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Abstract  
 

Since its emergence in early 2019, the COVID-19 pandemic has caused millions 

of infections and fatalities globally. Recent evidence show that bats are reservoirs for 

numerous novel coronaviruses with zoonotic potential. Thus, it is important to understand 

and to characterize immune responses to human coronaviruses following infection and 

COVID-19 vaccinations. 

Our adaptive immune system, comprised of B and T cells, is important for 

controlling and clearing viral infections. T cells have been shown to be important for 

controlling SARS-CoV and MERS-CoV infections. However, T cell responses to endemic 

coronaviruses have not been characterized. Furthermore, some studies have shown that 

a significant portion of COVID-19 unexposed individuals have pre-existing T cell response 

to SARS-CoV-2. However, the source of these T cells, and whether SARS-CoV-2 pre-

existing T cells cross-react with endemic coronaviruses was unknown. Furthermore, the 

ability of T cells from COVID-19 mRNA vaccinated individuals to recognize peptides from 

bat coronaviruses that may have the potential of causing future pandemics was unknown.  

Our data show that most healthy donors have robust T cell responses to three 

common cold coronaviruses tested. Furthermore, we show that current vaccine strategies 

enhance T cell responses to the endemic coronavirus HCoV-NL63.  Additionally, we 

identified a SARS-CoV-2 spike protein epitope (S815-827) that is conserved in divergent 

coronaviruses including SARS-CoV, MERS-CoV, and multiple bat coronaviruses. Our 

results show that this conserved epitope is recognized by 42% of vaccinated participants 

who received COVID-19 mRNA vaccines. Using T cell expansion and T cell receptor 

sequencing assays, we also show that S815-827-reactive CD4+ T cells cross recognize 
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diverse coronaviruses. Moreover, we characterize targeted peptides following COVID-19 

vaccinations, and show that vaccine-elicited T cells can cross-recognize SARS-CoV-2 

variants of concern.  

Our results suggest that current mRNA vaccines elicit T cell responses that can 

cross-recognize endemic coronaviruses and bat coronaviruses. Furthermore, our data 

provide important insights that inform the development of T cell-based pan-coronavirus 

vaccine strategies that can protect against future pandemics.  
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1 Chapter 1: Introduction  
 
1.1 Introduction to coronaviruses  
 

Coronaviruses are a large family of viruses with single-stranded, positive sense 

RNA genomes of almost 30kb in size, the largest known genome for any RNA virus 1-3. 

They are named after the latin word “corona” which means “crown” to reflect their 

appearance while viewed under an electron microscope, which results from the 

protrusion of spike proteins on their surface 4. Coronaviruses were first discovered in 

the mid 1960s, when a common cold coronavirus was isolated from a patient 

experiencing upper respiratory symptoms 1. Since then, six other coronaviruses that 

infect humans have been discovered 5-12 (Table 1.1).  

In 2002-2003, the severe acute respiratory syndrome (SARS) emerged in China 

10. It is thought to have bat origins but transmitted through civet cats as an intermediate 

host 1,2 . It had a 10% fatality rate, and infected about 8000 people 1,2. In 2012, the 

MERS pandemic emerged in the middle east 11, with an even higher fatality rate of 35% 

1,2. MERS had dromedary camels as an intermediary host but is also thought to have 

evolutionary origins in bats 1-3. Most recently, the COVID-19 pandemic emerged in 

Wuhan China 12. COVID-19 is caused by SARS-CoV-2 and is a highly transmissible 

relative to previous coronaviruses but has a lower fatality rate of 2-4% percent 3. 

Despite this, it has caused a tremendous toll on the global population, causing hundreds 

of millions of infections and millions of fatalities 13. In addition to pandemic causing 

coronaviruses, there are also four endemic coronaviruses that cause self-limiting mild 

respiratory symptoms: HCoV-NL63, HCoV-OC43, HCoV-229E and HCoV-HKU1 1. Most 
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human coronaviruses are thought to have ancestral origins from bats, and bat 

coronaviruses related to endemic and pandemic causing coronaviruses have been 

isolated 1,2,14-17 .  

Coronaviruses belong to the family Coronaviridae and subfamily 

Orthocoronavirinae, which is divided into the genera: alphacoronavirus, 

betacoronavirus, gammacoronavirus and deltacoronavirus 18,19. Human coronaviruses 

are classified into the genera alphacoronavirus (NL63, 229E) and beta coronaviruses 

(OC43, HKU1, SARS, MERS and SARS-CoV-2) 1. All coronaviruses share similar 

organization of their genomes including 16 nonstructural proteins encoded at the 5’end 

followed four structural proteins: Spike (S), envelope (E), membrane (M) and 

nucleocapsid (N) 20. The spike protein, which is a homotrimer, dictates host tropism and 

is used for receptor recognition, binding, and entry 3,20. Spike includes two subunits, S1 

and S2 3,20. The S1 contains the receptor binding domain, whereas the S2 domain 

contains the fusion peptide, and needs to be proteolytically cleaved at the S2’ site, 

upstream of the fusion peptide in order to activate the protein for membrane fusion 20. 

The S2 domain of the spike is more conserved across coronaviruses, whereas 

the S1 domain and the receptor binding domain are more divergent 1,3. As a result, most 

human coronaviruses have different host receptors 21-28 (listed in table 1.1). SARS and 

SARS-CoV-2 are more closely related, with about 80% sequence similarity and belong 

to the same species 3,18,19. On the other hand, SARS-CoV-2 has less than 30% 

sequence similarity with the other human coronaviruses 3 .  

Since its emergence in 2019, the novel coronavirus SARS-CoV-2 has also 

evolved, likely because of the large number of individuals that continue to be infected 



 
 

3 

globally, and potentially prolonged infections in immunocompromised individuals 29. 

Variants of Concern (VOCs) are defined by the WHO as a SARS-CoV-2 virus with 

mutations that either increase transmission or virulence and decrease the impact of 

vaccines and therapies. Thus far, there have been five VOCs: Alpha (B.1.1.7), Beta 

(B.1.351), Gamma (P.1), Delta (B.1.617.2) and most recently Omicron (B.1.1.529) 30. 

These variants have multiple mutations, primarily in the spike protein, that have resulted 

in increased infectivity and immune evasion 29 (discussed in more detail in following 

chapters). 

Coronavirus pandemics are an imminent threat to the human race 31. Several 

coronaviruses with close relationship to MERS-CoV, SARS-CoV and SARS-CoV-2 have 

been isolated from bats worldwide 15,32-37. Furthermore, mutations in SARS-CoV-2 and 

the rise of variants of concern that are more transmissible and evade immune 

responses continue to cause global concern 38,39. Thus, the study of coronavirus 

biology, and immune responses to these viruses is important for the continued 

development of therapies and vaccines. In this thesis, I characterize T cell immune 

responses to SARS-CoV-2 and endemic coronaviruses following natural infections and 

COVID-19 vaccinations. We begin with a brief introduction of the adaptive immune 

system. 
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Table 1.1: List of human coronaviruses 

 

 
1.2  Introduction to the adaptive immune system  

 

The immune system is broadly divided into the innate and adaptive immune 

response, with each arm having distinct but synergistic functions, and comprised of 

unique cell types. Adaptive immunity, which is composed of B and T cells, is defined by 

two distinct features: specificity and memory. Specificity, explained by the clonal 

selection theory, refers to the ability of adaptive immune cells to recognize specific 

antigens, through highly variable receptors made possible by somatic gene 

rearrangements (VDJ recombination). Each lymphocyte expresses a unique receptor 

against a specific antigen on its cell surface which is used for antigen recognition and 

response. A population of lymphocytes thus expresses billions of receptors that are 

highly diverse and allow for the specific recognition of a wide array of infectious agents. 

It is estimated that naïve B and T cell lymphocyte repertoires consists of 10^9 different 

antigen-specific receptors 40.  

Virus Discovery Prevalence Origin Symptoms Fatality Receptor 

Sequence 
Similarity to 
SARS-CoV-
2

HCoV-
229E 1966 epidemic likely bat

mild upper respiratory 
diseases - Aminopeptidase N <30%

HCoV-
OC43 1967 epidemic 

likely rodents 
- bovine intermediary host

mild upper respiratory 
diseases -

9-O-acetyl-sialic 
acid  <30%

HCoV-
NL63 2004 epidemic likely bat

mild upper respiratory 
diseases - ACE2 <30%

HCoV-
HKU1 2005 epidemic likely rodents

mild upper respiratory 
diseases -

9-O-acetyl-sialic 
acid <30%

SARS-
CoV 2002 pandemic 

likely horseshoe bats
- civet cat intermediary

severe respiratory 
syndrome 10% ACE2 ~80%

MERS-
CoV 2012 pandemic 

likely bat 
- dromedary camels intermediary

severe respiratory 
syndrome 36% DDP4 (CD26) <30%

SARS-
CoV-2 2019 pandemic 

likely  horseshoe bats
-likely direct transmission 

severe respiratory 
syndrome 3-4% ACE2 100%
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Once antigen encounter occurs, adaptive immunity is slow to mount and takes days 

to weeks to peak, since specific antigen recognizing cells must proliferate and 

differentiate into effector cells. Memory B and T cells are also established that persist 

for years and are able to respond with faster kinetics and greater magnitude upon re-

exposure. This immunological memory of the adaptive immune system is thus the basis 

of vaccine design 40. 

T cells and B cells express distinct receptors on their cell surface and have different 

functions in the immune system. B cells express a class of immunoglobulin (Ig) 

molecules on their cell surface, which is used for antigen recognition. Upon activation, 

effector B cells differentiate into plasma cells that secrete antibodies with the same 

specificity as the original activated B cell. Furthermore, B cells undergo complex 

processes, such as affinity maturation and class-switching, by which they enhance the 

specificity of antibody recognition and effector function of antibodies. Antibodies 

recognize proteins and glycoproteins in their native confirmation, and have important 

functions such as neutralization of infectivity, and antibody-mediated functions such as 

antibody mediated phagocytosis 40. 

T cells are divided into CD4+ and CD8+ T cells, with each having important effector 

functions in the immune system. CD8+ T cells (also known as cytotoxic T 

cells/lymphocytes or CTLs) are important for the direct killing of infected cells and for 

viral clearance. CD4+ T cells have varied effector functions, including helper T cell 

functions important for the generation of proper antibody and CD8+ T cell functions. In 

contrast to B cells, T cells express T cell receptors (TCRs) on their cell surface and 

recognize peptides that are presented in the context of major histocompatibility (MHC) 
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molecules. MHC molecules are encoded by the HLA locus, which is highly polymorphic. 

Each individual expresses three different MHC class I molecules (HLA-A, HLA-B, HLA-

C) that present endogenous peptides, and three different MHCII molecules (HLA-DR, 

HLA-DP, HLA-DQ) which present exogenous peptides. CD8+ T cells recognize peptides 

8-10 amino acids in length that are presented in the context of MHC class I molecules 

and are found on the surface of almost all cell types. In contrast, CD4+ T cells recognize 

slightly longer peptides of 12-15 amino acids that are presented on MHC class II 

molecules on the surface of antigen presenting cells (macrophages, B cells and 

dendritic cells). 40 Unlike B cells, T cell receptors do not have a soluble form of their 

TCR and do not undergo further affinity maturation after antigen recognition.  

In this thesis work, I characterize the magnitude and breadth of T cell responses to 

endemic common cold coronaviruses and SARS-CoV-2 following infections and 

vaccinations using various tools. With collaborators, we also analyze the magnitude of 

binding and neutralizing antibodies responses. Collectively, this work contributes to our 

understanding of immune responses to the novel coronavirus SARS-CoV-2 that 

emerged in 2019 and informs the development of future vaccine strategies that harness 

the immune response. In the following sections, I summarize the current, evolving 

literature on adaptive immune responses to SARS-CoV-2 with a specific focus on T cell 

responses. Further, I put into context the work that I have done during my thesis 

research relative to the current literature and will reference manuscripts that have been 

published since my thesis work was published. 

 
1.3 Adaptive immune responses to coronaviruses  
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1.3.1 Humoral Immunity to COVID-19 infections 
 
Following SARS-CoV-2 infections, most individuals (>90%) develop antibodies to the 

virus within two weeks 41 42. Of interest for preventing infection is the development of 

strong neutralizing antibodies. COVID-19 infected individuals produce robust 

neutralizing antibodies against SARS-CoV-2. Most neutralizing antibodies target the 

receptor binding domain (RBD) and N terminal domain of S1whereas a small portion 

target the S2 domain of spike near the fusion peptide 41 42. It has been shown that the 

immune system can generate effective neutralizing antibodies with little affinity 

maturation 41,42, which suggests that the spike protein is highly immunogenic and 

production of antibodies that can neutralize the virus is relatively easy for the immune 

system.  

After initial infection, a decline in antibody levels is expected. In the case of 

SARS-CoV-2, antibody levels decline dramatically within a matter of months41. 

However, memory B cells, which upon re-infection should rapidly mobilize to generate 

antibodies, are maintained up to 8 months following infection 43,44 . Furthermore, 

memory B cell responses seem to increase a few months following infection, suggesting 

an evolution in the humoral immune response 43,44. Natural SARS-CoV-2 infections are 

shown to lower the risk of re-infections up to 7 months following infection 45. However, 

the decline in antibody levels increase susceptibility to re-infections, suggesting that 

long-term sterilizing immunity resulting from natural infections might be unlikely, 

especially given the rise of variants of concern that can evade neutralizing antibodies 39. 

Re-infections are also observed with endemic coronaviruses within six months 46 and 

reinfection with viral shedding was reported a year after initial infection 47.  
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Antibody levels to MERS and SARS are broadly similar to responses seen for 

SARS-CoV-2 infections, with 80-100% of patients having detectable antibody levels 

about two weeks of symptom onset 48. A dramatic decline in antibody levels was also 

observed49, and memory B cells were not detected after 6 years, 50 although these were 

done with ELISpot assay, which might have lower sensitivity 42,48 . The decline in 

coronavirus specific antibody levels contrasts with the longevity of T cell responses 

observed in endemic and pandemic causing coronaviruses, which are described in later 

sections. 

1.3.2 Cellular Immunity to COVID-19 infections 
 

T cell responses in COVID-19 convalescent patients have been extensively 

studied, and the function, kinetics, magnitude, breadth of epitope recognition, 

phenotype, longevity, and pre-existing and cross-reactive T cell responses have been 

described in the literature. In the following sections, I will briefly summarize the cellular 

immune response following COVID-19 infection and vaccination. 

 
1.3.2.1 T cell mediated protection against coronavirus infections 

 

Simplistically, neutralizing antibodies are important for preventing infection, whereas 

T cells are necessary for rapid clearance of viral infections once established 42. T cells 

are comprised of CD8+ T cells, which have cytotoxic functions and kill infected cells, 

and CD4+ T cells, which have effector and helper functions such as secretion of 

cytokines and facilitating the development of durable antibody responses. CD4+ and 

CD8+ T cells have been associated with a mild disease course following infection 51,52. 

Early, activated CD8+ T cells (HLA-DR+CD38+) are seen in higher numbers in mild 
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disease 53, and reduced CD8+ T cell frequency have been associated with severe 

disease 54. Furthermore, severe COVID-19 has been associated with lymphopenia and 

delayed T cell responses 55,56, suggesting that T cells might be important for COVID-19 

disease control.  

Further evidence for the role of T cells in clearing COVID-19 infections comes from 

reports that show that some exposed individuals have T cell responses but do not 

seroconvert, suggesting that T cells might have cleared infections without sufficient 

exposure to elicit antibodies 52,57-59. Moreover, individuals with deficiencies in humoral 

immunity, such as those with common variable immunodeficiency, have been shown to 

clear COVID-19 infection, suggesting that they relied on T cell responses for viral 

clearance 60. Patients with hematologic cancers, including those that were on anti-CD20 

therapy, with robust CD8+ T cell responses have also been shown to have increased 

survival compared with those with low CD8+ T cell responses 61. Thus, although 

individuals with B cell deficiencies are at higher risk of severe disease 62, viral clearance 

in these patient populations highlights the important role of T cells in clearing SARS-

CoV-2 infections.  

Studies looking at human COVID-19 infections tend to be observational and 

correlative, and COVID-19 disease severity is also affected by a complex interplay with 

the innate immune system and other risk factors such as age and co-morbidities. Thus, 

animal models have been useful in demonstrating the role of T cells in viral clearance. 

Evidence from mouse models of SARS and MERS demonstrate the role of CD4+ and 

CD8+ T cells in acute viral clearance. Zhao et al 2016 has shown that airway memory 

CD4+ T cells protect mice against SARS challenge via IFN-γ production, and that 
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depletion of these memory T cells prior to challenge abrogated protection 63. 

Furthermore, adoptive transfer of in vitro generated T cells to SCID mice enhanced 

survival and reduced virus titers in the lung after SARS-CoV infections 64. Additionally, 

CD8+ T cells were shown to protect against a lethal dose of SARS-CoV in the absence 

of B cells and CD4+ T cells 65. Similarly, in MERS mouse models, mice lacking B cells 

were able to clear infections 66.  

More recently, animal models of SARS-CoV-2 have reached similar conclusions. 

Israelow et al 2021 have shown that mice lacking B cells cleared SARS-CoV-2 

infections, although at a slower rate, showing that T cells are sufficient to clear 

infections in the absence of B cells 67. Furthermore, depletion of either CD4+ or CD8+ T 

cells led to viral persistence, with depletion of both T cell subsets leading to severe 

persistence, similar to mice that lack both B cells and T cells. CD4+ T cell depletion was 

also shown to reduce spike specific antibody responses, highlighting the importance of 

T cell help for generating antibody responses 67 . Vaccination eliciting T cell responses 

alone without neutralizing antibodies was also shown to protect from SARS-CoV-2 

infections in a mouse model 68. Depletion of CD8+ T cells in convalescent macaques 

was also shown to partially abrogate protection, highlighting the importance of T cells in 

clearance of SARS-CoV-2 infections 69. 

 
1.3.2.2 T cell responses in COVID-19 Convalescent Patients 

 

Following SARS-CoV-2 infections, most individuals develop robust CD4+ and 

CD8+ T cell responses, with peak responses seen two weeks post symptom onset 42,55. 

Cohen et al has estimated that the magnitude of T cell responses following infections to 
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be 0.5% and 0.2% of the repertoire for CD4+ T cells and CD8+ T cells, respectively 

43,55. SARS-CoV-2 specific T cells have been shown to be polyfunctional, with CD4+ T 

cells having a Th1 phenotype and expressing IL2 and INF-y (and a Th2 phenotype has 

been associated with severe disease) during infection 42,55. T follicular helper cells are 

also expressed in high numbers and have been shown to correlate with neutralizing 

antibody responses 70, whereas CD8+ T cells show an activated and cytotoxic 

phenotype 42,55 .  

T cell responses, particularly to the spike protein, seem to be dominated by 

CD4+ T cells 42,55, and CD8+ T cells seem to preferentially target the nucleocapsid 

protein 43. However, both CD4+ and CD8+ T cells target the entire proteome of SARS-

CoV-2, including the structural proteins and non-structural proteins 42,55. Furthermore, 

the magnitude of T cell responses correlates with the level of protein expression of each 

SARS-CoV-2 gene. 42,55 

SARS-CoV-2 specific T cells target many epitopes, and it is estimated that within 

each individual, CD4+ T cells target about 19 specific epitopes and CD8+ T cells target 

about 17 epitopes 55,71. Collectively, several research groups so far have identified over 

1500 CD4+ epitopes and 1000 CD8+ epitopes 55,71. Epitopes that are recognized across 

many individuals and are immunodominant are also being uncovered. Recently, NP105-

113 was shown to be an immunodominant epitope of CD8+ T cells and to correlate with 

protection against severe disease 72. Furthermore, a CD4+ immunodominant epitope 

within the receptor binding domain (RBD) S346-365 was shown to be recognized by 

94% of individuals 73. A CD4+ T cell immunodominant epitope within the fusion domain 
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of SARS-CoV-2 was also described (S816-830), and shown to be an important cross-

reactive epitope 74.  

Unlike the dramatic decline seen in antibodies, T cell responses have greater 

longevity and durability 42-44,55. It has been shown that T cells are stable 12 months 

following infection 75, but there is hope that they will be maintained for years based on 

experience from SARS-CoV, where SARS-CoV specific memory T cells were detected 

17 years after infection 76. The magnitude, breadth and longevity of T cell responses 

following COVID-19 infections is encouraging, especially in light of variants of concern 

(discussed below), and highlights the importance of T cell based COVID-19 vaccine 

development. 

 
1.3.2.1 T cell responses in COVID-19 mRNA vaccinated individuals 

 

Vaccines harness immunological memory by eliciting memory B and T cells 

capable of recall upon infections. Since 2021, several COVID-19 vaccines that use the 

ancestral SARS-CoV-2 strain for template design have been developed and 

administered worldwide 29. The mRNA COVID-19 vaccines made by Pfizer (BNT162b2) 

and Moderna (mRNA-1273), which use a pre-fusion stabilized spike protein, induce 

robust immune responses, and show remarkable efficacy (>90%) against the ancestral 

SARS-CoV-2 77,78.  

The COVID-19 mRNA vaccines elicit robust binding antibodies and neutralizing 

antibodies against the receptor binding domain of the spike protein 79. Moreover, mRNA 

vaccines elicit strong CD4+ T cell responses (that are primarily of the Th1 phenotype), 

INF-y secreting CD8+ T cells 79,80, and T follicular helper cells 80-82. Similar to natural 
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infections, the magnitude of CD8+ T cells seem to be lower compared to CD4+ T cells 

83, and CD8+ T cells may wane more rapidly 82.  

Vaccine induced immunity, particularly neutralizing antibody responses, wane 

over time 84,85 and are accompanied by a decline in vaccine efficacy against 

symptomatic infection 83,86. However, memory T cell responses seem to be relatively 

stable over time, similar to observations made after natural infection 80,82,85 and might 

explain continued protection against severe disease. 

 Furthermore, COVID-19 vaccines have reduced efficacy in certain patient 

populations and in older adults, necessitating additional doses 80. In this thesis 

research, I describe studies that were done to characterize immune responses to 

COVID-19 mRNA vaccinations, specifically focused on vaccine-induced T cell peptides 

and cross-reactive epitopes (chapter 3-4), responses against variants of concern 

(chapter 5-6), and immune responses in people living with HIV (PLWH).  

 
 
1.4  T cell cross-reactivity: Definition, Mechanism and Function 

 

T cells recognize peptides via the T cell receptor (TCR), a heterodimer of alpha and 

beta chains, presented to them in the context of MHC molecules. The naïve T cell 

receptor repertoire is very large and is estimated to include 10^8 unique TCRs 40. This 

is made possible by somatic gene rearrangements of variable (V) and joining (J) 

segments in alpha chain and variable (V), joining (J) and diversity (D) segments in beta 

chains, coupled with combinatorial diversity introduced when alpha and beta chains are 

paired. Peptide-MHC recognition by TCRs is mediated by hypervariable complimentary 

determining regions (CDRs). The CD3 region which spans the VJ and VDJ junctions is 
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thought to determine peptide recognition 87. Experimentally, the CD3 region can thus be 

used to identify a unique TCR and its cognate T cell clones in sequencing-based assays 

(such as the viral functional expansion of specific T cells (ViraFEST) 88 developed by Dr. 

Kellie Smith and described in subsequent chapters of this thesis). 

In the clonal selection theory, it is thought that a unique TCRs recognizes a 

unique MHC-peptide combination 40. However, it has been shown that T cell receptor 

recognition can be degenerate 89-91, and T cell cross-reactivity has been reported in 

different disease contexts including more recently SARS-CoV-2 42,55,92. T cell cross 

reactivity is defined as the same T cell receptor recognizing more than one peptide-

MHC combination (Figure 1.1). The exact molecular and structural mechanism for T cell 

antigen specificity and cross-reactivity remain to be defined, but possible mechanisms 

include flexibility and promiscuity in binding of TCR:MHC, MHC:peptide or TCR:peptide 

(via CD3 conformational plasticity) 90,93. A likely cause of cross-reactive T cell responses 

is also sequence homology between peptides. It has been suggested that certain TCRs 

focus on two-four upward facing peptide residues for antigen recognition, which might 

allow binding promiscuity at the TCR interface recognizing the peptide and be more 

forgiving of certain peptide residue changes 90. Regardless, the exact structural 

mechanisms that allow cross-reactivity have not been fully characterized, thus 

computational predictions remain a challenge, and it is not yet possible to predict TCRs 

recognizing a given antigen or vice versa 94. 

Functionally, Don Mason and Andrew Sewell have argued that T cell cross-

reactivity might be necessary for proper immune surveillance of pathogens by the 

adaptive immune system 90. Their estimates suggest that the number of possible 
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pathogenic peptide:MHC complexes far out way the TCR alpha and beta chains, and 

suggest that cross-reactivity is needed for the immune system to be able to recognize 

and protect against a wide array of pathogens. Generous estimates have predicted that 

a single TCR may be able to recognize 10^4 - 10^6 different MHC-associated epitopes 

91, however, the experimental and clinical observations seem to be much lower. This 

highlights that the frequency of T cell cross-reactivity is still not fully understood and 

needs to be defined. 94 

T cell cross-reactivity has been associated with both protective and determinantal 

clinical consequences. A protective consequence is shown by the phenomenon of 

heterologous immunity, where exposure to one pathogen can protect against a closely 

related pathogen. An example of this is immunity comes from cowpox protecting against 

smallpox 90,95. Vaccination with BCG (Bacille Calmette Guerin) vaccine against 

Mycobacterium tuberculosis infections has also been shown to protect against leprosy 

caused by M. leprae 96. Cross-reactive pre-existing T cell immunity has also shown to 

be protective against infection during the 2009 H1N1 pandemic 97,98. Recently, it has 

been suggested that immunity for endemic common cold coronaviruses might protect 

against SARS-CoV-2. Sagar et al have shown that individuals with confirmed prior 

infections with endemic common cold coronaviruses had better outcomes following 

COVID-19 infections 99. Higher cross-reactive immunity was also reported in individuals 

who had a known exposure to SARS-CoV-2 but remained PCR negative 100, suggesting 

a potential role in protection from infection (discussed in more detail the following 

section). 
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T cell cross-reactivity from unrelated and dissimilar pathogens such as T cells for 

human papillomavirus peptide recognizing a coronavirus, and a flu specific CD8 T cell 

recognizing an Epstein-bar epitope have also been described  90, although the 

mechanisms and functional consequences are not known. Similarly, for SARS-CoV-2, 

cross-reactive T cells for non-homologous regions of CCCs have been reported,74 

suggesting that other pathogen derived peptides might lead to cross-reactivity. Indeed, 

some studies have shown that BCG vaccines 101,102 might generate T cells that cross-

react with SARS-CoV-2, further highlighting that cross-reactivity can arise from 

unrelated pathogens, although the extent and functional importance of this cross-

reactive cells still needs to be defined.  

A potential negative consequence of cross-reactive immunity is described by the 

phenomena of original antigenic sin. This phenomenon is perhaps the flip side of 

heterologous immunity, where exposure to an antigen lead can lead to a suboptimal 

response to a subsequent closely related antigen, as the immune system relies on 

memory cells from the first exposure instead of generating new responses 103. This 

phenomenon has been described in the context of flu and dengue exposure104. In the 

context of T cells, it has also been hypothesized that the original antigen sin can lead to 

skewed T cell responses, so, for example, a Th2 dependent response instead of Th1 

mediated responses 90.  

