope length of k amino acids is defined as a 

PTE
46

. k is typically defined as 9, as is the optimal peptide length for a T cell epitope presented 

on MHC-I antigens, though this value may also typically range from 8-12
47

. As such, each 

sequence is divided into every possible distinct k-mer (e) (Fig. 1A-B), and a frequency score f(e) 

is generated by dividing the number of sequences (n) containing a particular epitope e by the 

total number of sequences incorporated, N (i.e., f(e) = n/N)
46

. 
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Figure 1. Example generation of an epigraph sequence Epigraph example is shown here with 

defined epitope length of k=3. (A) Natural sequences within a population are isolated and 

sequence frequencies are quantified. (B) Sequences are broken up into fragments of defined 

epitope length k (hereafter referred to as “nodes”), and aligned according to epitope’s position in 

the peptide. (C) Nodes are connected by edges if and only if nodes overlap by k-1 amino acids. 

(D) Cumulative frequencies (F) of each directed path calculated by adding to a node’s frequency 

(f) the frequency of previous connected node, adding the highest frequency in the event a node is 

connected by multiple preceding edges. (E) An optimized path is assembled by beginning at the 

end of the graph, choosing the node with the highest cumulative frequency, and incorporating the 

node connected by the preceding edge, choosing the highest-frequency node in the event more 

than one preceding edge connects a given node. (F) The resulting sequence provides a 

mathematically optimal coverage score, despite a lack of frequency in the natural population. 

(Created with BioRender). 
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 Once a frequency score is calculated, a frequency graph is then generated with each k-

mer corresponding to a specific node, which are connected by edges if amino acids represented 

by given nodes overlap by k-1 amino acids (i.e., the last eight amino acids of a PTE match the 

first eight of the following PTE)
46

 (Fig. 1C). This overlap ensures that a single, continuous 

peptide can be created containing all PTEs in a given sequence by following edges connecting 

nodes on a frequency plot. Subsequently, a cumulative frequency is then determined by adding 

the frequency of a given node to the frequency of the highest-frequency preceding node 

connected by an edge. The cumulative frequencies are then added in this manner for each node 

spanning the length of the peptide (Fig. 1D). From this graph, an optimal full-length sequence 

can then be generated by considering these PTEs with the highest relative frequencies
46

. In order 

to determine this ideal peptide sequence, we begin at the end of the graph, selecting the final 

epitope which has the highest cumulative frequency score. From here, the nodes are traced 

backward through the graph by following the connecting edges to ensure appropriate overlap, 

choosing the epitope with the highest cumulative frequency if multiple points happen to connect 

to a given node
46

. The resulting sequence optimizes coverage of PTEs within a peptide (Fig. 1E-

F), by enforcing two conditions: (1) the peptide must be acyclic (i.e., a particular k-mer must not 

contain an exact repeat in two or more places either in the same sequence or, more commonly, in 

different locations across multiple sequences), and (2) the algorithm generates an optimal 

sequence only for a single peptide at a time
46

. Therefore, additional steps must be employed in 

order to generate a cocktail of multiple sequences. 

 Because most applications do not fit the necessary criteria by their own nature, in order to 

generate a provably-optimal sequence, one or both of these caveats must typically be addressed 

when generating epigraphs. Cyclic peptides are addressed via an algorithmic process known as 
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“de-cycling.” In order to de-cycle a graph, first, certain nodes known as “strongly-connected 

components” must be identified
46

. A strongly-connected component is defined as a region of a 

graph in which there exists a path from every node to every other node
46

. Within such a 

component, cycles may then be easily identified; any directed path including one node ea, and 

another node eb may be merged, yielding a cycle containing both nodes
46

. In this case, we can cut 

one of the edges, effectively disregarding the edge and removing it from any directed path when 

assembling the resulting sequence
46

. The edge chosen to be cut is typically chosen as that 

between two low-value nodes, in order to minimize the effect of isolation of a given node on the 

sequence
46

. The value of an edge is therefore determined as a function of the frequency of the 

two connected nodes – heuristic approaches are generally employed here, which utilize some 

method of combining the frequencies of associated nodes, though this value is most commonly 

determined by adding the values of f(e) for each connected node
46

. 

 Additionally, the generation of a polyvalent sequence cocktail (i.e., a set of multiple 

complementary epigraph sequences) requires additional steps of its own after the initial epigraph 

sequence generation
46

. For some applications, a cocktail of some number (M) of complementary 

sequences may be ideal in order to generate coverage broader than that which a single peptide is 

capable of providing. In order to generate such a cocktail, we begin by generating an epigraph 

sequence as normal; however, after generation of the first sequence, the frequencies of all 

incorporated epitopes are set equal to zero, and the process is repeated with these frequencies
46

. 

In this manner, epitopes essential to the structure of the peptide are still incorporated, but these 

and other high-frequency k-mers are not incorporated preferentially over other PTEs
46

. 

 Epigraph was initially developed as a tool in an effort to generate antigens capable of 

eliciting broad immunity against HIV. A similar method, known as the Mosaic algorithm, also 



 11  
 

seeks to optimize antigen coverage, and has previously demonstrated significantly enhanced 

CD4 and CD8 T-cell responses to a greater breadth of HIV-1 antigens compared to natural 

antigen sequences
48,49

. Mosaics, rather than using computational geometry, are instead generated 

by utilizing in-silico algorithms which mimic generational recombination and resultant diversity 

in a sampled peptide pool in a manner similar to the virus itself
50

. The PTE coverage from this 

pool is then analyzed, and the sequences which have the greatest coverage are included for the 

next round of recombination, repeating the process until the coverage scores stabilize
50

. Contrary 

to the epigraph algorithm, which quickly yields an optimal sequence, the mosaic formula can 

take up to two days of continuous runtime in order to yield a sequence or set of sequences, while 

also yielding somewhat lower PTE coverage compared to epigraphs, which often offer provably-

optimal PTE coverage
46

. However, mosaics have nonetheless been demonstrated to generate 

well-folding and immunogenic peptides, and epigraphs are therefore expected to behave in a 

similar manner
51

, having demonstrated immunogenicity and protective efficacy in subsequent 

studies. 

 Though research is thus far limited, some teams have investigated the therapeutic and 

prophylactic potential of epigraph sequences toward a number of pathogens; one such agent is 

HIV, the diversity of which having served as a major inspiration for the algorithm
46

. Though the 

global diversity of HIV-1 renders a universal vaccine an ambitious goal given current 

technology, a tailored therapeutic approach utilizing a smaller N value may be more feasible. 

Indeed, such an approach has previously been used to analyze epitope coverage of epigraphs 

against HIV-1 B clade Gag and p24 sequences compared to individual wild-type sequences, 

showing significantly improved coverage
46

. Other teams have also applied Epigraph to the 

Hemagglutinin spike of influenza
52,53

, inducing strong cross-reactive neutralization against H3 
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IAV strains in both mice and swine
53

, as well as a multivalent peptide cocktail representative of 

the family filoviridae
46

, which further studies have demonstrated offers complete protection in 

mice against lethal challenges with both Marburg virus and Ebolavirus
54

. 

With these applications in mind, we can re-direct our attention to SARS-CoV-2, and the 

ever-increasing global viral diversity arising from the emergence of new variants. Vaccines 

currently authorized for emergency use by the FDA, WHO, and other international public health 

authorities mainly utilize WT SARS-CoV-2 virus or its constituent proteins. WT virus originates 

from the original sequenced isolates from Wuhan, and therefore do not encapsulate the 

accumulated mutations from subsequent variants. Accordingly, this has led to significantly-

reduced efficacy toward subsequent variants which may have altered viral kinetics of infection.  

Importantly, many of the specific mutations which result in the most alarming phenotypic 

changes are shared among circulating VOCs (at the time of this writing, the Alpha, Beta, 

Gamma, Delta, and Omicron variants have currently or previously been designated as VOCs), a 

fact highlighted by phylogenetic analyses of existing lineages. Furthermore, these mutations, 

along with many others, exist within the RBM or the larger RBD within the spike protein, 

altering both the manner in which S interacts with ACE2, and the extent to which nAbs or 

therapeutic mAbs neutralize SARS-CoV-2. For example, the D614G mutation, first emerging 

early in the pandemic, was demonstrated to increase transmissibility by increasing both ACE2 

receptor binding and the rate of viral replication in upper airway epithelial cells
55,56

, and later 

found to have outcompeted the WT strain and approached 100% of all confirmed infections 

globally
56

. Following this trend, new variants continue to emerge, with all circulating VOCs now 

sharing the D614G mutation
35

.  
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With variability at the population level continuously increasing over the course of the 

pandemic, certain phenotypically-relevant mutations in combination have allowed a handful of 

variants to outcompete both the ancestral strain and other variants, and spread over large areas. 

For example, the N501Y, N439K, Y453F, and S477N mutations have been demonstrated to 

affect S binding to ACE2
57

. In particular, N501Y has been demonstrated to increase S affinity 

for ACE2
58

, as well as increase viral replication in the upper airway
59

. The N501Y mutation is 

shared among the Alpha
60

, Beta
61

, and Gamma variants
62

, and the characteristic increased viral 

presence in the upper airway has been linked to increased transmissibility and severity of 

infection with these variants
35

. In addition, the E484K, K417N/T, and L452R mutations have 

been shown to reduce S recognition by antibodies
63,64

. Specifically, the E484K mutation has 

been specifically demonstrated to reduce susceptibility to nAbs developed after infection or 

vaccination, significantly reducing vaccine efficacy toward these variants
65

, as well as responses 

to nAbs delivered via convalescent plasma
66

 and efficacy of therapeutic mAbs
63

. Of note, the 

E484K mutation is also shared by Beta
61

 and Gamma
67

 variants, and is additionally seen in some 

Alpha sublineages
68

. In accordance with these and similar mutations, a number of VOCs have 

emerged with increased severity, increased transmissibility, and increased resistance to 

vaccination and antibody treatments, and now comprise the vast majority of new infections. 

By applying the epigraph algorithm to the spike protein of SARS-CoV-2, we may 

therefore generate an antigen sequence which optimizes coverage of multiple variants within a 

single antigen. The epigraph algorithm selectively takes into account multiple PTEs of the 

highest-frequency lineages, and therefore offers broader coverage than is possible with a peptide 

originating from any single lineage or isolate. In this manner, such a vaccine antigen may not 

only confer protection against the most frequent circulating VOCs, but also against future 
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variants derived from these lineages which share similar combinations of mutations. Here, we 

seek to generate vaccines utilizing Rhesus Adenovirus serotype 52 (RhAd52) vectors in the same 

platform used to generate the Ad26.COV2.S vaccine produced by Janssen, encoding for antigens 

computationally predicted by Epigraph, rather than WT spike protein. We then analyze the 

immunogenicity of these vaccines, comparing the humoral and cellular responses to that of 

RhAd52 vectors encoding ancestral SARS-CoV-2 spike peptide, variant spike sequences, as well 

as sham controls. 
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Chapter 2: Methods 

Epigraph sequence generation  

 Epigraph sequences were generated utilizing the epigraph algorithm (Los Alamos 

National Laboratory) as described above and in previous literature
46

. Over 300,000 sequences 

were downloaded from GISAID database, and encompass sequence uploaded from samples 

collected worldwide during the two months prior to June 9
th

, 2021. Epitope length was set equal 

to k=9, and cocktail size to M=4 in the present sequence generation. 

Vector Generation 

Epigraph sequences were ordered from IDT in pcDNA3.1+ vector plasmids. Transgene 

sequences were removed with restriction enzymes NheI-HF (New England BioLabs, Cat.# 

R3131S) and HindIII-HF (New England BioLabs, Cat.#R3104S), and cloned into RhAd52 

Adapter backbones by ligating for 30 minutes at room temperature, using T4 ligase (New 

England BioLabs, Cat.# M0202S). Plasmid stocks were amplified by transforming ligated 

plasmids into DH10B electro-competent Escherichia coli strains (Thermo Fisher, Cat.# EC0113) 

by adding 2uL plasmid to 23uL 10% glycerol, and electroporating into 15uL DH10B E. coli cell 

culture for 5 ms at 1700 V. Colonies were then incubated and shaken at 260 RPM for 1 hour at 

37
o
C in SOC media (Invitrogen, Cat.# 15-544-034), and plated on LB/ampicillin plates and 

incubated for 16h at 37
o
C. Colonies were picked, and LB/ampicillin broth was inoculated and 

incubated for 16h at 37
o
C, and plasmids were purified from E. coli cultures using plasmid 

purification kit, according to provided protocol (NucleoBond PC 500 Maxi kit for transfection-

grade plasmids, Macherey-Nagel).  
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HEK293B55K.TetR cell lines were cultured in DMEM (Gibco, Cat.# 11995-065-

500ML) supplemented with 10% FBS (Sigma Aldrich, Cat.# F2442-500ML) and 1% MgCl2 

(Sigma Aldrich, Cat.# M1028-100ML), according to standard tissue culture protocols. 

RhAdApt52 and pWe/RhAd52 plasmids were cut with NEB restriction enzyme PacI (New 

England BioLabs, Cat.# R0547S), and transfected using unsupplemented DMEM and 

lipofectamine transfection reagent (Invitrogen, Cat.# 11668-019).  

Virus was then extracted and purified from infected HEK293B55K.TetR cells. Cells were 

first harvested by centrifuging crude cell culture on day of visible full cytopathic effect (CPE) at 

1700 RPM for 5 minutes. Supernatant was aspirated away from the cell pellet, and cells were 

resuspended in 19mL Phosphate Glycerol (Glycerol, Fisher Scientific Cat.# 15-514-011; Sodium 

Phosphate, Fisher Science Cat.# S472-500) and frozen at -20
o
C overnight. Cells were thawed 

prior to downstream processing in 37
o
C water bath, and 2.25mL 5% DOC (Sigma Aldrich, Cat.# 

BP349-100) was added to each tube (for a final concentration of 0.5% DOC in tube). Tubes were 

homogenized, and incubated for 5 minutes in 37
o
C water bath. Tubes were again homogenized, 

and mixture was clarified by adding 750uL 1M MgCl2 (Sigma Aldrich, Cat.# M1028-100ML) 

into each tube and mixing thoroughly. Cellular DNA was digested by adding 80uL DNAse I 

(New England BioLabs, Cat.#M0303S), and tubes were again homogenized and cell debris was 

removed by centrifuging at 8000 RPM for 30 minutes at 4
o
C. Meanwhile, block gradient was 

prepared with 1.24 g/mL CsCl (Fisher BioReagents Cat.# BP210-1) layered on top of 1.4 g/mL 

CsCl. Virus from centrifugation step was added slowly to the top of the liquid in the block 

gradient preparation, and tubes were balanced with 1x PBS. Tubes were spun in an 

ultracentrifuge at 21,000 RPM for 2 hours at 10
o
C. The lowest visible band from the resulting 

suspension (intact virus) was extracted from the tube with a syringe, and the virus extracted from 
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each tube was pooled and aliquoted evenly into sealable ultracentrifuge tubes, filling and 

balancing tubes with 1.33 g/mL CsCl. Tubes were sealed and spun in an ultracentrifuge at 55,000 

RPM overnight at 4
o
C. Lowest band from resulting suspension (intact virus) was then extracted 

with a syringe, and CsCl was dialyzed out into 50% sucrose by adding extracted virus to Slyde-

A-Lyzer cassette. Cassette was placed in a large beaker, filled with first buffer: 1,470mL DPBS 

(Gibco, Cat.#14190-144-500ML) and 30mL 50% sucrose (Sigma Aldrich, Cat.# 84097-1KG). 

Cassette was stirred in beaker for 60 minutes, after which buffer was replaced with second buffer 

(1,440mL DPBS and 60mL 50% sucrose), stirred for 60 minutes, and again replaced with third 

buffer (1,380mL DPBS and 120mL 50% sucrose) and stirred for 60 minutes. 