A further consequence of cross-reactivity is related to autoimmunity and related 

pathogenesis 105. It has been noted that certain viral infections might lead to 

autoimmunity, likely via cross-reactive memory T cell responses that can be self-

reactive. This might be likely due to weakly self-reactive T cells that survive selection in 
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thymus. Following infections, it is possible that a virus-specific memory T cell might be 

stimulated by a self-peptide with an affinity much lower than the original pathogen 

derived peptide leading to autoimmune responses 90 . Therapeutically, cross-reactivity 

can also be an issue. It has been shown that a T cell-based treatment for melanoma 

caused autotoxicity due to cross-reactive T cells that recognized self-proteins expressed 

on healthy cardiac cells 94,106 . 

 However, the exact structural mechanism, function and frequency of cross-

reactivity remains to be fully elucidated. These responses likely vary based on 

pathogenic context and might have important protective or harmful consequences.  

 
Figure 1.1: Illustration of cross-reactive T cells. Each T cell clone has a unique T cell 

receptor (TCR) resulting from somatic recombination during thymic development. In the 

clonal selection theory, it is suggested that one T cell clone recognizes only one 

peptide-MHC complex (A). However, it has been argued that T cells can also be cross-

reactive. Cross-reactivity is defined by the ability of one T cell clone to recognize more 
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than one peptide-MHC complex (B). Cross-reactive T cells have been reported in 

infectious diseases such as the flu and more recently in COVID-19. Illustration done 

with biorender.com. 

 
1.4.1 Pre-existing T cell responses to SARS-CoV-2 

 

Pre-existing immunity to SARS-CoV-2 was reported in early 2020, when different 

groups observed SARS-CoV-2 reactive T cells in blood obtained prior to the COVID-19 

pandemic. It was observed that 20-80% of individuals had pre-existing T cell responses 

59,76,107-111. Variation in frequency of pre-existing T cells is likely a result of differences in 

assays used (ELISpot vs activation induced marker (AIM+ assays)), and potentially 

differences in immune exposures in different geographies. T cell responses were 

observed for both structural proteins (spike and nucleocapsid) and non-structural 

proteins, but the spike region seems to be immunodominant with the more conserved 

C-terminal S2 domain of spike exhibiting more T cell reactivity 74. Additionally, more 

robust responses were seen in CD4+ T cells relative to CD8+ T cells 92. It was 

speculated that these cross-reactive T cells might be a result of T cells that are primed 

by the four endemic common cold coronaviruses (CCCs) 74,92. Serology studies have 

shown that >90% of individuals have been exposed to CCCs 112,113, and that re-

infections are frequent and seasonal 46,114. Despite the prevalence of these viruses, and 

the discovery of the first endemic coronavirus in the 1960s however, characterization of 

cellular immunity to endemic coronaviruses in the literature was very limited. 

Thus, it was important to understand T cell immune responses to common cold 

coronaviruses and identify targeted epitopes. In chapter 2 of this thesis (in a manuscript 
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published in 2020), I describe work that we did to characterize T cell responses to three 

common cold coronaviruses in a cohort of donors from Baltimore, MD 115. We found that 

individuals have robust T cell responses to the spike protein of the three endemic 

coronaviruses that we tested, with more robust, higher frequency responses seen to 

HCoV-NL63. T cell responses were also broad and targeted the entire spike protein of 

HCoV-NL63 115. Recently, Yu et al did a longitudinal analysis of memory T cell 

responses to CCCs over a three-year timeframe 116. Consistent with our results, they 

found that memory T cells to CCCs were robust and readily detectable using the AIM+ 

assay. They also show that T cell responses are sustained over time, and that 

sustained responses were unlikely a result of re-infections in their cohort  116.  

 
1.4.2 Cross-reactive T cell responses in COVID-19 Convalescent Patients and 

COVID-19 mRNA vaccine recipients 
 

In early 2020, it was speculated that the source of pre-existing responses was a 

result of cross-reactivity with CCCs which share some sequence homology with SARS-

CoV-2  92. There is now strong evidence to support this hypothesis. In their recent study, 

Yu et al, found that robust T cell responses to CCCs correlated with pre-existing T cell 

responses to SARS-CoV-2 116. In our study, 1/21 healthy donors tested had a pre-

existing T cell response, and many individuals with robust responses to CCCs did not 

have detectable pre-existing SARS-CoV-2 responses using the IFN-γ ELISpot assay 

115. This could likely be due to the reduced sensitivity of ELIspot compared to the AIM+ 

assay, and our inability to detect memory T cells of low frequency. However, in the 

donor where we found pre-existing T cell responses to SARS-CoV-2, we were able to 

show that CD4+ T cells were cross-reactive to HCoV-NL63 and SARS-CoV-2 by 
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generating T cell lines. Similarly, Mateus et al in a large cohort was able to demonstrate 

that pre-existing T cells in COVID-19 unexposed donors were partly a result of CCC 

cross-reactive T cells. In their assay, they were able to detect low frequency memory T 

cells by expanding cells for 14 days with peptide pools, before doing fluorospot assays 

to identify SARS-CoV-2 epitopes in unexposed donors. They subsequently generated T 

cell lines to SARS-CoV-2 epitopes and were able to demonstrate that the cells 

responded to homologous CCC peptides with fluorospot assay 108.  

Epitope mapping studies have also revealed that COVID-19 convalescent donors 

recognize cross-reactive T cell epitopes robustly compared to unexposed donors, 

suggesting that cross-reactive T cells might be enhanced after infection 74,111. Definitive 

evidence that cross-reactive, meaning T cells that recognize both SARS-CoV-2 and 

CCCs was provided in collaboration with Dr. Kellie Smith’s laboratory (Dykema et al 

2021), where they expanded T cells from CCPs either with SARS-CoV-2 or HCoV-NL63 

peptide pools, followed by TCR sequencing of the CD3 region of the beta chain to 

identify unique TCR clones and the cognate T cells that recognized and expanded as a 

result of antigen stimulation (viraFEST) 117. With this assay, Dykema et al 2021 showed 

that CCPs do in fact harbor T cells that cross-recognize SARS-CoV-2 and CCCs.  

In our study, we also characterize cross-reactive T cell responses following 

COVID-19 vaccinations. In chapter 3 (manuscript published in 2021), we show that 

cross-reactive CD4+ T cell responses to HCoV-NL63 are enhanced following COVID-19 

vaccinations, suggesting that vaccinations could enhance protection to CCCs 118. 

Moreover, in chapter 4 (in a manuscript published in 2022), we explore whether cross-
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reactive T cells recognize peptides from bat coronaviruses not yet known to infect 

humans. 

 The function of cross-reactive T cells in protection is still not fully defined, 

although recent literature suggests that these T cells have functional importance. 

Recently, by identifying individuals during acute SARS-CoV-2 infections, Loyal et al 

showed that pre-existing cross-reactive T cells might be recruited and activated during 

COVID-19 infections, potentially allowing for faster kinetics of responses. Following 

vaccinations, they also showed that cross-reactive S2 domain T cells have kinetics that 

are reminiscent of a secondary exposure, suggesting that these T cells have functional 

roles during vaccination 74. 

Although a majority of cross-reactive T cells are a result of cross-reactivity with 

endemic CCCs, there are data to suggest that not all cross-reactive T cells can be 

explained by cross-reactivity with CCCs. Examples include data from Loyal et al that 

show that unexposed individuals have pre-existing T cell responses to regions in SARS-

CoV-2 that are not homologous to endemic coronaviruses. Furthermore, in their study, 

degree of homology did not correlate with T cell cross-reactivity 74. These data suggest 

that cross-reactive T cells might arise from other unknown sources and further study is 

needed to elucidate the source of cross-reactivity. 

 
1.4.3 Cross-reactive T cell mediated protection in the context of SARS-CoV-2 
 

The identification of pre-existing and cross-reactive T cell responses begs the 

question of whether these responses have functional relevance in the clinical context. 

As discussed above, cross-reactive T cell responses have been implicated in both 

positive and negative clinical consequences in other diseases. There was some 
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concern that pre-existing SARS-CoV-2 T cell responses might influence COVID-19 

vaccinations and lead to sub-optimal immune responses due to reliance of the immune 

response on pre-existing memory T cell responses, instead of generating de novo 

responses from activated naïve T cells, similar to what is described in the original 

antigenic sin theory 92. Furthermore, some studies have demonstrated that cross-

reactive T cell responses might have lower avidity to SARS-CoV-2 compared to CCCs 

73,117. However, despite these concerns, there is no evidence of hampered immune 

responses to COVID-19 vaccinations as a result of cross-reactive T cells, and robust de 

novo responses are generated following COVID-19 vaccinations 74.  

There is a growing body of evidence to suggest that pre-existing and cross-

reactive T cell responses are protective against SARS-CoV-2 infections. Recently, 

Swadling et al have hypothesized that cross-reactive T cells to the replication-

transcription complex might enable clearance of SARS-CoV-2 infections, leading to 

abortive infections before seroconversion in healthcare workers 119. Similarly, data from 

Kundu et al suggest that individuals with confirmed exposure to SARS-CoV-2 but 

remain PCR-negative have higher frequencies of cross-reactive memory T cells to 

nucleocapsid protein, suggesting that cross-reactive T cells might be important for rapid 

clearance of SARS-CoV-2 infections 100. Cross-reactive T cells have also been 

hypothesized to increase protection following confirmed SARS-CoV-2 infections 100. 

Sagar et al has shown that individuals with recent confirmed infections with endemic 

coronaviruses had less severe SARS-CoV-2 infections compared to individuals without 

prior endemic coronavirus infections. Collectively, these data suggest that cross-

reactive T cell responses might have functional relevance and protect against SARS-
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CoV-2 infections 120. However, definitive data showing that the mechanism by which 

pre-existing immunity is protective are needed and likely will need to incorporate animal 

studies.  

1.4.4 Cross-reactive antibody responses in the context of SARS-CoV-2 
 

In contrast to T cell cross-reactivity seen between common cold coronaviruses 

(CCCs) and SARS-CoV-2, there have been conflicting reports of antibody cross-

reactivity. Although antibodies against CCCs are found in most pre-pandemic samples, 

which are likely a result of prior infections, antibodies against SARS-CoV-2 in pre-

pandemic serum are found in rare cases, with less than 1% of tested pre-pandemic and 

pre-infection serum having antibodies against SARS-CoV-2 41. Detected cross-reactive 

antibodies are more likely to be against the spike protein, and particularly against the S2 

domain of the spike protein which is the most conserved domain of spike 41.  

 
1.5 Objectives 
 
The ongoing COVID-19 pandemic illustrates that coronaviruses pose a threat to human 

health. Thus, it is important to understand immune responses to these viruses following 

natural infections and vaccinations in different patient populations. In this thesis work, I 

explain work that was done to characterize T cell responses to endemic common cold 

coronaviruses in healthy COVID-19 unexposed individuals. Further, I describe work that 

characterizes SARS-CoV-2 and CCC cross-reactive T cells in COVID-19 vaccinees, 

and further show that cross-reactive T cells recognize peptides found in bat 

coronaviruses. Moreover, I show data that identifies targeted peptides by vaccine-

induced T cells and assess whether T cells can recognize emerging SARS-CoV-2 
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variants of concern. Finally, I present work that was done to assess immune responses 

following COVID-19 vaccinations in people living with HIV (PLWH) in comparison to 

healthy donors. This work contributes to our knowledge of immune responses, with 

particular focus on T cell responses following COVID-19 vaccinations and T cell cross-

reactivity. 
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2 Chapter 2: Healthy donor T cell responses to common 
cold coronaviruses and SARS-CoV-2 

 
2.1 Abstract 
 
T cell responses to the common cold coronaviruses have not been well characterized. 

Pre-existing T cell immunity to severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) has been reported, but a recent study suggested that this immunity was due to 

cross-recognition of the novel coronavirus by T cells specific for the common cold 

coronaviruses. We used the enzyme-linked immunospot (ELISpot) assay to 

characterize the T cell responses against peptide pools derived from the spike protein of 

3 common cold coronaviruses (HCoV-229E, HCoV-NL63, HCoV-OC43) and SARS-
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CoV-2 in 21 healthy donors (HDs) who were seronegative for SARS-CoV-2 and had no 

known exposure to the virus. An in vitro expansion culture assay was also used to 

analyze memory T cell responses. We found responses to the spike protein of the 3 

common cold coronaviruses in many of the donors. We then focused on HCoV-NL63 

and detected broad T cell responses to the spike protein and identified 22 targeted 

peptides. Interestingly, only 1 study participant had a significant response to SARS-

CoV-2 spike or nucleocapsid protein in the ELIspot assay. In vitro expansion studies 

suggested that T cells specific for the HCoV-NL63 spike protein in this individual could 

also recognize SARS-CoV-2 spike protein peptide pools. HDs have circulating T cells 

specific for the spike proteins of HCoV-NL63, HCoV-229E and HCoV-OC43. T cell 

responses to SARS-CoV-2 spike and nucleocapsid proteins were present in only 1 

participant and were potentially the result of cross-recognition by T cells specific of the 

common cold coronaviruses. Further studies are needed to determine whether this 

cross-recognition influences coronaviruses disease 2019 (COVID-19) outcomes.  

 
2.2 Introduction 
 
There are 4 known human common cold coronaviruses (HCoV) that cause mild 

respiratory disease: HCoV-NL63, HCoV-229E, HCoV-OC43, and HCoV-HKU1 

(1). Seroprevalence studies show that a large percentage of adults have been 

exposed to these virus es (2). Interestingly, surveillance studies have shown that 

reinfection with these viruses can occur (3, 4), suggesting that immunity is only 

partially protective. This theory is supported by a challenge study showing that 

study participants with lower titers of antibodies against HCoV-229E were 

infected and developed symptoms following experimental inoculation with the 
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virus (5). Some of the same individuals could be reinfected by the same virus 1 

year later, but they experienced minimal symptoms and had reduced periods of 

viral shedding (5). Despite these data, the T cell responses to these viruses in 

healthy donors (HDs) have not been characterized in an unbiased manner, and 

it is not known whether T cells con- tribute to the partial immunity described 

above. 

Severe acute respiratory syndrome coronavirus 2–specific (SARS-CoV-2–

specific) T cell responses have been detected in patients with coronavirus 

disease 2019 (COVID-19) (6–20), and while T cell responses against SARS-

CoV have been shown to be long lasting (8), it is not yet known whether SARS-

CoV-2–specific T cells will confer protection against reinfection. Recent studies 

have suggested that preexisting T cell immunity to SARS-CoV-2 is present in 

some unexposed, HDs (6–11). However, other studies have found no evidence 

of SARS-CoV-2–specific T cells in unexposed individuals (13, 21).  

In this study, we sought to characterize the T cell responses to human cold 

coronaviruses and to determine whether preexisting immunity to SARS-CoV-2 

was due to cross-recognition by T cells specific for endemic coronaviruses. To do 

this, we examined T cell responses to the spike (S) protein of 3 of the 4 common 

cold coronaviruses (HCoV-NL63, HCoV-229E, and HCoV-OC43) and to SARS-

CoV-2 in HDs with no known exposure to SARS-CoV-2. We then focused on 

HCoV-NL63 and identified what we believe to be 19 novel targeted peptides. We 

also examined the responses to the SARS-CoV-2 nucleocapsid (N) and 

membrane (M) proteins and performed experiments to deter- mine whether T 
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cell cross-recognition of HCoV-NL63 and SARS- CoV-2 S peptides was 

possible. We believe our results further the understanding of the immune 

response to coronaviruses and may have implications for SARS-CoV-2 vaccine 

trials. 

 
2.3 Methods 
 

Subjects 

Blood samples from healthy laboratory donors and 4 individuals who recovered 

from COVID-19 were obtained between April and July 2020. All the HDs 

reported no known exposure to COVID-19 patients and no upper respiratory 

tract infections over the preceding 3 months. Twelve of the HDs were between 

the ages of 20 and 29 years, 3 were between the ages of 30 and 39 years, 5 

were between the ages of 40 and 49 years, and 1 was between the ages of 

50 and 59 years. Thirteen of the HDs were men and 8 were women. We also 

studied 4 patients who had recovered from COVID-19. Blood was drawn 3 

months after the onset of their symptoms. Three were previously healthy and 

had mild disease courses (CCP1, CCP3, CCP4), and 1 participant with well-

controlled HIV-1 infection on antiretroviral therapy had a severe disease course 

(CCP2). For all experiments, PBMCs were collected from whole blood after 

Ficoll-Paque PLUS gradient centrifugation (GE Healthcare Life Sciences). For 

some experiments, CD8+ T cells were depleted using Miltenyi Biotec CD8+ T 

Cell Positive Selection Kits. High-resolution class II typing was performed on 

PBMCs from 6 HDs at the Johns Hopkins Hospital Immunogenetics Laboratory. 
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The Immune Epitope Database and Analysis Resource (http://www.iedb.org) 

was used for optimal epitope and HLA-binding predictions using recommended 

parameters (27). 

 

Peptides and ELISPOT assays 

 Peptides for the S protein of HCoV-NL63, HCoV-229E, HCoV-OC43, and SARS-

Cov-2, as well as the M and N proteins of SARS-CoV-2 were obtained from BEI 

Resources and were reconstituted with DMSO at a concentration of 10 mg/ml. 

The HCoV-229E S protein peptide pool has 195 peptides consisting of 17 mer 

with 11 amino acid overlaps. The HCoV-NL63 S protein peptide pool has 226 

peptides made up of 14–17 mer with 11–13 amino acid overlaps. The HCoV-

OC43 S protein peptide pool has 226 peptides made up of 17 or 18 mer with 11 

amino acid overlaps. The SARS-CoV-2 peptides are 12 mer, 13 mer, or 17 mer, 

with 10 amino acid overlaps. The S protein peptide pool was made up of 181 

peptides, the N protein peptide pool was made up of 59 peptides, and the M 

peptide pool was made up of 31 peptides. All the peptides were combined into 1 

pool for each viral protein. Pools of 10 peptides were made for the HCoV-NL63 S 

protein, and 1 pool had 17 peptides. Peptides for CEF were obtained from 

Anaspec. The pool consisted of thirty-two 8–12 mer peptides. Stimulation with 

anti-CD3 antibody (Mabtech, 1 μg/mL) was used as a positive control for each 

study participant. 

IFN-γ ELISPOT assays were performed as previously described (28, 29). 

Briefly ELISPOT Pro and ELISPOT Plus kits with precoated plates were 
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purchased from Mabtech. The wells were plated with unfractionated PBMCs 

or CD8+ T cell–depleted PBMCs at 250,000 cells/well, and the cells were 

cultured for 22–24 hours with HCoV pep- tides at a concentration of 10 μg/mL 

or with CEF peptides at a con- centration of 3 μg/mL. The plates were then 

processed according to the manufacturer’s protocol and read by a blinded 

independent investigator using an automated reading system. Four replicates 

per pool were run for the comparison of the different viral proteins. The 

replicate furthest from the median was not used. If 2 values were equally 

distant from the median, then the higher value was discarded. Two replicates 

were run for the HCoV-NL63 S protein pools that examined the breadth of the T 

cell responses. For epitope mapping, each individual peptide present in a pool 

was tested in duplicate wells. A peptide was only considered to be positive if 

both wells had values that were at least twice the average of the untreated wells 

and the average stimulation index was above 3 and more than 20 SFU/106 cells 

were present. 

 

Expansion culture assay 

 PBMCs (107 cells) were cultured in R10 media with 10 U/mL IL-2 and 5 μg/mL 

peptides for 10–12 days in a modified version of a previously described assay 

(22). The media were not changed during this period. The cells were then 

washed and replated in fresh R10 with 10 U/mL IL-2 and rested 1 day before 

they were stimulated again with 5 μg/mL peptide with protein transport inhibitors 

(GolgiPlug, 1 μg/mL; GolgiStop, 0.7 μg/mL) as well as an antibody against 



 
 

50 

CD107a (FITC, clone H4A3) and antibodies against CD28 and CD49d (all from 

BD Biosciences). After a 12-hour incubation, the cells were washed and stained 

with annexin V (BV-421, BD Biosciences, 563973) and antibodies against CD3 

(APC-Cy-7, Bio- Legend, 300426), CD4 (PerCP-CY-5.5, BioLegend, 300530), 

CD8 (BV-605, BioLegend, 301040), and CD107a (FITC, BD Biosciences, 

555800). The cells were then fixed, permeabilized, and stained intra- cellularly 

for the following cytokines: TNF-α (PE-Cy-7, BD Biosciences, 557647), IFN-γ 

(APC, BD Biosciences, 506510), and IL-2 (PE, BioLegend, 500307). Flow 

cytometry was performed on a BD FACS LSR Fortessa flow cytometer, and 

data were analyzed using FlowJo, version 10. Data on a minimum of 100,000 

events in the lymphocyte gate were collected and analyzed. 

 

Serology 

Donors were tested for SARS-CoV-2–specific antibodies with a rapid IgG/IgM 

combined antibody prescreening kit (sensing. self). Plasma from HD9 was also 

tested for SARS-CoV-2 IgG and IgA antibodies at the Johns Hopkins Hospital 

clinical laboratory to confirm seronegative status. 

 

Statistics 

All statistical analyses were performed using GraphPad Prism 8.4.3 (GraphPad 

Software). For experiments requiring multiple comparisons, a 1-way ANOVA with 

Geisser-Greenhouse correction was used. Dunnett’s multiple-comparison test 

was used to determine difference between groups. For experiments requiring 
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comparisons between 2 groups, a 2-tailed, paired Student’s t test was used to 

determine significance. A P value of less than 0.05 was considered statistically 

significant. Study approval. The study was approved by the IRB of Johns 

Hopkins University. Written informed consent was obtained from all study 

participants prior to their inclusion in the study. 

 
2.4 Results 
 
Healthy donors (HDs) have circulating CD4+ T cell responses to 3 common 

cold coronaviruses but not to SARS-CoV-2.  

Healthy donors (HDs) refer to individuals not previously exposed to SARS-Cov-

2. To quantify responses in HDs, we performed IFN-γ ELISPOT assays to 

measure the frequency of T cells that secreted IFN-γ in response to peptides 

from the S protein from the common cold coronaviruses and SARS-CoV-2. A 

stimulation index (SI) was calculated by dividing the spot-forming units (SFU) 

per million PBMCs elicited by a peptide pool by the SFU present in wells treated 

with media alone. A positive response was defined as SI of greater than or equal 

to 3 and an absolute value of greater than or equal to 20 SFU per million 

PBMCs. The median frequency of T cells reactive to HCoV-NL63, HCoV-229E, 

and HCoV-OC43 S proteins was 33, 23, and 21 cells per million PBMCs, 

respectively. In contrast, the median response to SARS-CoV-2 was just 3 T cells 

per million PBMCs, which was not statistically different from the response to 

media alone (Figure 2.1A). Of the 21 HDs tested, 15, 10, and 10 individuals 

met both criteria for positive responses to HCoV-NL63, HCoV-229E, and 

HCoV-OC43 S peptides, respectively, whereas only 1 HD (HD9, indicated by 
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the arrowheads in Figure 2.1) met both criteria for a positive response to the 

SARS- CoV-2 S peptide pool (Figure 2.1B). 

In order to determine whether CD4+ or CD8+ T cells were responding to the 

peptides, we depleted CD8+ T cells from PBMCs and used the residual cells in 

an ELISpot assay. In virtually all study participants, CD8+ T cell depletion 

increased the number of SFU in all conditions. The median responses elicited 

by HCoV- NL63, HCoV-229E, and HCoV-OC43 S peptide pools were 61, 41, and 

31 SFU per million cells, respectively (Figure 2.1C), and while the median 

responses to the SARS-CoV-2 S peptide pools were also higher, none of the 

participants met both the absolute count and the SI criteria for a positive 

response (Figure 2.1, C and D). In contrast, T cells from COVID-19 

convalescent patients (CCPs) recognized peptide pools from the SARS-CoV-

2 S protein (Figure 2.1, E-H). The increase in responses to the common cold 

coronavirus S peptide pools following CD8+ T cell depletion suggests that 

CD4+ T cells were the major effector cells in our assay, especially since 

depletion of CD8+ T cells abrogated the responses to MHC class I–

restricted peptide pools from CMV, EBV, and influenza (CEF) (Figure 2.2). 

However, it is likely that CD4+ T cells were more apt to be induced by the 

relatively long peptides used in our assay. 

We then asked whether HD T cells were better able to recognize other 

SARS-CoV-2 peptides, including those from the N and M proteins. As shown 

in Figure 2.1, I and J, although the majority of HDs responded to CEF peptides, 

only HD9 had a robust response to peptides from the N protein, and no 
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individual responded to peptides from the M protein. Although some of the 

other HDs had T cell responses that met the criteria for a positive response 

according to the SI, the absolute number of responding cells was less than the 

20 SFU cutoff. In contrast, T cells from 2 of the 4 CCPs recognized peptide 

pools from the SARS-CoV-2 M and N proteins (Figure 2.1, K and L). 

 

 

Figure 2.1: IFN-γ responses to viral peptide pools from HDs and CCPs. The 

number of SFU from unfractioned PBMCs (A and E) and CD8+ T cell–depleted PBMCs 

(C and G) and the corresponding stimulation indices (B, D, F, and H) in response to S 

protein peptide pools from different viruses are shown. The number of SFU (I and K) 
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and the stimulation indices (J and L) from unfractioned PBMCs in response to CEF and 

SARS-CoV-2 M and N peptide pools are also shown. Arrows indicate HD9. Each data 

point represents the mean of 3 replicate values. Horizontal bars represent the median. 

Statistical comparisons were performed using 1-way ANOVA with Geisser-Greenhouse 

correction and Dunnett’s multiple-comparison test (n = 19–21 for samples from HDs; n = 

3–4 for samples from patients with COVID-19). *P = 0.0332, **P = 0.0021, ***P = 

0.0002, and ****P < 0.0001. 

 

 

 

Figure 2.2: INF-γ responses to CEF and unfractioned PBMCs and CD8 Depleted 

PBMCs. The number of spot forming units (SFU) from unfractioned PBMCs and CD8+ T 

cell depleted PBMCs (A), and corresponding stimulation indices (B) in response to CEF 

are shown (n=19). Each data point represents the mean of three replicate values. 

Horizontal bars represent the median. Statistical analysis was performed with a two-tailed, 

paired student’s t-test. 

 

2.4.2. T cells target various regions of the HCoV-NL63 S protein. 
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The most robust T cell responses were directed against the S protein of HCoV-

NL63, so we focused on this virus for epitope-mapping studies. In order to 

determine which regions of the S protein were targeted by HD T cells, we 

performed ELISPOT assays with sequential peptide pools consisting of 10 

overlapping peptides. As shown in Figure 2.3, we observed broad responses to the 

S peptide pools, and every pool was targeted by T cells from at least 1 individual. 

However, the most potent responses were elicited by pools 14 (amino acids 777–

847), 2 (amino acids 61–131), and 15 (amino acids 837–907), with a median of 

36, 28, and 26 T cells producing IFN-γ, respectively (marked in red on Figure 2.3.) 

In order to define the targeted peptides, we repeated the ELISpot assay with 

individual peptides from the pools that were targeted by the 6 HDs for whom we 

had sufficient numbers of PBMCs. Table 2.1 contains the list of the 22 peptides 

we were able to identify and the potential optimal epitopes and restricting HLA 

alleles. Interestingly, peptides 16 (amino acids 91–107), 132 (amino acids 783–

799), and 141 (amino acids 837–853) were each targeted in 2 individuals. 
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Figure 2.3: Breadth of T cell responses to HCoV-NL63 protein. The numbers of 

SFU per million PBMCs (A) and stimulation indices (B) generated for pools of 10 

peptides are shown for 10 HDs. Horizontal bars indicate the median. Pools that 

elicited the most potent responses are highlighted in red. 

2.4.3. Expansion of memory T cells and cross-recognition of HCoV- NL63 

and SARS-CoV-2 S protein peptide pools. 

 We cultured PBMCs with peptide pools from different viral proteins to determine 

whether we could detect memory CD4+ T cell responses that were not seen 

when PBMCs were assayed directly after isolation. As shown in Figure 2.4, 

preculturing of PBMCs with the HCoV-NL63 S peptide pool caused an increase 

in the percentage of HD and CCP CD4+ T cells that coexpressed either IFN-γ 

and IL-2 (Figure 2.4, A and B) or IFN-γ and TNF-α (Figure 2.4, C and D) when 

the cells were restimulated with the same peptide pool. Interestingly, a modest 
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but significant increase was also seen when cells from HDs were precultured 

and stimulated with SARS-CoV-2 S peptide pools, suggesting that memory 

responses to these peptides could be amplified in some HDs. HD9, the only 

individual who had a positive ELISPOT response to the SARS-CoV-2 peptide 

pool, also had the most robust memory T cell responses to both HCoV-NL63 and 

SARS-CoV-2 S peptide pools. We performed the preculture expansion assay to 

determine whether cross-recognition could potentially explain this observation. 

As shown in Figure 2.5, PBMCs cultured in the absence of antigen for 10 days 

did not produce responses to HCoV-NL63 or SARS-CoV-2 S proteins or to the 

SARS-CoV-2 N protein that were above background levels (Figure 2.5A, plots 

1–4) following a 12-hour restimulation with each peptide pool. In contrast, 

following 10 days of culturing with HCoV-NL63 S protein peptides, a 12-hour 

restimulation with the same peptides induced coexpression of IFN-γ and IL-2 

from 1.25% of CD4+ T cells, a 9.6- fold increase over the response obtained 

when the cells were pre- cultured without peptide (Figure 2.5A, plot 6 vs. plot 2). 

Interestingly, when cells that were cultured with the HCoV-NL63 S peptide pool 

for 10 days were restimulated with SARS-CoV-2 S peptides, we detected 

coexpression of IFN-γ and IL-2 in 0.41% of CD4+ T cells (Figure 2.5A, plot 8). 

This represents a 2.6-fold increase over cells that were precultured for 10 days 

in the absence of peptide and then stimulated with SARS-CoV-2 S peptides 

(Figure 2.5A, plot 4). Of note, we observed no increase in the percentage of cells 

that recognized SARS-CoV-2 N peptides following preculturing with the HCoV-

NL63 S peptide pool (Figure 2.5A, plot 7 vs. plot 3), suggesting that the increase 
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in SARS-CoV-2 S peptide–reactive cells was not due to nonspecific stimulation. 

Thus, it is likely that there was CD4+ T cell cross-recognition of S peptides from 

the 2 viruses. We observed similar 2.6- and 3-fold increases in antigen-

responsive CD4+ T cells when PBMCs precultured with SARS-CoV-2 S 

peptides for 10 days were restimulated with SARS-CoV-2 (Figure 2.5A, plot 16 

vs. plot 4) and HCoV-NL63 (Figure 2.5A, plot 14 vs. plot 2) S peptide pools, 

respectively, which is further evidence of T cell cross-recognition in HD9. 

We performed the same experiment with PBMCs from a CCP (CCP2). 

Preculturing of PBMCs with HCoV-NL63 S pep- tides resulted in 42.6- and 10.0-

fold increases in the percentage of cells that responded to restimulation with 

HCoV-NL63 (Figure 2.5B, plot 22 vs. plot 18) and SARS-CoV-2 S peptides (Figure 

2.5B, plot 24 vs. plot 20), respectively. Interestingly, while preculturing of the 

PBMCs with the SARS-CoV-2 S peptide resulted in a 76.8-fold increase in the 

percentage of cells that responded to restimulation with the SARS-CoV-2 S 

peptide pool (Figure 2.5B, plot 32 vs. plot 20), no such increase was seen in the 

percentage of CD4+ T cells that responded to restimulation with HCoV-NL63 S 

peptides (Figure 2.5B, plot 30 vs. plot 18). Thus, the memory CD4+ T cells that 

were amplified by the S peptides from the 2 viruses most likely had different T cell 

receptor repertoires with different cross-recognition capacities. We obtained 

similar cross-recognition results with PBMCs from another CCP, CCP3 (Figure 2.6) 

and in this case, preculturing of PBMCs with SARS-CoV-2 S peptides also resulted 

in cross-recognition of the NL63 S peptide pool. 
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We generally did not see amplification of HD CD8+ T cell responses after 

preculturing with HCoV-NL63 S or SARS-CoV-2 S or N peptide pools (Figure 2.7). 

However, CD8+ T cells coexpressing TNF-α and IFN-γ in response to SARS-CoV 

S and N peptide pools were amplified in CCP3 in the expansion assay, and there 

was again evidence of cross-recognition of HCoV-NL63 and SARS-CoV-2 S 

peptides, suggesting that this phenomenon was not limited to CD4+ T cells (Figure 

2.8). 

 

 

Figure 2.4: Expansion of antigen-specific CD4+ T cell responses. The percentages 

of cells that co-expressed either IL-2 or IFN-γ (A and B) or TNF- α (C and D) are shown 
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for cells from HDs (A and C) and CCPs (B and D) following pre-culturing for 10-12 days 

and stimulation for 12 hours with varied peptide pools (n=11 HDs; n=3 CCPs). In each 

panel, the peptide pool used for preculturing is shown first, followed by the peptide pool 

used in the 12-hour stimulation. *P = 0.0332 and **P = 0.0021, by 2-tailed, paired 

student’s t test. Horizontal bars represent the median. NT, untreated; NL63, HCoV-

NL63; S2N, SARS-CoV-2-N; S2S, SARS-CoV-2-S. 

 

 
Figure 2.5: Cross-recognition of HCoV-NL63 and SARS-CoV-2 S protein peptide 

pools in HD9 and CCP2. PBMCs from HD9 (A) and CCP2 (B) were precultured with 

peptide pools (shown in rows) for 10–12 days and then stimulated for 12 hours with 

peptide pools (shown in columns). The percentage of cells that co-expressed IL-2 (y 
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axis) and IFN-γ (x axis) is shown above the gated box in the upper right corner of each 

plot. 

 

 

 

 

Figure 2.6: Expansion of antigen-specific memory CD4+ and CD8+ T cell 

responses from a COVID-19 convalescent patient (CCP3). PBMCs were pre-

cultured with peptide pools for 12 days (shown in rows), and then stimulated for 12 

hours with peptide pools shown in columns. The percentage of cells that co-express 

IFN-γ (x-axis) or TNFα (y-axis) are shown above the gated box in the upper right corner 

of each plot. 
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Figure 2.7: Expansion of antigen-specific memory CD8+ T cell responses. The 

percentage of cells that co-ex- press either IL-2 and IFN-γ (A, B) or TNFα and IFN-γ (C, 

D) are shown in cells from healthy donors (A,C) or COVID-19 convalescent patient T 

Cells (B,D) following pre-culture for 10 - 12 days and stimulation for 12 hours with peptide 

pools (n=11 for healthy donors, and n=3 for COVID-19 convalescent patients). In each 

figure, the peptide pool used to pre-culture is shown first, followed by the peptide pool 
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used in the 12-hour stimulation. Horizontal bars represent the median. NT = Untreated, 

NL63 = HCoV-NL63, S2N = SARS-CoV-2-N, S2S= SARS-CoV-2-S. 

Table 2.1: HCoV-NL63 T cell-targeted peptides detected by ELISpot assay and 
HLA-binding predictions  
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2.5 Discussion  
 

In this study, we characterized the frequency of circulating common cold 

coronavirus–specific CD4+ T cells in COVID-19–negative individuals. We show 

that many HDs who had not had upper respiratory syndromes in the past few 

months had a significant percentage of T cells that targeted the S protein of 3 

common cold coronaviruses. The response to the HCoV-NL63 S protein 

appeared to be broad, and we identified 22 targeted peptides in this protein. 

Several studies have looked for the presence of SARS-CoV-2– specific T 

cells in HDs. Peng et al. found no responses to various peptide pools by 

ELISPOT assays in 15 HDs from the United Kingdom (13), and Zhu et al. did not 

detect any baseline ELISPOT responses to S protein peptides in 108 vaccine 

recipients in China (21). In contrast, using an ELISPOT assay, Sekine et al. 

found T cells specific for the S and M, but not N, proteins in HDs in Sweden who 

donated blood prior to the pandemic (7). Le Bert et al. detect-ed responses to 

the N and nonstructural proteins in at least 30% of HDs in Singapore, also with 

the ELISPOT assay (8). Using upregulation of Ox40 and CD137 to detect T cell 

responses in PBMCs collected prior to the pandemic, Grifoni et al. found that 

CD4+ T cells from 40%–60% of donors in the United States reacted to SARS- 

CoV-2 peptides (6). Weiskopf et al. found that CD4+ T cells from 2 of 10 HDs in 

the Netherlands upregulated CD69 and CD137 in response to SARS-CoV-2 

peptides (11). Similarly, Braun et al. found that 35% of their HDs in Germany had 

CD4+ T cell responses to SARS-CoV-2 spike protein peptide pools as 

determined by upregulation of 4-1BB and CD40L (9). The reason for this 



 
 

65 

baseline reactivity and the difference in the frequency of HDs with preexisting 

immunity to SARS-CoV-2 is unclear, but differences in expo-sure to common cold 

coronaviruses and potential cross-reactivity between T cells specific for these 

viruses and SARS-CoV-2 have been postulated as a possible explanation. 

 Although we did not analyze responses to the nonstructural proteins, we 

show here that most of our HDs did not have detectable responses to SARS-CoV-

2 M, N, or S peptide pools by ELISPOT in spite of having detectable responses to 

2 or 3 common cold coronaviruses. However, preculturing of cells with S peptide 

pools resulted in a modest but significant (P = 0.03) increase in the frequency of 

T cells that responded to these peptides, suggesting that memory T cell 

responses existed in some HDs.  Although it is also possible that these were de 

novo responses, the expansion assay we used did not involve the stimulation of 

T cells with isolated DCs, and in prior experiments, we were unable to generate 

de novo responses to peptides (22). 

Mateus et al. recently mapped out thirty-one SARS-CoV-2 S protein 

epitopes that were targeted by T cell lines from unexposed HDs (16). They 

showed that the homologous peptides in the S protein from the common cold 

coronaviruses were also recognized. These data suggest that this cross-

recognition of viral epitopes by T cells can explain the preexisting immunity seen 

in some of their study participants. Notably, 28 of 31 of the homologous 

HCoV- NL63 S protein peptides identified by this approach were not 

targeted by CD4+ T cells from the 6 HDs we tested, and this difference may 

partially explain the low number of individuals with preexisting SARS-CoV-2 
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immunity in our cohort. Interestingly, HD9, the only participant in our cohort who 

responded to SARS- CoV-2 peptide pools, had T cells that made a robust 

response to an HCoV-NL63 peptide (S 867-883) that overlaps significantly with a 

homologous HCoV-NL63 peptide (S 861-880) found to be targeted in 2 individuals 

in the Mateus et al. cohort (16). The S 861-880 peptide was found to have 53% 

homology to the SARS-CoV-2 S peptide (S 811-825) that elicited T cell responses 

in unexposed individuals.  

A strength of our study is that we used an unbiased approach and 

examined the responses to overlapping peptides spanning the entire HCoV-

NL63 S protein to determine targeted pep- tides. This approach is distinct 

from, and complimentary to, the approach used by Mateus et al., in which 

epitopes in the 4 com- mon cold coronaviruses were detected by analyzing 

peptides that had homology to 142 SARS-CoV-2 epitopes (16). Our study is limited 

by the fact that we did not look at responses to HCoV-HKU1 protein and that 

we analyzed the responses to just the S protein. However, in studies in 

individuals with SARS (23) and COVID-19 (6, 7, 9–16), the S protein is quite 

immunodominant, so it is likely that the responses to the S protein peptides of 

the common cold coronaviruses we observed were representative of the 

responses to the entire viral proteome.  

Another limitation is that, although we analyzed HD responses to SARS-

CoV-2 S, M, and N peptide pools, we did not test for reactivity to SARS-CoV-2 

nonstructural proteins. This is important, because some studies have shown 

responses to peptides from these antigens in unexposed donors (6, 8, 16). We 
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may also not have detected SARS-CoV-2–specific memory CD4+ T cell 

responses in more HDs because we used a low concentration of IL-2 in our 

expansion assay in an effort to minimize nonspecific activation. Finally, we 

characterized cross-reactive T cell responses in just 1 unexposed HD, because 

HD9 was the only unexposed HD in our cohort with preexisting immunity to 

SARS-CoV-2. Although we screened this individual using 2 different SARS-CoV-2 

antibody tests with stated sensitivities of 100% among hospitalized patients by 3 

weeks after symptom onset (24, 25), negative findings do not definitively prove 

that this individual did not have asymptomatic infection. This is important, given 

the studies showing that seronegative exposed individuals can have SARS-

specific T cell responses (7, 26), although the cross-reactivity we describe here 

may also explain those results. 

We believe our data are important, because we interpreted the frequency 

of circulating SARS-CoV-2–specific effector T cells in HDs in the context of the 

frequency of HCoV-specific effector T cells. Furthermore, we show directly that 

in HD9, cross-recognition of SARS-CoV-2 peptides by HCoV-NL63–specific 

CD4+ T cells could occur, and this can potentially explain previously 

described reports of preexisting immunity to SARS-CoV-2 in unexposed 

individuals, and is consistent with the results of Mateus et al. (16). Further 

studies in larger cohorts will be needed to determine how common these cross-

reactive responses are. It will also be important to determine whether these 

responses lead to more rapid control of viral replication, thus conferring 
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protection, or whether they contribute to inflammation or suboptimal priming of 

SARS-CoV-2–naive T cells and lead to poor outcomes. 

 

2.6 References 
 

1. Ogimi C, Kim YJ, Martin ET, Huh HJ, Chiu CH, Englund JA. What’s new with 

the old coronavirus- es? J Pediatric Infect Dis Soc. 2020;9(2):210–217. 

2. Severance EG, et al. Development of a nucleo- capsid-based human 

coronavirus immunoassay and estimates of individuals exposed to coro- 

navirus in a U.S. metropolitan population. Clin Vaccine Immunol. 

2008;15(12):1805–1810. 

3. Kiyuka PK, et al. Human coronavirus NL63 molecular epidemiology and 

evolutionary patterns in rural coastal Kenya. J Infect Dis. 2018;217(11):1728–

1739. 

4. Galanti M, Shaman J. Direct observation of repeated infections with 

endemic coronavirus- es [published online July 7, 2020]. J Infect Dis. 

https://doi.org/10.1093/infdis/jiaa392. 

5. Callow KA, Parry HF, Sergeant M, Tyrrell DA. The time course of the immune 

response to experimental coronavirus infection of man. Epi- demiol Infect. 

1990;105(2):435–446. 

6. Grifoni A, et al. Targets of T cell responses to SARS-CoV-2 coronavirus in 

humans with 

7. COVID-19 disease and unexposed individuals. Cell. 2020;181(7):1489–

1501.e15. 



 
 

69 

8. Sekine T, et al. Robust T cell immunity in convalescent individuals with 

asymptomat- ic or mild COVID-19 [preprint]. https://doi. 

org/10.1101/2020.06.29.174888. Posted on bioRxiv June 29, 2020. 

9. Le Bert N, et al. SARS-CoV-2-specific T cell immunity in cases of COVID-19 

and SARS, and uninfected controls [published online July 15, 2020]. Nature. 

https://doi.org/10.1038/s41586- 020-2550-z. 

10. Braun J, et al. SARS-CoV-2-reactive T cells in healthy donors and patients 

with COVID-19 [published online July 29, 2020]. Nature. https:// 

doi.org/10.1038/s41586-020-2598-9. 

11. Meckiff BJ, et al. Single-cell transcrip- tomic analysis of SARS-CoV-2 reactive 

CD4+ T cells [preprint]. https://doi.org/10.1101/2020.06.12.148916. Posted 

on bioRxiv June 13, 2020. 

12. Weiskopf D, et al. Phenotype and kinetics of SARS-CoV-2-specific T cells in 

COVID-19 patients with acute respiratory distress syn- drome. Sci Immunol. 

2020;5(48):eabd2071. 

13. Ni L, et al. Detection of SARS-CoV-2-specific humoral and cellular immunity in 

COVID- 19 convalescent individuals. Immunity. 2020;52(6):971–977.e3. 

14. Peng Y et al. Broad and strong memory CD4+ and CD8+ T cells induced by 

SARS-CoV-2 in UK con- valescent COVID-19 patients [preprint]. https:// 

doi.org/10.1101/2020.06.05.134551. Posted on bioRxiv June 8, 2020. 

15. Neidleman J, et al. SARS-CoV-2-specific T cells exhibit phenotypic features 

of robust helper function, lack of terminal differentiation, and high 



 
 

70 

proliferative potential [published online August 9, 2020]. Cell Rep Med. 

https://doi. org/10.1016/j.xcrm.2020.100081. 

16. Giménez E, et al. SARS-CoV-2-reactive interfer- on-γ-producing CD8+ T cells 

in patients hospital- ized with coronavirus disease 2019 [published online Jun 

24, 2020]. J Med Virol. https://doi. org/10.1002/jmv.26213. 

17. Mateus J, et al. Selective and cross-reactive SARS- CoV-2 T cell epitopes in 

unexposed humans [published online August 4, 2020]. Science. 

https://doi.org/10.1126/science.abd3871. 

18. Kroemer M, et al. COVID-19 patients display distinct SARS-CoV-2 specific T-

cell respons- es according to disease severity [published online August 24, 

2020]. J Infect. https://doi. org/10.1016/j.jinf.2020.08.036. 

19. Sattler A, et al. SARS-CoV-2 specific T-cell responses and correlations with 

COVID-19 patient predisposition [published online August 24, 2020]. J Clin 

Invest. https://doi.org/ 10.1172/JCI140965. 

20. Rodda LB, et al. Functional SARS-CoV-2-specific immune memory persists 

after mild COVID-19 [preprint]. 

https://doi.org/10.1101/2020.08.11.20171843. Posted on medRxiv August 

15, 2020. 

21. Snyder TM, et al. Magnitude and dynamics of the T-cell response to SARS-

CoV-2 infection at both individual and population levels [preprint]. 

https://doi.org/10.1101/2020.07.31.20165647. Posted on medRxiv August 

4, 2020. 



 
 

71 

22. Zhu FC, et al. Safety, tolerability, and immuno- genicity of a recombinant 

adenovirus type-5 vectored COVID-19 vaccine: a dose-escalation, open-

label, non-randomised, first-in-human trial. Lancet. 2020;395(10240):1845–

1854. 

23. Pohlmeyer CW, et al. Cross-reactive microbial peptides can modulate HIV-

specific CD8+ T cell responses. PLoS ONE. 2018;13(2):e0192098. 

24. Li CK, et al. T cell responses to whole SARS coronavirus in humans. J 

Immunol. 2008;181(8):5490–5500. 

25. Conklin SE, et al. Evaluation of serological SARS- CoV-2 lateral flow assays 

for rapid point of care testing [preprint]. 

https://doi.org/10.1101/2020.07.31.20166041. Posted on medRxiv August 4, 

2020. 

26. Van Elslande J, et al. Antibody response against SARS-CoV-2 spike protein 

and nucleoprotein evaluated by 4 automated immunoassays and 3 ELISAs 

[published online July 31, 2020]. Clin Microbiol Infect. https://doi.org/10.1016/ 

j.cmi.2020.07.038. 

27. Gallais F, et al. Intrafamilial exposure to SARS- CoV-2 induces cellular 

immune response without seroconversion [preprint]. https://doi.org/10.11 

01/2020.06.21.20132449. Posted on medRxiv June 22, 2020. 

28. Vita R, et al. The Immune Epitope Data- base (IEDB): 2018 update. Nucleic 

Acids Res. 2019;47(D1):D339–D343. 



 
 

72 

29. Kwaa AKR, Talana CAG, Blankson JN. Interferon alpha enhances NK cell 

function and the suppres- sive capacity of HIV-specific CD8+ T cells. J Virol. 

2019;93(3):e01541-18. 

30. Veenhuis RT, et al. Long-term remission despite clonal expansion of 

replication-competent HIV-1 isolates. JCI Insight. 2018;3(18):e122795. 

 

Contributions and Acknowledgments:  

This chapter was published in the Journal of Clinical Investigation (Woldemeskel BA, et 

al. Healthy donor T cell responses to common cold coronaviruses and SARS-CoV-2. J 

Clin Invest. 2020;130(12):6631–6638.) with Abena Kwaa as a co-first author. Other 

author contributions are listed on the publication. 

3 Chapter 3: SARS-CoV-2 mRNA Vaccines induce broad 
CD4+ T cell responses recognize HCoV-NL63 and the 
variants of concern   

 
3.1 Abstract 
 
Recent studies have shown T cell cross-recognition of SARS-CoV-2 and common cold 

coronavirus spike proteins. However, the effect of SARS-CoV-2 vaccines on T cell 

responses to common cold coronaviruses (CCCs) remains unknown. In this study, we 

analyzed CD4+ T cell responses to spike peptides from SARS-CoV-2 and 3 CCCs 

(HCoV- 229E, HCoV-NL63, and HCoV-OC43) before and after study participants 

received Pfizer-BioNTech (BNT162b2) or Moderna (mRNA-1273) mRNA-based 

COVID-19 vaccines. Vaccine recipients showed broad T cell responses to the SARS-

CoV-2 spike protein, and we identified 23 distinct targeted peptides in 9 participants, 
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including 1 peptide that was targeted in 6 individuals. Only 4 of these 23 targeted 

peptides would potentially be affected by mutations in the UK (B.1.1.7) and South 

African (B.1.351) variants, and CD4+ T cells from vaccine recipients recognized the 2 

variant spike proteins as effectively as they recognized the spike protein from the 

ancestral virus. Interestingly, we observed a 3-fold increase in the CD4+ T cell 

responses to HCoV-NL63 spike peptides after vaccination. Our results suggest that T 

cell responses elicited or enhanced by SARS-CoV-2 mRNA vaccines may be able to 

control SARS-CoV-2 variants and lead to cross-protection against some endemic 

coronaviruses. 

 
3.2 Introduction  
 

T cell cross-recognition of SARS-CoV-2 and common cold coronaviruses 

(CCCs) has recently been demonstrated (1–10). The Pfizer-BioNTech 

(BNT162b2) and Moderna (mRNA-1273) mRNA COVID-19 vaccines generate 

robust T cell responses to spike peptides (11, 12), and we hypothesized that this 

may also translate to enhanced responses to CCCs. Multiple evolving spike 

protein variants have been described, and recent studies have generally shown 

some degree of reduction in the ability of mRNA vaccine–elicited antibodies to 

neutralize B.1.351 and/or B.1.1.7 variants (13–22). In this study, we analyzed CD4+ 

T cell responses to CCCs before and after study participants received mRNA 

vaccines. We identified peptides targeted by CD4+ T cells and determined 

whether they would be affected by mutations present in the B.1.351 and B.1.1.7 

variants. Our data further our understanding of the impact of T cell cross-
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recognition of coronaviruses. 

 
3.3 Methods 
 
Participants 
 
Blood samples were obtained from 30 healthy individuals working in health care 

and laboratory donors who had not test- ed positive for COVID-19. Twelve 

participants were female and 18 were male. Eleven participants were between 

20 and 29 years of age, 7 were between 30 and 39 years of age, 7 were 

between 40 and 49 years of age, and 5 were between 50 and 59 years of age. 

All participants in Figure 3.1 had blood drawn 7–14 days after the second shot, 

whereas all participants included in the variant study had blood drawn 7–11 

weeks after the second shot. Twenty-eight participants received the Pfizer-

BioNTech vac- cine, and 2 received the Moderna vaccine. For all experiments, 

PBMCs were collected from whole blood after Ficoll-Paque PLUS gradient 

centrifugation (GE Healthcare Life Sciences). For some experiments, CD8+ T 

cells were depleted using Miltenyi Biotec CD8+ T Cell Positive Selection Kits. 

High-resolution class II typing was performed on PBMCs from 6 healthy donors 

at the Johns Hopkins Hospital Immuno- genetics Laboratory. The Immune 

Epitope Database (IEDB) and Analysis Resource (http://www.iedb.org) was 

queried for optimal epitope and HLA-binding predictions using the recommended 

parameters (15).  

Peptides and ELISPOT assays. 
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 Peptides for the spike protein of HCoV-NL63, HCoV-229E, HCoV-OC43, and 

SARS-Cov-2 as well as the nucleocapsid protein of SARS-CoV-2 were obtained 

from BEI Resources and reconstituted with DMSO at a concentration of 10 

mg/ml. The HCoV-229E S protein peptide pool has 195 peptides consisting of 

17 mer with 11 amino acid overlaps. The HCoV-NL63 S protein peptide pool 

has 226 peptides made up of 14 –17 mer with 11–13 amino acid overlaps. The 

HCoV-OC43 S protein peptide pool has 226 peptides made up of 17 or 18 mer 

with 11 amino acid over- laps. The SARS-CoV-2 peptides are 12 mer, 13 mer, 

or 17 mer, with 10 amino acid overlaps. The spike protein peptide pool 

consisted of 181 peptides, and the nucleocapsid protein peptide pool consisted 

of 59 peptides. All the peptides were combined into 1 pool for each viral protein. 

Pools of 10 peptides were made for the SARS-CoV-2 S protein. Stimulation with 

anti-CD3 antibody (Mabtech, 1 μg/mL) was used as a positive control for each 

study participant. IFN-γ ELISPOT assays were performed as previously 

described (5). Briefly, ELISPOT Pro and ELISPOT Plus kits with precoated 

plates were purchased from Mabtech. The wells were plated with 

unfractionated PBMCs or CD8+ T cell–depleted PBMCs at 250,000 cells/well, 

and the cells were cultured for 20 hours with HCoV peptides at a 

concentration of 10 μg/mL. The plates were then processed according to the 

manufacturer’s protocol and read by a blind- ed independent investigator 

using an automated reading system. Four replicates per pool were run for 

comparison of the different viral proteins. The replicate furthest from the 

median was not used. If 2 values were equally distant from the median, then 



 
 

76 

the higher value was discarded. Two replicates were run for the SARS-CoV-2 

S protein pools that examined the breadth of the T cell responses. For 

epitope mapping, each individual peptide present in a pool was tested in 

duplicate wells. A peptide was only considered to be positive if both wells 

had values that were at least twice the average of the values of the untreated 

wells, the average stimulation index was above 3, and more than 20 SFU/106 

cells were present. 

 

SARS-CoV-2 variant assay 

The S1 subunit of spike protein from ancestral SARS-CoV-2 (29) and the B.1.1.7 

and B.1351 variants with polyhistidine tags at the C-terminus were purchased 

from Sino Biological and tested by ELISPOT assay at a concentration of 1 

μg/mL 

with a 20-hour incubation period. There were no significant responses made to 

these proteins by T cells from 4 unvaccinated healthy donors who had no 

known exposure to COVID-19. The mutations and deletions present in the 

variant proteins are shown in Figure 3.3C.  

 

Expansion culture assay  

PBMCs (107 cells) were cultured in R10 media with 10 U/mL IL-2 and 5 μg/mL 

peptides for 10–12 days as previously described (5). The media were not 

changed during this period. The cells were then washed and replated in fresh 

R10 with 10 U/mL IL-2 and rested 1 day before they were stimulated again with 
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5 μg/mL peptide with protein transport inhibitors (GolgiPlug, 1 μg/mL; GolgiS- top, 

0.7 μg/mL) and antibodies against CD28 and CD49d (all from BD Biosciences). 