Virus was removed from cassette after dialysis, aliquoted, and frozen in liquid nitrogen. 

One aliquot was thawed, and purified virus was titrated by adding 50uL virus to 100uL 

PBS/sucrose, and by measuring optical density via spectrophotometry. 

 Animals & study design 

Wild-type BALB/c mice from Jackson Labs were utilized in the present study (N=70). 

Mice were divided into 7 groups of 10 animals, each receiving a different RhAd52 vaccine 

vector treatment, differing in encoded spike variant: ancestral Wuhan strain, cocktail of epigraph 

antigens (EPI-1, 2, 3, 4), B.1.1.7 (alpha) variant, B.1.351 (beta) variant, B.1.617.2 (delta) variant, 

cocktail of ancestral, B.1.1.7, B.1.351, and B.1.617.2 variants, as well as PBS sham control 

(Table 1). Vaccines were constructed by diluting purified virus in 1x PBS (Gibco, Cat.# 10010-

023-500ML) to a final concentration of 10
10

 viral particles/mL. 100uL was given to each animal 

via intramuscular injection in the quadricep muscle (50uL in each leg), for a final dosage of 10
9
 

viral particles/mL in each animal. For both cocktail groups (each containing four vectors), the 
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total concentration was kept equal to 10
9
 viral particles/mL, and each of the four vector 

constructs was incorporated at a concentration of 2.5 x 10
8
 viral particles/mL. Serum was 

collected via submandibular bleeding; whole blood was collected in Greiner Bio One 0.8mL 

serum collection tubes (Cat.# 472450), and centrifuged at 400 x g for 3 minutes to isolate serum. 

Serum was then frozen at -80
o
C for long-term storage. Spleens were collected for cellular assays, 

and processed into single-cell suspensions prior to plating and analysis via ELISpot and ICS. 

Pseudovirus Neutralization Assay 

SARS-CoV-2 pseudoviruses were generated by co-transfecting packaging construct 

psPAX2 (AIDS Resource and Reagent Program, NIH), luciferase reporter plasmid pLenti-CMV 

Puro-luc (Addgene), as well as pcDNA3.1 vector plasmids encoding SARS-CoV-2 spike 

peptides derived from either WH, B.1.1.7, B.1.351, B.1.617.2, BA.1, or BA.2 into HEK293/T 

cells using lipofectamine transfection reagent. Cells were incubated for 48 hours, after which the 

supernatant was collected and pseudovirus was filtered through a 0.45um filter. 96-well flat-

bottom plates were seeded with HEK293T-hACE2 cells at a density of 1.75 x 10
6
 cells/well and 

incubated overnight at 37
o
C. Serial dilutions were then prepared with heat-inactivated serum, and 

mixed with 60uL of pseudovirus. Serum and pseudovirus mixtures were incubated at 37
o
C for 60 

minutes, after which were added to HEK293T-hACE2 cells. Plates were then centrifuged for 30 

minutes at 2200 x g, and incubated for 48 hours. Following incubation, cells were lysed in 

Steady-Glo Luciferase according to protocol provided by manufacturer. Luminescence was 

analyzed on Omega Luminometer, and neutralization titers were calculated from observed 

relative luminescence units. 
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Meso Scale Discovery Antibody Binding Assay 

MSD plates (Acro BioSystems) were first blocked using Blocker A (Acro BioSystems, 

cat.# R39BA), adding 150uL to each well and placing on an oscillator at room temperature for 

30 minutes at 700 RPM. Meanwhile, samples were diluted in 2mL dilution blocks using Diluent 

100 (Acro BioSystems, cat.# R50AA). Samples were first diluted 1:500 by adding 2uL serum to 

1mL of Diluent 100, then diluted again 1:10 by adding 50 uL of 1:500 dilution to 450uL of 

Diluent 100 in order to reach a final dilution of 1:5,000. Plates were removed from the oscillator, 

and plates were washed three times with 150uL of wash buffer (Acro BioSystems, cat.# 

R61AA). 50uL of diluted sample was then added to each appropriate well, with 50uL Diluent 

100 added to any empty wells as a control. Plates were then incubated on oscillator at room 

temperature for 2 hours at 700 RPM. Meanwhile, sulfo-tagged secondary antibody (Acro 

BioSystems, cat.# R32AC) was diluted 1:1,000 in Diluent 100 by adding 6uL of antibody to 

6mL of Diluent 100. Following incubation period, plates were then washed 3 times as previously 

described, and 50uL of secondary antibody was added to each well. Plates were then incubated 

on oscillator at room temperature for 1 hour at 700 RPM. Following incubation, plates were 

again washed as previously described, and 150uL of MSD Gold Read Buffer B (Acro 

BioSystems, cat.# R92TG) was added to each well, after which plates were immediately read on 

MSD instrument (Acro BioSystems). 

Intracellular Cytokine Staining 

Splenocytes from each sample were first resuspended in 500uL I10 media (formulation), 

with 100uL of cell suspension added to each well. The plate was then spun down for 1 minute at 

2200 RPM at 4
o
C, after which each sample was stimulated with 100uL of prepared peptide pools 
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– either WH spike, B.1.617.2 (delta) spike, or B.1.1.529 (omicron) spike (2ug/mL) – 100uL 

Leukocyte Activation Cocktail (LAC) in positive control wells, or blank I10 in unstimulated, 

negative control wells. After stimulation, plates were incubated for 45 minutes at 37
o
C. 

GolgiStop/GolgiPlug was then prepared by adding 8uL each of GolgiStop and GolgiPlug to 2mL 

I10 media, and 50uL of this mixture was overlayed into each well following incubation. After 

overlay, plates were then incubated for 6.5 hours at 37
o
C and then stopped at 4

o
C overnight. The 

next day, cells were washed with MACS buffer, and stained with Aqua live/dead dye, followed 

by surface staining cocktail, including CD8α (clone 52-6.7; BUV395), CD4 (clone RM4-5; 

PE/Dazzle 594), CD3 (clone 17A2; BUV737), CD19 (clone 6D5; BV605), CD44 (cloneIM7; 

BV711), CD62L (clone MEL-14; AlexaFluor 488), and CD107a (clone ID4B; PE-Cy7). Plates 

were then incubated in the dark for 30 minutes at 4
o
C. Following incubation, cells were washed 

with MACS buffer and incubated with Cytofix/Cytoperm in the dark for 20 minutes at 4
o
C. Cells 

were then washed with 1x PermWash buffer and stained with intracellular staining cocktail, 

composed of IFNγ (clone XMG1.2; BV421), IL-2 (clone JES6-5H4; PE), IL-4 (clone 11B11; 

APC), and TNFα (clone MP6-XT22; AF700), and incubated in the dark for 30 minutes at 4
o
C. 

Cells were then washed twice with 1x PermWash buffer, once with MACS buffer, and then fixed 

with 2% formaldehyde fix, and analyzed on BD LSRII system. 
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Chapter 3: Results 

Epigraph sequence cocktail provides strong epitope coverage of sampled sequences 

The SARS-CoV-2.S epigraph sequences utilized in the present study were developed by 

Dr. Bette Korber and Dr. James T. Theiler at Los Alamos National Laboratory, utilizing the 

epigraph algorithm as previously described. Over 300,000 sequences were downloaded from 

GISAID, and a cocktail of epigraph antigens was generated utilizing epitope length of k=9 and a 

cocktail size of M=4. The resulting cocktail of epigraph sequences was aligned according to 

“pseudo-position,” which was determined according to the number of k-mers needed to reach a 

particular node compared to the natural sequence length. Associated coverage of epigraph 

coverage was then determined as a function of the percentage of epitopes in the sampled 

population at each position not encompassed by the cocktail of generated antigens. Each antigen 

was assessed in this manner, taking into account any previously-generated antigens in the 

cocktail (e.g., EPI-3 coverage is shown in Figure 2 as a function of coverage added to previous 

two cocktail antigens, or as a function of coverage provided by EPI-1, EPI-2, and EPI-3 

combined). It is important to note that while not a linear relationship, coverage by 

pseudoposition may still be understood in the sense of percent epitope coverage at certain 

positions in the peptide. For example, a peak at 15% missed epitopes for EPI-1 at the 

pseudoposition just after 0 can still be understood as a 15% missed epitopes at the corresponding 

position in the translated peptide. The cocktail of the four generated “EPI” antigens provides 

excellent coverage compared against the total body of sampled sequences, with coverage at 

every position in the peptide exceeding 95%, or missing less than 5% of sampled epitopes, and 

approaching 100% coverage at many positions throughout the sequence (Fig. 2). 
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Figure 2. Coverage of EPI-1, EPI-2, EPI-3, and EPI-4 antigen cocktail Coverage is shown as a 

function of percentage of epitopes missed by pseudoposition (denoted “position” in figure). 

Pseudoposition is calculated as a product of number of k-mers incorporated in order to reach a 

particular node. Coverage is shown here as a function of epitope coverage provided by each 

antigen added to previously-incorporated antigens: EPI-1 (shown in blue), EPI-1 + EPI-2 (shown 

in orange), EPI-1 + EPI-2 + EPI-3 (shown in green), and EPI -1 + EPI-2 + EPI-3 + EPI-4 (shown 

in red). EPI-1 – 4 sequences and above figure generated by Bette Korber and James Theiler (Los 

Alamos National Laboratory, June 2021).  
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Table 1. Overview of animal treatment groups  

Treatment groups of mice utilized in the present study. Mice were divided into 7 groups of 10 

animals each, and each group was treated with a different vaccine construct. Each vaccine was 

formulated in a concentration of 1 x 10
10

 viral particles (VP)/mL, and 100uL was administered to 

each animal via I.M. injection (50uL each in left and right quadriceps), for a final dosage of 10
9
 

VP/animal.  

Group Treatment  Included Constructs Dosage 

(VP/animal) 

N 

(mice) 

I WH.S RhAd52.TetO.SARS-CoV2.S.PP 1 x 10
9
 10 

II Epigraph 

Cocktail 

RhAd52.TetO.SARS-CoV2.S.PP.EG-1 

RhAd52.TetO.SARS-CoV2.S.PP.EG-2 

RhAd52.TetO.SARS-CoV2.S.PP.EG-3 

RhAd52.TetO.SARS-CoV2.S.PP.EG-4 

2.5 x 10
8
 

2.5 x 10
8
 

2.5 x 10
8
 

2.5 x 10
8
 

1 x 10
9
 (total) 

10 

III B.1.1.7 RhAd52.TetO.SARS-CoV2.B.1.1.7.S.PP 1 x 10
9
 10 

IV B.1.351 RhAd52.TetO.SARS-CoV2.B.1.351.S.PP 1 x 10
9
 10 

V B.1.617.2 RhAd52.TetO.SARS-CoV2.B.1.617.2.S.PP 1 x 10
9
 10 

VI WH+Variant 

Cocktail 

RhAd52.TetO.SARS-CoV2.S.PP 

RhAd52.TetO.SARS-CoV2.B.1.1.7.S.PP 

RhAd52.TetO.SARS-CoV2.B.1.351.S.PP 

RhAd52.TetO.SARS-CoV2.B.1.617.2.S.PP 

2.5 x 10
8
 

2.5 x 10
8
 

2.5 x 10
8
 

2.5 x 10
8
 

1 x 10
9
 (total) 

10 

VII Sham 1x PBS 100uL 10 
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Figure 3. Study overview and outline of tissue collection timepoints. (A) Viruses are isolated and 

sequenced from worldwide sources and uploaded to GISAID database, and epigraph sequences 

are generated and cloned into RhAd52 vectors. Vaccines are formulated from RhAd52 vectors, 

and injected I.M. into mice in order to assess humoral and cellular immunogenicity. (B) Serum is 

collected at baseline, 2 week, and 4 week timepoints from all mice (N=70) and used to assess 

humoral responses, and spleens are collected from half of the mice (N=35) and processed in 

order to assess cellular immunogenicity (Created with BioRender).  
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Humoral immunogenicity of epigraph antigens 

 Serum from immunized BALB/c mice was collected at 2 and 4 week timepoints post-

vaccination, and assessed for antibody binding and neutralization titers (Fig. 4). Given the 

breadth of coverage of the generated epigraph sequences, we hypothesize that epigraph antigen-

encoding vectors provide robust, cross-reactive antibody responses which respond to a variety of 

natural antigens, as compared to single-natural antigen constructs.  

 As nAb responses directed toward the SARS-CoV-2 spike RBD has previously been 

demonstrated as a key factor in neutralizing immunity toward COVID-19, antibody binding titers 

toward the RBD of ancestral SARS-CoV-2 (WH), as well as alpha (B.1.1.7), beta (B.1.351), 

gamma (P.1), delta (B.1.617.2), and omicron (B.1.1.529) variants were assessed via MSD 

binding assay (multiplexed ELISA-based assay, AcroBio Systems), with antibody titers 

expressed as a function of relative light units (RLU). 

As expected, antibody binding titers at week 2 appeared marginally lower than those 

present at week 4. For all variants assessed however, contrary to our hypothesis, the group 

immunized with the epigraph antigen cocktail appeared to underperform in antibody binding to 

the SARS-CoV-2 RBD compared to those immunized with any of the natural sequences utilized 

(Fig. 4A-B). Across all variants assessed, the reduction in binding titers was distinct, with the 

median binding titers of epigraph-immunized mice ranging from approximately 0.25-1-log lower 

than the median binding titers for mice vaccinated with natural antigens However, this reduction 

appeared to decrease with time, with the difference between medians decreasing to within 

approximately 0.5-log. 
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Figure 4. MSD analysis of antibody binding titers toward RBD SARS-CoV-2 variants Antibody 

binding toward SARS-CoV-2 spike RBD assessed by MesoScale Discovery (MSD) binding 

assay, measured as a function of relative luminescence units (RLU) toward RBD peptide from 

WH, B.1.1.7, B.1.351, B.1.617.2, AY.4, AY4.2, and B.1.1.529 for (A) all variants assessed, 

displayed by WH, EG cocktail, B.1.1.7, WH + variant cocktail (containing WH, B.1.1.7, 

B.1.351, and B.1.617.2) and sham immunization groups, and for (B) antibody binding toward 

individual variant RBD, displayed by timepoint for the same immunization groups.   
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However, because epigraph optimization was performed on the full-length spike peptide, 

it is also possible that regions of the peptide other than the RBD can lead to the improvement of 

epitope coverage offered by epigraph optimization. Therefore, in order to explore the possibility 

that immune responses were directed against regions of the full-length spike peptide other than 

the RBD, we assessed binding patterns against full-length spike of all variants assessed 

previously, as well as those of AY.4 and AY.4.2 variants, sublineages of the delta variant.  

Similar to the patterns of responses observed toward SARS-CoV-2 spike RBD, antibody 

responses toward full-length spike also demonstrated comparable immunogenicity above sham-

immunized mice, though a decrease in binding patterns in serum from epigraph-vaccinated mice 

as compared to mice vaccinated with natural antigens was also observed, similar to that seen in 

RBD-specific antibodies (Fig. 5A-B). This difference appeared similarly stark in nature at week 

2, with decreases in binding titer ranging from approximately 0.25-1-log reductions, though 

similar decreases in difference between immunization groups was observed by week 4 (Fig. 5B).. 

 In order to determine neutralizing capabilities of the antibodies present in serum from 

immunized mice, we additionally performed pseudovirus neutralization assays on serum 

samples, using a luciferase-expressing lentivirus vector expressing SARS-CoV-2 spike antigens 

(WH, B.1.1.7, B.1.351, B.1.617.2, BA.1, and BA.2) and a HEK293T cell line expressing 

hACE2, with neutralization determined as a function of calculated neutralization titer (NT50). 
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Figure 5. MSD analysis of antibody binding titers toward full-length spike protein of SARS-CoV-

2 variants Antibody binding toward SARS-CoV-2 full-length spike assessed by MesoScale 

Discovery (MSD) binding assay, measured as a function of relative luminescence units (RLU). 