After a 12-hour incubation, the cells were washed and stained with annexin V 

(BV-421, BD Biosciences, 563973) and anti- bodies against CD3 (APC-Cy-7, 

BioLegend, 300426) and CD4 (Per- CP-CY-5.5, BioLegend, 300530). The cells 

were then fixed, permeabilized, and stained intracellularly for TNF-α (PE-Cy-7, 

BD Biosciences, 557647) and IFN-γ (APC, BD Biosciences, 506510). Flow 

cytometry was performed on a BD FACS LSR Fortessa flow cytometer, and 

data were analyzed using FlowJo software, version 10. Data on a minimum of 

100,000 events in the lymphocyte gate were collected and analyzed. Statistics. 

All statistical analyses were performed using GraphPad Prism 8.4.3 (GraphPad 

Software). For experiments requiring comparisons between 2 groups, a 2-

tailed, paired Student’s t test was used to determine significance. For 

experiments requiring multiple com- parisons, a 1-way ANOVA with 

Greenhouse-Geisser correction was used. Dunnett’s multiple-comparison test 

was used to determine differences between groups. A P value of less than 0.05 

was considered statistically significant. 

 

Study approval  

The study was approved by the IRB of Johns Hopkins University. Written 

informed consent was obtained from all participants prior to their inclusion in the 

study. 
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3.4 Results and Discussion 
 
The Pfizer-BioNTech (BNT162b2) and Moderna (mRNA-1273) mRNA vaccines 

elicit strong T cell responses to SARS-CoV-2 (11, 12). Given that recent studies 

have demonstrated cross-recognition of CCCs and SARS-CoV-2 by T cells (1–10), 

we asked whether COVID-19 vaccines would enhance T cell responses to the 

CCCs. We performed IFN-γ enzyme-linked immunosorbent spot (ELISPOT) 

assays on PBMCs from individuals before and after vaccination to quantify the 

frequency of virus-specific T cells. As expected, the vaccines elicited strong T cell 

responses against SARS-CoV-2, with a median of 222 spot-forming units (SFU) per 

million cells responding to SARS-CoV-2 spike peptide pools after vaccination, 

compared with less than 3 SFU per million cells in the pre-vaccination samples 

(Figure 3.1, A and B). Furthermore, the vaccines elicited a significant increase in the 

response to HCoV-NL63, with an observed increase in the T cell response from a 

median of 28 SFU per million T cells before vaccination to a median of 93 SFU per 

million T cells after vaccination (Figure 3.1, A and B and Figure 3.2 A, B and E).  

We have previously shown that CD4+ T cells were responsible for the majority of T 

cell responses generated by our peptide pools (5). Consistent with our prior study, 

we found that CD8+ T cell depletion in PBMCs increased responses to all CCCs and 

SARS-CoV-2, (Figure 3.1, C and D and Figure 3.2 1C, D and F), suggesting that 

most of the T cell responses were due to CD4+ T cells. Specifically, we found that 

responses to HCoV-NL63 were enhanced, increasing from 36 SFU before 

vaccination to 113 SFU after vaccination. 
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Antigenic imprinting occurs when an initial response to a pathogen shapes the 

immune response to a subsequent infection by a related pathogen. This 

concept has been shown to play a role in CD4+ T cell responses to influenza 

and other pathogens (23). Given the cross-reactive epitopes present in SARS-

CoV-2 and CCC spike proteins (3, 6), we asked whether the ability of the vac- 

cines to induce T cells responses to SARS-CoV-2 is affected by pre- existing T 

cell responses to CCCs. Interestingly, we found no correlation between T cell 

responses to CCCs prior to vaccination and T cell responses to SARS-CoV-2 after 

vaccination (Figure 3.1, E-G).  
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Figure 3.1: T cell IFN-γ responses to SARS-CoV-2 and CCCs. IFN-γ ELISpot was 

performed in samples obtained from individuals pre- and post-vaccination. The spot 

forming units (SFU) and stimulation indices of PBMCs (A, B) and CD8+ T cell depleted 

PBMCs (C, D) in response to HCoV-NL63, HCoV-229E, HCoV-OC43 and SARS-CoV-2 

peptide pools are shown. Each data point represents the mean of 3 replicate values. 

Horizontal bars represent the median (n=15). The donor who received the Moderna 

(mRNA-1273) vaccine is indicated with a star symbol. *p = 0.0332 and **P = 0.0021, by 



 
 

81 

2-tailed, paired Student’s t test. (E-G) Correlation between post-vaccination SARS-CoV-

2 PBMC ELISpot responses and pre-vaccination responses to HCoV-OC43, HCoV-

229E and HCoV-NL63 respectively. Pearson correlation test, r=0.065, 0.36 and 0.12 

 

 
Figure 3.2: T cell IFN-γ responses to SARS-CoV-2 and CCCs (presented 

differently). A representative IFN-γ ELISpot from one donor (VR2) obtained pre-and 

post-vaccination (A-D). The spot forming units (SFU) and stimulation indices of PBMCs 

(A, B) and CD8+ T cell depleted PBMCs (C, D) in response to HCoV-NL63, HCoV-

229E, HCoV-OC43 and SARS-CoV-2 peptide pools are shown.IFN-γ ELISpot in PBMCs 

(E) and CD8 depleted PBMCs (F) in 15 donors obtained pre- and post-vaccination 

(replicate of Figure 3.1 to indicate change in T cell responses for each donor).Each data 

point represents the mean of 3 replicate values. Horizontal bars represent the median. 

*p = 0.0332 and **P = 0.0021, by 2-tailed, paired Student’s t test. Horizontal bars 

represent the median. (E-G) Correlation between post-vaccination SARS-CoV-2 PBMC 
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ELISpot responses and pre-vaccination responses to HCoV-OC43, HCoV-229E and 

HCoV-NL63 respectively. Pearson correlation test, r=0.065, 0.36 and 0.12 respectively 

(n=15). 

We next assessed whether vaccination enhanced T cell responses to HCoV-

NL63 by generating antigen-specific T cell lines. Antigen-specific T cells before 

and after vaccination were expanded with peptide pools from HCoV-NL63 or 

SARS- COV-2 spike peptides for 10–12 days, and cytokine production was 

assessed following a 12-hour restimulation with the same peptide pools. As 

expected, we found that vaccination dramatically enhanced T cell responses to 

SARS-CoV-2 spike peptides, with a median of 4.2% of T cells coexpressing INF-

γ and TNF-α after vaccination compared with 0.28% of T cells prior to vaccination 

(Figure 3.3, A and B). Interestingly, vaccination also dramatically enhanced T cell 

responses to HCoV-NL63 spike peptides, with a median of 2.7% of T cells 

coexpressing IFN-γ and TNF-α after vaccination compared with 0.4% before 

vaccination (Figure 3.3, A and B).  

 

Thirteen of the 15 vaccine recipients studied (Figure 3.1) had preexisting T cell 

responses to HCoV-NL63, and we hypothesized that COVID-19 vaccination 

enhances responses  to  this  virus  as a result of an expansion of T cells that  cross-

recognize  HCoV- NL63 and SARS-CoV-2 spike peptides.  To test this hypothesis, 

we cultured cells with SARS-CoV2 spike peptide pools for 10–12 days and then 

restimulated the cells with peptide pools from a different virus (for example, cells 

expanded with SARS-CoV-2 spike peptides were then restimulated with SARS-CoV-

2, HCoV- NL63, or HCoV-229E spike peptides). As shown in Figure 3.3C, cells 
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expanded with SARS-CoV-2 spike peptides for 10–12 days followed by restimulation 

for 12 hours with SARS-CoV-2 spike peptides had a dramatic increase in IFN-γ and 

TNF-α coexpression. Interestingly, these SARS-CoV-2–expanded T cells also 

responded to restimulation by HCoV-NL63 spike peptides, suggesting that 

vaccine-induced SARS-CoV-2–specific T cells also recognized HCoV-NL63 

spike peptides in this study participant. Overall, in 9 vaccine recipients who 

were studied before and after vaccination, the percentage of SARS-CoV-2 spike 

peptide-specific CD4+ T cells that cross-reacted with HCoV-NL63 spike peptides 

increased from 0.02% before vaccination to 0.28% after vaccination (Figure 

3.3D). Further, following expansion with HCoV-NL63 peptides, the percentage of 

HCoV-NL63–specific CD4+ T cells that cross-reacted with SARS-CoV-2 spike 

peptides increased from 0.005% before vaccination to 0.37% after vaccination 

(Figure 3.4).  
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Figure 3.3: CD4+ T cell responses to SARS-CoV-2 and CCCs. CD4+ T cell responses 

after cells were cultured for 10-12 days, and then re-stimulated for 12-hours with HCoV-

NL63 or SARS-CoV-2 spike peptide pools. TNF-α+ IFN-γ+ CD4+ T cells (shown in gated 

box) in response CCC or SARS-CoV-2 spike peptides are shown for a representative 

vaccine recipient (A) and for 9 vaccine recipients (B) pre and post-vaccination. (C-D) 

CD4+ T cell responses after cells were untreated or cultured for 10- 12 days with HCoV-

NL63 or SARS-CoV-2 peptide pools (shown in rows), and then re-stimulated with different 

peptide pools for 12 hours (shown  in columns) to analyze cross-reactive T-cell responses. 

Responses are shown for a vaccine recipient post-vaccination (C) and for 9 vaccine 

recipients pre and post-vaccination (D). In panels B and D, the peptide pool used for pre-

culturing is shown first, followed by the peptide pool used in the 12-hour stimulation. NT 
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= not treated; NL63 = HCoV-NL63; 229E =HCoV-229E; OC43 = HCoV-OC43; S2N = 

SARS-CoV-2-N; S2S = SARS-CoV-2-S. *P = 0.0332 

 

 

 
 
Figure 3.4: HCoV-NL63 Specific CD4+ T cell responses to re-stimulation by SARS-

CoV-2 and CCC peptide pools. Post-vaccination TNF-α+ IFN-γ+ CD4+ T cell responses 

after cells were cultured for 10-12 days with HCoV-NL63 peptide pools, and then re-

stimulated for 12-hours with SARS-CoV-2 spike, HCoV-229E spike and HCoV-OC43 

spike and SARS-CoV-2 nucleocapsid peptide pools to analyze cross-reactive T-cell 

responses. NT = not treated; NL63 = HCoV-NL63; 229E = HCoV-229E; OC43 = HCoV-

OC43; S2N = SARS-CoV-2-N; S2S = SARS-CoV-2-S. *P = 0.0332 and **P = 0.0021, by 

2-tailed, paired Student’s t test. 

 
 
Further studies are needed to determine why we observed a significant post-

vaccination increase in the CD4+ T cell response to HCoV-NL63 but not to HCoV-

229E or HCoV-OC43 spike peptides. The percentage of sequence identity shared 

between the CCC spike proteins and the SARS-CoV-2 spike protein has been 
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estimated to be approximately 30%, with the β coronaviruses (HCoV-OC43 and 

HCoV-HKU1) having a slightly higher shared identity than the α coronaviruses 

(HCoV-NL63 and HCoV-229E, ref. 4). However, a recent study that analyzed 

antibodies against all 4 CCCs  in  plasma  from convalescent  COVID-19  patients 

revealed an association between HCoV-NL63 antibody responses and the 

development of highly neutralizing antibodies against SARS-CoV-2 (24), 

suggesting that HCoV-NL63 may have more epitopes in common with SARS-

CoV-2 than the other CCCs. 

We next mapped out individual spike peptides targeted by CD4+ T cells. We 

performed IFN-γ ELISPOT assays with CD8-depleted PBMCs using sequential 

peptide pools consisting of 10 overlapping peptides. As shown in Figure 3.5, A 

and B, CD4+ T cells recognized broad regions across SARS-CoV-2 spike in 

vaccine recipients, with pools containing peptides that covered amino acids 141–

220, 351–430, 631–710, and 771–850 generating the most robust CD4+ T cell 

responses. We then mapped specific peptides targeted in 9 vaccine recipients for 

whom we had a sufficient number of cells by repeating the ELISPOT assay with 

individual peptides from 3 of the 18 pools for each vaccine recipient. The optimal 

epitope and the predicted binding HLA allele were determined as previously 

described (5, 25). We identified 23 distinct targeted peptides (Table 3.1 and Table 

3.2). One of these peptides (SKRSFIEDLLFNKVTLA, 813–829) was targeted in 6 of 

the 9 study participants. This epitope is present in a motif that is conserved in 

many coronaviruses (26), and the optimal epitope is predicted to bind to conserved 

HLA-DP alleles (Table 3.1). 
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Several spike variants have been described, and studies have shown that they 

are generally neutralized to a lesser extent by antibodies from mRNA vaccine 

recipients (13–22). However, it is unclear whether these variants also escape from 

T cells responses. This is a critical question, given the key role cellular immunity 

plays in controlling viral replication (27). Although CD4+ T cell epitopes in 

convalescent COVID-19 patients have been characterized (3, 6, 28), little is known 

about epitopes targeted in vaccine recipients. In order to predict whether virus-

specific T cells would still recognize and B.1351 variants, we determined whether 

mutations present in these variants were located in any of the targeted peptides 

we identified. Only 3 mutations (Y144 deletion, D614G, P681H) were present in 

any of the 23 targeted peptides, suggesting that these variants would be 

effectively recognized by the majority of vaccine-generated CD4+ T cells. We 

tested this hypothesis by comparing CD4+ T cell recognition of the S1 subunit of 

spike proteins from the ancestral virus with those from the B.1.1.7 and B.1351 

variants. We found that the responses to the spike S1 subunits were lower than 

the responses to the spike peptide pools. This could be partly due to the proteins 

not being efficiently processed into peptides in the ELISPOT assay and the fact 

that S2 subunit epitopes were not present. We detected no significant difference 

in T cell responses to the S1 subunits from the ancestral virus or from the B.1.1.7 

and B.1351 variants (Figure 3.5, D and E). This finding also held true for the 3 

participants who were found to have targeted peptides that would be affected by 

the variant mutations. Overall, our data suggest that the mRNA vaccines may 

provide protection not just against SARS-CoV-2, but perhaps some CCCs as well. 
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Our data also suggest that vaccine-elicited CD4+ T cells should effectively 

recognize some of the common SARS- CoV-2 variants and provide protection from 

severe disease even if the neutralizing antibodies are no longer effective. 

 
Figure 3.5: Breadth of T cell responses to SARS-CoV-2 spike protein and responses 

to spike variants. The numbers of SFU per million CD8+ T cell-depleted PBMCs (A) and 

stimulation indices (B) generated for pools of 10 peptides are shown for 12 vaccine 

recipients. The donor who received the Moderna (mRNA-1273) vaccine is indicated with 

a star symbol. Horizontal bars indicate the median. Pools that elicited the most potent 

responses are highlighted in red. T cell responses to S1 subunits from ancestral SARS-

CoV-2 or B.1.351 and B.1.1.7 variant spike proteins (C) were measured. The numbers of 

SFU per million CD8+ T cell-depleted PBMCs (D) and stimulation indices (E) generated 
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are shown for 17 vaccine recipients. Horizontal bars represent the median. Statistical 

comparisons were performed using 1-way ANOVA with Geisser-Greenhouse correction 

and Dunnett’s multiple-comparison test.  
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Table 3.1: Peptides targeted by vaccine recipients’ CD4+ T cells 
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Table 3.2: Complete list of peptides targeted by vaccine recipients’ CD4+ T cells 

 
VR # Amin

o acid 
# 

Targeted peptide Predicted 
HLA- 
restricting 
alleles 

SI 

VR14 
DRB1*11:01 
DRB3* 02:02 
DQA1*05:05/DQB1*03:01 
DPA1*01:03/DPB1*02:01 
DPA1*01:03/DPB1*04:01 

     

 64 442-458 DSKVGGNYNYLYRLF
RK 

DRB1*11:01 3.7 

 117 813-829 SKRSFIEDLLFNKVTL
A 

DPA1*01:03/DPB1*04: 
01 

5.1 

VR20 
DRB1*07:01, 15:02 
DRB4* 01:01 
DRB5*01:02 
DQA1*02:01/DQB1*02:02 
DQA1*01:03/DQB1*06:01 
DPA1*01:03/DPB1*04:01 

     

 54 372-388 ASFSTFKCYGVSPTKL
N 

DRB1*15:02  

 105 729-745 VSMTKTSVDCTMYIC
GD 

DQA1*02:01/DQB1*02
: 
02 

 

 117 813-829 SKRSFIEDLLFNKVTL
A 

DPA1*01:03/DPB1*04: 
01 

3.7 

VR21 
DRB1*03:01, 15:01 
DRB3* 01:01 
DRB5*01:01 
DQA1*0501/DQB1*02:01 
DQA1*01:02/DQB1*06:02 
DPA1*02:01/DPB1*01:01 
DPA1*02:06/DPB1*05:01 

     

 28 190-206 REFVFKNIDGYFKIYS
K 

DRB5*01:01 4 

 108 750-766 SNLLLQYGSFCTQLN
RA 

DRB1*15:01 8.9 

 117 813-829 SKRSFIEDLLFNKVTL
A 

DPA1*02:01/DPB1*01: 
01 

8.0 

VR25 
DRB1*07:01, 13:01 
DRB3* 02:02 
DRB5*01:02 
DQA1*02:01/DQB1*02:02 
DQA1*01:03/DQB1*06:03 
DPA1*01:03/DPB1*01:01 
DPA1*02:02/DPB1*02:01 
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 51 351-367 YAWNRKRISNCVADY
SV 

DRB3*02:02 4.1 

 88 610-626 VLYQDVNCTEVPVAIH
A 

DRB1*13:01 3.0 

 94 652-668 GAEHVNNSYECDIPIG
A 

DQA1*02:01/DQB1*02
: 
02 

3.2 

 98 680-696 SPRRARSVASQSIIAY
T 

DQA1*01:03/DQB1*06
: 
03 

4.1 

 117 813-829 SKRSFIEDLLFNKVTL
A 

DPA1*02:02/DPB1*02: 
01 

4.8 

VR Pepti 
de 

Amino 
acid 

Targeted peptide HLA alleles SI 

VR28 
DRB1*04:04,11:01, 
DRB3*0202, 
DRB4*0103, 
DQA1*03:01/DQB1*03:02, 
DQA1*05:05/DQB1*03:01, 
DPA1*01:03/DPB1*06:01, 
DPA1*02:01/DPB1*14:01 

     

 13 85-101 PFNDGVYFASTEKSN
II 

DRB3*02:02 7.5 

 15 99-115 NIIRGWIFGTTLDSKT
Q 

DPA1*01:03/ 
DPB1*06:01 

14.5 

 18 120-136 VNNATNVVIKVCEFQ
FC 

DRB3*02:02 7.5 

 20 134-150 QFCNDPFLGVYYHK
NNK 

DRB1*11:01 10.5 

 51 351-367 YAWNRKRISNCVAD
YSV 

DRB3*02:02, 
DRB4*01:03 

18.5 

 54 372-388 ASFSTFKCYGVSPTK
LN 

DPA1*01:03/DPB1*06: 
01 

14.5 

 56 386-402 KLNDLCFTNVYADSF
VI 

DPA1*02:01/DPB1*14: 
01 

17.5 

 58 400-416 FVIRGDEVRQIAPGQ
TG 

DQA1*05:05/DQB1*03
: 
01 

14.5 

 132 918-934 ENQKLIANQFNSAIG
KI 

DRB3*02:02 16 

 138 960-976 NTLVKQLSSNFGAIS
SV 

DRB3*02:02 22 

VR32 
DRB1*01:01, 07:01, 
DRB4* 01:01, 
DQA1*02:01/DQB1*02:02 
DQA1*01:01/DQB1*05:01 
DPA1*01:03/DPB1*04:01 

     

 2 8-24 LPLVSSQCVNLTTRT
QL 

DRB4*01:01 4.8 
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 6 36-52 VYYPDKVFRSSVLHS
TQ 

DPA1*01:03/DPB1*04: 
01 

8.4 

 24 162-178 SANNCTFEYVSQPFL
MD 

DPA1*01:03/DPB1*04: 
01 

10.2 

 28 190-206 REFVFKNIDGYFKIYS
K 

DQA1*01:01/DQB1*05
: 01 
DRB5*01:01 

8.8 

 103 715-731 PTNFTISVTTEILPVS
M 

DRB1*07:01 8 

 105 729-745 VSMTKTSVDCTMYIC
GD 

DQA1*02:01/DQB1*02
: 02 

13 
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VR36 
DRB1*01:01, 15:01 
DRB5*01:01 
DQA1*01:01/DQB1*05:01 
DQA1*01:03/DQB1*06:01 
DPA1*01:03/DPB1*04:01 

     

 108 750-766 SNLLLQYGSFCTQLN
RA 

DRB1*15:01 3.2 

 117 813-829 SKRSFIEDLLFNKVTL
A 

DPA1*01:03/DPB1*04: 
01 

4.9 

VR40 
DRB1*03:01, 15:01 
DRB3* 
01:01 
DRB5*01:0
1 
DQA1*05:01/DQB1*02:01 
DQA1*01:02/DQB1*06:02 
DPA1*01:03/DPB1*04:01 
DPA1*01:03/DPB1*06:01 

     

 108 750-766 SNLLLQYGSFCTQLN
RA 

HLA-DRB1*15:01 6.8 

 117 813-829 SKRSFIEDLLFNKVTL
A 

DPA1*01:03/DPB1*04: 
01 

4.7 

VR41 
DRB1*07:01,11:
01 DRB3*0202 
DQA1*02:01/DQB1*03:03 
DQA1*05:05/DQB1*03:01 
DPA1*01:03/DPB1*04:01 
DPA1*02:01/DPB1*13:01 

     

 21 141-157 LGVYYHKNNKSWME
SEF 

DRB3*02:02 4.8 

 98 680-696 SPRRARSVASQSIIAY
T 

DQA1*02:01/DQB1*03
: 
03 

3.6 

 105 729-745 VSMTKTSVDCTMYIC
GD 

DQA1*02:01/DQB1*03
: 
03 

5.0 

 

*Predicted optimal epitopes are underlined 

SI= stimulation index 

Amino acids in red font are present in B.1.1.7 and B.1.351 variants 
 
 
 
 



 
 

95 

 
 
3.5 References  
 

1. Grifoni A, et al. Targets of T cell responses to SARS-CoV-2 coronavirus in 

humans with COVID-19 disease and unexposed individuals. Cell. 

2020;181(7):1489–1501. 

2. Le Bert N et al. SARS-CoV-2-specific T cell immu- nity in cases of COVID-19 

and SARS, and unin- fected controls. Nature. 2020;584(7821):457–462. 

3. Mateus J, et al. Selective and cross-reactive SARS- CoV-2 T cell epitopes in 

unexposed humans. Science. 2020;370(6512):89–94. 

4. Braun J, et al. SARS-CoV-2-reactive T cells in healthy donors and patients with 

COVID-19. Nature. 2020;587(7833):270–274. 

5. Woldemeskel BA, et al. Healthy donor T cell respons- es to common cold 

coronaviruses and SARS-CoV-2. J Clin Invest. 2020;130(12):6631–6638. 

6. Nelde A, et al. SARS-CoV-2-derived peptides define heterologous and 

COVID-19-induced T cell recognition. Nat Immunol. 2021;22(1):74–85. 

7. Bacher P, et al. Low-avidity CD4+ T cell responses to SARS-CoV-2 in 

unexposed individuals and humans with severe COVID-19. Immunity. 

2020;53(6):1258–1271. 

8. Richards KA, et al. Circulating CD4 T cells elicit- ed by endemic coronaviruses 

display vast dispari- ties in abundance and functional potential linked to both 

antigen specificity and age [published online February 8, 2021]. J Infect Dis. 

https://doi. org/10.1093/infdis/jiab076. 

9. Sekine T, et al. Robust T Cell Immunity in Conva- lescent Individuals with 



 
 

96 

Asymptomatic or Mild COVID-19. Cell. 2020;183(1):158–168. 

10. Tan HX, et al. Adaptive immunity to human coronaviruses is widespread but 

low in magnitude. Clin Transl Immunology. 2021;10(3):e1264. 

11. Sahin U, et al. COVID-19 vaccine BNT162b1elicits human antibody and TH1 T 

cell responses.Nature. 2020;586(7830):594–599. 

12. Jackson LA, et al. An mRNA vaccine against SARS-CoV-2 - preliminary 

report. N Engl J Med. 2020;383(20):1920–1931. 

13. Wang Z, et al. mRNA vaccine-elicited antibodies to SARS-CoV-2 and 

circulating variants [pub- lished online February 10, 2021]. Nature. https:// 

doi.org/10.1038/s41586-021-03324-6. 

14. Muik A, et al. Neutralization of SARS-CoV-2 lineage B.1.1.7 pseudovirus by 

BNT162b2 vaccine-elicited human sera. Science. 2021;371(6534):1152–1153. 

15. Supasa P, et al. Reduced neutralization of SARS- CoV-2 B.1.1.7 variant by 

convalescent and vac- cine sera [published online February 18, 2021]. Cell. 

https://doi.org/10.1016/j.cell.2021.02.033. 

16. Garcia-Beltran WF, et al. Multiple SARS-CoV-2 variants escape neutralization 

by vaccine- induced humoral immunity [published online March 12, 2021]. 

Cell. https://doi.org/10.1016/ j.cell.2021.03.013. 

17. Edara VV, et al. Neutralizing antibodies against SARS-CoV-2 variants after 

infection and vacci- nation [published online March 19, 2021]. JAMA. 

https://doi.org/10.1001/jama.2021.4388. 

18. Li Q, et al. SARS-CoV-2 501Y.V2 variants lack higher infectivity but do have 

immune escape [published online February 23, 2021]. Cell. 



 
 

97 

https://doi.org/10.1016/j.cell.2021.02.042. 

19. Zhou D, et al. Evidence of escape of SARS-CoV-2 variant B.1.351 from natural 

and vaccine-induced sera [published online February 23, 2021]. Cell. 

https://doi.org/10.1016/j.cell.2021.02.037. 

20. Collier DA, et al. Sensitivity of SARS-CoV-2 B.1.1.7 to mRNA vaccine-elicited 

antibodies [published online March 11, 2021]. Nature. 

https://doi.org/10.1038/s41586-021-03412-7. 

21. Wang P, et al. Antibody resistance of SARS-CoV-2 variants B.1.351 

and B.1.1.7 [published online March 8, 2021]. Nature. 

https://doi.org/10.1038/ s41586-021-03398-2. 

22. Chen RE, et al. Resistance of SARS-CoV-2 variants to neutralization 

by monoclonal and serum-derived polyclonal antibodies [published 

online March 4, 2021]. Nat Med. https://doi. org/10.1038/s41591-

021-01294-w. 

23. Nelson SA, Sant AJ. Imprinting and editing of the human CD4 T cell 

response to influenza virus. Front Immunol. 2019;10:932. 

24. Morgenlander WR, et al. Antibody responses to endemic 

coronaviruses modulate COVID-19 convalescent plasma 

functionality. J Clin Invest. 2021;131(7):e146927. 

25. Vita R, et al. The Immune Epitope Data- base (IEDB): 2018 update. 

Nucleic Acids Res. 2019;47(D1):D339–D343. 

26. Robson B. COVID-19 Coronavirus spike protein analysis for synthetic 

vaccines, a peptidomimetic antagonist, and therapeutic drugs, and 



 
 

98 

analysis of a proposed achilles’ heel conserved region to min- imize 

probability of escape mutations and drug resistance. Comput Biol Med. 

2020;121:103749. 

27. McMahan K, et al. Correlates of protection against SARS-CoV-2 in 

rhesus macaques. Nature. 2021;590(7847):630–634. 