Data are displayed for week 2 and week 4 antibody binding (RLU) toward full-length spike 

peptide from WH, B.1.1.7, B.1.351, B.1.617.2, AY.4, AY4.2, and B.1.1.529 for (A) all variants 

assessed, displayed by WH, EG cocktail, B.1.1.7, WH + variant cocktail (containing WH, 

B.1.1.7, B.1.351, and B.1.617.2) and sham immunization groups, and for (B) antibody binding 

toward individual variant spike, displayed by timepoint for the same immunization groups. 
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Figure 6. Pseudovirus neutralization by vaccine-induced antibodies Pseudovirus neutralization 

displayed as a function of calculated neutralization titer (NT50) toward pseudovirus expressing 

WH, B.1.1.7, B.1.351, B.1.617.2, BA.1, and BA.2 spike peptides. Data are displayed for week 4 

samples, and are displayed (A) as composite results toward all variants assessed between each 

vaccination group, and (B) against individual variants between WH, EG cocktail,  B.1.1.7, WH + 

variant cocktail (containing WH, B.1.1.7, B.1.351, and B.1.617.2) and sham immunization 

groups.  
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Similar to the results we observed of antibody binding assessed by MSD, pseudovirus 

neutralization measured 4 weeks post-vaccination demonstrated appreciable responses in serum 

from mice immunized with epigraph antigens, as compared with those vaccinated with natural 

antigens (Fig. 6A-B). A slight decrease was seen in epigraph-vaccinated mice as compared with 

those vaccinated with natural antigens, however, this difference appeared less prominent 

between vaccination groups, with the calculated NT50 values between WH and epigraph-

immunized mice similar in neutralization of both WH and B.1.1.7 spike-expressing 

pseudoviruses (Fig. 6B). Of note, all vaccinations displayed markedly reduced NT50 titers 

against BA.1 and BA.2-expressing pseudoviruses, with sera from all vaccination groups 

measuring near or below the limit of detection (Fig. 6B). Overall, antibody functional capacity as 

measured by pseudovirus neutralization titers largely replicate and corroborate our observations 

of antibody binding patterns assessed via MSD.   

Cellular immunogenicity of epigraph antigens 

In order to interrogate the cellular immunogenicity of epigraph antigens in vaccination 

against SARS-CoV-2, spike-specific immune responses were assessed via intracellular staining 

of T cells isolated from collected splenocytes. Spleens from half of the immunized mice (5 mice 

from each group, N=35) were collected four weeks post-injection, and cellular immunogenicity 

present 4 weeks post prime vaccination was assessed via intracellular cytokine staining (Fig. 7). 

If epigraph antigens provide cross-reactive immune responses in-vivo, we therefore hypothesize 

that T-cell responses will demonstrate stimulation with greater consistency between treatment 

groups with ICS, as opposed to single-natural antigen treatment groups. 
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From isolated splenocytes, CD8+/CD44+ T cells were gated out, and assessed for 

intracellular expression of TNFα and IFNγ after stimulation with SARS-CoV-2 spike proteins 

from WH, B.1.617.2, and B.1.1.529 variants. T cells were subsequently analyzed for one or both 

of these cytokines, and a double-positive response was considered to be indicative of a well-

defined antiviral response after stimulation. In all vaccination groups, we observed relatively low 

double-positive T cell responses, although all were significantly increased over those of sham 

injections, indicating an appreciable antiviral response across all vaccination groups (Fig. 7). 

Overall, we observed in the present studies that vaccination with epigraph antigens 

appeared to offer immunogenic responses against natural antigen sequences as measured by both 

antibody-binding and pseudovirus neutralization titers, albeit with less rapid  kinetics of 

response, and contrary to our hypothesis, no distinct improvement toward cross-variant 

reactivity. In addition, cellular responses measured at week 4 post-prime vaccination appeared 

low but detectable, and at levels consistent among other treatment groups, indicating similar 

kinetics and phenotypic characteristics of the cellular immune response toward epigraph antigens 

as compared with those elicited by vaccination with natural antigens.  
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Figure 7. Effector memory T cell responses induced by vaccination Percent TNFα+/IFNγ+ 

effector memory (CD8+/CD44+) T cells isolated from splenocytes as measured by intracellular 

cytokine staining, in response to stimulation with SARS-CoV-2 spike originating from either 

WH, B.1.617.2 (delta), or B.1.1.529 (omicron) variants. Splenocytes were isolated from mice 

immunized with WH, EG cocktail, B.1.1.7, B.1.351, B.1.617.2, WH+variant cocktail (containing 

WH, B.1.1.7, B.1.351, and B.1.617.2), and sham controls.  
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Chapter 4: Discussion & Perspectives 

Taken together, the antibody titers as measured by MSD, as well as neutralization 

capabilities as measured by pseudovirus neutralization assay, suggest a striking spike-specific 

immune response elicited by vaccination with epigraph antigens, despite an apparent trend that 

epigraph antigens appear to underperform slightly in antibody responses in comparison to natural 

antigens.  

One possible explanation for the observed decrease in binding titers could lie in the 

manner in which the epigraph algorithm optimizes coverage over a sequence. The epigraph 

algorithm optimizes specifically for coverage of potential T cell epitopes, which exist as linear 

chains of 8-12 amino acids presented on MHC-I to CD8+ T cells after a peptide has been 

phagocytized and processed for presentation. As such, only the linear (primary) sequence of 

amino acids is taken into account when optimizing for epitope coverage. Antibody responses 

characteristic of the humoral response, however, rely on conservation of the native conformation 

of a peptide, which tends to include not only peptide fragments larger than those presented to T 

cells, but also on the conservation of any discontinuous epitopes present, which are not taken 

into account with epigraph. 

Another possible explanation, similarly, could lie in the incorporated sequences and 

relative frequencies at which epitopes from certain lineages are incorporated into the algorithm. 

Because 9-mers were not incorporated into the generated sequence cocktails representative of 

respective lineage, but rather by presence in the population as a whole, each epigraph sequence 

within a cocktail may not contain every epitope within a given antigen or variant. For example, 

in the sequence cocktail utilized in the present studies, due to the relative frequencies of sampled 
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variants among sequences uploaded to GISAID, EPI-1 mainly takes into account the B.1.1.7 

variant and related sublineages due to the relative abundance of this lineage among the sampled 

sequences, while EPI-2 begins to take into account epitopes present in the B.1.351 lineage, EPI-3 

begins to take into account epitopes characteristic of the B.1.617.2 lineage, while EPI-4 takes 

into account mainly rare mutations. However, these sequences are not distinct separations by 

lineage, but rather representative of overall trends of 9-mer incorporation by relative epitope 

frequency. Therefore, multiple natural lineages and/or sublineages are likely present in each 

generated sequence. In this manner, due to permutations by the algorithm, predicted sequences 

may not necessarily align completely with natural sequences, therefore the antibodies elicited as 

a result of epigraph-based vaccination may bind to natural antigens to a lesser extent than those 

elicited by natural antigens. 

However, of note was the decrease in reduction observed from week 2 to week 4 

timepoints, wherein epigraph antigens appeared to demonstrate less rapid kinetics of humoral 

responses. In order to determine whether this trend in humoral response kinetics continues past 4 

weeks, and therefore whether nAb titers elicited by epigraph could indeed peak at a later point, 

further studies could include further time point analyses past 4 weeks after prime immunization. 

Of note, although little overall difference in response was observed between treatment 

groups, a notable increase of the TNFα+/IFNγ+ T cell response was observed in all treatment 

groups over sham controls (Fig. 7). Taking into account the binding patterns and humoral 

responses observed by MSD and Neutralization assays, this could be explained by the time point 

at which responses were measured. While antibody titers tend to peak around 4 weeks after 

vaccination, effector memory T cell responses develop with less rapid kinetics, therefore a more 

minute response may be expected 4 weeks after prime vaccination. 
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Overall, the present studies demonstrate striking spike-specific humoral and cellular 

immunogenicity of epigraph antigens in the four weeks following prime vaccination, while also 

highlighting the potential importance of conserved higher-level structures and discontinuous 

epitopes in binding antibody responses toward SARS-CoV-2 antigens. Taken together, the 

present studies suggest that epigraph antigens provide robust immune responses toward SARS-

CoV-2 spike after RhAd52 prime vaccination. 