28. Tarke A, et al. Comprehensive analysis of T cell immunodominance 

and immunoprevalence of SARS-CoV-2 epitopes in COVID-19 cases. 

Cell Rep Med. 2021;2(2):100204. 

29. Wu F, et al. A new coronavirus associated with human respiratory 

disease in China. Nature. 2020;579(7798):265–269. 

 

 

Contributions and Acknowledgments:  

This chapter was published in the Journal of Clinical Investigation (Woldemeskel BA, et 

al. SARS-CoV-2 mRNA vaccines induce broad CD4+ T cell responses that recognize 

SARS-CoV-2 variants and HCoV-NL63. J Clin Invest. 2021;131(10):e149335.) Data 

acquisition for flow cytometry assays were done by Caroline Garliss.  

4 Chapter 4: CD4+ T-cells from COVID-19 mRNA vaccine 
recipients recognize a conserved epitope present in 
diverse coronaviruses 

 
4.1 Abstract 
 
Recent studies have shown that vaccinated individuals harbor T cells that can cross-

recognize SARS-CoV-2 and endemic human common cold coronaviruses. However, it 
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is still unknown whether CD4+ T cells from vaccinated individuals recognize peptides 

from bat coronaviruses that may have the potential of causing future pandemics. In this 

study, we identified a SARS-CoV-2 spike protein epitope (S815-827) that is conserved 

in coronaviruses from different genera and subgenera, including SARS-CoV, MERS-

CoV, multiple bat coronaviruses, and a feline coronavirus. Our results showed that 

S815-827 was recognized by 42% of vaccinated participants in our study who received 

the Pfizer-BioNTech (BNT162b2) or Moderna (mRNA-1273) COVID-19 vaccines. 

Using T cell expansion and T cell receptor sequencing assays, we demonstrated that 

S815-827-reactive CD4+ T cells from the majority of responders cross-recognized 

homologous peptides from at least 6 other diverse coronaviruses. Our results support 

the hypothesis that the current mRNA vaccines elicit T cell responses that can cross-

recognize bat coronaviruses and thus might induce some protection against potential 

zoonotic outbreaks. Furthermore, our data provide important insights that inform the 

development of T cell–based pan-coronavirus vaccine strategies. 

 
4.2 Introduction 
 

The COVID-19 pandemic has caused about 318 million infections and more 

than 5.5 million deaths since its emergence in Hubei province, China, in 

December 2019 (1). SARS-CoV-2, the virus that causes COVID-19, may have 

originated in bats (2–5). In the past 20 years, 2 additional highly pathogenic and 

transmissible coronavirus outbreaks with possible bat origins have occurred: 

SARS-CoV, which emerged in 2003, and MERS-CoV, which emerged in 2012 

(3). Surveillance studies have shown that bats are reservoirs for SARS-related 
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and other genetically diverse corona- viruses (6). Zoonotic infections from bat-

borne coronaviruses thus pose a major threat to humans, and the development of 

vaccines that can elicit robust, cross-reactive immunity across many coro- 

naviruses is essential to protect against future pandemics (7). 

Multiple vaccine candidates with high efficacy and immuno- genicity against 

the original SARS-CoV-2 strain have recently been developed and administered 

worldwide (8–11). The COVID-19 mRNA vaccines generate strong T cell 

responses against the original SARS-CoV-2 strain (12) and variants of concern (13, 

14). Robust T cell responses are associated with less severe COVID-19 infection 

(15), and T cell immunity has been shown to be protective against SARS-CoV-2, 

SARS-CoV, and MERS-CoV infections in animal models (16–18). In the past year, 

multiple groups have described the presence of cross-reactive T cells that can 

cross-recognize SARS- CoV-2 and endemic human common cold coronaviruses 

(HCoVs) (19–28). Additionally, the Pfizer-BioNTech (BNT162b2) and Moderna 

(mRNA-1273) vaccines have been shown to enhance HCoV- NL63–specific T cell 

responses after vaccination (14), suggesting enhanced vaccine-mediated 

immunity against this common cold coronavirus. T cell cross-reactivity is likely 

a result of sequence homology between SARS-CoV-2 and HCoVs. Computational 

studies have identified a highly conserved region within the fusion peptide domain 

of SARS-CoV-2 spike protein (29, 30). We have recently shown that some mRNA 

vaccine recipients target a peptide within this conserved region (S813-829) (14). 

Furthermore, Loyal et al. have recently shown that more than 90% of COVID-19–

vaccinated individuals in their cohort harbor T cells that recognize a peptide 
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located within the fusion peptide domain (S816-830) and that these T cells are 

cross-reactive (31). Because S813-829 is highly conserved in diverse 

coronaviruses, we hypothesized that vaccinated individuals could recognize this 

conserved epitope from bat coronaviruses not known to infect humans. 

To test our hypothesis, we analyzed T cell responses against the conserved 

SARS-CoV-2 epitope S815-827 in individuals we received two doses of COVID-

19 mRNA vaccines. Our findings suggest that mRNA-vaccinated individuals have 

T cells responses that can cross-recognize multiple bat coronaviruses not 

currently known to infect humans. Our study will have implications for the 

development of T cell–oriented pan coronavirus vaccines that could protect 

against future zoonotic coronavirus outbreaks. 

 
4.3 Methods 
 

Study participants, biospecimens, and HLA haplotyping 

COVID-19 convalescent patients (CCPs) are study participants who have tested positive 

for SARS-CoV-2 by nasal-swab PCR test in the past. All the CCPs in this study have 

received mRNA COVID-19 vaccination. The term VRs refers to participants who have 

never tested positive for SARS-CoV-2 and have received mRNA COVID-19 vaccination. 

All study participants worked in health care and / or laboratory settings. 33 participants 

received the Pfizer-BioNTech (BNT162b2) vaccine, and 5 participants received the 

Moderna (mRNA-1273) vaccine. Of total participants, 21 were ages 21-30, 7 were ages 

31- 40, 8 were 41-50, and 2 were 51- 60.  Blood was drawn and processed between June 
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- Aug 2021. Further details for participants who responded to the S812-829 epitope are found 

in Table 4.3. 

PBMCs were collected from whole blood after Ficoll-Paque PLUS gradient centrifugation 

(GE Healthcare Life Sciences), and CD8+ T cells were depleted using Miltenyi Biotech 

CD8+ T Cell Positive Selection Kits. High-resolution class II typing was performed by the 

Johns Hopkins Hospital Immunogenetics Laboratory. The Immune Epitope Database 

(IEDB) and Analysis Resource (http://www.iedb.org) was queried for optimal epitope and 

HLA-binding predictions using the recommended parameters (29). 

 

4.3.2 Peptides and ELISPOT assays. 

All peptide sequences were ordered from Genscript and reconstituted with DMSO at a 

concentration of 10 mg/mL. Anti-CD3 antibody (Mabtech, 1 μg/mL) was used as a positive 

control for each study participant. IFN-γ ELISPOT assays were performed as previously 

described (23). Briefly, ELISPOT Pro and ELISPOT Plus kits with precoated plates were 

purchased from Mabtech. The wells were plated with CD8+ T cell depleted PBMCs at 

250,000 cells/well, and the cells were cultured for 20 hours with peptides at a 

concentration of 1 μg/mL. The plates were then processed according to the 

manufacturer’s protocol and spots were read by a blinded independent investigator using 

an automated reading system that reported spot forming units (SFU) / well. Spot / million 

cells were calculated by multiplying spots / well by 4. Stimulation index (fold change over 

untreated control) for each donor was calculated by dividing SFU of peptide condition by 

SFU of untreated control. Four replicates were run for each condition, and the replicate 
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furthest from the median was not used. The mean of replicate values was used for 

plotting. A positive response was defined as a mean SFU ³ 20 and a mean of SI ³  3. 

 

T cell expansion culture assay. 

10 – 20 million PBMCs were cultured in R10 media with 10 U/mL IL-2 and 5 μg/mL 

peptides for 10–12 days as previously described (23). The media were not changed 

during this period. The cells were then washed and replated in fresh R10 with 10 U/mL 

IL-2 and rested 1 day before they were stimulated again with 1 μg/mL peptide with protein 

transport inhibitors (GolgiPlug, 1 μg/mL; GolgiStop, 0.7 μg/mL) and antibodies against 

CD28 and CD49d (all from BD Biosciences). After a 12-hour incubation, the cells were 

washed and stained with annexin V (BV-421, BD Biosciences, 563973) and antibodies 

against CD3 (APC-Cy-7, BioLegend, 300426), CD4 (PerCP-CY-5.5, BioLegend, 300530) 

and CD8 (BV-605, BioLegend, 301040). The cells were then fixed, permeabilized, and 

stained intracellularly for TNF-α (PE-Cy-7, BD Biosciences, 557647) and IFN-γ (APC, BD 

Biosciences, 506510). Flow cytometry was performed on a BD FACS LSRFortessa flow 

cytometer, and data were analyzed using FlowJo software, version 10. Data on a 

minimum of 100,000 events in the lymphocyte gate were collected and analyzed. 

 

Identification of epitope-specific T cells.  

Coronavirus peptides from SARS-CoV2, HCoV-NL63, MERS-CoV, NL63-related bat, 

229E-related bat and Chaerephon bat coronavirus (listed in Table 4.1) were used to 

stimulate CD4+ T cells in the ViraFEST assay as described previously (18). Briefly, 2 × 

106 PBMCs were plated in culture medium (IMDM, 5% human AB serum, 10 IU/ml IL-2, 
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50 μg/ mL gentamicin) with 1 μg/ml of peptide, a negative control HIV-1 Nef peptide pool 

(NIH AIDS Reagents), or without peptide. Each assay condition was performed in 

triplicate. On day 3 and 7 half the media was removed and replaced with fresh culture 

media. On day 10, cells were harvested and CD4+ T cells were isolated using the 

EasySep CD4+ T cell isolation kit (STEMCELL, 17952). DNA was extracted from cultured 

CD4+ T cells using the QIAmp Micro-DNA Kit according to the manufacturer’s instructions 

(QIAGEN). TCR-Seq of DNA extracted from cultured CD4+ T cells was performed by the 

Johns Hopkins FEST and TCR Immunogenomics Core Facility (FTIC) using the 

Oncomine TCR Beta Short-Read Assay (Illumina Inc). Samples were pooled and 

sequenced on an Illumina iSeq 100 using unique dual indexes. Data preprocessing was 

performed to eliminate nonproductive TCR sequences and to align and trim the nucleotide 

sequences to obtain only the CDR3 region. Sequences not beginning with C or ending 

with F or W and having fewer than 7 amino acids in the CDR3 were eliminated. Resultant 

processed data files were uploaded to our publicly available MANAFEST analysis web 

app (http://www. stat-apps.onc.jhmi.edu/FEST/) to bioinformatically identify antigen 

specific T cell clonotypes. Clones were considered positive based on the following criteria: 

(a) significantly expanded in the culture of interest (in 2 of 3 replicate wells) compared 

with the reference culture (PBMCs cultured with 10 IU/ml IL-2 and HIV-1 Nef pool or 

media without peptide) at an FDR less than the specified threshold (< 0.05; default value) 

(c) having an odds ratio greater than 5 (default value), and (d) having a minimum of 0.1% 

frequency in two of three replicate wells. To identify cross reactive responses, we used 

statistical criteria established previously (30). 

Statistics.  
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All statistical analyses were performed using GraphPad Prism 9.2.0 (GraphPad 

Software). Comparisons between two groups were done with Mann-Whitney test (if un-

paired) and Wilcoxon matched-pairs signed rank test (if paired). Comparisons between 

multiple groups were done using Friedman test with Dunn’s multiple comparison. A P 

value of less than 0.05 was considered statistically significant.  

Study approval. 

 The study was approved by the IRB of Johns Hopkins University. Written informed 

consent was obtained from all participants prior to their inclusion in the study. 

 

 
4.4 Results 
Cross-reactive T cells are likely a result of sequence homology between SARS-

CoV-2 and endemic HCoVs (29, 30). The SARS-CoV-2 spike peptide S815-827 

is found within the fusion peptide domain of the SARS-CoV-2 spike and is highly 

conserved in alpha and betacoronaviruses (29) (Figure 4.1A and Table 4.1). 

Additionally, the SARS-CoV-2 S815-827 peptide sequence is identical in some coro- 

naviruses found in the Sarbecovirus subgenus (Table 4.2). In this study, we looked 

at T cell responses in vaccinated individuals to S815-827 and to homologous 

peptides from coronaviruses isolated from diverse hosts, including humans, bats, 

and felines (Table 4.1). We previously identified the 17-mer peptide S813-829 to 

be targeted by CD4+ T cells in some COVID-19 mRNA vaccine recipi ents (14). In 

this study, we synthesized 15-mer and 13-mer truncat ed peptides and performed 

IFN-γ enzyme-linked immunosorbent spot (ELISpot) assays in 3 vaccine 

recipients in order to determine the minimal peptide recognized by reactive T cells. 
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We identified a 13mer sequence S815-827 (RSFIEDLLFNKVT) to be comparably 

recognized (Figure 4.2) and we proceeded to use this peptide for further 

experiments. 

We next asked whether S815-827 is recognized by the majority of COVID-19–

vaccinated individuals. To test this, we isolated CD8+ T cell–depleted PBMCs from 

38 individuals vaccinated with Pfizer- BioNTech (BNT162b2) or Moderna (mRNA-

1273) vaccines and performed IFN-γ ELISpot assays. All 38 individuals tested 

positive for antibodies to all 4 HCoVs by commercial ELISA kits, indicating prior 

exposure to these viruses. We found that 16 out of 38 (42%) of our donors 

(termed hereafter as responders) had robust T cell responses to S815-827 and 

were above our cutoff of spot-forming unit (SFU) greater than or equal to 20 and 

stimulation index (SI) greater than or equal to 3 (Figure 4.1, B and C). For 3 

donors for whom we had cryopreserved prevaccination samples, we performed 

IFN-γ ELISpot assays to determine whether responses to S815-827 existed prior 

to COVID-19 vaccinations. None of the donors tested had responses to S815-827 

prior to vaccinations (Figure 4.2, B and C), indicating that at least in these donors, 

responses to S815-827 were induced or expanded by vaccination. All responders 

had the HLA allele DPA1*01:03, and most had the predicted combined HLA 

binding allele DPA1*01:03/ DPB1*04:01, suggesting that this might be a 

restricting allele for S815-827 (Table 4.3). We have previously shown that 

lymphoblastoid cell lines with DPA1*01:03/DPB1*04:01 are capable of presenting 

the related peptide S813-829 (19). 
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Given that S815-827 is a highly conserved epitope, we hypothesized that COVID-

19–vaccinated individuals will have T cells that recognize homologous peptides 

from diverse coronaviruses with zoonotic potential. To test this hypothesis, we 

isolated CD8+ T cell–depleted PBMCs from individuals who responded to S815-

827 and performed an IFN-γ ELISpot assay using homologous pep- tides from 9 

coronaviruses, including HCoVs, MERS-CoV, bat coronaviruses, and a feline 

coronavirus (listed in Table 4.1). We found that all donors recognized at least 1 

other coronavirus peptide, and 8 out of 15 donors recognized peptides from at 

least 6 out of the 9 other coronaviruses tested (Figure 4.1D). The coronaviruses 

most robustly recognized were common cold coronaviruses (HCoV-NL63, HCoV-

HKU1), 229E-related bat coronavirus, and feline UU23 coronavirus (Figure 4.1, E 

and F). 

Previous studies have shown that HCoV and SARS-CoV-2 cross-reactive CD4+ 

T cells have lower functional avidity than SARS-CoV-2 monoreactive T cells (19, 

26). Given that there could be functional avidity differences in T cells responding 

to S815-827 and corresponding homologous peptides, we performed a peptide 

titration in 3 donors using the IFN-y ELISpot assay. Overall, we did not observe 

major differences in functional avidity to S815-827 and homologous coronavirus 

peptides (Figure 4.2, D–F). 



 
 

108 

 

 
 
Figure 4.1: Some individuals vaccinated with COVID-19 mRNA vaccines have 

CD4+ T cells that recognize the conserved SARS-CoV-2 epitope S815-827 and 

homologous peptides from diverse coronaviruses. Sequence alignment for 

coronavirus peptides used in this study are shown, highlighted are amino acid residues 

that are identical to S815-827 (A). CD8+ T cell depleted PBMCs were isolated from 38 
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vaccinated individuals, and an IFN-g ELISpot assay was done in triplicate with S815-

827 or untreated control. Mean of replicates was used to plot spot forming units (SFU) 

(B) and stimulation index (SI) (C).  Responders (n=16) and non-responders (n=22) were 

determined based on the cut-off SFU ³ 20 and SI ³  3. S815-827 responders (n=15) were 

further assessed for CD4+ T cell responses to homologous coronavirus peptides with 

IFN-g ELISpot (D-F). Positive CD4+ T cell responses based on our cut-off for each 

individual donor and corresponding peptide are shown in orange (D). SFU and SI for 

donors are also shown (E, F respectively). Mann-Whitney test (B-C) and Friedman test 

with Dunn’s multiple comparison (E-F) were used for statistical comparisons. P-values 

below 0.05 were considered statistically significant. **P = 0.0021, ****P< 0.0001 

 
 
 
 
 
 
 



 
 

110 

 
 

Figure 4.2: S815-827 reactive T cells are not detected in pre-vaccination samples, and 

have similar functional avidity to T cells reactive to homologous peptides. The 13-

mer peptide was determined by isolating PBMCs from 3 donors previously shown to 

recognize a 17-mer peptide S813-829 (14). 15-mer and 13-mer truncated peptides were 

synthesized and an IFN-γ ELISpot assay was performed in triplicates to determine the 

minimal peptide recognized (A). Responses to S813-829 and homologous coronavirus 

peptides prior to vaccination were assessed in 3 donors (B-C). Briefly, cryopreserved 

PBMCs isolated prior to COVID-19 vaccinations were thawed and IFN-g ELISpot assay 

was performed with indicated peptides. Lines indicate SFU=20 (B) and SI=3 (C). CD4+ T 

cell avidity to coronavirus peptides was tested by titrating peptide concentration in the 

IFN-g ELISpot assay (D-F). Briefly, CD8+ T cell depleted PBMCs were isolated from 3 

vaccinated individuals, and an IFN-g ELISpot assay was done in triplicate with S815-827 or 
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homologous peptides titrated serially to determine T cell avidity. Mean of replicates was 

used to plot spot forming units (SFU) (D-F).   

 

We next asked whether S815-827-specific CD4+ T cells do in fact cross-

recognize homologous epitopes from bat coronaviruses. To assess this, we 

generated T cell lines specific to S815-827 over 10 days. We then restimulated 

these antigen-specific T cell lines with the same antigen (S815-827) or with 

homologous peptides from bat coronaviruses, and then we measured cytokine 

production by intracellular cytokine staining and flow cytometry analysis. As 

expected, S815-827-specific CD4+ T cells responded robustly to restimulation 

with the same peptide, with significant increases in the percentage of IFN-γ+ TNF-

α+ cells as compared with cells that were not cultured with S815-827 for 10 days. 

Interestingly, restimulation with pep- tides from other coronaviruses also resulted 

in a robust increase in the percentage of IFN-γ+ TNF-α+ cells over control 

conditions (Figure 4.3), suggesting that some S815-827-specific T cells were 

cross- reactive. Overall, S815-827-specific CD4+ T cells from all responders 

produced cytokines when stimulated with bat coronaviruses. 
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Figure 4.3: S815-827 specific CD4+ T cells respond to re-stimulation with 

homologous peptides from diverse coronaviruses. T cell lines specific for S815-827 

were generated by expanding PBMCs for 10 days with S815-827. Following expansion, 

cells were re-stimulated for 12-hours with either the same peptide (S815-827) or with 

homologous peptides from diverse coronaviruses and stained for IFN-g and TNF-α 

expression. Cells were re-stimulated with SARS-CoV-2 nucleocapsid peptide pools as a 

specificity control. Representative flow plots are shown, with peptides used for 

expansion indicated on the left, and peptides used for re-stimulation indicated at the top 

are shown (A). IFN-g+ TNF-α+ CD4+ T cells are gated, with percentages indicated. 

Responses for all donors tested (n=6) are shown (B). Wilcoxon matched-pairs signed 

rank test used for statistical comparisons.  

To definitively show that vaccinated individuals have true cross-reactive T cells 
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(meaning the same CD4+ T cell clonotypes recognizing S815-827   and 

homologous bat coronavirus peptides), we performed the ViraFEST assay. The 

ViraFEST assay uniquely pairs antigen-specific memory T cell responses and 

their cognate T cell receptors (TCRs), with the specific antigen stimulating this 

response after a 10-day T cell culture with relevant antigen followed by TCR Vβ 

CDR3 sequencing (32). We previously used this assay to identify SARS-CoV-2 and 

HCoV cross-reactive T cells in COVID-19 convalescent patients (19). Cross 

reactivity is defined by the functional expansion of the same CD4+ TCR 

clonotypes in response to multiple coronavirus peptides. 

We performed the ViraFEST assay using PBMCs from 3 donors (CCP4, VR36, 

and VR58) and peptides from 6 coronavirus- es (SARS-CoV2, HCoV-NL63, and 

MERS-CoV and NL63-related bat, 229E-related bat, and Chaerephon bat 

coronaviruses) (Figure 4.4). In all donors tested, we found multiple cross-reactive 

T cells that recognized S815-827 and homologous bat coronavirus peptides 

(Figure 4.4 and 4.5). In CCP4, we found TCR clonotypes that recognized the 

SARS-CoV-2 peptide S815-827 and homologous peptides from HCoV-NL63, 

MERS-CoV, 229E-relat- ed bat virus, and Chaerephon bat coronavirus (Figure 

4.4A, indicated in green). Similarly, cross-reactive T cells were observed in VR58 

(Figure 4.3B), such as a TCR clonotype that recognized all 6 coronavirus 

peptides tested (indicated in orange), and in VR36 (Figure 4.4C) such as a TCR 

clonotype that recognized S815-827 and pep tides from HCoV-NL63, 229E-

related bat virus, and Chaerephon bat coronavirus (indicated in blue). CD4+ T 

cell clones specific to NL63-related bat coronavirus peptide were recognized 
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using the ViraFEST assay for VR36 and VR58, despite these donors having a 

negative result in IFN-γ ELISpot (Figure 4.1E). This may be because antigen-

specific expansion allows for the detection of memory T cell responses that are 

not picked up by the ELISpot assay. 

Since HCoV-HKU1 was recognized by all S815-827 responders with the IFN-γ 

ELISpot assay  (Figure 4.1D),  we  reasoned that cross-reactive clones identified 

with ViraFEST might also cross-recognize HCoV-HKU1. To test this, we 

expanded PBMCs from VR36 and 58 using HCoV-HKU1 peptide and performed 

the ViraFEST assay. We found that some but not all identified cross-reactive 

clones recognized HCoV-HKU1 (Figure 4.5). Interestingly, we also found cross-

reactive TCRs that did not recognize SARS-CoV2 but recognized other 

coronaviruses (Figure 4.6), suggesting that a subset of cross-reactive T cells might 

result from priming by prior HCoV exposure. 
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Figure 4.4: CD4+ T cell clonotypes that cross-recognize both S815-827 and 

homologous peptides from diverse coronaviruses are present in vaccinated 

donors. PBMCs isolated from three donors (CCP4, VR36 and VR58) were expanded 

for 10 days with S815-827 or homologous peptides from HCoV-NL63, MERS-CoV, NL63-

related bat, 229E-related bat, and Chaerephon bat coronavirus (CBC). HIV-1 Nef 
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peptides were included as a specificity control. Following culture, CD4+ T cells were 

isolated and TCR Vβ CDR3 sequencing was done to identify antigen-specific memory T 

cells that expanded in response to relevant antigen (Vira-FEST assay). Cross-reactivity 

was defined by the functional expansion of the same CD4+ TCR clonotypes in response 

to multiple coronavirus peptides. Peptide co-culture was done in triplicate. Data are 

shown as the (%) frequency after culture (y axis) of antigen-specific CD4+ T cell 

clonotypes (z axis) for all peptide pools tested (x axis). Solid colors represent significant 

clonotypic expansion in response to the indicated antigenic peptide pool(s), whereas 

translucent colors indicate the clonotype was present at low frequency in the well, but 

did not significantly expand. Gray colors indicate the relevant TCR clonotype was not 

detected in that well. Different colors indicate different patterns of cross-reactive T cells 

shown in a key above each figure. Cross-reactive clones for CCP4 (A), VR58 (B), and 

VR36 (C) are shown, with different patterns of cross-reactive T cells color coordinated. 

NL63-Bat = NL63-related Bat, 229E-Bat = 229E-related Bat, CBC = Chaerephon bat 

coronavirus, HIV = HIV-1 Nef  
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Figure 4.5: Cross-reactive CD4+ T cell clonotypes that react to diverse 

coronaviruses are found in vaccinated donors. PBMCs were expanded for 10 days 

with S815-827 or homologous peptides from HCoV-NL63, MERS-CoV, NL63-related bat, 

229E-related bat, and Chaerephon bat coronavirus (CBC) (shown on Figure 4.1). On 

separate timepoint, PBMCs were expanded with HCoV-HKU1. HIV-1 Nef peptides were 

included as a specificity control at both timepoints. Following culture, CD4+ T cells were 

isolated and TCR Vβ CDR3 sequencing was done to identify antigen-specific memory T 

cells that expanded in response to relevant antigen (VIRA-FEST assay). Cross-
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reactivity was defined by the functional expansion of the same CD4+ TCR clonotypes in 

response to multiple coronavirus peptides. Peptide co-culture was done in triplicate. 

Data are shown as the (%) frequency after culture (y axis) of antigen-specific CD4+ T 

cell clonotypes (z axis) for all peptide pools tested (x axis). Solid colors represent 

significant clonotypic expansion in response to the indicated antigenic peptide pool(s), 

whereas translucent color indicates the clonotype was present at low frequency in the 

well, but did not significantly expand. Gray indicates the relevant TCR clonotype was 

not detected in that well. Cross-reactive clones for VR36 (A), and VR58 (B) are shown, 

with different patterns of cross-reactive T cells color coordinated. NL63-Bat = NL63-

related Bat, 229E-Bat = 229E-related Bat, CBC = Chaerephon bat coronavirus, HIV = 

HIV-1 Nef 
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Figure 4.6: Cross-reactive CD4+ T cell clonotypes that react to diverse 

coronaviruses (excluding S815-827) are found in vaccinated donors. PBMCs were 

expanded for 10 days with S815-827 or homologous peptides from HCoV-NL63, MERS-

CoV, NL63-related bat, 229E-related bat, and Chaerephon bat coronavirus (CBC). On 

separate timepoint, PBMCs from VR36 and 58 were expanded with HCoV-HKU1. HIV-1 
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Nef peptides were included as a specificity control at both timepoints.  Following culture, 

CD4+ T cells were isolated and TCR Vβ CDR3 sequencing was done to identify 

antigen-specific memory T cells that expanded in response to relevant antigen (VIRA-

FEST assay). Cross-reactivity was defined by the functional expansion of the same 

CD4+ TCR clonotypes in response to multiple coronavirus peptides. Peptide co-culture 

was done in triplicate. Data are shown as the frequency (%) after culture (y axis) of 

antigen-specific CD4+ T cell clonotypes (z axis) for all peptide pools tested (x axis). 