It should be noted that one major shortcoming of the present study is the lack of 

evaluation of in-vivo protective efficacy of epigraph antigens. While immune correlates of 

protection, both in animal models as well as in humans, have been explored in previous 

literature, including those specifically in the context of RhAd52-vectored vaccinations in mice
69

, 

such variables remain the subject of much active investigation. In addition, demonstrations in 

similar studies of T cell-mediated immunity in the partial or complete absence of antibodies have 

suggested that robust cellular responses to viral challenges are not only necessary for antiviral 

immunity, but may even be sufficient
54

. A study of immunization of mice with a pan-filovirus 

epigraph vaccine candidate displayed complete protection against challenges with both 

Ebolavirus and Marburg virus
54

. Notably, no anti-filovirus antibodies were detected in the 

immunized mice in this study, and authors therefore concluded that not only was it highly 

unlikely that antibody responses contributed to the observed protection after challenge, but also 

that T-cell vaccination was sufficient for 100% protection
54

. Therefore, the protective efficacy as 

measured by an in-vivo live virus challenge, especially in the context of the observed attenuation 

of the humoral response, remains a vital source of information regarding cross-protective 

efficacy against variants incorporated by epigraph. As a result, future planned studies include a 

challenge model utilizing mouse-adapted SARS-CoV-2 viruses after vaccination as organized in 
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the present study. Furthermore, in order to establish more translatable correlates of these data 

into human applications, further studies currently planned and underway include similar studies 

of immunogenicity and challenge protection in both hamsters and nonhuman primates. 

Further, the present studies leave partially unexplored the question of whether and to 

what extent cellular immunogenicity is elicited by epigraph antigens, and how well this 

immunogenicity compares to natural antigens. Previous studies of the immunogenicity of the 

Ad26.CoV2.S vaccine in humans demonstrated significant cellular immunity as measured 57 and 

85 days after immunization. It is therefore possible that 28 days after prime vaccination is 

insufficient for analysis of robust cellular immune responses. Therefore, further studies of 

cellular immune responses over a longer period of time are certainly required, given the 

fundamental importance of T cell responses in antiviral immunity. 

Because boost vaccinations have been demonstrated to induce robust humoral and 

cellular responses in both animal models and humans, next steps in the current studies include 

boost vaccinations, with homologous boosts currently underway for each of the treatment groups 

included. Additionally, in order to assess whether the cross-reactivity of immune responses to 

previous vaccination with natural antigens can be improved upon, future steps could also include 

a heterologous boost regimen, wherein epigraph-based vaccines are administered as a booster 

vaccination after prime vaccination with one or more natural antigens. Indeed, such a regimen 

would also help to elucidate the degree to which the resulting antibodies bind differently at the 

epitope level than those elicited by natural antigens. 

 Despite these limitations, the immunogenicity of epigraph antigens has never been 

directly compared to that of natural antigens in the context of SARS-CoV-2. Such a 
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characterization is of crucial importance given the relevance posed by the current COVID-19 

pandemic, as the ability of a single vaccine antigen or cocktail of antigens to generate effective 

humoral and cellular immune responses to a variety of clinically and/or epidemiologically-

relevant variants is currently a major goal in the field of vaccine development. Additionally, this 

comparison helps to establish the degree to which any potential immunologically-relevant 

discontinuous epitopes (i.e., epitopes which form as a result of the folding of two or more distal 

regions of a peptide’s primary structure, bringing them within close proximity) are conserved in 

epigraph antigens. Similarly, the present studies can therefore provide evidence regarding 

importance of certain sites in conservation of the antigen’s tertiary and quaternary structure in 

general. 

 In addition, the generation of a vaccine platform designed specifically to address the 

variability present in the current global population of SARS-CoV-2, in light of the continued 

presence of several vaccine evasion-capable variants, remains a critical tool in the fight to curb 

the COVID-19 pandemic. The presence of such variants, taken in the context of vaccines which 

wane in efficacy over a period of months, establishes a landscape which may be highly 

permissible to further increasing mutations and variability, and further reduction of current 

vaccine efficacy. Indeed, such a problem left unimpeded may become exponentially more severe 

over time, highlighting the urgent need for vaccine platforms which offer broader coverage and 

are more generalizable to a broad viral population. Moreover, results of the present study 

highlight the notion that humoral responses and cellular responses rely upon different 

mechanisms and kinetics of response, which must be taken into account when designing vaccine 

antigens. 
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Finally, by establishing the immunogenicity of Epigraph-generated peptides toward 

SARS-CoV-2 and other agents, we may analyze the viability of such a platform as a vaccine 

antigen, as well as lay the groundwork for future studies into the capability of such a platform to 

elicit cross-neutralizing protective efficacy after viral challenge. The present studies highlight the 

importance of natural sequence conservation in generation of an effective neutralizing antibody 

response. However, with a T cell-stimulating vaccine candidate, such as Adenovirus vectors, it 

has been shown previously that T cell-mediated immunity is sufficient for antiviral protection 

after challenge. With this information in mind, it stands to reason that if known sequences can be 

incorporated, because epitopes from multiple circulating strains can be included in a single 

antigen or cocktail of antigens, such vaccine constructs may also have the potential to mitigate 

the impact of future waves of infection, or in some select cases, even to mitigate spread of 

emerging variants. The data generated by the present study therefore may be extremely important 

not only in the context of vaccination against COVID-19, but also in the context of vaccination 

efforts in general. 

Despite underperformance of humoral responses elicited by epigraph, the coverage 

optimization based upon T cell epitopes highlights the possibility for generation of next-

generation vaccines toward agents for which vaccines are not currently available, such as HIV-1 

and Hepatitis C Virus, both of which exhibit enormous viral diversity, which have contributed to 

the difficulty in producing effective vaccines for these pathogens. In addition, it stands to reason 

that epigraph can also be utilized in order to improve upon the coverage of existing vaccines. 

Some vaccines which currently exist are limited in efficacy in part due to limited coverage of a 

single antigen or strain against a diverse viral population. Among these agents is Influenza, of 

which numerous strains circulate seasonally. Despite the wide availability and administration of 
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Influenza vaccines, efficacy during most flu seasons is sub-optimal, typically ranging from 20-

50%, in part due to the wide genetic diversity of circulating strains in comparison to those 

covered in available vaccines
70

. This leads to original antigenic sin, in a manner similar to that 

which is thought to limit the efficacy of COVID-19 vaccines against emerging SARS-CoV-2 

variants. Because CD8+ T cell-mediated immunity is a particularly important component in 

antiviral immunity, optimizing coverage of certain immunodominant epitopes has the potential to 

induce broad and effective immune responses to a much wider range of circulating viral strains. 

In addition to the implications to the field of vaccinology, epigraph poses a key example 

of another broader trend in the field: the migration of in-silico computational methods to point-

of-care applications. Once largely confined to abstract contexts of pure research, computational 

predictive models and algorithms have begun in recent years establishing a major presence in 

clinical-oriented applications. In this manner, we are beginning to witness the advent of more 

elegant, personalizable, and effective therapeutic candidates for clinical applications. In keeping 

with this trend, as previously highlighted, similar in-silico strategies to epigraph have been 

utilized in order to overcome the major barrier toward successful HIV-1 vaccination posed by the 

enormous diversity of major antigenic targets. In particular, mosaic antigens have shown 

remarkable cross-reactivity and potency of immune responses against HIV-1 subtype M strains. 

Despite disappointing results in recently-published results of a phase III vaccine trial, this 

vaccine is among the first of its type to enter such a trial, as well as one of the first of its kind to 

generate promising protective efficacy results in animal models. 

Overall, the current COVID-19 pandemic has presented several challenges in developing 

safe and effective vaccines within the time frame necessitated by a rapidly-evolving public 

health crisis. While vaccines targeting the spike protein through different modalities have 
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demonstrated significant effectiveness, barriers to control of the pandemic yet exist, mainly 

posed by variability within the viral genome, and in particular, within the spike protein (the 

major immunogenic target of SARS-CoV-2). Multiple computational methods of peptide 

optimization for vaccine design exist, epigraph being a key example, offering provably-optimal 

coverage of potential T cell epitopes. 

Such methods for optimizing vaccine epitope coverage, such as epigraph, have allowed 

scientists and clinicians to begin to overcome barriers to vaccination once considered by many to 

be insurmountable. Computational epitope predictive methods have been explored for nearly 

three decades in the context of potential vaccination target identification
71

. Mosaic antigens have 

demonstrated remarkably cross-reactive and potent immune responses to HIV in animal models. 

Epigraph has demonstrated complete protection in animal models against challenge with diverse 

strains of influenza and filovirus species. Indeed, the present studies demonstrate striking (albeit 

attenuated, compared to natural antigens) spike-specific humoral immunogenicity and 

comparable cellular responses against native antigens after vaccination with epigraph-predicted 

spike peptides. In short, computational algorithms such as epigraph, aided by our understanding 

of immune responses after vaccination, have the potential to not only break down major barriers 

toward vaccination against certain agents, but to drastically impact the fields of vaccinology and 

immunology as a whole. 

  



 43  
 

Bibliography 

1. Zhu, N. et al. A Novel Coronavirus from Patients with Pneumonia in China, 2019. N. 

Engl. J. Med. 382, 727–733 (2020). 

2. Cucinotta, D. & Vanelli, M. WHO declares COVID-19 a pandemic. Acta Biomed. 91, 

157–160 (2020). 

3. WHO Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) Dashboard 

With Vaccination Data. https://covid19.who.int/. 

4. Chung, J. Y., Thone, M. N. & Kwon, Y. J. COVID-19 vaccines: The status and 

perspectives in delivery points of view. Adv. Drug Deliv. Rev. 170, 1 (2021). 

5. Escandón, K. et al. COVID-19 false dichotomies and a comprehensive review of the 

evidence regarding public health, COVID-19 symptomatology, SARS-CoV-2 

transmission, mask wearing, and reinfection. BMC Infect. Dis. 21, (2021). 

6. Razai, M. S., Oakeshott, P., Kankam, H., Galea, S. & Stokes-Lampard, H. Mitigating the 

psychological effects of social isolation during the covid-19 pandemic. BMJ 369, (2020). 

7. Bavli, I., Sutton, B. & Galea, S. Harms of public health interventions against covid-19 

must not be ignored. BMJ 371, (2020). 

8. Chen, L. et al. RNA based mNGS approach identifies a novel human coronavirus from 

two individual pneumonia cases in 2019 Wuhan outbreak. Emerg. Microbes Infect. 9, 313 

(2020). 

9. Silvas, J. A. et al. Contribution of SARS-CoV-2 Accessory Proteins to Viral Pathogenicity 

in K18 Human ACE2 Transgenic Mice. J. Virol. 95, (2021). 



 44  
 

10. Angelini, M. M., Akhlaghpour, M., Neuman, B. W. & Buchmeier, M. J. Severe Acute 

Respiratory Syndrome Coronavirus Nonstructural Proteins 3, 4, and 6 Induce Double-

Membrane Vesicles. MBio 4, (2013). 

11. Ziebuhr, J., Snijder, E. J. & Gorbalenya, A. E. Virus-encoded proteinases and proteolytic 

processing in the Nidovirales. J. Gen. Virol. 81, 853–879 (2000). 

12. Xu, W. et al. Compartmentalization-aided interaction screening reveals extensive high-

order complexes within the SARS-CoV-2 proteome. Cell Rep. 36, 109482 (2021). 

13. Arya, R. et al. Structural insights into SARS-CoV-2 proteins. J. Mol. Biol. 433, 166725 

(2021). 

14. Jiang, H. wei et al. SARS-CoV-2 Orf9b suppresses type I interferon responses by 

targeting TOM70. Cell. Mol. Immunol. 17, 998–1000 (2020). 

15. Li, J. Y. et al. The ORF6, ORF8 and nucleocapsid proteins of SARS-CoV-2 inhibit type I 

interferon signaling pathway. Virus Res. 286, (2020). 

16. Zhang, Y. et al. The ORF8 Protein of SARS-CoV-2 Mediates Immune Evasion through 

Potently Downregulating MHC-I. bioRxiv 2020.05.24.111823 (2020) 

doi:10.1101/2020.05.24.111823. 

17. Ren, Y. et al. The ORF3a protein of SARS-CoV-2 induces apoptosis in cells. Cell. Mol. 

Immunol. 17, 881 (2020). 

18. Siu, K. L. et al. Severe acute respiratory syndrome coronavirus ORF3a protein activates 

the NLRP3 inflammasome by promoting TRAF3-dependent ubiquitination of ASC. 

FASEB J. 33, 8865 (2019). 



 45  
 

19. Ahmed, S. F., Quadeer, A. A. & McKay, M. R. Preliminary Identification of Potential 

Vaccine Targets for the COVID-19 Coronavirus (SARS-CoV-2) Based on SARS-CoV 

Immunological Studies. Viruses 2020, Vol. 12, Page 254 12, 254 (2020). 

20. Du, L., He, Y., Jiang, S. & Zheng, B. J. Development of subunit vaccines against severe 

acute respiratory syndrome. Drugs of Today 44, 63–73 (2008). 

21. Sun, J. et al. Generation of a Broadly Useful Model for COVID-19 Pathogenesis, 

Vaccination, and Treatment. Cell 182, 734-743.e5 (2020). 

22. Chaudhary, J. K. et al. Insights into COVID-19 Vaccine Development Based on 

Immunogenic Structural Proteins of SARS-CoV-2, Host Immune Responses, and Herd 

Immunity. Cells 2021, Vol. 10, Page 2949 10, 2949 (2021). 

23. Tan, Y.-J. et al. Profiles of Antibody Responses against Severe Acute Respiratory 

Syndrome Coronavirus Recombinant Proteins and Their Potential Use as Diagnostic 

Markers. Clin. Diagn. Lab. Immunol. 11, 362–371 (2004). 

24. Doban˜o, C. et al. Immunogenicity and crossreactivity of antibodies to the nucleocapsid 

protein of SARS-CoV-2: utility and limitations in seroprevalence and immunity studies. 

Transl. Res. 232, 60–74 (2021). 

25. Huang, Y., Yang, C., Xu, X. feng, Xu, W. & Liu, S. wen. Structural and functional 

properties of SARS-CoV-2 spike protein: potential antivirus drug development for 

COVID-19. Acta Pharmacol. Sin. 41, 1141–1149 (2020). 

26. Li, F. Structure, Function, and Evolution of Coronavirus Spike Proteins. Annu. Rev. Virol. 

3, 237–261 (2016). 



 46  
 

27. Bartsch, Y. C. et al. Discrete SARS-CoV-2 antibody titers track with functional humoral 

stability. Nat. Commun. 12, (2021). 

28. Zhu, Z. et al. Potent cross-reactive neutralization of SARS coronavirus isolates by human 

monoclonal antibodies. Proc. Natl. Acad. Sci. U. S. A. 104, 12123 (2007). 

29. Zhou, Y., Yang, Y., Huang, J., Jiang, S. & Du, L. Advances in MERS-CoV Vaccines and 

Therapeutics Based on the Receptor-Binding Domain. Viruses 11, (2019). 

30. Hassine, I. H. Covid-19 vaccines and variants of concern: A review. Rev. Med. Virol. 

e2313 (2021) doi:10.1002/RMV.2313. 

31. Riley, T. P. et al. Enhancing the Prefusion Conformational Stability of SARS-CoV-2 

Spike Protein Through Structure-Guided Design. Front. Immunol. 12, (2021). 

32. Henry, C., Palm, A. K. E., Krammer, F. & Wilson, P. C. From Original Antigenic Sin to 

the Universal Influenza Virus Vaccine. Trends Immunol. 39, 70 (2018). 