Solid bars represent significant clonotypic expansion in response to the indicated 

antigenic peptide pool(s), whereas translucent color indicates the clonotype was present 

at low frequency in the well, but did not significantly expand. Gray indicates the relevant 

TCR clonotype was not detected in that well. Colors indicate different patterns of cross-

reactive T cells. Cross-reactive clones for CCP4 (A), VR58 (B), and VR36 (C) are 

shown, with different patterns of cross-reactive T cells color coordinated. NL63-Bat = 

NL63-related Bat, 229E-Bat = 229E-related Bat, CBC = Chaerephon bat coronavirus, 

HIV = HIV-1 Nef 
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Table 4.1: List of coronaviruses peptides and sequences used in this study 

 
 
 
 
 
Table 4.2: S815-827 is identical in sequence between SARS-CoV-2 and SARS-
related coronaviruses in the subgenus sarbecovirus and genus betacoronavirus 
listed. 

 

 
 
 

# Name  Host Genus  Subgenus  Accession # Sequence  

1 SARS CoV 
2 

Human Betacoronavirus Sarbecovirus MN908947.3 RSFIEDLLFNKVT 

2 SARS CoV Human Betacoronavirus Sarbecovirus P59594 RSFIEDLLFNKVT 
3 MERS CoV Human Betacoronavirus Merbecovirus AKN11071  RSAIEDLLFDKVT 
4 HCoV NL63 Human Alphacoronavirus Setracovirus APF29063  RSALEDLLFSKV

V 
5 HCoV 229E Human Alphacoronavirus Duvinacovirus AGT21367  RSAIEDILFSKLV 
6 HCoV OC43 Human Betacoronavirus Embecovirus AXX83381  RSAIEDLLFDKVK 
7 HCoV HKU1 Human Betacoronavirus Embecovirus  AYN64561  RSLLEDLLFNKVK 

8 Chaerephon 
bat  

Bat Alphacoronavirus unclassified  ADX59495.1 RSFIEDLLFDKVV 

9 NL63-
related bat  

Bat Alphacoronavirus Setracovirus APD51483.1 RSFVEDLLFDKV
V 

10 229E-
related bat  

Bat Alphacoronavirus Duvinacovirus ALK28767.1 RSAIEDILFSKVV 

11 Feline 
Coronavirus  

Feline Alphacoronavirus Tegacovirus ADC35472.1  RSAVEDLLFNKV
V 
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Table 4.3: Class II HLA alleles of vaccinated individuals who responded to S815-827.  

Donor Vaccine 
Type 

Days 
since 
2nd 

dose  
HLA Allele Predicted MHC-II Allele 

(IEDB analysis) 

# of 
positive 
coronavi

rus 
peptides 

VR17 BNT162b2 195 

DRB1*04:01, 07:01 
DRB4*01:03, 01:03N 
DQA1*03:01, 02:01 
DQB1*03:02, 03:03 
DPA1*01:03 
DPB1*03:01, 04:02 

DPA1*01:03/DPB1*04:02 7 

VR 25 BNT162b2 150 

DRB1*07:01, 13:01                              
DRB3* 02:02 
DRB4*01:01 
DQA1*02:01, 01:03 
DQB1*02:02, 06:03 
DPA1*01:03, 02:02 
DPB1*01:01, 02:01 

DPA1*02:02/DPB1*01:01 
DPA1*02:02/DPB1*02:01 
DPA1*01:03/DPB1*01:01 
DPA1*01:03/DPB1*02:01 

2 

VR36 BNT162b2 142 

DRB1*01:01, 15:01 
DRB5*01:01 
DQA1*01:01, 01:03 
DQB1*05:01, 06:01 
DPA1*01:03             
DPB1*04:01 

DPA1*01:03/DPB1*04:01   8 

VR40 mRNA-
1273 272 

DRB1*03:01, 15:01 
DRB3*01:01 
DRB5*01:01 
DQA1*05:01, 01:02 
DQB1*02:01, 06:02 
DPA1*01:03 
DPB1*04:01, 06:01 

DPA1*01:03/DPB1*04:01 
DPA1*01:03/DPB1*06:01 9 
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VR 41 BNT162b2 159 

DRB1*07:01,11:01 
DRB3*02:02 
DRB4*01:03N 
DQA1*02:01, 05:05 
DQB1*03:03, 03:01 
DPA1*01:03, 02:01 
DPB1*13:01, 04:01  

DPA1*01:03/DPB1*04:01  
DPA1*02:01/DPB1*04:01 
DPA1*02:01/DPB1*13:01 
DPA1*01:03/DPB1*13:01 

4 

VR58 BNT162b2 89 

DRB1*01:03, 13:05 
DRB3* 02:02 
DQA1*01:01, 05:05 
DQB1*05:01, 03:01 
DPA1*01:03 
DPB1*02:01, 04:01 

DPA1*01:03/DPB1*04:01 
DPA1*01:03/DPB1*02:01 7 

VR60 BNT162b2 73 

DRB1*01:03, 13:02 
DRB3*01:01, 03:01 
DQA1*05:01, 01:02 
DQB1*02:01, 06:04 
DPA1*01:03               
DPB1*02:01 

 
DPA1*01:03/DPB1*02:01 2 

VR80 BNT162b2 14 

DRB1*07:01, 12:01 
DRB3* 02:02         
DRB4* 01:01              
DQA1*02:01, 05:05 
DQB1*02:02, 03:01 
DPA1*01:03, 01:04 
DPB1*02:01, 15:01 

DPA1*01:04/DPB1*02:01 
DPA1*01:03/DPB1*15:01  
DPA1*01:04/DPB1*15:01 
DPA1*01:03/DPB1*02:01      

9 

VR82 BNT162b2 187 

DRB1*04:04, 13:01 
DRB3*01:01 
DRB4*01:03 
DQA1*03:01, 01:03 
DQB1*03:02, 06:03 
DPA1*01:03 
DPB1*06:01, 02:01 

DPA1*01:03/DPB1*02:01  
DPA1*01:03/DPB1*06:01 7 
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VR84 BNT162b2 100 

DRB1*04:01, 13:01      
DRB3 *02:02 
DRB4* 01:03 
DQA1*03:01, 01:03 
DQB1*03:02, 06:03 
DPA1*01:03 
DPB1*02:01, 04:02 

DPA1*01:03/DPB1*04:02 
DPA1*01:03/DPB1*02:01     4 

VR89 mRNA-
1273 98 

DRB1*01:02, 07:01 
DRB4*01:03 
DQA1*01:01, 02:01 
DQB1*05:01, 02:02 
DPA1*01:03, 02:01 
DPB1*02:01, 11:01 

DPA1*02:01/DPB1*02:01 
DPA1*02:01/DPB1*11:01 
DPA1*01:03/DPB1*11:01 
DPA1*01:03/DPB1*02:01 

6 

VR90 BNT162b2 105 

DRB1*04:04, 07:01 
DRB4*01:03, 01:03N 
DQA1*03:01, 02:01 
DQB1*03:02, 03:03 
DPA1*01:03  
DPB1*02:01, 04:01 

DPA1*01:03/DPB1*04:01  
DPA1*01:03/DPB1*02:01 5 

CCP3 mRNA-
1273 78 

DRB1*11:04, 13:03 
DRB3*01:62, 02:02 
DQA1*05:05, 03:03 
DQB1*03:01, 04:02 
DPA1*01:03, 02:02 
DPB1*04:01, 04:02 

DPA1*02:02/DPB1*04:02 
DPA1*01:03/DPB1*04:01 
DPA1*02:02/DPB1*04:01 
DPA1*01:03/DPB1*04:02 

6 

CCP4 mRNA-
1273 77 

DRB1*03:01, 04:02 
DRB3*01:01           
DRB4* 01:03    
DQA1*05:01, 03:01 
DQB1*02:01, 03:02 
DPA1*01:03   
DPB1*04:01 

DPA1*01:03/DPB1*04:01 10 
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CCP6 BNT162b2 161 

DRB1*03:01 
DRB3*01:01 
DQA1*05:01 
DQB1*02:01 
DPA1*01:03   
DPB1*04:01 

DPA1*01:03/DPB1*04:01 8 

 
 
 

4.5 Discussion  
 

Cross-reactive CD4+ T cells that can cross-recognize SARS-CoV-2 and endemic 

common cold coronaviruses (HCoVs) have been demonstrated in COVID-19 

unexposed donors, COVID-19 recovered individuals, and vaccine recipients (19-28). 

Recent evidence suggests that pre-existing HCoV / SARS-CoV-2 cross-reactive T cells 

in unexposed individuals might lead to better outcomes after COVID-19 infections (33), 

possibly because cross-reactive memory T cells have faster re-activation and kinetics 

that allow for robust responses to acute SARS-CoV-2 infection (31).  

In this study, we looked at T cell responses to a highly conserved region of 

SARS-CoV-2 spike (S815-827) in COVID-19 mRNA vaccine recipients. S815-827 is a highly 

conserved epitope in alpha and betacoronaviruses (29), and is identical in sequence in 

coronaviruses closely related to SARS-CoV-2 (Table 4.2). This degree of conservation 

suggests that S815-827 has an important functional role and might be less likely to be 

impacted by escape mutations, making it an appealing target for vaccine strategies. 

Our results, using IFN-γ ELISpot, show that 40% of vaccinated participants in our 

cohort mount T cell responses to S815-827, suggesting that a significant percentage of the 

population might have T cells reactive to this conserved coronavirus epitope. This is 
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consistent with a recent report from Loyal et al that showed that the 15-mer peptide 

S816-830 is immunodominant and is recognized by most vaccinated individuals (31). In 

their cohort, Loyal et al showed that S816-830 is targeted by 90% of vaccinated individuals 

using the activation induced marker (AIM+) assay, which detects antigen specific T cell 

activation regardless of cytokine production and expansive capacity. The AIM+ assay is 

likely more sensitive than IFN-γ ELISpot, leading to a higher percentage of vaccinated 

individuals recognizing the conserved epitope in Loyal et al. Furthermore, in our study, 

we might have underestimated the percentage of S816-830 responders because we 

looked at T cell responses in vaccinees up to 272 days post vaccination, and T cell 

responses may have waned.  

In their cohort, Loyal et al have showed that S816-830 is recognized by only 20% of 

unexposed donors, versus 50% of COVID19 convalescent patients and 90% of 

vaccinated individuals (31), suggesting that in most cases, S815-827 reactive T cells are 

induced or expanded by COVID-19 exposure. This is consistent with the fact that we did 

not find T cell responses to S815-827 with IFN-γ ELISpot in matched pre-vaccine samples 

from 3 study participants who had CD4+ T cells  post-vaccination. However, it is worth 

noting that our observation might be limited by reduced sensitivity of the IFN-γ ELISpot 

assay in pre-vaccine samples for which lower cell numbers were used due to limited cell 

availability. Furthermore, using the ViraFEST assay, we identified CD4+ T cell 

clonotypes that are cross-reactive to HCoVs and bat coronaviruses but do not recognize 

SARS-CoV-2 (Figure 4.6), suggesting that a subset of cross-reactive T cells might result 

from priming by prior HCoV exposure.  
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To our knowledge, no prior study has identified cross-reactive T cells that 

recognize peptides from bat coronaviruses. In our study, we show that most S815-827 

responders also recognized peptides from at least six other S815-827 homologous 

coronavirus peptides ex-vivo. Furthermore, we show that S815-827 specific T cell lines 

produce cytokines in response to re-stimulation with homologous peptides from bat 

coronaviruses. Finally, we identify truly cross-reactive T cells, by identifying CD4+ TCR 

clonotypes that functionally expand in response to both S815-827 and homologous bat 

coronaviruses with the ViraFEST assay. This provides evidence that some vaccinated 

individuals harbor SARS-CoV-2 and bat coronavirus cross-reactive T cells.  

Given the threat posed by future coronavirus pandemics, the development of 

pan-coronavirus strategies that can enhance protection against potentially zoonotic 

coronaviruses has garnered increased interest (7). Wang et al has shown an S2 fusion 

domain antibody that can cross-neutralize betacoronaviruses including MERS-CoV in 

animal models (34). Neutralizing antibodies targeting S2 fusion domain have also been 

described in CCPs (35) and have been shown to cross-neutralize other 

betacoronaviruses (36). Additionally, it’s been shown that BNT162b2 immunized 

individuals with prior SARS-CoV exposure develop antibodies that can cross-neutralize 

other sarbecoviruses (37). Collectively, these studies suggest that it might be possible 

to induce immunity against potentially zoonotic coronaviruses. However, to our 

knowledge, T cell responses to potentially zoonotic coronaviruses have not yet been 

studied.  

Our results suggest that a large percentage of individuals who received COVID-

19 mRNA vaccines have T cells that recognize bat coronavirus peptides, likely due to 
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cross-reactive T cells that target S815-827 and homologous bat coronavirus peptides. 

Additionally, we show that genetically diverse bat coronaviruses from the beta and 

alphacoronavirus genus can also be cross-recognized by T cells from vaccinated 

individuals. Our data support the hypothesis that current COVID-19 vaccinations might 

enhance protection against certain SARS-CoV-2 related bat coronaviruses. Further, our 

results provide insight into the development of pan-coronavirus vaccine strategies, such 

as mRNA vaccines that code for multiple diverse coronavirus peptides, that might have 

the ability to induce protection against multiple coronaviruses. 
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5 Chapter 5: mRNA vaccine-elicited SARS-CoV-2-specific T 
cells persist at 6 months and recognize the delta variant 

5.1 Abstract 

Little is known about the decay kinetics of coronavirus disease 2019 vaccine–elicited 

severe acute respiratory syndrome coronavirus 2–specific T cells. In this study we show 

a modest decline in the frequency of these T cells at 6 months and demonstrate robust 

expansion in response to antigen and recognition of spike peptides from the Delta 

variant. 

 

5.2 Introduction 

Recent studies have shown a decline in severe acute respiratory syndrome coronavirus 

2 (SARS-CoV-2)–specific neutralizing antibody titer 6 months after receipt of mRNA 

vaccines [1]. In contrast, little is known about the rate of decay of vaccine-elicited T 

cells. T cells protect against reinfection in macaques [2] and have been shown to 

recognize the Alpha and Beta variants as effectively as the vaccine strain [3–5], thereby 
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possibly providing protection against severe disease. Given the important role of these 

cells, it will be important to determine how long they persist after vaccination. In this 

study, we compared the frequency of SARS CoV- 2–specific T-cell responses at 2 

weeks and at 6 months postvaccination and measured the response of T cells to Delta 

variant spike peptides at 6 months. Our results have implications for vaccine boosting 

strategies. 

 

5.3 Methods 

We obtained blood from 21 study participants (13 men, 8 women). For 15 of these 

participants (10 men, 5 women), we obtained blood prior to vaccination and 

postvaccination at 7–14 days and 6 months after the second dose of the vaccine. 

Fourteen of these participants received the Pfizer-BioNTech (BNT162b2) vaccine and 1 

received the Moderna (mRNA-1273) vaccine. 

The median age of the participants was 41 years (range: 23 to 56 years). Informed 

consent was obtained from all study participants. Peripheral blood mononuclear cells 

(PBMCs) were isolated from whole blood using Ficoll centrifugation. Plasma was used 

to screen for natural infection with SARS-CoV-2 by testing for antibodies to the 

nucleocapsid protein with the Bio-Rad Platelia SARS-CoV-2 Total Antibody assay 

(Marnes-la-Coquette, France). We determined cellular immunity to the SARS-CoV-2 

spike protein by performing an interferon-γ (IFN-γ) Elispot assay with unfractionated 

PBMCs that were stimulated with a pool of overlapping SARS-CoV-2 spike peptides 

(BEI, Manassas, VA), as previously described [3]. The assay was also performed with 

CD8+ T-cell–depleted PBMCs to determine the relative contribution of CD4+ T cells and 
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CD8+ T cells to the cellular immune response. To compare recognition of spike proteins 

from the vaccine strain and the Delta variant, we stimulated PBMCs with overlapping 

spike peptide pools from both viruses at a concentration of 1 μg/mL (JPT, Berlin, 

Germany). To determine how effectively SARS-CoV-2– specific T cells proliferate in 

response to the vaccine strain spike peptide, PBMCs were stimulated with overlapping 

peptides or media alone in standard media with 10 units/mL of interleukin 2 (IL-2) for 

10–12 days and then washed and rested overnight in media alone for 24 hours. The 

cells were then stimulated for 12 hours in the presence of protein transport inhibitors 

(GolgiPlug, 1 μg/mL; GolgiStop, 0.7 μg/mL) and antibodies against CD28 and CD49d 

(all from BD Biosciences, Franklin Lakes, NJ) and then stained with annexin V (BD 

Biosciences) and antibodies to CD3 and CD4 (Biolegend) and then fixed and 

permeabilized and stained with antibodies to IFN-γ and tumor necrosis factor α (TNF-α; 

both from BD Biosciences). Flow cytometry was performed on a BD FACS LSRFortessa 

flow cytometer, and data were analyzed using FlowJo software, version 10. Data on a 

minimum of 100 000 events in the lymphocyte gate were collected and analyzed. All 

statistical analyses were performed using GraphPad Prism Software (version 9.2.0). For 

experiments requiring comparisons between 2 groups, a 2-tailed paired Student’s t test 

was used to determine significance. For experiments requiring multiple comparisons, a 

Friedman test with Dunn’s multiple comparison test was used. A P value of less than 

.05 was considered statistically significant. 

5.4 Results 
 
We previously determined that the frequency of T cells that recognized spike peptides 

was extremely low prior to vaccination, with a median of 2.7 spot forming units (SFU) 
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per million PBMCs [3]. This frequency had increased to a median of 237 SFU per million 

PBMCs at day 7 to day 14 postvaccination [3]. At 6 months, the SFU had decreased to 

122 SFU per million PBMCs, a number that was still significantly higher than the 

prevaccination level (day 0) (Figure 5.1A). In order to determine whether these 

responding cells were predominantly CD4+ or CD8+ T cells, we depleted CD8+ T cells 

from PBMCs and repeated the Elispot assay. As reported earlier, depletion of CD8+ T 

cells resulted in higher responses, suggesting that the responses were predominantly 

driven by CD4+ T cells. There was a median of 260 SFU per million cells at 7 to 14 days 

postvaccination [3], and at 6 months the response had declined to 166 SFU per million 

cells (Figure 5.1B). This number was significantly higher than the prevaccination level 

and not statistically different from the frequency present at days 7 to 14. We asked 

whether the 

cells present at the 6-month time point were capable of proliferating in response to 

stimulation with the spike peptides. To do this, we cultured PBMCs with spike peptides 

or media alone for a 10- to 12-day period to allow for the cells to proliferate, followed by 

restimulation with the peptide for 12 hours in order to induce cytokine expression. 

mRNA for the nucleocapsid gene is not included in the vaccines; therefore, we used a 

pool of peptides from this protein as a specificity control. As shown in Figure 5.1C, there 

was a low frequency of CD4+ T cells that co-expressed TNF-α and IFN-γ in response to 

spike peptides after the cells had been cultured with media alone (median of 0.01%). In 

contrast, after stimulation with spike peptides for 10 days, there was a marked increase 

in the frequency of spike specific CD4+ T cells (median of 2.37%). There was no 

significant difference in the frequency of expanded cells that were detected at days 7–
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14 and 6 months postvaccination (Figure 5.1D). Finally, we asked whether the spike-

specific cells present at 6 months postvaccination would also recognize spike proteins 

from the Delta variant virus, which is currently the predominant circulating virus. As 

shown in Figure 5.1E, there was no significant difference in the frequency of T cells that 

recognized spike peptide pools from the vaccine strain versus the Delta variant (median 

of 54.6 SFU vs 82 SFU per million PBMCs, 
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Figure 5.1: T cell responses of COVID-19 mRNA vaccinated individuals at 

different timepoints. The number of SFU per million cells generated in response to 

stimulation with spike peptides is shown at different time points for unfractionated 

PBMCs (A) and CD8-depleted PBMCs (B). Values from study participants who received 
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the BNT162b2 vaccine are shown as circles and values from the study participant who 

received the mRNA-1273 are shown as a star. Horizontal bars represent the median 

value. (C) Flow cytometry plot showing co-expression of TNF-α and IFN-γ of CD4+ T 

cells after 10–12-day preculture with either media alone or with SARS-CoV-2 spike 

peptides followed by 12-hour stimulation with media alone, spike peptides, or 

nucleocapsid peptides. (D) The percentage of cells co-expressing both cytokines in 

response to media preculture followed by spike peptide stimulation (media, spike) 

versus spike peptide preculture and spike peptide stimulation (spike, spike) at different 

time points. (E) The number of SFU generated in response to stimulation with spike 

peptides from the vaccine strain or Delta variant viruses. 0.1234 (ns), 0.0332 (∗), 0.0021 

(∗∗), 0.0002 (∗∗∗), <0.0001 (∗∗∗∗). Abbreviations: IFN-γ, interferon-γ; ns, nonsignificant; 

PBMC, peripheral blood mononuclear cell; SARS-CoV-2, severe acute respiratory 

syndrome coronavirus 2; SFU, spot forming units; TNFα, tumor necrosis factor α. 

 
5.5 Discussion  
 

Recent studies have shown a decline in the titer of neutralizing antibodies 6 months 

after vaccination [1]. Furthermore, the Delta variant, which is the predominant variant of 

concern currently in circulation, is not fully neutralized by antibodies generated by 

current mRNA vaccines [6, 7]. These 2 factors may partially explain breakthrough 

infections of vaccinated individuals, especially given the correlation of breakthrough 

infections with lower neutralizing antibody titers [8]. 

mRNA vaccines elicit strong SARS-CoV-2–specific T-cell responses [9, 10]. Studies 

have suggested that SARS-CoV-2– specific T cells play a protective role in natural 
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infection and in vaccinated individuals [11]. Direct evidence for a role of T cells in 

protection comes from studies showing that depletion of CD8+ T cells in convalescent 

rhesus macaques partially abrogates the resistance of these animals to SARS-CoV-2 

reinfection [2]. However, it is not known how long vaccine-induced T cells remain in 

circulation. Naive T cells normally expand in response to recognition of cognate antigen 

and develop into effector and memory T cells. The frequency of effector T cells will 

decline with time, but a low percentage of memory cells will persist and expand if the 

same antigen is encountered again. 

Here we showed a modest decline in total and SARS-CoV-2– specific T cells 6 months 

after vaccination. These cells expanded to much higher frequencies following a 10-day 

culture period, which is consistent with a memory T-cell phenotype. We also show that 

vaccine-generated T cells recognize spike peptides from the Delta variant as efficiently 

as spike peptides from the vaccine strain, which is consistent with prior studies showing 

that T cells recognize many epitopes in the spike protein that are not affected by 

mutations present in the Alpha and Beta variants [3–5]. The persistence of T cells that 

can recognize variants of concern could potentially explain the protection from severe 

disease that has been reported in vaccine breakthrough infections [12]. 

Our study is limited by a relatively small number of study participants, but by analyzing 

longitudinal samples we show preservation of T-cell responses in vaccinated individuals 

at 6 months and we also demonstrate efficient T-cell recognition 

of the Delta variant spike peptides. Our data further the understanding of the immune 

response to the SARS-CoV-2 mRNA vaccines. The robust expansion of T cells in 
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response to stimulation with spike peptides suggests that booster shots should 

successfully increase the frequency of SARS-CoV-2–specific T cells in circulation. 
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6 Chapter 6: COVID-19 mRNA Vaccine-induced T cells 
recognize the Omicron variant  

 
6.1 Abstract 
We compared antibody and T cell responses to the SARS-CoV-2 vaccine strain spike 

and Omicron variant spike protein in 15 mRNA vaccine recipients. While these 

individuals had significantly lower levels of antibodies that inhibit Omicron spike protein 
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binding to ACE2, T cell responses to vaccine strain and omicron variant were 

comparable. 

 
6.2 Introduction 
 
The Omicron variant was first reported in November 2021 by scientists in South Africa 

[1]. The variant contains more than 50 mutations including 33 in the spike protein and 

studies show that this results in evasion of vaccine-elicited neutralizing antibodies [2, 3].  

However, less is known about how these mutations impact the T cell response to the 

virus. We compared antibody and T cell responses to the vaccine strain and Omicron 

variant spike proteins in 15 mRNA vaccine recipients (VRs). Our data may partially 

explain the clinical outcomes seen in VRs with breakthrough Omicron variant infection. 

 
6.3 Methods 
 
We obtained blood from 15 VRs. Twelve of these VRs received the Pfizer-BioNTech 

(BNT162b2) vaccine, 3 received the Moderna (mRNA-1273) vaccine, 13 received a 

booster vaccine. The median age of the participants was X years (range: 23 to 56 

years). Informed consent was obtained from all study participants.  

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using 

Ficoll centrifugation. Plasm antibody responses were measured using the Meso Scale 

Discoveries pseudoneutralization/ACE2 inhibition assay (Rockville, Maryland, USA), 

which measures the ability of participant plasma to inhibit ACE2 binding to spike 

proteins from the vaccine strain and multiple VOCs. The levels of inhibiting antibody 

measured with this assay correlate well with culture-based neutralization assays [4]. 

The assay was performed with plasma diluted at 1:100 as previously described [4]. 
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We determined cellular immunity to the SARS-CoV-2 spike protein by performing an 

interferon-γ (IFN-γ) Elispot assay with unfractionated PBMCs as previously described 

[5]. The assay was also performed with CD8+ T-cell–depleted PBMCs to determine the 

relative contribution of CD4+ T cells and CD8+ T cells to the cellular immune response. 

To compare recognition of spike proteins from the vaccine strain and the Omicron 

variant, we stimulated PBMCs with overlapping spike peptide pools from both viruses at 

a concentration of 1 μg/mL (JPT, Berlin, Germany).  Both spike peptide pools were 

made up of of 315 peptides that were mostly 15 amino acids long with an overlap of 11 

amino acids. T cell responses to overlapping peptide pools of nucleocapsid protein at 

10ug/ml (BEI, Manassas, VA) using INF-γ ELISpot were also measured to rule out prior 

natural infections. 

 Statistical comparisons were done using GraphPad Prism 9.2.0. Comparisons were 

made with One-way ANOVA with Geisser-Greenhouse correction Dunnet’s multiple 

comparison test was done, with individual variances computed for each comparison. P 

value < 0.05 was considered significant 

 
6.4 Results 
The level of antibodies in VR plasma that inhibited the binding of ACE2 to spike proteins 

from the Alpha, Beta, Delta and Omicron variants were significantly lower than the level 

of antibodies that inhibited the binding of ACE2 to the vaccine strain spike protein. 

ACE2 binding to the Omicron spike protein was least inhibited by the VR plasma (Figure 

6.1A). 

In contrast, the VRs made robust T cell responses to peptide pools from both vaccine 

strain and Omicron spike proteins (Figure 6.1B). Interestingly, depletion of CD8+ T cells 
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did not result in a significant decrease in the total T cell response to both sets of spike 

peptides implying that CD4+ T cells were the major producers of IFN-y in the assay 

(Figure 6.1C). There was a strong correlation between T cell responses to spike 

peptides from the vaccine strain and the omicron variant with both unfractionated 

(Figure 6.1D) and CD8 depleted T cells (Figure 6.1E) suggesting that there was cross 

recognition of the epitopes in the 2 proteins. None of the VRs had T cell responses to 

nucleocapsid peptides suggesting that there were no cases of asymptomatic infection. 
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Figure 6.1:Antibody and T cell responses to vaccine strain and Omicron variant 

spike proteins. The level of antibodies that inhibit ACE2 binding to spike are shown for 

the vaccine strain, and different variants of concern (A). The number of SFU per million 

cells generated in response to stimulation with vaccine strain or Omicron variant spike 

peptides or nucleocapsid peptides (S2N) is shown for unfractionated PBMCs (B) and 

CD8-depleted PBMCs (C). Horizontal bars represent the median value. The frequency 

of SFU per million cells generated in response to stimulation with the vaccine strain 

spike peptides is compared to the frequency of SFU per million cells generated in 

response to Omicron variant spike peptides for PBMCs (D) and CD8-depleted PBMCs 

(E).  0.1234 (ns), 0.0332 (∗), 0.0021 (∗∗), 0.0002 (∗∗∗), <0.0001 (∗∗∗∗). Abbreviations: 

IFN-γ, interferon-γ; ns, nonsignificant; PBMC, peripheral blood mononuclear cell; SFU, 

spot forming units. 
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6.5 Discussion 
 
In this study we compared antibody and T cell responses in mRNA vaccine recipients. 

We found lower levels of antibodies that inhibited the binding of ACE2 to the Omicron 

spike protein consistent with prior studies [2, 3]. In contrast, T cells from the vaccine 

recipients recognized overlapping peptides from both proteins.  Studies that have 

analyzed the epitopes targeted by T cells from patients with natural infection have 

concluded that the breadth of the response makes escape by a variant unlikely [6]. 

Furthermore, mRNA vaccine-elicited T cells have been shown to recognize prior SARS-

CoV-2 variants [5, 7].  Gao et al recently reported T cell cross-recognition of Omicron 

spike peptides by convalescent COVID-19 patients and mRNA vaccine recipients [8].  

Other recent studies have reported similar findings [9- 11]. We confirm this T cell 

mediated recognition of the Omicron variant and extend the findings by directly 

comparing these responses to functional antibody responses in the same individuals. 

The ability of the Omicron variant to evade antibody responses may explain why 

breakthrough infections are seen even in boosted vaccine recipients [12]. However, the 

strong T cell responses seen in vaccine recipients may provide protection against 

severe disease in these individuals. The correlation between T cell responses to the 

vaccine strain and Omicron variant spike proteins is likely due to cross recognition of 

epitopes in spite of the large number of mutations present in the Omicron variant. This 

lack of significant T cell escape by Omicron and prior variants may suggest that mRNA 

vaccine-elicited T cell responses may be effective against future variants of concern that 

evade antibody responses. 
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boosted vaccine recipients with breakthrough infections 
during the Omicron variant surge 

 



 
 

150 

7.1 Abstract 
 
 Breakthrough SARS-CoV-2 infections in vaccinated individuals have been 

previously associated with suboptimal humoral immunity. However, less is known about 

breakthrough infections with the Omicron variant. We analyzed SARS-CoV-2 specific 

antibody and cellular responses in healthy vaccine recipients who experienced 

breakthrough infections a median of 50 days after receiving a booster mRNA vaccine 

with an ACE2 binding inhibition assay and an ELISpot assay respectively. 

 We found high levels of antibodies that inhibited vaccine strain spike protein 

binding to ACE2 but lower levels that inhibited Omicron variant spike protein binding to 

ACE2 in four boosted vaccine recipients prior to infection. The levels of antibodies that 

inhibited vaccine strain and Omicron spike protein binding after breakthrough in 18 

boosted vaccine recipients were similar to levels seen in COVID-19 negative boosted 

vaccine recipients. In contrast, boosted vaccine recipients had significantly stronger T 

cells responses to both vaccine strain and Omicron variant spike proteins at the time of 

breakthrough. Our data suggest that breakthrough infections with the Omicron variant 

can occur despite robust immune responses to the vaccine strain spike protein. 

 
7.2 Introduction 
 
 The Omicron variant of concern (B.1.1.529) was identified in November 2021 in 

South Africa and has since spread across the globe replacing the Delta variant as the 

dominant strain (1). Omicron has over 50 mutations in its genome, with over 30 mutations 

residing in the spike protein (1). There is evidence that Omicron is more transmissible (1) 

and infectious (2) than previous variants of concern (VOCs). Moreover, Omicron 

effectively evades vaccine-elicited neutralizing antibodies, with two doses of COVID-19 
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mRNA vaccine inducing minimal antibody responses that can cross-neutralize Omicron 

(3-8). Booster doses enhance levels of omicron neutralizing antibodies, however, these 

responses remain 4 to 6 times lower than responses to vaccine strain spike protein (3-6). 

Unlike neutralizing antibodies, vaccine-induced T cell responses can cross-recognize the 

omicron spike protein (9-15) and this may partially explain protection against severe 

disease.  

 COVID-19 mRNA vaccines have strong efficacy against prior VOCs including the 

Delta variant, however the efficacy is much lower against the Omicron variant after a 

two-dose COVID-19 mRNA vaccination regimen (16-19). One study found that vaccine 

efficacy against the Omicron variant infection was 44% at 14-90 days following the 

second dose, and declined dramatically over time (16). A second study found vaccine 

effectiveness against symptomatic infection after two BNT162b2 doses was 65.5% at 2 

to 4 weeks, but dropped to 8.8% after 25 weeks (19). 

A third vaccine dose increases protection from all VOCs, however efficacy 

against the Omicron variant remains much lower compared to the Delta variant and 

declines over time. Andrews et al. reported that vaccine effectiveness against 

symptomatic Omicron variant infection increased to 67.2% at 2 to 4 weeks after a 

BNT162b2 booster dose before declining to 45.7% at 10 weeks (19). In another study, 

Tseng et al showed that vaccine effectiveness against infection 2 months after a 

booster dose was 86% against the Delta variant and 47% against the Omicron variant 

(16).  

 Breakthrough infections with the Alpha variant in fully vaccinated individuals have 

been associated with lower titers of neutralizing antibodies (20-22) and less robust T cell 
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responses (23). However, given that the Omicron variant has more mutations and evades 

neutralizing antibody responses better than prior VOCs, the mechanisms of Omicron 

variant breakthrough infections are likely different. Thus, it is important to analyze immune 

responses prior to and following Omicron variant breakthrough infections in fully 

vaccinated as well as boosted individuals.  

 In this study, we determined antibody and T cells responses following breakthrough 

infections in 18 boosted VRs during the Omicron variant surge. Importantly, we were able 

to study immune responses in four VRs prior to breakthrough infections. Our data 

advance our understanding of breakthrough infections in vaccinated individuals. 

 
 
7.3 Methods 
 
Study participants.  

Breakthrough vaccine recipients (VRs) refers to study participants who experienced 

breakthrough infections after full vaccination followed by an additional booster dose. 

The 18 breakthrough VRs had no comorbidities and a mean age of 30 years (range 23 

to 62 years). 14 of these VRs were female and 4 were male. Informed consent was 

obtained from all participants. COVID-19 diagnosis was made by PCR on sputum or 

nasal swab specimens in 14 participants and by an antigen test in 4 participants. All 

infected participants experienced mainly mild upper respiratory tract symptoms. 

Fourteen of the breakthrough VRs received three doses of the BNT162b2 (Pfizer) 

vaccine, three received an initial dose of the Ad26.COV2 (Johnson & Johnson) vaccine 

followed by a booster dose of the mRNA1273 (Moderna) vaccine and one received the 

three doses of the mRNA1273 vaccine (Table 7.1). The median time between the 
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receipt of the booster dose and the onset of symptoms was 50 days (range 14 to 92 

days) for all 18 VRs. The median time between symptom onset and sampling for 

immune response analysis was 11 days (range 6 to 19 days). As part of a separate 

analysis, we also obtained samples from 5 boosted VRs at early (median 3 days after 

the onset of symptoms, range 1 to 4 days) and later (median 8 days, range 6 to 10) time 

points. Furthermore, we tested pre-infection immune responses in 4 boosted VRs 

(VR21, 26, 37, 97) between 5 to 21 days after the booster vaccine dose. The median 

time to symptom onset for these four subjects was 45 days (range 32 to 76). More 

information on breakthrough VRs is presented in Table 7.1.  

Breakthrough VRs were compared to boosted study participants with no prior history of 

COVID-19 infections (termed post-boost VRs). For post-boost VRs, the first cohort was 

sampled 1-3 weeks following booster shots (n=31). 15/31 of these participants were 

female. 28 participants received three doses of BNT162b2 vaccine, 1 received 3 doses 

of mRNA1273  vaccine, 2 received two doses of BNT162b2 vaccine followed by a 

mRNA1273 booster dose. Age of study participants ranged from 21-60, with 10 

participants being 21-30, 7 participants being 21-40, 7 participants being 41-50 and 

remaining 7 participants being 51-60.  

A second cohort of post-boost VRs were samples 1-3 months following booster doses 

(n=13) and had no prior history of COVID-19 infections. 7/13 were female. 11 received 

three doses BNT162b2 vaccinations, 1 received three doses of mRNA1273, and 1 

received two doses of BNT162b2 followed by an mRNA1273 booster shot. Age ranged 

from 21-60, with 7 participants age 21-30, 2 participants being 31-40, 2 participants 

being 41-50, and 2 being 51-60. 
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A third cohort of post-boost VRs were sampled 1-4 weeks following booster doses and 

were used for T cell responses comparisons for the Omicron variant (n=11). 6 out of 11 

were female. All participants received three doses of BNT162b2. Age ranged from 21-

60, with 4 being 21-30, 2 being 31-40, 4 being 41-50 and 1 being 51-60. 

A cohort of VRs who received full doses of vaccination with no prior history of COVID-

19 infections and sampled greater than 6 months following their second dose of 

vaccination (termed pre-boost VRs, n=21) were also used for comparisons. 10 out of 21 

donors were female. 20 received two doses of BNT162b2 and 1 received mRNA1273. 

Age ranged from 21-60, with 7 being 21-30, 5 being 31-40, 5 being 41-50 and 4 being 

51-60. 

Spike-binding antibody assay.  

The Euroimmun Anti-SARS-CoV-2 immunoglobulin G (IgG) ELISA assay 

(MountainLakes, New Jersey, USA) was used to measure the titer of binding antibody 

to the vaccine-strain spike protein as previously described (25). Antibodies to the 

nucleocapsid protein were measured with the Bio-Rad Platelia SARS-CoV-2 Total Ab 

assay (Marnes-la-Coquette, France) and used to rule out asymptomatic infection. 

Seven VRs had positive responses at the time of breakthrough and two others had 

indeterminate responses (Figure 7.6C). Interestingly, 16 of 17 breakthrough VRs had 

detectable T cell responses to the nucleocapsid peptide pool at this time point (Figure 

7.6D).  

Receptor Binding Domain (RBD) Binding Assay.  

Antibodies against the receptor binding domain (RBD) of SARS-CoV-2 were measured 

in plasma using the Meso Scale Diagnostics (MSD, Rockville, MD) Coronavirus Panel 3 
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IgG kit at a dilution of 1:5000 according to the manufacture’s protocol. This is an 

electrochemoluminescent sandwich ELISA-based assay used in multiple studies of 

SARS-CoV-2 antibodies (26). Each sample was measured in duplicate. Plates were 

read on a MESO QuickPlex SQ 120 and arbitrary units (AU) were calculated using 

the MSD Discovery Workbench software according to the manufacturer’s 

protocol. Conversion to WHO binding antibody units (BAU) were performed by 

multiplying AU by the manufacturer’s verified conversion factor. Seropositivity cutoffs for 

SARS-CoV-2 specific antibodies were provided by the manufacturer and are based on 

convalescent samples. Data is presented on a log scale. 

ACE2/Spike inhibition assay.  

The Meso Scale Discovery (MSD) ACE2 inhibition assay measures the ability of plasma 

to inhibit ACE2 binding to full-length spike protein, a surrogate measure 

of neutralization). Previous data have indicated that a cutoff of 20% ACE2 inhibition is 

associated with measurable live virus neutralizing antibody, including versus variants of 

concern (26). Briefly, plasma from study participants was thawed and ACE2 inhibition 

was measured using the ACE2 MSD V-PLEX SARS-CoV-2 23 kits according to the 

manufacturers’ protocol at a dilution of 1:100. Specifically, plates were pre-coated by 

the manufacturer with spike proteins corresponding to variants of interest (i.e., 

expressing key mutations). The plates were washed and incubated with plasma for one 

hour followed by the addition of human ACE2 protein conjugated with a SULFO-TAG 

(light-emitting label) for another hour. The plates were then washed, read buffer 

added, and the plates were read with a MESO QuickPlex SQ 120 instrument per the 

manufacturer’s instructions. If the plasma fully bound the coated spike protein and 
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blocked binding of the added ACE2, then no light was emitted during the electrical 

stimulation phase of the assay, corresponding to 100% ACE2 inhibition (full surrogate 

neutralization). Whereas, if there was no effective binding of spike by plasma, then the 

SULFO-TAG ACE2 fully bound the coated spike protein and illuminated during 

activation of the chemiluminescent plate, corresponding to 0% inhibition. At least four 

wells were left blank for calibration to 0% inhibition. Results were reported as 

percent ACE2 inhibition based on the equation provided by the manufacturer (1 

– Average sample ECL/Average ECL signal of blank well) x100. 

 

ELISpot assay. 

 The interferon-gamma ELISpot assay was used to analyze T cell responses to SARS-

CoV-2 spike and nucleocapsid peptide pools (BEI Resources Manassas, VA) and the 

S1 subunit of the vaccine strain and Omicron variant spike proteins (Genscript Biotech 

Corporation, Piscataway, NJ). Patient peripheral blood mononuclear cells were 

incubated with peptides for 20-24 hours or with the spike proteins for 36-40 hours 

before the plates were developed as previously described (29).  

Statistics.  

Statistical analyses were performed with Graph Pad Prism in 9.2.0. Statistical tests 

performed on figure legends. If unpaired, statistical comparisons were done using 

Ordinary one-way ANOVA and Holm-Sidak’s mulitiple comparison test, with a single 

pool variance used. Paired analyses were done using RM one-way ANOVA with 

Geisser-Greenhouse corrections and Sidak’s multiple comparison test, with individual 
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variances computed for each comparison. P values < 0.05 were considered significant. 

*(0.0332), **(0.0021), ***(0.0002), **** (<0.0001). 

 

 Study approval. 

 The study was approved by the IRB of Johns Hopkins University. Written informed 

consent was obtained from all study participants prior to their inclusion in the study. 

 
Table 7.1: List of vaccine recipients who experienced breakthrough infections 
after booster shots (breakthrough VRs) 

  Vaccine 
recipient  

Days 
between 
booster 
shot and 
symptom 

onset 

Days 
between 
symptom 
onset and 

blood draw  

Days 
between 
booster 
shot and 

blood 
draw 

Full vaccine 
regimen 

Booster 
dose 

1 VR6 81 17 98 BNT162b2 (Pfizer) BNT162b2 
(Pfizer) 

2 VR21 76 6 82 BNT162b2 (Pfizer) BNT162b2 
(Pfizer) 

3 VR26 60 11 71 BNT162b2 (Pfizer) BNT162b2 
(Pfizer) 

4 VR37 40 9 49 BNT162b2 (Pfizer) BNT162b2 
(Pfizer) 

5 VR97 32 7 39 BNT162b2 (Pfizer) BNT162b2 
(Pfizer) 

6 VR98 64 11 75 BNT162b2 (Pfizer) BNT162b2 
(Pfizer) 

7 VR99 60 16 76 Ad26.COV2 
(Johnson & Johnson)  

mRNA127
3 

(Moderna)  
8 VR100 50 7 54 Ad26.COV2 

(Johnson & Johnson)  
mRNA127

3 
(Moderna)  

9 VR101 66 8 69 BNT162b2 (Pfizer) BNT162b2 
(Pfizer) 

10 VR102 76 14 90 BNT162b2 (Pfizer) BNT162b2 
(Pfizer) 

11 VR103 48 19 67 BNT162b2 (Pfizer) BNT162b2 
(Pfizer) 

12 VR104 14 12 26 BNT162b2 (Pfizer) BNT162b2 
(Pfizer) 
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7.4 Results 
 
Breakthrough VRs have high levels of vaccine strain spike binding antibodies: 

We tested antibody levels in 18 individuals with breakthrough infections who had 

received a booster mRNA vaccine (referred hereafter as breakthrough VRs). 15 

breakthrough VRs received mRNA COVID-19 vaccinations and boosters, and 3 

received the Ad26.COV2 (Johnson & Johnson) vaccine followed by an mRNA vaccine 

booster. The median time between the receipt of the booster dose and the onset of 

symptoms was 50 days (range 14 to 92 days). The median time between symptom 

onset and sampling was 11 days (range 6 to 19 days).  For four breakthrough VRs 

(VR21, VR26, VR37 and VR97), we analyzed immune responses between 5 to 21 days 

after the booster vaccine dose and prior to breakthrough infection. The study design is 

illustrated in Figure 7.1A and information on the breakthrough VRs is presented in Table 

7.1. While we were not able to document infection with the Omicron strain in 

breakthrough VRs, the participants were infected when this VOC accounted for more 

than 90% of the SARS-CoV-2 isolates sequenced at the Johns Hopkins Hospital during 

the 22-day time frame in late December 2021 to mid-January 2022 when the VRs 

13 VR105 83 7 90 BNT162b2 (Pfizer) BNT162b2 
(Pfizer) 

14 VR106 14 11 25 BNT162b2 (Pfizer) BNT162b2 
(Pfizer) 

15 VR107 34 10 44 Ad26.COV2 
(Johnson & Johnson)  

mRNA127
3 

(Moderna)  
16 VR110 92 7 99 BNT162b2 (Pfizer) BNT162b2 

(Pfizer) 
17 VR111 46 11 57 BNT162b2 (Pfizer) BNT162b2 

(Pfizer) 
18 VR113 56 10 66 mRNA1273 

(Moderna)  
mRNA127

3 
(Moderna)  
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became symptomatic (24, Figure 7.1B). In addition, we tested immune responses in 

individuals prior to receiving booster doses more than 6 months following their second 

mRNA vaccine (referred here after as pre-boost VRs). Furthermore, we tested immune 

responses in individuals who had no history of COVID-19 and who received booster 

doses (referred to as post-boost VRs), at either 1-3 weeks or 1-3 months following their 

booster vaccination. 

 

Figure 7.1: Design of observational study of breakthrough boosted vaccine 

recipients. (A) Observational study design. (B) The frequency of Omicron cases 

among sequenced SARS-CoV-2 isolates at Johns Hopkins Hospital during the study 

period. 

As expected, binding antibodies against vaccine strain spike (Figure 7.2A) and the 

receptor binding domain (Figure 7.2B) were significantly higher in post-boost VRs 

compared to pre-boost VRs as measured by the Euroimmun (25) and Meso Scale 

Discovery binding assays respectively. In the four donors for which we have pre-

breakthrough samples (VR21, VR26, VR37 and VR97), antibody levels 1-3 weeks after 
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boosting were comparable to the post-boost levels seen in post-boost VRs, indicating 

that these breakthrough VRs had strong peak antibody responses following booster 

doses (Figure 7.2A, 7.2B). Because post-boost VRs had antibody levels tested 1-3 

weeks after the booster shot while breakthrough VRs were tested a median of 67 days 

after the booster shot (but 1-3 weeks following infection), we also compared the 

antibody levels from breakthrough VRs to post-boost VRs 1 to 3 months (median of 77 

days) after the booster shot (Figure 7.2A). The levels of spike binding antibody were 

similar to the levels seen at months 1-3 in post-boost VRs with the Euroimmun assay.  

Breakthrough VRs have high levels of antibodies that inhibit ACE2 binding to the 

vaccine strain spike protein: 

We then tested antibody-mediated inhibition of spike proteins binding to ACE2 using the 

Meso Scale Discovery pseudoneutralization/ACE2 inhibition assay, which has been 

shown to correlate well with a culture-based neutralization assay (26). The degree of 

ACE2/spike protein binding inhibition was much higher in post-boost VRs than in pre-

boost VRs (Figure 7.2C). In post-boost VRs, there was reduced inhibition of ACE2 

binding to the spike proteins from the Omicron and Beta variants compared to the 

vaccine strain, and a very wide range of inhibition of ACE2 binding to the Omicron spike 

protein. The post-boost plasma from VR21, VR27, VR37, and VR97 strongly inhibited 

binding of ACE2 to the vaccine strain spike protein. In contrast, inhibition of ACE2 

binding to the Omicron spike protein was at the lower end of the spectrum seen with 

plasma from post-boost VRs (Figure 7.2C). This was also observed to a lesser extent 

for the Alpha, Beta and Delta variants. Interestingly, plasma samples from breakthrough 

VRs inhibited binding of ACE2 to all five spike proteins to a degree that was similar to 
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the level seen with plasma obtained from post-boost VRs at the 1 - 3 month time point, 

indicating that infection with the Omicron variant did not enhance ACE2 inhibiting 

antibodies (Figure 7.2D). In order to determine the kinetics of antibody responses, we 

analyzed ACE2 inhibiting antibodies to different variants in breakthrough VRs 4-7 weeks 

following symptom onset. We found that antibody levels to all variants tested were 

slightly higher at this time point but the differences were not statistically significant 

(Figure 7.2E) and there was no correlation between time after symptom onset and the 

levels of ACE2 inhibiting antibodies (Figure 7.3).   
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Figure 7.2: Characterization of antibody levels in breakthrough boosted vaccine 

recipients. (A) Spike binding antibodies found in fully vaccinated individuals prior to 

their booster shots (Pre-boost VRs), individuals 1-3 weeks (Post-boost VRs 1-3 weeks) 

or 1-3 months (Post-boost 1-3 months) after their booster shot, breakthrough VRs 1-3 

weeks after symptom onset, and VR21, VR26, VR37 and VR 97 1-3 weeks after their 
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booster shots and before they experienced breakthrough infections. The orange 

diamonds represent VR 21, 26, 37 and 97 at the breakthrough time point. The orange 

triangles represent participants who received the Ad26.COV2 vaccine followed by the 

mRNA1273 booster vaccine. (B) Receptor binding domain (RBD) antibodies in Pre-

boost, Post-boost, and Breakthrough VRs as well as VR21, VR26, VR37 at the post-

boost time point and prior to infection. The orange diamonds represent VR26 and 37 at 

the breakthrough time point. Data presented in log scale. (C) Levels of antibodies that 

inhibit ACE2/spike binding in Pre-Boost and Post-boost VRs and in VR21, VR26, VR37 

and VR97 at the 1-3 week post-boost time point. (D) Levels of antibodies that inhibit 

ACE2/spike binding in VRs in Post-boost VRs 1-3 weeks or 1-3 months after their 

booster shot, and breakthrough VRs 1-3 weeks after symptom onset The orange 

diamonds represent VR21, VR26, VR37, and VR 97. (E) Levels of antibodies that inhibit 

ACE2/spike binding in paired breakthrough VRs at 1-3 weeks and 4-7 weeks after 

infection. Statistical comparisons were done using Ordinary one-way ANOVA (unpaired) 

and Holm-Sidak’s mulitiple comparison test, with a single pool variance used (2A-2D). 

Paired analysis (2E) were done using RM one-way ANOVA with Geisser-Greenhouse 
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corrections. Sidak’s multiple comparison test, with individual variances computed for 

each comparison. *(0.0332), **(0.0021), ***(0.0002), **** (<0.0001). 

 

Figure 7.3: Correlation of ACE2 inhibiting antibodies to days since symptom 

onset. ACE2 inhibiting antibodies to vaccine strain (A), omicron (B), Delta (C) and Beta 

(D) for breakthrough VRs were correlated with days between symptom onset and blood 

draw. Pearson correlation coefficients were computed and R values are displayed on 

each graph.  

 

Breakthrough VRs have robust T cell responses to the vaccine strain and  

Omicron variant spike protein: 

We subsequently analyzed T cell responses to the vaccine strain spike protein with the 

ELISpot assay using overlapping spike peptide pools (27). The number of IFN-y spot 
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forming units (SFU) measured in VR21, VR26 and VR37 at the post-boost time point 

was similar to post-boost VRs, indicating strong peak responses following booster 

doses in these three individuals who eventually had breakthrough infections (Figure 

7.4A). Interestingly, PBMCs from the breakthrough VRs generated stronger responses 

to vaccine strain spike peptides than did PBMCs from post-boost VRs (Figure 7.4A). We 

also compared responses to the vaccine strain and Omicron variant spike protein S1 

subunits and found that the breakthrough VRs made similar responses to the vaccine 

strain but more potent responses to the Omicron S1 protein than the post-boost VRs 

(Figure 7.4B), indicating that T cell responses to Omicron variant are likely enhanced by 

breakthrough infections to this variant.  

Since all the post-boost VRs received only mRNA vaccines, we asked whether inclusion 

of 3 breakthrough VRs who received the Ad26.COV2 vaccine followed by mRNA1273 

booster shots affected our results. Exclusion of these 3 breakthrough VRs did not 

change the results obtained in our antibody and T cell analyses (Figure 7.5). 
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Figure 7.4: Characterization of SARS-CoV-2 specific T cells in breakthrough 

boosted vaccine recipients. IFN-y ELIspot assay was performed with overlapping 

spike peptide pools from vaccine strain (A) and S1 spike proteins from vaccine strain or 

omicron variant (B) in post-boost VRs, in VR21, VR26, and VR37 1-3 weeks post-boost, 

and in breakthrough VRs. IFN-y spot forming units (SFU) per million PBMCs are shown. 

Orange diamonds represent VR21, 26, 37 and 97 at the breakthrough time point. 

Statistical comparisons were done using Ordinary ony way ANOVA (unpaired) and 

Holm-Sidak’s mulitiple comparison test, with a single pool variance used. *(0.0332), 

**(0.0021). 

 



 
 

167 

 

 

Figure 7.5: Characterization of immune responses following breakthrough 

infections in breakthrough VRs who only received mRNA vaccinations. Data from 

Figure 2 and 3 are displayed with breakthrough donors receiving Ad26.COV2 (Johnson 

& Johnson) excluded. (A) Spike binding antibodies found in mRNA vaccinated 

individuals prior to their booster shots (Pre-boost VRs), individuals 1-3 weeks (Post-

boost VRs 1-3 weeks) or 1-3 months (Post-boost 1-3 months) after their booster shot, 



 
 

1 6 8  

br e a kt hr o u g h V R s 1- 3 w e e k s aft er s y m pt o m o n s et, a n d V R 2 1, V R 2 6, V R 3 7 a n d V R 9 7 

1- 3 w e e k s aft er t h eir b o o st er s h ot s a n d b ef or e t h e y e x p eri e n c e d br e a kt hr o u g h 

i nf e cti o n s. T h e or a n g e di a m o n d s r e pr e s e nt V R 2 1, 2 6, 3 7 a n d 9 7 at t h e br e a kt hr o u g h 

ti m e p oi nt. ( B) R e c e pt or bi n di n g d o m ai n ( R B D) a nti b o di e s i n Pr e- b o o st, P o st- b o o st, a n d 

Br e a kt hr o u g h V R s a s w ell a s V R 2 1, V R 2 6, V R 3 7 at t h e p o st- b o o st ti m e p oi nt a n d pri or 

t o i nf e cti o n. T h e or a n g e di a m o n d s r e pr e s e nt V R 2 6 a n d 3 7 at t h e br e a kt hr o u g h ti m e 

p oi nt. ( C) L e v el s of a nti b o di e s t h at i n hi bit A C E 2/ s pi k e bi n di n g  i n V R s i n P o st- b o o st V R s 

1- 3 w e e k s or 1- 3 m o nt h s aft er t h eir b o o st er s h ot, a n d br e a kt hr o u g h V R s 1- 3 w e e k s aft er 

s y m pt o m o n s et. T h e or a n g e di a m o n d s r e pr e s e nt V R 2 1, V R 2 6, V R 3 7, a n d V R 9 7. ( D) 

I F N-�  E LI s p ot a s s a y t o v a c ci n e str ai n o v erl a p pi n g s pi k e p e pti d e p o ols a n d ( E) I F N- y 

E LI s p ot a s s a y t o S 1 pr ot ei n fr o m v a c ci n e str ai n or o mi cr o n v ari a nt i n p o st- b o o st V R s, i n 

V R 2 1, V R 2 6, a n d V R 3 7 1- 3 w e e k s p o st- b o o st, a n d i n br e a kt hr o u g h V R s. I F N- y s p ot 

f or mi n g u nit s ( S F U) p er milli o n P B M C s ar e s h o w n. Or a n g e di a m o n ds r e pr e s e nt V R 2 1, 

2 6, 3 7 a n d 9 7 at t h e br e a kt hr o u g h ti m e p oi nt. St ati sti c al c o m p ari s o n s w er e d o n e u si n g 

Or di n ar y o n e- w a y A N O V A ( u n p air e d) a n d H ol m- Si d a k’ s m uliti pl e c o m p ari s o n t e st, wit h 

a si n gl e p o ol v ari a n c e u s e d. *( 0. 0 3 3 2), **( 0. 0 0 2 1), ***( 0. 0 0 0 2) , **** ( < 0. 0 0 0 1). 