33. Anderson, D. E., Carlos, M. P., Nguyen, L. & Torres, J. V. Overcoming Original 

(Antigenic) Sin. Clin. Immunol. 101, 152–157 (2001). 

34. Mongkolsapaya, J. et al. Original antigenic sin and apoptosis in the pathogenesis of 

dengue hemorrhagic fever. Nat. Med. 9, 921–927 (2003). 

35. Tao, K. et al. The biological and clinical significance of emerging SARS-CoV-2 variants. 

Nat. Rev. Genet. 22, 757–773 (2021). 

36. Quandt, J. et al. Omicron breakthrough infection drives cross-variant neutralization and 

memory B cell formation. bioRxiv 2022.04.01.486695 (2022) 



 47  
 

doi:10.1101/2022.04.01.486695. 

37. Callaway, E. COVID vaccine boosters: the most important questions. Nature 596, 178–

180 (2021). 

38. Hu, J. et al. D614G mutation of SARS-CoV-2 spike protein enhances viral infectivity. 

bioRxiv (2020) doi:10.1101/2020.06.20.161323. 

39. Abu-Raddad, L. J., Chemaitelly, H. & Butt, A. A. Effectiveness of the BNT162b2 Covid-

19 Vaccine against the B.1.1.7 and B.1.351 Variants. N. Engl. J. Med. 385, 187–189 

(2021). 

40. Haas, E. J. et al. Impact and effectiveness of mRNA BNT162b2 vaccine against SARS-

CoV-2 infections and COVID-19 cases, hospitalisations, and deaths following a 

nationwide vaccination campaign in Israel: an observational study using national 

surveillance data. Lancet (London, England) 397, 1819–1829 (2021). 

41. Lopez Bernal, J. et al. Effectiveness of Covid-19 Vaccines against the B.1.617.2 (Delta) 

Variant. N. Engl. J. Med. 385, 585–594 (2021). 

42. Sadoff, J. et al. Safety and Efficacy of Single-Dose Ad26.COV2.S Vaccine against Covid-

19. N. Engl. J. Med. 384, 2187–2201 (2021). 

43. Peiris, M. et al. Neutralizing antibody titres to SARS-CoV-2 Omicron variant and wild-

type virus in those with past infection or vaccinated or boosted with mRNA BNT162b2 or 

inactivated CoronaVac vaccines. Res. Sq. (2022) doi:10.21203/RS.3.RS-1207071/V1. 

44. Bar-On, Y. M. et al. Protection against Covid-19 by BNT162b2 Booster across Age 

Groups. N. Engl. J. Med. 385, 2421–2430 (2021). 



 48  
 

45. Barouch, D. H. et al. Durable Humoral and Cellular Immune Responses 8 Months after 

Ad26.COV2.S Vaccination. N. Engl. J. Med. 385, 951–953 (2021). 

46. Theiler, J. et al. Epigraph: A Vaccine Design Tool Applied to an HIV Therapeutic 

Vaccine and a Pan-Filovirus Vaccine OPEN. Nat. Publ. Gr. (2016) 

doi:10.1038/srep33987. 

47. Korber, B. T., Letvin, N. L. & Haynes, B. F. T-Cell Vaccine Strategies for Human 

Immunodeficiency Virus, the Virus with a Thousand Faces. J. Virol. 83, 8300 (2009). 

48. Barouch, D. H. et al. Mosaic HIV-1 vaccines expand the breadth and depth of cellular 

immune responses in rhesus monkeys. Nat. Med. 16, 319–323 (2010). 

49. Santra, S. et al. Mosaic vaccines elicit CD8+ T lymphocyte responses that confer 

enhanced immune coverage of diverse HIV strains in monkeys. Nat. Med. 16, 324–328 

(2010). 

50. Fischer, W. et al. Polyvalent vaccines for optimal coverage of potential T-cell epitopes in 

global HIV-1 variants. (2007) doi:10.1038/nm1461. 

51. Theiler, J. & Korber, B. Special Issue Paper Graph-based optimization of epitope 

coverage for vaccine antigen design. (2017) doi:10.1002/sim.7203. 

52. Bullard, B. L., Weaver, E. A. & Verkoczy, L. Strategies Targeting Hemagglutinin as a 

Universal Influenza Vaccine. (2021) doi:10.3390/vaccines9030257. 

53. Bullard, B. L. et al. Epigraph hemagglutinin vaccine induces broad cross-reactive 

immunity against swine H3 influenza virus. doi:10.1038/s41467-021-21508-6. 



 49  
 

54. Rahim, M. N. et al. Complete protection of the BALB/c and C57BL/6J mice against Ebola 

and Marburg virus lethal challenges by pan-filovirus T-cell epigraph vaccine. PLoS 

Pathog. 15, (2019). 

55. Zhou, B. et al. SARS-CoV-2 spike D614G change enhances replication and transmission. 

Nature 592, 122–127 (2021). 

56. Korber, B. et al. Tracking Changes in SARS-CoV-2 Spike: Evidence that D614G 

Increases Infectivity of the COVID-19 Virus. Cell 182, 812-827.e19 (2020). 

57. Starr, T. N. et al. Deep mutational scanning of SARS-CoV-2 receptor binding domain 

reveals constraints on folding and ACE2 binding. Cell 182, 1295–1310 (2020). 

58. Laffeber, C., de Koning, K., Kanaar, R. & Lebbink, J. H. G. Experimental Evidence for 

Enhanced Receptor Binding by Rapidly Spreading SARS-CoV-2 Variants. J. Mol. Biol. 

433, (2021). 

59. Liu, Y. et al. The N501Y spike substitution enhances SARS-CoV-2 transmission. 

doi:10.1101/2021.03.08.434499. 

60. Grabowski, F., Preibisch, G., Giziński, S., Kochańczyk, M. & Lipniacki, T. SARS-CoV-2 

Variant of Concern 202012/01 Has about Twofold Replicative Advantage and Acquires 

Concerning Mutations. Viruses 13, (2021). 

61. Tegally, H. et al. Detection of a SARS-CoV-2 variant of concern in South Africa. Nat. 

2021 5927854 592, 438–443 (2021). 

62. Faria, N. R. et al. Genomics and epidemiology of the P.1 SARS-CoV-2 lineage in 

Manaus, Brazil. Science 372, 815 (2021). 



 50  
 

63. Liu, Z. et al. Identification of SARS-CoV-2 spike mutations that attenuate monoclonal 

and serum antibody neutralization. Cell Host Microbe 29, 477-488.e4 (2021). 

64. Starr, T. N. et al. Prospective mapping of viral mutations that escape antibodies used to 

treat COVID-19. Science 371, 850–854 (2021). 

65. Chen, R. E. et al. Resistance of SARS-CoV-2 variants to neutralization by monoclonal 

and serum-derived polyclonal antibodies. Nat. Med. 27, 717 (2021). 

66. Collier, D. A. et al. SARS-CoV-2 B.1.1.7 sensitivity to mRNA vaccine-elicited, 

convalescent and monoclonal antibodies. medRxiv  Prepr. Serv. Heal. Sci. (2021) 

doi:10.1101/2021.01.19.21249840. 

67. Faria, N. R. et al. Genomics and epidemiology of the P.1 SARS-CoV-2 lineage in 

Manaus, Brazil. Science 372, (2021). 

68. Collier, D. A. et al. Sensitivity of SARS-CoV-2 B.1.1.7 to mRNA vaccine-elicited 

antibodies. Nature 593, 136–141 (2021). 

69. Tostanoski, L. H. et al. Protective Efficacy of Rhesus Adenovirus COVID-19 Vaccines 

against Mouse-Adapted SARS-CoV-2. J. Virol. 95, 974–995 (2021). 

70. Nypaver, C., Dehlinger, C. & Carter, C. Influenza and Influenza Vaccine: A Review. J. 

Midwifery Womens. Health 66, 45 (2021). 

71. Ibsen, P. H., Holm, A., Petersen, J. W., Olsen, C. E. & Heron, I. Identification of B-cell 

epitopes on the S4 subunit of pertussis toxin. Infect. Immun. 61, 2408–2418 (1993). 

  