 

L o n git u di n al a nti b o d y a n d T c ell r e s p o n s e s t o v a c ci n e str ai n a n d O mi cr o n v ari a nt 

s pi k e pr ot ei n 

I n t h e st u di e s d e s cri b e d a b o v e, w e c o m p ar e d r e s p o n s e s fr o m br e akt hr o u g h V R s at a 

m e di a n of 1 1 d a y s aft er s y m pt o m o n s et t o t h o s e fr o m p o st- b o o st V R s at a si mil ar ti m e 

p oi nt p o st v a c ci n ati o n. I n or d er t o e sti m at e t h e c o ntri b uti o n s of a n a m n e sti c r e s p o n s e s 

i n d u c e d b y t h e br e a kt hr o u g h i nf e cti o n t o t h e t ot al r e s p o n s e s s ee n at t h e ti m e p oi nt m o st 
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VRs were studied, we obtained samples from five boosted breakthrough VRs at early 

(median 3 days after the onset of symptoms, range 1 to 4 days) and later (median 8 

days, range 6 to 10 days) time points. We compared inhibition of ACE2 binding to the 

vaccine strain, Omicron Delta and Omicron spike proteins at the two time points in 

these 5 VRs (Figure 7.6 A-C) and found no significant increase in the level of inhibiting 

antibodies. We also found no significant difference in the T cell response to the vaccine 

strain spike peptides in this time frame (Figure 7.6D). In order to determine change in 

antibody levels after of breakthrough, we compared levels 1-3 weeks and 1-3 months 

after breakthrough to levels found 1-3 weeks after boosting in VR21, VR26, VR37, and 

VR97. There was no appreciable decay in the levels of spike binding antibodies (Figure 

7.7A). However, there was a modest decay in the inhibition of ACE2 binding to all five 

spike proteins in VR21, VR26, VR37, and VR97 between the post-boost and 1-3 week 

breakthrough time point followed by a subsequent increase at the 4-7 week time point 

(Figure 7.7B). 
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Figure 7.6: Characterization of longitudinal SARS-CoV-2-specific antibody and T 

cell responses in breakthrough boosted vaccine recipients. Levels of antibodies 

that inhibit ACE2/spike binding for the vaccine strain (A), and Delta (B) and Omicron (C) 

variants in 5 Breakthrough VRs at either an early (days 1-4) or later (days 4 to 10) time 

point. (D) T cell responses measured as IFN-y spot forming units (SFU) per million 

PBMCS to vaccine strain peptides at an early or later time point. 
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Figure 7.7: Antibody and T cell responses to spike and nucleocapsid proteins.  

(A) Spike binding antibodies present in VR21, VR26, VR37 and VR97 after booster 

shots and after breakthrough infection. (B) Levels of antibodies inhibiting ACE2/spike 

binding with the vaccine strain and with variants of concern in VR21, VR26, VR37 and 

VR97 after booster shots and after breakthrough infection. (C) Antibody responses to 

the nucleocapsid protein in post-boost VRs and breakthrough VRs. The lower line 

represents cutoff for negative responses and the upper line denotes the cutoff for 

indeterminate responses. (D) T cell responses to nucleocapsid peptides in VRs after the 

booster shot and in VRs with breakthrough infection.  
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8 Chapter 8: The BNT162b2 mRNA Vaccine Elicits Robust 
Humoral and Cellular Immune Responses in People Living 
With Human Immunodeficiency Virus (HIV) 

 
8.1 Introduction 
 
The BNT162b2 messenger RNA (mRNA) vaccine induces robust and protective 

humoral and cellular response to the severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) spike protein [1] and provides protection from infection with SARS-CoV-

2 [2]. However, prior studies have shown suboptimal responses to some vaccines in 
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people living with human immunodeficiency virus (HIV, PLWH) [3]. A recent study 

demonstrated that the ChAdOx1 nCoV-19 (AZD1222) vaccine was effective at inducing 

humoral and cellular immune responses in PLWH [4], but few studies have addressed 

the immunogenicity of mRNA vaccines in these patients [5, 6]. Here we determined the 

capacity of the BNT162b2 mRNA vaccine to induce effective cellular and humoral 

immune responses in PLWH. 

 
8.2 Methods 
 
We obtained blood between 7 and 17 days after the second vaccine dose from 12 

PLWH (7 women, 5 men) and 17 healthy donors (7 women, 10 men). None of these 

individuals had evidence of prior SARS-CoV-2 infection by history or by serology as 

described below. Informed consent was obtained from all study participants. All PLWH 

were on antiretroviral therapy (ART) and had a median CD4 + T cell count of 913 

cells/uL (range of 649 to 1678 cells/uL). Eleven of the 12 PLWH were African American. 

Three participants had low level viremia de-spite being on ART (Supplementary Table 

8.1). Peripheral blood mononuclear cells (PBMCs) and plasma were isolated from 

whole blood using ficoll centrifugation. We determined cellular immunity to the SARS-

CoV-2 spike protein by performing an interferon-gamma (IFN-γ) Elispot assay with 

unfractionated PBMCs that were stimulated with a pool of overlapping SARS-CoV-2 

spike peptides as previously described [7]. The assay was also performed with CD8 + T 

cell depleted PBMCs to determine the relative contribution of CD4 + T cells and CD8 + 

T cells to the cellular immune response. The titer of SARS-CoV-2 spike binding 

antibodies was determined with the Euroimmun Anti-SARS-CoV-2 immunoglobulin G 

(IgG) ELISA (Mountain Lakes, New Jersey, USA). Antibodies to the nucleocapsid pro-



 
 

177 

tein were measured with the Bio-Rad Platelia SARS-CoV-2 Total Ab assay (Marnes-la-

Coquette, France) and used to rule out natural infection with SARS-CoV-2 as mRNA for 

the nucleocapsid protein is not included in the vaccine. Measurement of antibodies in 

plasma that block SARS-CoV-2 Spike binding to ACE2 was performed with the MSD V-

PLEX SARS-CoV-2 Panel 6 kit from Meso Scale Diagnostics (Rockville, Maryland, 

USA) using a 1:100 dilution of plasma. Differences in Elispot and Euroimmun values 

were assessed using a 2-tailed t test. Differences in ACE2 blocking between groups 

was determined by a 2-tailed Wilcoxon-Mann-Whitney test with a Bonferroni correction, 

employing R version 4.05. P-values < .05 were considered significant. 

 
8.3  Results 
 
There was no significant difference in titers of SARS-CoV-2 spike binding antibodies in  

healthy donors (median value of 9.49) and PLWH (median value of 8.84 P = 0.07) 

(Figure 8.1A). Furthermore, healthy donors and PLWH had similar levels of neutralizing 

antibodies to the vaccine strain spike protein (Figure 8.1B) and spike proteins from 

variants of concern (VOC) including the D614G, alpha (B.1.1.7), beta (B.1.351), and 

gamma (P.1) strains (Figures 8.1B–8.1F). We next compared the cellular responses 

elicited by overlapping peptides from the vac-cine strain spike protein in PLWH, to 

responses we obtained in healthy donors from a prior study [7]. There was no significant 

difference in the number of IFN-γ spot forming units or in the stimulation index (values 

normalized to media alone) between healthy donors and PLWH in unfractionated 

PBMCs (Figure 8.1G, 8.1H) or with CD8 + T cell depleted PBMCs (Figure 8.2). Finally, 

the breadth of the T-cell response was comparable in the 2 groups, and the similar 

peptide pools were targeted by the 2 study groups (Figure 8.1I).  
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Figure 8.1: Characterization of immune responses in People living with HIV 

(PLWH) compared to Healthy Donors (HDs). Titer of SARS-CoV-2 spike binding 

antibodies from HD and PLWH (A). The horizontal line represents the 90th percentile 

titer in patients with natural infection. Titer of neutralizing antibodies to spike proteins 

from vaccine strains SARS-CoV2 (B) and variants of concern (C–F). SFUs (G) and SIs 

(H) to SARS-CoV-2 spike peptide pools from PBMCs from vaccinated PLWH. Black 

horizontal bars represent the median value for PLWH. Dashed red horizontal bar 

represents the median value for vaccinated HD from a prior study [7]. Dashed black 
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horizontal lines denote a significant response (SFU > 20 and SI > 3). Breadth of CD8-

depleted T-cell responses from PLWH to pools of 10 peptides that sequentially cover 

the entire spike protein (E). Horizontal bars represent the median values for PLWH; red 

horizontal line represents the HD median value. Abbreviations: HD, healthy donors; 

PBMC, peripheral blood mononuclear cells; PLWH, people living with human 

immunodeficiency virus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 

2; SFU, spot-forming units; SI, stimulation index. 

 

Figure 8.2:CD4 T cell responses in People living with HIV (PLWH) compared to 

Healthy Donors (HDs. SFUs (G) and SIs (H) to SARS-CoV-2 spike peptide pools from 

CD8 depleted PBMCs from vaccinated PLWH in INF-y ELISpot assay. Black horizontal 

bars represent the median value for PLWH. Dashed red horizontal bar represents the 

median value for vaccinated HD from a prior study [7]. Dashed black horizontal lines 

denote a significant response (SFU > 20 and SI > 3).  

8.4 Discussion 
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Our study is limited by the relatively small number of participants in both cohorts. 

Although we screened participants for antibodies to nucleocapsid to rule out prior 

natural infection, the half-life of antibodies to this protein is relatively short [8]. Thus, we 

may have missed cases of prior SARS-CoV-2 infection. However, our data confirm a 

prior study showing that mRNA vaccines induce antibody responses in PLWH [5] and 

extend the findings by showing that the level of binding antibodies is not significantly 

different from that produced in healthy donors. These data are similar to results 

obtained in a phase 2/3 clinical trial in which the ChAdOx1 nCoV-19 (AZD1222) vaccine 

was shown to elicit strong SARS-CoV-2 specific antibody and T cell responses in PLWH 

[4]. Of note, in a prior study of naturally infected individuals, antibody titers based on 

Euroimmun values above 8 were only seen in the top 10% of individuals and were 

highly correlated with the highest levels of neutralizing titers based on a 

microneutralization assay [9]. We also demonstrate that neither the magnitude and 

breadth of vaccine elicited T-cell responses nor the breadth of neutralizing antibodies, 

as determined by responses to spike proteins from wild-type virus and VOCs, is 

significantly different between PLWH and healthy donors. These findings are particularly 

impressive as the PLWH study participants (median age 52 years, range 25–59) were 

older than the healthy donors (median age 41 years, range 24–59), and the BNT162b2 

vaccine induces a lower antibody titer in older individuals [10]. However, this vaccine 

also elicits a higher antibody titer in women compared to men [10], and our PLWH 

cohort had a higher frequency of female participants. Of note, prior vaccine studies in 

PLWH focused mainly [6] or exclusively on men [4]. Data from our balanced cohort 

strongly suggest that the BNT162b2 vaccine will lead to protection from COVID-19 in 
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men and women living with HIV. Further studies will be needed to determine whether 

PLWH with lower CD4 T cell counts have the same robust humoral and cellular 

responses to the vaccine. 
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9  Chapter 9: Decay of COVID-19 mRNA vaccine-induced 
immunity in people living with HIV 

 
9.1 Introduction 
 

Current COVID-19 vaccines induce robust humoral and cellular immune 

responses in healthy vaccine recipients (1) and people living with HIV (PLWH) (2-7). 

However, while vaccine induced antibody responses wane over time in healthy donors 

(HDs) (8), it is not known whether PLWH have similar rates of decay of immune 

responses. Greater declines in antibody titers might explain higher rates of 

breakthrough infections in PLWH (9) and could explain the increased risk of severe 

COVID-19 observed in PLWH (10). These studies highlight the importance of 

understanding vaccine induced immunity in PLWH compared to HDs. We recently 
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showed that PLWH mount similar antibody and T cell responses following two doses of 

COVID-19 mRNA vaccinations (7). However, the rate of decay of immune responses in 

PLWH has not been studied. In this study, we analyzed humoral and cellular immunity 

at six months post vaccination in PLWH and HDs. 

 
 
9.2 Methods 
 

The study was approved by the JHU IRB and informed consent was obtained from 

all study participants. Blood was drawn from 8 PLWH and 25 HDs two weeks and six 

months after the second dose of COVID-19 vaccinations. 24 HDs received the Pfizer-

BioNTech (BNT162b2) vaccine and 1 received Moderna (mRNA-1273) vaccine, while all 

8 PLWH received the BNT162b2) vaccine. Age of HDs ranged from 21-60 (7 were 21-30, 

5 were 31-40, 5 were 41-50, and 8 were 51-60) and age of PLWH ranged from 41-60 (2 

were 41-50, and 6 were 51-60). All PLWH were on suppressive antiretroviral therapy 

(ART) and had a median CD4+ T cell count of 1044 cells/uL (range of 468 to 1420 

cells/uL). Two PLWH had low level viremia  (49 and 52 HIV RNA copies /ml respectively), 

whereas the other six maintained undetectable viral loads (<20  HIV RNA copies /ml) . 

Antibodies to the nucleocapsid protein were measured with the Bio-Rad Platelia SARS-

CoV-2 Total Ab assay (Marnes-la-Coquette, France) and used to rule out natural infection 

with SARS-CoV-2.  

 
 

9.3 Results and Discussion 
 

The quantity SARS-CoV-2 spike binding antibodies was determined using 

Euroimmun Anti-SARS-CoV-2 immunoglobulin G (IgG) ELISA (Mountain Lakes, New 
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Jersey, USA, 11). PLWH had high levels of binding antibodies at two weeks post second 

dose that were comparable to peak responses shown in HDs as described in a prior study 

(7). PLWH had a significant decline in binding antibody responses that was nearly 

identical to the decline seen in HDs at the six-month time point (Figure 9.1A). 

We next compared the level of antibodies in plasma that block ACE2 binding to 

SARS-CoV-2 spike proteins with the V-PLEX SARS-CoV-2 Panel 13 kit from Meso Scale 

Diagnostics (Rockville, Maryland, USA, 12).  As we have previously reported, at the peak 

time point, PLWH had a slightly lower but comparable level of inhibiting antibodies to HDs 

(7). However, at the six-month time point, PLWH had a significantly lower level of ACE2 

inhibiting antibodies to the vaccine strain and to the variants of concern (VOC) spike 

proteins (Figure B-E). The decline in anti-spike antibodies at six months was comparable 

in PLWH to the decline seen in HDs, for antibodies directed at the spike protein of the 

vaccine strain (Figure 9.1B) or at the Alpha (Figure 9.1C), the Beta (Figure 9.1D) and 

Delta (Figure 9.1E) VOC. 

We next determined cellular immunity to the SARS-CoV-2 spike protein by 

performing an interferon-gamma (IFN-γ) ELIspot assay with unfractionated PBMCs that 

were stimulated with a pool of overlapping SARS-CoV-2 spike peptides (Figure 9.1F). We 

previously reported that PLWH had robust T cell responses at the peak time point 

comparable to responses in HDs, (7).  Here we show a slight but insignificant decline of 

these responses at the six-month time point (Figure 9.1F). We then performed the assay 

using CD8 + T cell depleted PBMCs to determine the relative contribution of CD4 + and 

CD8 + T cells to the cellular immune response (Figure 9.1G). CD8+ T cell depletion did 

not decrease the magnitude of the response, suggesting that most of the T cell responses 
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result from CD4+ T cell responses (Figure 9.1G). We again saw a non-significant decline 

in CD4+ T cell responses. Collectively, our data suggest that the rate of decay of immune 

responses in PLWH is similar to healthy donors. Specifically, although antibody 

responses decline at six months, especially to VOCs spike, T cell responses persist at 

the six-month time point in PLWH as in HDs (13). 

In this study, we show that PLWH have rates of decay of SARS-CoV-2-specific 

immune responses that are comparable to those of HDs post mRNA SARS-CoV-2 

vaccinations. Though our data is limited by the relatively low number of patients in our 

cohort and further studies will be needed to determine the impact of lower CD4 T cell 

counts on the vaccine response, we demonstrate that virally suppressed PLWH with high 

CD4 counts generate robust humoral and cellular immune responses.  Our results are 

consistent with a recent report that showed similar rates of decay of immune responses 

in PLWH and HD following ChAdOx1 nCoV-19 vaccinations (14). 

Our data show that like HDs, PLWH have a significant decline in SARS-CoV-2-

specific antibody responses six months following vaccination. These results suggest that 

PLWH would benefit from an additional booster dose to increase plasma antibody 

concentrations that could protect against COVID-19. However, recent reports have shown 

that memory B cell responses persist six months after two doses of vaccination in HDs 

(15), potentially mitigating the effects of the dramatic decline of antibody responses and 

consistent with data showing that mRNA vaccines continue to protect against 

hospitalization six months following vaccination (16). If SARS-CoV-2 specific memory B 

cells also persist in PLWH, then a similar level of protection from severe disease driven 
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by memory B cell and effector T cell responses may be seen six months following 

vaccination. 

 
 
 

 
 
 
Figure 9.1: Antibody and T cell responses in PLWH and healthy controls at peak 

and six-months following COVID-19 mRNA vaccinations. PLWH and HD spike 

binding antibody responses (A) and  levels of antibodies that inhibit ACE2 binding to spike 

proteins of vaccine strain (B), Alpha (C), Beta (D) and Delta (E) viruses. IFN-y ELISpot 
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responses to stimulation with spike protein peptide pools in unfractionated PBMCs (F) 

and CD8 depleted PBMCs (G) in PLWH and HDs. Statistical comparisons for T cell 

responses were done with Kruskal-Wallis test with Dunn’s multiple comparison or 

Friedman test with Dunn’s multiple comparison. Statistical comparisons for Antibody 

responses were done using Wilcoxon matched-pairs signed rank test or Mann-Whitney 

test. Abbreviations: HD, healthy donors; PLWH, people living with human 

immunodeficiency virus; PBMC, peripheral blood mononuclear cells; SARS-CoV-2, 

severe acute respiratory syndrome coronavirus 2; SFU, spot-forming units. 
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10 Chapter 10: Concluding Remarks 
 

Since the emergence of the COVD-19 pandemic in early 2019, the scientific 

community has responded quickly and swiftly to study the virus. In the past two years, 

the biology, virology and immunology of SARS-CoV-2 and COVID-19 infections have 

been studied, making SARS-CoV-2 the most studied coronavirus thus far. With 

remarkable speed, multiple effective vaccines have also been developed and 

administered worldwide 1. Despite the tremendous progress made, further work remains 

to fully understand SARS-CoV-2 and the ongoing COVID-19 pandemic. Critical 

questions such as the continued evolution of the virus and emerging variants of concern 

and mechanisms of breakthrough infections following COVID-19 vaccinations remain to 

be fully characterized. Furthermore, the emergence of future coronavirus pandemics is 

an imminent threat. Bats are reservoirs for many coronaviruses which might have 

zoonotic potential 2 and the full extent of the genetic diversity and size of this reservoir is 

still unknown 3. Thus, the study of coronaviruses with particular focus on human 

coronaviruses (both endemic and pandemic causing coronaviruses) are important to 

inform the development of vaccines and therapies against SARS-CoV-2 and zoonotic 

coronaviruses. In this section, I will briefly summarize work described in this thesis, and 

discuss its applications and future directions in the field. 
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10.1 Summary  
 

In this work, we studied T cell responses to endemic coronaviruses and SARS-CoV-

2 following natural infections and vaccination. We show that most individuals have 

robust T cell responses to common cold coronaviruses, and that T cells have broad 

responses targeting the entire spike protein of HCoV-NL63. We also look at pre-existing 

CD4+ T cell responses in health donors and show that pre-existing cells in our donor 

(HD9) are SARS-CoV-2 / HCoV-NL63 cross-reactive T cells 4.  With this knowledge, 

and data from Dykema et al. and others that showed cross-reactive T cells in healthy 

donors and COVID-19 convalescent patients 5, we hypothesized that COVID-19 mRNA 

vaccinations also enhance responses to CCCs by enhancing cross-reactive T cells, and 

that responses elicited by vaccinations are broad. Indeed, we show that vaccination 

enhanced responses to HCoV-NL63, and that vaccines elicit broad T cell responses 

targeting the entire spike proteome 6. Additionally, T cells recognize variants of concern 

(beta, delta and omicron) comparably to the ancestral strain 6,7, because of the breadth 

of elicited T cell responses. Furthermore, although there was a slight decline, T cell 

responses are sustained six months after vaccination 7. Finally, we wondered if 

vaccinated individuals could target cross-reactive epitopes that are shared among other 

coronaviruses including bat coronaviruses, and we identified a conserved epitope 

among human and bat coronaviruses located in the fusion domain that is targeted by 

cross-reactive T cells 8. Collectively, our data suggest that T cells elicit robust and broad 

responses and are more durable than antibody resposnes. Some T cells are also cross-

reactive and can recognize other coronaviruses and VOCs. These data highlight the 
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importance of vaccine-elicited T cell responses and inform the development of T cell-

based vaccines, especially in the context of a pan-coronavirus vaccine design. 

 
10.2 Future Directions 
 

It is now seeming increasingly clear that the SARS-CoV-2 will not be eradicated 

with the current tools in our arsenal. This is more evident with the emergence of the 

omicron variant and the increased number of breakthrough infections in vaccinated and 

boosted individuals 9,10, and even in those with strong vaccine-induce immune 

responses 11. Thus, the development of second-generation vaccines might be likely to 

protect against VOCs as well as potentially zoonotic bat coronaviruses. There is an 

increased call for working towards the development of pan-coronavirus vaccines that 

can protect against multiple broad coronaviruses from Dr. Anthony Fauci and other key 

opinion leaders 12. Morens et al argue that the development of pan-coronavirus 

vaccines necessitates the continued sampling of bat and other animal species and 

sequencing of coronaviruses to determining cross-reacting epitopes, as well as the 

enhanced study of human common cold coronaviruses to further characterize elicited 

immune responses and determine “cross-reactive and cross-protective epitopes” 12.  

A pan-coronavirus vaccine design likely needs to be T-cell based for multiple 

reasons. First, based on our data and others in the literature, we know that T cell 

responses are robust, very broad, and have increased persistence for all known human 

coronaviruses (endemic and pandemic causing coronaviruses) and COVID-19 

vaccinations. T cells also are able to cross-recognize VOCs including Omicron despite 

minimal neutralizing antibody cross-reactivity 13, suggesting that protection against 

severe disease in breakthroughs is partly a result of T cells. Second, we know from 
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animal models of coronaviruses that T cells are sufficient for viral clearance, and that 

animals were protected from fatal doses of infections without antibodies 14-16. Third, 

from a logistical viewpoint, it is likely more challenging to develop neutralizing antibodies 

against diverse coronaviruses since most use different host receptors. Even within the 

closely related sarbecovirus subgenus that SARS-CoV-2 is classified in, there are 

differences in sequence of the receptor binding domain 3,17,18. If alphacoronaviruses, 

which infect mammals and include HCoV-NL63 and HCoV-229E are included, the RBD 

is very divergent and will make antibody targeting more challenging. Moreover, current 

human coronaviruses use different host receptors (for example MERS-CoV and SARS-

CoV-2, which are both in the betacoronavirus subgenus) 17, and even HCoV-NL63 that 

uses the same ACE2 receptor is divergent and binds ACE2 in a different conformational 

mechanism than SARS-CoV-2 18. Furthermore, any mutations that arise might abrogate 

neutralizing antibody responses as is seen with VOCs 19,20, whereas T cell responses 

are more durable 6,7,13. 

 There is now progress and encouraging data in the development of T cell-based 

vaccines against SARS-CoV-2. In November, phase 1 data from the first peptide-based 

T cell vaccine (CoVac-1) showed that the vaccine elicited robust CD4+ and CD8+ T cell 

responses after 1 dose that surpassed natural infections and current COVID-19 vaccine 

regimens and comparably targeted POCs 21. The vaccine uses HLA-DR-restricted 

peptides of various structural proteins and ORF-8, and further data will be important to 

demonstrate if T cell-based will be as effective as mRNA vaccines 21. SARS-CoV-2 and 

SARS-CoV conserved CD8+ targeted peptides are also being developed as T cell-
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based vaccines and will be important in demonstrating the efficacy of this vaccine 

platform against more diverse coronaviruses 22.  

Further work is needed to characterize more cross-reactive CD4+ and CD8+ T cell 

epitopes across human coronaviruses and diverse coronaviruses. Our work identifying 

the S815-827 CD4+ T cell epitope is important because it is conserved in very diverse 

coronaviruses that are found in different genus, bind different host receptors, and even 

infect different hosts. Further work is needed to demonstrate protection elicited by this 

conserved epitope in vivo, likely using mouse models that have been previously used to 

demonstrate T cell efficacy 16,23.  
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Mentor, Enroot, Cambridge, MA                                        Aug 2015 – May 2017 
- Mentored two high school students and recent immigrants through weekly tutoring 

sessions 
- Assisted in applications to colleges, scholarships, and summer internships  

 
Tutor, Project Literacy -Watertown Free Public Library, Watertown, MA  Aug 2015 – May 2017 

• Designed and planned weekly English lessons to an adult immigrant from China focused 
on improving pronunciation 
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Teaching Assistant, Biochemistry Department at Mount Holyoke College  Sep 2013 - Dec 2013 

• Assisted an advanced biochemistry class in the safe execution of weekly experiments  
 
COMMUNITY SERVICE AND VOLUNTEER EXPERIENCES 
 
Emergency Department Volunteer, Cooley Dickenson Hospital                  Sep 2013 - Jan 2014 

• Served as a liaison between emergency room patients and medical staff by answering 
patient call bells and communicating immediate concerns  

• Provided comfort measures such as food, water, blankets, and companionship to patients 
• Maintained emergency rooms by stocking supplies and disinfecting rooms 

 
Volunteer, Massachusetts Eye and Ear Infirmary, MA     Jun 2012 – Aug 2012 

• Assisted administrative staff by compiling necessary paperwork for patients and 
answering phone calls 

• Ensured patient comfort and transported patients to different floors 
 
UNDERGRADUATE WORK EXPERIENCES 
 
Fitness Center Monitor, Kendall Sports Complex, Mount Holyoke             Sep 2011 – Dec 2013  

• Managed the help desk and assisted fitness center customers in the safe use of exercise 
equipment  

• Enforced fitness center rules and regulations and attended to questions and queries 
presented by customers 

 
Student Advisor, Residential Life at Mount Holyoke College                      Aug 2011 – May 2012 

• Implemented housing policies, and managed the general welfare of a floor of 38 students  
• Created an inclusive community for residents by planning and organizing floor activities, 

and making informative bulletin boards 
• Mentored first year students on academic policies and mediated roommate conflicts 

 
Hall Senator, Student Government Association at Mount Holyoke College Sep 2011 – Dec 2011                                                   

• Served as a liaison between students and the SGA by representing Rockefeller Hall 
residents in Student Government Association




